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RESUME

Quantification de la plaque athérosclérotique chez les personnes agées avec la
tomographie d'émission par positrons et la tomodensitométrie

Par
Mamdouh Saud A. Al-Enezi

Programme de sciences des radiations et imagerie biomédicale

These présentée a la Faculté de médecine et des sciences de la santé en vue de
I’obtention du diplome de philosophiae doctor (Ph.D.) en science des radiations et imagerie
biomédicale, faculté de médecine et des sciences de la santé, université de Sherbrooke,
Sherbrooke, Québec, Canada, J1IH 5N4

L'athérosclérose est une maladie cardiovasculaire inflammatoire qui est devenue la
premiere cause de morbidité et de mortalité dans les pays développés et parmi les principales
causes d’invalidité au monde. Elle se caractérise par 1’épaississement de la paroi vasculaire
artérielle suite a 'accumulation de lipides et le dépot d'autres substances au niveau de I’intima
(endothélium) pour former la plaque d’athérome. Avec 1'age, cette plaque peut grossir, se
calcifier et ainsi rétrécir le calibre de 'artére pour diminuer son débit et a un stade avancé de
la maladie, elle peut se rompre et obstruer les petites arteres dans n'importe quelle partie du
corps causant des complications aigues, y compris la mort soudaine.

L'objectif de cette thése est de pouvoir détecter l'inflammation de la plaque
athérosclérotique quantitativement avec la TEP/TDM dans le but de prévenir son
détachement. Les mesures avec la TDM et la TEP avec le '8F-FDG ont été acquises chez des
sujets humains agés de 65 a 85 ans. Des analyses quantitatives ont été conduites sur les
images de TDM en fonction de l'intensité et des étendues des calcifications, et sur les images
de la TEP pour évaluer le métabolisme des plaques. L'effet des traitements par les statines a
aussi ét¢ étudié. Au-dela la couverture de cette étude de facon détaillée au niveau
physiologique en corrélant différents parametres des plaques, et au niveau méthodologique
en utilisant de nouvelles approches pour l'analyse pharmacocinétique, il en ressort
principalement la suggestion de la détection de la vulnérabilité de la plaque artérielle par la
TDM, plus disponible et moins coliteuse, en remplacement des analyses biochimiques,
surtout la protéine C-réactive (CRP) considérée étre la méthode standard.

Mots clés : TEP/TDM; Athérosclérose; Inflammation; Calcification; Plaque; Plaque non
calcifiée; 8F-FDG; !8F-NaF.



SUMMARY

Quantification of atherosclerotic plaque in the elderly with positron emission
tomography/computed tomography

By
Mamdouh Saud A. Al-Enezi

Program of radiation sciences and biomedical imaging

Thesis presented at the Faculty of medicine and health sciences for the obtention of
Doctor degree diploma philosophiae doctor (Ph.D.) in Radiation sciences and biomedical
imaging, Faculty of medicine and health sciences, Université de Sherbrooke,
Sherbrooke, Québec, Canada, J1IH 5N4

Atherosclerosis is an inflammatory cardiovascular disease considered the leading cause
of morbidity and mortality in developed countries and among the leading causes of disability
worldwide. It is characterized by the thickening of the arterial vascular wall due to the
accumulation of lipids and the deposition of other substances in the intima (endothelium) to
form atheroma plaque. With age, this plaque can grow larger, calcify and thus narrow the
size of the artery to decrease blood flow and at an advanced stage of the disease, it can
rupture, be transported by blood and block the small arteries in any part of the body causing
acute complications, including sudden death.

The objective of this thesis was to be able to detect the inflammation of the atherosclerotic
plaque quantitatively with PET/CT in order to prevent its detachment. Measurements with
CT and PET with ®F-FDG were acquired in human subjects aged 65 to 85 years.
Quantitative analyzes were performed on CT images based on the intensity and extent of
calcifications, and on PET images to assess plaque metabolism. The effect of statin
treatments has also been studied. Beyond the coverage of this study in a detailed manner at
the physiological level by correlating different parameters of the plaques, and at the
methodological level by using new approaches for pharmacokinetic analysis, it mainly
emerges the suggestion for the detection of the vulnerability of the arterial plaque by CT
alone, more available and less expensive, replacing biochemical analyzes, especially C-
reactive protein (CRP) considered to be the standard method.

Keywords: PET/CT; Atherosclerosis; Inflammation; Calcification; Plaque; Non-calcified
plaque; 'F-FDG; '8F-NaF.
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1. INTRODUCTION

Atherosclerosis is an old disease recognized since antiquity. Leonardo da Vinci (1452—
1519) is among the first who described atherosclerosis disease by stating that “vessels in the
elderly restrict the transit of blood through thickening of the tunics.” (Davies and Eollman,
1996). It was then known as atheroma, a Latin word which was first used by Albrecht von
Halles in 1755 to designate the plaque attached to the innermost layer of the arterial wall
(Meyer, 2001). In 1768 the British William Heberden described angina symptoms and in
1799 his compatriot Caleb Hillier Parry recognized the cause of angina as impairment of the
vascular supply by conducting experiments on sheep (Slijkhuis, Mali and Appelman, 2009).
The word atherosclerosis, however, is a Greek word introduced by Marchand in 1940
(Konstantinov, Mejevoi and Anichkov, 2006) to describe the association of fatty
degeneration and vessel stiffening which are the two main plaque components, because of
this, the name “Atherosclerosis” is nowadays the mostly used term. "Athero" means gruel or
porridge and it refers to soft lipid rich material in the center of the plaque (atheroma) and
sclerosis means scarring and refers to connective tissue in the plaque (Virmani et al., 2006).

Atherosclerosis was generally identified as a stenosis phenomenon.

Flow-limiting stenosis is affected by both the outward and inward progressive growth of
the plaque. This 1s known as an arterial remodeling and it was first explored by Seymour
Glagov (Glagov et al., 1987), who demonstrated that as long as the stenosis of lumen is less
than 30-40% of lumen area, the lumen area is independent of the stenosis “plaque”,
suggesting a correspondence enlargement of the arterial lumen (remodeling). However, the

arterial enlargement would not pace with the increased stenosis afterword.

In physiological point of view, atherosclerosis has been described throughout different
theories starting from thrombogenic theory that was developed by Carl von Rokitansky based
on the roles of thrombosis and platelets in the initiation of atherosclerosis (Mayerl et al.,
2006). The second theory was a lipid infiltration theory by Anitschkov and Chalatov, that is
based on the plasma lipids and their contribution in the initiation of plaques (Westerlind et
al., 2019). The advanced theories incorporated the role of the immune response with a

complexity processes involving various types of immune cells (inflammation) including
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monocyte-derived macrophage, which forms foam cells in the arterial intima, T
lymphocytes, mast cells, coagulation proteins and atherosclerosis signaling molecules, all of
which change over time. Inflammatory theory proposed by Rudolf Virchow was stating that
atherosclerotic plaque is a result of an inflammatory process within the intima (Westerlind
et al., 2019). The response-to-injury theory by Russel Ross, which is the last and most
accepted theory stated that the endothelial layer injury is the first step in atherosclerosis,
which could be caused by several factors including hyperlipidemia and shear stress in
hypertension. Focal endothelium damage causes massive infiltration of platelet factors,
plasma lipoproteins (low density lipoprotein “LDL”) and others in the circulation at the site
of injury leading to focal proliferation of smooth muscle cells (SMCs) and deposition of
oxidized LDL (ox-LDL). Regression of the lesion occurs only if there is a balance between
injury and tissue response, while the imbalance would lead to the progression. This
imbalance caused by chronic inflammatory response (gradual onset and long duration) which

results in an advanced and complicated lesion (Ross, 1999).

Summarily, atherosclerosis is a disease characterized by chronic inflammation of the
arterial wall. The inflammation is initiated as a result of endothelial dysfunction, in the
response to platelets aggregation and subendothelial retention of plasma-derived
apolipoprotein B containing lipoproteins (oxidatively modified) (Yia-Herttuala et al., 1989;
Williams and Tabas, 1995, 1998; Tabas, Williams and Borén, 2007; DuRose ef al., 2012).

The consequence is atherosclerotic plaque formation and progression (Figure 1.1).

Endothelial layer dysfunction ‘5
(increase permeabhility) m

LDL accumulation
(fatty streak formation)

Clinically silent

Plaque progression

Atheromatous plaque

Advanced plaque

Clinically overt

Ruptured plaque

Figure 1.1 A display of atherosclerosis progression steps (adapted from
https://en.wikipedia.org/wiki/Atherosclerosis).


https://en.wikipedia.org/wiki/Atherosclerosis

Parallel with efforts made in studying a cause of plaque formation and since the plaque
could be asymptomatic or symptomatic under specific physiological and mechanical
conditions (Figure 1.2), vulnerable plaque concept was introduced as non-obstructive lesion

(Muller, Tofler and Stone, 1989).

—
Thick fibrous cap =
Small lipid necrotic core Tuin. Merous cap
Highly calcified plaque . Intraplaque hemorrhage
; =4 Asymptomatic Large lipid necrotic core
<29 % Stenosis Neovascularization
Intraplaque hemorrhag_:. Symptomatic = Spotty or Mirco -calcified plaque
2 70% Stenosis
Dense macrophages infiltration
e

Figure 1.2 Signs of asymptomatic and symptomatic atherosclerotic plaque.

The vulnerable plaque is characterized by a large necrotic core with a thin cap (Virmani
et al., 2006), macrophage infiltration, outward remodeling, micro-calcification, intraplaque
neovascularization (Dweck et al., 2016a), hemorrhage (Michel et al., 2014), and a large
stenosis > 70% (Narula et al., 2013; Hori et al., 2019). Histological studies of coronary
arteries extracted from patients who passed-away of acute atherosclerotic coronary
syndromes demonstrated that the vulnerable plaques are also characterised by the presence
of macrophages, lymphocytes, and mast cells (Kohichi ez al., 1985). Their presence indicates

the ongoing inflammatory cascade, which could be a cause of disrupted plaque (Figure 1.3).
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Figure 1.3 Major vulnerable plaque characteristics.

Atherosclerosis remains a major cause of morbidity and mortality worldwide (Figure 1.4),
despite tremendous effort of diagnosing, prevention and treatment (Benjamin et al., 2018).
The key step toward the prevention of atherosclerosis complication and yielding better
outcomes for patients is the early detection and high-risk plaque identification. Identifying
high risk plaque went through several approaches including risk stratification, presence, and
level of specific biomarkers as well as imaging some crucial features, such as plaque

calcification.

T ————+ Cerebral infarction

= Carotid artery stenosis f
and Cerebral infarction i
— ; + Myocardial infarction and Heart failure

= Chronic kidney disease
* Abdominal aortic aneurysm

+ Peripheral vascular disease

+ Critical limb ischemia and Gangrene

Figure 1.4 A display of major complication sites of Atherosclerosis, adapted from
(Calcagno and Fayad, 2020) with permission from Edizioni Minerva Medica.

1.1 Risk scores

The accurate identification of individuals at risk is a fundamental goal to prevent such

complications and offers an appropriate treatment in an appropriate time, based upon known
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risk factors. In this context, there are about 110 different risk score methods (Liew, Doust
and Glasziou, 2011; Ruwanpathirana, Owen and Reid, 2015), all of which depend upon

some traditional factors such as smoking, high blood pressure, and high cholesterol.

The reference standard score is Framingham Risk Score (FRS), which was first published
in 1976 (Kannel, McGee and Gordon, 1976) to measure the risk estimation over 10 years.
However, all risk factors including FRS are predictors of cardiovascular events in 10 to 30

years and not at the time of examination and do not perform well for an individual patient.

1.2 Biomarkers
Atherosclerosis is a systemic inflammatory disease (Ross, 1999), where in every step of
atherosclerosis process, the immune cells are directly involved. Therefore, a wide variety of
systemic biomarkers are available for atherosclerosis. The measure of biomarkers in the
blood is easy with low cost and widely available. These particular merits make them of great
interest for atherosclerosis and efficacy of therapy, thus, there are on regular basis new
biological markers being discovered. The most popular are individually discussed in the next

paragraphs.

Lipoprotein: the initial step of atherosclerotic plaque formation is a focal accumulation
of lipids. The lipids usually carried in association with a specific protein called apoprotein
and the mix of those known as lipoprotein. The lipoproteins are categorised based on the
density as very-low-density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-
density lipoprotein (HDL).

Myeloperoxidase and triglycerides: the role of oxidized LDL in the formation of
atherosclerotic plaque was validated (Goldstein and Brown, 2015) and shown to be
internalized by macrophage scavengers which led to the formation of foam cells (Birukov,
2006). Myeloperoxidase levels was shown to be linked to elevated oxidative stress,
inflammation and the mortality rate (Ramachandra et al., 2020). Elevated triglycerides were
also suggested to be another independent risk factor for atherosclerosis complication (Sarwar

etal.,2007).
High-density lipoprotein (HDL): HDL is thought as a protective by promoting lipid

efflux and reduce plaque size (Linton et al., 1950). Adiponectin may also be considered a
5



protective against atherosclerosis by decreasing endothelial damage (Ekmekci and Ekmekei,

2006).

C-reactive protein (CRP): CRP is a plasma protein involved in acute inflammatory
response and it is extensively used as a marker for inflammation and CRP has been found
colocalized with macrophages in vitro and in vivo study of atherosclerotic lesions in humans
(Torzewski et al., 2000). In the analysis of 47 patients of unstable angina, CRP and leptin
were reported an independent predictor for complex lesion morphology (Dubey et al., 2008).
CRP was also shown to be independent of the LDL level for an increased risk of
cardiovascular events. However, it lacks the specificity for inflammation of atherosclerotic
plaques. Also, CRP influenced by substantial heritability and can have dual-phase activities
for inflammation (pro- and anti-inflammatory) (Singh et al., 2008). Interleukin (IL)-1 and
IL-6 are of the main initiator for CRP secretion (Lind, 2003). IL-6 was also reported to be

an independent predictor of plaque progression (Eltoft ef al., 2018).

Matrix metalloproteinase (MMPs): MMPs secretion is associated with the recruitment
of macrophages, mast cells as well as ox-LDL during the atherosclerotic plaque progression
(Newby, 2005; Miiller et al., 2014). The serum level of MMP-1, MMP-9, MMP-12 and
MMP-14 were reported to be significantly elevated in vulnerable plaques compared to the
stable plaques (Miiller ef al., 2014). Additionally, elevated serum of MMP-1 was reported to
serve as a predictor of advanced coronary atherosclerosis with more specificity compared to

CRP (Hwang et al., 2009).

Inflammatory cells such as macrophages, lymphocytes and mast cells, can express high
levels of some cathepsins (such as cathepsin-K), therefore, the level of cathepsins may serve

predicting the on-going inflammation for atherosclerosis (Wu et al., 2018).

The selectins are a family of cell adhesion molecules found on the surface of activated
endothelial cells and platelets, they also mediate the proliferation of leukocytes in the
inflammatory process. P- and E-selectins in mice were reported to play an important role in

both early and advanced stages of atherosclerosis development (Dong et al., 1998).

Fibrinogen: fibrinogen may be used as a predictor of atherosclerosis. High concentrations
of fibrinogen were reported in peripheral atherosclerosis patients compared to controls

(Fowkes et al., 1992). Leptin, in addition to its association to obesity, hyperleptinemia (in
6



high level) has also been suggested to play an important role in atherosclerosis (Beltowski,

2006).

White blood cells and uric acid: recently, white blood cells and elevated uric acid have
shown to be associated to severe coronary artery disease (Kim et al., 2017) and vulnerable

carotid plaque in middle-aged adults (Li ez al., 2015).

To date, there is no strong evidence to prefer one biomarker to be the most predictive of
cardiovascular events. Further studies on the pathogenesis of atherosclerosis may allow new
biomarkers of atherosclerosis. Other obstacles for biomarkers are the non-specificity to
atherosclerotic inflammation as well as the level of stabilization and lack of plaque

localization.

1.3 Medical imaging
Atherosclerosis imaging encompasses a variety of imaging techniques already used to
assess atherosclerosis (Figure 1.5). Together, these imaging modalities are indispensable to
daily clinical practice and research to provide information of plaque compositions,
measurement of molecular activity and disease status as well as the level of severity with or
without the link of biological markers. However, vulnerable plaque identification is yet a

major hindrance.

Spatial Resolution
SPECT
— PET
OCT IVUS CT
I 3 & L 3 & r 3

10pm 100pm 300pm 1 mm 4 mm 10 mm

Sensitivity
/m

PET SPECT oCT MRI CT IVUS

Figure 1.5 Illustration of spatial resolution and sensitivity of common imaging
modalities utilized for vulnerable plaque identification (Sadeghi et al., 2010).

Anatomical imaging helps delineating vascular anatomy and identify atherosclerosis

stenosis severity. There are different imaging modalities providing plaque anatomical
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features. Positron emission tomography (PET) and computed tomography (CT) imaging are

the imaging modalities used in this thesis and they will be covered in next section.

Digital subtraction angiography (DSA) is traditionally considered as the gold standard of
imaging of vascular disease (Mistretta and Crummy, 1986; Hill, Demchuk and Frayne,
2007), however, DSA lacks information beyond the luminal narrowing and with measurable
risks that hinder its use to design a prospective study of healthy volunteers. Yet, there are
other non-invasive vascular imaging techniques including magnetic resonance angiography
(MRA), computed tomography angiography (CTA), and transcranial doppler (TCD)

ultrasonography and their ease of use with low adverse events.

Other advantages of noninvasive imaging, especially TCD ultrasonography, is that it can
be repeated in time, although these imaging modalities could not be accurate enough to
replace DSA (Patel et al., 2002). Additionally, atherosclerotic plaque would grow outward
rather than inward for much of its life, so that substantial atherosclerosis can exist without
producing stenosis in DSA (Glagov et al., 1987). Nonetheless, several diagnostic and
pathologic studies have shown that an acute event does not clearly associate with the degree
of stenosis, insisting that inflammation but not stenosis could predict the plaque
vulnerability. Subsequently, angiography alone may not be adequate for plaque vulnerability
identification (Falk, Shah and Fuster, 1995; Pasterkamp et al., 1998; Naghavi et al., 2003;
Kelly P and Bhatt DL, 2007).

Magnetic Resonance Imaging (MRI) is the most favorable non-invasive imaging to
evaluate the thickness and integrity of the fibrous cap, intra-plaque hemorrhage, lipid-rich-
necrotic-core (Briley-Saebo et al., 2007; Anderson and Kramer, 2007). Non-invasive
angiography can also be performed with MRI (Saba et al., 2019). Additionally, MRI has
shown to be comparable to CTA for stenosis, although the latter showed a favorable trend

toward higher diagnostic performance (Hamdan et al., 2011).

Moreover, MRI suffered low sensitivity compared to PET, as it requires the
administration of contrast agents such as gadolinium, to alter the properties of hydrogen
atoms and their local environment indirectly, so that changing their relaxation characteristics
(Choudhury and Fisher, 2009). Plus, it has demonstrated that MRI is more challenging to
identify spotty calcification compared with CT (Zhang et al., 2019). Yet, artifacts resulting

8



from the air to tissue interface in the cavernous sinus area can negatively affect the evaluation
of internal carotid arteries (Li et al., 1996). Lastly, high-resolution MRI requires specialized
receiver coils, unreasonably long imaging time and lack of generally accepted protocol for
vascular imaging, making it less applicable compared with CT in clinical settings (Corti and

Fuster, 2011; Mori et al., 2016).

Recently, ultra-small superparamagnetic particles of iron oxide (USPIO) has been used
as ‘smart’ contrast agents in patients with symptomatic carotid plaques and has shown to be
correlated to macrophage-rich plaque area, where the MRI signal drops when USPIO are
internalized by macrophages, thus identifying the cellular inflammation (Trivedi et al., 2006;
Howarth et al., 2009; Morishige ef al., 2010; Richards et al., 2011; Makowski et al., 2013).
But, USPIO were reported to accumulate 1.4-fold higher in anti-inflammatory M2
macrophages than in proinflammatory M1 macrophages, which favor !8F-
fluorodeoxyglucose ('8 F-FDG) and PET over USPIO (Satomi et al., 2013). Low contrast-to-
noise ratio of USPIO might improve using larger microparticles of iron oxide (MPIO)
compared to those for USPIO, although this agent has yet to be tested clinically for the
evaluation of atherosclerosis inflammation (Lewis, Burrage and Ferreira, 2020). Addedly,
CT is recognized to be superior in detecting and quantifying calcification than MRI (van den
Bouwhuijsen et al., 2015). It is noteworthy that 3T MRI with conventional neurovascular
coils was reported to afford a high sensitivity, specificity, and accuracy in terms of
identifying lipid rich necrotic core and IPH (Brinjikji ez al., 2018), and artificial intelligence
algorithms for lumen and wall boundaries identification may enhance reproducibility and
improve its general performances (van ’t Klooster et al., 2012; Saba et al., 2014). Other
imaging techniques reported in the literature being used for atherosclerosis are discussed in

next paragraphs.

Intravascular ultrasound (IVUS): IVUS allows visualization of the arterial wall with
high spatial resolution invasively (Priester and Litwin, 2009), and identifies plaque lipid
core, remodeling and spotty pattern of calcification (Ehara et al., 2004). It also revealed the
size of the plaque (Ishino et al., 2014). IVUS is usually only performed in the proximal
vessels and in addition to its invasiveness, it is not suitable for imaging atherosclerotic

plaques rich in foamy macrophages compared to '®F-FDG-PET imaging and it does not



precisely measure the fibrous thin cap due to limited axial resolution and its intrinsic and
extrinsic artifacts (Anderson and Kramer, 2007; Priester and Litwin, 2009; Garcia-Garcia,

Costa and Serruys, 2010; Ishino et al., 2014).

Optical coherence tomography (OCT): OCT was shown to be capable to provide both
morphological and evaluation of the disease activity, where the co-localization of
macrophages and microcalcifications in 116 subjects was demonstrated (Burgmaier et al.,
2018). However, due to a low penetration of OCT signal (2—4 mm), itis insufficient
for detecting lipid core and calcification behind thick fibrous caps and led to inaccurate
interpretation of plaque compositions and false positive due to microcalcification and foam
cells accumulation (Manfrini et al., 2006; Fujii et al., 2015). The last error might be avoided
using OCT in combination with IVUS (Fujii et al., 2015). Finally, there is a limited patient
compliance due to the invasive nature and a lack of longitudinal follow-up studies to evaluate

the clinical impact of OCT.

Near infrared spectroscopy (NIRS): NIRS could identify lipid-rich atherosclerotic
plaque and leads to vulnerable plaque identification (Cassis and Lodder, 1993). The first-in-
man study using NIRS was conducted in 2 symptomatic and 8 asymptomatic patients
(Madder, Abbas and Safian, 2015) and revealed its feasibility in detecting lipid core of
plaques and a reduction in lipid content. However, NIRS imaging is still incapable to identify
the depth of the plaque lipid core and thinness of the fibrous cap, that is one of the vulnerable
plaque features (Kuku et al., 2020). Multi-modality NIRS-IVUS combined in one single
catheter allows the comprehensive assessment of atherosclerotic plaques using wave and
light-based technologies. Accuracy for the prediction of necrotic core and large lipid plaques
when multi-modality NIRS-IVUS was used, were more accurate than either alone (Kang et

al., 2015).

Single photon emission computed tomography (SPECT): SPECT is
an imaging modality that uses a gamma-emitting radioisotope attached to a specific ligand
which binds to certain tissue of interest in the body. The radioisotopes typically used in
SPECT are Technetium-99m (*™TC is the most used), iodine-123, iodine-131, thallium-201,
Gallium-67 and Indium-111 (Bouziotis et al., 2013). The 99mTc-IDA-D-[c(RGDfK)]2 tracer

binds to vitronectin receptor and opens avenue for targeting activated endothelial cells. A
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study using @, Bsintegrin-targeted probe *™Tc-IDA-D-[c(RGDfK)] with SPECT/CT (Yoo et

al., 2015) demonstrated a significant targeted tracer uptake in murine atherosclerotic aortas.

The most important adhesion molecules in atherosclerosis is the vascular cell adhesion
molecule 1 (VCAMI) that assists in adhesion and recruitment of inflammatory cells to
vulnerable plaque. VCAMI scFv/cAb (conjugated to ®™Tc) showed its feasibility and
effectiveness for early diagnosis and evaluation of atherosclerosis in animal model (Broisat
et al.,2014; Liu et al., 2016). Interleukin-2 (IL-2) receptors over-expressed on activated T
lymphocytes has been targeted using *"Tc-HYNIC-IL-2 in ex vivo study that confirmed its
specificity for imaging activated T lymphocytes in carotid plaques (Glaudemans et al.,
2014). Folate receptor-3 (FR-P) is expressed on activated macrophages and especially in M2
polarized macrophages, therefore, ™Tc-folate has been studied in carotid endarterectomy
specimens of 20 patients and positive correlation was found between high **™Tc-folate

accumulation and FR- expression on M2 polarized macrophages (Jager et al., 2014).

There is a strong correlation between the risk of plaque rupture and quantity of
macrophage (Schaar ef al., 2003). Annexin V radiolabeled with *™T¢ was found to closely
correlates with intensity of macrophages and the degree of apoptosis (Cheng et al., 2015),
by binding to exposed phosphatidylserine on cell surface of apoptotic macrophages and they
are the majority of apoptotic cells at the site of rupture for atherosclerotic plaque (Littlewood
and Bennett, 2003). ™Tc -Annexin on a study of 5 rabbits was used for non-invasive
detection of apoptotic macrophages (Kolodgie et al., 2003) and showed higher uptake (9-
fold) in atherosclerotic plaque compared to non-lesion and reported to specifically target the
vulnerable plaques in animal model (Li ef al., 2016). Annexin V has been shown to be a safe
radiopharmaceutical with excellent clearing speed in the blood stream (24 + 3 min) and offers
a favorable biodistribution for imaging apoptosis in the abdominal as well as thoracic area
(Kemerink et al., 2003). Its preferential uptake compared to '*F-FDG of the advanced stage
has been demonstrated in animal model (Zhao et al., 2007). However, long biological half-
life and high liver and kidneys uptake make its limitations (De Saint-Hubert et al., 2009).
Others (Vemulapalli et al., 2007) have demonstrated the feasibility of indium 111 ''In-
oxine—labeled bone marrow (BM) with high-resolution whole-body SPECT for monitoring

and quantifying atherosclerosis in a murine model. Somatostatin Subtype Receptor 2 (SST2)

11



is upregulated significantly during the differentiation of monocytes into macrophages (Dalm
et al., 2003). ""In-DOTA JR11 in mice study (Meester et al., 2020) demonstrated high

uptake of this tracer at plaque location.
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2. COMPUTED TOMOGRAPHY AND POSITRON-
EMISSION TOMOGRAPHY

2.1 Computed tomography (CT)

2.1.1 Assessment of atherosclerosis
Computed tomography (CT) refers to computerized x-ray procedure in which a narrow
beam of x-ray radiation rotated around the patient’s body and acquired in a breath-hold that
typically lasts a few seconds. CT measures x-ray attenuation coefficient (i) by the detectors
transmitted to a computer and expressed according to a density scale called Hounsfield unit
(HU). In the HU scale, water is assigned a value of 0 HU and other CT values are computed

accordingly as:

HU= llTiSSllC B MWater % 1000
H Water

The attenuation characterizing tissue density allows non-invasive assessment and
visualization of stenosis and calcification of atherosclerotic plaque (Saba et al., 2019).
Furthermore, visualizing the vessel lumen is achieved using an injection of an iodinated
contrast agent. Additionally, the potential of CT in atherosclerosis is considered as an

independent predictor of cardiovascular events (Bamberg et al., 2011).

2.1.2 Quantification of calcification
Quantification of calcification using CT images is a robust predictor of cardiovascular
events (Bamberg et al., 2011; Dweck et al., 2016) and considered as a biomarker of overall
disease and independent of conventional risk scores, like FRS (Malguria, Zimmerman and
Fishman, 2018). In this context, there are a variety of approaches for calcification scores

which summarized in the following paragraphs.

2.1.2.1 Agatston score (AS)
Agatston score (AS, mm?) is a common approach introduced in 1990 by Arthur Agatston
and colleagues (Agatston et al., 1990) and has still remained a standard method. AS is

calculated by selecting pixels above a threshold of 130 HU and excluding structures smaller
13



than 1 mm?. The area of calcification is multiplied by a weighting factor according to
maximum HU (HUmax) number in the plaque area. Weighting factor of 1 for a range of 130
199 HUmax, 2 for 200—299 HUmax, 3 for 300—399 HUmax, and 4 for > 400 HUmax. The total
AS for each individual is calculated by summing up the scores in all slices, where: AStyiq1 =

2 AS;.

2.1.2.2 Volume score (VS)

Volume score (VS, mm?) was first established by (Callister et al., 1998). VS is calculated
by segmenting calcified plaque area (>130 HU) and multiplied by the number of slices of
those plaques. The total VS therefore is calculated by summing up VSs, where: VSiotal
-2V

2.1.2.3 Mass score (MS)

In 2002, a method to measure the absolute real mass of calcification was introduced (Hong
et al., 2002). The mass score (MS, mg), also called mean CT calcification mass score. It is
calculated by multiplying the calcified plaque volume (pixel volume >130 HU), mean HU
of calcified plaque and calibration factor (CF). The latter is determined using external

standard calibration phantom having a calcified object with a known density of calcium (p,,, )

PHA
HUHA'HUWater

(usually hydroxy apatite “HA”’) and measuring its mean intensity, where: CF =
By determining the mean CT number (CTua) of hydroxy apatite and correcting it for the
mean CT number of water (HUwater). The total MS, therefore, is calculated summing up MSs,

where MSiotal =), MS;.

2.1.2.4 Calcium coverage score (CCS)

Brown and his colleagues (Brown et al., 2008) introduced different score called calcium
coverage score (CCS, unitless). It is calculated by dividing the number of artery segments in
which the calcified plaque was present (>130 HU) by the total number of absolute artery
segments in the coronary arteries and then multiplying this quotient by 100 to estimate the

percentage of coronary arteries affected by the calcified plaque.

2.1.2.5 Derlin score (DS)
Derlin score (DS, unitless) is calculated by determining the percentage ratio of arterial

wall circumference to calcification circumference (>130 HU) and scaling that percentage
14



into a scoring scale for circumferential extent (Derlin, Wisotzki, et al., 2011), where 0, no
calcification; 1, less than 25% of arterial wall circumference; 2, 25%—-50% of arterial wall
circumference; 3, 50%-75% of arterial wall circumference; and 4, greater than 75% of

arterial wall circumference.

2.1.2.6 Agatston coverage “calcification” score (ACS)

We have recently produced another way of quantifying calcification score in the
combination of AS and CCS (Al-enezi et al., 2019), where the area of calcification (>130HU)
is divided by total arterial area and multiplied by both weighting factor as in AS and by 100
to estimate the percentage as in CCS. In this manner, we take into account both the amount

(as in AS) and distribution of calcification build-up (as in CCS).

2.2 Positron-emission tomography (PET)

PET uses positron emission radionuclides produced in a cyclotron such as fluorine-18,
carbon-11 and oxygen-15 that labels a variety of compounds either identical or analogous to
naturally occurring substances in the body (radiotracers). PET measurement is preceded by
an injection of a radiotracer and detecting gamma photon pairs. The collected data are
processed to reconstruct a 3D or 4D images. PET is the most sensitive non-invasive imaging
modality clinically available, that is proficient in detecting picomolar tracer concentrations.
It enables the quantification of small metabolic changes within the plaques (Evans et al.,
2016), and it is more quantitatively accurate due to its sensitivity and photon scatter and
attenuation corrections (Okuda et al., 2021). It is usually combined with CT or MRI to
compensate for its low spatial resolution and anatomical localization. In the next sections,
the methods of quantification of PET measurements are presented followed with a discussion

on PET radiotracers.

2.2.1 Partial volume effect
PET has some technical impediments which include partial volume effect (PVE). PVE
causes a drop-in apparent activity and appears in the image less than what it really should

be. There are two major sources of PVE in PET images:
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1. The limited spatial resolution of the scanner.
When an object is small (< 2 times the full width of half maximum “FWHM?” of the
intrinsic spatial resolution of PET scanner'), Figure. 2.1a (Hoffman, Huang and Phelps,
1979), or partially occupies in the field of view (FOV) as a function of space or time
(Figure. 2.1b (Erlandsson et al., 2012)), therefore, due to averaging several comprising
picture elements within the FOV, this would lead to an underestimate of the detected
tracer concentration.
a) Detector 1 b) Detector 1
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Figure 2.1 PVE due to small object (small circle) in the FOV (a), or partially
occupied in the FOV in space or time, the black arrows represent a possible motion of
the object during the acquisition (b).

2. The image sampling.
The activity distribution of a tracer used is sampled on a voxel grid (Figure 2.2 (Soret,
Bacharach and Buvat, 2007)). The ideal contour of the activity distribution of an object

would not match the contour of voxels but further comprise activity of surrounding object.

Object sampled
on a voxel grid

>

Figure 2.2 Illustration of PVE due to image sampling on a voxel grid (each square
represents picture element).

1 FWHM is used to measure the intrinsic spatial resolution quantitatively. This measurement is done
by imaging a single point source placed at the center of the scanner field of view, the intensity line profile
of this point source would give a bell-shaped curve known as the point-spread function of the scanner.
FWHM (in a unit of length) would be measured as the width at 50% of maximum amplitude.

16



Different approaches have been proposed in overcoming such an issue (Erlandsson et al.,
2012). Recovery coefficient (RC) due to its simplicity and practicality (Srinivas et al., 2009)

has been broadly applied and provided more accurate measurement of Standard uptake value
(SUV) (Croteau et al., 2010).

The RC curve is obtained by using a phantom having cylinders with different diameters

which were filled with the same activity (Figure 2.3a) and placed in the center of the FOV

Measured cylinder activit . . .
of the PET scanner, where RC= - Y ivity y, thus, RC curve is obtained as a function
rue activi

of the cylinder diameter (Figure 2.3b (Croteau et al., 2010)).
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Figure 2.3 Illustration of PVE phantom of 6 cylinders of different sizes (a), RC
curve obtained from PVE phantom (dotted line represents the interpolation within
the diameters).

2.2.2 Quantification of PET measurement

2.2.2.1 Standard uptake value (SUV)
SUV is mathematically expressed as the ratio of decay-corrected tracer activity
concentration in a region of interest (ROI) and injected activity per kilogram of the patient’s

weight or lean body mass or body surface area (Kotasidis, Tsoumpas and Rahmim, 2014).

Activity concentration in ROI (%)

g )
SUV= xBod ht (k
Injected activity (Bq) ody weight (kg)
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2.2.2.2 Tissue to background ratio (TBR)
TBR is another way to quantify PET signal and devised to correct for both background
activity and false high uptake effects (Rudd ez al., 2009). TBR is a ratio of SUV of a ROI to
SUV in the lumen of large vein.

SUV (ROI)

TBR=
SUV (Blood pool)

TBR has been reported to be very sensitive to the difference between time of injection to
the time of measurement (Evans et al., 2016). SUV may also be evaluated as SUVmax?
(Derlin, Habermann, et al., 2011) and was shown to be comparable to TBR. But, SUVmax
is highly affected by the noise and pixel size (Ronald Boellaard ef al., 2004). Other ways
such as SUVo.7smax may be used instead to eliminate possibility of single pixel measurement

(noise) (Lee et al., 2000).

2.2.2.3 Fractional uptake rate (FUR)
FUR represents the uptake value normalized by the arterial input of tracer activity (Ishizu

etal., 1994).

Activity concentration in ROI (T)
FUR=

) OT Blood time activity curve (t)dt

where T is the time at the mid-frame.

FUR is better and non-affected by patient's weight and gender compared to SUV and
TBR, however it requires blood sampling (Rutland, Que and Hassan, 2000).

2.2.2.4 Graphical analysis
Graphical analysis (Patlak plot) is a more comprehensive way of PET quantification
(Freedman et al., 2003). Patlak plot transforms the multiple time measurements of the
activity in plasma and ROI into a linear plot and the slope of it reflects the number of tracer
irreversible binding sites at that ROI (Gjedde, 1982).

Arol(D _qonex Jy Alooa(Ddt

+Intercept, T is the middle frame time.
ABlood(T) ABlood(T) p

2 SUVmax is defined as a hottest pixel/voxel in a ROI normalized to injected activity and body weight.
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In case of reversible binding, Logan plot is used instead (Logan ef al., 1990).

T T
A t)dt . . . ABlood(t
o Aroi®dt =Distribution Volumex Jy ABiooa®

+Intercept, T is the middle frame time.
AB]ood(T) ABlood(T) p

2.2.2.5 Pharmacokinetic modeling
Pharmacokinetic modeling and particularly 2-tissue-compartment model of '®F-FDG
(Figure 2.4) is a set of differential equations representing the radiotracer compartments

(Phelps et al., 1979):

K
CPET (t): (12—(11 [(k3 +k4-(11 )e'“1t+(a2-k3 -k4)e’°‘2t] ®IF+k5 IF
1

Ky kg kg (ko tkaky) 2-4kok
o=
2

Ky +ks kgt (ko ks +ky)2-4koky
0=
2

where K1, ko, k3 and ks are rate constants.
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Figure 2.4 Illustration of 2-tissue compartmental model of '¥F-FDG.

Such a model is a standard in describing the kinetics of the tracer. However, in the case
for atherosclerosis where the blood is a major component, it is a challenging. We have
recently demonstrated the feasibility of 2-tissue compartmental modeling in atherosclerosis

when the blood image is extracted by factor analysis from the measured images from which
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the tissue blood fraction is derived. This approach was tagged without blood sampling

method (WOBS) (Al-enezi and Bentourkia, 2020).

CPET(t):% [(k3+k4-a1)e'a1t+ ((12-1(3-1(4) e_azt] ® vIBV + TBV,

TBYV is tissue blood volume, and the constant v > 1.

2.2.3 PET tracers for atherosclerosis imaging
Radioisotopes used in PET imaging modality are positron emitting radioisotopes, these
radioisotopes are labeled with different substances in its chemical composition for targeting
specific cells or physiological processes (such as glycolysis). Some radiotracers particularly

of interest to atherosclerosis are reported in the next paragraphs.

BE_-FDG: in regards of atherosclerosis tracers, '8F-FDG is the most used and studied
radiotracer (Shepherd and Kahn, 1999)). "¥F-FDG uptake has shown to be strongly correlated

with macrophages density in atherosclerotic plaques (Rudd et al., 2002; Tawakol et al.,
2006).

I8F-macroflor: it is a poly-glucose nanoparticle allowing rapid renal excretion (small
size), fast clearance from blood pool and was found having high affinity for cardiovascular
macrophages with minimal myocyte uptake. It has been studied in mice, rabbits, and a non-
human primate (Raffort ef al., 2017) and may become a promising tracer for imaging cardiac

inflammation.

DOTATATE: DOTATATE ([1,4,7, 10-tetraazacyclododecane-N,N’,N",N""-tetraacetic
acid]-d- Phel,Tyr3-octrotate) labeled with $*Cu (Malmberg et al., 2015) and 8Ga (Rominger
et al., 2010) is another promising tracer that was found to be correlated with calcification
burden and cardiovascular risk factors, such as age and hypertension. It was also found to be
comparable with 8F-FDG (Li et al., 2012). In addition, ®Ga-DOTATATE was found
capable to visualizes the distribution of somatostatin receptor subtype-2 (SSTR-2)
(Rominger et al., 2010). **Cu compared to ®*Ga might be favorable due to shorter maximum
positron range but longer half-life. The correlation between ®Ga-DOTATATE and '*F-FDG

was also demonstrated for 41 atherosclerotic patients (Tarkin et al., 2017).
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BF-fluorodeoxymannose ('8F-FDM): it is a tracer targeting mannose receptor (isomer
of glucose) that are upregulated particularly in M2 polarized macrophages in high-risk
plaque (Dweck et al, 2016) and associated to neovascularization and intraplaque

hemorrhage in atherosclerotic plaque.

Choline: it is taken up by activated macrophages and considered a good target for
macrophage infiltration, where '3F-fluorocholine ('8F-FCH) and 'F-methylcholine ('*F-
FMCH) are radiolabeled-choline PET radiotracers utilized clinically for diagnosing and for
high-risk-prostate cancer staging and might serve as a marker toward identifying
inflammatory plaques. In pre-clinical model, a comparison study for murine atherosclerotic
lesions between '8F-FCH and '8F-FDG has demonstrated a better correlation of '¥F-FCH
with macrophage staining than '8F-FDG (Matter et al., 2006). In a study of 10 stroke patients
utilizing "*F-Fluorocholine('8F-FCH) (V66 ef al., 2016) has reported a strong correlation of

8F-FCH uptake to macrophage infiltration and recent symptoms.

Fluorine-18-NaF (18F-NaF): the microcalcifications are thought to identify vulnerable
atherosclerotic plaques while the disease is still silent through the clear association to
macrophage inflammatory activity in the early-stage of atherosclerosis (Aikawa et al., 2007).
8F-NaF has recently been reported to noninvasively visualize the high-risk of
microcalcifications in unstable plaques (Derlin ef al., 2010; Joshi et al., 2014). It has also
been demonstrated to predict an increase in macrocalcification within 18 months follow-up
(Hoilund-Carlsen et al., 2019), and reported to identify calcification changes in the aortic
valve with age (Rojulpote et al., 2020). Another approach of '8 F-NaF in combination with
CTA (Moss et al., 2019) shows high precision and reproducibility in coronary atherosclerotic

plaque and may serve as a biomarker of plaque vulnerability.

Hypoxia radiotracers: hypoxia (low oxygen tension) likely results from an increase in
plaque size leading to a reduction of oxygen level within the plaque which induces local
hypoxia that is an important stimulus of both pathological and physiological processes
associated with rupture-prone-plaque, including angiogenesis and apoptosis (Evans et al.,
2016). '®F-HX4 is a promising tracer for hypoxia with good target to background ratio
compared to other hypoxic tracers (Sanduleanu ef al., 2020) with good correlation of its

uptake and plaque size (Van Der Valk et al., 2015).
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3. RESEARCH PROBLEM AND HYPOTHESES

The chronic inflammation is one of the main mechanisms associated in atherosclerosis

initiation and progression.

The objective of this thesis is to assess the inflammation and micro-calcification of
atherosclerotic plaque quantitatively using '®F-FDG and '®F-NaF radiopharmaceuticals in
dynamic mode of PET imaging, and to assess the metabolic activity represented by FUR,
MRG, TBR and 'F-NaF uptake represented by TBR in the correlation with different
calcification phenotypes. Other attempts were to identify non-calcified plaque in CT images

and to correlate it with '®F-FDG.

Objective 1: Spotty of calcification and inflammation

The calcification is one of the common plaque features which is evidenced by CT
imaging. Different shapes, area and locations may act as a marker of a stable plaque whereas
other forms might identify an unstable vascular environment (Shi et al., 2020). Spotty
calcification is a remarkable feature of vulnerable plaque associated with 2-fold increase in
plaque rupture and related to acute myocardial infarction and unstable angina pectoris (Ehara
et al., 2004; Fujii et al., 2005; Van Velzen et al., 2011; Mizukoshi et al., 2013; Maurovich-
Horvat et al., 2014; Nerlekar et al., 2018). The presence of spotty calcification was
significantly associated with thinner fibrous caps and larger lipid necrotic cores of
atherosclerotic plaque (Kataoka et al., 2014). Number of spotty calcifications were shown to
be significantly higher in the rupture group than in the non-rupture group (Sakaguchi et al.,
2016). We evaluated the effect of spotty calcified plaque on the metabolic activity of glucose
using '8F-FDG tracer.

Objective 2: Modified kinetic modeling in atherosclerosis
The two-tissue compartmental model is a standard in describing the kinetics of the tracer
(Phelps et al., 1979). However, in the case for atherosclerosis where the blood is a major
component in the arteries, the model becomes uncertain. We examined the feasibility of
using two-tissue compartmental model with blood input function obtained from factor
analysis with a modified model without blood sampling approach and independent of partial

volume effect.
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Objective 3: Non-calcified plaque in CT image

Non-calcified plaque (NCP) is a lipid rich plaque and was shown to be associated with
high disease activity and risk of plaque rupture (Uetani et al., 2010; Skeoch and Bruce, 2015).
CT imaging was focused on the calcification quantification of atherosclerotic plaque.
Recently, CT has shown to be able to identify NCP (Noguchi ef al., 2018). The plaques with
attenuation <30 HU was identified with a sensitivity of 95% and specificity of 85% in the
correlation with IVUS (Marwan et al., 2011), and the same cut-off value was associated with
greater risk of plaque rupture or acute syndromes (Motoyama et al., 2007). Other cut-off
value of < 50 HU of napkin-ring plaques has been reported in a high specificity and high
positive predictive value for the presence of high-risk lesions (Maurovich-Horvat et al.,
2012). In this context, we analyzed a cut-off value of < 50 HU from CT images in the
correlation with metabolic activity of '8 F-FDG. We have reported the positive correlation of

<50 HU to metabolic activity and possibility of CT images to identify non-calcified plaque.

Objective 4: '8F-NaF PET/CT for atherosclerosis

8F-NaF has been demonstrated to predict an increase in macrocalcification within 18
months (Heilund-Carlsen et al., 2019) and with age (Rojulpote et al., 2020). '3F-NaF uptake
was also shown to be associated with increased risk (Blomberg ef al., 2017) and reported a
marker of plaque (Moss et al., 2019). It is also a predictor of early stages of plaque formation
(Fiz et al., 2015). Recently, '8F-NaF uptake was shown to be correlated to spotty
calcifications (Kitagawa et al., 2017). Yet, '®F-NaF in arteriosclerosis needs firm conclusions
and more studies (Hoilund-Carlsen et al., 2020). In this section, we report '*F-NaF uptake in
volunteers and correlate its uptake with calcification parameters and spotty calcified plaques.
Additionally, we correlated arterial wall attenuation with < 50 HU (non-calcified plaque,
NCP) with '8F-NaF uptake. We found a reverse correlation of '8F-NaF uptake to calcification
area and significant increase of '*F-NaF uptake was associated with spotty calcifications and

NCP.
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4. MATERIALS AND METHODS

4.1 Experimental measurements

4.1.1 "F-FDG

4.1.1.1 Population

We recruited 10 subjects with age ranging from 65 to 85 years (69.15 £ 3.7). These
subjects were imaged twice at 12 months apart for a total of 19 PET/CT scans (one subject
was measured only once). Four recruited subjects were under medication after first scan for
1 year (Rosuvastatin 20 mg/day). Five subjects were having chest angina and they were
taking their own prescribed anti-inflammatory drugs. In total, at the PET/CT scans, 10
subjects were non-medicated and 9 were under medication. All the subjects were non-
smokers and not having excessive alcohol consumption, not taking antioxidants, vitamin

supplements or hormonal replacement for women.

4.1.1.2 Vital signs measurements
The measurement of glucose, total cholesterol, low density lipoprotein, high density

lipoprotein, triglyceride and CRP were performed in each subject after overnight fasting.

4.1.1.3 Imaging

Subjects were injected intravenously with an '®F-FDG bolus at an activity of 140 to 400
MBq depending on the subject’s weight. PET and CT were performed with a PET/CT system
(Philips Gemini TF 16). Imaging started with non-enhanced low-dose CT with tube potential
of 120 kV. CT images were reconstructed in sets of transaxial 512 x 512 matrices with a
pixel size of | mm % 1 mm X 5 mm. The PET scans were initiated in dynamic mode for 30
min and were divided into 26 consecutive time frames of 12 x 10 secs; 8 x 30 secs; 6 x 240
secs. PET slices were reconstructed into a 144 x 144 matrix, and the voxel size was 4 mm X
4 mm x 4 mm. The arteries scanned were the aorta and left and right iliacs in one bed
position. CT and PET was established based on their location in mm as read from CT and
PET image file headers. PET and CT images were reconstructed using three-dimensional

row action maximum likelihood algorithm (3D-RAMLA).
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4.1.2 '8F-NaF

4.1.2.1 Population

Five volunteers (non-oncologic patients) were recruited for '8F-NaF study.

4.1.2.2 Imaging
8F-NaF PET/CT was performed on Gemini TF 16-slice PET/CT scanner (Philips). A
non—contrast-enhanced CT scan was acquired first in a 512x512 data matrix and pixel size

of I x 1 x 4 mm? in headfirst spine position with tube potential of 120 kVp.

After CT examination, PET data were acquired in a dynamic mode for 40 min (12 x 10
secs, 8 x 30 secs, 8 x 180 secs and 2 x 300 secs) immediately after intravenous injection
activity of 251.25 + 33.26 MBq of '8F-NaF (normalized to body’s weight) with a 144 x 144

data matrix and in-plane spatial resolution of 4 mm covering the same field of view as in CT.

Furthermore, contrast enhanced CT images were acquired afterward, in a 512 x 512 data
matrix after injection of iodinated contrast agent (370 mg/ml with a bolus volume of 100 ml
at a flow rate of 3 ml/sec) with a pixel size of 0.8 x 0.8 x 0.5 mm?, with a tube potential of

120 kVp.

All images were reconstructed using three-dimensional row action maximum likelihood

algorithm (3D-RAMLA).

4.2 Ethics
All protocols were approved by the research ethics committee of the Faculty of Medicine
and Health Sciences, University of Sherbrooke, Canada, and the subjects gave their written

consent.
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4.3 Analysis
PET segmentation of arteries was carried out on the first 6 image frames with active
contour?® per artery image slice. Active contour was also used semi-automatically for CT

segmentation. We also used CT atlas images for verification of identified ROI (Figure 4.1).

The calcification was visually identified on thresholded CT images (>130 HU). Active
contour was then applied to identify calcification region (Figure 4.2 and Figure 4.3).
Calcification region was measured as a ratio of calcification region to whole artery region

per slice.

PET images were further decomposed into blood and tissue components using factor
analysis. Blood time activity curve (TAC) (Figure 4.4 and Figure 4.5) was extracted from
blood images in axial view from aorta for SUV, TBR, FUR calculation and 2-tissue

compartmental fitting.

For '8F-NaF images, we segmented the contrasted enhanced CT images in the same
manner as previously mentioned. The ROI was co-registered on the corresponding non-

enhanced CT slice (Figure 4.6).

3 The active contour is an iterative region-growing image segmentation algorithm used for detecting
edges of image objects. It places an initial contour on an image and evolving the contour towards the
objects boundaries on the image by minimizing the main function of this algorithm that consists of 3
functions, first function represents a set of points making up the contour, the second function represents
the image gradients and last function is the integral of these functions.
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Figure 4.1 a) Transaxial image of CT Atlas. b) CT image of abdominal aorta. c) the
corresponding PET image.

Figure 4.2 PET/CT coronal images of the abdomen, a) CT with calcification
(arrow), b) PET image and c) fused PET-CT.

Figure 4.3 Transaxial images of CT showing ROI on aorta(a) and on calcification

(b).
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Figure 4.4 Coronal PET images, a) measured image with blood ROI, and b)
decomposed blood image with factor analysis with ROI on aorta.
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Figure 4.5 TAC of aorta from blood image obtained with factor analysis.

Figure 4.6 Transaxial image of contrast enhanced CT (a), and CT image of
abdominal aorta (b).

TBR was calculated from the last 3 data points of the TAC for '®F-FDG images. For '3F-
NaF, the last 3 data points of the TAC were normalized to the blood pool from superior vena

cava. All data were partial volume corrected using recovery coefficients from the phantom.
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SUV was calculated as the mean of activity within 75% from the maximum for last 3 data

points of TAC multiplied by SUV scale (suvscl) per patient.

4.4 Statistics
For clustering the data, we used Ward’s clustering method and Automatic Hierarchical
K-means algorithm (AHK) and we enhanced its performance with the use of silhouette-

coefficient, the later was automatic and non-supervised.

The statistical analyses were performed in MATLAB. The continuous data were tested
for normality using the D'Agostino-Pearson omnibus test. Normally distributed data were
analysed with the aid of analysis of variance ANOVA for unpaired multi-groups and with

the student t-test for the comparison of unpaired two groups and expressed as mean + STD.

Non-parametric data were compared using Wilcoxon-Mann-Whitney U test and
expressed as median with interquartile range (IQR). The goodness of fit between the

measured TACs and the model fits was assessed by Pearson’s correlation coefficient squared

(r?) in each ROL.

For the receiver operating characteristic curve (ROC) analysis, sensitivity and specificity
were calculated for different cut-off points and optimal cut-off value was computed as an
intersection point between sensitivity and specificity values and according to CLSI/NCCLS

guidelines.

Statistical significance was assumed for p-values < 0.05.
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Résumé:

Il a été démontré que le métabolisme du glucose dans les artéres avec athérosclérose est
un indicateur de l'inflammation qui pourrait étre un précurseur de la rupture de la plaque.
Dans cette étude prospective, nous avons €valué la corrélation entre la calcification artérielle
et le métabolisme du glucose en utilisant 1'imagerie TDM/'"®F-FDG-TEP chez des personnes
Agées. Dix sujets agés de 65 a 85 ans ont été imagés par le TDM/!8F-FDG-TEP dynamique
deux fois pour un total de 19 mesures, un sujet n'a ét¢ scanné qu'une seule fois. La
calcification artérielle a été¢ déterminée avec un seuil de 130 unités Hounsfield (HU).
L'intensité de la calcification et le rapport de la zone de calcification a la surface totale de
l'artére ont été classés en quatre classes séquentielles a partir des images de la TDM. Les
images de l'artére ont également été classées. Leur métabolisme du glucose respectif a été
¢valué avec un taux de captation fractionnelle (FUR). L'analyse factorielle a été utilisée dans
cette étude pour séparer les images de l'activité dans le sang de celle dans les tissus afin
d'extraire les courbes temps-activité de l'activité dans le sang pour les calculs du FUR. Les
images TEP des arteéres ont été corrigées pour l'effet de volume partiel. Le nombre total des
segments artériels analysés s’éleve a 1332, parmi eux il y a 1085 sans calcification (81%) et
247 (19%) avec calcification. Il est a noter que 94 segments présentaient des calcifications
multiples. Il y a eu une différence statistiquement significative dans les valeurs du FUR entre
les segments non calcifiés et les segments calcifiés et aussi entre les sujets sous médicament

et les sujets ne prenant pas de médication lorsque nous avons comparu les sujets basés sur
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l'aire de calcification. Aucune différence statistiquement significative du FUR n'a été trouvée
parmi les groupes ayant une seule aire de calcification en fonction de l'intensité, alors que
dans les groupes avec des aires de calcifications multiples, il y avait une différence
statistiquement significative pour tous les segments d'artére. L'activité métabolique varie
pour les segments non calcifiés a calcifiés (p < 0.05). Il a ét¢ démontré que les calcifications
dans les groupes de calcifications multiples ont des effets différents de ceux dans les groupes
avec une seule aire de calcificationen fonction de 1'activité métabolique représentée par le

FUR (p < 0.05).

Mots Clés : L'athérosclérose ; Calcification ; Artéres; Plaque; TEP ; TEP/TDM ; ¥F-FDG
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Assessment of calcification in atherosclerosis with Dynamic ¥*F-FDG-PET/CT

imaging in elderly subjects

Mamdouh S. Al-enezi, Redha-alla Abdo, Mohamed Yazid Mokeddem, Faical A. A.
Slimani, Abdelouahed Khalil, Tamas Fulop, Eric Turcotte, M’hamed Bentourkia

Abstract:

Glucose metabolism in atherosclerotic arteries has been shown to be an indicator of
inflammation, which might be a precursor of plaque rupture. In this prospective study, we
assessed the correlation between artery calcification and glucose metabolism by means of
BF-FDG PET/CT imaging in elderly subjects. Nineteen elderly subjects, with age ranging
from 65 to 85 years, underwent CT and dynamic '8F-FDG-PET imaging. The artery
calcification was determined with a threshold of 130 Hounsfield units (HU). Intensity of
calcification and ratio of calcification area to total artery area were classified in four
sequential classes from CT images. The CT artery images were also classified as having
single or multi-spot calcifications. Their respective glucose metabolism was assessed with
fractional uptake rate (FUR). Factor analysis was used in this study to separate blood images
from tissue to extract the blood time activity curves for FUR calculations. The artery images
in PET data were corrected for partial volume effect. The total arterial segments analyzed
were 1332, with 1085 without calcification (81%), 247 (19%) with calcification, and 94
segments were having multi-spot of calcifications. There was a statistically significant
difference in FUR values between non-calcified to calcified segments and between subjects
under medication to non-medication when comparing the subjects based on calcification
area. No statistically significant differences of FUR were found between single spot clusters
as a function of intensity, while in the multi-spots, there was a statistically significant
difference for all artery segments. Metabolic activity varies for non-calcified to calcified
segments (P<0.05). Based on the metabolic activity represented by FUR, calcifications in

multi-spots have different effects than in single spots (P<0.05).

Key Words: Atherosclerosis; Calcification; Arteries, Plaque; PET; PET/CT; "*F-FDG.
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Introduction

Atherosclerosis is a vascular inflammatory disorder and is considered a major cause of
cardiovascular diseases and severe events including sudden death [1]. It is characterized by
the accumulation of inflammatory cells and oxidized lipids within the vessel wall, causing

the construction of the plaque [2] [3] [4] .

The plaque development is a long and dynamic slow process, which might complicate the
effort for early diagnosis. Therefore, there is neither standardized approach for early
diagnosis nor for plaque stability level [5]. Identifying the vulnerable plaque would reduce
atherosclerosis-associated disability and mortality, however this is yet remaining a major

ongoing challenge.

Pharmacological lipid lowering therapy by means of statins and other preventives are
available, however, residual risk remains even in patients treated with preventive drug

therapies [6] [7] [8].

Lumenographic techniques, like intravascular ultrasound, digital subtraction angiography
and magnetic resonance angiography allow for absolute quantification of the plaque and its

components, but they are still unable to detect vulnerable plaque [5] [8] [9]

In the hematological point of view, there are several systemic inflammatory biomarkers
being established for atherosclerosis inflammation, among them the C-reactive protein
(CRP) which is correlated with increased risk of cardiac events [10] [11]. Unfortunately, the
biomarkers together with CRP suffer poorness of information in terms of the plaque

localization, level of stabilization and specificity to atherosclerotic inflammation.

Framingham is one example of diagnostic criteria available for identifying population at
risk, with low reliability for an individual patient and lack of differentiability of acute

cardiovascular risk and chronic stable risk [11] [12].

Most of the analytical studies in regard of atherosclerosis disease are for oncology
patients, while the impact of anticancer medical therapies in tracer uptake could influence
the accuracy and reproducibility of the analysis [13]. Moreover, neglecting the effect of
partial volume might causes noticeable influence on the accuracy of quantitative PET

analysis, especially for artery size <2 to 3 times FWHM of PET scanner [14].
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In the present work, we report the correlation between '8F-FDG uptake in the arteries as
a function of plaque intensity and calcification area with single and multi-spots of
calcifications. These parameters were also evaluated as a function of medication with

Rosuvastatin and medication for chest angina.
Materials and methods:
Subjects' measurements

We recruited 19 subjects with age ranging from 65 to 85 years (69.15 + 3.7). Six subjects
were considered as healthy, eight subjects were having hypercholesterolemia (H), and five
were having chest angina (A). The subjects were classified as non-medication and under-
medication groups. Subjects in under-medication group were under Rosuvastatin, 20 mg/day

for one year in group H, and other anti-inflammatory drugs in group A.

The measurement of glucose, total cholesterol, low density lipoprotein, high density
lipoprotein, triglyceride and CRP were performed for each subject after overnight fasting.
Subjects were injected intravenously with an '8F-FDG bolus at a dose of 140 to 400 MBq
depending on the subject’s weight. PET and CT were performed with a PET/CT system
(Philips Gemini TF 16). Imaging started with non-enhanced low-dose CT (120 kV) which
was used for PET attenuation correction and artery calcification detection. CT images were
reconstructed in sets of transaxial 512x512 matrixes with a pixel size of 1 mmx1 mm. The
PET scans were initiated in dynamic mode for 30 min and were divided into 26 consecutive
time frames of 12x10 secs; 8%30 secs; 6x240 secs. PET slices were reconstructed into a
144x144 matrixes, and the voxel size was 4x4x4 mm. The arteries scanned were the aorta

and iliac (left and right).

Image analysis

CT images were evaluated visually for the presence of vascular calcification defined
according to a threshold of 130 Hounsfield units (HU) for the disclosure of calcification [15].
Thereafter, each lesion was classified within intensity intervals in HU based on the Agatston

scale [15].
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The classes of intensities (CI) in the CT artery image were defined as: CIO, with no
calcification, i.e. pixel intensities below 130 HU; CI1, intensities between 130-199 HU; CI2,
200-299 HU; CI3, 300-399 HU; and CI4, intensity > 400 HU.

The area of calcification was measured for each artery segment as a ratio of calcification
area (RCA), defined as an area of at least 2 adjacent pixels >130 HU to total arterial area and
expressed as a percentage (%) [16] [17]. Subsequently, the RCAs were subdivided in four
classes as for CI with the help of the Ward's clustering method [18]: RCAO = absence of
calcification; RCA1: < 10%; RCA2: 11% - 20%; RCA3: 21% - 30%; RCA4: > 30%.

Fractional uptake rate (FUR) was used in this study to quantify '*F-FDG uptake in PET

images. It is an approximated value to Patlak slope and is independent of the body size and

gender [19]. FURZ% where T is the time at the mid-frame time, C(T) and C,(t) are
h Cp
the PET artery image counts and input function, respectively [20], the FUR measurements

were done in PET images of the last 3 data points of the time activity curve.

Factor analysis (FA) was used to derive the input function from the sagittal view of the

aorta (Figure 5.1.) [21].

For partial volume correction purposes, artery diameters were extracted from CT
transaxial images of pixel size 1x1 mm?. For PET images, the artery diameter was assessed
from the first 60 sec of the dynamic transaxial PET images where the images are mainly
made of blood, and also from the FA blood images. In this case, the images of the arteries
were fitted with 2D Gaussians and the full-width at half maximum (FWHM) averaged in the
two orthogonal directions and assumed as artery diameter [22]. The artery transaxial images
in PET measurements were corrected for partial volume effect based on the study in [23]

made in our center using the same PET/CT scanner.

The measurement of the mean in the region of interest (ROI) was made over the pixels in
the ROI having intensity above 70% of the maximum to avoid the influence of image noise

for single pixel measurement as well as background contribution [24].

We have corresponded the CT and PET slices by matching their slice positions to avoid
interpolation uncertainties during image co-registration. The analyses were then performed

on the 512x512 CT images and on the 144x144 PET images.
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Statistical analysis

The statistical analyses were performed with the aid of analysis of variance ANOVA for
unpaired multi-groups and with the Student t-test for the comparison of unpaired two groups.

A p value <5% was considered statistically significant.
Results:

The total arterial segments analyzed in this study were 13324, with 1085 segments were
not calcified (81%) and 247 (19%) were having calcification. 153 (62%) of the calcified
segments were occupied with a single-spot (SS) calcification (Table 5.1.), and 94 (38%) with
multi-spot calcifications (MS) (Table 5.2.). The 94 artery segments with MS had a total of
231 calcification spots. From Table 5.1 for SS, it appears that most calcifications with smaller
area have low intensity, and those with larger area have high intensity. In the case of MS
artery calcifications, the calcifications were found made mostly of smaller areas. The largest
area (RCA4) was found in only 8 segments with MS calcifications, independently of their

intensity.

Table 5.1 Distribution of ratio of artery calcification (RCA) versus classes of
intensities (CI) for single-spot (SS) artery calcification.

RCA1 RCA2 RCA3 RCA4 Total
CI1 or SS1 30 3 2 0 35
CI2 or SS2 22 27 1 0 50
CI3 or SS3 1 13 9 8 31
CI4 or SS4 0 6 18 13 37
Total segments 53 49 30 21 153

4 The arteries were visually identified on CT and verified with both a CT atlas and correspondence PET
slices of first 6 frames. Thereupon, the arterial edges were carefully identified using active contour
algorithm.

37



Table 5.2 Distribution of ratio of artery calcification (RCA) versus classes of
intensities (CI) for multi-spot (MS) artery calcifications.

RCAl RCA2 RCA3 RCA4 Total
CI1 or MS1 75 2 1 0 78
CI2 or MS2 52 13 2 0 67
CI3 or MS3 12 17 12 3 44
CI4 or MS4 10 17 10 5 42
Total segments 149 49 25 8 231

Figure 5.1. depicts an example of the decomposition with FA into blood and tissue of a
PET artery image. The blood curve in Figure 5.1b was used as the input function in FUR

calculation.

Figure 5.2. shows an example of CT image of the aorta having two spots of calcification
and its corresponding PET image. The CT and PET images were matched based on their
scanning slice positions. Figure 5.3. shows an artery with 4 calcification spots segmented

with active contours and classified from 1 to 4 based on their mean intensities.

The statistical comparison between calcified and non-calcified arteries showed a
statistically significant difference in their FUR values (FUR mean of calcified = 0.0829 and
0.0727 of non-calcified, p<0.05) (Figure 5.4.a). In this figure, the calcified data included the
single-spot and multi-spot calcifications and the artery segments of subjects under
medication and non-medication. Figure 5.4.b was obtained with the same manner as in
Figure 5.4.a but without inclusion of arteries of subjects under medication, and still the two
sets of data were found statistically significantly different (FUR mean of calcified = 0.0829
and 0.0762 of non-calcified, p<5%). Figure 5.4.c was obtained in all calcified artery
segments but classified as having calcifications with single spots versus those having multi-
spots (FUR mean of calcified = 0.0756 and 0.0827 of non-calcified, p<5%). From these data,
it can be concluded that: 1) medication lowers uptake of '®F-FDG in the arteries; 2) in the
absence of medication, the calcification lowers '8F-FDG uptake; and 3) artery segments with
multi-spot calcifications accumulates more '8F-FDG than those with single spot

calcification.
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Figure 5.5.a shows FUR values for the four intensity classes of arteries having single-spot
calcification in the medicated and non-medicated subjects. Figure 5.5.b depicts the FUR
values as a function of the four classes of area ratios (RCA) still in the arteries with a single
spot calcification. From these figures, and apart from the values in Figure 5.5.a for SS3, the
results show a decline of glucose metabolism in high intensity calcification and in large area
calcification for single-spot calcifications. The statistical difference between non-medication
to under-medication was not significantly different based on intensity (p=0.2378, Figure

5.5.a), while it was different based on the area ratios (p=0.0089, Figure 5.5.b).

By grouping artery segments for single-spot and multi-spot calcifications, and by plotting
FUR as a function of intensity classes CI and area classes RCA, the medications were still
shown to lower FUR (Figure 5.6.). FUR values appeared with a slight increase as a function

of the extent of the calcification.
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Figure 5.1 a) Sagittal view of the blood FA image with aorta indicated with the
white arrow. b) Blood and tissue time activity curves extracted from aorta FA images.
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Figure 5.2 a) CT image with calcified aorta (white arrow). b) Segmented
calcification spots. ¢) Corresponding PET image slice with the aorta indicated with
the white arrow. d) Fused PET/CT for display only, with overlapping *F-FDG signal
and calcification (black arc) (white arrow). All displayed images were differently
zoomed.

Figure 5.3 a) CT artery image with multi-spot calcifications extracted by utilizing
active contour. b) The numbers on each spot represent its class corresponding to their
mean CT numbers.
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Figure 5.4 a) FUR for non-calcified to calcified segments (p<0.05). All artery
segments were included. The circle near the line of the median indicates the mean.
The dots above and below the quantiles represent outliers. b) Same as in a) but with
excluding artery segments of subjects under medication (p<0.05). ¢) Comparison of all
calcified artery segments as having single calcification spot SS versus those having
multi-spot calcifications MS (p<0.05).
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Figure 5.5 a) FUR values in the four intensity classes of arteries identified with
single-spot (SS) calcification. b) Same in the four area classes. In both figures, the
curves were shown in groups of subjects with and without medication.
The differences of the means between non-medication and under-medication were not

statistically significantly different for calcification intensity in a) (p=0.2378), but they were
different in b) (p=0.0089).

In overall, medication lowers FUR, and high intensity calcifications show decreased FUR

while large area calcifications tend to increase FUR.
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Figure 5.6 a) FUR values for mixed SS and MS versus the four intensity classes
(CI). b) Same in the four area classes.

Discussion:

Detection of artery inflammation in atherosclerosis with '8F-FDG-PET remains
controversial. The main reasons are thus more technical such as imaging protocol, image
reconstruction and filtering, data acquisition mode, image correction for partial volume
effect, image co-registration with CT to define the arteries, region of interest drawing,
concentration of '8F-FDG in plasma (input function), and the method of analysis which
should be more quantitative than standard uptake value (SUV) and tissue-to-blood ratio. For
example, the image reconstruction and filtering smooth the images and lacks in image
resolution to delimit the arteries. Image co-registration destroys the calcification extent in
transaxial and axial slices by interpolating pixels intensity, and vice-versa, it affects PET

image intensities if PET images have to be reported to CT images.

The assessment of PET signal for atherosclerosis was mostly carried in a semi-
quantitative manner that could minimize the information obtained. Yet, most of published
studies for atherosclerosis using PET imaging modality are either oncologic patients, where
the influence of anticancer therapies couldn’t be neglected, or by using the animal model to
resemble human atherosclerosis, where the mouse is the predominant specie in the
experimental atherosclerosis studies. Animals are differing from human atherosclerotic
plaque and lack some approved vulnerable features of human plaque such as
neovascularization and hemorrhage. Additionally, most studies predominantly condone the

correction of partial volume that is a predominant factor affecting the accuracy of tracer’s
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uptake particularly for small lesions (<2 FWHM). Thus, this could lead to under-estimation
of uptake.

Several authors observed a decline of "®F-FDG uptake as a function of calcification
severity [13] [25] [26], while others showed its increase [27] [28] [29]. Others reported no
correlation between 8F-FDG and volume of calcifications [30] [31]. Some authors,
including these cited above, targeted more unstable plaques than calcifications. Lastly, *F-
FDG uptake of other resident cell types, smooth muscle cells and hypoxia would weaken the

specificity of '®F-FDG to macrophages [29] [32].

The present study aims were to show how '®F-FDG varies with calcification intensity and
volume (area multiplied with slice thickness) in subjects under medication and non-
medication. We identified each calcification with its intensity and volume without the
recourse to image co-registration. Apart from the clear difference provided with the effect of

medication [33] [8], the rest of the results remains debatable.

Indeed, calcification is a disputable feature of being a cause of either stabilization or

destabilization of the plaque.

The plaque was thought to healed and stabilized through different mechanisms including
calcification (Dweck et al., 2016), therefore, vascular calcifications were postulated more

likely to quiesce than causing a clinical event.

However, calcification may also lead to vicious cycle of inflammation and arterial
calcification driving disease progression (Nadra et al., 2005). The area of calcification was
reported to be correlated with plaque burden (Sangiorgi et al., 1998; Marquering et al., 2011).
Increasing area of calcification was seen to be associated with a higher intraplaque
hemorrhage (IPH) in 239 studied subjects (van den Bouwhuijsen et al., 2015), where, IPH is
associated with a risk of plaque rupture (Saba et al., 2019). The calcification area was also
reported to be associated with increased cardiovascular disease risk (Blomberg et al., 2017).
Additionally, long-term studies consisted of 25,235 (Budoff et al., 2007) and 125 (Bellasi et
al., 2016) patients have shown that the increasing calcification burden worsening long-term
survival as a result of the increased complexity of calcification influence in atherosclerosis
complication. A study conducted a total of 66,636 asymptomatic adults in a follow-up of

12.3+£3.9 years (Peng et al., 2020) noted that patients with extensive calcification scores
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represent a very high-risk mortality outcome. For 4180 subjects who were evaluated for
stroke events (Hermann et al., 2013), the patients suffering a stroke had significantly higher
calcification scores at baseline than the remaining patients, in 9715 asymptomatic patients,
the extent of calcification scores were also reported to be accurately predicts 15-year

mortality (Shaw et al., 2015).

After all paradoxical findings, we should be skeptical making a firm conclusion regarding
the stabilization of plaques caused by calcification and these contradictory outcomes might
because all of these calcification areas and score analyses were qualitative in each study.
Additionally, calcification of differential shapes, area and locations may act as a marker of a
stable plaque, whereas, other forms might identify an unstable vascular environment (Shi et

al., 2020).

Concisely, the influence of calcification is may local dependent (Wu, Pei and Li, 2014)
rather than global, thus, of each may lead to different clinical consequences (Li et al., 2007),
therefore, the findings in respects to calcification emphasised the need of classifying the
calcification to their relative prognostic values and they are worthy to be discriminated from
one another (Blaha et al., 2017). These different manifestations of calcification would be

best incorporated in considering the calcification quantification.

Intriguingly, spotty calcification has identified to be one of the vulnerable plaque features
(Ehara et al., 2004). We have demonstrated herein a clear correlation with inflammation seen

by 8F-FDG and multi-spots calcifications.

The difference between artery segments having single spot or multi-spot calcifications,
and between those having small or large volume, have to be considered at the same level as
calcification scores [12] [15]. We demonstrated in this work that calcifications with high
intensity and/or with large volume in a single spot calcification behave differently from
arteries with multi-spot calcifications. The rise of '®F-FDG uptake in multi-spot calcification
arteries, i.e. with larger volume, might be due to its exposure to high level of shear stress
which can result in plaque instability [6]. In the same point of view, it has been reported that
microcalcifications within the plaque would produce an increase in peak circumferential

stress, transforming the plaque into a vulnerable plaque [34] [35]. Finally, the calcification
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was suggested to be associated with remodeling and plaque expansion, but without

inflammation [36], translating a low uptake of '*F-FDG.

This longitudinal trial has some limitations. Small number of subjects that may not enough
statistically, and a larger study population is needed. The arterial diameters were computed
either by the CT images or estimated using FWHM of reconstructed PET images for partial
volume effect correction and might under or overestimate corrected activity within the
selected region, therefore, enhanced CT images would overcome such a source of

uncertainty.

Conclusion:

Metabolism activity varies for non-calcified to calcified segments and with medication.
FUR for multi-spot calcification correlated with larger calcification area. Under the point of
view of metabolic activity represented by FUR, calcifications with multi-spots have different

effect than single spot.

Major findings of the research:

The main objective is to investigate either calcification is a marker of inflammatory
cascade that is identified by FUR of "BF-FDG, therefore, led to vulnerable plaque
identification, or it is a marker of plaque stability. The calcification was clustered as a
function of maximum density, area, and shapes of calcification. We demonstrated that spotty
of calcification was correlated with inflammation and calcification area but not the density

of calcification.
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Résumé:

L'athérosclérose est une maladie affectant les artéres périphériques et qui se caractérise
par I’accumulation des dépots de lipides et des cellules immunitaires pour former la plaque
d’athérome. La plaque calcifiée est facilement détectable et mesurable avec I’imagerie TDM
et I’inflammation de cette plaque peut étre quantifiée avec 1’imagerie dynamique TEP en
utilisant le radiotraceur '8F-FDG. Etant donné que les parois artérielles sont trop petites et
dominées par l'activit¢ dans le sang, le modele compartimental conventionnel devient
inadéquat pour modéliser le métabolisme artériel, surtout lorsque nous utilisons une fonction
d'entrée dérivée d'une image a partir d'une artére. L’objectif de cette étude est d'évaluer
quantitativement le métabolisme du glucose dans les artéres avec une modélisation
compartimentale plus appropriée. La modélisation cinétique des artéres a été effectuée a
l'aide du modéle compartimental classique du 'F-FDG et du modéle modifié sans avoir
besoin d'échantillonnage sanguin. Le taux métabolique de glucose (MRG) a été calculé par
segment d'artére dans chaque tranche d'image avec les deux modeles. Le rapport des scores
de calcification de la zone (RCA) et de calcification d'Agatston (ACS) ont été
automatiquement classifiés en utilisant I'algorithme K-means. Les constantes de temps ont
montré une variation significative entre les deux modeles (p < 0,05), alors que le débit du
flux net (Kj) était en bon accord pour les deux modeles (p > 0,05). Du point de vue statistique,
les deux modeles ont révéle que les valeurs de MRG dans le groupe des sujets ne prenant pas
de médicament étaient significativement différentes de celles dans le groupe sous
médicaments.

Mots Clés : TEP; TEP/TDM; '8F-FDG; Modélisation cinétique; Athérosclérose; Artére,

Inflammation; Calcification.
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Kinetic modeling of dynamic PET-3F-FDG in elderly with atherosclerosis without
blood sampling

Mamdouh S. Al-enezi, M’hamed Bentourkia

Abstract:

Atherosclerosis is a disease affecting the peripheral arteries characterized by a deposit of
lipids and immune cells forming a plaque. The plaque can be calcified and be measured with
CT, and it can be inflamed and be measured with PET and '8F-FDG. Since artery walls are
too small and are dominated by blood activity, the conventional compartmental model
becomes inadequate to provide artery metabolism especially when using an image derived
input function from an artery. The purpose of this study was to quantitatively evaluate
glucose metabolism in arteries with a more appropriate compartmental modeling. Kinetic
modeling of arteries was conducted using the classical '*F-FDG compartmental model and a
modification of this model without the need of blood sampling. Metabolic rate of glucose
(MRG) was computed per artery segment in each image slice with both models. The ratio of
calcification area (RCA) and Agatston calcification scores (ACS) were automatically
clustered with the Automatic Hierarchical K-means algorithm. The rate constants showed
significant variation between the two models (p < 0.05), however, net influx rate (Kj) was
with good agreement in both models (p > 0.05). Both models found that MRG values in non-

medication group were statistically significantly different from those in under-medication

group.

Index Terms— PET; PET/CT; "8F-FDG; Kinetic modeling; Atherosclerosis; Artery;
Inflammation; Calcification.
Introduction

Atherosclerosis is a lipid-driven inflammatory disease underlying causes of morbidity and
mortality worldwide[1]. It affects the peripheral arteries characterized by a deposit of lipids

and immune cells forming a plaque. The plaque can harden and be safe all the life of the

50



individual, or it can be inflamed, rupture and obstruct small blood vessel provoking

complications in the brain or the heart.

The most clinical vascular imaging modalities currently used for diagnosing
atherosclerosis are conventional X-ray angiography, intravascular ultrasound (IVUS),
computed tomography (CT) and magnetic resonance imaging (MRI). They all provide a
good anatomical information about the status of vascular lumen and/or vessel wall. Previous
findings have shown that due to the positive vascular remodeling, most of ruptured plaques
do not significantly obstruct vascular lumen prior to rupture [2][3]. Such plaques, therefore,
are hard to be identified using angiography. In addition, IVUS, CT and MRI imaging
modalities provide information on vessel wall and plaque components, like fibrous cap
thickness, lipid core size and calcification[4],[5]. However, they lack metabolic information

and status of plaque vulnerability.

BF-FDG with PET reflects the metabolic activity of macrophages and consequently the
degree of plaque inflammation [6]. Yet, metabolic activity by means of aortic '8F-FDG

uptake was shown to provide an independent prediction of cardiovascular complication [7].

Kinetic modeling is a mathematical model used to fit the time-activity curve (TAC) of a
region of interest (ROI) obtained from dynamic PET images and incorporating an input
function (IF) manually sampled or extracted from the images by means of ROIs on heart
chambers or arteries, thus allowing the assessment of biological parameters and metabolic
activity estimation. The quantitative kinetic features of the '8F-FDG uptake, such as
metabolic rate of glucose (MRG) are more reliable and reproducible than semi-quantitative
metrics like standard uptake value (SUV) and tissue to blood ratio (TBR) [8], [9]. Although
kinetic modeling provides itemized and precise information of the tissue metabolic activity

[10], it is not actually predominantly utilized in clinical practice.

The aims of this study were to utilize kinetic modeling of '*F-FDG independently of blood
sampling and correction for partial volume effect (PVE). Moreover, the IF was derived from
the same ROI to be fitted with the model using factor analysis (other means of image
decomposition can be used). This approach allowed to study the arteries themselves and is
called hereafter model without blood sampling (WOBS). WOBS model was compared with
the classical "®F-FDG 2-tissue compartmental model with conventional method of IF
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determination from the images and PVE correction. These analyses were performed in artery
images of elderly subjects with atherosclerosis with the aims to correlate MRG with artery
calcification. Besides, we have appraised the differences of MRG as a function of ratio of
calcification area (RCA) and Agatston calcification scores (ACS) both calculated from CT
images. The correspondence of MRG values to RCA and ACS is expected to correlate the
artery inflammation to the extent of the calcification (RCA) and to its intensity (ACS).
Lastly, we compared data from subject’s under-medication for the reduction of artery

inflammation and those not taking medication.

Materials and Methods

Subjects' Measurements

The dynamic PET measurements were acquired in ten participants (69.2 + 3.65 years old)
twice a year, making a total of 19 measurements (one participant was scanned a single time).

Nine subjects were under medication.

An activity of 140 to 400 MBq of '"8F-FDG, normalized to participant’s weight, were
intravenously injected in subjects and emission data were collected immediately in PET
dynamic mode for 30 min (12 % 10 secs, 8 x 30 secs and 6 x 240 secs) and they were
attenuation corrected using CT images. PET and CT images were reconstructed using 3D
row action maximum likelihood reconstruction algorithm with 144x144 and 512512 grids,
having pixel size of 4 mm x 4 mm x 4 mm and | mm X 1 mm % 5 mm for PET and CT,
respectively, with a PET/CT system (Philips Gemini TF 16). All participants were following
6-8 hours of over-night fasting. Blood glucose measurement was taken in all recruited
participants and was 4.95 + 0.703 mmol/l (mean = STD). All participants gave written
informed consent for scanning with '8F-FDG-PET and the study protocol was approved by
the research ethics committee of the Faculty of Medicine and Health Sciences, University of

Sherbrooke, Canada.

Image Analysis

The aorta and iliac artery images were considered on each transaxial slice of CT and PET

images. PET image segmentation of the arteries was performed using edge-based
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active contours algorithm [11] in the summation of the first 6 early frame images where the
arteries were well identified. Arteries on CT images were manually identified and verified
with both a CT atlas and correspondence PET slices of first 6 frames. The arterial edges were
carefully identified using active contour algorithm as in PET image artery segmentation. The
calcification of arteries on CT images was also automatically segmented and its area
calculated. The calcification area was used to assess the calcified lesion and calcification
scores[12]. Therefore, the calcified lesions were visually identified in the segmented arteries
as areas greater than 2 contiguous pixels with intensity greater than 130 Hounsfield units[13].
The quantification of RCA was calculated per arterial segment as the ratio of calcified pixels
to total arterial pixels on an image slice. In fact, a pixel in CT image was counted as an area
of 1 mm?. ACS thereafter was computed as the product of calcification area and intensity
factors. These factors were assumed to vary from 1 to 4 based on the intensity of the
calcification: 130-199 HU assigned as 1, 200299 HU assigned as 2, 300-399 HU assigned
as 3, or > 400 HU assigned as 4[14].

MRG was computed by means of the estimated rate constants, glycemia (gl in mg/100ml)

and molar mass of glucose [0.18 (g/mmol)] as: MRG=-£L x K1k

018 g L) The lumped constant

has been assumed to be unity.

The rate constants were estimated following the classical model as described in [15]. In
this case, the IF has been determined from an ROI on the coronal blood image of the aorta
extending on several transaxial slices. The blood image was calculated with factor analysis

(FA) [16], [17]. IF in each artery image slice was corrected for PVE.

The second approach was based on a model introduced by Bentourkia and it is
summarized in [18]. In fact, instead of using IF in a kinetic model, with IF defined by any
means, i.e. from blood samples, population or images, in this new model, tissue blood
volume (TBV) was used. TBV was defined from FA blood image. Usually, the
pharmacokinetic model generates TBV together with the rate constants during the fitting of
tissue TACs, in this new model, TBV is evaluated from FA blood images and IF is deduced
from TBV during TAC fitting. In the following we write the classical '®F-FDG model (1)
[15] followed by the WOBS model (4) [18]:
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CPET (t): % [(k3 +k4-(11 ) e t+((12-k3 -k4)e'°‘2t] ®IF+k5 IF (1 )

ks is a constant <1, and kgIF is a fraction of the IF representing TBV of that ROI (TBV
=ksIF). TBV is also the blood component in this same ROI in the image which was defined
with FA. By knowing TBV from FA, IF can be obtained as:

IF=TBV/ks 2)

Substituting this equation in the above we obtain:

CPET(t):%1 [(ks+k -0 )™ (ap-ks- ky) € ®TBV/Ks+TBV (3)
which becomes, by replacing 1/kz by a constant v:

CpET(t)=% [(i5+k -0 )&+ (ap-ks-ky) €™ @VTBVHTBY  (4)

In final, equation (4) is independent of IF. In terms of fitting, the classical model (1) fits
for 4 rate constants and a constant ks<1, while the WOBS model (4) equally fits for the 4

rate constants and a constant v>1.

The advantage of using (4) is that both TBV and Cpgt are evaluated from the same ROI,
thus PVE is cancelled out. Since TBV is extracted from the same ROI to be fitted, the noise
in TBV is already contained in the ROI TAC and thus the model more accurately fits the
data. As a third advantage, once FA is applied on a 3D image, tissue and TBV can be easily

used at the pixel basis or with ROIs in a model, and this provides a gain in time.

The SUV (in arbitrary unit, AU) was calculated as the mean of the artery ROI pixels in

the last PET image frame multiplied by the scale suvscl extracted from the image header.

Finally, in clustering RCA and ACS, we utilized Automatic Hierarchical K-means
algorithm (AHK) [19] and we enhanced its performance with the use of silhouette-coefficient
[20].

Statistical Analysis

The goodness of fit between the measured TACs and the model fits was assessed by

Pearson’s correlation coefficient squared (r?) in each ROI[21], [22]. Continuous data were
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tested for normality using the D'Agostino-Pearson omnibus test[23]. Since the normality was
not demonstrated in our data, we opted for the non-parametric data to be compared using
Wilcoxon-Mann-Whitney U test and expressed as median with interquartile range

(IQR)[23], [24].

The p value < 0.05 considered the threshold for statistical significance. The statistics of
the influx constants and MRG values between the applied models and all clustered groups

illustrated in this study were analyzed with Wilcoxon-Mann-Whitney U test.

Results

There were 710 artery segments in total from the 19 subjects (mean segments per subject
37 segments, with a minimum of 14 and a maximum of 47 segments per subject). Among
these segments, 354 had calcifications with a mean RCA of 0.21 + 0.14. The number of
artery segments from subjects under medication was 315 segments, and under medication

with calcification was 203 segments.

Figure 6.1.a shows a CT image slice of the aorta as indicated by the arrow with the ROIs
on the whole artery and on the two calcification spots. Figure 6.1.b represents the
corresponding PET image slice including the aorta, and Figure.4.1.c was obtained from
factor analysis for the blood component of the same slice. Figure 6.1.d depicts the TACs
from measured and FA blood image of the ROI drawn around the aorta as shown in Figure

6.1.b and Figure 6.1.c.

Figure 6.2.a shows the diagram of the WOBS model as it is mathematically described in
equation (4). The vascular compartment in this figure, when it represents the IF in the
classical model, is partially seen by PET (dashed line), while in WOBS model, the whole
blood compartment which is reduced to TBV is included in what PET measures (TBV inside
dashed line).

In almost the whole TACs, the fit with WOBS model was more accurate than with the
classical model (Figure 6.2.b) (p<0.05 with both Student t-test and Mann-Whitney test.
WOBS r2: mean = STD is 0.995 + 0.01, median: 0.998, IQR: 0.0046; classical model r2:
0.90 £+ 0.05, median: 0.901, IQR: 0.0778). Figure 6.2.c and its zoomed counterpart on the
amplitude Figure 6.2.d show the fits to an aorta TAC using WOBS model, and similarly in
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Figure 6.2.e and Figure 6.2.f for fits using the classical model with IF extracted from FA
images.
With WOBS model (Figure 6.2.d), TBV appears far below the measured and fitted TACs,

and the free '8F-FDG (CF curve in green) does not appear having contamination from blood

component (peak of green curve not following peak of the bolus injection as in Figure 6.2.1).

Table 6.1. shows the values of K; and K; for WOBS and for the classical model with IF
derived from FA. K, values with WOBS were statistically significantly different from those
of the classical model (p< 0.05), while K; was not different between WOBS and the classical
model (p=0.41).

d) —Measured
% 1500 —Blood
F=]
c
o |
[=]
©Q 1000
=
=
T 500
<
0 i " i
0 10 20 30

Time (min)

Figure 6.1 a) Trans-axial view of a CT image through the aorta. The arrows
indicate the aorta and two calcification spots. b) Corresponding measured PET
image. ¢) Corresponding blood FA image. d) Example of TACs from measured PET
image and from blood FA image.
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Figure 6.2 a) WOBS model. b) Pearson’s correlation coefficient squared (r2) for all
TAC fits with WOBS (upper plot) and with the classical model (lower plot). ¢) TAC
fit with WOBS model. d) Same in ¢) with a zoom on the amplitude. e¢) and f) Same as

in ¢) and d), respectively, for TAC fit with the classical model.
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Table 6.1 Influx constant values estimated using WOBS and classical models.
Values were expressed as mean + STD averaged over all artery segments.

K, (ml/min/g) K, (ml/min/g)

WOBS model 0.015+0.013 0.194 +0.153
Classical '8F-FDG  0.026 +0.011 0.202 + 0.140
Model (IF from FA)

K4 = 0, Ki=K1k3/(K2+k3).

Figure 6.3 depicts the comparison of MRG values calculated with WOBS (Figure 6.3a)
and the classical model (Figure 6.3.b). Within each model as well as with SUV in Figure
6.3.c. There was a significant difference for the effect of medication (p<0.05). However,
between the two compartmental models the results did not show differences in either groups
of non-medicated or under medication. MRG and SUV values respectively for non-

medication and under-medication groups are grouped in Table 6.2.
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Figure 6.3 Comparison of MRG between non-medicated and under-medication
groups assessed with (a) WOBC, (b) classical models and (c) SUV. In both models and
SUV, non-medicated and under medication groups were statistically significantly
different. (p<0.05).
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Table 6.2 Statistics in the groups of non-medicated and under-medication for
WOBS and classical models and SUV.

Non- Under-
medication medication

WOBS Mean+STD 1.31 £0.86 0.89 +0.59
Median 1.12 0.80
Quartiles 0.65 -1.70 0.42-1.22
IQR 1.05 0.80

Classical Mean+STD 1.24 +0.89 0.90 +0.76
Median 1.01 0.67
Quartiles 0.55-1.85 0.36-1.21
IQR 1.30 0.85

SUV Mean+STD 2.23+0.78 2.00 £ 0.60
Median 2.21 1.98
Quartiles 1.71 -2.63 1.60 - 2.40
IQR 0.92 0.80

e The values of WOBS and classical models are in units of
umoles/100g/min and those of SUV are in arbitrary units.

For the three automatically defined RCA clusters with AHK, the median values of MRG
in units of pmoles/100g/min for WOBS model were 0.69 (IQR 0.41 - 1.14), 0.78 (IQR 0.42
—1.40) and 1.40 (IQR 1.04 — 1.90) in RCA1, RCA2 and RCA3 clusters, respectively. While
for classical model, MRG values were 0.60 (IQR 0.20 - 1.12), 0.83 (IQR 0.45 — 1.82) and
1.75 (IQR 0.88 — 2.40) in the same clusters. This indicates that MRG increased with RCA in
both models. Higher RCA (RCA3) was significantly different from RCA1 in both models

(P<0.05). Figure 6.4 summarizes these results.

In the comparison between the two models with respect to RCA clusters (RCAiin WOBS
versus RCAI in classical model), there was no significant difference (p= 0.32, 0.47 and 0.3

for RCA1, RCA2 and RCA3 respectively).

As in RCA, the ACS were clustered with unsupervised AHK and gave 5 clusters. MRG
in units of umoles/100g/min of the 5 clusters for WOBS model expressed as median with

IQR were: 0.62 (IQR 0.34 - 1.12),0.73 (IQR 0.48 — 1.23), 0.81 (IQR 0.42 — 1.35), 1.20 (IQR
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0.81 — 1.91) and 1.52 (IQR 1.32 — 1.97). While for the classical model, these values were
respectively 0.60 (IQR 0.20 - 1.20), 0.55 (IQR 0.35 — 1.03), 1.12 (IQR 0.46 — 1.83), 1.48
(IQR 0.69 — 2.05) and 2.06 (IQR 0.96 — 2.46).

The higher 2 ACSs were significantly different from the first 2 ACSs groups in both
models (P<0.05). Figure 6.5 shows a plot of these results.

We compared ACS between the two models (same as in RCA), and there was no
significant difference (p = 0.60, 0.30, 0.36, 0.59 and 0.38 for ACS1, ACS2, ACS3, ACS4
and ACSS5 respectively).
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Figure 6.4 MRG as a function of the three clusters of RCA; a) MRG obtained with
WOBS model and b) with classical model.
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Figure 6.5 MRG as a function of the five clusters of ACS; a) MRG obtained with
WOBS model and b) with classical model.
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Discussion

Several studies have demonstrated the feasibility of utilizing '®F-FDG pharmacokinetic

model and its derived parameters in dynamic PET imaging clinically in oncologic

60



malignancies. However, no study up to now applied this approach in atherosclerotic disease.
The major issue obstructing the use of '®*F-FDG model is the time demanding in imaging in
addition to blood sampling and its accompanied obstacles[25]. Nonetheless, the reliability of
using a short time of PET data acquisition within 30-min compared to the classical 60-min

imaging protocol has been demonstrated[26], [27].

In the regards of blood TAC, invasive blood sampling could be appropriately replaced by
image derived input function strategies[16], [17]. Partial volume effect due to limited
resolution of a clinical PET scanner results in increasing underestimation of activity
measured with decreasing volume of interest [28] and to an increased measurement
uncertainty of this activity. Having said that, there are plenty of strategies for partial volume

correction[29].

Our approach in this study was to exploit the reliability of kinetic modeling independently
of blood sampling or common IF derived from images prone to PVE, and concurrently
eliminating the impact of partial volume effect (mathematically explained in equation (4)).
Several cancer and brain studies used IF defined from arteries such as aorta and carotid. To
study the arteries themselves, this approach becomes trivial as an artery IF cannot be used to
fit itself in the model. In this study, we also derived an IF from the sagittal measured PET
image of the aorta in each subject and applied the classical model and found the values K, =
0.024 £ 0.011, K; = 0.104 = 0.052 which were statistically significantly different from those
obtained with WOBS and with the classical model using IF from FA blood image.

The simple approach for PVE correction is the design of a phantom with cylinders or
spheres at the same distance from the phantom center and filled with the same radiotracer
concentration. The deficit in intensity in the image of the cylinders is used as recovery factors
to correct artery or tumor images depending on their diameters[30], [31]. The other approach
is the correction for spill-out by deconvolution which is more demanding. The approach of
recovery factors is well suited to imaging of arteries as these appear almost circular on the
images. Consequently, since we used the same ROI for TBV and for the artery segment, the

recovery factors (RC) cancel out in equation (4):

CPET(t)XRC=% [(kytk,-a; )™+ (0p-ks-kq) €| @VTBVXRC+TBV*RC.
270y
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In addition to PVE elimination in WOBS model, and since Cpgr(t) and TBV are deduced
from the same ROI, they are subject to nearly the same noise including subject movement
during image acquisition or direct action on the tissue of interest [32]. However, these effects

remain to be demonstrated.

We have compared rate constant values estimated using WOBS model with the classical
BF-FDG model and the correlation was obvious over the macro-parameter (K, therefore
MRG). However, for the rate constants when taken separately, they were having significant
variations between the two models. The significant variations in micro-parameters could be
explained by the short circulation time (30 min) and different input IFs (per segment blood
TACs for WOBS model and single global input IF for classical model). Therefore, if these
rate constants were taken as a single block (K), they were found with a good agreement in
both models. Interestingly, K, particularly was shown to be excellently independent of such
short circulation time influence[27]. Yet, the dependency of K; on the relations between the
rate constants making it (K;) little affected by the variation between them, which led us
having no significant difference in K; for both models, in the contrary to rate constants, as

this has also been demonstrated for '*F-FDG elsewhere [33].

Increasing calcification area was shown to be positively and independently correlated
with cardiovascular disease risks but not intensity factors in the study of 3398 participants
of multi-center [34]. We have shown that the overall metabolic activity within the arterial

segments significantly differed as a function of calcification area but not the intensity.

The Agatston score thereafter (multiplication of intensity factor and calcification area)
was clustered with unsupervised AHK and resulted into 5 groups. Higher scores were

accompanied with high MRG values.

The metabolic activity in calcified arterial segments were statistically significantly

different in non-medication compared to under medication groups in both models.

We finally shall mention that this was a prospective study, and the participants were not

oncology patients or taking medication other than those for atherosclerosis.
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Conclusions

The modified 'F-FDG model was used without the knowledge of a common IF, and
simultaneously eliminated the need to partial volume correction. This model was shown to

be comparable to the classical '*F-FDG model.

For atherosclerosis, higher area of artery calcification and calcification score depending
on calcification intensity and area were shown to affect glucose metabolism in the arteries.
The correlation of glucose metabolism with the combination of calcification area and

intensity could be an indicator of plaque vulnerability.

Major findings of the research:

The main objective was to study the feasibility of kinetic modeling application in
atherosclerotic settings. We demonstrated the feasibility of using kinetic modeling in
atherosclerotic settings with constraints on the input function that should not be extracted
directly from the image but rather it should be extracted using factor analysis or other
statistical means. We have also found that higher calcification area and higher calcification
score were correlated with higher metabolic rate of glucose. Kinetic modeling with WOBS

is more appropriate than with the classical model.
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Résumé:

Objectif: l'objectif de cette étude était la localisation de la plaque athéromateuse
vulnérable en I'absence de calcification au moyen de sa densité en unités de Hounsfield (HU)
sur l'imagerie par tomodensitométrie (CT), et au moyen de son métabolisme sur la
tomographie d'émission par positons (TEP). Les plaques artérielles non calcifiées (NCP) et
calcifiées (CP) des images TDM étaient corrélées avec le taux métabolique du 2-désoxy-2
['8F] fluoro-D-glucose ('F-FDG) (MRG) et la valeur d'absorption standard maximale
(SUVmax) dans les images TEP.

Procédures: 19 volontaires agés de 65 a 85 ans ont subi une imagerie dynamique
TDM/"®F-FDG-TEP, parmi lesquels 9 étaient sous médication. Une artére normale (NAR) a
¢té définie comme n'ayant pas de plaque sur une coupe d'image transaxiale TDM (segment),
ou bien elle peut contenir du tissu fibreux, le tout avec une densité comprise entre 51 et 130
HU. La CP a été identifiée comme ayant une densité supérieure a 130 HU d'apres la
littérature. En outre, et toujours sur la base de la littérature, la NCP dans la région de la
circonférence d'un segment d'artére a ¢été définie comme une plaque contenant 4 pixels
adjacents ou plus ayant une intensit¢ < 50 HU identifiée par la méthode de seuillage
d'histogramme. En CP, le rapport de la zone de calcification a la surface de l'artére (RCA) et
le score de calcification d'Agatston (ACS) ont été classifiés a 1'aide de 1'algorithme K-means

en 4 groupes du plus petit au plus grand: RCA1, RCA2, RCA3 et RCA4 pour la l'aire, et
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ACSI1 ACS2, ACS3 et ACS4 pour les scores de densité, et ils ont été corrélés avec MRG et
SUVmax.

Résultats: MRG et SUVmax ont été trouvés statistiquement plus élevés pour le NCP
comparés aux parametres NAR et le CP chez les sujets ne prenant pas de médicaments
(p<0,05), tandis que ces valeurs du NCP ont profondément chuté¢ chez les sujets sous
traitement et NCP est rest¢ statistiquement différent de NAR mais pas de CP. Dans le groupe
sans médicament, MRG dans NCP n'était pas statistiquement significativement différent
dans les plaques d'aires étendues (p= 0,40 et p= 0,55 entre NCP et RCA3, et NCP et RCA4,
respectivement). Dans le groupe sous-médicament, aucune différence statistique n'a été

trouvée entre NCP et les quatre RCA, ils ont tous été abaissés par le médicament.

Conclusions: Etant donné que la plaque calcifiée a haute densité a été rapportée comme
stable, et que la plaque de faible densité a été reconnue comme la plaque vulnérable, sur la
base de ce travail, cette derniére peut étre identifiée sur les images de TDM seule. La plaque
ayant une densité inférieure a 50 HU exprimait un métabolisme élevé sur la TEP-'8F-FDG

indiquant son inflammation, et elle avait une sensibilité significative aux médicaments.

Mots-clés : Athérosclérose, inflammation des artéres, plaque non calcifiée, calcification,

modélisation cinétique, TDM, TEP.
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Abstract

Purpose: The goal in this study was the localization of the vulnerable atheromatous artery
plaque in the absence of calcification by means of its density in Hounsfield units (HU) on
computed tomography (CT) imaging and by means of its metabolism on positron emission
tomography (PET) imaging. The non-calcified (NCP) and calcified (CP) artery plaques in
CT images were correlated with the metabolic rate of 2-deoxy-2['*F] fluoro-D-glucose ('*F-

FDG) (MRG) and maximal standard uptake value (SUVmax) in PET images.

Procedures: 19 volunteers aged 65 to 85 years underwent a dynamic '®F-FDG-PET/CT
imaging, among them 9 were under medication. A normal artery (NAR) was defined as
having no plaque on a CT transaxial image slice (segment), or it might contain fibrous tissue,
all with density between 51 and 130 HU. CP was identified as having density above 130 HU
as based on the literature. Also, based on the literature, NCP in the circumference region of
an artery segment was defined as a plaque containing 4 adjacent pixels or more having < 50
HU identified by histogram thresholding method. In CP, the ratio of calcification area to
artery area (RCA) and Agatston calcification score (ACS) were clustered using Hierarchical
K-means algorithm into 4 clusters from small to large: RCA1, RCA2, RCA3 and RCA4 for
area, and ACS1, ACS2, ACS3 and ACS4 for density scores, and were correlated with MRG
and SUVmax.

Results: MRG and SUVmax were found statistically higher for NCP compared to both
NAR and CP in non-medication subjects (p<0.05), while these values in NCP deeply
dropped in subjects with medication and NCP remained statistically different from NAR but
not from CP. In non-medication group, MRG in NCP was not statistically significantly
different in larger plaque area (p= 0.40 and p= 0.55 between NCP and RCA3, and NCP and
RCAA4, respectively). In under-medication group, no statistical differences were found

between NCP and the four RCAs, they were all lowered by the medication.
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Conclusions: Since the high-density calcified plaque was reported as stable, and the low-
density plaque was recognized as the vulnerable plaque, based on the present work, this latter
can be uniquely identified on CT images. The plaque having density below 50 HU expressed
a high metabolism on PET indicating its inflammation, and it had a significant susceptibility

to medication.

Keywords: Atherosclerosis, Artery inflammation, Non-calcified plaque, Calcification,

Kinetic modeling, Computed Tomography, Positron emission tomography.

Introduction

Atherosclerosis is the most common type of cardiovascular disease (CVD) causing
mortality and morbidity specially in seniors [1]. It begins with the formation of
atherosclerotic plaque caused by, but not limited to, the lipid accumulation and oxidation [2].
It has been demonstrated that the degree of stenosis alone is not the best predictor of CVD

complication risk, such as stroke and heart attack.

Computed tomography (CT) provides quantification of calcified plaques (CP) and non-
calcified plaques (NCP) by means of diverse techniques [3—5]. Besides, NCP was the most
prone to rupture plaque as reported in several works [6—8]. This has led to the concept of the
“vulnerable plaque” describing atherosclerotic plaques with high risk of rupture.
Intravascular ultrasound (IVUS) and optical coherence tomography are invasive imaging
modalities having been widely used due to a good accuracy and resolution enabling them to
identify NCP, in addition to the measurement of fibrous cap thickness [9]. However, the
penetration depth, invasive nature and shadowing artifacts added difficulties to assess plaque
morphology at the site of the culprit lesion [10]. Magnetic resonance imaging (MRI) is a
promising modality for atherosclerosis. Several studies have validated the ability of MRI to
differentiate fibrous cap and lipid core components of the atherosclerotic plaque [11-13],
nevertheless, a need of longer imaging times to enhance signal to noise ratio and MRI
environment not suitable for patients with claustrophobia, pacemakers, defibrillators, and

certain aneurysm clips are of major limitations [14].
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Recently, several studies in the use of CT images have went deep beyond the stenosis and
calcification toward NCP identification. NCP was mostly reported as below 30 HU or below
50 HU cut-off values [15-20]. CT images afford many privileges over other modalities
including low cost, less sensitive to motion and non-invasive with very short acquisition
time. In the combination with CT, positron emission tomography (PET) imaging is
noninvasively able to assess high-risk features of unstable plaque with superior sensitivity
up to picomolar tracer concentration detection over other non-invasive imaging
modalities[21]. '®F-FDG is the most validated and used tracer for PET imaging and has been
extensively demonstrated as a monitor and early atherosclerosis predictor, marker for
inflammatory and vulnerable plaques[22-24]. "8F-FDG uptake has been reported to
accurately predict the NCP and plaque within the fibrous cap [25]. Although the metabolic
rate of glucose (MRG) quantitatively estimated from the standard two-tissue compartment
model of 8F-FDG [26] is not often used in clinical practice, it is more reliable than semi-
quantitative parameters [27-29] and provides precise and comprehensive description of

tissue metabolism [30].

It has been reported that plaque lipid rich tissue and fibrous tissue can be discriminated
based on their intensities on CT images [3, 5, 31], and that the lipid rich plaques are the most
vulnerable for detachment [3]. Other investigations showed that heterogeneous NCP are
associated with high risk detachment [17, 32], while homogeneous NCP are stable [17]. The
density of the lipid rich plaque was found between 30 and 60 HU [16, 33], distinctive from
plaque fibrous tissue and normal artery tissue which have higher density. Backed by these
findings, in this study, we segmented arteries for NCP on CT images with a cut-off value of
50 HU and assessed their metabolism, as a function of MRG and SUVmax in aged
volunteers. We also report MRG and SUVmax of CP in comparison to calcification area and

density.

Methods
Study design and population

We prospectively recruited nineteen subjects in this study (age range 65 to 85 years).

Among these subjects, 9 were taking their prescribed medication against artery
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inflammation. All participants underwent overnight fasting prior of glycemia measurements.
Low-dose CT images were first acquired for photon attenuation correction, anatomic
correlation and for plaque quantification. Dynamic PET data acquisition was performed for
30 min after a bolus intravenous injection of '8F-FDG (3.7 to 10 mCi adjusted by subject’s
weight) and binned into 26 frames: 12 x 10 secs, 8 x 30 secs and 6 x 240 secs. This
acquisition time of 30 min was reported to be greatly correlated to a standard PET acquisition
time of 60 min [34]. PET and CT acquisitions were performed with a PET/CT system
(Philips Gemini TF 16) in a matrix of a 144 x 144 x 45 for PET and in a matrix 512 x 512 x
138 for CT, and the PET images were reconstructed using the iterative 3D row action
maximum likelihood reconstruction algorithm. The '8F-FDG uptake and calcification on

PET/CT images were assessed in the aorta and iliac arteries on the transaxial images.

Analysis of CT images

Arteries were segmented from CT transaxial images using edge-based active contour
model semi-automatically to find an optimal object boundary [35]. The method of histogram
thresholding was used for intensities < 50 HU for NCP determination and > 130 HU for CP
in areas of at least 4 adjacent pixels in the circumference region of the arterial segment (artery
transaxial image slice) [36, 37], and as a second condition, there cannot be another cluster of
4 adjacent pixels in the same artery segment. An artery with no plaque observed on the artery
segment or with intensities between 51 and 130 HU was considered as a normal artery
(NAR), (i.e. not prone to rupture). The calcification area was computed and normalized to
artery area to give the calcification area ratio (RCA) [36], whereas Agatston calcification
scores (ACS) were calculated using a value assigned to the maximum density of calcification
in a given artery segment as explained below. We also considered the maximal density in
HU in each calcification area and classified these densities in four levels similar to ACS as

density levels (DL) from 1 to 4.

The Hierarchical K-means algorithm (AHK) with the precision of hierarchical clustering
[38] in the combination with silhouette-coefficient [39] were used for calcification area and
scores clustering. With AHK, RCA of artery segments were clustered in 4 clusters: RCA1-
4. For ACS calculation, the maximum pixel density in each calcification area was assigned

a level from 1 to 4 depending on its density: value of 1 for 131-199 HU, 2 for 200299 HU,
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3 for 300-399 HU, and 4 for 400 HU and above. The ACS were obtained by multiplying
these levels with their corresponding RCA [40—42]. The ACSs of all the artery segments
were segmented with AHK in 4 clusters: ACS1-4. At the end, the clusters of RCA1 to 4,
ACS1 to 4, DL1 to 4, NCP and NAR formed the independent variables for PET MRG and

SUVmax comparison.

Analysis of PET images

Artery images were segmented from early frames of PET dynamic images using active
contour. The arterial input function (IF) was derived from the blood component decomposed
using factor analysis of dynamic sequence (FA) [43—46]. Artery time-activity curves (TAC)
defined from transaxial PET dynamic image slices were fitted with the modified two-tissue
compartment model [43]. In this model, the tissue blood volume function was taken as the
FA blood component (BC) (commonly assumed as a fraction of IF), and IF was taken as a
factor of FA blood component, i.e. [F = vBC with v > 1. This model without blood
sampling (WOBS) is efficient as it does not require an IF determination neither it needs the
correction for partial volume effect (PVE) since the IF and the tissue TAC are deduced from

the same region of interest (ROI).

Statistical analysis

Continuous data were tested for normality using the D'Agostino-Pearson omnibus test.
Continuous parametric variables were expressed as mean + STD and compared using
Student's ¢ tests and expressed as mean + STD. Non-parametric data were compared using
Mann-Whitney U test and expressed as median, quartiles and interquartile range (IQR) with

the statistical significance level chosen as 5%.

Results

An example of the bifurcation of the iliacs is shown in Figure 7.1A. In other subjects, the
aorta was also apparent on the image. Figure 7.1B shows an example of a TAC fit with
WOBS. In Figure 7.2A, the NCP was determined in the artery circumference region and
identified on the corresponding whole-artery PET image slice (Figure 7.2B). An example of
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calcification area reported to artery area for RCA calculation is shown in Figure 7.2C and

2D.

The number of artery calcification segments on CT transaxial images in all 19 subjects
were 354 out of 710 in total, with a mean RCA of 0.21 £ 0.14 (Median, 0.18; IQR, 0.20; IQR
range, 0.10 - 0.30), and ACS of 0.74 £ 0.59 (mean = STD) (Median, 0.61; IQR, 0.92; IQR
range, 0.21 - 1.14). Not all these CT artery segments were used in the analysis, but only those

corresponding to the artery image slices on PET as reported in the figures below.

Table 7.1 presents the statistics of MRG in units of umoles/100g/min and SUVmax for
the three types of arteries and for non-medication and subjects under medication, and Figure
7.3 depicts the MRG values of their respective medians. From Figure 7.3, all the three types
of arteries were statistically significantly different respectively between non-medication and
under-medication, and between each other, except NCP and CP which were not different in
under-medication. NCP was found to have the highest MRG value, and the medication was
observed to act more on this type of artery, suggesting that this type of artery segment

encompasses the inflamed plaque which is prone to rupture.
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Figure 7.1 A) The coronal view of a PET blood FA image where the right and left
iliacs were distinguished. B) Example of an artery TAC fit with WOBS model.
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Figure 7.2 A) CT image of aorta showing the NCP region with mean HU of 32 and
an area of 89.3 mm?, B) Corresponding aorta PET image. C) CT image of aorta with
calcified arterial wall. D) Binary image of the calcified plaque with an RCA of 0.329.

75



Table 7.1 MRG values in units of pmoles/100g/min and SUVmax for NAR, NCP
and CP, from subjects with non-medication and subjects under medication.

Cluster Measures Without medication With medication
MRG SUVmax MRG SUVmax
NAR Mean+STD 1.50+0.91 1.9440.40 1.2240.77 1.80+0.36
Median 1.32 1.97 1.10 1.84
Quartiles 0.74-2.08 1.74-2.17 0.61-1.70 1.57-2.02
IQR 1.34 0.43 1.09 0.46
NCP Mean£STD 170+0.83 2.42+0.50 0.744+0.45 2.26+0.45
Median 1.52 2.46 0.70 2.30
Quartiles 1.10-2.32 2.18-2.72 0.35-1.05 1.96-2.53
IQR 1.22 0.54 0.70 0.57
CP MeantSTD 1.20+0.88 1.91+0.55 0.82+0.47 1.70+0.53
Median 0.99 1.90 0.75 1.70
Quartiles 0.45-1.74 1.59-2.27 0.40-1.16 1.31-2.05
IQR 1.29 0.68 0.75 0.74
1.6
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Figure 7.3 Median MRG for NAR, NCP and CP artery types for non-medicated
(NM) and under-medication (UM) groups. All the three types of arteries were
statistically significantly different between non-medication and under-medication,
and between each other, except NCP and CP which were not different in under-
medication.
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The values of MRG from the four area clusters RCA1-4, from the four density levels
DL1-4, and from the four scores ACS1-4 are reported in Figure 7.4 in comparison to NCP
and NAR, and for subjects without and with medication. NCP in non-medication data was
found statistically significantly different from RCA1 and RCA2 but not from RCA3 and
RCA4 (Figure 7.4A). However, the medication lowered all the values including NCP, and
then NCP was not statistically different from RCAs (Figure 7.4B). NCP in non-medication
was found statistically significantly different from NCP in subjects under medication. When
comparing NCP to NAR, they were found statistically significantly different in non-
medication (p = 0.032) and in under-medication (p = 3.48.10"). From Figure 7.4A, NCP has
higher MRG than NAR (Mean: 1.70 versus 1.50, Median 1.52 versus 1.32, see Table 7.1)
reflecting the inflammation in the NCP plaque, and this observation is confirmed by the
action of the medication in Figure 7.4B where MRG of NCP was highly reduced with respect
to that of NAR which is assumed to contain normal artery wall (Mean: 0.74 versus 1.22,
Median 0.70 versus 1.10, see Table 7.1). Meanwhile, NCP was found different from DL2
and DL4 in non-medicated subjects (Figure 7.4C). Apparently, these differences were due to
the far outliers, and when the outliers were removed, NCP was found statistically different
from only DL1. Without removing the outliers in DLs from subjects under medication, no
statistical differences were found between NCP and DL1 to 4 (Figure 7.4D). With respect to
ACS, in subjects with non-medication, NCP was found statistically significantly different
from ACSI1 and ACS2 but not from ACS3 and ACS4 (Figure 7.4E), while NCP was not
different from all ACSs in subjects under medication (Figure 7.4F).
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Figure 7.4 Comparison of metabolic activity (MRG) for (A) NCP, NAR and RCA
clusters in non-medicated subjects, (B), Same as (A) for subjects under medication. C)
and D) Same as (A) and (B), respectively, but for the four density levels (LD) (NAR
was omitted since it was the same as in (A) and (B)). E) and F) same as in C) and D)
for NCP in comparison to ACSs. The empty squares are for outliers and the filled
circles are for the means. The numbers above each box plot indicate the number of
artery segments. MRG of NCP was found statistically significantly different from
those of NAR, RCA1 and RCA2 in (A), from NAR only in (B), from DL2 and DL4 in
(O), and from ACS1 and ACS2 in (E).

Discussion

CT 1s abundantly used in atherosclerosis imaging for visualizing and quantifying the
calcification as a marker for atherosclerotic plaques burden especially when the calcification
is linked to its extent. Meanwhile, it was discovered that the high calcification was associated
with the plaque stability, and the co-occurrence of calcified and non-calcified plaques were
associated with plaque vulnerability. This latter finding was further confirmed by imaging
with PET and '8F-NaF [7, 47]. It was reported that plaque rupture is not necessarily
dependent on plaque volume or extent of its stenosis, but the microcalcifications and

inflammation rather play a more crucial role [47]. Therefore, this study is in agreement with
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the literature emphasizing the dynamic imaging with PET-!8F-FDG and exploiting the low
dose CT imaging.

NCP with a cut-off value of < 50 HU was found to be metabolically more sensitive
compared to density < 30 HU cut-off in the agreement with other findings [3, 5, 7]. The
metabolism in NCP was also significantly higher compared to CP group and even when
assessed with SUVmax as illustrated in Table 7.1 and Figure 7.3. Compared to the normal
artery wall assumed to have CT densities between 51 and 130 HU (NAR), NCP was found
having a high MRG value relative to NAR in non-medication (Table 7.1, Figure 7.3 and
Figure 7.4A), denoting its inflammation, and this observation was confirmed in subjects
under medication were the medication drastically lowered the metabolism, i.e. treated
inflammation, in NCP more than in NAR (Table 7.1, Figure 7.3 and Figure 7.4B). The effect
of the medication on NAR was also found statistically significantly different between non-

medication and under-medication subjects (p = 0.023).

This study demonstrated a significant variation of NCP with respect to the plaque area but
not to the density of calcification. Remarkably, the area but not density was cited to be
obviously associated with atherosclerosis risk [48]. Unsurprisingly, the calcification scores
in Agatston approach were in the same arrangement as the areas where the scores were
influenced more by area (same statistical differences between NCP and RCAs versus NCP
and ACSs). The effect of medication was clearly demonstrated in NCP and RCA clusters as

shown in Figure 7.3 and 7.4 in accordance with the literature [49].

The limited number of subjects, 10 without medication and 9 under medication, generated
acceptable number of artery segments based on their area with a minimum of 23 segments
per class and a maximum of 39, but based on their density, some segments had a limited
number such as 4 in density levels. However, the main conclusions are more drawn from
NCP versus NAR and CP globally which have more than 50 samples. As discussed above,
the plaque density has a lesser impact on the inflammation, the thresholding of NCP to below
50 HU as reported in the literature depends on the statistics in the CT images which are
influenced by several parameters such as beam flux and photon energy spectrum, photon
scattering, image reconstruction filtering, artery movement and artery image segmentation.

Keeping a gap between 50 HU and 130 HU, where this latter is the start of the calcification,
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assures somehow the assumption of the homogeneity of the vulnerable plaque. Another
remark concerns the kinetic modeling when using WOBS, which makes the '*F-FDG uptake
depending on the same ROI for the input function and for tissue time-activity curve, thus
intrinsically reducing the uncertainties, and at the same time, the model avoids the partial
volume effect. In other circumstances, the input function has to be determined by other
means, e.g. by blood sampling or from artery images, to fit the artery TAC, where this artery
TAC itself is mainly made of activity in blood.

Conclusion

This prospective study confirmed the possibility of CT images to identify the non-
calcified artery plaque (NCP) with density below 50 HU with an excellent correlation with
its metabolic activity. NCP and high calcification area were accompanied with a statistically
high metabolic activity. Medication against artery inflammation was clearly shown to reduce
NCP metabolism. Based on the literature reporting the potential of '®F-NaF to detect the
vulnerable plaque, and since '®F-NaF reports the plaque before being calcified, NCP is
expected to play the same role with the more available CT imaging alone than the addition

of PET imaging.

Major findings of the research:

The main objective was to study the capability of CT imaging in identifying the vulnerable
plaque. We demonstrated that non-calcified plaque with a density below 50 HU has a situ
correlation with higher metabolic activity and thus it was assumed as instable plaque.
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8. PRELIMINARY ANALYSIS OF 3F-NAF PET/CT AND
CT WITH CONTRAST AGENT

Evaluation of '3F-NaF uptake and wall attenuation in the arteries using PET/CT

and CTA for vulnerable plaque detection.

Mamdouh S. Al-enezi, M hamed Bentourkia

Résumé:

Le but de cette étude est de corréler I'absorption de fluorure de '®F-sodium ('3F-NaF) dans
l'aorte et I'illiaque avec une valeur seuil < 50 HU sur la paroi artérielle (plaque non calcifiée,

NCP) en tenant compte de la densité de calcification, des aires de calcification, et des scores.

M¢éthodes : 107 segments d'artere de cinq volontaires avec athérosclérose (non
oncologiques) ont été inclus dans cette étude. La captation du '8F-NaF a été corrigée pour
l'activit¢ du pool sanguin (TBR) et l'effet de volume partiel. L’angiographie par la
tomodensitométrie (ATDM) a été utilisée pour la segmentation des images TDM des arteres,
et la tomodensitométrie a faible dose couplée avec la TEP a été utilisée pour la mesure de la
densité de calcification, de l'aire de la plaque et de leurs scores. La NCP sur les images avec
la TDM a été mesurée sur la paroi de 1’artére dans une valeur seuil <50 HU pour une plaque

d'aire supérieure a 5 pixels contigus.

Résultats : La relation inverse entre le TBR et la densité des plaques, l'aire calcifiée et les
scores a ¢€t¢ observée. Parmi ces parametres, seule l'aire s’est révélée statistiquement
significative entre la petite étendue et la plus grande étendue de la plaque (p = 0,04). La NCP
est statistiquement plus élevée par rapport aux segments normaux (p = 0,002) et aux
segments calcifiés a une seule aire de calcification (p= 0,003) mais pas aux segments avec
multiple aires de calcification (p = 0,14). Une valeur seuil sur le TBR utilisant la fonction
d’efficacité du récepteur a été déterminée a 2.5 avec une sensibilité de 97% et une spécificité

de 81%.
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Conclusion : Il existe une corrélation inverse de la région de calcification avec la captation
de '8F-NaF. 1l a été constaté une augmentation de la captation de '®F-NaF avec des régions
de calcifications avec segments multiples. NCP (< 50 HU) avec une valeur seuil de TBR

comprise entre 2.5 et 2.6 peuvent refléter le NCP avec une ostéogencse active.

Mots clés : Fluorure de sodium; athérosclérose; calcification; ostéogenese; TEP/TDM.
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Evaluation of '3 F-NaF uptake and wall attenuation in the arteries using PET/CT

and CTA for vulnerable plaque detection.
Mamdouh S. Al-enezi, M’hamed Bentourkia
Abstract

The purpose of this study was to correlate '8F-sodium fluoride ('®F-NaF) uptake in artery
PET images with non-calcified plaque (NCP), calcification density, area, scores and single

or spotty calcified segments in CT images.

Methods: 107 artery segments from 5 atherosclerotic (non-oncologic) volunteers were
included in this study. Tissue to blood ratio (TBR) values from PET images were corrected
for partial volume effect. Computed tomography angiography was used for CT segmentation
and low attenuation CT was used for calcification density, area and score measurements.
NCP was measured on the arterial wall within a cut-off values of < 50 HU for calcification

segments made of more than 5 contiguous pixels.

Results: The reverse relationships between TBR obtained with PET and density, area and
scores obtained with CT were observed although only area was found statistically
significantly different between small area and the largest area (p = 0.04). NCP was higher
compared to normal segments (p = 0.002) and single calcified segments (p = 0.003), but not
against spotty calcified segments (p = 0.14). A cut-off TBR values of NCP was determined

as 2.5 with a sensitivity of 97% by utilizing receiver operating characteristic curve.

Conclusions: There is a reverse correlation of calcification area with TBR. TBR increases
with spotty calcifications. '8F-NaF uptake could be a marker for ongoing calcification
activity and NCP. NCP (< 50 HU of the arterial wall) identified on CT was correlated with

significant '8F-NaF uptake. A cut-off value of TBR of 2.5 may reflect active osteogenesis.

Key Words: '8F-sodium fluoride; atherosclerosis; calcification; osteogenesis; PET/CT.
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Introduction

Atherosclerosis is a vascular disease in which a plaque builds up inside the arterial wall
leading to narrowing and hardening the artery. The plaque could be prone to rupture resulting
in severe complication including sudden death [1], [2]. Thus, identifying the vulnerable

plaque could limit atherosclerosis complications [3].

Noninvasive detection of arterial calcification depicted on computed tomography (CT) is
an important feature of atherosclerotic disease, where the abdominal aortic calcification is
associated with increased severe atherosclerosis complication [4]-[6]. The cellular
microcalcifications was correlated with inflammation and the early stage of atherosclerotic
plaque, this microcalcification is considered a marker of vulnerable plaque throughout

thinning or weakening the fibrous cap due to the induction of local stress [7]-[9].

Arterial calcification is now recognized to be an active process analogous to osteogenesis
[10], [11]. Therefore, '®F-sodium fluoride ('*F-NaF) is a radiotracer that follows the calcium
metabolism which was first utilized to detect osseous metastasis [12] and it has been reported
to identify the microcalcification activity in unstable plaques noninvasively [13], [14].
Recently, 'F-NaF in combination with computed tomography angiography (CTA) was
reported to be a biomarker of vulnerable plaque with high precision and reproducibility [15],
in addition to its clear coupling with atherosclerosis risk profile [16]. The low attenuation
plaque (< 50 HU) in arterial wall was identified as non-calcified plaque with high positive
predictivity of the presence of advanced plaque [17], [18].

We aimed in this study to determine '®F-NaF uptake with low wall attenuation < 50 HU
in attempt to investigate the possibility of identifying the presence of micro-calcification in
non-calcified plaque. '8F-NaF uptake was assessed in the aorta and iliac and associated with

calcification parameters (intensity, area, scores and phenotypes of calcification “attached and
spotty”).
Material and methods

PET/CT Imaging

8F-NaF PET/CT was performed on Gemini TF 16-slice PET/CT scanner (Philips) for

five volunteers (non-oncologic patients). A non—contrast-enhanced CT scan was acquired
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first in a 512 x 512 data matrix and pixel size of 1 x 1 x 4 mm? in headfirst spine position

with tube potential of 120 kVp.

After the CT scan, PET data were acquired in a dynamic mode for 40 min (12 x 10 secs,
8 x 30 secs, 8 x 180 secs and 2 x 300 secs) immediately after intravenous activity injection
of 251 MBq of '®F-NaF (normalized to body’s weight) with a 144 x 144 data matrix and in-
plane spatial resolution of 4 mm covering the same field of view as in CT. PET and CT

images were reconstructed using three-dimensional row action maximum likelihood

algorithm (3D-RAMLA).
CTA imaging

CTA scan was acquired afterward in a 512 x 512 data matrix with a pixel size of 0.8 x
0.8 x 0.5 mm?, and a tube potential of 120 kVp after an injection of an iodinated contrast

agent (370 mg/ml with a bolus volume of 100 ml at a flow rate of 3 ml/sec).
Image analysis

Artery PET images were segmented by utilizing edge-based active contours algorithm
[20] on the mean of the first 6 image time frames on each transaxial slice. With the same
algorithm, the arterial regions on CTA were segmented, and the resulted regions of interest
ROIs were co-registered on corresponding non-enhanced CT slices. The segmented CTA
ROIs were also used for diameter and area measurements in the purpose of partial volume

effect correction (PVC) and the ratio of calcification area (RCA).

Tissue to blood ratio (TBR) was computed on artery PET images per segment as a ratio
of the measured activity (maximum 75% of ROI) to the mean blood pool activity. The blood
pool activity measurement was performed by drawing a single ROI in the center of the
superior vena cava (SVC) from decay-corrected PET images. SVC is a better region for
blood-pool correction due to easiness of its isolated location and width in the images. It is
also considered least subject to spillover contamination from adjacent '8F-NaF-avid

structures and accurately estimated using single ROI [21].

Calcification was visually identified in non-enhanced CT images and a peak CT density

> 130 HU with more than 2 contiguous pixels is deemed a start of calcification [22]. RCA
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was determined cross-sectionally per slice as a calcification area normalized to whole arterial

area. The calcification intensity (CI) was weighted to 4 levels as in Table 8.1.

Agatston calcification score (ACS) was calculated by multiplying the weighted levels and
RCA per segment. Both RCA and ACS were automatically clustered throughout the use of
Automatic Hierarchical K-means algorithm (AHK) [23] and AHK was enhanced with the
use of silhouette-coefficient [24]. The corresponding TBR values were paired to the clustered
RCA and ACS to associate '3F-NaF uptake with RCA and ACS clusters in addition to CI
levels (Table 8.1).

The identified ROI of arterial wall with the help of CTA image was used to segment the
wall on CT images having a density less than 50 HU and having segments of more than 5
contiguous pixels as identified by histogram thresholding. Such segments were assumed to
reflect the non-calcified plaque (NCP). A receiver operating characteristic (ROC) curve
analysis was used for identifying the optimal cut-off value of TBR in comparison to NCP

segments.

Table 8.1 Calcification intensity ranges and corresponding Agatston weighted

factors ([22]).
INTENSITY RANGE WEIGHTED
(HU) FACTOR
IC1 130 — 199 1
IC2 200 -299 2
IC3 300 -399 3
I1C4 >399 4

Statistical analysis:

Wilcoxon/Mann-Whitney U tests were applied for intra- and inter-group comparisons of
the quantitative parameters. Continuous variables were expressed as mean + STD for
normally distributed data and median (interquartile range [IQR]) for skewed distributions.
For the ROC analysis, sensitivity and specificity were calculated for different cut-off points

of TBR, for NCP segments, and the optimal cut-off TBR value was computed as an
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intersection point between sensitivity and specificity values and according to CLSI/NCCLS

guidelines [25]. Statistical significance was assumed for p-values < 0.05.
Results

A total of 107 artery segments have been analyzed for aorta and iliac, of which, 78

segments were not calcified (having intensity below 130 HU) and 29 were with calcification.

TBR values were calculated per artery segment by considering the blood pool activity
from SVC that was identified on PET images (Figure 8.1C and D) at the last 4 data points of

the time activity curve (TAC) (mean of last 4 frames of dynamic PET images, 16 min).

500

Activity (counts)

0 10 20 30 40
Time (min)

Figure 8.1 A) CTA image showing superior vena cava (SVC, arrow). B) the
corresponding low attenuation CT image. C) The corresponding PET image showing
the aorta and SVC (arrow). D) The time activity curve of SVC.
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Figure 8.2 A) CTA image showing aorta (top arrow) and the calcification spots in
the arterial wall (bottom arrows). B) the low dose CT with the same ROI drawn on
CTA. C) The corresponding PET image of the mean of the last 4 image frames.

Figure 8.2 shows the calcification on the aorta wall with its corresponding PET slice.

The mean TBR value of all analyzed segments was 2.03 + 0.70, and the TBR values as a

function of each classified group of segments were summarized in Table 8.2.

The obtained wall thickness was used to produce a ring like binary image of a thicknesses
with respect to the diameter D; and ROI, center of gravity. Average RCA was 0.1 £+ 0.05 and

average score was 0.30 £ 0.24.
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Table 8.2 TBR values for the classified groups from all recruited subjects.

classified group Mean+STD Median Quartiles IQR
NCST 1.98 £0.72 1.84 1.41-2.40 0.99
CST 2.17+£0.61 2.37 1.79 - 2.62 0.83
NCSN 1.90 £ 0.68 1.71 1.41-232 0.91
NCP 2.9+0.33 2.84 2.68 —3.00 0.31
SS 2.03+0.63 2.26 1.48 —2.47 0.99
MS 2.60 +0.30 2.70 2.38-2.74 0.36
Ccl1 2.23+0.88 2.52 1.70 - 2.76 1.06
CI2 2.23+0.61 2.40 1.93 -2.68 0.75
CI3 2.11+0.22 2.11 1.95-2.27 0.32
Cl4 1.84 £ 0.58 1.86 1.36 -2.33 0.98
ACS1 2.33 £0.69 2.53 1.64 —2.69 1.05
ACS2 2.18 £0.59 2.31 2.13-2.55 0.42
ACS3 2.00 £0.48 2.25 1.60 —2.38 0.78
RCA1 2.36 £0.64 2.68 2.14-2.73 0.59
RCA2 2.00 £0.73 2.20 1.52-2.46 0.94
RCA3 2.02 £0.53 2.26 1.40 -2.43 1.03

NCST: non-calcified segments—total. CST: calcified segments—total. NCSN: non-calcified
segments—normal only. NCP: non-calcified plaque. SS: single-spot calcified segments. MS: Multi-
spots calcified segments. CI: calcification intensity level. ACS: Agatston calcification score-
cluster. RCA: Ratio of calcification area-cluster.

Figure 8.3 A) CT image showing aorta and active osteogenesis region of the wall
(arrow). B), the corresponding PET image.
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Figure 8.3A shows the resulted identified region of a window at 60-90 HU that met the
conditions aforementioned for active osteogenesis region determination. The region was
shown with its corresponding PET image and it was with TBR = 3.00. Overall, there were 8

segments having osteogenesis.
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Figure 8.4 A) The receiver operating characteristic (ROC) curve for 60-90 HU CT
window. B), the cut-off TBR value optimization.

The area under the receiver operating characteristic (ROC) curve was 0.95. The two cut-
off values of 2.6 (intersection point) as in Figure 8.4B and 8.5 identified as a peak value from
a plot of the average of sensitivity and specificity versus the cut-off TBR values according
to CLSI/NCCLS guidelines [25]. The cut-off value of 2.6 for TBR is with a sensitivity of

88% and specificity of 84% and 2.5 cut-off value is with sensitivity of 97% and specificity
of 81%.

There were a reverse association of '3F-NaF uptake as a function of intensity and scores,

however, the difference was not significant (p > 0.05).

For the RCA clusters, a reverse association of '®F-NaF uptake as a function of area was

observed, while RCA3 was statistically significantly different compared to RCAT1 (p =0.04)
but not with RCA2 (p > 0.05) (Figure 8.5).

We compared all non-calcified segments versus all calcification segments, the difference
was not statistically significant (p = 0.1), however, when the NCP were excluded (Figure

8.6), the comparison was significantly different, where the calcification has higher TBR
value (p =0.03).
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Multi-spots calcified segments (MS) was statistically significantly different from both
non-calcified segments (NCSN) and single-spot calcified segments (SS) (p=0.004 and 0.018
respectively). While NCSN and SS were not statistically different (p = 0.25).

NCP was also statistically higher compared to NCSN (p = 0.002) and SS (p = 0.003) but
not MS (p = 0.14).

TBR

RCA1 RCA2 RCA3

Figure 8.5 The relation between equivalent TBR values to calcification area
clusters (RCAs).
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Figure 8.6 Box plot comparing TBR values for normal non-calcified segments
(NCSN) and all calcified segments (CST).
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Figure 8.7 Box-and-whisker plot comparing TBR values for normal non-calcified
segments (NCSN) with single (SS) and multi-spots (MS) calcified segments.

Discussion

Calcium phosphate deposition in the vessel wall is thermodynamically unfavorable
reaction [29] and increases local mechanical stress in the fibrous cap, that may facilitate
plaque vulnerability [16], therefore, plaques prone to rupture may demonstrate regions of
micro-calcification [30], [31]. '®F-NaF however, can distinguish between areas of macro-

and microcalcification and therefore, it may identify the vulnerable plaque.

This study provides a methodological way of '®F-NaF quantification in the combination
with CT and CTA and establishes a quantitative framework for detecting the active

osteogenesis regions within the arterial wall on CT images.

The difference between non-calcified segments that are assigned normal (NCSN, having
no plaque and therefore no calcification) and the calcification segments were found in this
work statistically significant. This difference was mainly due to the contribution of '¥F-NaF
uptake of spotty calcification group, where this group was significantly different (p= 0.004)
from NCSN. Additionally, NCSN shows no statistical difference in comparison to single
spot (p = 0.25). This finding is in the agreement of other findings reporting a clear correlation
between !8F-NaF uptake with spotty calcification [32]. The area was reported herein to be
inversely related to TBR values where the largest area was significantly lower compared to
the smaller area (p = 0.04). The same pattern was observed for density and scores and may
be due to the data sets that are small, they did not show statistical significance. Others have

demonstrated such a relation with increased calcification area and scores [33], [34].
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Besides, we approximated the arterial wall region in an attempt to correlate the attenuation
values of the wall in CT image with '8F-NaF TBR values. The cut-off values of <50 HU on
the arterial wall (NCP) was shown to be in agreement with higher TBR values of the
corresponding PET slices. NCP regions were with median TBR of 2.84 [IQR: 2.68 — 3.00],
Table 8.2 shows values very close to those recently published for the microcalcification at
TBR of 2.61 [IQR: 2.50 to 2.77] for '8F-NaF [35]. Although the cut-off values were different
in our study, our maximum cut-off value was identified using ROC curve at 2.5 to 2.6 and
those from the literature was 2.11, this may be due to the way used to predict the cut-off

value.

In a histopathologic analysis of human coronary arteries [36], a clear association of '*F-
NaF uptake to a confirmed microcalcification has been demonstrated and the uptake was not
significant between plaques with both microcalcification and macrocalcification and plaques
with only microcalcification (p = 0.9). In our study, we observed the same, as there was no
significant difference between NCP with and without calcification and NCP without
calcification (p = 0.7), the median was 2.84 [IQR, 2.690 — 3.00] and 2.87 [IQR, 2.79 - 3.16]

respectively.

The current study is accompanied by limitations, including the number of recruited
subjects that were small, although they are non-oncologic patients. Moreover, the wall
thickness was under assumption of symmetry which might cause the thickness to be

overestimated.
Conclusion

8F-NaF uptake is a marker for calcification activity. There is a reverse correlation of
calcification area with '8F-NaF uptake. '®F-NaF uptake increased with area of spotty
calcifications. NCP (< 50 HU of the arterial wall) identified on CT image was correlated
with significant '8F-NaF uptake. A cut-off value of TBR at 2.5 may reflect active
osteogenesis region. Further studies need to be carried out in order to validate the findings

in the current work.
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Major findings of the research:

The main objective was to analyze the '®F-NaF uptake that is corrected for blood pool

activity and partial volume effect as a function of maximum density, area, and extent of

calcification. Additionally, we have correlated the uptake of '8F-NaF with non-calcified

plaque of arterial wall on CT and CTA. We found a reverse correlation of calcification area

with '8F-NaF uptake and a situ correlation of '®F-NaF uptake with non-calcified plaque using

a threshold of 50 HU on the arterial wall.
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9. DISCUSSION

Atherosclerosis is an intimal plaque in the arterial wall responsible for mortality and
morbidity worldwide. In 2016, it caused about 18 million deaths (> 30% of all deaths)
(Mathers et al., 2018) and counted third of all deaths in United States (Benjamin et al., 2019).

PET is the most sensitive imaging modality, however, the assessment of PET signal for
atherosclerosis was mostly carried in a semi-quantitative manner that could minimize the
information obtained. Yet, most of published studies for atherosclerosis using PET imaging
modality are either oncologic patients, where the influence of anticancer therapies could not
be neglected, or by using the animal model to resemble human atherosclerosis, where the
mouse is the predominant specie in the experimental atherosclerosis studies. Animals are
differing from human atherosclerotic plaque and lack some approved vulnerable features of
human plaque such as neovascularization and hemorrhage. Additionally, most studies
predominantly condone the correction of partial volume effect that is a predominant factor
affecting the accuracy of tracer’s uptake particularly for small lesions (< 2 FWHM). Thus,

this could lead to under-estimation of uptake.

One of the major imaging signs of atherosclerosis is the calcification that is usually
visualized using CT images (standard imaging technique for calcification). In this regard,
there are abundant of calcification score methods. Agatston score is a standard score and the
similarity between Agatston score (AS) and volume score (VS) has been demonstrated
(Rumberger and Kaufman, 2003). Albeit multi-spot (MS) may quantify the calcification
more accurately and reproducibly in comparison to other scores and suggested to replace
other scores (Ulzheimer and Kalender, 2003), its complexity might hinder its use. Yet, a
study analyzing AS, VS and MS stated that no method of the three is preferable (Nasir et al.,
2004). Calcium coverage score (CCS) in the other side, does not account for intensity neither

area of calcification but only the presence of calcification.

Agatston calcification scores (ACS) (Al-enezi et al, 2019) were taken under
consideration in both spatial distribution (area normalized to total area as in MS) and amount
of calcified atherosclerotic plaque (density as in AS). Such an approach may overcome the
limited vital information within each calcified plaque by scoring the total area as in the case

of AS approach. We have reported both density and area in the comparison head-to-head
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with 8F-FDG uptake that allows the determination of the most predictive of those factors
used for score measurements (area and density). As it is reported that area is a stronger

predictive value for incident cardiovascular disease compared to density (Criqui ez al., 2014).

The spotty calcification (small and solid plaque calcification >130 HU) may be fraught
with uncertainty when it is considered in the setting of calcification score measurements and
could be the source of divergent conclusions. Spotty calcification is a dominant feature of
vulnerable plaque and associated with 2-fold increase in plaque rupture, it has also been
shown to be related to acute myocardial infarction and unstable angina pectoris (Ehara et al.,
2004; Fujii et al., 2005; Van Velzen et al., 2011; Mizukoshi ef al., 2013; Maurovich-Horvat
etal.,2014; Nerlekar et al., 2018). A study of 300 patients with stable coronary artery disease
(Kataoka et al., 2014) demonstrated that the presence of spotty calcification imaged by
frequency-domain OCT was significantly associated with thinner fibrous caps and larger
lipid necrotic cores of atherosclerotic plaque (features of greater plaque vulnerability).
Another study of 98 patients who received serial OCT imaging divided into the plaque
rupture group (n = 38) and non-rupture group (n = 60), the number of spotty calcifications
was shown to be significantly higher in the rupture group than in the non-rupture group
(Sakaguchi et al., 2016). We have shown in our study that spotty calcification is acting
differently as a function of metabolic activity ("®F-FDG uptake) compared to coalesced

calcification (Al-enezi et al., 2019).

A common metrics for PET signal quantification are SUV and TBR of which non-
phosphorylated '8F-FDG is still a major contaminated factor. Kinetic modeling is by far a
more reliable and reproducible approach. Such an approach is not predominantly utilized in

clinical practice and particularly for atherosclerosis.

We are the first who used this approach in atherosclerotic patients. The challenge with
this approach is the need of a prior knowledge of the blood time activity curve (TAC) usually
obtained by blood sampling resulting in additional risk to both the patient and the operator.
Another safe approach is by extracting it directly from the images as for oncologic patients.
However, in the case of atherosclerosis where the blood always exist, is not appropriate to
fit the blood TAC with itself, leading to restricting its use for atherosclerosis. We have

demonstrated the feasibility of kinetic modeling for atherosclerosis quantification when the
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blood TAC is extracted from factor analysis and it was comparable with kinetic modeling
without a need of prior knowledge of blood TAC (WOBS) and independent of PVE (Al-

enezi and Bentourkia, 2020).

CT imaging was focused on the calcification quantification of calcified atherosclerotic
plaque. Recently, non-calcified plaque (NCP) identification using CT images has been
attracting research interests, attempting to identify NCP using CT images, where low
attenuation plaque (15-50 HU) morphologically introduced as lipid rich core while
attenuation of 100 HU of the plaque tend to reflect fibrous plaque, in comparison with IVUS.
Yet, plaques with attenuation <30 HU was associated with greater risk for plaque rupture or
acute syndromes (Motoyama et al., 2007). In another study considering a density <30 HU
was measured for NCP with a sensitivity of 95% and specificity of 85% in the correlation
with IVUS (Marwan et al., 2011). The density <50 HU of napkin-ring plaques (Maurovich-
Horvat et al., 2012) has reported a high specificity and high positive predictive value for the
presence of high-risk lesions. Others have shown that the mean HU of NCP was in the range
of about 9-11 HU in comparison with catheter angiography (Thilo ef al., 2011). We have
found that density <50 HU (NCP) was metabolically more sensitive compared to density <30
HU with respect to '8F-FDG uptake. Additionally, Statin therapy was shown to highly reduce
the inflammation seen by '8F-FDG uptake in NCP as it was also reported elsewhere (Lo et
al., 2015). Yet, there are concerns in the reliability of such approach, one of the concerns is
the effect of overlapped attenuation values (HU) of lipid-rich and fibrous plaques (Dalager,
Bettcher, Andersen, et al., 2011) that might hinder HU to be able to differentiate plaque
components (Achenbach, 2008). Additionally, variability in acquisition parameters,
including slice thickness, tube voltage (Dalager, Bottcher, Dalager, et al., 2011; Horiguchi
et al., 2011)), reconstruction algorithms (Achenbach et al, 2010) and image noise and
filtering (Cademartiri et al., 2007) could cause alteration in HU, all of which might explain

the differences in the cut-off values for NCP in the previous studies.

The last study in this thesis provides a methodological way of '8F-NaF quantification in
the combination with CT and CTA and establishes a quantitative framework for detecting
the active osteogenesis regions within the arterial wall on CT images. We proposed a method

to approximate the arterial wall region in attempt to correlate the attenuation values of the
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wall in CT image with TBR values in '8F-NaF-PET images. The density <50 HU on the
arterial wall was shown to be in coupling with higher TBR values of the corresponding PET
slices that may reflect osteogenesis activity. Yet, when these segments were excluded from
non-calcified segments, the difference to the calcification segments were statistically
significant. Additionally, we found that the spotty calcification segments were having higher
TBR compared to single spot calcification segments but not for NCP group. This may
indicate both spotty calcification and NCP segments were having active osteogenesis. We
also found that 2.5 TBR values of '®F-NaF on PET image alone may reflect osteogenesis

activity.

In our study, all recruited volunteers were not oncological patients, and they have not
undergone medications except medications specified for atherosclerosis. Furthermore, we
assessed the inflammation of atherosclerotic plaque quantitatively using fractional uptake
rate instead of SUV, where SUV is under assumption that the integral of the time activity
curve of a tracer in blood is proportional to injected activity divided by body weight. Thus,
for patients who are undergoing chemotherapy or hormone-therapy, the dynamics of blood
BF-FDG could be remarkably affected and diverge from what is anticipated from the injected
activity and body weight. Therefore, the computed SUV in this situation would not reliably

dovetail to the kinetic influx rate.

These studies have some limitations. The small number of subjects that may affect the
statistics, and a larger study population is needed. The arterial diameters were computed from
CT images for partial volume effect correction and might underestimate or overestimate the
corrected activity within the selected region, therefore, enhanced CT images would
overcome such source of uncertainty. For NCP assessment, the wall thickness of the artery
was determined assuming it is symmetric for simplification which might cause the thickness
to be overestimated and NCP identification may be prone to errors caused by interscan

variability.
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10. CONCLUSIONS AND PERSPECTIVES

This dissertation is consisting of four objectives.

The first objective was to study the correlation between calcification parameters and
artery inflammation assessed using the fractional uptake rate (FUR) after partial volume
correction. FUR values were correlated to the calcifications identified in CT images and
quantified based on the spotty of calcifications, attached calcification and calcification score
in the arterial wall of aorta and iliac. We also compared the inflammation represented by
FUR in the hypercholesteremia subjects before and after Statin therapy within 12-months.
We concluded that 'F-FDG uptake represented by FUR varied for non-calcified and
calcified segments and with medication. Arterial segments having multi-spots of
calcification had different metabolic activity as estimated with FUR compared to those with
single spot of calcification. This article was published in The International Journal of

Cardiovascular Imaging.

The second objective was to apply the pharmacokinetic modeling in atherosclerosis
settings. We computed the metabolic rate of glucose (MRG) as a function of calcification
area of arterial wall, calcification intensity and calcification score. The 2-tissue
compartmental model was used with blood time activity curve extracted directly from the
images and from decomposed blood images using factor analysis. Additionally, we used
modified FDG model without a need of blood sampling and unaffected by partial volume
effect. We concluded that the modified "*F-FDG model was used without the knowledge of
a common input function and simultaneously eliminated the need of partial volume
correction. This model was shown to be comparable to the classical '8F-FDG model. For
atherosclerosis, higher area of artery calcification and calcification score depending on
calcification intensity and area were shown to affect glucose metabolism in the arteries. The
correlation of glucose metabolism with the combination of calcification area and intensity

could be an indicator of plaque vulnerability.

The third objective was to investigate the sensitivity of CT imaging in identifying the non-
calcified plaque (NCP) in the combination with '8F-FDG PET images. In this work, we still
used the arterial wall for aorta and iliac arteries, and we have analysed the mostly repeated

cut-off value in the literature for NCP and correlated it with the metabolic activity of glucose
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(MRG). We concluded that NCP could be identified with CT images with density below 50
HU with an excellent correlation with its metabolic activity seen with '¥F-FDG PET. NCP
and high calcification area were accompanied with a statistically high metabolic activity.

Medication against artery inflammation was clearly shown to reduce NCP metabolism.

The fourth objective was concerning the use of '8F-NaF tracer for tracking NCP in the
combination with CT and contrast enhanced CT images for five volunteers. We also carried-
out the analysis of '*F-NaF uptake as a function of calcification density, area and scores. The
measured '*F-NaF images were corrected for blood pool activity and partial volume effect.
We concluded that '8F-NaF uptake is a marker able to measure the calcification activity.
There was a reverse correlation of calcification area observed on CT images versus '8F-NaF
uptake. There was an increase in '3F-NaF uptake with areas of spotty calcifications. NCP (<
50 HU of the arterial wall) identified on CT images was correlated with significant '*F-NaF
uptake. A cut-off value of TBR from 2.5 to 2.6 may reflect active osteogenesis region.

Further studies need to be carried out in order to validate the findings in the current work.

Other findings in this work suggests that in order to detect an active artery plaque
(vulnerable plaque), it is recommended to consider the plaques individually in the same

artery segment concurrently using CT and PET images.

Continuous efforts are required to validate the methods and cut-off values we provided in
this thesis. Other promising radiotracer apart from the popular '3F-FDG is '8F-FCH which
shows strong correlation to macrophage infiltration (V66 et al., 2016) and may be more
specific to macrophages infiltration than '*F-FDG along with ®Ga-DOTATATE (Tarkin et
al., 2017). These tracers require more investigations and may provide new insight for
quantifying plaque inflammation more precisely with high specificity. '®F-fluciclatide is
another promising tracer for targeting integrin a,[f;with a need of validation in a large
collaborative study as a next translational step to bring it closer to its clinical application in

atherosclerosis.

Recently, anti-inflammatory therapy targeting the IL-1f innate immunity pathway with
canakinumab was shown to significantly reduce the rate of recurrent cardiovascular events
independently of lipid-lowering therapy (Ridker ez al., 2017). Targeting IL-1 by developing
a probe may be a tool towards vulnerable plaque identification.
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Other targeting enzyme is MMPs such as MMP1 and MMP9, where their elevation is
significantly related to vulnerable plaques (Miiller et al., 2014).

PET/MRI scanners have been developed and clinically utilized simultaneous or dual-
modality imaging which could improve the sensitivity and specificity for diagnosing plaque

stability and other plaque components with MRI contrast agents such as MPIO.
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