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Abstract

Cardiovascular diseases (CVD), including atherosclerosis, are chronic inflammatory diseases
characterised by a complex and evolving tissue micro-environment. Molecular heterogeneity
of inflammatory responses translates into clinical outcomes. However, current medical imaging
modalities are unable to reveal the cellular and molecular events at a level of detail that would
allow more accurate and timely diagnosis and treatment. This is an inherent limitation of the
current imaging tools which are restricted to anatomical or functional data. Molecular imaging
— the visualization and quantification of molecules in the body — is already established in the
clinic in the form of Positron Emitted Tomography (PET), yet the use of PET in CVD is limited.
In this visual review, we will guide you through the current state of molecular imaging research,
assessing the respective strengths and weaknesses of molecular imaging modalities, including
those already being used in the clinic such as PET and magnetic resonance imaging (MRI) and
emerging technologies at pre-clinical stage, such as photoacoustic imaging. We discuss the
basic principles of each technology and provide key examples of their application in imaging
inflammation in CVD and the added value into the diagnostic decision-making process.
Finally, we discuss barriers for rapid successful clinical translation of these novel diagnostic

modalities.
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Molecular

Imaging

Molecular imaging is a field of imaging that focuses on imaging molecules within living
organisms. These can be endogenous biomolecules or exogenous imaging agents, particularly
in the context of high affinity pharmacological ligands or ligand-targeted nanomaterials.
Imaging at the molecular level allows integration of biological processes at an unprecedented
level of detail which could translate to significantly enhanced clinical care, including earlier
and more accurate diagnosis, more effective tailoring of treatments based on a patient’s disease
‘signature’ (personalized medicine) and greater information for narrowing the search for
effective pharmaceuticals. Molecular imaging requires sophisticated imaging tools (or
modalities) capable of detecting molecular changes that define disease states and allow for their
more accurate than at present grading and staging (MacRitchie et al., 2017; MacRitchie et al.,

2020a).
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. . o Figure 1. Early and accurate diagnosis of CVD requires molecular imaging.
mvasive requiring coronary |Reproduced from Majmudar and Nahrendorf 2012. Copyright of the Society
of Nuclear Medicine and Molecular Imaging (SNMMI).

catheterisation and overall,
clinical imaging technologies offer only anatomical or functional level imaging. Quite
importantly, as illustrated in Figure 1, most diagnostic imaging is also employed only after the
patient has advanced disease. In the case of atherosclerosis, immune-inflammatory responses
play crucial roles in all the stages of the pathology (Welsh et al., 2017; Ridker et al., 2017);
however, current technologies cannot provide the detailed information on the nature of the
plaque and the level of vascular inflammation needed to accurately predict future outcomes.
To acquire such a level of detailed diagnostic data, we require molecular imaging tools that can
interrogate the molecular changes in the vessel wall and plaque, such as the inflammatory

status, which can be used in the asymptomatic years to characterise plaque risk in a non-

invasive way, allowing prompt diagnosis and therapeutic intervention.
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A wide variety of imaging modalities
are used in the investigation of
cardiovascular abnormalities coupled
with other tests such as cardiac stress
testing, electrocardiogram (ECG) and
blood biochemistry. Thus, imaging
results are an important part of the
diagnostic work up. Techniques that are
commonly performed and their common

uses are shown in Figure 2.

(.

Figure 2. Medical imaging technique
their common uses. All photos licenc

While only PET stands as a Scan Time
true molecular imaging
modality within the clinic,
it has significant
limitations that preclude its

use in all but a small
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Figure 3. Attributes that an optimum molecular imaging modality would possess
.. w

number of cardiovascular

disorders (discussed in the PET section). The other imaging techniques are currently employed

to give anatomic or functional information (e.g. perfusion or morphological changes in

cardiovascular tissue). Figure 3 illustrates the various properties that an ideal molecular

imaging modality should possess. To summarize, it should possess high sensitivity (to detect

low level imaging tracers or endogenous molecules) and spatial resolution (to allow molecular

mapping of inflammatory sites), fast imaging times (to minimise cost and motion artefacts and

maximise patient comfort), be able to image structures at depth within the body (unless utilized
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solely as an invasive catheter instrument), be quantifiable and reproducible (to allow
stratification and accurate monitoring of disease status across patients), have low economic
burden and have the ability to assess multiple targets in a single scan, known as multiplexing.
The more disease markers a clinician can image in a single scan, then the more diagnostic
information is obtained, thus improving diagnostic accuracy. In reality, no current technology
possesses all of these attributes at the desired level hence why hybrid technologies such as

PET-CT or PET-MRI were created which can combine their respective strengths.

It is often noticeable within clinical medical imaging technologies that an effective strength is
often counter balanced by an equally prominent weakness. This is demonstrated in Figure 4.
Here, we can see that there is frequently an inverse relationship between sensitivity and spatial
resolution. For example, nuclear imaging displays excellent sensitivity (down to the picomolar
range) but with a spatial resolution of several mms clinically. Conversely, CT can resolve
images an order of magnitude greater but requires millimolar level of contrast agent (Nazir and

Nicol 2019).

Figure 4. Properties and tracers used in selected currently available imaging Most clinical imaging
modalities. The relative costs, sensitivity, scan time range, and resolution range
are indicated. Sensitivity and spatial resolution often show an inverse modalities utilise small

relationship which limits potential for detailed molecular imaging at a cellular
level. Each modality relies on a unique set of imaging agents (common examples: molecules as imaging agents
shown) that may take the form of small molecules or nanoparticle (NP) sized
agents of variable compositions to match the respective detection method. such as radionucleotides in
Reproduced from Mulder et al., 2014, Science Translational Medicine, 6(239),

239srl. Reprinted with permission from AAAS. PET or gadohmum chelates in
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Fluorine Gt . . .
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molecules and can be tuned to desired specifications such as circulating residence times, multi-
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ligand targeting and can also be engineered to be detectable by more than one modality. While
few nano and micron sized particles are clinically approved, pre-clinically there is a drive
towards the utilisation of nanomaterials, and these may become key imaging agents in the
molecular imaging scene in the years ahead. Indeed, some emerging technologies such as
magnetic particle imaging (MPI) and surface-enhanced Raman spectroscopy (SERS) have a

fundamental requirement for NPs to generate a signal.

Computed Tomography (CT)

Within the clinic, the low sensitivity of CT has limited its usefulness as a molecular imaging
tool although its use for risk stratification based on calcium scoring is commonly applied for
detecting advanced coronary and carotid plaques. Pre-clinical advancements in detecting
multiples disease features have arisen from the use of spectral-CT (the ability to detect different
molecules based on distinct X-ray absorption profiles). Initial experiments performed on
isolated human plaques demonstrated that spectral-CT could differentiate plaque components
including lipids, water and calcium, albeit with high ionising radiation exposure (Zainon et al.,
2012). The use of gold-based NPs in mouse models of atherosclerosis also allow imaging of
macrophage accumulation (Au-HDL particles). In combination with iodine (vascular
resolving) and calcium detection, both size, location and inflammatory burden can be assessed
(Cormode et al., 2012). Coronary computed tomography angiography (CTA) can also identify
morphological features within coronary plaques. For example, the identification of napkin-ring

sign (NRS) is a strong predictor of acute coronary syndrome events (Otsuka et al., 2013).

CT imaging is also increasingly being utilised for radiomics - the extraction of quantitative data
from medical images - that can improve diagnostic sensitivity while reducing user bias
(Kolossvary et al., 2019). Taking NRS as an example, radiomic assessment of 30 patients with
NRS plaques versus 30 plaques that did not display evidence of NRS revealed that 916 out of
4440 radiomic parameters were significantly different between the two cohorts while none of
the conventional parameters were significantly different. This emphasises the qualitative

assessment of NRS by clinicians based on conventional parameters such as plaque burden,
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length and attenuation and indicates that unbiased quantitative radiomics has greater power for
discriminating NRS from non NRS plaques (Kolossvary et al., 2017). Moreover, Kolossvary
et al., 2019 demonstrated that radiomic data derived from CT scans could identify makers of
plaque vulnerability as assessed by PET or invasive intravascular ultrasound (IVUS)/optical
coherence tomography (OCT). Therefore, despite imaging at the anatomic level, information
pertaining to inflammation and microcalcifications, as identified via '3F-NaF PET, can also be

derived with high accuracy via CT radiomics (Kolossvary et al., 2019).

A recent important development is the use of CT for imaging perivascular adipose tissue
(PVAT) surrounding coronary arteries. PVAT has a role in vascular homeostasis and in
vascular pathology where it interacts with the underlying vessel wall via bidirectional paracrine
signalling (Nosalski and Guzik, 2017). Antonopoulos et al., 2017 demonstrated that in the
presence of vascular inflammation, there is a reduction in adipocyte density within PVAT and
a shift towards a more aqueous state. This change in ratio of lipids to water alters the attenuation
of X-rays which can be detected by coronary CT and used to create a fat attenuation index
(FAI). In turn, the FAI can be used to identify the presence of underlying inflammation and
predict future mortality in patients who had undergone coronary CTA (Antonopoulos et al.,
2017; Oikonomou et al., 2018). More recently, a radiomic signature associated with fibrosis
and increased vascularity within the coronary PVAT of patients in the SCOT-HEART trial was
found to independently associate with an increased risk of major adverse cardiac events
(MACE) (Oikonomou et al., 2019). Patients with a high fat radiomic profile (FRP) were 10.8
times were likely to suffer a MACE within the 5 years following CCTA. This study
demonstrated that FRP adds increased prognostic value to conventional CCTA derived data
(Oikonomou et al., 2019). While not a molecular imaging tool in the strictest sense, CT imaging

is still able to discriminate anatomical changes with a high degree of precision and thus inform

9
This article is protected by copyright. All rights reserved.



e
HIGH IDEAL :'.CT
T
T
- Spatial Resolution
-
E
LOW Toxicity Quantitative Capability
Scan Time Cost Effectiveness
Sensitivity Multiplexing Capability
Non-Invasiveness
Figure 5. Qualitative characteristics of CT as a molecular imaging tool
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on the underlying cellular and

molecular changes that
accompany vascular
inflammation. Figure 5

illustrates how CT compares to
our ideal molecular imaging
tool from Figure 3. For a visual
demonstration of perivascular
fat imaging by CT, please refer
to Kotanidis and Antoniades

2021 review in this special

Magnetic Resonance Imaging (MRI)

MRI is a highly detailed anatomic imaging tool for monitoring changes in soft tissue structures

within the body. It is also employed to provide anatomic detail for PET/SPECT. Clinically,

contrast agents include paramagnetic ions, usually gadolinium (Gd*") chelates for T1 MRI or

super-paramagnetic iron oxide particles (SPIOs) for T2 MRI scans. While several SPIOs have

been clinically approved, many have been withdrawn due to poor performance when compared

with other diagnostic tests. Molecular imaging of CVD is not a feature of current clinical MRI.

If MR1 is to be implemented in this way, then higher performing biocompatible imaging agents

are required.
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Pre-clinical research with molecular MRI employs both T1 and T2 imaging with common
targets in CVD including endothelial adhesion molecules and markers of thrombosis
(MacRitchie et al., 2020a). Furthermore, while both T1/T2 MRI relies on detecting changes in
'H, F is also highly amenable to MRI imaging (Ruiz-Cabello et al., 2011), with
perfluorocarbons (PFCs) (which contain a large number of °F atoms) the agents most
commonly used. Since '°F is present at only low concentrations in the body, '°F MRI can offer
great improvements in the signal to noise ratio. We now describe some pre-clinical studies that

highlight the promise of these different forms of MRI in detecting inflammation in CVD.
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Figure 6. a4P1 — targeted liposomes for T1 imaging of atherosclerotic plaques in mice .

(A) Schematic of a4p1 targeted Gd labelled liposome. (B) MRI imaging, performed at 1T atherosclerosis and
on apoE”- mice following 10 weeks high-fat diet. Delayed post-contrast scan reveals . . ..
enhanced T1 signal at locations in aorta wall where THIO567 targeted liposomes have Imaging at the clinical
bound. (C) Normalized enhancement ratios (NERs) reveal superior signal for targeted

versus non-targeted liposomes. (D) Comparison of Oil Red O staining and rhodamine field Strength of lT’
fluorescence signal from liposomes in aortic arch tissue sections. Adapted from: Woodside et al., 2018
Woodside et al., 2018, distributed under the terms of a Creative Commons Attribution

(CC BY) license (https://creativecommons.org/licenses/by/4.0/). demonstrated that

targeted liposomes were readily detected by MRI, with the highest signal arising from the aortic
arch. Liposomes are well tolerated in patients and may be a suitable vehicle for targeted

molecular imaging. One advantage of a leukocyte targeted liposome such as THI0567 is added
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Figure 7. In vivo dual-probe MRI of inflammatory activity and ECM degradation in
mice with AAA. Animals with induced AAA were injected with ferumoxytol (T2
imaging agent) and an elastic specific probe containing Gd3* for T1 imaging. Uptake
and accumulation of ferumoxytol appears as a signal void on T2 weighted images
while uptake of the elastin targeted probe appear as a brightening on T1 weighted
images. Al shows an animal surviving AAA formation while B1 is of an animal that
suffered fatal AAA rupture. When comparing these results, it can be seen that
injection of ferumoxytol 1 week after angiotensin-Il infusion caused a larger signal
void on T2 weighted images in animals that went to suffer fatal rupture. The elastin-

specificity for
inflammation, a feature
that 18F.
fluorodeoxyglucose ('*F-
FDG) imaging in PET
lacks (since other
metabolically active cells
such as cardiomyocytes
also accumulate "*F-FDG
to

leading significant

signal noise.

In an elegant study by
Brangsch et al., 2019, it

specifiF pro.be, also administered 1 week after ang-ii infusion, displayed a less intense was demonstrated that
signal in animals that suffered fatal rupture. Reproduced from Brangsch et al., 2019,
Circulation. Cardiovascular Imaging, 12(3), e008707. Reprinted with permission from combined TI1/T2 MRI
Wolters Kluwer Health, Inc. and American Heart Association, Inc.
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Figure 8. Diagnostic accuracy of molecular MRI of inflammatory activity and ECM
degradation for the prediction of aneurysm rupture. Quantifying the imaging data
shown in Figure 7 revealed that ferumoxytol caused an 85% larger signal void in T2
images in animals that suffered fatal rupture compared with surviving animals. Based
on this single parameter, AAA rupture could be predicted with a sensitivity of 80%
and a specificity of 89%. With respect to the elastin-specific probe, animals that died
showed an 84% lower contrast to noise ratio (CNR) in T1 images compared with those|
that survived. Results from this probe showed that AAA rupture could be predicted
with a sensitivity of 80% and a specificity of 78%. Combining the results from both T1
and T2 data resulted in a highly accurate prediction of AAA induced death with a
sensitivity of 100% and a specificity of 89%. Reproduced from Brangsch et al., 2019,
Circulation. Cardiovascular Imaging, 12(3), e008707. Reprinted with permission from
Wolters Kluwer Health, Inc. and American Heart Association, Inc.

12

This article is protected by copyright. All rights reserved.



mortem examination of AAA sections revealed a strong correlation in macrophage

accumulation and

elastic fibre density with in vivo MRI data. Therefore, this study

demonstrates that simultaneous imaging of inflammatory burden and ECM degradation can be
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promotes excess fibrosis and non-functional scar tissue. A major component of the fibrotic

Figure 9. *H/*F imaging of inflammatory burden in mice following myocardial infarction. (A-B)
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Figure 10. MRI imaging of ECM remodelling in mice after MI. (A-C) Relaxation rate maps show
levels of Gd-ESMA uptake with uptake observed at each of the time points in infarcted areas but
not in remote areas or in sham treated mice. Tropoelastin IHC revealed significantly elevated
staining at 14 and 21 days in infarcted regions. (D) A highly significant correlation was observed
between the in vivo MRI and ex vivo IHC indicating the strong specificity of this tracer for
remodelled myocardium. Reproduced from Ramos et al., 2018, Circulation. Cardiovascular
Imaging, 11(11), e007453. Reprinted with permission from Wolters Kluwer Health, Inc. and
Qmerican Heart Association, Inc.
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Ramos et al., 2018 utilised dual "H/!"°F MRI to simultaneously detect inflammation and fibrosis.
Mice underwent left anterior descending (LAD) coronary artery occlusion to induce a model
of MI or were subjected to sham surgery. Subsequently, mice were injected with a PFC
suspension 48h prior to image acquisition in addition to a gadolinium containing imaging agent
that binds to elastin and tropoelastin 1h prior to imaging. Imaging was performed at 3T utilising
a dual "H/'F coil (Figures 9 and 10). The same group subsequently performed additional
longitudinal imaging to determine the predictive power of MRI in the MI model. They observed
that the presence of inflammation at day 7 post MI was predictive of dysfunctional wound
healing and the presence of scar tissue at 7 days is detrimental to cardiac remodelling (Ramos
et al., 2018). Therefore, the use of this dual MRI approach may better inform on the processes

of myocardial wound healing and better predict likely outcomes.

Figure 11 illustrates how MRI compares to our ideal molecular imaging tool from Figure 3.

MRI has several advantages including body wide imaging, good spatial resolution (compared

HIGH IDEAL +%MRI 7 with nuclear imaging) and
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tracers. In contrast, MRI

Figure 11. Qualitative characteristics of MRI as a molecular imaging tool
\ )

magnitude higher concentrations to generate a quantifiable signal (Sinharay and Pagel, 2016).

requires several orders of

However, this may be mitigated by PFC based agents that can deliver high concentrations of
F in a targeted manner. '°F also has the advantage of being able to be used alongside T1
agents whereas T2 magnetic based probes cannot (Ramos et al., 2018). Other drawbacks of

MRI include poor signal to noise and long imaging times. MRI is also relatively expensive
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(although considerably less expensive that PET) and costs for '°F MRI will extend beyond
traditional 'H based systems as hardware has to be re-configured to record and analyse the '°F
signal. For molecular imaging, '°F MRI is a promising tool yet proof of concept for

cardiovascular imaging in humans is currently lacking (Wust et al., 2019).

Positron Emission Tomography (PET)

PET is the modality that most comes to mind when the term ‘molecular imaging’ is used,
particularly in the clinic where PET has revolutionised cancer detection and monitoring over
the last 25 years. Indeed, PET today remains mostly a tool for oncologists. In the context of
CVDs, PET is used clinically only for relatively uncommon conditions such as cardiac
sarcoidosis, large vessel vasculitis and ischaemic cardiomyopathy; it is not part of diagnostic
testing for atherosclerosis (MacAskill et al., 2019). Over 90% of PET scans use the tracer '*F-
FDG, with the uptake of this tracer corresponding to the metabolic activity of the cell. This not
only allows detection of tumours (due to their enhanced energy utilisation) but also
inflammatory cells, in particular phagocytes, that expend increased metabolic energy during

periods of inflammation.

Sarcoidosis i1s an inflammatory disease with cardiac involvement, causing death in 25% of
affected patients (Doughan and Williams, 2006). A positive result via endomyocardial biopsy

can confirm diagnosis but this technique shows low sensitivity (Hulten et al., 2016) as well as

exposing the

Baseline 8 Months After Baseline 25 Months After Baseline

patient to an
invasive

procedure. MRI is

Figure 12. Serial PET scans showing inflammation and perfusion in cardiac sarcoidosis. Images Commonly used

are of three serial studies over 25 months in a 46-year old man with cardiac sarcoidosis treated for

. : ) e , imaging
with corticosteroids. The colour maps demonstrate the intensity of 18F-FDG uptake in a coronal
view. The grayscale images demonstrate serial perfusion images using 82-Rubidium (top) and patients with
metabolic activity using 18F-FDG (bottom) in three distinct axes at approximately the same
location. Values for LV ejection fraction, SUV maximum and SUV volumes are displayed. Perfusion cardiac

increased and inflammation decreased over the duration of treatment and is associated with
improved cardiac performance. LV = left ventricle, SUV = standardized uptake values. Reprinted sarcoidosis  but,
by permission from: Springer Nature, Journal of Nuclear Cardiology, 21(1), 166—-174, Osborne et
al., 2014. alone, is not
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diagnostic and is not suitable for patients with implanted cardiac devices or late stage renal
disease. However, PET can be used in such patients and also offers a wider field of view,
potentially detecting other sites of active sarcoidosis. PET may be used alone or in combination
with MRI for diagnosing cardiac sarcoidosis and monitoring response to treatment. Figure 12
shows how PET can be used to detect inflammation via '8F-FDG and perfusion deficits via
82Rb (Osborne et al., 2014). MRI is used to detect fibrosis in cardiac sarcoidosis via late
gadolinium enhancement (LGE). It would be beneficial to compare this detection method with
FDG-PET in larger patient trials to determine if FDG-PET can detect inflammation at the onset
of pathology, prior to scar tissue formation. As shown in Figure 12, PET can also be very useful

at monitoring the response to anti-inflammatory drugs, such as corticosteroids.

Interestingly, when radiologists examine PET scans for malignancies, focal uptake of '*F-FDG

can be observed within the
larger arteries such as aorta and
carotids. This uptake
represents accumulation of
FDG by macrophages within

the walls of atherosclerotic

arteries. However, PET is not

used for diagnosing

-
or monitoring Inflammatory foci
atherosclerosis,
IR
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2020a). One such

Figure 14. Examples of PET tracers and ti\eif-inflammatory targets. Reprod_uced from: Wu et
al., 2013, distributed under the terms of a Creative Commons Attribution (CC BY) license.
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example is shown in Figure 13, derived from a study by Marnane et al., 2012 designed to assess
if 8 F-FDG-PET imaging of carotid arteries could be used to predict recurrent stroke. In the
study, patients who had a recent stroke or transient ischaemic attack (TIA) were imaged via
PET-CT following '8F-FDG administration. Sixty patients were assessed of which 13 had a
stroke recurrence within 90 days. FDG uptake was a strong independent predictor of recurrent
stroke with the highest uptake values found in patients with early recurrent stroke. Neither
patient age nor stenosis values were found to be significantly predictive. Therefore, FDG-PET

could have clinical use for identifying patients at high risk of recurrent stroke.

Figure 13. 18F-FDG-PET-CT imaging of carotid atherosclerosis as a predictor of

recurrent stroke. Left to right: Contrast-enhanced CT, fused PET-CT, PET. Arrow While 18F_FDG remains
indicates an inflamed carotid artery that would later be causative of a recurrent

stroke. Reproduced from Marnane et al., 2012. Reprinted by permission from central to current PET
John Wiley & Sons, Inc.

imaging, pre-clinically a
multitude of novel targeted radiolabelled tracers have been developed, many of which target
inflammatory molecules; examples of these are shown in Figure 14. The vast majority of these
imaging agents are small molecules, but the first PET based NP for imaging CVD is currently
in a phase 1 trial for monitoring carotid atherosclerosis (ClinicalTrials.gov: Identifier:
NCTO02417688). The NP (**Cu-25%-CANF-Comb) is a copolymer-based agent targeted
against natriuretic peptide receptor C (NPRC). PET imaging of CVD utilising radioligands
targeted to translocator protein (TSPO) (Lamare et al., 2011; Gulyas et al., 2012) and

somatostatin receptors (SSTRs) (Pedersen et al., 2015; Tarkin et al., 2017) are two notable

examples where in-human trials have shown positive results in detecting cardiovascular

inflammation.
Indeed, the SSTR
ligand, 8Ga-

DOTATATE was
found to be superior
to  "BF-FDG in
discriminating  high
risk from low risk

coronary lesions
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(Tarkin et al., 2017). However, tracer availability and poor signal to noise in the myocardium
remain obstacles to their clinical use. CXCR4 is also a promising target for cardiovascular PET
since CXCR4 expressing immune cells increase in density within atherosclerotic plaques as
the disease progresses. Utilising ®*Ga-pentixafor, a radioligand that has shown promise in
animal models and small human trials for detecting abnormalities within the vasculature
(Hyafil et al., 2017; Li et al., 2018), Weiberg et al., 2018 employed a retrospective analysis of
patients scanned with ®*Ga-pentixafor for non-cardiovascular related conditions and discovered
that ®*Ga-pentixafor binding was significantly associated with plaque burden, the presence of
CVD risk factors and prior major adverse cardiovascular events (MACE). The strongest **Ga-
pentixafor signal was found in later stage calcified lesions (Figure 15). Given the favourable
properties of *Ga-pentixafor (low nanomolar affinity, low background in adjacent tissues,
rapid renal excretion, patients do not require a pre-scan fast and synthesis which does not
require an on-site cyclotron), it may offer an alternative to '*F-FDG, particularly for imaging
coronary vessels where its superior specificity is more critical. It will also be important going

forward to identify the cellular source of ®*Ga-pentixafor binding within the inflamed vessel.

Figure 16 illustrates how PET compares to our ideal molecular imaging tool from Figure 3.
The great strength of PET (and nuclear imaging in general) is superior sensitivity over other
clinical imaging modalities. This allows for only trace amounts of radionucleotides to be used

thus reducing radiation burden for the patient. PET also allows for body wide imaging and

~ o IDEAL <% PET ~ when combined with CT (PET-
SN CT) or MRI (PET-MRI) then
T Spatial Resolution
-~ anatomic information can also
LOW Toxicity Quantitative Capability . .
be produced which facilitates
F CT (A and C)
A . show 68Ga. MoOTe accurate
o - - -alcification. .
i Scan Time Cost Effectiveness dicine and detectlon and
\ . .
quantification. The
Sensitivity Multiplexing Capability use of standardized uptake
Non-Invasiveness values (SUVs) allows for
Figure 16. Qualitative characteristics of PET as a molecular imaging tool quantlﬁcatlon’ although m
e >
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many instances the outcome can only be described as semi-quantitative. The major technical
limitation of PET is poor spatial resolution, currently in the region of 4-6 mm clinically and 1-
2 mm pre-clinically (MacRitchie et al., 2020a). This is sufficient only to detect gross
accumulations of inflammatory cells, or a large number of receptors expressed, for example on
inflamed endothelium. Another limitation is the lack of multiplexing capability which is a
severe restriction in building up information on the multiple inflammatory cells and markers
that are present within inflamed tissue. FDG is just one piece of information, linking areas of
hyper-metabolism to increased phagocytic activity. For example, it does not distinguish
between different macrophage subtypes or other highly metabolically active immune cells.
Finally, PET is extremely high cost with PET scanners and maintenance costs running to many
millions of pounds and certain tracers (due to short half-lives) also require an on-site cyclotron
or geographical closeness to such a facility. These are some of the critical reasons why PET is
not more widely used. The use of PET for imaging out with oncology has to be carefully
considered in relation to the high cost versus potential patient/clinical gain (See section on

barriers to translation).

Contrast Enhanced Ultrasound (CEUS)

Given the limitations of MRI and PET such as long imaging times and high cost, the question

s N

% arises: is there a faster cheaper alternative

>

O Wild Type

= DKO for molecular imaging? Ultrasound (US) is

50 -

w0l routinely used in the clinical for detecting
%0 | . morphological and perfusion changes in
w0 | I tissue. While most US is performed non-
invasively, the use of catheter-based US
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Figure 17. CEUS imaging of the aortlc archin a mouse model of  devices are often used for high resolution
atherosclerosis. LDLR-Apobec-17/- (DKO) or control mice were . . . .
injected with anti-P-selectin targeted, VCAM-1 targeted orf SCanning of the interior wall of arteries
control microbubbles and imaged 10 minutes later. Data is . .
presented as mean (+/- SEM) background subtracted signal (lntravaSCUIar ultrasound, IVUS)‘ Like CT
intensity in the proximal aorta. * P<0.05. N = 7-10. Reproduced
from Kaufmann et al., 2010. Arteriosclerosis, Thrombosis, and
Vascular Biology, 30(1), 54-59. Reprinted with permission from
Wolters Kluwer Health, Inc. and American Heart Association, Inc.

Signal Enhancement (AU)

and MRI, the use of contrast agents

improves the resolution and sensitivity of
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US and CEUS is frequently used for imaging heart and blood vessel abnormalities. All
clinically approved contrast agents are microbubbles which are up to 8 um in size (therefore
confining them to the vasculature for imaging) and have an excellent safety profile in humans
(Schinkel et al., 2016). Microbubbles do not require a long delay post-injection before imaging
can begin (typically a few minutes) and offer real-time feedback to the sonographer. While
clinical imaging exclusively utilised microbubbles, pre-clinically, other imaging agents are
utilised including smaller nanoscale liposomes and NPs. Advantages of these agents is that
imaging is not confined to the vasculature and can be tuned more easily for different
experimental requirements. While pre-clinical imaging agents are often targeted to various
markers of inflammation or other disease related molecules, clinically utilised microbubbles
are all non-targeted. However, the feasibility of using targeted microbubbles in patients was

proven in a successful clinical trial using a clinical-grade kinase insert domain receptor (KDR)

targeted microbubble (BR55) for detecting the presence of breast and ovarian cancer
(Willmann et al., 2017). Importantly, the safety profile of BR55 was similar to a non-targeted
microbubble (Schneider et al., 2011). It would be hoped that such results will lead to more

clinical trials for CEUS utilising microbubbles targeted against disease markers.

With microbubbles being restricted to the circulation, endothelial markers of inflammation are
particularly attractive for CEUS cardiovascular imaging. Figures 17 and 18 are two examples

from animal models of how microbubbles may -

(]

be used to target early and late markers of

cardiovascular pathology respectively. Figure

Decibel

17 illustrates how microbubbles can be used to

detect endothelial activation using anti-P-

MB LIBS-RE Control-MB
n = 8§) m=10 (=8

selectin and anti-Vascular cell adhesion protein
1 (VCAM-1) targeted ~ microbubbles

(Kaufmann et al., 2010). Since endothelial

activation is an early sign of endothelial injury

and can precede formation of fatty streaks in
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atherosclerosis, these targets may be important in early detection of vascular abnormalities.

In contrast, Wang et al., 2012 developed microbubbles conjugated with antibody fragments

targeted against glycoprotein IIB/IIIA, which is present only on activated platelets and thus

allows detection of thrombi, a key feature of chronic vascular injury. Figure 18 shows example

US images taken from a study employing these microbubbles in a mouse model of carotid

injury. Notably, in this study, the authors were also able to use these same targeted

microbubbles to assess the efficacy of urokinase
thrombolytic therapy. Such a simple real-time
monitoring of therapeutic efficacy would be

very appealing in a clinical setting.

One CVD that would greatly benefit from non-
invasive molecular imaging is myocarditis, a
disease characterised by aberrant inflammation
of the myocardium, most commonly due to viral
infection. While biopsy is routinely performed

in suspected cases, diagnostic sensitivity can be

Figure 18. CEUS imaging of left carotid thrombi in mice.
(A) Representative US images of mouse carotid artery
before and after microbubble (MB) injection. (B)
Representative US images, taken in real-time, of a carotid
thrombus 20 mins after injection of untargeted MBs,
microbubbles targeted to glycoprotein I1I1B/IIIA (LIBS-MB)
and a microbubble conjugated to a mutated version of the
antibody targeting ligand (Control-MB). The brightening of
the image shows the binding of LIBS-MB which contrasts
with MB and control-MB groups where signal intensity is
lower. (C) Decibel levels show LIBS-MS produced a
significant increase in intensity with respect to control
groups. (D) Following analysis with digital subtraction,
areas which appeared brighter than the reference image
are shown in green. Only the LIBS-MB treated animals
showed strong intensity of staining at the site of thrombi.
Reproduced from Wang et al., 2012, Circulation, 125(25),
3117-3126. Reprinted with permission from Wolters
Kluwer Health, Inc. and American Heart Association, Inc.

poor due to the diverse presentation of the disease (Van Linthout and Tschope, 2018) and

Figure 19. Ultrasound imaging in a mouse model of myocarditis. (A) Representative false colour multiple

US image in animals with no myocarditis (top), mild myocarditis (middle) or severe myocarditis
(bottom). Each animal received CD4 targeted (MBcpas), P-selectin targeted (MBpsel), total leukocyte
targeted (MB.c) or isotype targeted (MSiso) microbubbles in a random order in a sequential manner.
(B) Acoustic intensity values for targeted and isotype control microbubbles. Data are median values

biopsies of both

ventricles may

(horizontal line), 25% to 75% percentiles (box) and range of values (whiskers) of the video intensity. be required
*P =0.027, ¥P = 0.0133, tP = 0.0004, 9P = 0.0381, ¥P = 0.0192, §P = 0.0073 vs MBIso in the same ’
animal group. Reproduced from Steinl et al., 2016, Circulation. Cardiovascular imaging, 9(8), Utilising a

e004720. Reprinted with permission from Wolters Kluwer Health, Inc. and American Heart

Association, Inc.

mouse model of

myocarditis, Steinl et al., 2016 employed 4 ‘flavours’ of microbubbles to image inflammation

within the heart using US (Figure 19). Using CEUS, the authors could detect the presence of
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disease severity.

The rapid

elimination/destruction of microbubbles allows sequential imaging with microbubbles with

affinity for a different target. While not multiplexing in the strictest sense, it does allow

significantly more information to be gained on the current inflammatory state than what could

be achieved with nuclear imaging where radiotoxicity and long scans would preclude repeat

imaging.

Figure 20 illustrates how
CEUS compares to our
ideal molecular imaging
tool from Figure 3. For
regulatory approval and
adoption by healthcare
authorities, the top and
bottom aspects of the
feature

wheel will

strongly, namely low
toxicity and low cost. In

both these regards, US

\.
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Figure 20. Qualitative characteristics of CEUS as a molecular imaging tool
vy

compares very favourably with other modalities. As mentioned above, microbubbles have a

long history of use in humans and minor changes to the surface with targeting ligands,

particularly small molecules with low immunogenicity, are unlikely to significantly alter this

safety profile. However, we only have one example (BR55) where safety data is available, but
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it is a promising start. US also provides real-time (or near real-time) imaging and scanning can
begin in just a few minutes after microbubble injection as opposed to an hour or more with
PET. Spatial resolution also compares favourably with MRI and CT and sensitivity is higher
than both. In the cancer study with BR55, the dose of BR55 was similar to doses typically used
where non-targeted microbubbles are used. Such a dose was clearly sufficient to detect tumour
specific biomarkers with precision. Several methods exist for quantification such as the
destruction-replenishment method (Abou-Elkacem et al., 2015), a pre-requisite for
reproducible clinical data. Finally, CEUS does not allow for multiplexing, that is the
simultaneous acquisition of signal from multiple imaging agents in a single scan. There is no
clear path to separate the signal of differently targeted microbubbles. However, the rapid
elimination of microbubbles from the circulation (Willmann et al., 2008), coupled with the low
toxicity, means sequential scans could be performed in the same patient using microbubbles
with a different molecular target to build up more information on which cells and inflammatory
markers are presented at the site of interest. This is one of the major goals of molecular imaging
and would greatly aid clinical decision making, particularly if such multiplexed scans can be

performed repeatedly to monitor disease progression/response to therapy.

Near-Infrared Fluorescence (NIRF)

NIRF is primarily a pre-clinical research tool for understanding the cellular and molecular
processes of disease states. However, promising developments are being made in invasive
catheter-based approaches where the great strengths of fluorescence-based imaging can be
combined with current technologies such as optical coherence tomography (OCT) or IVUS to
improve our understanding of the molecular changes within the vessel wall. As will be
discussed in this section, the key limitations of NIRF (namely lack of tissue penetration) makes
non-invasive molecular imaging out of reach with current technologies. In the clinic, the only
routinely used fluorescence contrast agent is indocyanine green (ICQG). It is used for invasive
detection of tumours, guiding surgery, lymph node mapping and monitoring hepatic function
(DSouza et al., 2016; Kahramangil and Berber, 2017) but has no current use for imaging

inflammation.
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NIRF, as the name implies, utilises the near-infrared spectrum (650-1000 nm) for imaging.
Within this wavelength window, there is less tissue absorption of photons and less
autofluorescence. However, light scattering and absorption means the ability to acquire high
resolution images decreases substantially as tissue depth increases. Therefore, while ICG may
be used to detect a tumour (of several cm diameter) at a depth of 2 cm, for cellular or molecular
imaging, NIRF is restricted to around 1 mm depth depending on the optical properties of the
tracer and tissue, laser strength and acquisition time (Scales et al., 2016). The smaller size of
rodents coupled with less restrictions on laser power and the use of alternative materials for
increased brightness has led to some very interesting studies emerging that utilise NIRF
imaging for detecting the presence of vascular pathology. In one such study, Lim et al., 2017
used a 3D optical imaging system known as FLECT (fluorescence emission computed
tomography) in combination with nano-CT to image vascular thrombosis in mice. The

fluorescent probe was a Cy7 dye labelled antibody fragment that binds only to activated
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Figure 21. FLECT/CT of Targ-7 in mice with left carotid thrombosis. (A) Residence times
of the probe with 50% remaining at 96 minutes. (B) Left carotid arteries of mice were
exposed to ferric chloride to induce injury and mice were injected with either a Cy7 Ab
chain targeted against activated platelets (Targ-Cy7) or a mutated control (Mut-Cy7) and
imaged on the FLECT/CT scanner. The intensity of the NIRF is greatest in white areas and
lowest in blue. N = 6 per group. (C) Quantification of results obtained from FLECT/CT|
imaging showing significantly higher fluorescence intensity in mice injected with the Targ-
Cy7 probe. (D) Representative images showing ferric chloride injured artery (left) and
uninjured contralateral artery (right). Blue colour is nuclear DAPI staining and Red is
platelet specific CD41. (E) FLECT signal shows a highly significant correlation with weight
of thrombus. Reproduced from: Lim et al., 2017, distributed under a Creative Commons
Attribution (CC BY-NC) license.
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patients since the heart and vasculature are too deep for current technology. However, great
advances are being made in improving imaging depths, signal to noise and reducing
autofluorescence. In the short term, it is far more probable that clinical fluorescence-based
imaging approaches are going to take the form of multi modal invasive systems such as dual
OCT-NIRF or IVUS-NIRF catheters for molecular mapping of vessel walls. Indeed, the use of
NIRF catheters combined with OCT has been trialled on human patients following injection

with ICG and while

Data Acquisition, Processing and Display

excised carotid plaques | Coronary Artery Imaging

showed  significantly
enhanced uptake of ICG
(Verjans et al., 2016),

. Real-time OCT Data Offline OCT-NIRAF
: ProcessingVisualization Processing/Visualization

ICG is taken up non-
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variability and | | Automated ‘ ey ===
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R Patient Probe Interface Unit Dual-modality
therefore, it is debatable System

whether this approaCh IS Figure 22. Schematic of the OCT-NIRAF system. OCT-NIRAF imaging was performed using
a dual OCT-NIRAF catheter placed into the coronary artery of patients undergoing
percutaneous coronary intervention (PCl). The mechanical procedure is fundamentally
the same as standalone OCT. Dual imaging is accomplished by focusing OCT and NIRAF
excitation light from the catheter tip to the arterial wall. The probe can image at 100
frames per second and NIRAF is detected using an excitation wavelength of 633 nm with
signal acquisition in the 675-900 nm window. Three-dimensional OCT and NIRAF images
avoid the barrier of @re obtained simultaneously, collected by computer and processed. OCT data is displayed
in real time whereas NIRAF data is processed and displayed offline as two dimensional
requiring regulatory NIRAF maps and as dual-modality OCT-NIRAF images. Reprinted from Ughi et al., 2016,
JACC. Cardiovascular Imaging, 9(11), 1304-1314, with permission from Elsevier.

more informative than
current standalone

imaging techniques. To

approval for a novel
fluorescent imaging agent, some researchers have focused on detecting fluorescence from
endogenous molecules in the body. In a study by Ughi et al., 2016 (Figures 22, 23) OCT-near-
infrared fluorescence to detect artery wall autofluorescence (NIRAF) imaging was performed
in patients undergoing percutaneous coronary intervention (PCI). An overview of the scanning
procedure is shown in Figure 22. As shown in Figure 23, NIRAF was detected at areas where
plaque rupture/thrombosis formation occurred (Ughi et al., 2016). Researchers are keen to
determine the exact source of autofluorescence within injured/diseased arteries. Studies have

suggested that bilirubin, a blood breakdown product could be a major source of
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Figure 23. OCT-NIRAF Imaging of TCFA Rupture. (A) Angiogram of the left
anterior descending coronary artery (LAD). (B) Distal view of the LAD showing
focal areas of NIRAF. (C-E) show cross sections from the site shown in (B). (D,G)
show a platelet rich thrombus over the rupture site. The rupture site in G,
indicated by arrowhead is shown adjacent to thrombus. (E,H) TCFA rupture site
co-localizes with highest NIRAF. Arrowhead in (H) points to TCFA rupture. * =
guidewire shadow; ps = pullback segment; L = lipid; R = rupture site; T =
thrombus; TCFA = thin cap fibroatheroma. Reprinted from Ughi et al., 2016
JACC. Cardiovascular Imaging, 9(11), 1304—-1314, with permission from Elsevier.

autofluorescence in plaques
with intraplaque haemorrhage
(Htun et al., 2017). However,
bilirubin is unlikely to be the
only source with several other
auto-fluorescent molecules such
as  modified lipoproteins
contributing. In the study by
Ughi et al., 2016, OCT revealed
that NIRAF was only detected
in regions that resembled
macrophage aggregates,
suggesting a link between
plaque autofluorescence and
inflammation. It will be
interesting to characterise the
optical properties of the various
auto-fluorescent species within
cardiovascular  lesions  to
determine if different molecular
optical signatures can be used to

stage lesions or if molecules

with sufficiently different optical properties can be detected simultaneously for more

informative multiplexed imaging. Considering the ease of adaptation of clinically used OCT

catheters and the lack of requirement for exogenous imaging agents, a label free approach such

as described here has significantly fewer barriers to translation than other modalities that rely

on imaging agents with only pre-clinical testing or that are limited by toxicity.
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The great strengths of NIRF imaging are high spatial resolution and sub-nanomolar sensitivity
(Figure 24). Toxicity depends, to some degree on laser strength but of much greater importance
is the composition of the imaging agent. While some quantum dots (QDs), (known for their

favourable optical properties) show low toxicity in rodents (Hong et al., 2012) and may

ultimately be safe in [ HIGH IDEAL 2“NIRF A
e

humans, others, including 3 S patial Resokition
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Figure 24. Qualitative characteristics of NIRF as a molecular imaging tool

multiple fluorophores . J

(excited at multiple wavelengths) would be possible. However, since imaging is restricted to
only a few mm of tissue at present, it is likely invasive catheter based approaches will be the
only near to medium term route to the clinic for imaging the cardiovascular system, likely

supplementing data obtained by OCT or IVUS as described in the example above.
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Photoacoustic Imaging (PAl) and Multi-spectral Optical Tomography

(MSOT)

PAI, as the name implies, uses a combination of optical and acoustic properties to create an

image. Briefly, PAI utilises short wavelength optical pulses to generate acoustic energy of

endogenous molecules or external tracers that can be detected by US transducers. PAI uses

non-ionizing radiation and US detection, which allows much deeper imaging than NIRF

imaging. Melanin and haemoglobin are the main molecules of interest for endogenous PAL

PAI can determine the oxygenation state of haemoglobin which can be used to determine

changes in perfusion and active inflammation. While no exogenous contrast agents are

approved for clinical use, pre-clinically, exogenous photoacoustic compatible tracers include

strong light absorbing NPs that greatly increase the sensitivity and depth of imaging while also

allowing targeted
molecular imaging. The
use of NPs in PAI has seen
significant  performance
increases over the last 15
years with sensitivity of
detection down to the
picomolar range (de la
Zerda et al., 2012). Like
NIRF imaging, NPs may
be organic or inorganic
based and depending on

their properties, can be

Figure 25. Schematic showing structure of GSH/H,0,-responsive BSA-Cy-Mito

nanoprobe and functional use in PAI in vivo imaging to monitor the redox status of
therosclerotic plaques in apoE”/- mice. Reproduced from Gao et al., 2019, Analytical
hemistry, 91(1), 1150-1156. Copyright American Chemical Society.

used for multiplexing, even in combination with endogenous molecules.
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Figures 25 and 26 are taken from an elegant study where PAI is used to determine the level of
oxidative stress present within atherosclerotic lesions (Gao et al., 2019). A BSA-stabilised
nanoprobe (BSA-Cy-Mito) was created containing two fluorescent probes, one (Cy-3-NO3) for
glutathione (GSH) and the other (mito-NIRHP) for hydrogen peroxide (H»0,), each with

distinct absorption wavelengths of 765 and 680 nm, thus allowing simultaneous detection of
GSH/H20: and therefore the redox status of the plaque. Both probes have sub micro-molar
sensitivity, display 10-hour half-lives and show peak accumulation within the plaques of apoE"

' A

Atherosclerotic plaque stages (weeks)

mice at 2

N

—=—680 nm
—=—765 nm

4 8 12 16 16+scavenger

9

Max

hours following

As

©

injection.

©

shown in

26,

Normalized PA intensit
-

o

4 8 12
Plaque stages (weeks)

:
j g

Figure 26. In vivo PAI of atherosclerotic plaque in apoE”/- mice. (A) PAl of abdominal aortas at
different stages of pathology following BSA-Cy-Mito injection (10 mg/kg). Some mice were also
treated with scavengers (catalase for H,0, and BSO for GSH). Scale bar = 2 mm. (B) Normalized
photoacoustic (PA) signal derived from (A). Data shown as mean % SD (n = 3). (C) Representative ex
vivo PAI of the aorta from 16 weeks high fat diet fed mice. Scale bar = 5 mm. (D) Representative
images of atherosclerotic lesions stained with Oil-Red-O. White dashed lines represent abdominal
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Reproduced from Gao et al., 2019, Analytical chemistry, 91(1), 1150-1156. Copyright American
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Chemical Society.

indicating that

PAI can detect redox changes that correspond to plaque severity. HoO, detection was most
pronounced in advanced plaques in areas of strong lipid and macrophage staining. Interestingly,
in vitro studies with ox-LDL stimulated macrophages also showed an enhancement of H>O»
signal with decreased GSH signal. Therefore, PAI in combination with BSA-Cy-Mito can

detect inflammatory activity in atherosclerotic plaques via changes in GSH/H>O» ratio.
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Photoacoustic scanners are currently being trialled as an alternative (or adjunct) to X-ray

mammography and US for breast cancer detection (Valluru et al., 2016; Steinberg et al., 2019).

Furthermore, PAI
is showing
promise in human

trials for imaging

OA Signal (a.u.)

i
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conditions such as
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Figure 27. Multispectral optoacoustic tomographic (MSOT) imaging of the carotid artery. (A) ..
Schematic showing the use of a handheld MSOT scanner for non-invasive volumetric imaging off arthritis (JO et al"
carotid artery bifurcation. (B) Three dimensional MSOT image of carotid bifurcation in a 44-year- 2017) These
old man. (C) Compounded image of MSOT scan along entire carotid artery in a 26-year-old :

woman. CAB = carotid artery bifurcation, CCA = common carotid artery, ECA = external carotid
artery, FB = fibre bundle, ICA = internal carotid artery, LB = laser beam, STA = superior thyroid
artery, TA = transducer array, TM = transparent membrane, UW = ultrasound waves, WH = water resolving changes
holder, CC = common carotid, EC = external carotid, IC = internal carotid. Figure and figure legend

reproduced from Ivankovic et al., 2019. Permission granted by the Radiological Society of North i vasculature
America (RSNA®).

trials involve

perfusion or
oxygenation state via changes in haemoglobin as described above. Studies in breast cancer
have shown that PAI has a spatial resolution of 250 um at a depth of 4 cm, allowing
visualisation of even small tumours. This level of depth and spatial resolution also makes
imaging superficial vessels such as the carotid artery possible. Indeed, PAI has already been
applied to imaging the carotid artery in people (Ivankovic et al., 2019). Figure 27 shows how
a handheld multispectral optoacoustic tomographic (MSOT) scanner was used for real-time
imaging of the carotid artery with a spatial resolution of ~200 pm, a depth of several cms, with
a field of view of 2 cm®. The scanning procedure was performed on 16 healthy volunteers.
Analogous to breast imaging, the optoacoustic signal is generated primarily by haemoglobin
thus allowing the discernment of arterial structure. Imaging with the handheld scanner was
performed at either 850 or 1064 nm with the 1064 nm near-infrared scanning achieving the
best image contrast, due to the higher signal intensity of oxygenated haemoglobin at this
wavelength. In contrast, deoxygenated haemoglobin showed a higher intensity at the shorter
wavelength. Importantly, this proof of concept study showed that the architecture of the carotid

artery could be more readily visualised compared with a clinical B-mode US scanner and that
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no adverse events were reported by study participants. Therefore, by generating images
acquired from data derived from mostly one type of molecule, it is possible to resolve the gross

structural features of the carotid artery in a non-invasive manner.

Photoacoustics  is a ~
HIGH IDEAL 3% PAI
promising emerging //§

T Spatial Resolution
—~
———

technology that offers the

advantages of Optical Low Toxicity Quantitative Capability
imaging such as

multiplexing and high

Scan Time N Cost Effectiveness

sensitivity but also of US
in being able to spatially

Sensitivity Multiplexing Capability

localise the signal and
present real-time images. Non-Invasiveness

Figure 28 illustrates how Figure 28. Qualitative characteristics of PAl as a molecular imaging tool
. J

PAI compares to our ideal
molecular imaging tool from Figure 3. As noted above, much of the clinical testing of PAI has
been in breast cancer screening. In comparison to X-ray mammography, PAI lacks ionising
radiation and offers better soft tissue discrimination. Toxicity, if limited to endogenous
molecules will be low since only short exposure to laser light is required. Spatial resolution is
also good, but dependent on imaging depth. As observed in the study by Ivankovic et al., 2019,
spatial resolution was sub mm at the depth of the carotid artery but more superficial structures
can be imaged at a resolution an order of magnitude greater (Zhang et al., 2006), thus
representing an improvement over NIRF which is restricted to mm level imaging. For PAI to
fulfil its potential as a molecular imaging modality in CVD, it would also be necessary to
exploit its other strengths of high sensitivity and multiplexing. It has already been confirmed
that PAI can detect lipids within atherosclerotic plaques (Allen et al., 2012; Kruizinga et al.,
2014) and it would be interesting to see if more complex MSOT experiments could discriminate
blood flow, architecture and lipid content on the wall of carotid arteries. Interestingly, lipids

have been detected at 1200 nm excitation which may allow simultaneous detection of
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haemoglobin at 1064 nm (Ivankovic et al., 2019). For more extensive multiplexing and to
increase sensitivity of molecular detection will require the use of exogenous imaging agents.
Pre-clinically, there are a growing number of studies (such as that conveyed in Figures 25/26)
that utilise either organic or inorganic NPs for deeper, more sensitive multiplexed imaging. In
animal models, PAI has shown to be a reliable tool for detection of inflammation within the
cardiovascular system. As mentioned elsewhere in this visual review, the use of NPs in human
trials will likely depend on success in other areas (such as cancer therapeutic/theranostics) and
using biocompatible materials, particularly those with a history of use in humans coupled with

extensive pre-clinical testing (See ‘Barrier to Clinical Translation’ section for further details).

Surface-enhanced Raman Spectroscopy (SERS)

SERS is a form of vibrational spectroscopy and is a more sensitive form of traditional Raman
spectroscopy (Laing et al., 2017). It requires the target molecule to be in close proximity to a
plasmonic metallic surface (typically gold or silver). Silver or gold-based NPs can then be
functionalised with targeting molecules (peptides, aptamers, and antibodies) towards a
particular marker of interest. The SERS signal in most instances is produced indirectly by the

incorporation of a Raman reporter into the NP. These are molecules that can produce a strong
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SERS effect (Figure 29). While SERS is still in the early stages of in vivo imaging, it holds

several striking advantages that make it amenable to molecule imaging. In our lab, we have

designed human adhesion molecule-targeted SERS NPs (McQueenie et al., 2012; Noonan et

al., 2018), each conjugated with an antibody with affinity towards a different adhesion
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Figure 29. Design and characterisation of biofunctionalized SERS nanoparticles. (A)
Schematic depicting a solid gold NP core (AuNP) conjugated to Raman reporter
molecules; this Raman reporter covered core was then conjugated with antibody-
functionalized polyethylene glycol (PEG) to increase biocompatibility and increase
circulating residence times. (B) Raman spectrum from 4 distinct SERS NPs. From top to
bottom: Isotype labelled NPs with DP Raman reporter; anti-ICAM-1 NPs with BPE
Raman reporter; anti-VCAM-1 NPs with PYOT Raman reporter; anti-P-selectin NPs with
PPY Raman reporter and an example of a SERS multiplex spectra containing each
distinct combination. Red arrows indicate peaks unique to each Raman reporter and
also a common peak present in each (1605 cm-1). Reproduced from: Noonan et al.,
2018, distributed under the terms of a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

molecule (ICAM-1,
VCAM-1, P-selectin) plus
an isotype conjugated
control, with each NP type
containing a  unique

Raman  reporter for

multiplex imaging.

Following successful

detection of adhesion
molecules in vitro and ex
vivo (Noonan et al., 2018),
we next designed an in
vivo model for detecting
expression of adhesion
molecules in  human
vessels (Meehan et al.,
2020). We

human adipose tissue into

engrafted

immunocompromised
NSG mice, which results
in anastomosis between
the human vessels and the
mouse systemic

vasculature  within 3

weeks. Engrafted mice were then injected with human TNF-a to induce upregulation of
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Figure 30. In vivo SERS-biofunctionalized NP molecular imaging of adhesion molecules. (A)
Successful engraftment is shown by anastomosis of human and murine vessels at the
periphery of the graft. Scale bar = 1000 um. (B) Following human TNF-a treatment, ICAM-1
and P-selectin but not VCAM-1 are upregulated on the endothelium. Scale bar = 100 um. (C)
To perform in vivo SERS imaging, mice were anaesthetised, and SERS spectroscopy was
performed on the graft site as shown in the experimental setup. (D) SERS spectra were
acquired 24h later from mice injected with a mixture of human P-selectin, ICAM-1 and
VCAM-1 targeted NPs (Red spectra) or respective isotype control NPs (Blue spectra). Peaks
pertaining to the common region were present in all 5 animals and P-selectin, ICAM-1 and
VCAM-1 showed increased signal intensity compared with isotype control treated mice
indicating that NPs could successfully be detected bound to their target on human
endothelium. Each spectrum is taken from a different animal. N = 5 mice per group. (E)
Following in vivo spectroscopy, grafts were excised, and sections used for SERS microscopy.
Tissue from mice that received the targeted NPs contained ICAM-1 NPs (purple), anti-VCAM-
1 NPs (red) and anti—P-selectin NPs (blue). In isotype treated mice, no NPs were observed
within the tissue sections. Scale bar = 20 um. (F) The circles in the Raman map in (E) correlate
with the acquired spectra shown in (F), shown alongside reference spectra for each Raman
reporter. Reproduced from Noonan et al., 2018, distributed under the terms of a Creative
Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

endothelial adhesion

molecules in the

human graft
vasculature.
Subsequently, we

injected a mixture of

differentially
functionalised SERS
NPs and performed
SERS  spectroscopy
and microscopy as
described in Figure
30. In summary, the
results from our study
demonstrate the
successful application
of targeted SERS NP
imaging in vivo for
the non-invasive
detection of
endothelial adhesion
molecules in a
multiplexing manner

(Noonan et al., 2018).

Figure 31 illustrates
how SERS compares

to our ideal molecular

imaging tool from Figure 3. A comparison of Figures 28 and 31 further reveals that SERS has

similar advantages to PAI, as well as some of the same limitations. However, SERS is a far
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due to the narrow spectral Figure 31. Qualitative characteristics of SERS as a molecular imaging tool

bands of many Raman

reporters (Figure 29). Like PAI, portable devices also exist, increasing the versatility and
reducing cost of application. However, in contrast to PAI, SERS provides no anatomic
information and external metallic based NPs are a prerequisite for generating the SERS signal,

so this creates an additional barrier to in-human trials.
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Barriers to Clinical Translation

—

Technology

Safety Clinical Value
* Tracer properties (dose, * Minimal advances in * Does not conform to * Research/Funding
radiation, heavy metal, biological information expectations * Upscaling from animals to
tissue accumulation) * Poor performance in other * Pre-clinical devices not humans
* Modality (magnetic field, areas (e.g. Oncology) compatible/modifiable to  Clinical trials
laser, acoustic energy) * Insufficient improvement clinical specification o In-clinic cost
* Exposure limits may limit over established methods * Designed for a single
exploratory use anatomic site

* Quantification /

standardisation
The major barriers that exist for clinical translation are categorized into four core areas, - cost,
safety, technology and clinical value — that imaging technologies must address to satisfy
regulatory and healthcare authorities. Examples are presented for each of these categories. Cost
is a critical area, particularly with ever increasing pressures on healthcare funding. In the main,
imaging agents are less expensive to develop with respect to therapeutic compounds, but the
converse is also true i.e. revenues are lower (Agdeppa and Spilker, 2009). With the timeline of
development being similar, companies may choose to maximise revenue by diverting funds to
therapeutics rather than imaging agents. Other costs include clinical-trial costs and
implementation of new hardware and imaging agents. Costs can vary substantially with a PET
unit costing many millions of pounds including the requirement of a cyclotron for synthesising
PET radioligands. In contrast, the costs associated with clinical US scanning are considerably
lower for both hardware, contrast agent production and post-analysis. Development costs also
must be factored for upscaling research level technologies to those that meet the requirements

and consistency of clinical level imaging i.e. the ‘bench to bedside’ transition.

Many candidate imaging molecules currently used in pre-clinical imaging carry too high a

toxicity or are otherwise not suitable to clinical use. Therefore, designing tracers that minimise
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toxicity, while working in tandem with modalities that are proven safe for human use (e.g. safe
laser and magnetic field strengths limits for optical and MRI based imaging respectively) will
be essential. Since small molecule PET tracers are used in trace amounts, these compounds are
generally clinically approved in a shorter time span due to reduced requirements for pre-clinical
testing (Abou-Elkacem et al., 2015). Targeted microbubbles have also now been tested in
human patients for the first time. Other than a few select metallic agents (most notably iron
oxide-based particles for T2 MRI), small metallic based NPs have yet to reach clinical testing
as imaging agents. However, there are a growing number of clinical trials, completed or
ongoing that are testing gold-based NPs for photothermal ablation therapy in cancer, the most
notable agent being the gold-based NP Aurolase® (Singh et al., 2018). Aurolase® is well
tolerated and has similar physiochemical properties to the gold NPs used in pre-clinical PAI
and SERS imaging. Furthermore, the use of gold-based NPs and photothermal therapy has
shown promise in an early trial conducted on patients with coronary artery disease (Kharlamov
et al., 2015). It would be hoped that as these compounds become established as safe for human
use then regulatory bodies would look more favourably on these agents being tested for

diagnostic imaging.

In addition to good biocompatibility/low toxicity, other desirable properties of imaging agents
include high target specificity (either through high affinity small molecules or multi-valent NPs
to minimise required dose and improve signal to noise), be readily manufactured and stable
under storage, show favourable pharmacokinetics and ideally be adaptable to allow multi-
modal imaging (Cicha et al., 2018; MacRitchie et al., 2020a). Versatility of use is also highly
desirable for a molecular imaging modality or tracer. Not only does this increase value for
money but can improve clinical decision making due to integrated patient data. Examples of
versatility may involve tracers that bind to molecules that are biomarkers of multiple diseases
such as endothelial activation markers, thus allowing imaging of several CVDs or the use of
equipment such as handheld devices that can image more than one anatomical site. Finally,
devices that are multimodal, even involving modular type systems such as OCT-Raman or
NIRF-Raman catheters may be used to derive molecular information of arterial disease.

Ultimately, the implementation of a new technology or imaging agent will come down to
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whether it offers a significant improvement in diagnostic accuracy or monitoring of therapies
over established methods. Incremental improvements will not be sufficient, particularly if the

modality is novel or associated with high costs.

Closing Summary
4 ™
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- Quantitative Capability
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Multiplexing Capability

PET CEUS NIRF PAI

Figure 32. Summary Comparison of Molecular Imaging Modalities

Inflammation is key component of many CVDs and related metabolic conditions; therefore, it
is essential that we can accurately determine how inflammation contributes to CVD risk and
progression (Maffia et al., 2007; Fumagalli et al., 2011; Kennedy et al., 2013; Welsh et al.,
2017; Cole et al., 2018; Sagan et al., 2019; MacRitchie et al., 2020b; Siedlinski et al, 2020;
Nosalski et al., 2020). This requires understanding both the beneficial and detrimental
inflammatory processes occurring within the patient and if inflammatory signatures can be used
to predict the course of a disease or response to therapy. The recent Canakinumab Anti-
inflammatory Thrombosis Outcome Study (CANTOS) and Colchicine Cardiovascular
Outcomes Trial (COLCOT) have shown that targeting inflammation in patients can reduce the

risk of recurrent MACE (Ridker et al., 2017; Maffia & Guzik, 2019; Tardif et al., 2019). Yet
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C-reactive protein is a gross marker of inflammation and does not reveal the nature of the local

inflammatory environment at the site of disease.

As an adjunct to imaging the human cardiovascular system, certain molecular imaging
technologies such as SERS can be used for in vitro multiplexed assessment of blood biomarkers
(molecular fingerprinting), with superior sensitivity to enzyme-linked immunosorbent assay
(ELISA) (Kaminska et al., 2017). In addition to having the capacity to detect biomarkers at a
lower concentration, techniques like SERS can screen many analytes in a blood sample at high
speed, an advantage in the clinic since useful information from circulating inflammatory
markers will likely require analysing the relative ratios of multiple cytokines and chemokines

for disease profiling.

At present, imaging of CVD relies on assessment of the structural changes in the cardiovascular
system, dependent on the underlying pathology. Such changes often present during advanced
disease, thus limiting the opportunity for early detection. As described in this review,
generalized inflammation can be detected within the vasculature and heart by current
technologies such as MRI and PET but little information on the nature of the inflammation can
be derived. Further analysis of inflammation is dependent on blood derived biomarkers and
clinical scores. However, as already touched on, current serum biomarkers often show poor
correlation with pathological processes. This limitation in our ability to quantify individual
disease progression in inflammatory conditions impairs accurate diagnosis, therapeutic

intervention and personalized medicine.

Molecular imaging has the potential to reveal deeper insights into cardiovascular inflammation
and how it evolves over time. It may also be uniquely useful in situations in which clinical
presentation is not accompanied by overt anatomical changes such as microvascular
dysfunction (Ong et al., 2020). This review has provided a range of examples of how molecular
imaging modalities - those already in clinical use and emerging technologies - can detect
cardiovascular inflammation either directly or via the use of imaging agents. Multiple
diagnostic imaging tools are already used in the diagnosis of CVD and this will likely continue
in the future as molecular imaging evolves and is adopted as part of a multi-discipline

diagnostic work up. For example, PET may be used with a tracer against a cytokine like IL-13
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or a chemokine receptor like CXCR4, alongside a low toxicity imaging device like CEUS or
PAI supplemented with biochemical and other cardiovascular measurements. The specific
inflammatory targets deemed useful for clinical monitoring will likely themselves be partly
determined by molecular imaging. In this regard, molecular imaging acts to both further
disease’s understanding by revealing disease-specific targets, and subsequently imaging those
targets for diagnosis/monitoring. As we have also discussed, there is no perfect single
molecular imaging modality, and some contain intrinsic limitations (poor spatial resolution and
radiation exposure for PET) or have yet to be proven in clinical use (SERS). However, research
is moving at pace with more sensitive forms of MRI being developed, significant increases in
the number of PET trials testing novel ligands (including those that target inflammation) and

the acceleration of PAI from research institutions to clinical trials.

Finally, advances in molecular imaging are happening in parallel with the availability of large
data sets and the development of machine learning and artificial intelligence approaches, which
have the power to revolutionise cardiovascular imaging, providing direct links between tissue
biology and imaging phenotyping (Oikonomou et al., 2020). This will be crucial for better
patient stratification and treatment. The chronic nature of many CVDs affords the opportunity
for early detection, monitoring and prompt therapeutic action and in this regard, molecular
imaging of inflammation has great potential to transform both the speed and accuracy of

clinical decision making.

Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS
Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019).
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