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Abstract

Advances in hardware and software have enabled the realization of clinically feasible, quantitative 

multimodality imaging of tissue pathophysiology. Earlier efforts relating to multimodality imaging 

of cancer have focused on the integration of anatomical and functional characteristics, such as 

PET–CT and single-photon emission CT (SPECT–CT), whereas more-recent advances and 

applications have involved the integration of multiple quantitative, functional measurements (for 

example, multiple PET tracers, varied MRI contrast mechanisms, and PET–MRI), thereby 

providing a more-comprehensive characterization of the tumour phenotype. The enormous amount 

of complementary quantitative data generated by such studies is beginning to offer unique insights 

into opportunities to optimize care for individual patients. Although important technical 

optimization and improved biological interpretation of multimodality imaging findings are needed, 

this approach can already be applied informatively in clinical trials of cancer therapeutics using 

existing tools. These concepts are discussed herein.

Introduction

The requirement to study cancer in vivo for diagnostic, therapeutic, and prognostic purposes 

has encouraged the development of imaging technologies that can interrogate the 

anatomical, functional, and molecular characteristics of both primary and meta-static disease 

in a noninvasive and quantitative way (Box 1). Because cancer is such a complex 

phenomenon, no single imaging modality can answer all the questions of interest; however, 

many imaging techniques are complementary in nature, and combining their strengths in 

multimodality imaging studies has the potential to provide a more-complete characterization 

of tumours and their environment. Initial efforts in multimodality imaging were designed to 

improve the accuracy of interpretation of study results by associating functional and 

anatomical data; in particular, the functional data provided by the nuclear methods of single-

photon emission CT (SPECT–CT) and PET were integrated with the anatomical data 
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provided by X-ray CT. These efforts have proven enormously successful, and have provided 

critical motivation for synthesizing other types of imaging data. Logically, the next step in 

the evolution of multimodality imaging will involve integrating quantitative information 

from multiple existing functional and/or molecular modalities into composite datasets. 

Although dramatic advances in imaging technology have made such opportunities a reality, 

fundamental barriers need to be overcome before we see new combined imaging techniques 

deployed routinely in the clinical setting.

Box 1

Definitions of types of imaging assessments

Finding widely agreed upon and accepted definitions of the various important purposes of 

noninvasive imaging modalities, such as CT, MRI, and PET, is difficult. In this 

manuscript, we adopt the following definitions of the key uses of imaging in the clinical 

setting:

• Anatomical imaging: techniques that reveal the morphology of individual 

structures of the body and their geometric relationships

• Quantitative imaging: modalities that provide measurements of intrinsic 

tissue properties (including anatomical, physiological, or biophysical 

parameters) specified in appropriate continuous-variable units71

• Molecular imaging: approaches that report on the spatiotemporal 

distribution of molecular or cellular processes for biochemical, biological, 

diagnostic, or therapeutic applications72

• Functional imaging: any technique that provides data beyond anatomical 

information; a general term encompassing both quantitative and molecular 

imaging techniques that provide information on the activity of biological 

processes

Standard-of-care medical imaging is capable of depicting human anatomy in exquisite 

detail. For example, CT and MRI can rapidly acquire images with extraordinary spatial 

resolution and tissue contrast, whereas older modalities, including standard radiography and 

mammography, have been transformed into digital technologies that offer superior 

diagnostic accuracy compared with the electronic analogue methods used routinely just a 

few years ago.1 Medical images can now be optimized to separate and quantify the multiple 

complicated biological and physical phenomena contributing to measured tissue contrast; for 

example, techniques are currently available for reporting on tissue blood flow (Box 2), 

cellularity, or metabolism using continuous-variable numerical units. Quantitative 

multimodality imaging approaches are motivated by the hypothesis that combining these 

advanced techniques will result in data that are intrinsically more sensitive to the underlying 

cancer biology (that ultimately determines tumour type and grade, and, therefore, treatment 

planning) than the morphological features available in routine radiological imaging.
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Box 2

Multimodality imaging and vascular normalization

The normalization of abnormal—overdilated, tortuous, disrupted, and hyperpermeable—

tumour blood vessels following antiangiogenic therapy is an emerging strategy that has 

shown potential over the past decade. Critical to the successful clinical implementation of 

this approach is the reliable determination of the ‘vascular normalization window’ (that 

is, the time during which perfusion and oxygen delivery in the tumour becomes more 

efficient73) to guide the use and, therefore, maximize the therapeutic efficacy of 

secondary therapies (chemotherapy, and/or radiotherapy, and/or targeted agents). 

Currently, intrapatient and interpatient temporal variation in the vascular normalization 

window is poorly characterized. Nevertheless, multifunctional imaging has shown 

promise in detecting the normalization of abnormal tumour vessels after the 

administration of antiangiogenic therapy. Specifically, in a series of studies evaluating the 

pan-VEGFR tyrosine kinase inhibitor, cediranib (also known as AZD2171),74–77 DCE–

MRI, DSC–MRI, and diffusion-weighted MRI were used together with traditional 

anatomical imaging methods to assess patients with glioblastoma before, during, and 

after therapy. Imaging parameters, specifically vascular permeability and vessel-size 

estimates from DCE–MRI and DSC–MRI data, respectively, were combined with 

circulating levels of type IV collagen to define a ‘vascular normalization index’, which 

was shown to correlate closely with overall and progression-free survival.75 Lending 

further evidence that these effects were related to vascular normalization, patient survival 

at 6 months after therapy was higher in patients with tumours that exhibited transiently 

increased perfusion (lasting approximately 1 month) following antiangiogenic therapy;76 

however, some controversy exists regarding the most-appropriate interpretation of these 

findings.78 Nevertheless, these data provide a compelling rationale for evaluating changes 

in hypoxia (using FMISO-PET, for example), cellular proliferation (via FLT-PET, for 

instance), or apoptosis (by 99mTc-labelled annexin V single-photon emission CT79) after 

radiotherapy and/or chemotherapy administered during the MRI-detected vascular 

normalization window.

Abbreviations: DCE–MRI, dynamic contrast-enhanced MRI; DSC–MRI, dynamic 

susceptibility contrast MRI; FLT, 3′-18F-fluoro-3′-deoxythymidine; FMISO, 18F-

fluoromisonidazole; VEGFR, vascular endothelial growth factor receptor.

This article describes the current status and expected future evolution of quantitative 

multimodality functional imaging in oncology. We review the important applications of 

multimodality imaging and present supportive examples from the literature. The practical 

limitations restricting the adoption of quantitative multimodality methods are also discussed, 

and barriers such as cost, availability, and reproducibility issues, as well as the general 

increase in overall complexity of data, are highlighted. In addition, we outline our vision of 

how quantitative multimodality imaging can contribute to the clinically relevant field of 

predictive oncological imaging.
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Available quantitative data

Beyond the anatomical information provided by standard high-resolution MRI and CT 

sequences, an enormous amount of functional data can be obtained using the major in vivo 
cross-sectional imaging modalities that are suitable for application in clinical studies. In the 

following sections we discuss various tumorigenic processes that can be analysed in further 

detail with such imaging modalities.

Imaging vascular and oxygen status

The most-common physiological imaging measures are based on characterizations of 

vascular structure, haemodynamics, and oxygen status. These three entities are intimately 

related to the process of tumour neo-vascularization, which is one of the principal targets for 

quantitative imaging of tumours. In contrast to mature blood vessels, which are associated 

with normal tissue, tumour vessels produced by angiogenesis are characteristically leaky, 

fragile, immature, and disrupted.2 Currently, the most-powerful techniques for 

characterizing tumour neovasculature include dynamic contrast-enhanced MRI (DCE–

MRI),3 contrast-enhanced CT,4 and microbubble-enhanced sonography5 (although, in the 

USA, no ultrasound contrast agents are currently approved for cancer imaging). These 

techniques, to varying degrees, can be used to obtain estimates of tumour blood flow, vessel 

permeability, tissue-volume fractions (that is, how much of a given section of tissue is 

comprised of different components, such as vascular, extravascular, and cellular space), 

transit time (the mean time for a contrast agent to pass through a voxel’s vascular tree), and 

extraction fraction (the fraction of contrast agent that enters the extravascular space from the 

vascular space in one capillary pass). Thus, these methods provide a way of quantifying 

changes in tumour-associated blood vessels, for example, in response to antiangiogenic 

drugs.

Oxygen status is intimately related to these vascular parameters. Imaging techniques that can 

be used to quantify tissue oxygen status include 18F-fluoromisonidazole PET (FMISO-PET), 

and 64Cu-diacetyl-bis(N4-methylthiosemicarbazone) PET (Cu-ATSM-PET).6,7 In general, 

after entering a cell, the tracers used in these approaches (FMISO and Cu-ATSM) are 

reduced and retained in hypoxic conditions, but exit the cell freely under normoxic 

conditions, which forms the basis for quantitation of oxygen levels.6,7 Oxygen status can 

also be assessed semiquantitatively using an MRI protocol based on the blood-oxygen-level-

dependent (BOLD) signal,8 which is the foundation of functional MRI of the brain. The 

BOLD contrast effect relies on the creation of magnetic-susceptibility-induced 

inhomogeneity in the magnetic fields surrounding blood vessels that contain 

deoxyhaemoglobin; the transverse relaxation rates of water protons in blood and in the tissue 

surrounding the blood vessels are enhanced by the presence of deoxyhaemoglobin and, 

therefore, these relaxation rates vary depending on the local concentration of 

deoxyhaemoglobin. Thus, such variations in relaxation rates provide a sensitive measure of 

changes in blood oxygen saturation. Although other MRI methods have been developed that 

enable more accurate quantitation of tumour oxygen status than BOLD-MRI,9 they have not 

been deployed widely in clinical studies due to the current complexity of the technique.
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Cellularity and cell proliferation

By perhaps the most-basic definition, cancer is a disease (or group of diseases) characterized 

by unregulated cell growth and proliferation, and many anticancer therapies aim to halt these 

processes, with the ultimate goal of causing tumour-cell death. Accordingly, imaging 

modalities that are sensitive to changes in the cellularity of tissues are an important 

requirement in medicine. A range of imaging techniques based on both MRI and PET offer 

opportunities for analysis of various aspects of tumour cellularity in clinical studies.

The apparent diffusion coefficient (ADC) is a term used to describe the rate of diffusion of 

water in cellular tissues, and this parameter is heavily dependent on the number, properties, 

and separation of barriers that a diffusing water molecule encounters. Regional variations in 

ADC can be mapped within tissues using diffusion-weighted MRI (DW–MRI) protocols, 

and this variable has been shown to be inversely correlated with tissue cellularity in well-

controlled studies.10 Thus, DW–MRI provides information on tumour density and 

cellularity, which is particular important in monitoring response to cytotoxic therapies.

In addition, quantitation of cellular proliferation might be possible using the PET tracer 

3′-18F-fluoro-3′-deoxythymidine (FLT).11 This molecule is an analogue of thymidine, which 

is an endogenous nucleoside that is taken up by cells via cell-surface nucleoside transporters. 

Once inside the cell, thymidine is phosphorylated by the enzyme thymidine kinase 1 (TK1), 

producing thymidine monophosphate. Both TK1 expression and activity are upregulated 

during the DNA-synthesis phase of the cell cycle, and thymidine is preferentially taken up 

by rapidly proliferating cancer cells. In an analogous manner, FLT is transported from the 

blood plasma to the cytosol of cells and is subsequently metabolized to FLT monophosphate. 

FLT monophosphate can then be modified to produce FLT diphosphate and triphosphate via 

further sequential phosphorylation events mediated by thymidylate kinase and diphosphate 

kinase, respectively. FLT triphosphate cannot be stably incorporated into the growing DNA 

chain as the free hydroxyl group at the 3′ position of the ribose moiety of 

deoxyribonucleotides is substituted by 18F in FLT in lieu of the endogenous –OH; thus, FLT 

monophosphate, diphosphate, and triphosphate will accumulate in cells that have high levels 

and activity of TK1 required for DNA replication (including tumour cells), and this pattern 

forms the basis of FLT-PET imaging of cell proliferation.

Imaging metabolism

The molecular-imaging tool used most widely in clinical practice is the PET tracer 2-18F-

fluoro-2-deoxy-ü-glucose (FDG).12 As a glucose analogue, FDG is taken up by tumour cells 

(among other cell types) via the glucose transporters type 1 and type 3, and is subsequently 

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, 

accumulates in tumour cells, which often do not express substantial amount of glucose-6-

phosphatase to counteract the activity of hexokinase. The rate of glucose metabolism can 

differ between healthy and malignant tissues, as well as within particular tissues (for 

example, tumours) in response to therapy, which is reflected by variations in the rate of FDG 

uptake, metabolism, and accumulation (Figure 1a). The capacity of FDG-PET to 

characterize such variations in metabolic activity is the reason why FDG-PET is frequently 
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selected for application in clinical studies; in fact, the most-recent version of the Response 

Evaluation Criteria In Solid Tumors (RECIST)13 includes the use of FDG-PET for assessing 

progressive disease in certain situations. This recommendation represents the first time a 

nonanatomical imaging method has been included in widely accepted guidelines for 

assessing tumour response.

Imaging receptor status

A number of PET tracers that target various cellular receptors are also available. For 

example, 18F-fluoroestradiol (FES) is an oestrogen receptor (ER)-specific PET tracer that is 

appropriate for application in assessments of the ER status of tumours and localization of 

ER-positive breast cancers.14 Radiotracers also exist for PET imaging of progesterone 

receptor (PR), HER2, and EGFR expression.15 These tracers can be used not only for 

tumour localization and treatment selection, but also for predicting response to targeted 

therapies. An example of molecular imaging of cell-surface receptors in general is provided 

by PET with radiolabelled choline as the tracer. As the rate of cell-membrane synthesis is 

increased in many tumours (as a result of increased cell growth), elevated uptake of 18F-

fluorocholine or 11C-choline is frequently observed.16

Potential applications

The initial driving motivation for the development of multimodality imaging approaches was 

the need for more-precise anatomical localization of structures than was possible by low-

spatial-resolution nuclear-medicine tomographic scans. As early as the mid-1960s, 

investigators were experimenting with transmission CT scanning as an adjunct to emission 

CT (SPECT) for correlating radioisotope deposition with radiographic anatomical 

information.17 Subsequently, the contemporary SPECT–CT system was developed in the 

late 1980s and early 1990s,18–20 and a combined PET–CT scanner was introduced in 

2000.21 Acquiring transmission CT images together with emission scintigraphy enables the 

‘fusion’ of data on form and function; specifically, functional imaging data can be overlaid 

on a high-resolution anatomical map (Figure 1). Furthermore, in this combined approach, 

attenuation correction of the emission data (that is, the process by which the CT data are 

used to construct an attenuation map to correct for the absorbance and scattering of the 

photons emitted from the radionuclide) is possible using the transmission CT data.22 The 

combined PET–CT strategy has proven so successful that the major manufacturers of 

medical imaging technologies no longer offer stand-alone PET scanners without an 

integrated CT scanner; consequently, the standalone PET scanner is rapidly disappearing 

from the clinical landscape.

The success of modern PET–CT methodologies has contributed to the broad motivation for 

integration of quantitative multimodality imaging into the clinical arena. Applications of 

quantitative multimodality imaging in cancer have coalesced around three clinically and 

biologically relevant objectives, which are discussed in the following sections: first, 

improving the ability to diagnose and stage disease; second, improving the ability to assess 

and predict treatment response; and third, providing in vivo insights into cancer biology.
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Improving diagnosis and staging

PET–CT—PET–CT is used widely for a variety of indications in oncology, including 

diagnosis, staging, and restaging of lung, colorectal, oesophageal, breast, and head and neck 

cancers, as well as lymphoma.23 Head-to-head comparative investigations have shown PET–

CT to be more accurate than PET alone for staging of non-small-cell lung cancer 

(NSCLC),24,25 colorectal cancer,26 head and neck cancers,27 and neuroendocrine tumours.28 

Owing to the accrual of complementary data, hybrid PET–CT imaging improves the 

diagnostic accuracy of standalone PET and CT studies not only by facilitating the 

localization of scintigraphic lesions, but also for a number of other reasons: by providing 

data for attenuation correction; improving discrimination between physiological and 

pathological radiotracer uptake; detecting a greater number of lesions; enhancing 

differentiation of benign from malignant lesions; providing better delineation of tumour 

boundaries for biopsies, surgery, and radiotherapy; and improving the assessment of disease 

activity in the presence of residual morphological abnormalities after therapy.29

PET–MRI—A more-recent advance in multimodality imaging has been the introduction of 

hybrid PET–MRI scanners.30,31 As MRI offers better soft-tissue contrast than CT, PET–

MRI is expected to be superior to PET–CT for anatomical localization of PET findings in 

areas with low inherent CT contrast, such as the neck, the upper abdomen, and the female 

pelvis.32,33 Indeed, preliminary studies comparing PET–MRI and PET–CT have 

demonstrated higher diagnostic accuracy for PET–MRI in oral squamous-cell carcinoma34 

and pancreatic cancer.35 Moreover, in a study that compared the performance of PET–MRI 

and PET–CT assessments carried out on the same day in 134 patients with various 

malignancies, discordant findings of potential clinical relevance were reported;36 24 patients 

(17.9%) had findings that were noted on PET–MRI but not on PET–CT, compared with two 

patients (1.5%) who had findings identified with PET–CT that were not detected using PET–

MRI.36 In the context of paediatric tumours of the central nervous system (CNS), compared 

with FDG-PET alone, the coregistration of FDG-PET and MRI anatomical data improved 

the diagnostic accuracy (malignancy grading) in 28 of 31 patients (increased specificity in 

90% of cases as verified by histology), and more precisely defined the tumour location in 23 

patients.37 Furthermore, in a study of 119 patients, the fusion of FDG-PET and MRI 

significantly improved the accuracy of differentiating between benign lesions and malignant 

pancreatic tumours compared with FDG-PET–CT (96.6% versus 86.6%, P = 0.005).38 Such 

findings indicate the potential diagnostic value of PET–MRI.

Importantly, however, not all of the comparative studies of multimodality imaging 

performed to date have demonstrated the superiority of this approach over single-modality 

methods. For example, Pfluger et al.39 detected and monitored 813 lesions —originating 

from multiple anatomical sites—in paediatric patients using PET and MRI in order to 

determine the diagnostic value of each modality alone and combined; the coregistered PET–

MRI images proved to be most valuable for the detection and staging of multifocal disease 

in individual patients, owing to the complimentary information afforded by each modality. 

Conversely, FDG-PET alone was superior to MRI alone or PET–MRI when assessing 

therapeutic response during follow-up examinations (considering pretreatment and post-

treatment images).39 This pattern was attributed to difficulties with using MRI to identify 
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viable bone marrow versus bone marrow lesions at the selected time of scanning.39 

Consequently, the diagnostic utility of anatomical and functional image registration might be 

specific to disease origin and/or the treatment regimen used, warranting further investigation.

Beyond the fusion of anatomical and functional readouts, multiparametric or multifunctional 

imaging studies offer the ability to combine complementary signatures of cancer in order to 

better characterize disease status. For example, integrating FDG-PET and DCE–MRI data 

has been used to overcome the low diagnostic specificity of MRI for breast tumours. Walter 

et al.40 demonstrated that MRI achieved a sensitivity and specificity of 89% and 74%, 

respectively, whereas FDG-PET achieved 63%, and 91%, respectively. When the two 

methods were combined, the authors claim that the percentage of unneeded biopsies (that is, 

obtaining a biopsy when the lesion was benign) could be reduced from 55% to 17%.

Multiparametric MRI—One of the assets of MRI is that multi-functional and anatomical 

studies can be carried out during a single examination, without the need for multiple 

injections of tracers or moving the patient between imaging systems (Figure 2). As 

neurological examinations are less prone to artefacts that are encountered in assessments of 

other tissues (such as cardiac and respiratory motion, and magnetic-susceptibility artefacts), 

numerous multifunctional MRI studies have been performed in patients with brain cancer. In 

particular, many studies have sought to determine the ability of MRI protocols, either alone 

or in combination, to differentiate between high-grade and low-grade brain tumours. For 

example, Zonari et al.41 used DW–MRI, magnetic resonance spectroscopy (MRS), and 

dynamic susceptibility contrast MRI (DSC–MRI) to characterize glioma cellularity, 

biochemistry, and perfusion, respectively, in 105 patients; tumour blood volume was found 

to be the most-effective parameter for glioma grading (sensitivity and specificity of 81.5% 

and 70%, respectively).41 Interestingly, MRS enabled quantitation of the N-acetylaspartate-

to-creatine (NAA:Cr) ratio—a known neural marker—which was found to be the next most-

robust parameter for differentiating low-grade and high-grade tumours, with lower NAA:Cr 

ratios (indicative of fewer neurons) observed in high-grade tumours. A logistic regression 

analysis of all the MRI-derived parameters, including normalized cerebral blood volumes, 

the NAA:Cr ratio, the ADC, the choline-to-creatine (Cho:Cr) ratio, and lactate and lipids 

levels resulted in an increased sensitivity (90.8%) and specificity (77.5%) of glioma grading. 

Since this study was published, similar results have been reported in cancers localized 

outside the brain. For instance, by combining DW–MRI (ADC) and DCE–MRI (time–

intensity curve pattern) parameters, benign and malignant parotid tumours were 

distinguished with greater accuracy (94% versus 82%) and an increased positive predictive 

value (92% versus 67%) than with DCE–MRI alone.42 In patients with prostate cancer, the 

combination of DW–MRI-derived ADC with a MRS-derived metabolic index—(choline + 

polyamine + creatine)/citrate —was able to better differentiate benign from malignant 

peripheral-zone prostatic tissue, compared with MRS (P = 0.005) or ADC alone (P = 

0.09).43 These studies underscore the role of multifunctional imaging for diagnostic and 

staging purposes, as well as the fact that the diagnostic parameters need to be specifically 

selected for each tumour type to realize the full potential of multifunctional assessments. In 

practice, multifunctional MRI studies would probably be most beneficial in cases in which 

tumour resections (and/or biopsies) are used exclusively for diagnostic, and not therapeutic, 

Yankeelov et al. Page 8

Nat Rev Clin Oncol. Author manuscript; available in PMC 2016 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



purposes; for example, in the differential diagnosis of gliomas and primary CNS 

lymphomas.

Correlating imaging and omics data—More recently, studies have incorporated 

genomic and proteomic assays to gain new insights into how the underlying tissue biology is 

manifested on clinical images, thereby improving imaging-based diagnostics. Indeed, the 

fact that genetic and proteomic heterogeneity might be reflected in radiographic features has 

been hypothesized. In the context of patients with liver cancer, Segal et al.44 found that a 

combination of 28 CT-imaging traits was correlated with 78% of the global gene-expression 

profiles of tumour tissues, in particular those influencing cellular proliferation and liver 

synthetic function. The authors concluded that conventional clinical imaging data could 

enable serial molecular profiling of tissues.44 In addition, these promising results raise the 

following question: if anatomical imaging analyses can capture 78% of the genetic variation 

in tumours, can multifunctional imaging capture the remaining 22%?

To evaluate the prognostic significance of FDG-PET and identify CT imaging features that 

are highly correlated with genetic features in a cohort of patients with NSCLC, Gevaert et 
al.45 took advantage of public genetic databases in which data on gene expression and 

clinical outcome are readily available. This study reported that approximately 63% of the 

CT-imaging features (114 out of a total of 180) and the PET standardized uptake value 

(SUV) could be predicted based on clusters of coexpressed genes (metagenes) with an 

accuracy of 65–86%.45 The imaging features that were most-closely correlated with clinical 

outcome included the size, edge shape, and margin sharpness of tumours.45 Thus, 

‘radiogenomics’ has already enabled the identification of new prognostic biomarkers based 

on conventional anatomical imaging characteristics and holds the potential to provide new 

insights into their molecular underpinnings.44–47 A reasonable hypothesis is that the clinical 

utility of radiogenomics can only be enhanced by incorporating multifunctional imaging 

datasets. It should be noted that as the days of whole-genome sequencing for less than US

$1,000 have arrived, such (comparatively expensive) imaging studies must be justified. A 

second point to consider is whether the gene mutations identified to correlate with imaging 

features are predominantly driver or passenger in nature. An application in which 

radiogenomics is of particular interest is in the assessment of disease sites that are difficult to 

biopsy, or in situations in which repeat biopsies are not practical.

Informing on therapeutic response

Predicting response to therapy—Noninvasive imaging is a mainstay of treatment-

response assessment in clinical trials, given practical barriers in performing serial tumour 

biopsies, including poor patient tolerance and spatial sampling. The RECIST criteria13 

represent the current standard for imaging-based response assessment in clinical trials 

involving patients with solid tumours. These guidelines offer a straightforward and practical 

method for evaluating response based on changes in tumour size over time. However, 

changes in tumour size can lag weeks behind induction of tumour-cell arrest and/or death, 

raising doubts about the ability of the RECIST criteria to capture meaningful biological 

changes at early time points during treatment. Importantly, changes in tumour size might 

underestimate or fail to capture the antitumour efficacy of newer drugs that might be 
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predominantly cytostatic, rather than cytotoxic, such as antiangiogenic agents.48–50 

However, the fact that the RECIST criteria can adequately capture when a therapeutic 

regimen is failing should be recognized; in such cases the size of the tumour will frequently 

increase early in the course of therapy. The promise of multimodality functional imaging in 

the context of treatment-response assessments lies in the presumed ability of this approach 

to enable characterization of the underlying physiological, cellular, and molecular changes 

with greater sensitivity and predictive ability than changes in anatomical size.

Jansen and colleagues51 evaluated whether 1H-MRS, DCE–MRI, and FDG-PET performed 

before treatment administration could predict the response of nodal metastases to 

chemotherapy in 16 patients with head and neck squamous-cell carcinoma (HNSCC). In 

terms of predicting short-term outcome, a regression analysis revealed that the mean SUV of 

FDG and the standard deviation of Ktrans (the volume transfer constant from DCE–MRI) 

achieved area under the receiver operator characteristic curve (AUC) values of 0.87 and 0.5, 

respectively. However, when these two measures were combined, the AUC increased to 0.96, 

providing encouraging preliminary evidence that prediction of therapeutic response can be 

improved by combining data from two imaging modalities.

In a study that assessed a population of patients with HNSCC using both FDG-PET and 

FMISO-PET, Thorwarth et al.52 examined the relationship between the uptake of the two 

PET tracers before and after treatment with radiotherapy. Although neither parameter alone 

could reliably stratify patient groups with respect to treatment outcome, the width of the 

scatter plots (FMISO uptake versus FDG uptake in each tumour) predicted treatment 

success;52 specifically, the width of the scatter plots was more than 30% greater in patients 

who exhibited poor response to therapy than in patients with a good therapeutic response (P 
= 0.008), indicating that weakly correlated uptake of FDG and FMISO might reflect a more-

malignant tumour phenotype.52 This finding demonstrates the potential of multifunctional 

readouts to inform on the biology and intrinsic heterogeneity of tumours—something 

pathology struggles to capture over the whole tumour volume—in order to predict treatment 

outcome before its initiation.

Radiotherapy planning—Over a decade ago, the concept of ‘biological target volume’ 

(BTV) was introduced as a means to improve both target delineation and dose delivery in 

radiotherapeutic planning, primarily through the incorporation of biological imaging metrics 

sensitive to relevant pathophysiological, genotypic, and phenotypic tumour features that 

affect radiosensitivity.53 Vera et al.54 extended this effort by evaluating the combined use of 

fully registered FDG-PET, FMISO-PET, and FLT-PET to evaluate changes in glucose 

metabolism, hypoxia, and cell proliferation, respectively, before and at two time points 

during radiotherapy in patients with NSCLC. Overall, the uptake of FLT and FDG within 

tumours decreased rapidly and significantly during radiotherapy (46 Gy), with SUVmax 

values before and during therapy of 4.7 versus 2.2 for FLT (P = 0.00006), and 6.1 versus 4.3 

for FDG (P = 0.048);54 the uptake of FMISO by the tumour remained relatively constant, 

with mean SUVmax values of 1.5 before and 1.4 during therapy (P = 0.76).54 This pilot study 

involved only five patients and primarily focused on identifying correlations between the 

imaging metrics used and monitoring changes in the individual parameters with treatment, 

rather than associations between the observations and clinical treatment outcomes. However, 
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the pairing of parameters could be particularly useful for identifying the BTV, using FMISO-

PET, and evaluating temporal response to radiotherapy, using changes in FLT and/or FDG 

uptake. In the context of anatomically-based planning of radiation therapy, one might expect 

that pretreatment regional FMISO uptake would be predictive of a limited decrease in FLT 

uptake from before to after treatment, reflecting the increased radioresistance of cells in 

hypoxic tumour regions. Further studies are required to address this hypothesis. It should 

also be noted that studies that incorporate multiple PET tracers at multiple time points can 

rapidly reach the regulatory limits on ionizing radiation and are, therefore, quite rare.

Monitoring response in clinical trials—On the basis of the evidence of improved 

prediction and/or monitoring of therapeutic response coming from the studies we have 

presented, the use of multimodality imaging in clinical trials will likely continue to expand. 

Owing to the considerable expenditure and technical expertise required to incorporate 

multimodality imaging studies into clinical trials, the imaging methods selected for a 

particular trial must be intimately related to the direct effects of the therapeutic intervention 

for which patient response is to be predicted and/or monitored. By rationally pairing 

quantitative imaging methods with therapeutic targets, imaging techniques can be tailored to 

assess and/or guide individual treatment regimens, and might, consequently, directly 

influence the provision of personalized medicine. The following two examples indicate how 

multimodality imaging studies can yield definitive recommendations on which imaging 

techniques should be included in prospectively planned trials.

The first example comes from a comparison of the ability of DW–MRI and FDG-PET to 

predict the response of locally advanced gastric adenocarcinoma to neoadjuvant therapy. In 

this study, Giganti et al.55 assessed 17 patients using both DW–MRI and FDG-PET–CT 

before and after the completion of neoadjuvant therapy and found that both the post-

treatment ADC and the change in ADC from baseline values (ΔADC) were significantly 

inversely correlated with tumour-regression grade (TRG; r = −0.71, P = 0.0011 and r = 

−0.78, P = 0.0002, respectively); the mean values of ΔADC and post-treatment ADC were 

also demonstrated to be significantly different (P = 0.0009 and P = 0.000082, respectively) 

between patients with a good response to therapy (TRG 1–3) and nonresponders (TRG 4–

5).55 However, no such correlation or significant differences were found between responders 

and nonresponders using the FDG-PET SUV.55 Thus, in this setting, early data indicate that 

DW–MRI (as summarized by the ADC) outperforms FDG-PET (as summarized by the 

SUV) in monitoring treatment response.

In the second study illustrating the need for appropriate, rational selection of imaging 

modalities for clinical trials, Galldiks et al.56 assessed therapeutic response in patients with 

glioblastoma using MRI and O-(2-18F-fluoroethyl)-6-tyrosine (FET-PET) performed after 

surgery, then at early (7–10 days) and late (6–8 weeks) time points after completion of radio-

chemotherapy with temozolomide. FET–PET data, which can reflect an increase in the 

expression of amino acid transporters, was quantified—among other metrics —according to 

the maximum tumour-to-brain FET uptake ratio, whereas MRI was used to determine the 

gadolinium contrast-enhancing volume.56 The authors reported that a decrease in the 

maximum tumour-to-brain FET uptake ratio of >20% between the postsurgery baseline and 

early postchemotherapy evaluations was predictive of progression-free survival with a 

Yankeelov et al. Page 11

Nat Rev Clin Oncol. Author manuscript; available in PMC 2016 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensitivity of 83%, a specificity of 67%, and an AUC of 0.75.56 On the other hand, changes 

in MRI-derived contrast-enhanced tumour volume had no significant predictive value for 

survival.56

Such ‘head-to-head’ comparisons are of critical importance to determine which imaging 

modality (or modalities) should be included when planning prospective, early phase clinical 

trials. For example, selection of an inappropriate imaging modality for assessment of the 

specific variables that are informative of the activity of a particular treatment (such as FDG-

PET in the Giganti study,55 or DCE–MRI in the Galldiks study),56 could potentially result in 

mischaracterization or complete failure to recognize clinically relevant treatment responses. 

In such instances, studies might have to be repeated using different imaging modalities to 

identify the ideal approach—in this regard, a multimodality approach could possibly reduce 

the number of patients (and associated cost) needed to select the appropriate imaging-based 

response assessment for use in future studies. The problem of identifying which imaging 

data should be evaluated becomes potentially even more complicated when trying to predict, 

rather than monitor, therapeutic response (for example, early in the course of therapy), as 

multiple imaging metrics—reporting on differing aspects of tumour biology —seem to 

simultaneously indicate both disease progression and response to treatment (Figure 3). Such 

multimodality and/or multiparameteric imaging studies can be expensive in their own right, 

and require considerable development to optimize the imaging measures and their 

interpretation; however, this approach holds promise in enhancing the efficiency of the drug 

development and the clinical trial process by providing a more-complete characterization of 

biological changes during therapy than is usually achieved in current trials. Many technical 

imaging studies have been performed in the past decade, particularly with the arrival of 

dedicated hybrid PET–MRI scanners,57,58 and continued progress in this direction is needed 

to guide the use of imaging in clinical trials.

In vivo assessment of cancer biology

Different imaging methods are typically designed for particular applications, and the utility 

of individual techniques is limited. Thus, one imaging modality is unlikely to sensitively and 

specifically characterize all relevant tumour characteristics. Furthermore, any therapeutic 

regimen will almost certainly affect multiple interrelated tumour characteristics 

(proliferation, angiogenesis, and apoptosis, for example). Therefore, the ability to measure 

several of these phenomena simultaneously in an individual patient can provide in vivo data 

on the relationship between them in response to a therapeutic challenge; single-modality 

imaging simply cannot provide such information. For instance, essentially no correlation—

neither spatially within tumours, nor across patients—between FMISO and FDG uptake has 

been detected in either soft-tissue sarcoma or NSCLC, indicating that these methods report 

on fundamentally different aspects of tumour biology.59,60

Using FDG and 15O-labelled water, Komar et al.61 demonstrated that malignant pancreatic 

tumours had a 60% lower blood flow, but threefold higher FDG uptake, compared with data 

from patients with a normal pancreas. When evaluated separately, neither blood flow nor 

FDG were predictors of overall survival; however, a high FDG-PET SUV-to-blood-flow 

ratio (that is, tumours with low blood flow but increased metabolic activity) was associated 
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with poorer prognosis, thereby showing the utility of combining the measures. Although 

these results might be expected given what is known about tumour biology (based on ex vivo 
histological data and preclinical evidence), they serve as the basis for more-advanced studies 

that investigate the use of these multifunctional readouts to track tumour growth and 

evaluate treatment response in vivo.

With improved characterization of the biological response of tumours to treatment, new 

therapeutic strategies might be developed. Kamel and co-workers62 used multifunctional 

MRI to assess early biological changes following transarterial chemoembolization (TACE) 

for the treatment of hepatocellular carcinoma.62 Specifically, DCE–MRI and DW–MRI were 

used to evaluate changes in tumour perfusion and cellularity, respectively, over the first 

month of therapy, during which no obvious changes in tumour size were observed;62 

however, immediately after TACE, tumour perfusion was demonstrated to decrease 

substantially and remained low over the first 4 weeks after treatment.62 By contrast, the 

ADC increased over the 2 weeks following TACE, but then returned to pretreatment levels 

by 4 weeks.62 The initial increase in the ADC was attributed to early cellular necrosis, 

whereas the subsequent reduction was interpreted as the influence of tissue dehydration due 

to cellular necrosis. In a phase II trial of intratumoural injection of bischloroethylnitrosourea 

(BCNU, also known as carmustine) and radiotherapy in patients with glioma, Jenkinson et 
al.63 evaluated early changes in MRI-based measures of tumour morphology, CT-based 

perfusion parameters, and glucose and thallium metabolism using MRI, SPECT, and CT. 

They observed significant decreases in tumour blood volume (P = 0.001) and blood flow (P 
<0.001) as early as 3 days after initiation of treatment with BCNU compared with baseline 

values, and tumour blood volume remained decreased for nearly a month.63 Histological 

analysis of resected tissue corroborated the imaging findings, revealing the presence of 

unperfused ‘ghost’ blood vessels within regions of tumour necrosis.63 The authors 

hypothesized that these observations could reflect a thrombotic mechanism and the 

sensitivity of the tumour-associated vasculature to BCNU. A significant decrease in glucose 

uptake in tumours was also observed 6 days after the initiation of treatment (P <0.001) 

compared with pretreatment levels, but this effect could not be attributed to the detected 

vascular action of BCNU or the effects of DNA-alkylation.63 These studies illustrate how 

multiparametric imaging can provide data that reflect not only response to treatment, but 

also the underlying changes in cancer biology that could potentially be exploited to optimize 

therapy, and underscore the potential role of imaging in the dynamic biological 

characterization of treatment response. Indeed, with the increased use of combined 

therapeutic strategies and agents targeting multiple molecular pathways, multimodality 

imaging could become an essential clinical tool for patient selection, treatment planning 

(timing), and validation of drug–target interactions. Although it is certainly true that if a 

multidrug regimen only targets a common pathway (for example, DNA synthesis), then one 

may only need a ‘general’ tool like FDG-PET to characterize that response. However, if the 

multidrug regimen consists of agents that target different pathways with different 

downstream manifestations, then it may be important to have methods in place that can 

assess these effects separately. This would be of use in, for example, determining if a patient 

has acquired resistance to a particular element of a multidrug regimen.
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In many ways, multimodality imaging of in vivo tumour biology remains in its infancy but, 

similar to histology, this approach has the potential to transform the clinical assessment of 

tumours, their microenvironment, as well as the biochemical and molecular properties of the 

lesion. Imaging will probably serve a complementary role to traditional histology in the near 

future; however, for specific biological assessments (such as evaluating metabolic changes 

over time) and clinical scenarios (in the context of targeted treatments, for example) 

multifunctional imaging could become a standard-of-care option, as imaging—unlike 

histology—can enable noninvasive, 3D, and serial evaluations of tissue status. Nevertheless, 

the realization of this potentially transformative technology depends on further validation of 

the proposed techniques and more-efficient pathways, both federal and commercial, for 

clinical translation of biologically specific imaging approaches.

Barriers to adoption

From a technical perspective, quantitative multimodality imaging can be highly sensitive to 

variations in both hardware (data acquisition) and software (data analysis). Thus, before 

such approaches can be adopted in clinical trials, methods must be shown to be reproducible 

across multiple vendor platforms at multiple clinical sites. Furthermore, common standards 

must be established for reporting and interpretation of measurements. Several government–

academic–industry partnerships are currently addressing this issue, including the National 

Cancer Institute Quantitative Imaging Network (QIN)64 and the Radiological Society of 

North America Quantitative Imaging Biomarker Alliance (QIBA).65 The QIN aims to 

promote research and development of methods for the measurement of tumour response to 

therapies in clinical trial settings using quantitative imaging, with the overall goal of 

facilitating clinical decision making.64 The methods developed must be made widely 

available, and a major contribution of the QIBA has been the production of ‘profiles’ that 

provide detailed guidance on obtaining reliable and consistent quantitative imaging results 

across platforms, sites, and (critically) time points.65 QIBA profiles also include information 

on what hardware and software features the manufacturers of imaging equipment should 

include in their product,65 thereby helping to increase the practicality of performing 

multisite studies involving large numbers of patients. The success of partnerships such as 

these is critical to the acceptance of advanced imaging in clinical trials.

From a clinical perspective, much work remains to be done to associate quantitative 

multimodality imaging results with relevant clinical end points. As the examples cited in this 

article indicate, much of the current evidence for a clinical utility of multiparametric 

imaging stems from small studies and, therefore, requires validation in large multicentre 

trials. Thus, further progress in validating multimodality imaging might take advantage of 

multi-institution research networks, such as the Eastern Cooperative Oncology Group 

American College of Radiology Imaging Network (ECOG-ACRIN).66

A key requirement is that imaging researchers work with clinicians to formulate research 

goals with practical relevance to medical decision making. For example, although imaging 

researchers might envision a future in which PET–MRI obviates the need for prostate biopsy 

by enabling differentiation of benign and malignant tissues, and accurate staging, more-

realistic intermediate applications for PET–MRI might be in targeting prostate biopsies to 
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the viable neoplasm, or improving the accuracy of distinguishing extracapsular extension. 

These different clinical objectives need the use of different study designs and statistical 

methods. Furthermore, as promising as the prospect of PET–MRI might be, in general, 

excitement regarding this technology is tempered by both economical (such devices can cost 

>US$6 million) and technical (for example, how to best use the available MRI data to 

perform attenuation correction of PET data) issues. As such, multidisciplinary partnerships 

will be of paramount importance for the appropriate development and translation of 

quantitative multimodality imaging methods.

In addition, gaining an understanding of the appropriate use of multimodality imaging in 

different contexts is an important requirement. Many of the techniques described in this 

article are already being actively explored by pharmaceutical companies in proof-of-concept 

studies of their new compounds, and for prioritizing research and development pipelines. By 

contrast, adoption of quantitative multimodal imaging into clinical decision making will 

probably move more slowly and will require a higher level of statistical qualification. 

Similarly, in clinical trials, quantitative multimodality imaging will continue to be used on a 

primarily exploratory basis until these techniques can be incorporated into standardized 

response-assessment strategies and accepted by regulatory bodies as valid analyses for 

biomarkers of drug efficacy.

Imaging and predictive oncology

Multimodality imaging can provide a wealth of data to characterize disease in individual 

patients. Thus, a question occurs naturally: what is the best way to synthesize this data to 

derive the maximum clinical utility? To date, statistical measures designed to find the largest 

differences between patient groups have been the point of greatest emphasis. In the future, 

an entire paradigm of individualized ‘predictive oncological imaging’ might arise through 

the use of biophysical and biomathematical models.67

Mathematical modelling of the dynamics of tumour growth is not a novel concept; however, 

practical applicability of most of the current mathematical models is limited, as these models 

rely on data that is difficult to obtain in an intact organism with adequate spatial resolution at 

any given time point, let alone at multiple time points. As discussed above, multimodality 

imaging can provide quantitative anatomical, molecular, and functional information 

noninvasively, in 3D, and at multiple time points, thereby providing compelling motivation 

for integrating imaging data into predictive mathematical models of tumour response to 

therapy. Owing to the substantial heterogeneity in cancer, populating mathematical models 

of tumour growth and treatment response with patient-specific data is imperative. As 

multiple, repeat measurements are required to optimize such an approach, multimodality 

imaging is the most promising —if not the only—method of providing the data required. 

Furthermore, because the data are acquired noninvasively, the predictions derived from any 

model can then be directly compared with the actual clinical responses and outcomes 

observed in the patients in whom the images were acquired. Thus, this approach lends itself 

to making patient-specific predictions that can be experimentally tested.68–70
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After the validation of tumour-growth models that are initialized and constrained by imaging 

data, it could become possible to perform in silico experiments to select, given a set of 

patient-specific imaging measurements, an optimal treatment strategy. For example 

determining the sequence and timing of antiangiogenic and cytoxic therapies dynamically 

might be important in improving the efficacy of treatment (Box 2). With a validated 

imaging-based model in hand, simulations could be run for each patient based on the results 

of multimodal imaging assessments to predict the optimal sequence, dosing, and timing of 

such therapies. In this way, the synthesis of imaging and modelling would truly enable the 

development of a field of predictive oncological imaging.

Conclusions

From a clinical perspective, enthusiasm is increasing with regard to the potential of 

multimodality imaging to improve our ability to accurately characterize disease and stratify 

patients, to assess and even predict treatment response, and to accelerate the drug 

development and clinical trials processes. Admittedly, current efforts in this direction have 

been confined to small, single-centre studies and, therefore, must be validated in larger 

prospective trials—but tantalizing evidence is now available to encourage the initiation of 

such studies. From a scientific perspective, multimodality functional imaging provides a 

noninvasive approach to obtain quantitative data on spatial and temporal changes in a range 

of biological features within tumours; these methods might provide answers to fundamental 

biological questions that cannot be addressed by other means. Thus, it seems highly likely 

that the influence of multimodality functional imaging on clinical trials and medical practice 

will continue to grow.
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Figure 1. 
Multimodality imaging in the diagnosis of metastasis in an 82-year-old woman with non-

small-cell lung cancer. a | An axial attenuation-corrected FDG-PET image, which reveals a 

hypermetabolic focus in the right hemipelvis that is suggestive of a metastatic lesion, but is 

difficult to localize anatomically. b | A corresponding unenhanced axial CT image obtained 

using bone-window settings reveals a subtle focus of sclerosis in the right ischial tuberosity 

(arrow); this anomaly is difficult to identify in the absence of the PET image and cannot be 

definitively characterized based on the CT findings alone. c | A merged PET–CT image 

combines functional information from PET imaging with anatomical information from CT 

imaging, enabling conclusively definition of the lesion as a metastasis of the right ischial 

tuberosity. Abbreviation: FDG-PET, 2-18F-fluoro-2-deoxy-D-glucose PET.
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Figure 2. 
A multiparametric MRI evaluation of patients with high-grade glioma before and after anti-

VEGF-A antibody therapy with bevacizumab. Images from pretreatment and post-treatment 

MRI assessment (2 weeks after the first infusion of bevacizumab) are shown for a patient 

with a poor response to treatment (‘short TTP’; 2.6 months) and for a patient who showed a 

favourable therapeutic response (‘long TTP’; >9 months). The post-gadolinium contrast-

enhanced T1-weighted images (post-Gd T1) reveal a larger decrease in the enhancing tumour 

volume after a single infusion of bevacizumab in the patient with a favourable response to 

therapy. Both patients showed a moderate (~10%) decrease in mean tumour ADC, which 

was probably associated with the resolution of oedema. In the patient with the favourable 

response mean CBV and mean CBF decreased by 44% and 55%, respectively, 2 weeks after 

treatment; these decreases were larger than those observed in the patient with a poor 

response (30% and 22%, respectively). A smaller relative change in Ktrans was observed in 

the patient with the favourable response compared with patient with a poor response, 

although the mean baseline value of Ktrans was considerably higher in the patient with the 

shorter TTP (Ktrans=0.278min−1) than the patient with the longer TTP (Ktrans=0.107min−1). 

Given that a tumour’s cellular and vascular response to antiangiogenic therapy might not be 

temporally correlated and could vary dissimilarly, the serial assessment of each 

characteristic could prove to be highly useful in tracking and predicting therapeutic response 

as each metric provides a unique insight into the underlying tumour biology. Abbreviations: 

ADC, apparent diffusion coefficient; CBF, cerebral blood flow; CBV, cerebral blood 

volume; Ktrans, volume transfer constant of contrast agent between the blood and the 

Yankeelov et al. Page 22

Nat Rev Clin Oncol. Author manuscript; available in PMC 2016 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



extravascular extracellular space; TTP, time-to-progression; VEGF-A, vascular endothelial 

growth factor A.
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Figure 3. 
PET–MRI in the evaluation of treatment response in breast cancer. The top row displays kep 

= (K trans/ve) maps overlain on a sagittal T1-weighted MRI of a woman with an invasive 

ductal carcinoma at baseline before treatment (left panel), after one cycle of neoadjuvant 

chemotherapy (middle panel), and at the conclusion of chemotherapy (right panel). kep 

represents the rate at which the contrast agent moves from the extravascular extracellular 

space back into the vascular space and a high kep value is indicative of malignancy. Note the 

increase in the number of red voxels observed after one cycle of chemotherapy (specifically, 

kep increased 32%, from 0.34 min−1 to 0.45 min−1) which indicates an increase in tumour 

aggressiveness. Conversely, the SUL of 18F-fluorodeoxyglucose during PET decreased by 

30%, from 1.81 at baseline (bottom left panel) to 1.39 (bottom right panel) after one cycle of 

chemotherapy, indicating a possible reduction in metabolic activity; this finding argues 

against increased tumour aggressiveness. These apparently disparate findings indicate the 

potential importance of assessments that incorporate data from multimodality imaging, as 

well as potential complications that can arise during interpretation of such diverse 

parameters. That is, although such approaches can enable characterization of complementary 

aspects of tumour biology, substantial work is needed to determine the appropriate methods 

of synthesizing such data that ultimately provide the maximum benefit for patients. For this 

particular patient there was no residual tumour at the time of surgery (the patient achieved a 

pathological complete response) as seen by the images in the far right column, which were 

acquired within 1 week of surgery. Abbreviations: Ktrans, volume transfer constant of 

contrast agent between the blood and the extravascular extracellular space; SUL, 

standardized uptake value normalized to lean body mass; ve, fractional volume of the 

extravascular extracellular space.
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