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Abstract

The development of imaging technologies that have sufficient specificity and sensitivity to enable
early, accurate detection of cancer and response to therapy has long been a goal in oncology.
Various radiological techniques have been used for diagnosis and surveillance of disease
recurrence and imaging has revolutionised oncology. However, despite the widespread use of
technologies, the ability of currently available imaging methods to facilitate early detection,
precise characterisation, and accurate |localisation of maligant disease could be improved. The
simultaneous use of two or more techniques, contrast reagents, signalling methods, or the coupling
of agent and tissue properties to achieve so-called multiplexed imaging is a promising approach.
In this review, we provide abroad overview of current and emerging multiplexed, imaging
technologies.

Introduction

Imaging technologies and radiological techniques have been used for cancer detection,
diagnosis and surveillance of disease recurrence. These techniques include radiography, x-
ray CT, MRI, single-photon-emission CT (SPECT), PET, and ultrasonography. Imaging has
revolutionised oncology; however, despite widespread use of these technologies, the ability
of currently available methods to facilitate the early detection, precise characterisation, and
accurate localisation of malignant disease could be improved. For example solid tumours
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smaller than 1 cm3 (about 10° cancer cells) cannot be detected. Achieving early and accurate
diagnosis clearly requires detection of cancer far earlier in the course of disease.
Multiplexed imaging that provides data sets from a single imaging session offers great
potential for improving cancer detection and treatment.

Four general strategies for multiplexed imaging have been proposed (figure 1, table). In
multimodality imaging, such as combined PET and CT, two (or more) distinct imaging
techniques are used simultaneously or consecutively. Multicolour contrast agents with
distinct energies (colours) can be simultaneously imaged with a single technique, SPECT
has been used in this manner and can simultaneously detect two imaging agents (ie, ®MTc
and 201T1). Multiple signal collection uses a single technique to detect and interpret multiple
signals obtained with distinct signalling technologies, such as T1, T2, and diffusion-
weighted MRI or dual energy x-ray CT. Finally, activatable, so called, smart reagents use
molecular targeting and intracellular processing to generate signals that provide information
on both tumour location and molecular profile.

Multiplexed imaging strategies aim to overcome the limitations of individual conventional
techniques. Existing technologies may be broadly categorised into mainly anatomical and
mainly molecular imaging techniques. These techniques share an inverse relationship
between spatial resolution and their sensitivity to subtle disease changes. Anatomical
imaging technologiesinclude CT, MRI, and ultrasound. These methods are limited, because
they can detect only morphological changesin tumour size and structure. By contrast,
molecular imaging techniques offer the ability to detect molecular and cellular changes
before anatomical changes can be detected. Although extremely promising, available
molecular techniques are often limited by depth of signal penetration aswell as poor spatial
resolution. The most widely used functional techniques include PET and SPECT. Although
these techniques provide information about tissue characterisation and biological activity,
anatomical and spatial resolutions are limited.

The most desired improvements in cancer imaging include earlier detection of disease,
improved accuracy in molecular characterisation of tumours and the tumour
microenvironment, and earlier detection of response to therapy. To achieve these important
imaging objectives, the limitations of individual technologies must be minimised and new
innovations devel oped. Towards this end, the simultaneous use of two or more techniques,
contrast reagents, signalling methods, or the coupling of agent and tissue properties to
achieve multiplexed imaging is a promising approach. For example, combining PET with
CT simultaneously yields data regarding tissue metabolism and structural anatomy. Asa
parallel examplein molecular imaging, a conventional, so called “always-on” probeis
combined with a smart probe, an agent, which emits asignal only after binding to the target
molecules on the cancer cells. The quantitative pharmacokinetics depicted by the always-on
probe, coupled with the intracellular signal activation and molecular targeting capacity of
the smart probe combine to improve sensitivity and specificity.1 In this review, we provide
abroad overview of multiplexed imaging technologies, ranging from those now available to
those under development for oncological imaging.

Multiple modalities

The most widely used multiplexed imaging technology combines the exquisite anatomical
CT, with the physiological imaging data of PET, providing both functional and anatomic
information3® (figure 1A). Within oncology, combination PET and CT is used for cancer
screening, diagnosis, staging and monitoring response to therapy.2=* Combined PET and CT
is more sensitive and specific than alone.® There is a synergistic advantage, because the
attenuation correction needed for PET can also be derived more accurately and efficiently
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from CT data. This makes combined imaging 25-30% faster than PET alone, with standard
attenuation correction methods. This enables a substantially higher patient throughput and a
total examination time of less than 30 min.® For instance, the assessment of lung cancer is
among the most important applications of whole-body 18-fluoro-deoxyglucose ([18F]FDG)
PET, and combination with CT adds important information to the clinical assessment asa
result of better lesion identification and localisation and fewer missed lesions (figure 2).
Additionally, combined PET and CT might improve diagnosis and disease management in
colorectal cancer, lymphoma, and head and neck tumours,>-10

Combining PET with CT reduces the limitations of PET imaging aone, such as poor spatial
resolution and difficulty in differentiating tumour from infection or inflammation. Similarly,
combined PET and MRI is currently being developed.1314 PET with MRI offers the
advantage of providing high tissue resolution, without contrast agents or additional ionising
radiation. Thisis an important advantage for patients with renal impairment because of
superior tissue contrast without imaging agents. It is also an advantage for imaging of the
urinary tract, because the high concentration of excreted iodine contrast agent, which
hampers the appropriate attenuation correction with contrast-enhanced CT combined with
PET, is avoided.3”-38 MRI provides high spatial resolution without ionising radiation. MRI
is superior to CT for the detection of liver, bone marrow, and CNS lesions,3%40 and
combined PET and MRI may prove better than PET with CT in the diagnosis and
management of cancers within these anatomical regions. With thisin mind, magnetic
resonance based attenuation correction methods are being developed by several groups.#1—4°

A promising area of research is the fusion of two or more molecular imaging techniques.
There are two general approaches to achieving multiplexed molecular imaging. Thefirstis
coupling molecular imaging with a conventional method that is primarily anatomical. This
combination offers the advantage of providing the anatomical resolution of conventional
imaging with the specific molecular information capabilities of molecular imaging. The
clinical potential of this combination includes, combining optical imaging with CT for the
assessment of metastatic bone disease! and with nuclear imaging for longitudinal imaging
of tumour hypoxia.#6 A second approach is the creation of individual molecular imaging
probes, so called multimodal contrast agents, that can be viewed by several different
imaging techniques. An advantage of this approach is the limitation of contrast exposureto a
single agent rather than multiple agents, as in the case of combined molecular and
anatomical approaches such as PET-CT. Applications currently under investigation include
MRI with optical lymphatic contrast agents. This combination uses MRI to produce a map
of the lymphatic drainage and sentinel node draining from atumour as well as three-
dimensional anatomical information, while real-time fluorescence imaging provides
intraoperative imaging guidance during node sampling!? (webappendix). Another promising
combination of MRI and an optical probeis a pancreas specific quantum dot with both
optical and magnetic resonance capabilities, to improve the detection and localisation of
pancreatic cancer.’

When creating a combination probe, the sensitivity of signal detection in each component
technique must be taken into consideration and adequately adjusted to properly balance the
visuaisation of each component. Combination of nuclear and optical imaging probes are
attractive, because the sensitivity of these two methods is comparable, which reduces the
need to adjust the ratio of each component to achieve signal balance. Nuclear and optical
dual-modality contrast agents provide the advantage of static, yet quantitative information
from the nuclear imaging probe while providing real-time dynamic information with optical
fluorescence imaging.1516 Whereas modality combination techniques such as PET-CT
combine to compensate for the weakness of each individual component, the rationale behind
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dual-modality contrast agentsisto design and create a synergistic probe that harnesses the
strengths of each imaging technology for a specific clinical application.

Multiple colour reagents

Conventiona imaging methods are restricted to the detection of solitary, monochromatic
contrast agents and therefore provide only a single type of uniparametric data. One approach
to increase the information is to use multiplex imaging with an additional imaging agent.
Multi contrast agent applications include SPECT in the thyroidandparathyroidl’1° and
cardiac scintigraphy,20-2348-51 poth of which can simultaneously detect two different
imaging agents (ie, 9°MTc, 123], 1111, and 2917]) with the energy resolution features of
gamma cameras (figure 1B). These methods rely on the use of two different agents, each
targeting a different process, and simultaneously acquiring data from each. Clinical
applications include the assessment of acute cardiac ischaemiawith 20171 to identify viable
myocardium through patent blood flow in combination with 111in-labelled myosin antibody
to identify exposed myosin fibresin damaged myocardium.2%-23 Although promising, these
advances have limited spatial resolution and do not allow the recon struction of high-
resolution images, as can be achieved using conventional methods. Unfortunately, imaging
with multiple radiolabelled antibodies faces similar challenges. It takes several days from
the time the agent is injected to achieve sufficient tumour binding for imaging. Because of
differing pharmacokinetics and physical half-lives of distinct radionuclides, asingle
optimised imaging time that is successful for both agents might be hard to define. Therefore
the combinations of isotopes that can be used for multiple energy scintigraphy are limited.

Optical imaging is the best adapted imaging method for multiplexed imaging. By the use of
sensitive optical cameras with spectral filters, two or more optical agents can be
differentiated on the basis of their differing emission wavelengths.?4 Differentiation can also
be made by the unaided eye if the wavelength of the emitted light is within the visible
spectrum.>2 Spectral resolution not only simultaneously detects more than one target, but the
background signal can also be minimised by calculating and adjusting for unwanted
fluorescence signals derived from unbound reagents in circulation or that of host tissues (eg,
autofluorescence).53 One advantage of optical imaging is that various easily synthesised,
organic fluorophores have similar chemical profiles but different emission spectra.
Therefore, unlike radionuclides, many different reagents can be produced with distinct
emission profiles but have comparable pharmacokinetics and biological half-lives.
Successful laboratory applications of multicolour optical imaging include simultaneousin-
vivo visualisation of multiple tumours, each with different molecular targets, using a
cocktail injection of three different near-infrared fluorescence-labelled humanised
monoclonal antibodies.?* Such experiments show that targeted probes with multiple-contrast
optical agents can create an easily interpreted visible signal profile that enable in-vivo
characterisation of multiple molecular phenotypes of tumours. Additionally, by use of
optically labelled nanoparticles in a murine model, at least five different lymphatic basinsin
the head and neck region can be simultaneously and separately depicted.1® Although these
innovations have yet to be trandated to clinical settings, they show the potential for
multicolour imaging to improve the molecular characterisation of cancer, aswell asthe
simultaneous depiction of several anatomical structures.

Multiple signal collection

Multiplexed imaging with multiple signal collection relies on capturing two or more distinct
signalsthat are generated by individual tissues (figure 1C). For example, dual energy x-ray

CT uses the different x-ray absorption of distinct chemical compositionsin various tissues at
two separate photon energies to characterise processes such as iodine-calcium separation(eg,
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tumours, arterial plague),>*-56 renal-stone composition, and perfusion and local blood
volume in organs and tumours.>”:28 Of the available imaging technologies, MRI offers
perhaps the greatest ability to harness differences in molecular composition with multiple
signal collections. Magnetic resonance scanners can detect serial signals from protons (T1
and T2 weighted imaging), and carbohydrates or water (diffusion weighted signals), and
differencesin the physical state of protonsin each fraction of tissue.2> Clinical uses of
multiplexed technology include whole-body MRI for the assessment of cancer treatment,
tumour characterisation, investigation of tumour microenvironment and assessment of
tumour viability after cancer therapy.2>26 Combined signal collection enables virtual
combination PET with MRI, in which T1 or T2 weighted images are used for anatomical
localisation of lesions. Diffusion weighted MRI is used to generate [18F]FDG-PET-like
images of the body. Promising oncological applications include detection of metastatic
disease, especially distant disease and tumours with known predilection for the liver, bone or
brain.2-22 Whole-body diffusion weighted MRI aso has efficacy as awhole-body bone-
marrow screening technique and is highly accurate in the detection of skeletal metastases
and staging of haematological diseases, such as multiple myelomaand lymphoma.2?
Furthermore, whole-body diffusion-weighted MRI is comparable to [18F] FDG-PET
combined with CT in the assessment of metastatic disease in some cancers.>® Because MRI
does not require exposure of patients to ionising radiation and can provide [18F]FDG-PET-
like functional imaging without contrast agents, this technology is especially useful asa
radiation-free alternative for the surveillance of patients with multiple follow-up exams.2?

Multisignal molecular imaging relies on extracting multiple types of datafrom asingle
source. For example, the signal from fluorescent probes can be measured in terms of energy,
signal intensity, and fluorescence lifetime. The signal intensity can serve as a measure of
fluorophore concentration, therefore providing semi quantitative local concentration data. In
comparison fluorescence lifetime is dependent on physical conditions, such as temperature
and pH, it therefore provides insight into the micro-environment.30:31 A potential clinical
application isthe creation of an optical imaging probe capable of localisation of HER2-
positive cells within the body, which could be achieved by conjugating AlexaFlore750, a
near-infrared fluorophore, with trastuzumab, an antibody against the HER2 receptor.
Tumour imaging can be achieved by measuring fluorescence intensity, while fluorescence
lifetime provides an estimation of oxygenation and the degree of hypoxia within the tumour
microenvironment.%0 Therefore, by extrapolating multiple types of data from asingle probe,
not only can the presence of atumour be determined, but also important qualitative data on
tumour conditions can be recorded.

Activatable smart agents

Conventional contrast agents, such as those previously discussed are aways on, meaning
they emit a signal whether they are bound to atarget or not. As a consequence, thereis
usually substantial non-specific background signal to be overcome. One approach isto
ensure that such agents are low in molecular weight and therefore rapidly cleared. Rapid
clearance decreases the amount available for specific binding. Activatable smart probes are
an emerging technology that combines molecular targeting with physico chemical probe
activation to detect disease with low background signal, even if the clearance is slow (figure
1D). For example, monoclonal antibodies are very promising because of their specificity and
resulting high target concentrations, but have the undesirable feature of prolonged clearance
leading to high background signal with always-on agents.51 Two approaches might improve
sensitivity and specificity of imaging probes, both of which involve enhancing the ratio of
target to background by maximising the signal from the target, and minimising the
background signal.82 Research has focused on maximising the signal from the target and
less attention has been paid to reducing the background signal. Recently, however,
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innovations in MRI83 and optical imaging3? probes have led to the development of smart
probes that produce higher target to background ratios than conventional imaging methods
by reducing the background signal from unbound probes. The activatable smart probes are
designed to generate asignal only after being bound and processed by the target tissue3? or
cancer cells.33 Several signal activation strategies have recently been investigated, although
none have yet been approved for clinical use. Among the approaches, pH-activatable
targeted imaging probes enable selective detection of viable cancer cellsin rea-time with
minimum background fluorescence signal .34 One of the main strengths of this technology is
the measurement of cancer cell viability. Because the probes lose signal when they leak out
of the cells and into the more neutral conditions of the extracellular environment, cellular
integrity can be assessed. Thus, viable cancer cells can be distinguished from dead or
apoptotic cells.

Non-invasive, in-vivo optical imaging with activatable technology can be achieved with
near-infrared emission range agents. Such probes include indocyanine-green, the only near-
infrared fluorophore approved by the US Food and Drug Administration (FDA) for clinical
use. The absorption and emission peaks of indocyanine-green (780 nm and 820 nm,
respectively) provide adequate tissue penetration for non-invasive imaging and has lower
associated autofluorescence. Indocyanine-green-labelled activatable humanised EGFR
antibodies, which are approved by FDA, do not fluoresce. However, upon target binding and
internalisation by tumour cells expressing HER1 or HER2, the fluorescence intensity of the
probe is regained, thus selectively imaging tissues with specific molecular profiles.
Indocyanine-green coupled to FDA-approved humanised monoclonal 1gG, represents a
promising activatable probe that is on the verge of clinical use. Antibodies conjugated with
indocyanine-green enable detection and characterisation of tumoursin vivo with high
specificity and minimum background signal. Activatable probes might significantly improve
the specificity and sensitivity of cancer imaging.

Combining multiplexed strategies

Combination of the different multiplexed imaging strategies might further improve imaging.
For example, combining multicolour fluorescence imaging with radio nuclide imaging
provides both qualitative (optical) and quantitative (radionuclide) assessment (figure 3).
Combining multiplexed strategies not only provides qualitative and quantitative advantages,
but also compensates for the respective weaknesses of each modality,1® such as low
temporal and spatial resolution of radionuclide imaging and poor depth penetration of
optical imaging. Useful combinations include multicolour imaging with a cocktail of optical
probes or multimodal imaging with activatable agents (figure 4). These combinations are
synergistic, offering superior sensitivity with improved specificity and superior spatial-
temporal resolution with precise pharmacokinetic characterisation, respectively. These
developments could signal the beginning of an era of multiplexed imaging.

Conclusion

By combining existing modalities and taking new innovations from the bench to the clinic,
the goals of early cancer detection, molecular characterisation of tumours and the tumour
microenvironment, monitoring of therapy response, and improved treatment will ideally be
achieved.
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Figure 1. Four categories of multiplexed imaging

Multimodality (A) such as PET with CT, MR with optical, or nuclear with optical imaging.
Multicolour (B) such as multiple energy single-photon-emission CT or multicolour optical
image. Multisignalling (C) such as T1 and T2-weighted MRI, dual energy x-ray CT, or
fluorescence intensity with lifetime fusion signalling acquisition. Activatable sensing probes

(D) such astarget-cell specific smart contrast agents.
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Figure2. PET, CT, and PET-CT images of a patient with multiple mediastinal and hilar lymph
node metastasis

Thelesions are difficult to identify with x-ray CT scan (A). The anatomical locations of
lesions are difficult to be defined with 18-fluorodeoxyglucose ([18F]FDG) PET (B). PET—
CT image can easily identify al lesions and their anatomical locations (C).
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Figure 3. Multicolour, dual-modality lymphatic imaging agents

Nuclear imaging with nuclear 111n can depict quantitative lymphatic drainage from the
injection site to the draining lymph nodes to identify the primary sentinel lymph node (l€ft).
Near-infrared fluorescence imaging depicts different lymphatic drainages, with distinct
colours to determine the individual lymphatic drainage from several different sitesin the
body (right). LN=lymph node.
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Figure4. Nuclear imaging with optical imaging multimodality, activatable imaging agent
Nuclear imaging with 111In can show the quantitative pharmacokinetics of the agent (left),
illustrating the distribution of injected reagent. This might predict the drug side-effects at the
off-target site in the body. Activatable fluorescence imaging can only depict the tumour
expressing the target (specific antigen) with minimum background signal (right). This shows
the successful target-cell binding, followed by the processing and initiation of the reagent
signal at the target cancer cells.
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Table 1

Multiplexed imaging applications and advantages over single modalities

Page 15

Clinical applications

Preclinical applications

Advantages

Multimodality

PET-CT, PET-MRI: cancer
detection and monitoring
response to therapy and disease
recurrence? 10

Optical—CT: evaluation of
metastatic bone disease!

Dua MRI-optical contrast agent:
lymphatic mapping and sentinel
lymph node biopsy'?

PET—CT: improved spatia

resol ution; superimposed functional
and anatomical data; improved
detection and characterisation of
lesions

PET-MRI: high tissue resolution
without ionising radiation!314
Nuclear—optical, MRI—optical:
quantitative information and real-
time anatomical localisation for
presurgical mapping and surgery
assistance!>16

Multicolour contrast agents

Multiple gamma emitting contrast
agents: localisation of parathyroid
adenomas and medullary thyroid
cancer; 17-19

Cardiac nuclear imaging: cardiac
function and detection of
ischaemia by detecting blood
perfusion and damaged
myocardium?20-23

Multiple optical probes: in-vivo
detection and differentiation of
multiple tumour types expressing
distinct surface marker;24
simultaneous visualisation of
multiple lymphatic basins!®

Multiple gammaloptical contrast
agents: simultaneous localisation,
quantification and characterisation
of disease

Multiple optical probes: probes
easily synthesised with similar
pharmacokinetics; in-vivo molecular
profiling of tissue

Multiple signal collection

Whole body T1,T2 and diffusion
weighted MRI: tumour
characterisation, evaluation of
tumour microenvironment, and
monitoring response to
therapy;2>26 improved detection
of cancer in liver, bone, and
brain;?"-29 staging of
haematological diseases, such as
multiple myelomaand
lymphoma?®

Fluorescence intensity and lifetime
imaging: localisation of HER2
positive tumours and their tumour
oxygenation status30-31

Whole body T1-T2 and diffusion
weighted MRI: radiation-free
aternative for surveillance of
patients with multiple follow-up
exams with accurate localisation?®
Fluorescence intensity and lifetime
imaging: combined target-specific
detection and information of tumour
microenvironment

Activatable smart reagents

None currently clinically
implemented

Enzyme-specific activatable
probes: selective detection of
cancerous tissue®

Target cell-specific activatable
probes: highly selective detection
of target viable cancer cells33-35

Metabolic characterisation of tissue;
improved sensitivity and specificity;
minimal background signal, high
tumour/ background ratio;
differentiation of viable from non-
viable cancer cellsin real-time
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