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ABSTRACT

Cardiovascular diseases (CVD) are the leading cause of death worldwide and have an increasing impact on society.
Precision medicine, in which optimal care is identified for an individual or a group of individuals rather than for the
average population, might provide significant health benefits for this patient group and decrease CVD morbidity
and mortality. Molecular imaging provides the opportunity to assess biological processes in individuals in addition
to anatomical context provided by other imaging modalities and could prove to be essential in the implementa-
tion of precision medicine in CVD. New developments in single-photon emission computed tomography (SPECT)
and positron emission tomography (PET) systems, combined with rapid innovations in promising and specific radi-
opharmaceuticals, provide an impressive improvement of diagnostic accuracy and therapy evaluation. This may
result in improved health outcomes in CVD patients, thereby reducing societal impact. Furthermore, recent technical
advances have led to new possibilities for accurate image quantification, dynamic imaging, and quantification of
radiotracer kinetics. This potentially allows for better evaluation of disease activity over time and treatment response
monitoring. However, the clinical implementation of these new methods has been slow. This review describes the
recent advances in molecular imaging and the clinical value of quantitative PET and SPECT in various fields in cardi-
ovascular molecular imaging, such as atherosclerosis, myocardial perfusion and ischemia, infiltrative cardiomyopa-
thies, systemic vascular diseases, and infectious cardiovascular diseases. Moreover, the challenges that need to be
overcome to achieve clinical translation are addressed, and future directions are provided.

INTRODUCTION
Cardiovascular diseases (CVD) are a heterogeneous

prevention and treatment options in all medical fields
including CVD.* Quantitative tomographic imaging of
molecules may serve a critical role in the shift towards
this approach. Positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
provide molecular information in addition to the anatom-
ical context provided by computed tomography (CT) or
magnetic resonance imaging (MRI). However, visual
assessment is currently primarily the standard of clinical

group of diseases and are the primary cause of death glob-
ally with rising incidence and mortality rate." Early diag-
nosis and improved treatment of CVD may lead to better
patient care and reduce costs and societal impact.

Precision medicine is an approach to medicine which

aims to identify optimal care for an individual or group of
individuals rather than for the average population and to
distribute medical tests and treatments accordingly.” It has
the potential to improve health outcomes and transform

practice, although in research settings quantitative anal-
ysis of PET, or with SPECT, demonstrated to be superior
to visual assessment of molecular images for multiple
indications.”™
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Quantitative PET and SPECT may enhance possibilities for
screening, early diagnosis, therapy prediction, guiding treatment
and assessing likelihood of disease recurrence.”® Recent technical
advances in molecular imaging, such as the long axial field-of-view
(LAFOV) PET system, use of artificial intelligence (AI), and develop-
ment of new radiotracers may have tremendous impact on the field
once clinical implementation has been achieved. It is crucial to know
the challenges that may cause delay in clinical implementation and
standardisation of these new techniques and methods, as well as to
improve their precision and accuracy.*'°

This review aims to provide an overview of the latest advances in
quantitative cardiovascular molecular imaging and to identify which
obstacles are to be overcome to allow for reproducible, standardised,
and reliable incorporation into clinical practice.

QUANTIFICATION METHODS AND CAMERA
TYPES

Quantitative metrics

Current recommendations for clinical use of PET and SPECT
images in cardiovascular diseases suggest visual interpretation
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using intensity grades against another region/organ (e.g., liver or
ribs), or description of defect size and depth.” Conversely, image
parameters such as standardised uptake value (SUV) and target-
to-background ratio (TBR) are obtained by placing volumes of
interest (VOI) at specific locations in the image (Table 1). The
SUV is most used as a surrogate of metabolic activity for uptake
quantification.’ In coronary artery disease (CAD), standardised
quantitative parameters, i.e., myocardial blood flow (MBF) and
coronary flow reserve (CFR), are clinically routinely used already.
Other quantification methods are extensively being studied.'*""*

The simplicity of static scan metrics explains their widespread
application; however, measurements are vulnerable to bias.!>!®
Standardisation and harmonisation methods can mitigate SUV
bias to a great extent but are not able to account for changes in
plasma kinetics or distinguish between specific and non-specific
uptake. Both PET and SPECT can be used not only to measure
the concentration of the administered radiotracer in vivo but also
how fast the radiotracer travels within the various body regions,
which is essential in studying pharmacokinetic behaviour in vivo.
Dynamic imaging can include this information as spatiotemporal

Table 1. Quantification PET and SPECT metrics used in cardiovascular diseases

Quantification method Description
Visual analysis Visual scoring system is mainly based on a grading scale (e.g., 0 to 3, ranging from normal to intense uptake or a
deep defect) by comparing intensity grades of the organ of interest against a background (liver, ribs)

SUVinean The average uptake within a VOI

SUVinax The highest uptake of a single voxel within a VOI

SUVeak The highest average uptake in a 1 ml sphere within a VOI

SUViotal The sum of SUV in (multiple) VOI(s). For cardiac sarcoidosis 13 cardiac segments are used®

CAA/TLG Multiplication of the VOI volume with the SUV,,.,, within that VOI. When calculated in amyloidosis, this metric
is called the cardiac amyloid activity (CAA). When calculated in ["*F]FDG PET, this metric is referred to as total

lesion glycolysis (TLG).
TBR® The SUV,,,.x of a VOI in the target region divided by the SUV|.,,, of a VOI in a background region (superior/
inferior vena cava (i.e., blood pool) or liver)
Patlak An image derived input function is extracted from the dynamic images by placing a VOI in the ascending aorta. To
obtain parametric images from which the Ki and total blood distribution volume can be derived, voxel-wise Patlak
analysis is performed using the IDIF and PET time activity curves as input
MBF Quantitative, automatic, software-based value that correlates both with the basal (MBF in rest) and hyperaemic
(MBEF in stress) blood flow supply to the myocardial tissue
CFR Ratio of MBF in stress to MBF in rest
RI The percentage of increase or decrease in SUV between two time points in a VOI. Typically calculated by
subtracting the early SUV from the delayed SUYV, dividing this difference by the early SUV and subsequently
multiplying it by 100
ACCS Mean Na['®F]F SUV in the entire heart (segmentation acquired with an Al segmentation model)
CMA Automated analysis of the total activity of voxels with a SUV higher than a predetermined threshold to define
metabolically active tissue in a VOI
CMV Automated analysis of the total volume of voxels with a SUV higher than a predetermined threshold to define
metabolically active tissue in a VOI
%ID Measured activity in a VOI expressed as a percentage of the total injected tracer dose

ACCS = Alavi-Carlsen calcification score, CAA = cardiac amyloid activity, CFR = coronary flow reserve, CMA = cardiac metabolic activity, CMV =
cardiac metabolic volume; MBF = myocardial blood flow, RI = retention index,SUV = standardised uptake value, TBR = target-to-background ratio,

TLG = total lesion glycolysis, VOI = volume of interest.

2lt is not specified which values are summed, i.e., sum of all voxels or a sum of SUVean from all segments.
PThe blood pool is often recommended as background for vascular targets to compensate for radiotracer activity in the lumen.

2 of 15 birpublications.org/bjr

Br J Radiol;96:20230704

20z AeN 0g uo Jasn ejuam] yeysIaAuN Ag 0€0661./70L0£202/2S ) 1/96/9101Ke/la/woo dnoolwapede)/:sdiy Wolj papeojumoq


http://birpublications.org/bjr

The clinical value of quantitative cardiovascular molecular imaging

activity concentration measurement is used providing voxel-
wise (metabolic) information, e.g., by applying Patlak analysis to
obtain the net influx rate constant (K;).!>'”!® Parametric images
take into account plasma kinetics as well as additional informa-
tion by deleting non-specific contributions to the PET signal,
enabling for instance easier visual detection of small hotspots,
particularly in tissues with high background uptake.'®*° There-
fore, dynamic imaging using PET and SPECT can provide supe-
rior knowledge of kinetics and may be even more important in
precision medicine than static imaging.

Recent advances in PET technology

The adoption of solid-state technology in PET in the last decades
has replaced conventional photomultiplier tube (PMT)-based
detectors by silicon photomultiplier (SiPM)-based detectors.'®
Consequently, time-of-flight (ToF) has improved coincidence
timing resolution to about 200 ps which is expected to enhance
even further (100 ps), resulting in superior image quality and
therefore more accurate and potentially earlier detection of
CVD.'

Regarding PET system design, the latest development has been
the introduction of LAFOV PET systems (Figure 1).! These
systems surround the patient with a substantially increased
number of detectors axially, resulting in significantly improved
sensitivity and larger anatomical and multi-organ coverage.”*~**
LAFOV PET comes with numerous unexplored opportunities
for research and clinical applications, such as the evaluation of
organ crosstalk including the cardiovascular system.*"*>2

Besides acquisition technology, several other factors influence
quantification of CVD including reconstruction algorithms and
settings.”’ Iterative reconstruction algorithms have replaced
filtered back projection for clinical routine. Herein, applica-
tion of resolution modelling improves signal-to-noise ratio and
contrast. A large number of iterations improves quantitative
accuracy but also increases noise which influences precision.*®
To decrease noise, post-reconstruction (Gaussian) smoothing
is usually applied, which may improve signal-to-noise, but
decreases contrast.”’ New iterative reconstruction methods
that use prior information from CT** or MRI*! images could
be utilised to reduce noise and harmonise and standardise the
images to eliminate overiteration.

Another technological achievement of the past decade was the
development of PET/MRI which has the advantage of imaging
the cardiovascular system with more detail and scrimps on
radiation exposure. This gives the opportunity to combine PET
quantification with more detailed heart or vessel measurements
on MRI.** Newest generation PET/MRI systems use SiPM detec-
tors that pave the way for ToF-based imaging.**

PET/MRI systems can be also powerful in detecting motion
using MRI and correcting for it in PET, enabling even higher
resolution in the cardiac region. Cardiac motion correction for
PET/CT is not routinely performed, but is available in digital
systems using electrocardiogram gating, optionally combined
with respiratory gating. Cardio(respiratory) motion correction
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may result in increased signal efficacy and more accurate image
reconstruction, but large prospective studies are still needed.

Recent advances in SPECT technology

A growing number of nuclear medicine sites is using a new gener-
ation of cardiac-centred SPECT for myocardial imaging. The
conventional sodium iodine (Nal) crystals used for the detection
of y rays have been replaced by cadmium-zinc-telluride (CZT).
This crystal transforms the signal induced by y rays directly
into electric impulses without the need of photodetectors. CZT
provides a four to sevenfold higher system sensitivity compared
to Nal-based cameras,”® which allows for a substantial decrease
in radiopharmaceutical injection activity in combination with
faster acquisition time. However, its clinical added value still
needs confirmation.'*** Additionally, dedicated cardiac SPECT
offers the opportunity for dynamic scanning of the heart.

Artificial intelligence

Al may help improve quantification of CVD in various methods:
e.g, reconstruction, denoising, partial volume correction,
motion compensation, image registration, image segmentation,
and automated quantification.'” All of them are intertwined and
play their own role in quantification.

The bottleneck of laborious, time-consuming, and prone-to-
variability manual segmentation can be alleviated by AL*
Multiple AT models have recently been published to segment the
heart and some large vessels in PET and/or CT (Figure 2).3637
This could speed up quantitative research in cardiovascular
diseases tremendously and potentially provide accurate and
standardised quantitative analyses of these diseases for primary
diagnosis and disease monitoring. Deep learning or radiomics
in combination with machine learning can be used in decision-
making and disease monitoring of CVD. It can use both image
data as well as clinical biomarkers. This would enhance precision
phenotyping and more accurate classification of diseases and
thus potentially a better understanding of diseases.”®

CARDIOVASCULAR DISEASES

Implementation of all of the above in daily clinical practice is
largely still lacking. We will now provide an overview of the
possibilities where quantification offers in specific cardiovas-
cular diseases (atherosclerosis, coronary artery disease, cardiac
amyloidosis and sarcoidosis, and in cardiovascular inflammation
and infection), and we will describe the current use of quantifi-
cation in daily practice. This review will not focus on the various
radiotracers used in the different disease; however, an overview
of studied and clinically used radiotracers is provided in Table 2.

Atherosclerosis

Atherosclerosis is a chronic inflammatory condition marked by
formation of fibrofatty lesions in arterial walls. Calcium miner-
alization in the atherosclerotic artery further solidifies plaque
formation causing narrowing of the vessel.”” Several studies
have shown the potential of PET technology using ['*F]JFDG
or particularly Na['®F]F as early markers for cardiovascular
disease or adverse events.”*> The combination of metabolic
imaging through PET in anatomical context enables earlier risk
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Figure 1. Illustrative image regarding dynamic PET acquisition and parametric image analysis using an LAFOV PET/CT system
in cardiovascular disease. Dynamic imaging was performed using an LAFOV PET/CT scanner with a 106 cm field-of-view in this
patient with suspected vasculitis. A 65min dynamic acquisition was started simultaneously with the intravenous injection of ['®F]
FDG. PET data were reconstructed using 31 frames as follows: 6 x 10sec, 3 x 20sec, 6 x 30sec, 5 x Tmin and 11 x 5min. Series
A through D shows different frames: frame 4, 30-40sec (a), frame 15, 270-300sec (b), frame 23, 20-25min (c) and frame 31,
60-65min (d). In D, arrows indicate three regions suspicious for vasculitis: red for the ascending aorta, green for the aortic arc
and blue for the carotid artery. E shows the time activity curve for the different volumes of interest: the three vasculitis regions,
the liver reference region and the descending aorta (which is also the image derived arterial input curve). F shows a schematic of
Patlak linearisation using the image derived input curve from the descending aorta and the different tissue time activity curves
from E to obtain the net influx rate (Ki). G shows the parametric Ki image, in H you can see the segmented VOIs. LAFOV = long
axial field of view, ['®F]FDG = 2-deoxy-2-[18F]fIuoro-D-qucose, PET = positron emission tomography, Ki = tracernet influx con-
stant, VOI = volume of interest.
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Figure 2. Example output of the cardiovascular system from an artificial intelligence segmentation model. Different sections of
the cardiovascular system can be segmented from CT scans. These segmentations can be used to quantify radiotracer uptake in
the specific regions. This may possibly speed up quantitative research in cardiovascular diseases tremendously and potentially
provide accurate and standardised quantitative analyses of these diseases for primary diagnosis and disease monitoring. Output
results should be properly checked and adjusted if needed (see iliac artery). Segmentations are acquired with a previously pub-
lished, open-source Al model from Wasserthal et al.3® Al = artificial intelligence.
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assessment than current late-stage atherosclerotic imaging used
for risk profiling.**

Multiple quantitative metrics have been used, such as SUV,,,,,
SUVinean, TBRax the Alavi-Carlsen calcification score (ACCS),
and the coronary microcalcification activity (CMA).***" The
common metrics (SUV,,,, and TBR) are prone to image noise
and manual error. The ACCS uses Al segmentation of the entire
heart to calculate the mean SUV of Na['®F]F uptake.46 The CMA
is a similar score using Na['®F]F to measure both the per vessel
and per patient plaque burden.*’” In a retrospective cohort,
patients with a CMA of 0 had 0% incidence of fatal or non-fatal
myocardial infarction. A CMA threshold of 1.56 may identify
high-risk patients as higher values were associated with an over
sevenfold increase in the incidence of myocardial infarction.*®
When interpreting above scores, it should be considered that
uptake of ["®*F]FDG and Na['®F]F could also be caused by other
diseases, like vasculitis or cardiac amyloidosis, as described later
in this review.

CT is still acknowledged as the most accurate and reliable
modality for quantification of stenosis and coronary plaque

burden.* PET could prove useful in clinical practice for imaging
of vulnerable plaques with improved spatial resolution and
reduced motion artefacts, but more clinical trials are needed. In
combination with MRI, content of plaques could potentially be
evaluated while PET tracers could assess the degree of plaque
activity.”® Furthermore, LAFOV PET provides the opportunity
of dynamic imaging and kinetic modelling not only in the coro-
nary arteries but also in larger vessels. This gives the potential
to quantify total body microcalcification activity burden.*>**
Besides, a direct comparison between vessels can be made,
which would be of great interest as the morphological charac-
teristics of atherosclerotic plaques and their stability vary across
the vascular tree.”’ However, robust, automated segmentation
models of the vascular tree are pivotal for this application as
manual segmentation would be too labour intensive. Total body
microcalcification activity scores could improve personalised
risk assessment and monitoring.*' Furthermore, since the 2016
European Association of Nuclear Medicine (EANM) position
paper, no major changes in standardisation or recommendations
have been done for molecular atherosclerotic imaging and an
update of is needed.*
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Table 2. Radiopharmaceuticals used in specific diseases

Tingen et a/

Radiopharmaceuticals Abbreviation
Atherosclerosis

PET

2-deoxy-2-["*F]fluoro-D-glucose ["*F]FDG
Sodium ['*F]fluoride Na['®F]F

Coronary artery disease

SPECT

[**™Tc]-2-methoxyisobutylisonitrile

[*™Tc]-sestamibi

[gngc]—1,2-bis[bis(2-ethoxyethyl) phosphino] ethane

[#°™Tc]-tetrofosmin

(*°'T])thallium monochloride ?°'11)Cl
PET

Rubidium-82 82Rb
[**N]Jammonia [’NINH;
[**O]water [O]H,0
['®F) flurpiridaz ['*F) flurpiridaz
Sodium ['*F]fluoride Na['*F]F

8Gal-fibroblast activation protein inhibitor 04

[°%Ga]FAPI-04

['#*1]-amyloid-reactive peptide

["**I]AT-01

Cardiac amyloidosis

SPECT

[®™Ic]-pyrophosphate

[*™Tc] Te-PYP

[*™Tc]-3,3-diphosphono-1,2-2-propanodicarboxylic acid

[*™Tc] Te-DPD

[®™Ic]-hydroxy-methylene-diphosphonate

[**™Tc] Te-HDP

1] -meta-iodobenzylguanidine [*IImIBG
PET

[”C]—Pittsburgh compound B ["'C]pIB
['®F]-Florbetaben ['*F]FBB
['8F]-Florbetapir ['*F]FBP
['®F]-Flutemetamol ["*F]FMM
Sodium ['*F]fluoride Na['*F]F

[°®Ga]-fibroblast activation protein inhibitor 04

[°Ga]FAPI-04

['**1]-amyloid-reactive peptide

["*1]AT-01

Cardiac sarcoidosis

SPECT

[%”Ga]-citrate

[¥"Ga]-citrate

[®™Ic]-2-methoxyisobutylisonitrile

[*°™Tc]-sestamibi

[gngc]—1,2—bis[bis(Z-ethoxyethyl) phosphino] ethane

[*°™Tc]-tetrofosmin

PET
2—deoxy—2—[ISF]ﬂuoro-D—glucose [“FIFDG
["*NJammonia [°NINH;

[%%Ga] -DOTA-Tyr(3)-Thr(8)-octreotate

[%8Ga]-DOTATATE

[°®Ga]-DOTA-Nal-octreotide

[%8Ga]-DOTANOC

(Continued)
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Radiopharmaceuticals

Abbreviation

[%%Ga] -DOTA-Tyr-octreotide

[°Ga]-DOTATOC

! 1C]palmitate

! 1C]palmitate

['8F]-fluoromisonidazole

['®F]-EMISO

[°®Ga]- / [18F]-fibroblast activation protein inhibitor 04

[®Ga]FAPI-04 / [18F]FAPI-04

3’-deoxy-3’-["®F]fluorothymidine [*SF]FLT
Large vessel vasculitis

2—deoxy727[ISF]ﬂuorofD—glucose ["FIFDG
Cardiovascular infection

2—deoxy—2—[lgF]ﬂuoro—D—glucose ["FIFDG
[®mTc] -leucocytes / [M'In] -leucocytes WBC

PET, positron emission tomography; SPECT, single-photon emission computed tomography.

Coronary artery disease

In CAD, atherosclerotic plaques narrow or obstruct coronary
arteries, impairing heart oxygenation, and causing diverse clin-
ical syndromes (i.e., (un)stable angina and myocardial infarc-
tion).”* Invasive coronary angiography was commonly used for
CAD evaluation in the past, but recent trials have shown that not
all patients benefit from this approach.”>>* Molecular imaging
modalities offer a non-invasive way to assess heart perfusion,
improving evaluation, stratification, and prognosis.

Currently, the non-invasive gold-standard metrics for myocar-
dial perfusion are the myocardial blood flow (MBF) at rest
and stress, and coronary flow reserve (CFR). These metrics are
proven to correlate with the basal and hyperaemic blood flow
supply, and blood flow augmentation in response to increased
contractility requirements, respectively.”> However, conven-
tional SPECT systems do not provide accurate tracking of tracer
concentration over time.”® This limits clinical evaluation to visual
assessment and suboptimal quantitative metrics (e.g., summed
rest score) that estimate the presence and burden of ischemic and
infarcted tissue.” New generation devices with solid-state detec-
tors (CZT SPECT) offer improved sensitivity and spatial resolu-
tion, enabling more accurate estimation of MBF and CFR with
preliminary results comparable to the current gold standard.””*®

MBF and CFR values are already routinely estimated on PET.”
However, the precision and reproducibility vary depending on
the radiotracer used. Although® Rb is the most common tracer,
it has a suboptimal non-linear relationship with MBE®! On-site
(“mini”) cyclotrons and dedicated PET systems could facilitate
the use of tracers with better kinetics such as ['**O]H,0 and [*N]
NH,. 1362

Another critical challenge for quantification of CAD is cardiac
and respiratory motion artefacts, in addition to whole body
motion. These factors cause misalignment between cardiac CT/
MRI and cardiac PET images, leading to inaccurate estimation
of time activity curves and image-based arterial input func-
tion. At the moment, no validated generic methodology exists

to overcome motion in dynamic imaging, necessitating further
research in this area.®®

Cardiac amyloidosis

In cardiac amyloidosis (CA), misfolded proteins progressively
deposit in the extracellular matrix. The most common types
are light chain (AL) and transthyretin (ATTR) amyloidosis.64
Recently, treatment options for ATTR amyloidosis patients with
cardiomyopathy (ATTR-CA) have expanded,” necessitating
accurate assessment methods for disease progression and treat-
ment response, like quantitative molecular imaging, to guide
therapy.

Bone scintigraphy is currently the only molecular imaging
modality clinically used in CA and is considered the corner-
stone of non-invasive diagnosis of ATTR-CA.%* Although
several cardiac TBRs on planar images have been studied, only
visual scoring is used in clinical practice.***® To overcome the
influence of extracardiac radiotracer uptake on TBRs on planar
images, efforts have been made to perform quantified SPECT.*!?
Recent studies suggest quantified SPECT provides clinically
relevant results and might outperform planar quantification
techniques.™ Additionally, therapy-related changes in cardiac
radiotracer uptake have been detected using SPECT quantifi-
cation,”” "% while visual scoring was deemed unsuitable for this
purpose”” (Figure 3).

Quantitative bone scintigraphy may pave the way for quantita-
tive [2’I)mIBG scintigraphy. ['*1]mIBG is used to assess cardiac
denervation in a research setting’? but is currently only quan-
tified by calculating TBRs on planar images,’* similar to bone
scintigraphy.

For clinical implementation of quantified SPECT in CA, regular
quality controls incorporating a national institute of standards
and technology (NIST) traceable calibration source should be
performed in all centres to ensure interinstitutional reproduc-
ibility in measurements.”® Next, reproducibility and implications

7 of 15 birpublications.org/bjr

Br J Radiol;96:20230704

20z ABIN 0E UO Josn ajuem] Y8YsIonIun A 0E0661.2/¥0.L0€20Z/2S | 1/96/9101Me/lq/wo0 dno oW pese//:sd)y Wolj papeojumoq


http://birpublications.org/bjr

BJR Tingen et al

Figure 3. Example case of a serial [°°™Tc]-DPD bone scintigraphy in a wild type ATTR amyloidosis patient. Whole body anterior
planar images before (a) and after (d) 6 months treatment with 61mg tafamidis and quantitative SPECT/CT scans before (b) and
after (c) treatment. Visual assessment of planar images suggests a decrease in cardiac tracer uptake despite unchanged Perugini
score, this decrease is reflected by a decrease in myocardial SUV,,5x and myocardial TBR on quantified SPECT scans indicating
the potential of quantified SPECT in the follow-up of patients compared to visual assessment of planar images. This image was
adapted from Zhao, et al”' and reprinted under the terms of the Creative Commons CC BY license. DPD = 3,3-diphosphono-1,2-py
rophosphate, ATTR = transthyretin amyloid, SPECT = single-photon emission tomography, SUV = standardised uptake value, TBR

= target-to-background ratio.

Pre-treatment

11.95
7.04

Perugini SUVmax
grade 2 TBR

of quantified bone scintigraphy and ['**1)mIBG should be evalu-
ated in large multicentre studies.

PET quantification in CA is limited to research settings. Six PET-
tracers have been investigated.74 Retention index (RI), TBR, and
SUVpax are frequently used measurements to assess amyloid
load on static and dynamic PET and can be used to distin-
guish the subtypes of CA and healthy controls in [*'C]PIB”>°
and Na["*F]F PET.**"® Kinetic modelling improved diagnostic
accuracy of ['®F]FBB-PET for CA in one study using a two-
tissue irreversible kinetic model,”* exceeding results of previous
studies.**® Although quantitative PET shows promise for moni-
toring CA, only two case series with conflicting results have been
described.®%

Large multicenter studies are necessary to validate PET in clin-
ical care. Additionally, the effect of kinetic modelling on diag-
nostic accuracy should be assessed for all studied radiotracers.
The effects of cardiac and respiratory motion correction on
outcomes should be assessed for quantitative SPECT and PET,

Post-treatment
6 months of 61 mg tafamidis

SUVmax  9.04
TBR 4.15

Perugini
grade 2

as movement artefacts are to be expected in the cardiac region
of interest.

Cardiac sarcoidosis

Sarcoidosis is an inflammatory disease that affects multiple organ
systems and is characterised by noncaseating granulomas in the
affected organs.5 Clinical diagnosis of cardiac sarcoidosis (CS)
is made in approximately 5% of sarcoidosis patients; however,
autopsy studies show a much higher prevalence.¥’® As CS
accounts for 13-85% of deaths in sarcoidosis patients, reducing
underdiagnosis is crucial to improve outcomes in this group.

Multiple diagnostic criteria and consensus papers are used to
diagnose CS, with differing roles for radionuclide imaging.**!
While visual inspection of [’Ga]-citrate scintigraphy and
SPECT was previously used, ['**F]JFDG PET is now preferred for
its higher sensitivity and better spatial resolution.® Although it
is not recommended as the first-line diagnostic technique, ['*F]
FDG PET can aid in the staging process by differentiating active

8 of 15 birpublications.org/bjr

Br J Radiol;96:20230704

20z AeN 0g uo Jasn ejuam] yeysIaAuN Ag 0€0661./70L0£202/2S ) 1/96/9101Ke/la/woo dnoolwapede)/:sdiy Wolj papeojumoq


http://birpublications.org/bjr

The clinical value of quantitative cardiovascular molecular imaging

(reversible) lesions from fibrotic (irreversible) lesions and is the
first-line imaging modality to assess treatment response.’*

Apart from visual scoring, various quantitative metrics for
['"®F]FDG have been studied in CS, such as SUVy.0 SUViean
SUV,ota» Patlak slope Ki parameters, TBRs, cardiac metabolic
volume (CMV), and cardiac metabolic activity (CMA). While
elaborate head-to-head comparisons of these metrics are lacking,
data suggest superior performance to visual assessment.>”!
Combining quantitative metrics with visual assessment is
recommended for clinical practice, and SUV,,, and CMA have
been proposed.®*°

Combined assessment of ['**F]FDG PET and myocardial perfu-
sion imaging (MPI) is currently recommended for disease staging,
but may also have a crucial role in the assessment of therapy
response in the future. MPI PET is preferred over MPI SPECT
for detecting the small perfusion defects present in CS patients.®
Reduction of SUV,,,, and volume of inflammation (volume of
voxels with a SUV,,,,, above a predetermined threshold) have
been associated with improvement in outcomes®>** and a change
of 220% in both parameters is suggested to be clinically signifi-
cant.” However, further research is required on this topic.”®

Furthermore, recent ["*F]JFDG studies indicate improved accu-
racy for hybrid PET/MRI systems in diagnosing and staging
CS patients.”” > PET/MRI can be particularly useful for cases
where myocardial ["*F]FDG uptake suppression fails, as the MRI
signal can serve as an alternative evaluation tool. Additionally,
multiple radiotracers with no physiological cardiac uptake, such
as [®®*Ga]DOTATOC,'® are being studied to address the issue
of failed myocardial ['"®*F]JFDG uptake suppression. Further-
more, the use of radiomics in PET'' and/or MRI'®* could
further enhance automation of analysis, AUC and accuracy.
Further studies are needed to explore the role of PET/MRI in
CS diagnosis, prognostic staging, and monitoring of therapy
response.>?*?21%% Additionally, the value of motion correction
should be investigated.

Large vessel vasculitis

Large vessel vasculitis (LVV) is a group of diseases that are charac-
terised by inflammation of the large and medium-sized arteries.
The main types are giant cell arteritis (GCA) and Takayasu Arte-
ritis (TAK), which typically differ in its localisation and age of
onset. Accurate and timely diagnosis are vital in LVV to prevent
permanent vascular and end-organ damage. Diagnosis is chal-
lenging because there are no disease-specific signs, symptoms, or
diagnostic tests. In addition, it is difficult to predict response to
therapy and potential adverse effects.

["*F]FDG PET/CT is an established diagnostic tool for LVV,
showing increased uptake in the inflamed arterial wall.'** Typical
high-intensity uptake in a circumferential pattern is highly char-
acteristic of LVV. The current recommended method for ['®F]
FDG uptake intensity is a visual comparison with liver uptake
on a0 to 3 scale.'” This is the most established method due to
its simplicity. However, many other methods, e.g., SUV and TBR
measurements, have been described in literature and occasionally

BJR

show better diagnostic performance.!” Various background
tissues have been evaluated, including the liver, inferior caval
vein, superior caval vein, and internal jugular vein. A TBR using
the liver SUV,,, as background may have the highest diagnostic
accuracy for LVV, but nonetheless remains inferior to visual
assessment.'”” The use of radiomic features and Al may provide
a more consistent quantitative assessment approach.wg’m9

Increased uptake on ['®*F]JFDG PET/CT has also been shown to
be associated with increased aortic dimensions and a higher risk
of aortic complications."'®!'! Additionally, GCA patients may
have persistent vascular ["*F]JFDG uptake during follow-up.'!?
Both prognostic imaging and monitoring scans may benefit from
quantification as this may allow for more accurate comparison
between patients and subsequent scans.

Standardisation of quantitative parameters is vital for the imple-
mentation of these parameters into clinical practice. Addition-
ally, manual segmentation of the arterial tree and calculating
uptake values is significantly more time-consuming than visual
assessment. This could be resolved using future implementation
of Al models.

It should be noted that factors such as serum glucose levels,
renal clearance, fat mass, and the use of glucocorticoids also
influence the outcome in quantitative parameters.'’”''® Besides,
atherosclerosis causes increased uptake in the arterial wall as
well, making differentiation with LVV challenging.''* Especially
in patient monitoring, these factors influence the diagnostic
accuracy of ["*F]JFDG PET.!"® Future standardised quantita-
tive methods for LVV should account for these factors affecting
tracer kinetics.

Cardiovascular infections

Cardiovascular infections encompass a wide range of
diseases affecting different parts of blood vessels and the
heart, including the endocardium, myocardium, and peri-
cardium,''® resulting in diverse and potentially nonspe-
cific symptoms.!'®!7 Despite therapeutic advancements,
cardiovascular infections continue to have a high mortality
rate.!'”!'® Therefore, prompt and accurate diagnosis is
crucial.

Nuclear medicine has an established role in the diagnostic workup
and imaging of cardiac infections, such as endocarditis, cardiac
device related infections,'”® and vascular graft infections.'””
Frequently used are [8F]FDG PET/CT and white blood cell (WBC)
scintigraphy.

In general, interpretation of [F]FDG PET/CT in cardiovascular
infections is based on visual analysis. Focal, heterogeneous uptake,
persisting also on the non-attenuation-corrected images, suggests
infection. Various quantitative metrics have been studied in diag-
nosing cardiovascular infections with ['*F]JFDG PET/CT, including
TBR, SUV,ealo SUVinayo and visual grading scales.!*12 A meta-
analysis found focal uptake and SUV,, to be the most accurate indi-
cators of vascular graft infections.'*!
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For prosthetic valve endocarditis, results on the use of quantitative
metrics are mixed. While some studies have shown high diagnostic
accuracy for quantitative metrics,'?>'# visual analysis remains the
preferred method of PET/CT analysis for suspected endocarditis.
Quantitative metrics may serve as an adjunct in cases of inconclusive
visual analysis.

In a recent study for suspected infection of a left ventricular assist
device (LVAD), SUV,,, reliably predicted driveline infections with
improved diagnostic accuracy compared with visual analysis. For the
central device components, TBR with liver as background showed
significantly higher diagnostic accuracy than visual analysis (sensi-
tivity 1.00 vs 0.75, specificity 0.80 vs 0.60)."** However, future confir-
mation is required for standardised use of these metrics in clinical
practice.

['8F]EDG is a nonspecific radiotracer unable to differentiate
between infection and inflammation on single static images.
One small study with dual time point imaging has been
performed, suggesting a RI cut-off of >20% to distinguish
infection form inflammation in suspected aortic graft infec-
tions.'?* Further studies are needed to determine if dynamic
imaging or bacteria-specific radiotracers offer added value.

Scintigraphy with radiolabelled WBCs could serve as an alternative
to ['®F]JFDG PET as infection can be distinguished from inflamma-
tion by tracking radiotracer uptake over time.'** When uncertainty
persists after visual assessment, quantitative measurements can be
performed. An increase in TBR ., by atleast 10% over time suggests
the presence of an infection.'*

Large clinical studies are required to validate the utility of quantitative
measures in improving the accuracy and efficiency of diagnosis and
treatment monitoring for cardiovascular infections. Furthermore, the
effect of motion correction should be evaluated.

DISCUSSION & FUTURE PERSPECTIVES

This review aimed to give an overview of the latest advances in quan-
titative molecular cardiovascular imaging and to identify the chal-
lenges to overcome before full clinical implementation is possible.
An overview was given of the currently used quantification methods
in clinical and research settings and the recent technical advances
in acquisition and reconstruction of camera systems. Besides, for
each cardiovascular disease the latest developments in terms of

Tingen et al

quantification and challenges to overcome to implement into clinic
were presented.

Radionuclide imaging could be a revolutionary step towards preci-
sion medicine. Its ability to look into physiological processes within
the body led to new opportunities and continues to have tremendous
undiscovered potential. A large challenge in radionuclide imaging is
accurate and precise quantification.”'?” Current clinical recommen-
dations are primarily visual analysis of the images.” As shown in this
review, for all cardiovascular diseases a tremendous work of research
has been done to find the most optimal quantitative parameter for
diagnosis, treatment response prediction, and patient monitoring.
However, study design and results may greatly vary among studies.
Also, the fast-developing technical advances make it even more
challenging to properly standardise quantification. Nonetheless, it
is essential to standardise quantification methods in cardiovascular
molecular imaging for full empowerment of precision medicine.

First of all, to get interscanner and interinstitutional comparable
results, it is advised to regularly follow existing procedure guide-
lines for cardiovascular imaging, including standardised proto-
cols for patient preparation, image acquisition, and reconstruction
settings.”!#32°71051%6 Second, we recommend guidelines per cardio-
vascular disease for standardised quantification in currently used
clinical images to increase homogeneity in research and to get strong
evidence for precision medicine. Third, possibilities of technical
advances should be extensively explored. For example, organ crosstalk
with the recently developed LAFOV PET system*"?’; use of motion
correction and ECG-gated reconstruction methods; state-of-the-art
PET/MRI systems for quantification of metabolic changes compared
to systemic changes in the heart and blood vessels and the use of MR
images to compensate for cardiac and respiratory motion®; calibra-
tion of SPECT systems for quantitative uptake values'?; and Al to
increase the speed of labour-intensive quantification tasks, improve
image quality, or reduce the amount of administered radiotracer
activity. The EANM, Society of Nuclear Medicine and Molecular
Imaging (SNMMI), and European Association of Cardiovascular
Imaging (EACVI) also recommend the use of Al and radiomics in
studies.'®'?® Automation of time-consuming and prone-to-human-
variability steps can lead to more objectively determined param-
eters. See Table 3 for more items to be addressed for improvement
of quantification and implementation into clinical practice. This can
be translated in a better understanding of the physiology behind
cardiovascular diseases. Clinically, it may give the opportunity to

Table 3. Items to be addressed for improvement of cardiovascular molecular imaging quantification and implementation into

clinical practice

1. Standardisation of quantification methods and parameters per cardiovascular disease in static and dynamic PET and SPECT

2. Standardisation of calibration methods for quantitative SUV SPECT

3. Solutions for cardiac and respiratory motion

4. Exploration of the added value of dynamic imaging in cardiovascular imaging

5. Use of Al segmentation models in research studies for more robust delineation of the target of interest, including smaller vessel diameters
6. Evaluation of the added value of (quantitative) hybrid PET/MRI for cardiovascular diseases

7. Development of cardiovascular disease specific radiotracers

Al = artificial intelligence, MRI = magnetic resonance imaging;PET = positron emission tomography, SPECT = single-photon emission computed

tomography, SUV = standardised uptake value.
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assess the type and dose of treatment per patient; to predict treatment
response of the patient; to evaluate the progression of the patient; and
to improve interinstitutional and intermanufacturer quantification.

To conclude, many studies have been done recently to improve
quantitative molecular cardiovascular imaging. Besides, tech-
nical advances pave the way for more objective, more accurate,

BJR

and more robust measurements. However, for all cardiovascular
diseases it is of utmost importance to get standardised quan-
titative metrics to achieve more evidence by larger and more
homogeneous (prospective) studies and definition of normal
and abnormal cut-off values. This will lead to improved stratified
precision medicine in terms of improved diagnosis, prediction of
treatment response, and patient monitoring.
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