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ABSTRACT

Tumour heterogeneity has, in recent times, come to play a vital role in how we understand and treat cancers; however, the

clinical translation of this has lagged behind advances in research. Although significant advancements in oncological

management have been made, personalized care remains an elusive goal. Inter- and intratumour heterogeneity, particularly

in the clinical setting, has been difficult to quantify and therefore to treat. The histological quantification of heterogeneity of

tumours can be a logistical and clinical challenge. The ability to examine not just the whole tumour but also all the molecular

variations of metastatic disease in a patient is obviously difficult with current histological techniques. Advances in imaging

techniques and novel applications, alongside our understanding of tumour heterogeneity, have opened up a plethora of

non-invasive biomarker potential to examine tumours, their heterogeneity and the clinical translation. This review will focus

on how various imaging methods that allow for quantification of metastatic tumour heterogeneity, along with the potential

of developing imaging, integrated with other in vitro diagnostic approaches such as genomics and exosome analyses, have

the potential role as a non-invasive biomarker for guiding the treatment algorithm.

Although continual improvements in diagnosis, surgical

techniques and radiation oncology have together provided

improved survival for many forms of human cancers, a

majority of deaths from cancer are caused by the de-

velopment and continuous growth of metastases that are

resistant to conventional therapies. Similarly, although the

use of systemic non-targeted and targeted adjuvant thera-

pies has helped to prevent the spread of tumour cells from

the primary site and is now a standard practice for many

tumour types, the emergence of resistant disease continues

to be a significant cause of patient mortality. These features

provide an insight into the dynamic nature of the signalling

network within the tumour cells,1 and human cancers are

now being increasingly recognized as heterogeneous, char-

acterized by distinct pathological, genomic, clinical and

therapeutic features.

Nearly 150 years after the original theory of tumours orig-

inating from immature cells by Virchow,2 innovative tech-

nological approaches unequivocally demonstrate the cellular
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heterogeneity of tumours, composed of distinct subpopulations of

cancer cells within (“intra”) and between (“inter”) tumours of

individual patients. These subpopulations are characterized by

specific genetic and morphological profiles, representing the

clonal selection and evolution of that tumour.3,4 This heteroge-

neity provides a powerful internal mechanism through which

tumour cells can ultimately escape environmental stresses,

including oncological therapies, posing a considerable challenge

for translational researchers.

There is considerable evidence that the tumour microenviron-

ment actively contributes to tumour heterogeneity.5 Arguably the

best example of this is the “pre-metastatic niche”, defined as the

creation of an ideal thriving environment for the primary tumour

to “seed” to. Through the secretion of cytokines, chemokines and

growth factors, the primary tumour “primes” a distal site to be-

come an ideal niche/target organ, favourable for future metastatic

colonization.6 Although in some cases the target organ is already

primed for metastatic spread and many organs may have “seed-

ing” of cells, only a few will take “root”.7 Increasing understanding

of tumour heterogeneity demands an effort from researchers to

establish and understand pre-metastatic changes within distant

organs and their major drivers.

This new paradigm of cancer heterogeneity has yet to be fully

assimilated into everyday patient management. It has been well

documented with certain cancers that imaging signals can show

phenotypic tumour heterogeneity and have clinical implications;

for example, in radio-iodine imaging of metastatic thyroid cancer,

somemetastatic lesionsmay not take up radio-iodine and therefore

will be unaffected by radio-iodine therapy. However, for the ma-

jority of tumours, biopsies remain the standard of care for assessing

tumour biology but cannot be expected to represent the entirety of

a tumour in this tumour heterogenic era.4 Many physicians ad-

vocate the re-biopsy of metastatic disease at re-presentation for

histological analysis and comparison with the primary, in an at-

tempt to improve the choice of therapy upon relapse, having taken

into account, for instance, intertumoral heterogeneity between the

primary and metastatic disease.8 Repeated biopsy of tumour tissue

is invasive, may be practically difficult, has resource implications

and is clearly confounded by intratumoral heterogeneity. These

shortcomings give huge potential to the recent advances in mo-

lecular imaging, which have the ability to visualize and quantify

heterogeneity of tumour receptor expression, metabolism, apo-

ptosis, blood flow or structure, non-invasively over time, i.e. at

baseline and to assess response to treatment.

Owing to space constraints, we can only select a subset of imaging

techniques for illustration purposes; a more comprehensive précis

of the different image modalities has been reviewed elsewhere.8

VARIOUS IMAGING MODALITIES AND METHODS

THAT CAN HELP TO MAP THE HETEROGENEITY IN

TUMOUR METASTASIS

The development of metastasis is multifactorial and is dependent

on the complex interaction between host factors and the tumour

biology. This process is highly selective, and the metastatic lesion

represents the end point of many sequential events that only a few

cells can survive. Recent advances in next generation sequencing

(NGS) have increased the understanding of (1) the clonal het-

erogeneity between primary and metastatic tumours and (2) the

degree of genetic heterogeneity of metastatic tumours. For ex-

ample, a study comparing sequences of primary tumours and

metastases in lobular breast cancers revealed multiple mutations

present only in metastases and several other mutations with in-

creased frequency in metastatic sites.9 Similarly, a number of

studies report on the discordance in oestrogen receptor, pro-

gesterone receptor and human epidermal growth factor receptor

2 (HER2) expression between different metastatic sites.10 As

pointed out, histological analyses with repeated invasive biopsies

have limitations. For instance, when different metastatic deposits

are heterogeneous with respect to receptor expression and/or cel-

lularity11 and are not all subjected to biopsy, then a clinical decision

based on in vitro analysis of the biopsied material may be prone

to undersampling error. However, recent advances in imaging

techniques, image acquisition and image analysis have been

used to measure quantitative imaging biomarkers that may be

able to address the complexities of tumour heterogeneity better

than a standard histological biopsy. Here, we critically appraise

these strategies specifically in the context of heterogeneous

metastatic disease.

18F-fludeoxyglucose–positron emission

tomography/CT

Although CT is the imaging modality most widely used for tumour

assessment, it provides very little in the way of distinct tumour

activity information. The addition of positron emission tomogra-

phy (PET) to CT can add such further information, and
18F-fludeoxyglucose (18F-FDG) is the most commonly used PET

radiotracer, although there are many other radiotracers that ex-

amine different aspects of tumour biology. The ability of
18F-FDG-PET to detect cancer is based on elevated aerobic gly-

colysis in the malignant tissue in comparison with the normal

tissue—also known as the Warburg12 effect. Although primarily

reporting on tumour cell activity, 18F-FDG-PET has been shown

to also inform on tumour heterogeneity. A retrospective study

using 18F-FDG-PET/CT to monitor response among lesions in

patients with bone-dominant metastatic breast cancer treated

with systemic therapies reported that lesions showed heteroge-

neous metabolic response amongst responding and non-

responding bony and non-bony lesions.13

Novel utilization of 18F-FDG-PET/CT in recent years, such as

texture analysis on CT imaging, has been shown to reflect tumour

heterogeneity and associated prognosis. This has been examined in

multiple tumour types, including lung,14–16 colorectal17–19 and

oesophageal20 cancers. There are a number of ways to extract

texture elements in images. One such CT textural analysis meth-

odology utilizes a two-step filtration–histogram technique. The

first stage uses a Laplacian of gaussian spatial band-pass filter to

selectively extract and enhance features of different sizes corre-

sponding to fine, medium and coarse texture scales, allowing de-

tection of spatial differences within a tissue (arising from the

different band of spatial frequencies employed). The Laplacian

detects intensity changes (or edges) within an image, which have

been first smoothened by the gaussian distribution, based on the

spatial scale filter (SSF) value. A lower SSF value (e.g. 2mm)

extracts and enhances features of a “finer” texture scale, whereas an
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SSF value of 3, 4 or 5mm extracts and enhances features of

a “medium” texture scale and a higher SSF value (e.g. 6mm)

extracts and enhances features of a “coarser” texture scale, as shown

in Figures 1 and 2. These novel texture analyses have also been

applied to other imaging modalities, e.g. MRI,21,22 and will be

discussed later (section on Simultaneous positron emission

tomography/MR and textural analysis).

Generation of these texture parameters provides vital information

on the image features themselves (reviewed in Miles et al23).

Standard deviation (SD) increases approximately in proportion to

the square root of the number of features highlighted and their

mean intensity difference comparedwith background (i.e. dark and

bright features are both positive). Skewness is related to the average

brightness of the highlighted features (predominantly bright fea-

tures give positive values, while predominantly dark objects give

negative values), which tends to zero with increasing number of

features highlighted and moves away from zero with intensity

variation in highlighted features. Kurtosis is related inversely to the

number of features highlighted (whether bright or dark) and

increases by intensity variations in highlighted features. By quan-

tifying these different image features (size, concentration and

density variation of the features highlighted by the filter) within

a lesion (representing the different aspects of tissue heterogeneity),

computed image texture analysis algorithms have the potential to

provide additional morphological information relating to tumour

heterogeneity. The intratumoral variability assessed by this tech-

nique is at a scale where the measured heterogeneity is likely to

reflect tumour vs stroma and/or tumour vs necrosis. These features

could feasibly correlate with a metastatic phenotype, but more

work is required in this area to understand the associations between

tumour–stromal relationships and gene expression and/or meta-

static potential (see section Molecular imaging of metastatic po-

tential). Yet, the prognostic application of CT textural analysis has

been validated in various tumours types, with coarser tumours

pertaining to a poorer prognosis24 (Figure 3). In fact, overall sur-

vival (OS), progression-free survival (PFS) and local progression-

free survival were all lower in individuals with high primary

tumour coarseness.25 Analysis of tumour texture in pre- and post-

chemotherapy treatment in colorectal patients, to examine

response and prognosis, has revealed that tumours that respond to

treatment have lower initial tumour coarseness.18 In addition to its

correlation with survival, there is also limited pre-clinical literature

which suggests that the application of these texture techniques can

Figure 1. (a) Conventional hepatic CT image. (b–d) Corresponding images selectively display (b) fine, (c) medium and (d) coarse

texture obtained by using values for image filtration [spatial scale filter value (or sigma)] of 0.5 [width, 2 pixels (1.68mm)], 1.5

[width, 6 pixels (5.04mm)] and 2.5 [width, 12 pixels (10.08mm)], respectively. Images should be viewed in the online format.

Reproduced from Miles et al18 with permission from the Radiological Society of North America.
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be used to analyse the surface heterogeneity of the primary tumour,

and may yield non-invasive image parameters that may distinguish

betweenmetastatic and non-metastatic tumour phenotypes,26with

exciting translational potential which needs further investigation.

PET texture analysis (PTA) can be conducted on the stand-

ardized uptake value (SUV) images used to measure the maxi-

mum SUV. The SUV images (individual pixel values) with initial

units of uptake in Bqml21 can be converted (scaled) to SUV

calibrated by patient weight and actual tracer activity (taking into

consideration the initial tracer activity, amount of decay between

the tracer measured time and scan time with respect to the half-life

period of 18F-FDG) with final units of uptake in gml21. The tu-

mour heterogeneity can be measured only on the SUV image

without image filtration, using the histogram characteristics as

described above in the section 18F-fludeoxyglucose–positron

emission tomography/CT. Image filtration is not appropriate owing

to the inherently poor resolution of PET (SUV) data. A recent

study in non-small-cell lung cancer (NSCLC) using PET/CT image

data sets has shown the ability of PTA to be a prognostic marker

of survival.27 Other groups have shown that intra-tumour he-

terogeneity on PET via texture analysis predicts response to

radiochemotherapy in oesophageal cancer (entropy, size, local and

global heterogeneity and homogeneity, SUV),28 and lung cancer

(coarseness, contrast, busyness, complexity).25 Given the poorer

spatial resolution of PET compared with CT, the biophysical basis

of metabolic textural features is not intuitive and requires further

exploration.

Non-18F-fludeoxyglucose–positron emission

tomography for imaging the metastatic potential of

primary tumours and/or detecting

tumour metastases
18F-fluoro-39-deoxy-39-L-fluorothymidine–positron

emission tomography
18F-fluorothymidine (FLT) is a tracer used to examine cell

proliferation. Pyrimidine analogue thymidine is incorporated

in DNA, during the S phase of the cell cycle, where pro-

liferating cells synthesize DNA. 18F-FLT is taken up by the cell

and is phosphorylated by thymidine kinase 1. Thymidine ki-

nase 1 activity is the highest during the cell division process

in cells and takes place at a greater rate in malignant cells.29

Given the dependence of this radiotracer on thymidine kinase 1

activity, there can be issues when used in conjunction with

certain cytotoxic drugs, which arrest cells in S phase,30 such as

5-fluorouracil. Various studies have been carried out on corre-

lating imaging with histological findings and on immuno-

staining with Ki-67 to assess tumour proliferation rate. These

studies have shown good correlation between the histological

tumour proliferation rate and the 18F-FLT-PET image.31 Al-

though 18F-FLT-PET is an excellent tool for measuring tumour

proliferation, there are several theoretical limitations to its use

in detecting micrometastatic disease in patients with cancer.

While an increase in proliferation is important for the initia-

tion and maintenance of primary tumours, growth inhibition

could ultimately be crucial for survival of carcinoma cells in

the circulation. Mechanistically, this apparent paradox is

Figure 2. (a) A conventional CT (from a positron emission tomography/CT) image of a patient with a lung lesion and (b–d)

corresponding images selectively displaying fine, medium and coarse texture obtained from TexRAD CT texture analysis (image

heterogeneity) commercial research software (www.texrad.com, Radstock, UK). Images should be viewed in the online format.
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because of the dual function of cell cycle regulators, such as the

well-known tumour suppressor gene p5332 and transcription

factor YB-1,33 which also impact on the cell motility ma-

chinery. Additionally, metastatic cells in the target organ can

enter into dormancy (i.e. a lag in tumour growth),34 thus the

sensitivity of detecting tumour metastases is somewhat

limited.35,36

11C-choline and 18F-fluorocholine–positron

emission tomography

Some tumours have low glucose metabolism, and therefore

standard FDG-PET imaging has difficulties in the assessment of

disease and treatment response. In prostate cancers, choline-PET

imaging has been especially useful for restaging. Choline- and

fluorocholine-based tracers used in PET scanning utilize the

principle that choline is an essential component of the phos-

pholipid portion of the cell membrane. It is particularly of

benefit in a selected group of individuals rather than as a staging

method for all; namely, patients with minimal recurrent

prostate-specific antigen (PSA) levels of $1 ngml21, those with

short PSA doubling time (less than 3 months to a maximum of

6 months), and those with initial high recurrence risk tumour

stage.37,38

Simultaneous positron emission tomography/MR

As discussed earlier in this review, PET image analysis tradition-

ally focuses on the region of interest. The addition of MR to PET

imaging can further add heterogeneity information regarding the

Figure 3. Kaplan–Meier plots demonstrating differences in patients with high and low primary tumour 18F-fludeoxyglucose–positron

emission tomography coarseness (a–c), contrast (d–f) and busyness (g–i). Differences in overall survival (OS) (a, d and g),

progression-free survival (PFS) (b, e and h) and local progression-free survival (LPFS) (c, f and i) are demonstrated. Cum,

cumulative. Reproduced from Cook et al25 with permission from SN Turiel & Associates, Inc. © by the Society of Nuclear Medicine

and Molecular Imaging, Inc.
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tumour phenotype that is gathered from radionuclide-based

studies.39 Dynamic contrast-enhanced (DCE) imaging differs

from traditional MRI through the ability to acquire multiple

images, before, during and after contrast injection (Figure 4). In

the context of PET/MR, this imaging technique allows dynamic

imaging of tumours to take place, with detailed imaging of tu-

mour vascularity40 through the concomitant evaluation of avb3

expression and high glucose metabolism within tumours that can

show perfusion heterogeneity.41 This form of imaging has also

played a role in treatment assessment with vascular endothelial

growth factor (VEGF) inhibitor use, which we discuss later on in

further detail in this review (see section Molecular imaging of

metastatic potential).

Ongoing developments in the combination of PET/MR with

nanoparticle imaging have had further implications in the as-

sessment of tumour heterogeneity.42 Given the above discussion

on specific (FDG- and non-FDG-based) PET tracers that are

potentially of use in mapping the heterogeneity of different tu-

mour types, the combination of specific-tracer PET/MR holds

particular interest in imaging molecular heterogeneity.

The combination of microstructural and vascular information

afforded by MRI with specific metabolic PET tracers can now

be achieved in a clinic with whole-body PET/MR scanners.43

Multiparametric imaging has well-recognized utility for

microstructural and vascular tissue characterization and is

rapidly establishing an expanding niche in the localization and

management of prostate cancer.44,45 Yet, in general, it remains

more difficult to assess metabolic activity with MRI than with

PET; MR spectroscopy (MRS) is inconsistently used in clinics,

as it requires significant expertise in acquisition and processing

of the MR signal; whilst hyperpolarized (HP) MRI in addition

requires significant investment in infrastructure. Studies vali-

dating the use of whole-body PET/MR compared with PET/CT

have repeatedly shown increased sensitivity in early tumour

detection, and using diffusion weighting on top of PET/MR

can also detect treatment response at varying levels within

metastases.46–50

Multiparametric PET/MR performed by our group demon-

strates the ability to assess glycolysis, cellularity and water con-

tent and intralesional heterogeneity (via texture analysis) within

a single examination (Figure 5). In general, we found that

tumours with more heterogeneous water distribution (i.e. higher

SD and proportion of positive pixels) were more cellular

(i.e. lower mean apparent diffusion coefficient) and glycolytic

(i.e. higher SUVmean). Foci of high cellularity also correspond to

areas of increased glycolysis. Textural filters applied to the

fractional water images revealed features of around 3- to 4-mm

bright objects, which may be associated with pockets of water

content and tended to be higher within tumours having adverse

biology (restricted diffusion and increased glucose uptake).

Multiparametric PET/MRI data sets evaluating tissue micro-

structure, metabolism and heterogeneity are likely to contain

prognostic information/relate to metastatic potential; both hy-

potheses require further work to validate.

Furthermore, simultaneous PET/MRI offers the opportunity in

the clinic to combine tissue characterization multiparametric

Figure 4. Produced from an imaging unit at the Institute of Nuclear Medicine, University College London, UK. Simultaneous 18F-

fludeoxyglucose–positron emission tomography (PET)/MRI-acquired image of a patient with a sigmoid tumour. Fused axial T2 and

PET (a), PET alone (b), MRI apparent diffusion coefficient map (c) and representative subtracted image from a dynamic contrast-

enhanced MRI series (d); showing increased metabolism, cellularity and vascularity. Images should be viewed in the online format.
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MRI with specific molecular PET imaging, with the potential to

assess dynamic biological relationships through multimodal

imaging of, for example, tumour cellularity/cell turnover

[diffusion-weighted imaging (DWI) or FLT-PET], hypoxia

(blood oxygen level-dependent MRI or 18F-fluoromisonidazole

PET ligand), vascularity (DCE/MRI or a-V-b-3 PET ligand) and

glycolysis (18F-FDG-PET ligand or glucose chemical exchange

saturation transfer MRI).51 Spatial heterogeneity of PET-MRI

signals among metastases is often evident.11 Elucidating the

mechanisms leading to heterogeneous multimodal metastatic

phenotypes and the consequent therapeutic implications

remains the remit of future research.

Imaging the link between metabolism and tumour

signalling pathways that are associated with

metastasis: hyperpolarized MRI
13C-MRS has been used in the investigation of metabolic pro-

cesses in vivo for many years.52 Its limitations relate to the diffi-

culty in the signal intensity of the proteins in question, mainly

down to the physics of MRI and its use of the apparent diffusion

coefficient of water. Hyperpolarization with the dynamic nuclear

polarization technique can yield .10 000-fold signal increases in

MR-active nuclei, allowing the detection of 13C-labelled substrates

in vivo and also imaging of tissue distribution, in the absence of

any background signal from non-polarized material. Pyruvate is

a molecule involved in major metabolic and catabolic pathways in

mammalian cells (Krebs cycle) and depending on anaerobic or

aerobic metabolism can have various end products. 1-13C-

pyruvate imaging can therefore detect lactate, alanine and car-

bon dioxide.53,54 The imaging data generated by this technique in

a transgenic mouse model of prostate adenocarcinoma were

shown to correlate with the histological grading of tumours and

have been used to identify tumour necrosis and metastatic lymph

nodes. The NCT01229618 clinical trial is examining the role of

1-13C-pyruvate imaging in patients with prostate cancer.55 HP 13C

MR spectroscopic imaging, measuring the HP lactate-to-pyruvate

ratios, can be used to monitor the heterogeneity in a major sig-

nalling pathway within cancers, namely the PI3K/AKT/mTOR

pathway and its response to molecule-targeted therapeutics, such

as Everolimus,56 and potentially inhibitors of other signalling

pathways, e.g. hypoxia-inducible factor-1 and MYC, which are

known to predispose tumour cells to metastasize under both

normoxic and hypoxic conditions.57–59

Nanoparticle-based imaging

Nanoparticles are small, 1–100 nm, structures that in recent years

have been explored in their capacity for imaging, drug delivery and

monitoring of treatment outcome.60Nanoparticles may be organic

based (liposomes, polymeric nanoparticles, micelles, dendrimers

and solid lipid nanoparticles), inorganic based (iron oxide

Figure 5. Multiparametric positron emission tomography (PET)/MRI of a rectal cancer. (a) High 18F-fludeoxyglucose uptake on fused

PET/T2 MRI, with (b) a correspondingly patchy reduced apparent diffusion coefficient (ADC) in keeping with pockets of high

cellularity within the tumour and (c) a fractional water image derived from source fat and water Dixon images of the same tumour

confirms that areas of increased cellularity correlate with relatively increased water content (white arrows). (d) Application of

a medium coarse textural filter highlights 3- to 4-mm bright objects on the fractional water image (medium texture map). Images

should be viewed in the online format. (www.texrad.com, Radstock, UK.)
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nanoparticles, gold nanoparticles, semiconductor nanocrystals,

ceramic nanoparticles and carbon nanotubes) or a hybrid of both.

Nanoparticles have large surface to volume ratios contributing to

their high loading capacity. As drug delivery systems, nanoparticles

have been shown to improve drug solubility, prolong blood cir-

culation half-life and control drug release.61 One of the major

advantages with nanoparticle technology is that drug delivery and

imaging probes can be combined into one delivery system.

Gold nanoparticles have high density and extinction coefficients and

can be applied as contrast agents for CT, dark field imaging and

photoacoustic imaging. The shape of gold nanoparticles can facilitate

them to strongly absorb light in the near-infrared range, converting

this energy into heat for photothermal therapy. Iron oxide-based

nanoparticles are magnetic and therefore used as contrast agents to

produce hypodense regions on T2/T2 weighted MR images.

Nanoparticles have also been used as a predictive tool in functional

imaging. Superparamagnetic iron oxide nanoparticles (SPIONs),

specifically reporting on tumour vasculature, have recently been

used in predicting the likelihood of brain metastases in melano-

mas.62,63 Various imaging nanoparticles are currently undergoing

human clinical trials; for example, 124I-labelled cRGDY silica

nanoparticles in melanoma (NCT01266096), 99mTC-sulphur col-

loid nanoparticles in sentinel node mapping in breast cancers

(NCT00438477) and ultrasmall (U)SPION in pre-operative pan-

creatic cancers (NCT00920023). All of the above are a mixture of

imaging modalities, CT, MRI and single photon emission CT

(SPECT), showing that nanoparticle imaging is not exclusive to

one imaging modality. A specific application of these (U)SPIOs to

characterize the heterogeneity of macrophage infiltration in the

tumourmicroenvironment will be described in section Application

of an integrated imaging–genomic approach to stratify cancer

treatment—requirements for clinical translation.

Imaging tumour heterogeneity at a cellular level:

intra-operative optical imaging

The basis of radio-guided surgery involves the deployment of

a radiolabelled tumour tracer pre-operatively and the use of a de-

tection probe intra-operatively. Intra-operative use of a gamma

probe has been shown to reveal small (,10mm) lesions within the

abdomen that can be missed on traditional whole-body functional

imaging. This technique has been shown to individualize surgical

procedures intra-operatively, resulting in improved complete re-

section rates with subsequent effects on reducing recurrence

rates.64–67 Moreover, to facilitate the visualization of cancer cells

at a higher resolution, intra-operative tumour imaging has been

successfully conducted with near-infrared dye-labelled molecule-

targeted antibodies against various tumour cell targets, e.g. folate

receptor, VEGF (bevacizumab) and HER2 (trastuzumab).68,69 The

first-in-man ovarian cancer surgery was performed with an

optical detection device that has a corresponding resolution

varying between 150 and 30mm.69 It allows for individual cel-

lular clusters to be visualized and dissected. Further genomic

investigations of these cellular clusters is likely to add further

details to the degree of cell-to-cell tumour heterogeneity and its

role in promoting resistance within an evolving tumour

genome.

MOLECULAR IMAGING OF

METASTATIC POTENTIAL

Early identification of patients at high risk of metastatic disease is

arguably the most important task for improving cancer mortality.

The pre-metastatic niche hypothesis comprises the creation of

a supportive environment for circulating tumour cells to “seed”

to.70 This dynamic process is thought to involve both chemokine

secretion at the primary tumour site and subsequent activation of

immune cells in the target tissue of metastasis. In response to

tumour-secreted factors (TSFs), intra- and extramedullary hae-

matopoiesis and consecutive immune cell differentiations are

altered in order to promote the survival and outgrowth of dis-

seminated tumour cells. Certain organs carry a greater suscepti-

bility to specific tumours; for example, bone metastases are

prevalent in breast and prostate cancers, whereas are rarer in

others, such as ovarian. The understanding of tumour hetero-

geneity should allow us to not only assess the primary tumour at

a molecular level but also examine distant organs for pre-

metastatic changes.

Although targeted SPECT and PET probes mostly address surface

markers or metabolic features of the primary tumour cells them-

selves, the same principles can be used for visualization of

metastasis-associated changes of tissue composition or intercellular

communication. Using a PET imaging probe for vascular cell ad-

hesion molecule-1 (VLA-4), reportedly highly expressed in bone

marrow-derived cells that have been implicated in establishing the

pre-metastatic niche,71 Shokeen et al72 reported using imaging

combined with immunohistochemistry, an enrichment of these

haematopoietic progenitor cells (HPCs) at the sites of metastasis.

Besides the HPCs, tumour-associated macrophage (TAM) accu-

mulation in the tumour microenvironment has been linked to

increased tumour invasiveness and therefore metastasis5 In pri-

mary tumours, visualization of TAM by MRI is established and

frequently performed using macromolecular substances that are

taken up by the target cells via phagocytosis, such as (U)SPIONs,73

as mentioned earlier in this review. Nevertheless, the limited sen-

sitivity of MRI (compared with the extremely high sensitivity of

PETmicrodosing), combined with the high background activity of

phagocytic cells in typical target organs of metastasis, would,

however, probably hinder the use of such techniques in imaging of

pre-metastatic tissue priming.

Another aspect of the promoting effect of TAM on tumour me-

tastasis is through enhanced angiogenesis, partly through an in-

crease in VEGF secretion by macrophages.74–77 VEGF is an

important signalling pathway in vasculogenesis and angiogenesis,

and therefore plays a vital role in tumour growth, survival and

metastases. In oncology, there have been multiple anti-VEGF

therapies, of various forms, monoclonal antibodies (bevacizumab)

and small tyrosine kinase inhibitors (pazopanib). The use of DCE/

MR in vascular imaging has already been discussed in the assess-

ment of angiogenesis. The lack of an appropriate biomarker for

VEGF inhibitors has been a particular issue in the clinical setting.

VEGF inhibitors are used widely in various tumour types, such as

breast,78 colon,79 ovarian,80 renal cell81 and hepatocellular;82

however, treatment response can be very difficult to assess, espe-

cially in the maintenance setting. DCE/MRI allows non-invasive
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quantification of tumour microvasculature through dynamic im-

aging of enhancement and washout of injected contrast material.

The vascular configuration in tumours promotes an initial faster

and greater accumulation of contrast within the interstitial space

and favours more rapid removal of contrast from the interstitium,

as the concentration of contrast in the blood falls owing to renal

excretion. These features can be fitted to pharmacokinetic models,

and the derived variables have been directly related to VEGF

modulation of vascular permeability.83,84

Imaging of mediators of inflammation, such as tumour necrosis

factors or interleukin-1a, has been performed successfully in

clinical and experimental imaging of inflammation.85,86 How-

ever, given the high background activity and relatively low

specific accumulation of the respective tracers at the target site

where there is a significant degree of inflammation, it is not

hopeful that the subtle potential changes in pre-metastatic tissue

could specifically be picked up using these or comparable

approaches. It has recently been established that, in pre-

metastatic lung tissue of tumour-bearing animals, the vessel

permeability is locally altered in response to TSFs,87 resembling

local inflammation. This permeability as well as the accompa-

nied increase in extravascular cellularity (e.g. inflammatory cell

content in the extravascular compartment) could in theory be

visualized using established imaging approaches such as

MRI.88,89 It would be of interest to see changes in tissue archi-

tecture and other MRI-based assessment of features, such as

collagen content, consecutive mechanical characteristics, vessel

architecture etc., that are revealed during the establishment of

metastasis.

Moreover, further investigation of the cellular composition of the

pre-metastatic niche and the main regulating factors is strongly

required.90 It would potentially enable the use of specific MRI

approaches for tissue characterization as well as an armament of

specific probes for radionuclide and optical imaging of already

established disease-associated target molecules and cells.91 In this

context, exosomes are 40- to 100-nm-diameter membrane vesicles

of endocytic origin that have been demonstrated to containmRNA,

miRNA and proteins, and are gaining increasing interest in terms

of their translational research potential in cancer.92–96 They are

released into the extracellular space from various cell types and

body fluids and mediate intercellular transfer of RNAs and pro-

teins. As such, exosome analysis is ideally suited for monitoring the

evolving tumour longitudinally, in terms of its whole tran-

scriptome, miRNome and proteome profiles.92,97 Exosomes have

been shown to have an important role in intercellular communi-

cation, and they are involved in stimulation of the secretion of

growth factors, cytokines. There is growing evidence that exosomes

are generally involved in the manipulation of the pre-metastatic

niche.96,98,99 Imaging the transfer of exosomes secreted by tumour

cells into host cells in a cancer mouse model suggests that the

tumour-derived exosomes contribute to the formation of a niche to

promote tumour growth and metastasis.100 A number of current

studies have shown that there is a correlation between exosomes

and metastasis in different types of cancers. The detection and

quantification of exosomes carrying tumour-relative antigens in

melanoma patients may represent a potential tool for cancer

screening and prediction of metastatic risk.101 Tumour-derived

microvesicles from patients with head and neck cancer induce

apoptosis of activated CD81 T cells that correlated with disease

activity and the presence of lymph node metastases.102 Further-

more, exosomes adapt to hypoxia in the local tumour microenvi-

ronment during cancer progression and thus reflect the hypoxic

state of cancer cells. Under hypoxic conditions, a change of the

protein cargo of exosomes secreted by tumour cells was observed

that modulates the microenvironment and promotes angiogenesis

and metastasis.95 In highly aggressive brain tumours, the anal-

ysis of exosomes from patient samples reveals the enrichment in

exosomes of hypoxia-regulated mRNAs and proteins.103 In

addition to the in vitro analysis of plasma/serum exosomes, the

effect of the exosomes on pulmonary vascular permeability96

can be assessed by the aforementioned MR-based whole-body

imaging techniques.

Clinically, exosomes are increasing in prominence for their

diagnostic/predictive potential in cancers. For example, the tumour

suppressor gene phosphatase and tensin homolog is only expressed

in exosomes that circulate in the blood of patients with prostate

cancer, but it is not detected in exosomes from normal subjects,

and might be thus a potential biomarker for prostate cancer.104 In

another study, potential diagnostic markers for human NSCLC

were identified by proteomic analysis of purified microvesicles from

pleural effusion in patients with NSCLC.102 Micro-RNA and pro-

tein profiling of brain metastasis cell-derived exosomes vs non-

brain metastasis revealed changes in specific miRNA and proteins

which may contribute to the discovery of new biomarkers for brain

metastasis.105 Similarly, proteome profiling of exosomes from hu-

man primary and metastatic colorectal cancer reveal different ex-

pression of key metastatic factors.106 These examples demonstrate

the increasing importance of exosomes in the identification of

Figure 6. Intertumour heterogeneity of gene expression pro-

files associated with cellular processes and disease progres-

sion. Unsupervised hierarchical clustering showing pair-wise

correlations of a panel of gene signature scores across primary

breast tumour tissue samples (234 patients). Representative

signatures are indicated for each cluster: T-cells, B-cells and

dendritic cells, Immune1*, Motility, stem-cell-like, tumour growth

factor b (TGFb) response, RAS*, Stroma2*, GGI*, Gene70*, MYC*

(*signature curated by Ignatiadis et al112). Recent studies report

expression-based prognostic and predictive stratification of

primary breast tumours, which are phenotypically similar

according to current clinical methods.111,113,114 Images should be

viewed in the online format.
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novel biomarkers in metastatic cancers, although imaging in

patients is still a little way off clinical application.107

APPLICATION OF AN INTEGRATED

IMAGING–GENOMIC APPROACH TO STRATIFY

CANCER TREATMENT—REQUIREMENTS FOR

CLINICAL TRANSLATION

Much energy has been expended recently in establishing the role

of imaging biomarkers for evaluating treatment response in

cancers. An ongoing collaborative effort by the American Col-

lege of Radiology Imaging Network (ACRIN), Philadelphia, PA,

Cancer and Leukaemia Group B, Chicago, IL, and the National

Cancer Institute, Bethesda, MD, Specialized Programs of Re-

search Excellence recently conducted the largest multicentre

imaging trial (ACRIN 6657) as part of the I-SPY1 trial (In-

vestigation of Serial Studies to Predict Your Therapeutic Response

With Imaging and Molecular Analysis). ACRIN 6657 utilizes MRI

to measure treatment response in patients receiving neoadjuvant

chemotherapy.108 Volumetric estimates of the tumour size, based

on functional criteria applied to contrast-enhanced images, were

seen to have greater sensitivity than linear tumour diameter

measurements for predicting pathologically complete responses in

patients completing neoadjuvant chemotherapy. The greatest

difference in predictive ability occurred at the early time points,

providing “proof of concept” that imaging parameters can serve as

non-invasive predictive biomarkers of early treatment response. Its

subsequent I-SPY2 clinical trial platform targeting the rapid focused

clinical development of paired oncologic therapies and biomarkers

now uses MR volumes to provide information about response to

chemotherapy between regimens—information that cannot oth-

erwise be obtained without surgical resection.109 Additionally, its

sub-study, ACRIN 6698, combines both DCE and DWI MRI data

to generate novel imaging biomarkers that may correlate with

treatment response,110 and its results are eagerly awaited. In-

tegration of these imaging biomarkers with genomic profiles of

tumours are likely to prove essential for future clinical translation.

Transcriptomic analyses of primary solid tumours have revealed

differential activation of gene expression signatures relating to

cellular processes, including proliferation, cell migration and im-

mune response (Figure 6) with the potential for prognostic and

predictive stratification of tumours, which are phenotypically

similar by current clinical methods.111,112,115 Meanwhile, putative

associations between clinical imaging traits and gene expression

profiles have been reported in solid tumours. Exploratory studies

have reported correlations between selected image traits and the

Figure 7. Schematic of potential future trial design, incorporating functional imaging and tissue samples to further biomarker

research.
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expression of individual genes or larger modules of co-expressed

genes113,116 reviewed in Rutman and Kuo.117 Genomic copy

number and other genomic aberrations exhibit variation between

tumours from different patients118,119 and between subclones

within a primary tumour4,120 Lesional and temporal variations in

HER2 amplification and specific HER2 insertional mutations (such

as HER2YVMA), for example, could have clinical implications for

HER2-targeted treatment and monitoring in the metastatic set-

ting.121,122 PET imaging using tracer-linked trastuzumab has been

used to identify HER2-positive tumour and metastatic sites,123,124

indicating the potential for non-invasive monitoring of HER2-

positive lesions. In the treatment–response setting, early metabolic

response to trastuzumab (less than 48h post treatment) was

detected in a pre-clinical study using optical metabolic imaging but

not FDG-PET.125 Many more genomic aberrations have been

catalogued as part of large-cohort studies of primary solid tumours,

revealing both recurrent mutations (e.g. p53, PIK3CA119,126) and

recurrent dysregulation associated with a diversity of less frequent

underlying genomic or transcriptional variation.121,127Detection of

intertumoral, interlesional and temporal variationsmay prove to be

critical for describing and monitoring disease progression but

would require methods for non-invasive detection. Non-invasive

imaging, coupled to more advanced analyses, may in the future

yield parameters that oncologists can monitor longitudinally, in

conjunction with high-coverage NGS of plasma-derived DNA to

monitor the evolution of tumour genomic profiles under treatment

pressure.128 Some initial results have shown that there may be

a correlation between some of these mutations (codons 12, 13 and

61 of KRAS, for instance) and various PET/CT-based parameters in

colorectal cancers.129

TRANSLATION OF IMAGING TECHNOLOGIES IN

ONCOLOGICAL TRIALS

Given the lack of measurable biomarkers through patient sampling,

the advances in molecular imaging provide an impetus for testing

functional imaging as a cancer biomarker, in a way that is com-

plementary to tissue- and blood-based biomarkers. Despite these

rapid advances, the translation of such techniques into clinics

continues to lag behind. Incorporation of functional imaging to

evaluate tumour responses should play an important role in de-

signing future trials (Figure 7). Strategically planned biomarker

evaluations with access to functional imaging in early phase trials

(Phase I/II) will allow for efficient Phase III clinical trial designs,

increasing the chances of positive Phase III biomarker-driven trial

results. Functional imaging can not only provide information on

the treatment response but can also monitor mutational pathways

and the various molecular pathway pressures on an individual tu-

mour, allowing a more robust stratification of treatment pathways.

A major setback for targeted therapy has been the duration of

tumour response, as many patients go on to have progressive dis-

ease after a relatively short response period. At present, althoughwe

understand a small fraction of these tumour escape pathways, we

are unable to respond in a clinical setting to early mutational

changes. Functional imaging information can help identify and

assess high-/at-risk patients non-invasively, allowing for imple-

mentation of appropriate management plans governed by their

personal escape pathway and thereby improving patient outcome.

At present robust large patient trials examining the methods we

have discussed in this review are lacking. However, a few large

trials are currently incorporating functional imaging within their

remit. The NeoPHOEBE trial is a Phase II trial examining the

application of FDG-PET as a biomarker of early response in the

neoadjuvant setting in the treatment of HER2-positive breast

cancer. Similarly, the FOCUS4 trial, currently recruiting, is a

molecularly stratified randomized trial for patients with in-

operable or metastatic colorectal cancer. It contains five arms

[v-raf murine sarcoma viral oncogene homolog B (BRAF),

PI3KCA, RAS, no mutation and non-classified] of randomiza-

tion with prior histological analysis of patient pathology de-

termining treatment. Despite the optimism behind these trials,

the need for robust validation is crucial in order to offer patients

lasting results.

The role of clinical trials should not be purely to review efficacy

of treatment but also to aid the development of new research. To

this end, the acquisition of patient samples at each step of the

treatment paradigm plays a vital role in developing the trans-

lational application of research. As previously discussed, the role

of exosomes in cancers is developing in prominence and un-

derstanding alongside the emerging role of circulating tumour

cells and their reflection of the primary and metastatic tumour.

The integration of functional imaging, patient sampling and

drug development together with wider research is likely to play

a key role in fully understanding the nature of heterogeneity and

ultimately how to control its effects to clinical advantage.

CONCLUSION

In this review, we have discussed the novel application of current

imaging techniques in the assessment of heterogeneity especially

in the context of examining metastasis and predicting metastatic

potential. Although we have access to and are developing new

tracers and new imaging techniques, there is a significant need

for large patient trials and applications to fully determine their

specific validity in the personalized patient treatment paradigm.
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