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SAMMENDRAG 
Avbilding av aterosklerotisk carotisstenose med 18FDG-PET   
Bakgrunn og mål: Aterosklerose er en av hovedårsakene til hjerte- og 
karsykdommer som forårsaker høy sykelighet og dødelighet globalt. Forekomsten av 
hjerte- og karsykdommer går ned i høyinntekstland som har igangsatt forebyggende 
tiltak, men øker i lav- og mellominntektsland. Beregninger har vist at risiko for 
iskemisk hjerneslag i løpet av livet er 18,3% for voksne (≥25 år). Aterosklerotisk 
carotisstenose er en viktig årsak til iskemisk hjerneslag. Forebyggende operativ 
behandling med endarterektomi er tilgjengelig. Den kliniske beslutningen om kirurgi 
baseres hovedsakelig på stenosegrad bedømt med ultralyd og angiografi. Dette fører 
til både over- og underbehandling. Ny kunnskap indikerer at ikke bare stenosegrad, 
men også andre egenskaper ved det aterosklerotiske plakket er viktige for dannelsen 
av embolier til hjernen. Inflammasjon, med aktivering av makrofager, er den sentrale 
prosessen som gjør plakket ustabilt og symptomgivende. Positron emisjon tomografi 
(PET) med fluor-18 merket 2-deoksy-D-glukose (18F-FDG) kan avbilde og 
kvantifisere inflammatorisk aktivitet fordi inflammatoriske celler har økt opptak av 
glukose. Opptak av 18F-FDG har vist seg å korrelere med mengde makrofager i det 
aterosklerotiske plakket, og pasienter med nylige symptomer på embolus fra plakket 
har vist å ha høyere opptak av 18F-FDG enn de uten. Til tross for dette er metoden 
ikke implementert i klinisk praksis, og det finnes ingen standardisert metode for å 
gjennomføre og kvantifisere 18F-FDG PET undersøkelser ved denne 
problemstillingen. Målet med denne studien var å undersøke om 18F-FDG PET kan 
brukes til å finne de aterosklerotiske plakkene i carotisarterien som gir pasientene 
høy risiko for hjerneslag. Videre var målet å finne en reproduserbar 
kvantifiseringsmetode for opptak av 18F-FDG i carotisplakk. Dette vil muliggjøre 
prospektive kliniske multisenterstudier av pasienters individuelle risiko for hjerneslag, 
måling av effekten av forebyggende tiltak samt at 18F-FDG PET kan benyttes som 
endepunkt i kliniske behandlingsstudier.  
Materiale og metode: Totalt 44 pasienter henvist til operasjon for høygradig 
carotisstenose (≥70 %) ble inkludert. Pasientene var henvist til endarterektomi enten 
fordi de hadde hatt nylige iskemiske symptomer, eller fordi de skulle til annen 
operasjon med stor risiko for embolier fra carotisstenosen peroperativt. Preoperativt 
ble det utført 18F-FDG PET/computertomografi (CT) av halskar og ultralyd Doppler for 
vurdering av stenosegrad og plakkets ekkogenisitet. Etter operasjon ble de fjernede 
plakkene undersøkt histologisk, og grad av inflammasjon ble kvantifisert. 
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Inflammasjonsgraden ble angitt som andel av plakkets undersøkte areal som bestod 
av inflammatoriske celler (makrofager og lymfocytter). På PET/CT bildene ble 
maksimum standardisert opptaksverdi (SUVmax) av 18F-FDG målt i hvert bildesnitt i 
hele plakkets utstrekning. Det ble også målt gjennomsnittlig standardisert 
opptaksverdi (SUVmean) av 18F-FDG i blodbakgrunn i vena jugularis. Med 
utgangspunkt i opptaksverdiene i plakket og blodbakgrunn ble ulike parametere for 
18F-FDG opptaket beregnet basert på inklusjon av ulikt antall snitt, lokalisasjon av 
disse snittene, og hvorvidt det ble utført korreksjon av bakgrunnsopptak. To 
uavhengige bildegranskere kvantifiserte opptaket i alle plakkene.   
Resultater: Det var en signifikant korrelasjon mellom opptaket av 18F-FDG og 
inflammasjonsgrad i de 30 plakkene som ble undersøkt histologisk. Det var 
signifikant høyere opptak av 18F-FDG i plakk hos pasienter med symptomer innen de 
siste 30 dager før operasjon (median mean SUVmax 1,75 (1,26–2,04)) enn hos de 
som hadde symptomer tidligere enn dette eller var asymptomatiske (median mean 
SUVmax 1,43 (1,15–2,28). Opptaket av 18F-FDG var også høyere i plakk som hadde 
lav ekkogenisitet sammenlignet med høy på ultralyd. Det var en sterk korrelasjon 
mellom alle de ulike 18F-FDG-opptaksparameterene, og en moderat korrelasjon 
mellom alle opptaksparameterene og inflammasjon på histologi. Opptaksparametere 
med bakgrunnskorreksjon var ikke bedre enn de uten, og korrelasjon var ikke 
påvirket av antall inkluderte snitt fra plakket. Dette indikerer at inflammasjonen er 
relativt jevnt fordelt i plakket, og at det å måle den høyeste opptaksverdien (max 
SUVmax) vil være representativt for inflammasjonsgraden. Sammenligning av 
inntegningene for de to bildetyderne viste høy grad av samsvar selv om avgrenset 
området for plakkets utstrekning var ulikt. Samsvaret var høyest for opptaksverdier 
uten bakgrunnskorreksjon.   
Konklusjon: 18F-FDG PET/CT kan brukes til å måle grad av inflammasjon i 
aterosklerotisk carotisstenose. Det er høyere opptak hos pasienter med nylige 
symptomer enn de uten, men forskjellen er liten og det er stor grad av overlapp 
mellom opptaksverdiene. Videre prospektive kliniske studier må gjennomføres 
dersom 18F-FDG PET/CT skal kunne brukes til å forutsi risiko for hjerneslag hos 
individer med aterosklerotisk carotisstenose. Bakgrunnskorrigering av 
opptaksverdiene gir ikke bedre samsvar med inflammasjonsgrad målt med histologi, 
og vi finner bedre inter-observatør reproduserbarhet ved bruk av opptaksverdier uten 
bakgrunnskorreksjon. Bruk av plakkets høyeste opptaksverdi, max SUVmax, som 
inflammasjonsparameter vil forenkle metodens anvendelse i klinikk og 
multisenterstudier.  
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1. INTRODUCTION 
 

Atherosclerotic artery disease is a leading cause of cardiovascular diseases (CVDs) 

causing considerable morbidity and mortality worldwide. Even though the incidence 

rates are declining in regions where preventive measures have had population 

effects, they are increasing in low-and middle-income countries. Globally, the life-time 

risk of ischemic stroke for adults (≥25 years) has been calculated to be 18.3% (GBD 

2016 Lifetime Risk of Stroke Collaborators, 2018). A substantial number of ischemic 

strokes is caused by atherosclerotic carotid artery disease. Treatment selection 

solely based on the degree of stenosis is unsatisfactory as it leads to both over- and 

undertreatment. Inflammation is an important cause of atherosclerotic plaque 

progression, plaque rupture and symptomatic events. Positron emission tomography 

(PET) with fluorine-18 labelled 2-deoxy-D-glucose (18F-FDG) is established as a 

valuable imaging procedure for the diagnosis and follow-up of several inflammatory 

conditions because it detects and quantifies glucose hypermetabolism in 

inflammatory cells. 18F-FDG PET of atherosclerosis has been extensively studied, but 

it is still not implemented in clinical practice. This can partly be explained by the lack 

of consensus and guidelines on the methodology for quantification. In this thesis, we 

examined patients with large atherosclerotic plaques in the carotid artery with 18F-

FDG PET. Our aim was to determine if 18F-FDG PET can be established as a reliable 

imaging modality for the detection of atherosclerotic plaques which have a high risk 

of causing thromboembolic events. Furthermore, to explore if any quantification 

methods are more suitable than others for implementing 18F-FDG PET assessments 

of atherosclerosis in multicentre studies and in clinical routine.    
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2. BACKGROUND 
 

2.1 ATHEROSCLEROSIS 
 

2.1.1 Definition and epidemiology 
2.1.1.1 General 

Atherosclerosis results in the progressive alteration of the arterial vessel wall with the 

accumulation of fatty and/or fibrous deposits leading to a local thrombosis or stenosis 

or distal embolization. These events are important underlying causes of morbidity 

and mortality worldwide. Atherosclerosis is a leading cause of CVDs (Libby, 2019a). 

Globally, CVDs caused 31% of all deaths in 2016 (17.9 million people) of which 85% 

were caused by heart attacks or strokes (World Health Organization, 2017). The 

World Health Organization (WHO) estimated that approximately 75% of deaths due 

to CVD occur in low- and middle-income countries (World Health Organization, 

2017). In Norway, CVDs caused 13 052 (31%) of all deaths in 2012, declining to 10 

950 (27%) in 2016 despite the aging population (Kvåle, 2018) .  

 

2.1.1.2 Cerebrovascular disease 

Cerebrovascular diseases are diseases of the blood vessels supplying the brain 

(World Health Organization, 2017). WHO defines stroke as a focal or global loss of 

neurological function with vascular origin lasting more than 24 hours or causing death 

within 24 hours. Transitory ischemic attacks (TIAs) are defined as the symptoms 

above but with a duration less than 24 hours (Aho, 1980). These definitions are being 

reviewed as imaging of the brain during ischemia is improving and knowledge 

regarding time limits and reversible brain damage evolves (Sacco, 2013).  

Strokes are categorized as ischemic or hemorrhagic, with ischemic strokes being the 

largest group. The Global Burden of Disease study (GBD) found that in 2016, there 

were 13.7 million new stroke cases worldwide causing 5.5 million deaths (2nd most 

common cause of death after ischemic heart disease). Of these, 2.7 million were due 

to ischemic stroke. The total number of prevalent strokes globally in 2016 (80.1 

million), 84.4% were ischemic and the number of disability-adjusted life-years 

(DALYs) due to ischemic stroke was 51.9 million. The age standardised death rates 

and prevalence of stroke have decreased over time, but the overall burden has 
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remained very high. This can be explained by an aging population and the fact that 

low- and middle-income countries have an increase in modifiable risk factors (GBD 

2016 Stroke Collaborators, 2019).   

 

In Norway in 2016, 10 915 patients were registered with their first acute stroke (no 

other registrations carried out in the previous four years). This was a decrease of 

2.6% from 2012. Forty-six percent were women and 85% of the strokes were 

ischemic. Deaths caused by strokes were reduced from 2 426 in 2012 to 1 927 in 

2016. In 2016, 5 695 patients were registered with their first TIA, this was a 8.2% 

decrease from 2012, 50% were women (Kvåle, 2018). In 2007, the stroke-related 

total annual public costs in Norway were estimated to be between seven and eight 

billion Norwegian kroner (approximately 900 million Euros). The annual stroke 

incidence in 2007 was 15 000 (both first and recurrent strokes) (Fjaertoft, 2007). 

 

2.1.1.3 Etiology of ischemic strokes 

The main mechanisms behind ischemic strokes are embolism and small vessel 

disease, and some patients have multiple possible causes. The dominating source is 

embolization with either a cardiogenic or an arteriogenic origin (Ntaios, 2017). An 

atherosclerotic plaque of the carotid artery is assessed as causative if there is a 

stenosis of at least 50% (Brott, 2011). A previously asymptomatic atherosclerotic 

stenosis >50% of the internal carotid artery (ICA) is considered to be the embolic 

source in about 10-15% of all strokes (Naylor, 2015). Large artery atherosclerotic 

stenosis is considered the cause of 25% of the ischemic strokes in North American 

and European studies (Hart, 2014). Even though better diagnostic imaging tools have 

been developed, the group of strokes with unknown origin (cryptogenic) is estimated 

to be 25% of ischemic strokes (in North American and European studies) (Hart, 

2014). Most of these strokes are believed to be embolic (embolic stroke of 

undetermined source (ESUS)). The correct secondary preventive treatment for these 

patients is difficult and debated. Atherosclerotic plaques in the aorta and non-

stenosing (<50% diameter stenosis) atherosclerotic plaques in the carotid artery are 

possible embolic sources in patients where a clear source of the embolus is absent 

(Hart, 2014). Siegler et al. found that non-stenosing carotid plaques with thickness ≥3 

mm were more frequent ipsilateral than contralateral to the infarct in patients with 

ESUS and that plaque thickness was greater ipsilateral than in the contralateral 
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carotid (Siegler, 2019). There were no significant differences in ipsilateral and 

contralateral plaque characteristics in patients above 65 years or in patients with 

stroke caused by atrial fibrillation Figure 1 gives an approximation of stroke 

aetiologies in a ‘typically Western community’ based on estimates by Naylor (Naylor, 

2015). 

 

 
 
Figure 1: Stroke aetiologies in a ‘typically Western community’. Cases per 100 

(Naylor, 2015).  

 

2.1.1.4 Risk factors 

The decline in the number of patients with heart disease and stroke is believed to be 

a result of changes in the control of risk factors: tobacco use, unhealthy diet, obesity, 

physical inactivity, hyperlipidaemia, hypertension and high alcohol intake (Libby, 

2019a). Despite this, the increasing epidemic of obesity in low- and middle-income 
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countries is seen as a threat to continued decline in CVDs (GBD 2015 Disease and 

Injury Incidence and Prevalence Collaborators, 2016).   

 

2.1.2 Pathogenesis 
2.1.2.1 From fatty streaks to plaque rupture - histology 

Atherosclerosis as a lipid storage disease has been known since Windaus’ and 

Anichkov’s pioneering work with cholesterol in the 1910s (Buja, 2014; Nicholls, 

2019). Low-density lipoprotein (LDL) cholesterol is crucial in the development of 

atherosclerosis (Libby, 2019a), but lipids alone could not explain plaque progression 

to stenosis and eventually the risk of a clinical event. Atherosclerosis is now 

understood to be a chronic disease with inflammation as the dynamic trigger to 

progression (Libby, 2002; Libby, 2019c). Figure 2 shows the gradual progression of 

atherosclerosis. 

 

 
 
Figure 2: Atherosclerosis progress with a gradual build-up of fatty and necrotic 
material (yellow/white) in the innermost layer of the artery wall, the intima. In addition 
to the development of stenosis atherosclerosis can lead to the formation of a 
thrombus (far right).   
The figure is retrieved from Servier Medical Art, by Servier and reused under a Creative 
Commons Attribution 3.0 Unported License.  
 

 

Autopsy and histology studies in animals and humans have provided detailed 

information regarding the distribution, and the cellular and anatomical details, of 

atherosclerosis. The stages of atherosclerotic plaque progression have distinct 

features, from the early fatty streaks to the late stages characterized by a large 

necrotic core covered by a fibrous cap that is either thick, thin or ruptured, and the 

presence of inflammatory cells (Stary, 1992; Stary, 1994; Stary, 1995). When 

atherosclerosis progresses in coronary arteries with increasing amounts of lipids 

accumulating in fatty streaks, macrophages infiltrate toward the lipid deposits. When 

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
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the macrophages become lipid laden (foam cells), the lesion is defined as pathologic 

intimal thickening understood as an intermediate stage between early and advanced 

lesions (Nakashima, 2007). The evolution of the carotid atherosclerotic plaque goes 

from a pathologic intimal thickening with a lipid pool to a fibroatheroma. A necrotic 

core is covered with a thick fibrous cap which eventually may develop into a thin cap 

fibroatheroma where the fibrous cap is ruptured and a luminal thrombus may be 

present (Kolodgie, 2017).  

 

In advanced carotid lesions, macrophages are the dominating inflammatory cell 

types, but other cells such as lymphocytes are also found in abundance (Jander, 

1998; Redgrave, 2006). Inflammatory cells are found in the shoulder region/periphery 

of the necrotic core (Jander, 1998). The localization of the macrophages in 

fibroatheroma and thin-cap fibroatheroma in the carotid artery are shown in Figures 
3 and 4. The macrophages are visualized as red areas in Figure 3 part B and in 
Figure 4 part C (Kolodgie, 2007).   

 
 
The findings of a thrombus together with a rupture or fissures in coronary plaques 

causing ischemic events led to an understanding of an acute thrombus as the cause 

of acute ischemia (Davies, 1985). The characterization of plaques in patients with 

clinical events has been important for our understanding of the atherosclerotic 

process leading to the formation of a thrombus/embolus. Histological studies have 

revealed significant difference in the presence of infiltration of the fibrous cap with 

foam cells between asymptomatic (44%) and symptomatic (84%) carotid plaques 

(Carr, 1996). This was quantified in more detail by Jander et al. who found that both 

plaque areas with macrophages and number of T cells were more abundant in 

plaques (≥70% ICA stenosis) from patients with symptoms ≤120 days before 

enlistment than in those without (Jander, 1998). These cells are therefore strongly 

suspected to be contributors in plaque destabilization. Their role and presence in 

carotid plaques related to the time course of symptoms were documented in the 

Oxford plaque study where 526 plaques with ICA stenosis ≥70% were examined 

(Redgrave, 2006). Plaque inflammation and especially the presence of macrophages 

was strongly associated with cap rupture and a short time interval since the stroke. 
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They found that dense infiltration with macrophages was more strongly associated 

with plaque rupture than the presence of lymphocytes (Redgrave, 2006). 

 

 
 
 

  
 
Figure 3: Serial sections of a carotid artery fibroatheroma.  

    (A) Movat pentachrome stain, showing an eccentric plaque with a relatively large 
necrotic core (NC) covered by a thick fibrous cap (FC). (B) A dense region of CD68-
positive macrophages (MACΦ) in the shoulder region of the plaque. (C) Anti-α-
smooth muscle cell actin (ASMA) immunostaining revealing a paucity of smooth 
muscle cells within the fibrous cap (arrow).  
Figure is reprinted with permission from Elsevier (Kolodgie, 2007).  
 
 

 

 

 

 

https://www-sciencedirect-com.ezproxy.uio.no/topics/medicine-and-dentistry/carotid-artery
https://www-sciencedirect-com.ezproxy.uio.no/topics/medicine-and-dentistry/actin
https://www-sciencedirect-com.ezproxy.uio.no/topics/medicine-and-dentistry/immunohistochemistry
https://www-sciencedirect-com.ezproxy.uio.no/topics/medicine-and-dentistry/smooth-muscle-cell
https://www-sciencedirect-com.ezproxy.uio.no/topics/medicine-and-dentistry/smooth-muscle-cell
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Figure 4: Thin-cap fibroatheroma “vulnerable” plaque in a carotid 
endarterectomy  specimen. (A) Low-power image, showing a carotid plaque with a 
relatively larger necrotic core (NC) covered by a thin fibrous cap (FC). An area of 
calcified necrotic core (∗) is seen in the deeper intimal layers. (B) Higher-power 
image of an area represented by the black box in A, showing the necrotic core and 
thin fibrous cap infiltrated by foam cells. (C) Numerous CD-68 positive macrophages 
(MACΦ) seen infiltrating the fibrous cap. (A and B, Movat pentachrome staining.)  
Figure is reprinted with permission from Elsevier (Kolodgie, 2007).  
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2.1.2.2 Bifurcations as atherosclerotic site and arterial remodelling  

Artery bifurcations/branch points are prone to the build-up of atherosclerosis. The 

altered pattern of blood flow in the bifurcations (in particular the outer walls) with low 

shear stress is thought to be the cause. There is evidence that laminar flow with 

normal shear stress induces atheroprotection, and that the lower shear stress caused 

by increased tubular flow decreases the amount of local atheroprotection and 

increase local inflammation (Malek, 1999; Libby, 2002). The difference in turbulent 

flow and shear stress upstream (proximal) and downstream (distal) of the maximal 

stenosis is also thought to explain why a significantly higher number of macrophages 

were found in the upstream part of the plaque compared to the downstream part, and 

vice versa for the smooth muscle cells. In the same study six of nine ruptured 

plaques were in the upstream part (Dirksen, 1998). 

Glagov et al. found that human coronary arteries responded to atherosclerosis by 

enlarging in relation to the plaque area (Glagov, 1987). The lumen cross-sectional 

area was preserved, and stenosis delayed until the atherosclerotic plaque occupied 

40% of the area inside the internal elastic lamina area. For patients with carotid artery 

stenosis ≥50% expansive positive remodelling measured with computed tomography 

(CT) has been found to be significantly greater in patients with cerebral ischemic 

symptoms compared to asymptomatic patients (Hardie, 2007). Studies of patients 

with ESUS have shown more and thicker non-stenosing carotid plaques ipsilateral 

than contralateral to the ESUS site (Komatsu, 2018; Siegler, 2019). This suggests 

that the severity of the atherosclerotic burden is not necessarily sufficiently reflected 

by a measurement of the degree of luminal stenosis. 

 

2.1.2.3 Mechanism to progression including inflammation  

The initial step in the development of atherosclerosis requires a susceptible 

(inflammatory activated) endothelium in addition to cholesterol/lipoproteins. In a 

rabbit model of atherosclerosis the vascular cell adhesion molecule-1 (VCAM-1) was 

expressed by endothelial cells in response to cholesterol feeding in areas with early 

foam cell lesions (Cybulsky, 1991). VCAM-1 binds particularly to monocytes and T-

lymphocytes, and its induction is thought to depend on inflammation caused by 

intimal lipoprotein accumulation in response to hyperlipidaemia (Libby, 2002). Once 

the leukocytes adhere to the endothelium, they can migrate into the intima layer of 

the vessel wall. When inside the intima, the monocytes develop macrophage 
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characteristics, phagocytose lipoproteins and eventually end as foam cells (Figure 5) 
(name after intracellular fatty material) and thereafter undergo necrosis. At the same 

time as the necrotic material builds up the smooth muscle, cells proliferate and form a 

fibrous cap which stabilizes the vessel wall and covers the necrotic core. The 

dynamics of the fibrous cap formation and destabilization resulting in plaque rupture 

is essential for the clinical consequences of an atherosclerotic plaque. Inflammation 

is a key mechanism in plaque rupture. An interplay between lymphocytes, 

macrophages/foam cells and lipoproteins is central in the process with many cellular 

mechanisms and pathways involved (Figure 5) (Libby, 2002; Libby, 2019a).  

 

Studies of serological markers of inflammation have further supported the 

understanding of inflammation as an important factor in the progression of 

atherosclerosis. High-sensitivity C-reactive protein (hs-CRP) has been found to be a 

predictor of cardiovascular events in women (Ridker, 2000). Schillinger et al. found 

that hs-CRP and serum amyloid A predicted short-term progression of atherosclerotic 

lesions in the carotid arteries (Schillinger, 2005). 
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Figure 5: Inflammatory cells in atherosclerosis  
In the early stage of atherosclerotic lesion initiation, low-density lipoprotein (LDL) 
particles accumulate in the intima, where protected from plasma antioxidants, they 
can undergo oxidative and other modifications that can render them pro-inflammatory 
and immunogenic. Classic monocytes that exhibit a pro-inflammatory palette of 
functions then enter the intima. Monocytes circulate in the bloodstream and can bind 
to adhesion molecules expressed by activated endothelial cells. Chemoattractant 
cytokines, known as chemokines, can promote the migration of the bound monocytes 
into the artery wall. Once in the intima, monocytes can mature into macrophages, 
and attain characteristics associated with the reparative or less pro-inflammatory 
monocyte/macrophage population. These cells express scavenger receptors that 
permit them to bind lipoprotein particles and become foam cells. T lymphocytes, 
although numerically less abundant than monocytes, also enter the intima, and 
regulate functions of the innate immune cells as well as the endothelial and smooth 
muscle cells. Smooth muscle cells in the tunica media can migrate into the intima in 
response to mediators elaborated by the accumulating leukocytes. The smooth 
muscle cell chemoattractant platelet-derived growth factor arising from macrophages 
and deposited by activated platelets at sites of endothelial breaches or intraplaque 
haemorrhage probably participates in this directed migration of medial smooth 
muscle cells into the intima. 
Figure is reprinted with permission from Springer Nature (Libby, 2019a). 
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2.1.3 Treatment for atherosclerotic carotid artery disease 
‘On the basis of anecdotal evidence, about 1 million endarterectomies were 

performed worldwide between 1974 and 1985’ (North American Symptomatic Carotid 

Endarterectomy Trial Collaborators, 1998). 

Following this, large randomized, controlled clinical trials on the effect of surgical 

removal of carotid artery plaques (carotid endarterectomy (CEA)) versus best 

medical treatment in the prevention of strokes were performed. The presence of 

symptoms and the degree of stenosis caused by the plaque were the primary 

variables. The North American Symptomatic Carotid Endarterectomy Trial (NASCET) 

and The European Carotid Surgery Trial (ECST) found that for symptomatic patients 

with substantial stenosis (above 70–80% depending on method for stenosis 

measurement), CEA was superior to medical treatment (European Carotid Surgery 

Trialists’ Collaborative Group, 1998; North American Symptomatic Carotid 

Endarterectomy Trial Collaborators, 1998). A later analysis of pooled data (total 6092 

patients, uniform measurement of stenosis degree) found that CEA increased the 

five-year risk of ipsilateral ischaemic stroke in patients with less than 30% stenosis. It 

had no effect in patients with 30–49% stenosis, had marginal benefit in 50–69% 

stenosis and was highly beneficial in those with ≥70% stenosis without near-

occlusion (absolute risk reduction 16%) (Rothwell, 2003). The benefit from surgery 

was greatest in men, in patients ≥75 years, when performed within two weeks after 

the last ischemic event and fell rapidly with increasing delays. Compared to men, the 

benefit from CEA in patients with 50–69% stenosis was significantly less in women. 

Women also had a lower risk of ipsilateral ischemic stroke on medical treatment and 

a higher operative risk. The benefit of surgery tended to be greatest in patients with 

stroke and to progressively decline in individuals with cerebral TIA and retinal events 

(Rothwell, 2004). 

 

The annual risk of stroke caused by an asymptomatic carotid stenosis has been 

declining in the same period as an observed decline in the rate of myocardial 

infarction. The five year rate of ipsilateral stroke on best medical therapy was 11% in 

1995 and 3.6% in 2010 (Naylor, 2009; Naylor, 2015). For asymptomatic patients, the 

stenosis degree predicts the risk of stroke to a lesser degree than in symptomatic 

patients. A meta-analysis which included 41 studies found no significant difference in 

stroke risk between patients with 50−70% stenosis (risk 1.9/100 person years) and 
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those with 70−99% stenosis (risk 2.1/100 person years) (Hadar, 2014). Because of 

the risk of serious complications (death and stroke) with surgery and lower incidence 

of strokes in patients with lower grades or asymptomatic stenosis, treatment selection 

for these patients has been challenging. The prognosis on best medical therapy 

(BMT) has also improved, and results from on-going studies are expected to give 

better recommendations on the choice of treatment (Hadar, 2014; Aboyans, 2018; 

Naylor, 2018; Silverman, 2019). 

 

The on-going discussion and difficult clinical decisions being made for asymptomatic 

patients was highlighted in a study that found large variations between 12 countries 

in the number of CEAs performed on asymptomatic patients (Venermo, 2017). 

Recent guidelines recommend considering CEA in asymptomatic patients who have 

a stenosis of 60−99% with a life expectancy >5 years and clinical or plaque imaging 

feature suggesting a higher stroke risk. The imaging features mentioned include 

silent cerebral infarction on CT/MRI (magnetic resonance imaging), stenosis 

progression, large plaque area, a large juxta-luminal black area on computerized 

plaque analysis, plaque echolucency, intra-plaque haemorrhage on MRI, impaired 

cerebral vascular reserve, and spontaneous embolization on transcranial Doppler 

(TCD) monitoring (Naylor, 2018) (imaging described later in chapter 2.2).  

The risk of serious complications associated with CEA has been an important 

consideration in finding better treatments. Carotid artery stenting (CAS), which is an 

endovascular procedure, is an alternative to CEA. CAS and CEA have similar long-

term outcomes, but CAS is more strongly associated with peri-procedural stroke than 

CEA which is more strongly associated with myocardial infarction (Lamanna, 2019). 

The use of CAS to treat carotid stenosis varies considerably between countries (from 

0-26% for asymptomatic patients and from 0-19% for symptomatic patients 

(Venermo, 2017)). CAS is an important alternative when the risk of complications 

with CEA are too high in symptomatic stenosis >70%. Figure 6 shows current 

recommendations for treatment of atherosclerotic carotid artery disease (Aboyans, 

2018; Naylor, 2018). 

 

 



26 

 

 
 

Figure 6: Management of extracranial carotid artery disease. BMT = best medical 
therapy; CAS = carotid artery stenting; CEA = carotid endarterectomy; CTA = 
computed tomography angiography; MRA = magnetic resonance angiography; TIA = 
transient ischaemic attack. 
aWith post-stenotic internal carotid artery narrowed to the point of near occlusion. 
bSee Table 4 (in original publication, clinical and imaging features suggesting higher 
stroke risk (Aboyans, 2018)). 
cAge > 80 years, clinically significant cardiac disease, severe pulmonary disease, 
contralateral internal carotid artery occlusion, contralateral recurrent laryngeal nerve 
palsy, previous radical neck surgery or radiotherapy and recurrent stenosis after 
CEA. 
Figure reproduced with permission from Oxford University Press on behalf of the European 
Society of Cardiology (www.escardio.org) (Aboyans, 2018).  
 

Timing 
The definition of a symptomatic plaque with respect to time since an event was within 

6 months for ECST and NASCET (European Carotid Surgery Trialists’ Collaborative 

Group, 1998; North American Symptomatic Carotid Endarterectomy Trial 

http://www.escardio.org/
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Collaborators, 1998). When following the symptomatic group with BMT, but without a 

surgical intervention, it was shown that the risk for a new stroke declines with time, 

which suggests that acute destabilization is reversible. If the prophylactic effect of 

CEA is to have a positive effect, the intervention must be carried out early after the 

first symptoms (Rothwell, 2004). Guidelines state that the majority of recently 

symptomatic patients will gain maximum benefit when carotid interventions are 

performed within 14 days of symptom onset. The goal is to treat the patient as fast as 

possible, and latest within two weeks (Aboyans, 2018; Naylor, 2018).  

 

Recent trends in surgical treatment 
The number of CEAs performed in England declined between 2011 and 2017 (Johal, 

2019). This has not been the case in Norway where 486 surgical interventions on the 

carotid artery were performed in 2016 and the number of operations has been stable 

since 2008 (Kvåle, 2018).  

 

Medical treatments  
Risk factor control, management of hypertension, antiplatelet therapy and lipid 

lowering therapy are essential in patients with carotid artery stenosis ≥50% (Naylor, 

2018). The BMT strategies have evolved since the first endarterectomy trials and 

prevents more strokes now than earlier. This may alter treatment strategies in the 

future. Beside the established treatment strategies, the additional effect of other 

medical treatments have been explored (Libby, 2019b). The recent Canakinumab 

Anti-inflammatory Thrombosis Outcome Study (CANTOS) described the stand-alone 

effect of anti-inflammatory treatment on new vascular events for patients that already 

had suffered one (myocardial infarction). In this study patients with hCRP>2 were 

treated with Canakinumab (a selective monoclonal antibody that binds to and blocks 

the effect of interleukin 1 beta), but the price of fewer vascular events was an 

increase in serious infections (Ridker, 2017).  
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2.2 IMAGING OF ATHEROSCLEROSIS 
 

Imaging of carotid artery stenosis can be divided into two categories, focusing either 

on lumen diameter/degree of stenosis or on plaque composition. Some imaging 

modalities depict both, others only one. At the time of study inclusion, the clinical 

focus was to measure the degree of stenosis. During the past 10−15 years there has 

been an extensive focus on the development of imaging techniques that are able to 

characterize the plaque causing the lumen stenosis. 

 

2.2.1 Duplex ultrasound 
Ultrasound uses sound waves to create images or measure velocities. Duplex 

ultrasound (DUS), the combination of brightness mode (B-mode) and Doppler 

ultrasound, is the workhorse in the diagnostic work-up of patients with carotid 

atherosclerosis. In B-mode ultrasound the signal intensity arises due to different 

reflective properties between tissues. These two-dimensional images characterize 

structures according to their echogenicity (reflective capacities). Doppler is the use of 

ultrasound to quantify blood velocity exploiting the fact that moving blood cells will 

produce reflected ultrasound waves with different frequency shifts depending on their 

speed and direction. The advantages of ultrasound are high spatial resolution, no 

ionizing radiation, low cost, and high availability.  

A multicentre study of 270 patients undergoing CEA found that plaque echogenicity 

was inversely related to the plaque content of soft tissue (primarily haemorrhage and 

lipids) whereas increasing amounts of calcification in plaque correlated with 

increasing echogenicity (European Carotid Plaque Study Group, 1995). Plaque 

echogenicity was evaluated on a scale from one (strong echo) to three (low 

echogenicity/echolucency). Patients with recent symptoms had more soft tissue at 

histology than patients with earlier symptoms. Another study further linked 

echolucency to inflammation by finding that echolucent plaques were associated with 

increased presence of plaque macrophages at histology, independent of the degree 

of artery stenosis (Gronholdt, 2002). 

Low ultrasound echo has been found to predict future strokes in patients with 

symptomatic (not asymptomatic) ≥50% carotid artery stenosis (Gronholdt, 2001). 

Mathiesen et al. graded plaque echogenicity from one to four (1, echolucent; 2, 
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predominantly echolucent; 3, predominantly echogenic, 4, echogenic) and found that 

echolucent plaques were associated with an increased risk of ipsilateral 

cerebrovascular events independent of the degree of artery stenosis and 

cardiovascular risk factors during a follow up of three years (Mathiesen, 2001). A 

meta-analysis and systematic review of asymptomatic patients confirmed the 

significant positive relationship between predominantly echolucent plaques and the 

risk of stroke irrespective of the degree of stenosis (Gupta, 2015). In addition to a 

visual evaluation of echolucency, a method quantifying the amount of grey (grey 

scale median (GSM)), in two-dimensional screen saves of the plaque, is available 

(Elatrozy, 1998). 

Consensus criteria from the Society of Radiologists in Ultrasound describes how 

blood velocities measured by Doppler should be used to define the degree of carotid 

stenosis (Grant, 2003). Doppler can also be used to detect arterial emboli (Russell, 

1991). Microembolic signals (MES) detected by TCD predict stroke risk in 

symptomatic carotid stenosis (King, 2009). A multicentre study of 467 patients with 

asymptomatic carotid stenosis ≥70% (77 had embolic signals at baseline) found that 

the hazard ratio for ipsilateral stroke and TIA within two years in patients with embolic 

signals compared to those without was 2.54. The absolute annual risk of ipsilateral 

stroke within two years was 3.6% in patients with embolic signals and 0.7% in those 

without (Markus, 2010).  

 

2.2.2 Angiography 
Digital subtraction angiography is a fluoroscopic technique that uses intravenous (i.v.) 

administration of contrast media (CM) with iodine in an arterial catheter to visualize 

blood vessels. Subtracting the post-contrast images from the images acquired prior 

to contrast administration eliminates structures with high density such as bones 

which allows an accurate depiction of the blood vessels. Digital subtraction 

angiography was the gold standard for stenosis evaluation until other methods with 

fewer complications (stroke being one complication) became available (Naylor, 

2018).  

Angiography with CT (CTA) or MRI (MRA) of the extra- and intracranial vessels are 

often included in the evaluation of carotid artery stenosis. CT uses photons from an 

x-ray tube and a ring of detectors to create a three-dimensional image of structures 

based on differences in photon attenuation. Blood vessels are evaluated with the 
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administration of high attenuating iodinated CM. MRI exploits the magnetic properties 

of protons placed in a strong magnetic field to produce images. Signal intensity in a 

MR image arises as protons in different tissues have different ability for energy 

exchange with its surroundings (T1-relaxation) and between protons (T2-relaxation). 

MRA can be performed with or without contrast media.  

 

A study with 170 patients comparing the diagnostic accuracy of Duplex ultrasound 

(DUS), CTA and blood-pool-enhanced MRA compared with DSA in assessing carotid 

stenosis found an accuracy of 76% for DUS, 97% for CTA and 95% for steady-state 

contrast-enhanced MRA. Blood-pool contrast-enhanced steady-state MRA 

sequences offer improved evaluation accuracy which is identical to CTA (Anzidei, 

2012). DUS was found to have a sensitivity of 94% and a specificity of 92% for 

diagnosing 60-99% carotid stenoses (Naylor, 2018). A health technology assessment 

report found DUS, CTA and MRA equivalent for the detecting of significant ICA 

stenosis (Wardlaw, 2006). When CEA is being considered, a DUS stenosis 

estimation is recommended in addition to a CTA or MRA. A CTA or MRA is 

recommended before CAS to provide additional information on the aortic arch and 

the extra- and intracranial circulation (Naylor, 2018). 

 

Characterization of the plaque and its components is possible with CT and MRI 

(Saba, 2018). Plaque characteristics associated with an increased risk of late stroke 

in patients with asymptomatic 50-99% stenoses treated medically is mentioned in a 

recent practice guidelines as one of the criteria for selection of asymptomatic 

candidates for intervention (chapter 2.1.4) (Naylor, 2018).  
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2.2.3 Positron emission tomography (PET)  
2.2.3.1 PET principles  

The tracer principle introduced by the chemist George C. de Hevesy, stating that 

radioactive and nonradioactive isotopes of the same element have the same 

chemical properties, is the basis for the imaging and quantification techniques used 

in nuclear medicine (Myers, 1979). Biological processes can be followed and 

quantified by labelling molecules that are parts of these processes with radionuclides 

that emit radiation that can be detected. Opposed to radiologic imaging techniques 

where photons or waves are sent through the patients from the outside 

(transmission), the radiolabelled molecules are distributed in the body and radiation 

emitted from the inside of the patients are used for generating images. The 

radiolabelled molecules must not interact with or alter the processes they are going to 

characterize. The number of molecules developed for targeting various aspects of 

pathological processes is constantly increasing, but the number of radionuclides 

suitable as label is scarcer as they must exhibit distinct chemical properties to be 

incorporated in molecules and distinct physical properties to be suitable for imaging.  

 

Radioactive or unstable nuclei gain stability by radioactive decay that release their 

excess energy.  Radionuclides for use in imaging can be positron- or single photon 

emitters. The positron emitters are characterized by their emission of two identical 

gamma ray photons simultaneously, with energy of 511keV, almost 180 degrees 

(±0.2) to each other when the positron combines with an electron and annihilation 

occurs (Figure 7). The principle of detection in positron emission tomography (PET) 

is that these two photons can be detected by dual photon coincidence counting.  

 

Positron emitters used in medical imaging are mainly short-lived isotopes such as 

carbon-11 (11C), nitrogen-13 (13N), oxygen-15 (15O), 18F, gallium-68 (68Ga) and 

rubidium-82 (82Rb). 18F has favourable characteristics for both image quality 

(relatively short positron range, 0.6 mm) and practical logistics (relatively long half-

life, 110 min) (Basu, 2014).  
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Figure 7: A positron emitted from a radionuclide that decays will travel a short 
distance before it combines with an electron. The positron and the electron 
annihilate, converting their masses into two 511-keV photons emitted in opposite 
directions. The two annihilation photons are electronically detected as a coincidence 
event if they strike two opposing detectors simultaneously (detector ring 
schematically depicted).  
Figure adapted from original publication in JNM. © SNMMI. (Verel, 2005). 
 

 

Modern PET scanners contain many small detectors placed in rings around the 

patient. A PET detector has a scintillator crystal that converts the photon energy into 

light and a device, most often a photo multiplier tube (PMT), that converts the light 

into an electric signal. Only pairs of photons that hit the PET detector within a 

predefined time and energy window will be accepted as originating from the same 

positron, the others are rejected. The line between two opposite hits is called line of 

response (LOR) (Basu, 2014). PET images are reconstructed from millions of LOR 

registrations providing a picture of the radiotracer’s distribution in the imaged volume.  

The raw data acquired is corrected for several factors to give correct and quantitative 

images of the tracer distribution (Dahlbom, 2017), e.g. correction algorithms for 

scatter photons and correction for photon attenuation in tissue with a CT scan that 

produces an attenuation map.  

PET data is a collection of image projections at different angles around the patient. 

These projections contain the necessary information to reconstruct the three-

dimensional activity distribution using different approaches for image reconstruction 

(Dahlbom, 2017). Iterative reconstruction techniques such as ordered subsets 

expectation maximization (OSEM) have replaced the filtered back projection method 
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because of better image quality and improved signal to noise ratio (Lonneux, 1999; 

Dahlbom, 2017). 

 

Noise is present in all images, giving the image a mottled, grainy, textured, or snowy 

appearance. Image noise is caused by a variety of modality-specific factors such as 

scanner type, image reconstruction algorithm, etc. In PET and CT the major sources 

of image noise is quantum noise (the random variation in photon counts due to the 

statistical nature of these X-rays and related to the number of photons detected) and 

electronic noise (noise inherent to the detector and unrelated to number of detected 

photons) (Razifar, 2005). PET images contain relatively high levels of quantum noise 

due to limited counting statistics. A post reconstruction smoothing filter attenuates the 

high frequency noise (Dahlbom, 2017). The amount of noise is reduced with 

increasing full width at half maximum (FWHM) of the reconstruction filter. The 

resolution in OSEM reconstructions can be increased with increasing number of 

iterations but at the cost of increased noise. The use of a post-reconstruction 

smoothing filter reduces noise but also reduces the maximum signal of the 

measurements (Soret, 2007; Skretting, 2009). 

 

After several corrections have been made to the raw data, the voxel values in the 

PET images represent the actual activity concentration (amount of radioactivity per 

unit volume), in Becquerel per millilitre (Bq/mL). Dynamic imaging is one way to 

quantify lesion or organ metabolism with PET, but the methods are complex and 

labour-intensive. The metric most used to quantify the uptake in lesions or organs is 

the standardized uptake value (SUV). SUV is the ratio of the average activity 

concentration in a specific region of an image (voxel, region of interest (ROI) or 

volume of interest (VOI), or organ system) to the average activity concentration in the 

entire patient or phantom being imaged. When weight is used as a surrogate for 

volume, with the assumption that the density of a person is approximately 1.0 g/mL, 

the SUV is calculated as follows: 

 

𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑎𝑎𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝐵𝐵𝐵𝐵/𝑚𝑚𝑚𝑚)

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐵𝐵𝐵𝐵)/ 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 (𝑘𝑘𝑘𝑘)  
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Calculation of SUV requires the amount of injected activity, time of injection, body 

weight (BW) and time between injection and imaging (circulation time) (Dahlbom, 

2017; Surti, 2017). For the PET tracer 18F-FDG, uptake in fat tissue is very low. The 

uptake of 18F-FDG in lesions can therefore be overestimated in heavier compared to 

lighter individuals. To compensate for this, normalising the SUV to lean body mass 

(LBM), correcting for the presumed amount of fat tissue (Zasadny, 1993) (also 

requires height and sex of the subject) instead of pure body weight, is recommended, 

in particular for response assessment studies (Boellaard, 2015). Different formulas 

for LBM are proposed (Tahari, 2014), the Hybrid Viewer 2.0 software (Hermes 

Medical Solutions AB, Stockholm, Sweden) uses: 

Women:   LBM =  1.07  x  BW− 148  x � BW 
Height

�
2

  

Men:    LBM =  1.1    x  BW − 120  x  � BW 
Height

�
2
 

 
In addition to body mass and fat content, the SUV for imaging with 18F-FDG is known 

to be sensitive to circulation time, glucose levels, spatial resolution and image noise 

(Keyes, 1995). 

 

The spatial resolution of a PET scanner is the limiting distance needed to 

discriminate between two point or line sources. Spatial resolution in PET is 

characterized by the width of an image profile of a small object, e.g. point source 

giving a point spread function (PSF). The resolution is expressed as the FWHM of 

this profile (Bailey, 2003). The spatial resolution depends mainly on the width of the 

detector elements. Fundamental factors that limit the spatial resolution include 

positron range before annihilation and acollinearity of the direction of the annihilation 

photons. The influence of non-fundamental factors that can be reduced are 

penetration into the detector ring, sampling errors and decoding errors in the detector 

modules. Statistical noise and the reconstruction algorithm also affect the spatial 

resolution. The fundamental limit for spatial resolution for a clinical PET camera is 

1.83 mm FWHM. A resolutions of 2.36 mm FWHM is achievable by using a detector 

width that compromises between spatial resolution and practical manufacturing 

purposes (Moses, 2011). The effective spatial resolution for the PET/CT scanner 

used in our study, (Siemens Biograph 64, images reconstructed with OSEM, 4 
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iterations, 8 subsets, 256x256 voxels giving pixel size 2.67 mm and slice thickness 

2.03 mm) was 6.4 mm FWHM with post-reconstruction Gaussian smoothing filter with 

FWHM 5 mm, and 4.5 mm with post-reconstruction Gaussian smoothing filter with 

FWHM 2 mm (Skretting, 2010a).  

 

Accurate uptake measurement with PET depends heavily on the size of the lesion or 

structure. For lesions with a size less than three times the FWHM of the 

reconstructed image resolution, the measured maximum value will be lower than the 

actual maximum value. This phenomenon is called partial volume effect (PVE) or 

intensity diffusion and is caused by two factors (Soret, 2007; Skretting, 2009). Firstly, 

the limited spatial resolution of the scanner makes the imaged structures appear 

larger than they are. The maximum activity concentration measured is lower than 

actual because it is smeared out, but the total activity is intact in a larger volume. This 

is illustrated in Figure 8 (Soret, 2007).    

 

 
 

Figure 8: Circular source (diameter of 10 mm) of uniform activity (100 arbitrary units) 
in non-radioactive background yields measured image in which part of signal 
emanating from source is seen outside actual source. Maximum activity in measured 
image is reduced to 85. 
This figure was originally published in JNM. © SNMMI. (Soret, 2007).  
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The second factor causing underestimation of uptake in small structures is the image 

sampling, meaning the size of each image element (voxel) with one unique activity 

concentration/uptake value. Since PET images are sampled on a voxel grid, the size 

and shape of the structure of interest decides how much of the voxel volume it will fill, 

and how much of the voxel that represents other tissue (background or neighbouring 

structures). Figure 9 shows what happens with the voxel values in the edge of a 

tumour depending on the surrounding voxel values. If the lesion of interest is not able 

to  ‘fill’ the entire voxel, the voxel uptake value will be influenced by the uptake of 

nearby voxels.  Spill-out refers to the activity contribution in the edge voxels (not 

covered entirely by the lesion) by the lesion uptake, spill-in refers to the activity 

contribution in the edge voxels from the background (or neighbour structure) (Soret, 

2007; Skretting, 2009). 
 
 

 
 
Figure 9: The measured image (D) of the activity distribution (A) results from mixture 
of spilling out (B) and spilling in (C). Image sampling affects background activity, 
creating spilling in within tumor (C). Resulting image is sum of spilling in and spilling 
out (D). 
This figure was originally published in JNM. © SNMMI (Soret, 2007). 
 

A phantom experiment at our department using gel spheres with 18F-FDG (method 

described by Skretting et al. (Skretting, 2010b)) illustrated how the uptake in small 

lesions is underestimated (Figure 10). The spheres had identical activity 

concentrations and diameters of 3, 5, 8, 10 and 12 mm. The study showed that the 

recovery coefficients (the ratio between the detected and the real activity 

concentration) decreases from 1 (100% detected) for spheres below 15-16 mm. The 

underestimation for spheres below 5 mm was profound with recovery coefficients 

below 0.2.  
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Figure 10: Recovery coefficients for spheres filled with 18F-FDG imaged on Siemens 
Biograph 64 (Siemens Medical Systems, Erlangen, Germany). Smoothing filter 
FWHM = 2 (solid line), 3.5 (dashed), 5.0 (dot-dashed).  
Figure courtesy of Arne Skretting, Oslo University Hospital. 

 

A simulation study of a source that mimics the uptake in a plaque or vessel wall 

further illustrates how the images are smeared out/blurred and how the measured 

activity concentration is grossly underestimated (Figure 11). The simulations were 

performed on the specifications from a scanner both with and without time of flight 

(TOF) capabilities.  

 

 

Figure 11: Recovery coefficients for simulated images of 18F-FDG plaques from two 
different scanners; Siemens mCT (TOF) and Siemens Biograph 64 PET/CT 
(Siemens Medical Systems, Erlangen, Germany) with postreconstruction filter FWHM 
2, 3.5 or 5.  Figure courtesy of Arne Skretting, Oslo University Hospital. 
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2.2.3.2 18F-FDG 

Glucose uptake in cells can be quantified with radiolabelled 2-deoxy-D-glucose (DG) 

because the uptake mechanism for the two compounds is identical. Glucose is 

transported into living cells by cell membrane glucose transporters (GLUTs). Unlike 

glucose, the slightly altered DG (the 2-hydroxyl group is replaced by hydrogen) is not 

metabolized further after the initial intracellular phosphorylation to 2-deoxy-D-

glucose-6-phosphate (DG-6-P) by hexokinase. DG-6-P is in that sense trapped 

intracellularly (Sols, 1954). Initial studies of the quantification of glucose metabolism 

with radiolabelled DG was done in rat brains with 14C labelled DG, where the amount 

of 14C DG accumulated in the whole brain was measured after removal with a 

scintillation counter (Hawkins, 1974), or regionally with autoradigraphy (Sokoloff, 

1977). Metabolic trapping in brain and heart of mice was soon after achieved with DG 

labelled with 18F (18F-FDG) (Gallagher, 1978). Reivich et al. performed the first scan 

with 18F-FDG for measurement of local cerebral glucose utilization in man (Reivich, 

1979). 

 

High level of glucose metabolism is a hallmark for several pathological processes. 

Most malignant cells have increased glucose metabolism. Warburg was first to 

describe that cancer tissue has accelerated glucose metabolism even when oxygen 

is present (aerobic glycolysis), thereby named the ‘Warburg effect’ (Warburg, 1956). 
18F-FDG was quickly recognized as suitable for imaging of oncologic diseases 

(Boellaard, 2010), after it was found that 18F-FDG uptake was higher in high-grade 

than low-grade gliomas (Di Chiro, 1982). In oncological 18F-FDG scans, an increased 

uptake of 18F-FDG was also found in several types of infectious and inflammatory 

diseases (Shreve, 1999). This was a serious pitfall in the diagnosis of oncologic 

diseases, but 18F-FDG has later gained an independent stronghold in the diagnosis 

and follow-up of a wide spectre of inflammatory and infectious diseases. Fever of 

unknown origin, sarcoidosis, vasculitis, peripheral bone osteomyelitis, suspected 

spinal infection, evaluation of metastatic infection and of high-risk patients with 

bacteraemia were of the first well-established indications for imaging with 18F-FDG 

PET (Jamar, 2013).  

 

The increased rate of glycolysis and its association with upregulation of GLUTs 

(Yamamoto, 1990) and intracellular hexokinase expression is a known mechanism of 

https://en.wikipedia.org/wiki/Hydroxyl
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high uptake of 18F-FDG in malignant tissue. Similar mechanisms have also been 

documented for inflammatory conditions. Following injection of tumour cells in mice 

Kubota et al. found that, in addition to tumour cells, associated granulation tissue and 

macrophages also had high accumulation of 18F-FDG (Kubota, 1992). Other animal 

models have shown that bacterial endotoxin induce enhancement of glucose influx 

into macrophages via GLUT-1 (Fukuzumi, 1996) and that glucose uptake and GLUT-

1 in macrophages are increased following thermal injury and sepsis in mice (Gamelli, 

1996). Uptake of 14C-FDG and high expression of GLUT-1 and GLUT-3 were seen at 

site of inoculation with staphylococcus aureus (Mochizuki, 2001). 18F-FDG was 

particularly found in areas with neutrophils and macrophages in a study where 

turpentine was used to induce inflammation (Yamada, 1995). 18F-FDG’s ability to 

identify sites of inflammation and infection seems to be related to the increased 

glycolytic activity of the cells involved in the inflammatory response and many types 

of cells are involved (Jamar, 2013). 

 

In the normally functioning body facilitative glucose transport is mediated by 

members of the GLUT protein family. Several GLUTs have been described. They are 

expressed in a tissue- and cell-specific manner and exhibit distinct properties that 

reflect their specific functional roles. GLUT-1 is expressed widely in various tissues, 

up-regulated by several growth-factors and provides many cells with their basal 

glucose requirement. GLUT-2 expression is regulated by glucose concentration and it 

is mainly expressed in intestine, kidney, liver, pancreatic islets and brain. GLUT-3 is 

in neurons and ensures a glucose supply in the brain even in hypoglycemic 

conditions. GLUT-4 is stimulated by insulin and expressed in skeletal and cardiac 

muscle, brown and yellow fat (Mueckler, 1994; Finessi, 2019).  

 

Based on the knowledge of the different GLUTs and since 18F-FDG is treated like 

glucose until it accumulates intracellularly, patient preparations that ensures high 

uptake in the lesion or organ of interest and minimal uptake elsewhere are crucial. A 

long enough fasting period (4-6 hours) is essential to ensure low level of glucose and 

insulin. If not accomplished, hyperglycemia may reduce the binding sites available for 
18F-FDG because of competition with plasma glucose, and hyperinsulinemia causes 

up-regulation of GLUT-4 and thereby high uptake in skeletal and myocardial muscle. 

Other precautions within the 24 hours before examination are to avoid strenuous 
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physical activity to ensure low muscle uptake of 18F-FDG, and to avoid freezing not to 

stimulate 18F-FDG uptake in brown adipose tissue. Hyperglycemia and diabetes 

require special attention with preparatory instructions to optimize the balance 

between the level of insulin and blood glucose (Boellaard, 2015; Finessi, 2019). The 

guidelines for patient preparations are slightly different depending on which organ 

system or diseases that are to be imaged with 18F-FDG PET. Brain imaging for the 

detection of hypometabolic cortical areas seems to be more sensitive to light 

hyperglycemia than the detection of infectious and inflammatory conditions (Varrone, 

2009; Jamar, 2013; Boellaard, 2015; Slart, 2018). 

 

2.2.3.3 18F-FDG PET in atherosclerosis 

Rudd et al. were the first to explore if 18F-FDG could be used to quantify inflammatory 

metabolic active cells in atherosclerotic plaques in humans (Rudd, 2002). 

Autoradiographic imaging of atherosclerotic plaques from three patients with 

symptomatic carotid stenosis ≥70% incubated with tritiated DG showed uptake in the 

macrophage rich areas of the plaques, and little or no uptake in other areas. 

Macrophage rich areas were mainly located at the lipid core/fibrous cap border of the 

lesions. They also reported a higher accumulation rate of 18F-FDG in symptomatic 

than in contralateral asymptomatic stenosis (35−75%) (Rudd, 2002). Later studies 

found a significant positive correlation between the degree of 18F-FDG uptake in 

carotid stenosis and macrophage content in the removed plaques (Tawakol, 2006; 

Graebe, 2009). A recent meta-analysis including 14 studies (539 patients) found a 

significantly higher tracer uptake in symptomatic than asymptomatic atherosclerotic 

carotid disease (Chowdhury, 2018). The Dublin Carotid atherosclerosis Stroke Study 

showed that carotid plaque uptake of 18F-FDG was associated with a high risk of 

early stroke recurrence, independent of the degree of stenosis (Marnane, 2012). A 

multicentre study by Kelly et al. including 109 patients confirmed the results from 

Marnane et al. regarding the prediction of a new stroke after the first clinical event, 

recurrent stroke risk increased across SUVmax quartiles (Kelly, 2019). 

 

Other factors associated with plaque vulnerability that correlate with uptake of 18F-

FDG are matrix metalloproteinase-1 (Wu, 2007), plaque CD68 gene expression 

(Graebe, 2009) and MES on TCD (Moustafa, 2010; Muller, 2014).  
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18F-FDG PET is also promising for patients with ESUS. A PET/MRI study of 18 

patients found that the prevalence of complicated atherosclerotic plaques (American 

Heart Association lesion type VI with intraplaque haemorrhage, fibrous plaque 

rupture or luminal thrombus on MRI) was significantly higher in the carotid artery 

ipsilateral to the ischaemic stroke than contralateral. Furthermore, they found that 

complicated plaques were associated with higher 18F-FDG uptake than less 

complicated lesions (Hyafil, 2016). 

 

Uptake of 18F-FDG in entire vascular beds has been used in several studies as a 

marker of generalized vascular inflammation in atherosclerosis. One of these studies 

followed 513 patients without symptomatic CVD at inclusion for 4.2 years, 18F-FDG 

uptake in ascending aorta was an independent predictor of future CVD events 

(Figueroa, 2013). 18F-FDG PET has also been used in several intervention studies to 

measure the treatment effect on vascular inflammation (Fayad, 2011; Elkhawad, 

2012; Tawakol, 2014).    

 

2.2.3.4 Methods for atherosclerosis imaging 

Standardization of imaging procedure and analysis is a challenge in vascular 

atherosclerosis imaging with 18F-FDG PET. The imaging of lesions with relatively low 

uptake and unclear boundaries are much more challenging than measuring uptake in 

a lung tumour or screening for metastatic hot spots in oncology.  

Several methods for the quantification of 18F-FDG uptake in atherosclerosis have 

been suggested. A literature search by Huet et al identified 53 different acquisition 

protocols, 51 different reconstruction protocols and 46 different quantification 

methods used in 49 studies (Huet, 2015). A position paper in 2016 by the 

Cardiovascular Committee of the European Association of Nuclear Medicine (EANM) 

(Bucerius, 2016) proposed optimized and standardized protocols for imaging and 

interpretations of PET scans in atherosclerosis. They also addressed the absence of 

conclusive evidence. A recent systematic review and meta-analysis evaluating the 

association between carotid artery 18F-FDG or 18F-labelled sodium fluoride (18F-NaF) 

uptake in recent or future cerebral ischemic events described in detail the obstacles 

in trying to pool results from several studies (Chaker, 2019).    
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18F-FDG PET studies of inflammation in atherosclerosis can be divided in two main 

groups:  

Group1. Studies of localized atherosclerosis in the carotid artery bifurcation and ICA.  

Group 2. Studies of one or more vessel segments e.g. common carotid artery, aorta 

(divided in segments), iliac and femoral arteries in subclinical atherosclerosis.  

Studies of the coronary arteries have also been carried out (Rogers, 2010; Tarkin, 

2017), but these vessels have other methodological challenges and are not included 

in the current thesis.  

In Group 1 the definition of area of interest or localization of the plaque in known 

carotid artery disease is carried out in different ways. All methods need a CTA (or 

MRA) for the correct localization of the stenosis (the CCA can be localized without 

CM). Graebe et al. (Graebe, 2010a) defined the plaque as the vessel segment where 

axial CTA showed a luminal filling defect. Figueroa et al. (Figueroa, 2012) included 

an artery segment from 2 cm below to 3 cm above (in the ICA) the bifurcation; 

Marnane et al. (Marnane, 2012) and Kelly et al. (Kelly, 2019) included 10 axial slices 

with centre on the maximum stenosis. In Group 2 the whole vessel segment is 

defined as the area of interest, but the definite borders can be a little different 

depending on the length of the axial coverage on the scan. In almost all the 

published studies, the region of interest (ROI) is drawn around the whole vessel wall 

including the plaque and lumen on all the axial slices covering the plaque or the 

vessel segment. This is because the spatial resolution of the image is not good 

enough to delineate details around the plaque. The uptake value from the ROI is 

either the mean of the pixel values, SUVmean, or the highest pixel value, SUVmax. The 

metric most commonly used is the mean of all the maximum SUVs (mean SUVmax) of 

the ROIs from individual image slices. The ROIs include the entire plaque (in 

localized stenosis), or one or more vessel segments (in subclinical/generalized 

disease). Sub-analysis looking for the most metabolically active areas of a vessel 

segment, either as the mean of neighbouring slices (most diseased segment MDS) or 

as the mean of slices above a preset threshold have also been used (Figure 12) 
(Maki-Petaja, 2012; Tawakol, 2013). Bural et al. calculated the atherosclerotic burden 

of the aorta by multiplying the mean uptake values for each aorta segment with the 

vessel wall volume (Bural, 2006). 
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The limited spatial resolution of the PET images does not permit the activity in the 

blood background to be excluded from the quantification of the uptake in the vessel 

wall plaque. To overcome possible quantification errors due to this, correction for the 

blood background (most often the mean of SUVmean from several venous ROIs) has 

been suggested but implemented differently. The uptake values have either been 

normalized to the blood background activity (Tawakol, 2006; Rudd, 2007; Rudd, 

2008; Fayad, 2011), corrected for the background activity with subtraction (Blomberg, 

2014) or not corrected for background activity (Graebe, 2010a; Graebe, 2010b; 

Marnane, 2012). Some studies report both corrected and uncorrected values (Vesey, 

2017; Kelly, 2019; Kelly, 2020). The rationale for background correction has been 

strongly criticized by some authors (Chen, 2015; Huet, 2015). Figure 12 summarizes 

the different quantification methods and the use of background correction.  
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Figure 12: Arterial PET/CT images and analysis methods. 
(A) Representative CT and 18F-FDG PET/CT images of the carotid arteries (white 
arrow, yellow ROIs) and jugular veins (green ROIs) in a patient with cardiovascular 
disease. Red scale bars indicate 2 cm. Schematics showing (B) standardized uptake 
values (SUVs) in the entire artery and the background, (C) background corrections, 
and (D) active segment analysis with corresponding imaging parameters. MDS = 
most diseased segment; ROI = regions of interest; SUVmax = maximum standardized 
uptake value; SUVmean = mean standardized uptake value; TBR = target to 
background ratio. 
Figure is reprinted from van der Valk et al. (van der Valk, 2016). 
 
  

https://www.sciencedirect.com/topics/medicine-and-dentistry/positron-emission-tomography-computed-tomography
https://www.sciencedirect.com/topics/medicine-and-dentistry/carotid-artery
https://www.sciencedirect.com/topics/medicine-and-dentistry/jugular-vein
https://www.sciencedirect.com/topics/medicine-and-dentistry/standardized-uptake-value
https://www.sciencedirect.com/topics/medicine-and-dentistry/standardized-uptake-value
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3. THESIS AIMS 
 

The aim of this thesis was to explore the value and optimal method of 18F-FDG PET 

measurements for the detection of inflammation and instability in atherosclerotic 

plaques causing severe stenosis in the carotid artery.  

Secondary, to expand biological knowledge regarding inflammation in 

atherosclerosis.  

 

The following specific aims were addressed: 

 

1. To evaluate the different methods for quantification of uptake of 18F-FDG in 

atherosclerotic carotid plaques.  

2. To develop a quantification method with high accuracy and applicability in 

clinical practice and for multicentre studies.      

3. To explore if 18F-FDG-PET can discriminate between patients with recent 

symptoms and those with more distant or without symptoms.  

4. To explore the inter-reader reproducibility of the different quantification 

methods, and thereby their robustness in a clinical setting.  
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4. MATERIAL AND METHODS 
 

An overview of the material and methods used in the three papers included in this 

thesis is presented in Figure 13. In paper I, patients operated for high-grade carotid 

artery stenosis were preoperatively examined with ultrasound and 18F-FDG PET. 

Histological analyses of inflammation in the resected plaques were compared with 

the presence of symptoms due to the stenosis, plaque characteristics on ultrasound 

and uptake of 18F-FDG. In papers II and III, patients not operated were also included. 

In paper II different approaches for quantification of the uptake of 18F-FDG in the 

plaques were compared and correlated to inflammation on histology. Paper III 

assessed inter-reader performance for the different quantification methods that were 

explored in Paper II. 
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Figure 13: Overview of papers. 
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4.1 STUDY POPULATION 
 

The patients included in this thesis are a subpopulation of ‘The Unstable Carotid 

Artery Plaque Study’ headed by the Department of Neurology, Rikshospitalet, Oslo 

University Hospital. Both symptomatic and asymptomatic patients referred to surgical 

treatment for severe atherosclerotic carotid stenosis (≥70 %) were included. Plaques 

were defined as symptomatic if the patient had experienced an ipsilateral minor 

stroke, TIA or amaurosis fugax (transient visual loss) within the past 30 days. 

Exclusion criteria were carotid occlusion, prior interventions in the carotid artery (CEA 

or CAS), prior radiation therapy to the neck, vasculitis and treatment with 

immunomodulating drugs or oncological disease.  

 

Included patients underwent a clinical examination, registration of cardiovascular risk 

factors (hypercholesterolemia, hypertension, coronary artery disease, diabetes, 

smoking history and weight) and venous blood samples were collected. Duplex 

ultrasound was performed to grade the stenosis and visually classify plaque 

echogenicity. The patients were referred to CEA due to recent symptoms, or as a 

prophylactic treatment before heart surgery. Because of the short time window 

between symptoms and surgery (optimally two weeks) we had reserved timeslots for 

PET which allowed the examination of patients at short notice.  

 

CEA was performed in 38 of the 44 included patients. Plaques for histological 

analyses were collected from 30. The rest of the operated plaques were not delivered 

for histology after CEA due to practical reasons and were lost from the histology 

analysis. The patients included in paper I were those who had CEA, but two patients 

were wrongly coded as non-surgical in the project database and not included. 

(However, the relationship between symptoms and 18F-FDG uptake did not change 

when we retrospectively included these two in the analysis). For one patient an 

incorrect SUV calculation had been done due to incorrect registration of body height, 

which significantly influences the uptake value since we use a SUV related to lean 

body mass. This dataset was removed from the analyses in paper III.  
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4.2 IMAGING AND HISTOLOGY 
 

4.2.1 PET protocol 
After a minimum of six hours fasting the patients were injected with 5 MBq/kg 18F-

FDG and blood glucose, weight and height were recorded. After approximately 90 

minutes a two-bed position PET/CT from the base of the skull to the aortic arch was 

performed with 15 minutes per bed position using a hybrid PET/CT scanner 

(Siemens Biograph 64, Siemens Medical Systems, Erlangen, Germany). The PET 

images were acquired with a 256 x 256 matrix and the images were reconstructed to 

two-millimetre-thick slices, with four iterations/eight subsets OSEM algorithm and 

Gaussian post-reconstruction filter with 3.5 mm FWHM.  

All patients were informed face to face or on the telephone on how to prepare for the 

PET examination. All known diabetics were instructed on how to prepare for the PET 

study regarding fasting and timing of medication. Despite this, the mean of the blood 

glucose levels measured at time of injection for the patients presented in paper II was 

6.8 mmol/ L (SD 2.2, range 4.9−14.9). Ten patients had blood glucose >7.0 mmol/L, 

four of them >11 mmol/L (Table 1). We did not exclude any patients from our study 

due to high blood glucose. 

 

4.2.2 CT protocol 
A CT without CM for attenuation correction was performed in all patients. The 

scanner settings varied from 100–120 kilovoltage (kV) and 15–250 milliampere 

second (mAs). CT with i.v. administration of iodinated CM was acquired immediately 

after the PET examination when the patient was still lying on the scanner table 

(scanner settings varied between 100–120 kV and 120–250 mAs). A minimum of 40 

mL Iomeron (iodine concentration 350 mg/mL; Bracco Imaging S.P.A, Milan, Italy) or 

Visipaque (iodine concentration 320 mg/mL); GE Healthcare, Chicago, USA) was 

administered to ensure contrast filling of the carotid arteries. For 24 patients CTA was  

performed at other radiologic departments. We did not want to replicate a recent CTA 

to comply with the radiation protection principle ALARA (as low as reasonably 

achievable) and to minimize possible kidney stress from iodinated CM. For three 

patients no CTA was available when the PET images were analysed, one patient 
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could not undergo CTA due to high creatinine value, one had an external MRA and 

for one the images were not successfully imported from referring hospital.  

 

Table 1: Blood glucose level per patient (n = 44)  

Blood glucose (mmol/L) Number Cumulative Percent 

4.9 1 2.3 
5.0 2 6.8 
5.1 1 9.1 
5.3 3 15.9 
5.4 1 18.2 
5.5 1 20.5 
5.6 4 29.5 
5.7 5 40.9 
5.8 2 45.5 
5.9 1 47.7 
6.1 3 54.5 
6.2 3 61.4 
6.4 2 65.9 
6.5 2 70.5 
6.6 1 72.7 
6.9 2 77.3 
7.1 1 79.5 
7.2 2 84.1 
8.0 1 86.4 
8.8 1 88.6 

10.0 1 90.9 
11.6 1 93.2 
11.8 1 95.5 
13.2 1 97.7 
14.9 1 100.0 

 
 

  



51 

 

4.2.3 18F-FDG uptake quantification  
The Hybrid Viewer 2.0 software (Hermes Medical Solutions AB, Stockholm, Sweden) 

was used for image fusion and 18F-FDG uptake quantification. CTA findings were 

used to guide drawing of the ROIs on the fused slices (PET and non-contrast CT). A 

plaque was defined as vessel wall thickening and a lumen contrast-filling defect on 

CTA. For patients without an available CTA, the plaque was defined as vessel wall 

with calcification and fat deposits at the level of the carotid bifurcation. ROIs were 

drawn around the entire vessel wall and lumen on all plaque-containing axial PET 

slices. ROIs were carefully placed to exclude the influence from 18F-FDG uptake in 

structures close to the plaque (e.g. lymph nodes, paravertebral muscles or salivary 

glands). Blood background activity was obtained from four ROIs placed in the lumen 

of the jugular vein away from other structures with 18F-FDG uptake but in the same 

cranio-caudal level as the plaque. The number of plaque-containing slices and 

plaque localization in relation to the carotid bifurcation were recorded. The most 

cranial slice of the common carotid artery before the division was defined as the 

bifurcation. The pixel values in the PET images were converted into SUV normalized 

to lean body mass.  

 

For all plaque ROIs, SUVmax was obtained and the 18F-FDG uptake was quantified 

using the following approaches:  

1. Max SUVmax  =  the single highest SUV  

2. Mean SUVmax  =  the mean of all plaque SUVmax  

3. Most Diseased Segment (MDS)3 = the mean SUVmax of the three contiguous 

slices centred on the slice with the highest SUVmax   

4. MDS5 = the mean SUVmax of the five contiguous slices centred on the slice 

with the highest SUVmax  

5. Mean SUVmax4 = the mean SUVmax of the four slices with highest SUVmax  

 

Blood background ROIs were obtained from four venous regions, the blood 

background activity was expressed as the mean of the SUVmean from these ROIs. 

Blood background corrected values for all SUV measurements were calculated by 

division and subtraction:  

- Target-to-background ratio (TBR): SUV divided by the blood background 

activity  
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- Blood pool corrected SUV (cSUV): subtraction of the blood background 

activity from SUV. 

A second independent experienced nuclear medicine physician drew ROIs on the 43 

patients included in Paper III to assess inter-observer variability of the different 

quantification methods. 

 
4.2.4 Duplex ultrasound 
The plaque echogenicity was visually classified into four categories on high-

resolution B-mode grey-scale pictures: 

- Echolucent (vessel lumen) 

- Predominantly echolucent, >50 % of plaque area is echolucent 

- Predominantly echogenic, >50% of plaque area is echogenic 

- Echogenic (as the bright echo zone produced by the media-adventitia 

interface). 

The plaque was classified as echolucent or echogenic if >80% was homogenously 

low or high in echolucency, respectively.  

The degree of stenosis was decided by adding a Doppler examination of the 

stenosis’ effect on blood velocities (Grant, 2003).  

 

4.2.5 Histological analysis 
Immediately after removal at CEA, the plaques were fixed in 4% formaldehyde, 

decalcified in ethylenediaminetetraacetic acid and cut into 2−3 mm slices. After 

dehydration, the slices were embedded in paraffin and a 5 µm histological section 

from each slice was cut and stained with hematoxylin and eosin. For the 

quantification of plaque inflammation, the sections were evaluated with 120x 

magnification. For every field of view from the section, the total area was measured in 

square millimetres. The inflammatory area was calculated after the two co-readers in 

consensus had estimated a percentage of the field of view occupied by inflammatory 

cells (macrophages and leucocytes) by ‘eye-balling’. The amount of inflammation per 

plaque was defined as the sum of all calculated areas with inflammatory cells divided 

by the total area of all the sections.  
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4.3 STATISTICAL METHODS 
 

All the statistical analyses were conducted using the IBM Statistical Package for the 

Social Sciences (SPSS) version 18.0, 21.0 and 25 (IBM Corp., Armonk, USA).  

Papers I and II: Groups of unpaired data were compared using Student’s t test for 

normally distributed variables or Mann-Whitney U test for non-normal distributions. 

The Chi-square test was used for analysing contingency data. Coefficients of 

correlation were calculated by the Pearson correlation for normally distributed 

variables and Spearman correlation for non-normal distributions.  

Paper III: Groups of paired data were compared using the Wilcoxon signed rank test 

for non-normally distributed variables. Inter-reader agreement was calculated using 

intraclass correlation coefficients (ICC’s; model two-way random, type absolute 

agreement).  

All statistical results were considered significant when p < 0.05.  

 

 

4.4 APPROVALS 
 

The study was approved by the Regional Committee for Medical and Health 

Research Ethics South-East A in Norway, REC ID:S-09233a THE UNSTABLE 

PLAQUE. All patients gave informed written consent prior to study participation. This 

study received funding from the South-Eastern Norway Regional Health Authority, 

grant number: 2009006. 
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5. SUMMARY OF THE PAPERS 
 

PAPER I: Carotid plaque inflammation assessed with 18F-FDG PET/CT is higher 
in symptomatic compared with asymptomatic patients.  
Clinical observations have shown that the risk of a new stroke after a symptomatic 

event due to carotid stenosis is highest shortly after the first event, and that 

preventive treatment must be initiated quickly. Histological analyses of removed 

plaques have confirmed that the inflammatory characteristics are most prominent 

close to an event. 18F-FDG PET studies of carotid artery plaques have not been 

uniform with respect to time since symptoms and time to endarterectomy and 

histology. 

In paper I we wanted to investigate the correlation, within a short time-frame, 

between 18F-FDG uptake, clinical symptoms, and both histological and ultrasound 

markers for inflammation. 

The quantification methods used for 18F-FDG uptake were max SUVmax, mean 

SUVmax and TBR mean SUVmax. We found that all three quantification methods 

correlated significantly with inflammation assessed at histology. Furthermore, max 

SUVmax and mean SUVmax showed a significant difference between symptomatic and 

asymptomatic patients. The relationship between ultrasound findings of instability and 
18F-FDG PET was confirmed as the plaque mean SUVmax was significantly higher in 

echolucent compared to echogenic plaques.  

The impact of paper I is that we have proven a correlation between 18F-FDG uptake, 

clinical symptoms, and histological and ultrasound markers for plaque instability. This 

increases the evidence that 18F-FDG PET can be used as a marker for inflammation 

and clinical instability of large carotid artery plaques. 

 
PAPER II: 18F-FDG PET/CT for the quantification of inflammation in large 
carotid artery plaques 
The procedure and quantification methods for atherosclerosis imaging with 18F-FDG 

PET has not been standardized. Patient populations and the reference standards 

have been highly variable. In paper II we explored five of the most common uptake 

metrics used in vascular 18F-FDG PET studies (max SUVmax, mean SUVmax, MDS3, 

MDS5 and mean SUVmax4) together with two different methods for background 
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correction, i.e. by division (TBR) and by subtraction (cSUV). Amount of inflammation 

assessed on histology was used as reference standard.  

We found a moderate correlation between all uptake quantification measures and 

inflammation on histology. We did not find a superiority of measures with background 

correction. The other important finding was that there was a high correlation between 

the different uptake methods independent of number of plaque ROIs/slices included 

in the assessment. This indicates that the inflammation as measured by 18F-FDG 

PET is uniform throughout the plaque and that max SUVmax might have value in the 

characterization of carotid plaques.   

 

PAPER III: Inter-reader agreement of 18F-FDG PET/CT for the quantification of 
carotid artery plaque inflammation. 
The value of a diagnostic method in clinical use is dependent on its feasibility and 

that readers in different centres will obtain the same results. In paper III we wanted to 

assess the inter-reader variability of the most commonly used quantification methods 

for 18F-FDG uptake in atherosclerosis. 

How to define the plaque or vessel segment of interest was also of great interest as 

several ways have been described in the literature. To the best of our knowledge, 

there has been no specific inter-reader analysis of these definitions.  

Two experienced nuclear medicine physicians (reader 1 and reader 2) individually 

performed the delineations of plaques and calculated the corresponding uptake 

measures. Our results showed that the two readers included a significantly different 

number of slices in their plaque regions. However, the median values and ranges 

were very similar. Reader 1 identified a median of 9 slices (range 3-18) and reader 2 

a median of 10 slices (range 4-23). The uncorrected uptake values had the highest 

ICC (0.97-0.98), followed by values with background corrected by subtraction (0.89-

0.94) and finally, values with background corrected by division (0.74-0.79). These 

latter two results are closely linked to the low ICC for the measurement of the 

background region between the two readers (0.77) with the division used in TBR 

causing a relatively larger spread of the results than the subtraction used in cSUV. 

Our main conclusion from this paper was that the two readers, despite including 

different number of slices, found the same uptake values when using the uncorrected 

uptake values. A more surprising result was that the highest uptake value in the 

plaque (max SUVmax) had as high ICC as mean SUVmax. Max SUVmax is an easier 



56 

 

parameter to obtain because the reader can search for the highest uptake in the 

plaque area without delineating the ROIs slice by slice. 

Impact of papers II and III:  

Paper II studied the different quantitative PET parameters and paper III the inter-

reader agreement of the different methods suggested in the literature. These papers 

have highlighted well-known shortcomings and possibilities regarding the selection of 

uptake metrics and their reproducibility. This might counteract the delay of the use of 

this method in clinical practice. The impact of our findings in these papers is that for 

the quantification of inflammatory activity in carotid plaques causing severe stenosis, 

uptake parameters without background correction show no inferiority. The results 

also suggest that uptake parameters without background correction are easier to 

reproduce between readers. 

  



57 

 

6. METHODOLOGICAL CONSIDERATIONS AND 
DISCUSSION 
 

6.1 18F-FDG UPTAKE VERSUS CLINICAL SYMPTOMS 
 

Our study shows a significantly higher uptake of 18F-FDG in carotid plaques that have 

caused symptoms within the last month compared to those with earlier or without 

symptoms (median SUVmax 1.75 (range 1.26–2.04) in symptomatic versus in 

asymptomatic patients 1.43 (1.15–2.28). Our findings are in agreement with similar 

studies (Chowdhury, 2018; Chaker, 2019), but due to the numerically small difference 

in SUV and the high degree of overlap between the two groups the method has 

limited value in clinical practice.  

 

6.1.1 Are asymptomatic stenoses really asymptomatic? 
All included patients had severe atherosclerosis in their carotid artery, which caused 

a stenosis ≥70%. Although a carotid stenosis is asymptomatic at inclusion, it has 

been estimated that about 11% of strokes are due to thromboembolism from a 

previously asymptomatic stenosis >50% (Naylor, 2015). The implication for our study 

is that even though asymptomatic, it is possible that some of the plaques from these 

patients had a high inflammatory activity that could cause an ischemic event. The 

presence of unstable plaques among asymptomatic patients was investigated in a 

study of cerebral MES, symptoms and 18F-FDG uptake findings. Sixty symptomatic 

and 63 asymptomatic stenoses (50−99%) in 110 patients were examined. MES were 

found in 25% of the symptomatic, and in 9% of the asymptomatic stenoses. TBR was 

higher for symptomatic versus asymptomatic (median 2.07 versus 1.78) and for MES 

positive versus MES negative plaques (median 2.14 versus 1.86). Furthermore, the 

TBRs were also significantly higher in asymptomatic MES positive compared with 

asymptomatic MES negative plaques (median 1.97 versus 1.76) (Muller, 2014). This 

suggests that asymptomatic stenosis can have a relatively high inflammatory activity 

as some of them produce MES which is a measure of instability and increased risk of 

stroke and TIA (Markus, 2010). One of the patients in our study clearly illustrates the 

challenge with the clinical definition of symptomatic versus asymptomatic. The patient 

with the highest mean SUVmax was not asymptomatic as initially described. MRI 
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showed a small silent infarct. An anamnestic report of symptoms can be insufficient 

for correct classification.  
 

6.1.2 Type of symptoms 
The patients in our study were classified as symptomatic irrespective of the 

symptoms being cerebral or retinal, stroke or TIA. Plaques causing TIAs have lower 

inflammation on histology in the first weeks after an event than plaques leading to  

strokes (Redgrave, 2006). Howard et al. found that patients with previous ocular 

ischemic events had fever plaque characteristics of vulnerability on histology than 

those with cerebral events. Patients with cerebral events had greater macrophage 

staining, and lymphocyte infiltration was significantly associated with cerebral events 

(Howard, 2013). In agreement with this, pooled analysis of the indications for CEA in 

symptomatic patients showed that the benefit of CEA tended to be greatest in 

patients with stroke, and progressively declined in individuals with cerebral TIA and 

retinal events (Rothwell, 2004). Our inclusion of all types of symptomatic events in 

one group in paper I may be part of the explanation for the wide range of 18F-FDG 

uptake values. However, our study was not planned for a subdivision of the 

symptomatic group, and the subgrouping would have given very few patients in each 

group.  

 

6.1.3 Time from symptoms 
Clinical and histological studies have demonstrated that the risk of a thromboembolic 

event caused by an atherosclerotic plaque in the carotid artery is not static. The 

plaque is ‛dangerous’ or unstable in a certain period (Rothwell, 2004; Redgrave, 

2006). This fact has had great implications on the treatment guidelines. For 

preventive treatments after the first cerebral ischemic event, the period for those who 

are candidates for carotid revascularization (CEA or CAS) is now set to two weeks. 

After two weeks, the positive effect of intervention is lower, and the complication rate 

unchanged. Surgery may therefore not be the most appropriate treatment after two 

weeks (Naylor, 2018).  

 

A study of 526 excised plaques where different inflammatory characteristics were 

compared with type and timing of symptoms showed that the inflammation was at its 

highest at the time of the event and thereafter decreased. For stroke plaques the 
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proportion of plaques with marked overall inflammation or marked macrophage 

infiltration had the greatest decrease in the first two to three months after the event. 

This study also found that the macrophage infiltration (and overall inflammation) was 

more stable during the period after a TIA than after a stroke. TIA plaques may 

therefore preserve plaque inflammation for a longer period compared to stroke 

plaques. Moreover, the prevalence of features of instability in patients with stroke 

operated >180 days after the event were similar to those that underwent surgery for 

asymptomatic stenosis (Redgrave, 2006).  

 

There has not been a coherent definition of what is considered a symptomatic plaque 

regarding time between last event and the PET study. Some studies do not report or 

define a time limit (Kwee, 2011; Chowdhury, 2018), others define the plaque 

symptomatic if the event was within one (Muller, 2014) or three months (Moustafa, 

2010). We chose a cut-off of 30 days. It is likely that the choice of time window has 

had impact on the inflammatory activity detected by 18F-FDG PET. If the time from 

event had been longer, the maximum inflammatory activity could have been missed, 

at least in patients with stroke. In a PET imaging perspective, it is unlikely that there 

is a clear cut-off point in days between high and low uptake in the plaques reflecting 

inflammatory status. A gradual increase to maximum and then a gradual decrease to 

a more stable phase seems more likely and this is in accordance with histology 

studies. However, since the period for endovascular treatment is so short, there is a 

large interest from the clinical community to explore if this short time window of 

instability can be confirmed/supported by imaging. Our understanding of the 

dynamics in the inflammatory process is essential when trying to find imaging 

markers for clinical important atherosclerosis. 

 

In our study we did not find any difference between the amount of inflammation on 

histology in symptomatic versus asymptomatic patients. This can be explained by the 

factors addressed above including short time frame for the symptomatic group, 

heterogeneous symptomatic group with inherently different levels of inflammation and 

limited sample size. The different levels of inflammation that can be expected in 

symptomatic plaques is supported by Marnane et al. They studied plaques from 44 

patients with symptomatic (within 28 days) carotid stenosis ≥50% and the risk of 

stroke recurrence (Marnane, 2014). They found that 27.3% of the cohort had stroke 
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recurrence before CEA and that 91.7% of those plaques had extensive macrophage 

infiltration compared to only 37.5% of those without recurrence. In those with stroke 

recurrence the index event was stroke in 25% (3/12), TIA in 41.7% (5/12), and retinal 

artery embolism in 33.3% (4/12). 

 

 

6.2 18F-FDG UPTAKE AND HISTOLOGY 
 

The strength of our study was the close timing between 18F-FDG PET examination 

and CEA. This is essential if we want the inflammatory/metabolic status to be 

comparable between our imaging studies and histology (Redgrave, 2006). The mean 

time between PET/CT and endarterectomy for the 30 plaques that were available for 

histological assessment was 2.7 days, and only 3 patients were operated ≥8 days 

after the 18F-FDG PET scan. Our method for histological quantification of 

inflammation was a manual delineation of areas with macrophages and leukocytes. 

The area containing inflammatory cells was divided by the total plaque area 

evaluated. The quantification was done by consensus by an experienced pathologist 

and a research physician. They re-examined 11 slices from three plaques more than 

two months apart and found high agreement (Kappa = 0.73) with the area of 

inflammatory cells being within the same 5% category at both assessments for eight 

of 11 slices.    

 

In other 18F-FDG PET studies of carotid plaques the histological quantification of 

inflammatory activity have focused on CD68 as a macrophage marker, either by 

counting the macrophages (with computer aid) after labelling them with CD68 

antibodies (Tawakol, 2006), or polymerase chain reaction (PCR) analysis of CD68 

gene up-regulation (Graebe, 2010b). 

 

Even though macrophages might be the most prominent inflammatory cells in the 

unstable plaques, histological studies have linked other leukocytes, in particular T 

lymphocytes, to the destabilization process together with the macrophages (Jander, 

1998). Histological analyses of removed plaques from 37 (21 classified as 

symptomatic, symptoms less than 121 days before inclusion) patients with ICA 
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stenosis ≥70% showed larger percentage of macrophage rich areas and number of 

T-cells in symptomatic than asymptomatic patients. The amount of macrophages and 

T-cells covaried, and they were mainly located in the fibrous cap directly overlaying 

the atheromatous core (Jander, 1998). The uptake of 18F-FDG is not restricted to 

macrophages, but a wide range of inflammatory cells show uptake (Jamar, 2013). 

 

In our study, we compared 18F-FDG uptake with the concentration of inflammatory 

cells on histology. Due to manual reading, we had the opportunity to include 

lymphocytes. We believe that including lymphocytes made the comparison between 

inflammatory cell concentration and uptake of 18F-FDG more correct. Figure 14 

illustrates how macrophages and lymphocytes coexist in the plaques.   

 

 

 
 

Figure 14: Macrophages and lymphocytes co-exist in inflammatory areas of the 
plaque. Leukocytes surrounding a necrotic core (NC). Large cells with white content 
(fat) are macrophages, areas are delineated with blue. Lymphocytes have smaller 
nuclei that are not surrounded by light halo (blue arrows).  
Photo courtesy of Helge Scott, Oslo University Hospital. 
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The quantification of inflammatory activity is problematic because the inflammatory 

cells partly are grouped and concentrated, and partly scattered and intermixed with 

other cells within the plaques. The distribution and small size of foci is demonstrated 

previously in Figures 3 and 4. To overcome the issues concerning distribution and 

size, we chose to measure all areas in the plaque in square mm, thereafter, the two 

co-readers decided a percentage of each area containing leukocytes by ‘eyeballing’ 

(both concentrated and scattered). Finally, the percentage of the field areas in square 

mm were summed and divided by the whole plaque area to make the final 

inflammatory area per plaque.  

 

The percentage inflammatory area per plaque versus uptake of 18F-FDG correlated, 

with correlation coefficients between 0.44 and 0.59. This comparison of carotid 

plaque imaging in vivo with histology of excised specimen might be hampered by 

fragmentation of the plaque during surgery and that the removed plaque was from a 

shorter plaque segment than what was measured with PET. It is also a potential 

problem that the inflammatory content is measured only every 2-3 mm on histology, 

while 18F-FDG PET uptake is measured from the whole volume.  
 

 

6.3 18F-FDG UPTAKE AND ULTRASOUND ECHOGENICITY  
 

We found a higher 18F-FDG uptake in the echolucent plaques compared to the 

echogenic plaques, i.e. the two most extreme categories on a 4-point scale. Despite 

the uptake values were significantly higher in the echolucent plaques (category 1), 

the range of values was very wide with a high variation. On the contrary, the 

echogenic plaques (category 4) only had lower uptake values. Our method of 

quantifying the amount of fat versus amount of calcification by a visual score into four 

groups is a qualitative method. However, our results are in agreement with results 

from a quantitative GSM analysis of echolucency in plaques, presenting a negative 

correlation between plaque GSM and 18F-FDG uptake (Graebe, 2010b). The 

echogenic plaques (high GSM) had low 18F-FDG uptake, but the plaques with low 

GSM had a wide range of uptake values. This finding was also supported by CD68 

expression that correlated with 18F-FDG uptake but not with GSM (Graebe, 2010b). 
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Therefore, echogenicity on ultrasound can be used to rule out instability in the echo-

rich plaques, but it is less accurate in finding the most unstable plaques in the 

echolucent category. 

 

 

6.4 PET PROTOCOL  
 

6.4.1 Time between 18F-FDG injection and imaging 
From the early days of vascular 18F-FDG PET imaging there has been a concern 

about the methods ability to visualize and quantify the vessel wall uptake in the 

presence of a relatively high activity in the blood background. Rudd et al. addresses 

this in the first paper to present 18F-FDG uptake in symptomatic carotid stenosis 

(Rudd, 2002). They concluded that imaging 190 min after 18F-FDG injection yielded 

optimal contrast between 18F-FDG uptake in the plaque and the blood background. 

However, the advantage of late imaging has been questioned because too much 

delay between injection and imaging raises concern regarding reduced count 

statistics in the images, a prolonged circulation time can be stressing for the patients 

and may also cause logistical problems. Finally, several studies have demonstrated 

inflammation in atherosclerosis on clinical oncological scans imaged after 60 min. 

 
6.4.1.1 Effect on carotid plaque uptake 

Graebe et al. scanned 11 symptomatic (within three months) patients with carotid 

artery stenosis above 50% after 60 and 180 min circulation time (Graebe, 2010a). 

Contralateral plaques with stenosis above 50% were also included in the study (total 

19). They found that the SUVmax preserved the inter-individual relative uptake in 

plaques over time, even though the absolute values changed. Plaques with high 

uptake tended to further increase the uptake at the later scan, whereas low uptake 

plaques tended to be stable with time or slightly decrease their uptake. There was no 

significant difference in mean SUVmax between the two imaging time points. In 

contrast, for TBR the inter-individual relationship between plaques was not constant, 

and there was a significant difference in the group means between the two time 

points. Oh et al. imaged patients with recent (<six months) symptomatic plaques 

(stenosis ≥30%) in the carotid arteries either at 120 min (n=5) or 180 min (n=7). They 
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used data from 14 oncologic patients imaged after 60 min as control group for blood 

pool activity (Oh, 2010). Blood glucose was below 7.2 mmol/L and the carotid artery 

(from arcus aortae to ICA, 2 cm above the bifurcation) was imaged. They found that 

mean SUVmax and maximal TBR (carotid mean SUVmax / jugular vein mean SUVmean) 

both increased from 120 to 180 min, but increase in mean SUVmax was not 

statistically significant. Moreover, a study looking at the areas with the highest uptake 

of 18F-FDG in 17 patients with atherosclerotic aortic aneurism (Menezes, 2009) at 

four time points found no significant difference in SUVmax measured at 60 and 180 

min post injection. These studies are small, but unique because they examine 

patients with localized plaques in the carotid artery or localized atherosclerosis in the 

aorta. They indicate that imaging between 60 and 180 minutes after injection will 

yield similar uptake values in plaques.  

 

6.4.1.2 Effect on vessel wall uptake in generalized atherosclerosis  

Bucerius et al. examined 195 patients with a diagnosis of CVD or multiple risk factors 

for CVD. They found no significant difference between carotid mean SUVmax on 

images acquired from 97 min to more than 178 min post injection. In contrast, there 

was a significantly higher aortic mean SUVmax for the earliest circulation time tertile 

(≥78 – ≤111 min) compared to the second tertile (>111–<145 min) (Bucerius, 2014).  

 

6.4.1.3 Effect on vessel wall uptake in oncologic studies 

Blomberg et al. scanned 15 patients (with suspected lung cancer) at 60, 120 and 180 

min after injection of 18F-FDG. Mean SUVmax was calculated for the entire common 

carotid artery and it decreased from 1.90 at 60 min to 1.74 at 120 min, and 1.73 at 

180 min (Blomberg, 2013).  

 

6.4.1.4 Effect on blood background 

The literature is uniform on documenting that the blood pool activity of 18F-FDG 

decreases with time after injection (Graebe, 2010a; Oh, 2010; Blomberg, 2013; 

Bucerius, 2014).  

 

In summary, there is no clear evidence that uptake in large carotid plaques change 

significantly with time, while the blood background decreases. This means that 

uptake values without background correction are relative stable, whereas uptake 
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parameters with background correction will vary with time after injection of 18F-FDG.   

This implies that our choice of 90 min between 18F-FDG administration and imaging 

is enough for detecting the plaque uptake of 18F-FDG. This also implies that uptake 

parameters using blood background correction are more dependent on the same 

time interval between injection and imaging than those without.  

 

6.4.2 Blood glucose level 
Normalized levels of blood glucose and insulin are important prerequisites for 

obtaining accurate measures of 18F-FDG uptake (described in chapter 2.2.5.2). When 

including patients in this study there were no guidelines concerning blood glucose 

level (BGL) and 18F-FDG PET imaging of inflammation. We therefore did not define a 

BGL limit as an exclusion criterion in our study. The position paper by EANM on 18F-

FDG PET imaging of atherosclerosis (Bucerius, 2016) states that the ideal BGL is 

less than 7.0−7.2 mmol/L. The fact that the inclusion of patients with elevated BGL 

possibly may have affected our results made it essential to examine this in detail.  

 

6.4.2.1 Effect of BGL on uptake in tumours and in non-atherosclerotic inflammatory 

lesions 

Preclinical studies have documented that elevated BGL, although, studied only for 

very high level (900 mg/dl), reduces the uptake of 18F-FDG in malignant cells (Wahl, 

1992). For inflammatory cells, the mechanism is not so clear. Zhuang et al. carried 

out an in vitro study where human mononuclear cells and mesothelioma cells were 

compared. They found that the 18F-FDG uptake in mesothelioma cells significantly 

decreased when glucose level decreased from 50 to 200 mg/dL (2.8−11.1 mmol/L). 

However, the uptake in the mononuclear cells changed little between glucose 

concentrations of 50−250 mg/dL (2.8−13.9 mmol/L), but decreased when glucose 

levels exceeded 250 mg/dL (13.9 mmol/L) (Zhuang, 2001). A proposed explanatory 

mechanism from the authors was that inflammatory cells have the ability to mobilize 

stored glycogen to produce glucose during periods of low plasma glucose, in contrast 

to malignant cells that depend only on extracellular glucose (Zhuang, 2001). 

However, there are also preclinical studies that report opposite findings (Zhao, 2001; 

Zhao, 2002). When rats were exposed to moderate hyperglycemia (150−180 mg/dL, 

8.3−11.1 mmol/L), the 18F-FDG uptake in inflammatory lesions decreased 
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significantly, but no changes were found for the tumour cells. Insulin loading 

decreased the 18F-FDG uptake in both tumour and inflammatory lesions (Zhao, 

2001). They also found that glucose loading significantly decreased the expression 

level of GLUT-1 in the non-infectious inflammatory lesions and GLUT-3 in the 

infectious inflammatory lesions, but there were no changes in the GLUTs in the 

tumour cells (Zhao, 2002).       

 

Clinical studies comparing pre-scan BGL between diagnoses have not been able to 

find a negative correlation between SUVs and the uptake in inflammatory and 

infectious lesions. In one of these studies scans of 71 patients with painful lower limb 

arthroplasty and 24 patients with known inflammatory/infectious condition were 

analysed. The average SUVs were higher for patients with glucose above than below 

110 mg/dL (6.1 mmol/L). The average SUV was not higher in infectious compared to 

inflammatory lesions (Zhuang, 2001). A study assessing primarily pancreatic 

malignancies (Diederichs, 1998) found that in patients with chronic pancreatitis, the 

average SUV was slightly higher in hyper- than euglycemic patients (>130 mg/dL, 7.2 

mmol/L).  A clinical study including 123 patients with suspected infection found that 

hyperglycemia (BGL >180 mg/dL,10 mmol/L) did not have a significant impact on the 

false-negative rate at 18F-FDG PET (Rabkin, 2010).  Due to these findings that 

differed  from the findings in oncology studies the EANM/SNMMI Guideline for 18F-

FDG Use in Inflammation and Infection (Jamar, 2013) stated: ‛Although efforts should 

be made to decrease blood glucose to the lowest possible level, if the study is 

normally indicated in those with unstable (‛brittle’) or poorly controlled diabetes (often 

associated with infection), hyperglycemia should not represent an absolute  

contraindication for performing the study.’  

 

6.4.2.2 Effect of BGL on uptake in atherosclerosis 

There are only a few clinical studies that have investigated the relationship between 

BGL and uptake of 18F-FDG in atherosclerosis. A study referred to in procedural 

recommendations (Bucerius, 2016; Slart, 2018) included 195 patients with a 

diagnosis of, or multiple risk factors for CVD (Bucerius, 2014). They performed a 

dedicated scan of the ascending aorta and carotid arteries, and the scans were 

optimized for vascular imaging with at least 78 min between injection and imaging 

and an acquisition time of 15 min/bed position. Patients with BGL ≥11.1 mmol/L were 
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excluded. Uptake in the entire common carotid artery (one bed of 15.5 cm) was 

measured slice by slice and a mean SUVmax for both arteries was calculated. 

Analyses on BGL were done either with continuous values or divided in three groups 

with BGL <6.1, 6.2−6.9 or ≥7.0 mmol/L. For the carotids, both the continuous BGL 

and BGL ≥7.0mmol/L were weakly negatively correlated with the mean SUVmax and 

mean TBRmax in the multivariate regression models, however ANOVA failed to show 

any significant difference for either of the carotid 18F-FDG uptake parameters in 

relation to the three groups of BGL (mean SUVmax 2.19; 2.24; 2.07). For the aorta, 

the continuous BGL as well as the BGL ≥7.0 mmol/l were negatively correlated with 

the mean TBRmax, but there was no correlation between aorta mean SUVmax and 

BGL.  

 

The implication for our study is that elevated BGL could falsify vessel wall uptake of 
18F-FDG. However we do not know to what extent their results are transferable to our 

population since their study (Bucerius, 2014) was not focusing on carotid plaques. 

They included a heterogeneous population and the uptake measurement from the 

carotids was only from the common carotid artery. A sub-group analysis of the 

patients with localized carotid artery disease and a further division of the BGLs 

between 7.0 and 11.1 mmol/L would have been of interest. To our knowledge, there 

are no published studies on the effect of hyperglycemia on 18F-FDG uptake in 

localized atherosclerosis in the carotid artery.  

 

6.4.2.3 Recent views on BGL in oncological imaging 

A meta-analysis including 8380 patients from 29 studies of 18F-FDG uptake in 

tumours and organ distribution of activity (not inflammatory indications) concluded 

that if the blood glucose is  <200 mg/dL (11.1 mmol/L), there is no need to lower the 

blood glucose in tumour imaging studies, unless the liver is the target organ (Eskian, 

2019). This is in accordance with the EANM Guidelines for clinical routine 

examinations (Boellaard, 2015).  
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6.4.2.4 Effect of BGL on blood background 

Vascular studies with 18F-FDG 
Buceris et al. also studied blood background activity in detail (results concerning 

vessel wall uptake referred in the previous paragraph). They found that the 

continuous BGL correlated significantly with the 18F-FDG activity in the blood of the 

superior vena cava, but not in the jugular vein. The mean SUVmean from the three 

groups of patients with BGL <6.1 mmol/L, 6.2−6.9 mmol/L and 7.0−11.0 mmol/L was 

for the superior vena cava 1.21, 1.26 and 1.25, and for the jugular vein 1.12, 1.16 

and 1.14 (Bucerius, 2014).  

A study of noninsulin-dependent type 2 diabetes patients and vessel wall uptake 

found no difference in the blood background activity between the diabetic and 

nondiabetic groups. The mean circulation time was 136 and 138 min (Bucerius, 

2012).  The mean fasting BGL level was 6.8 mmol/L in the diabetic group and 44% of 

the patients had BGL ≥7 mmol/L (30% ≥7.8 mmol/L). In the nondiabetic group mean 

BGL was 5.4 mmol/L and 3% of the patients had BGL ≥7 mmol/L (0% ≥7.8 mmol/L). 

 

Studies from oncology 
A retrospective study of clinical PET examinations from 500 patients, acquired after 

approximately 60 min, found a very weak correlation (0.12) between BGL and mean 

SUVmean in the mediastinal blood pool. Furthermore when the patients were paired 

with regard to age and gender, there was no significant difference between the group 

with BGL ≥7.0 mmol/L and the group with ≤6.0 mmol/L (Lindholm, 2013). A recent 

extensive meta-analysis focusing on tumour uptake in relation to blood glucose found 

a significant positive correlation between BGL and both SUVmax and SUVmean in the 

blood background. Eskian et al. found significantly higher blood background SUVmax 

and SUVmean for the hyperglycemic compared to the euglycemic groups. This did not 

include the mild hyperglycemic group (110−125 mg/dL, 6.1−6.9 mmol/L) that did not 

have a significantly higher SUVmean (Eskian, 2019).  

A systematic review (Sprinz, 2018) concluded that the effect of glycemia on 

mediastinal blood background appeared to be negligible, because only two of five 

studies showed a significant influence of glycemia and the impact was very small in 

both studies.  
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In summary, it is possible that inflammatory cells are less susceptible than tumour 

cells to elevated blood glucose. However, the findings from studies looking into this 

field are scarce, and the few clinical studies carried out lack confirmation of findings 

with e.g. tissue sample or other imaging and their relevance to inflammation in 

atherosclerosis is unknown. The vascular studies open the possibility that blood 

glucose might have a minor influence on vessel wall uptake, but these studies did not 

include the effect on confirmed carotid plaques. The studies on blood background are 

also inconclusive and there is a possibility that elevated BGL leads to a slightly 

increased blood background. To elaborate more on this question, we need either to 

scan the same patients at two time points with different BGLs or compare the 

imaging results with other aspects of the inflammatory activity, e.g. histology.  

 

The EANMs Position paper on PET imaging of atherosclerosis (Bucerius, 2016) 

recommends a cautious approach until more data are available. The 

recommendations for patients that have blood glucose level above 7.0−7.2 mmol/L is 

to lower the patient blood glucose (Bucerius, 2016), or if not successful consider 

applying a correction of the vascular 18F-FDG uptake as proposed in the EANM 

Guidelines for oncologic imaging (Boellaard, 2015). However, the latter is not 

sufficiently validated for studies of the vascular wall (Bucerius, 2016). 

 

IMPLICATIONS FOR OUR STUDY 
Following the findings in the above-mentioned studies, it is possible that elevated 

BGL have reduced the amount of 18F-FDG taken up by the macrophages in our 

study. This could lead to a lower correlation to inflammation on histology since as 

many as 10 out of 44 patients had BGL >7 mmol/L (7/30 with histology). The 

elevated BGL could also have influenced the results by leading to a higher blood 

background value even though we did not find a correlation between BGL and blood 

background SUVmean.   

A relationship between BGL and background SUVmean, and uptake in inflammatory 

lesions could make the background corrected values more susceptible to errors than 

non-corrected values, and most pronounced for the TBRs. We partly addressed this 

in paper II: ‘When excluding the four patients with blood glucose >11mmol/L, we 

actually found a slightly higher correlation to histology. We did not exclude the 
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patients with elevated blood glucose from the analysis on the relationship between 

the individual uptake parameters’ (Johnsrud, 2019).  

Since the existing recommendations on BGL in 18F-FDG imaging of atherosclerosis 

(Bucerius, 2016) were published after publication of our first paper, we have later 

reanalysed the data set after the exclusion of patients with BGL >7 mmol/L. This had 

little effect on the correlation between inflammation on histology and the 18F-FDG 

metrics (Table 2) and indicates that our previously published results were minimally 

influenced by patients with high BGL. 

 

Table 2: Effect of BGL on correlation between 18F-FDG PET uptake values and 
histology  

 

18F-FDG 
uptake parameter 

Spearman 
correlation 
coefficient 
All patients 

n = 30 

Spearman correlation 
coefficient 

Patients with BGL  
≤7 mmol/L  

n = 23 

Numeric 
change in 
correlation 
coefficient 

 

Max SUVmax 0.48 (0.008) 0.51 (0.013) +0.03 

Mean SUVmax  0.54 (0.002) 0.61 (0.002) +0.07 

MDS3 0.48 (0.007) 0.53 (0.009) +0.05 

MDS5 0.49 (0.006) 0.52 (0.010) +0.03 

Mean SUVmax4  0.52 (0.003) 0.57 (0.005) +0.05 

TBR max SUVmax 0.44 (0.016) 0.45 (0.030) +0.01 

TBR mean SUVmax  0.58 (0.001) 0.55 (0.007) -0.03 

TBR MDS3 0.47 (0.009) 0.48 (0.021) +0.01 

TBR MDS5 0.48 (0.008) 0.50 (0.021) +0.02 

TBR mean SUVmax 4 0.48 (0.007) 0.50 (0.016) +0.02 

cSUV max SUVmax 0.47 (0.009) 0.51 (0.013) +0.04 

cSUV mean SUVmax  0.59 (0.001) 0.63 (0.001) +0.04 

cSUV MDS3 0.52 (0.004) 0.55 (0.007) +0.03 

cSUV MDS5 0.52 (0.003) 0.55 (0.006) +0.03 

cSUVmean SUVmax4 0.54 (0.002) 0.58 (0.004) +0.04 

Data given as correlation coefficient (p-value). 
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6.4.3 Minutes per bed position 
We scanned our patients with a long acquisition time of 15 min per bed position. 

Quantification of 18F-FDG uptake in small lesions is prone to image noise. In a study 

of 19 carotid plaques with stenosis ≥50% increasing time per bed position from two to 

15 min significantly decreased SUVmax, interpreted as a decrease in noise (Graebe, 

2010a). There was no difference between the uptake values for 8 and 15 min per bed 

position. Studies quantifying atherosclerotic inflammation retrospectively in 18F-FDG 

PET scans from patients scanned with oncologic protocols (whole body, 2−3 min per 

bed position) should be interpreted with the possibility of elevated noise levels in 

mind. 

 

 
6.5 OTHER PATIENT FACTORS    
 

High uptake of 18F-FDG in neck muscles located next to the carotid arteries can lead 

to a spill-in partial volume effect with too high uptake values measured in the ROIs 

around the plaque. Figure 15 illustrates how high uptake in the prevertebral muscles 

can contaminate the plaque ROI. To overcome this, we had to exclude parts of the 

ROI measuring plaque uptake, and this might have underestimated uptake values 

when delineating the plaque in some patients. We did not take any precautions on 

how to minimize muscular uptake in the neck muscles. Several of the patients had a 

long ultrasound examination of the neck arteries the day before the PET scan. This 

could have led to abnormal tensions and static muscle work leading to higher 18F-

FDG uptake the following day.  
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Figure 15: High uptake of 18F-FDG in neck muscles close to the plaques in the 
carotid arteries (white arrow points at the lumen in the common carotid arteries in the 
image to the right).  
 
 
 
6.6 PET AND SMALL LESIONS 
 

Inflammation in plaques in the vessel wall does not have the same geometrical 

distribution of 18F-FDG uptake as we are used to from oncology. The foci of 

inflammatory cells are smaller, they are spread out in the plaque and their volumes 

are not uniform in shape (Figures 3 and 4). From phantom studies of spheres, it is 

usually stated that the quantification of an uptake is accurate if the lesion is 2-3 times 

the scanners spatial resolution. For lesions below this size, the uptake is 

underestimated (Soret, 2007). Due to the inaccuracy of using standard phantom 

sphere models to understand the underestimation of uptake in inflammatory lesions 

in the vessel wall Huet et al. performed a simulation study. They constructed two 

lesions, similar to one mm thick parts of cylinders along the vessel wall; 1) 10 mm 

long and covering 60 degrees of the cylinder circumference, 2) 30 mm long and 

covering 300 degrees (Huet, 2015). For the reconstruction parameters we used in 

our studies, the error in measured activity was ≥80%. With optimized reconstruction 

parameters with more iterations, smaller voxels and PSF, the measured bias 

remained with an underestimation of more than 60%.  
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For fourteen of our patients who underwent surgery the same day as the PET scan, 

the plaque specimens were imaged in a microPET scanner after removal 

(unpublished data). Figures 16 and 17 show examples of plaques with different 

amount of uptake. This can also be an illustration of underestimation and/or the 

information lost due to the lower spatial resolution of the human scanner compared to 

the microPET scanner (Focus 120 MicroPET, Siemens Medical Systems, Erlangen, 

Germany). 

 

 

 
 

Figure 16: Patient with high uptake on clinical PET (upper panel and bottom panel 
left) (max SUVmax 2.24, mean SUVmax 1.97) and with microPET max SUVmax 35.9 
(bottom panel right). The CTA shows a small homogeneous low-attenuating plaque 
(no calcification) with severe stenosis (upper panel middle and right). The patient had 
experienced symptoms two months earlier and the plaque was echolucent on 
ultrasound.  
MicroPET/CT photo courtesy of Trine Hjørnevik, Oslo University Hospital. 
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Figure 17: Patient with low/medium uptake on human PET (lower panel left) (max 
SUVmax 1.82, mean SUVmax 1.51) and with microPET max SUVmax 11.7. The CTA 
shows a mixed plaque containing calcifications and low-attenuating areas stretching 
2.5 cm cranially with severe stenosis (upper panel middle and right). The patient had 
experienced symptoms nine months earlier and the plaque was echolucent on 
ultrasound examination.  
MicroPET/CT photo courtesy of Trine Hjørnevik, Oslo University Hospital. 
 
 

It is obvious that the underestimation of the real activity concentration in our study is 

considerable, and that this may partly explain the relatively small difference between 

uptake values in plaques with low and high inflammatory activity. However, even 

though this is an inherent limitation of all imaging modalities with limited pixel size we 

assume that different levels of 18F-FDG uptake per cell and different concentrations 

of inflammatory cells will give different uptake values. To overcome the 

underestimation of uptake in vessel wall pathology, methods for partial volume 

correction of aorta wall uptake (Burg, 2013) and for aorta aneurysms (Reeps, 2013) 
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have been suggested. To our knowledge, no specific correction technique has so far 

been recommended in guidelines or used in clinical studies of carotid artery stenosis. 

Our uptake values were measured on images with post reconstruction filters with 

FWHM of 3.5 mm. A narrower FWHM might have given more accurate uptake values 

(Figure 11), but a narrower FWHM would also increase image noise. Thus, we will 

have a trade-off between noise and ‘true’ uptake values. We concluded that the noise 

was acceptable with a FWHM of 3.5 mm. Graebe et al. documented that lower 

FWHM lead to increased SUVmax, but the results were not compared to histology or 

symptoms. It was thereby difficult to conclude how an increase in noise affects the 

quantification in clinical studies (Graebe, 2010a).   

 
 

6.7 PLAQUE DEFINITION/LOCALIZATION  
 

Since the PET scan alone do not provide information on where the atherosclerosis is 

most severe, or where the plaque is localized, use of complimentary information from 

the CTA scan is important to define the areas to include in the quantitative analysis of 

plaque inflammation. We chose to define the plaque as all slices in relation to the 

stenosis where the vessel wall had pathological appearance on CTA (increased 

thickness and/or lumen contrast filling defect). The definition of plaque extension is 

not consistent in the literature and several methods are described: the whole region 

from 0.9 cm proximal (in CCA) to 3 cm distal to the carotid bifurcation (in ICA) 

(Evans, 2020), ‘ROIs were delineated along the plaque’ without explaining more 

(Muller, 2014), plaque defined as ‘luminal filling defect on contrast images’ (Graebe, 

2010a) or plaque defined as 10 slices centred on the slice with maximum ICA 

stenosis (Marnane, 2012; Kelly, 2019). In the first and last approach, slices without 

plaque can be included, and in the last approach the slice with the highest SUVmax 

can be missed. In paper II we found that the slice with the highest uptake value can 

be in the plaque periphery, and an assumption of a symmetric extension of the 

plaque cranially and caudally from the maximum stenosis can therefore be an 

incorrect simplification. Furthermore, an autopsy study described asymmetry in 

plaque inflammation, macrophages and the thinnest part of the fibrous cap was 

predominantly located downstream from the site of maximal stenosis (Dirksen, 1998).  
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However, our findings of a high correlation between the plaque max SUVmax and the 

mean SUVmax are supported by Evans et al. who found diffuse uptake of 18F-FDG 

along the length of the culprit artery (vessel segment from 0.9 cm below the 

bifurcation to 3 cm above in ICA) even though they used a newer scanner than ours 

with TOF and PSF capabilities (GE Discovery 690, GE Medical Systems Ltd, 

Hatfield, United Kingdom) (Evans, 2020). This implies that variations in the plaque 

definition do not necessarily affect the results. This can change in the future where 

we will see more studies using PET scanners with higher sensitivity. This might lead 

to detection of plaque variations in uptake values that we have missed in studies 

performed on older scanners. 

    

 

6.8 QUANTIFICATION METHOD 
 

A central aim of this thesis was to explore different methods for quantification of 

inflammation in atherosclerotic plaques. In paper I we found that both max SUVmax, 

mean SUVmax and TBR mean SUVmax were significantly correlated with inflammation 

at histology. Moreover, max SUVmax and mean SUVmax were significantly higher in 

symptomatic compared to asymptomatic patients, whereas TBR was indifferent 

between these two groups. In papers II and III we included more parameters (max 

SUVmax, mean SUVmax, MDS3, MDS5, mean SUVmax 4 highest: all with and without 

background correction by division and by subtraction) and more patients, without 

plaque histology, in the analysis. The parameters showed similar correlations to 

histology and they were all highly correlated. We concluded that background 

correction did not improve the correlation between 18F-FDG uptake parameters and 

inflammatory status in high-grade carotid artery stenosis. In paper III we found a very 

high inter-reader correlation for all of the parameters, but slightly lower correlation if 

the parameters were background corrected by division. In conclusion, background 

correction is unnecessary and slightly more difficult to reproduce, the max SUVmax 

should be explored more.  

 

Currently, the most frequently used parameter for assessment of plaque inflammation 

has been the mean SUVmax (Graebe, 2010b; Marnane, 2012). To our knowledge no 
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clinical studies had assessed the use of whole plaque max SUVmax until the recent 

multicentre study by Kelly et al. that found that the max SUVmax was an independent 

predictor of future recurrent stroke post-PET (Kelly, 2019). Max SUVmax is easily 

obtained, highly reproducible, and less influenced by partial-volume effects (Soret, 

2007; Lodge, 2012) but prone to image noise (Soret, 2007). Although max SUVmax is 

a widely used uptake quantification method for oncological examinations (Boellaard, 

2015) with 18F-FDG PET, this is not the case for 18F-FDG PET and atherosclerotic 

vascular inflammation. The first publication in the field highlighted the importance of 

achieving a favourable contrast between the uptake in the arterial vessel wall and the 

level of 18F-FDG in arterial blood (Rudd, 2002). Since the size of and uptake in the 

vessel wall was relatively low compared to the larger and higher uptake in lesions 

seen in oncology, there was a concern that the spill-in effect from the 18F-FDG blood 

concentration could influence on the measured uptake in the vessel wall. Delayed 

imaging, i.e. at least >60 min, was proposed to overcome this problem. It was easy to 

observe visually and quantitatively that the vessel lumen concentration of 18F-FDG 

declined with time, while the wall uptake was preserved. To further overcome the 

possible spill-in effects from circulating 18F-FDG the ratio between the vessel wall 

uptake and the intraluminal concentration as uptake parameter was proposed 

(Tawakol, 2006; Rudd, 2007; Rudd, 2008; Bucerius, 2016). The method of choice 

was to correct with blood background by division, even though some studies did not 

use any kind of correction for the quantification of uptake in localized plaques 

(Graebe, 2010b; Marnane, 2012). The logic behind this was not questioned until 

2015 when Huet et al. (Huet, 2015) stated: ‘Therefore, there is no legitimate rationale 

for using TBR instead of SUV. In addition, the use of TBR increases the variability of 

the measurements because of the biologic and measurement variability of the blood 

uptake, as actually underlined or suggested in a few articles. Furthermore, the 

variance of TBR is indeed the sum of the variance in OWA (observed wall activity) 

and of the variance of the estimated BA (background activity), making TBR less 

reproducible than SUV.’  

 

There is a polarized debate about which uptake parameter to use to interpret 

atherosclerosis imaging with 18F-FDG PET. When Chen and Dilsizan were invited to 

comment on the methodological literature- and phantom study by Huet et al. (Chen, 

2015; Huet, 2015) they strongly supported the problems with TBR as uptake 
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parameter in atherosclerosis concluding that: ‘..., dividing the vascular wall SUV with 

the venous blood pool SUV may introduce more variability and confusion to the TBR 

measurement than confidence’, and ‘In the meantime, incorrect use of quantification 

parameters may lead to misinterpretation of study results’ (Chen, 2015)). Shortly 

after, Bucerius et al. published the Cardiovascular Committee of EANMs position 

paper on PET imaging of atherosclerosis  (Bucerius, 2016) stating the superiority of 

TBR: ‘TBR is robust with different scan settings (acquisition times and reconstruction 

filters) and tracer circulation times, while SUV might show significant differences with 

each of these settings…….For the quantification of FDG uptake in atherosclerotic 

plaques, we recommend using TBR instead of SUV as the use of a ratio between two 

measurements limits the effects on signal quantification of errors in patient weight 

and in the dose of radiotracer injected and of the imaging time-point’. 

In two recent meta-analysis of 18F-FDG uptake in culprit carotid stenosis and CVD a 

slightly higher number of the included studies used uncorrected SUVs compared to 

TBRs (Chowdhury, 2018; Chaker, 2019). A multi-centre 18F-FDG PET study of 

carotid stenosis ≥50% and risk of early recurrent stroke used three uptake 

parameters, max SUVmax, MDS3 and TBR max SUVmax. The findings were 

concordant for all parameters, this further supports our findings that background 

correction is unnecessary in the evaluation of localized carotid stenosis (Kelly, 2019). 

Chaker et al. highlighted the lack of consensus on uptake reporting and recommend 

that studies report all available metrics so systematic analysis and validation can be 

performed (Chaker, 2019).  

 

To be able to draw any conclusions, it would be preferable to gather and compare 

studies with a separation between at least two distinct patient populations studied 

with 18F-FDG in atherosclerotic vessel wall inflammation;  

1) studies on patients with diagnosed atherosclerotic carotid artery disease (often 

most severe in the ICA), where the 18F-FDG uptake is anticipated to be correlated to 

symptoms, alternative imaging modalities, or to postoperative histology of the 

atherosclerotic plaque. In these studies, the uptake measurements are primarily 

performed in what is defined as the plaque/stenosis region (Figure 18 B).  
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Figure 18: Vessel segments of interest used for quantification of 18F-FDG uptake in 
the carotid artery differs between studies of general atherosclerosis (A) that mostly 
uses the whole common carotid artery (CCA) and localized stenosis in the bifurcation 
(red line) and internal carotid artery (ICA) that defines a plaque area (B).  
 

 

2) Studies on patients with possible generalized vessel wall inflammation without a 

defined point of atherosclerotic disease in the examined vessel segments, defined as 

subclinical atherosclerosis. In these studies, the uptake measurements are done in 

whole vessel segments, e.g. the common carotid artery bilaterally (rarely including 

ICA) or the aorta thoracalis. In the data analysis the vessel segments are treated 

separately or grouped together (Figure 18 A). So far, methodological 

recommendations have not distinguished between these two very different patient 

populations. 

Studies on patients diagnosed with localized atherosclerotic disease should have 

greater opportunities to define ‘gold standards’ for image-based quantification of 18F-

FDG uptake in plaques. There are direct comparable plaque evaluation methods 

available, e.g. histology, clinical events, MRI or ultrasound. With a mixture of these 

two patient groups with both different vessel segments of interest and different stages 
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in the atherosclerosis development, it will be challenging to decide on and optimize 

the most appropriate quantification method.  

Generally, the TBR methodology is almost always used and supported by 

researchers studying general vascular inflammation. Those studying localized carotid 

atherosclerotic disease more often use one or both when publishing.  

In conclusion, maybe the time is ripe to introduce separate methodological 

recommendations for imaging of 18F-FDG PET in 1) localized atherosclerotic carotid 

artery disease, and 2) generalized vascular inflammation. 
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7. ETHICAL CONSIDERATIONS 
 

A PET/CT examination involves the use of ionizing radiation from an intravenously 

administered positron-emitting isotope (18F-FDG) and x-rays from a CT scanner. Our 

patients received 5 MBq/kg 18F-FDG, this is an exposure burden of 7−8 millisieverts 

that equals the radiation burden of a CT scan of the abdomen. A CT scan without CM 

is a necessary part of a PET examination, in addition a CT angiography with CM 

necessary for plaque localization was performed in those patients in whom this was 

not already acquired. A CT of the neck arteries covers a small proportion of the body, 

and thereby has a low general radiation burden. The mean age in our patient 

population was 66 years. They therefore had a much lower risk to develop pathology 

induced by radiation compared to younger individuals. The potential of gaining new 

knowledge about stroke and stroke prevention justifies the very small risk of harmful 

effects from radiation and can be considered of minor ethical concern for this patient 

population. 

An i.v injection carries a very low risk for infection. Injection of 18F-FDG carries a 

negligible risk of a serious allergic reaction. Iodinated CM can induce kidney failure in 

patients with reduced kidney function and serious allergic reactions can happen, but 

rarely do (<1:10.000). In the present study CM was not administered to patients with 

reduced kidney function. 

The physicians that recruited patients to our study were from the same hospital as 

the ones responsible for evaluating and treating the eligible patients. The patients 

could feel obliged to participate in research at the hospital responsible for their 

treatment even though it was highlighted that the participation was voluntarily.   

Currently, 18F-FDG PET is an expensive investigation with limited availability. All 

clinical projects involving PET must take this into consideration and the focus of 

developing a method that will become clinically cost-effective should be high. 18F-

FDG PET has very promising features in the characterization of carotid 

atherosclerotic disease, but the current availability can be too low and the cost to 

high to implement it for all potential patient groups. In this perspective, an important 

research focus of 18F-FDG PET in atherosclerotic carotid disease should be to help 

develop more accessible and less costly diagnostic methods.   
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8. CONCLUSION 
 

Our study confirms that 18F-FDG PET/CT can detect inflammation and clinical 

vulnerability in large carotid atherosclerotic plaques.  

The clinical question asked in paper I was whether 18F-FDG PET can help to identify 

whom to treat with CEA. 18F-FDG PET adds valuable information about the 

inflammatory status in plaques. In accordance with other studies, we found a 

significant, but small difference between symptomatic and asymptomatic patients. 

Understanding of plaque inflammation dynamics in time and its relation to different 

ischemic symptom categories must be included in clinical studies if 18F-FDG PET is 

to become a useful tool in the management of patients with atherosclerotic carotid 

plaques. 

The methodological question in paper II was if the quantification of 18F-FDG uptake in 

atherosclerotic plaques could be done in the same way as for oncologic disease. Our 

findings support the use of mean SUVmax and max SUVmax as uptake parameters. 

We also found that blood background correction was not needed. In paper III we 

further supported these findings by showing that parameters without blood 

background correction had the highest inter-reader agreement, including max 

SUVmax.   

The development of atherosclerotic carotid disease starts long before the plaque 

becomes unstable. 18F-FDG PET has the potential to detect inflammatory activity 

early in the atherosclerotic process. Prospective clinical studies that measure 

inflammatory activity and monitor the development and progress of the 

atherosclerosis might give new information about risk factors in CVD. Early detection 

of risk factors opens the possibility for personalized preventive treatments of the 

atherosclerosis before the ischemic events occur.    

 

 

 

 

  



83 

 

9. FUTURE PERSPECTIVES 
 

9.1 TECHNICAL IMPROVEMENTS IN PET QUANTIFICATION 
 

During the past decades, PET imaging has improved substantially with respect to 

image quality, small lesion detectability and accuracy in quantification (van der Vos, 

2017). Advances in scanner technology and image reconstruction have made this 

possible. The scanner used in our study was state-of-the-art when it was installed in 

2006, and since then two or three new generations of scanners have been 

developed. 

 

Time of flight (TOF) technology has been an important step for more accurate 

quantification (Walrand, 2018; Zaidi, 2018). TOF is based on a better time resolution 

in the detection of the annihilation photons. PET scanners with TOF are able to 

detect annihilation photons within an extremely short time window and they can 

calculate the time difference between the hits of a pair of annihilation photons within 

the coincidence window, termed TOFs (Karp, 2008). This possibility of measuring the 

time difference between the arrival of two photons at the detector and thereby the 

difference in flight distance makes the localization of the lesion along the LOR more 

precise. The result is improved image quality and consequently, more accurate 

quantification. The first PET scanner with TOF for commercial sale was produced by 

Philips in 2006 (Surti, 2007), the other vendors developed and offered their TOF 

scanners for sale in the following years. 

 

Together with the TOF technology, there has also been a development of 

reconstruction algorithms with the same goal of better image quality, lesion 

detectability and more accurate quantification. The driving forces besides improved 

image quality has also been to lower the scan time and/or the amount of radioactivity 

needed for ‘sufficient’ image quality for clinical workflow. In general, the new 

reconstruction algorithms show higher SUVs (meaning more correct) in small lesions 

compared to OSEM reconstructions (van der Vos, 2017). Point spread function (PSF) 

is a reconstruction algorithm correcting for physical processes that degrade the 

resolution of PET, including detector crystal effects, positron range and annihilation 
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photons deviation from the anticipated 180° LOR (Munk, 2017). The quantitative 

performance of PSF for small lesions has not been unproblematic, and artefacts 

leading to overestimation of uptake values have been reported (Munk, 2017). In this 

phantom study of small gel spheres (diameter 3-12 mm) with 18F-FDG the recovery 

coefficients did not fall monotonically together with sphere size but had the highest 

value for the spheres with diameter of 8 mm. 

 
A method that has been shown to improve the detection of small lesions in TOF-PET 

systems is the reconstruction with larger matrices and thereby smaller voxels, e.g. 

400 x 400 matrix giving 2 x 2 x 2 mm voxels (van der Vos, 2017). A phantom study 

by Koopman et al. found higher contrast-recovery coefficients and signal to noise 

ratios using small-voxel reconstructions for spheres from 4−13 mm (Koopman, 2015). 

The simulation study of uptake in carotid plaques by Huet et al. similarly found that 

the smallest voxel of 1 x 1 x 1 mm has the lowest degree of uptake underestimation 

(Huet, 2015).  

 

The latest step in PET technology improvement is based on solid-state 

photodetectors, e.g. small silicon digital photomultipliers (SiPMs) replacing the 

conventional photomultipliers (PMTs) with digital readout. This leads to one-to-one 

correspondence between PMTs and detector elements in contrast to the older PMTs 

which were much larger than the individual detectors. SiPMs can improve the spatial 

resolution in PET because they can be made to couple with crystal elements smaller 

than 4 x 4 mm (Slomka, 2016). Based on phantom and patient studies that were 

recently performed on a digital PET system (van der Vos, 2017) it is expected that 

digital PET can provide a higher image quality, improved small lesion detection and 

allow for a lower radiopharmaceutical dose compared to an analogue PET system 

with PMTs. Together with the digital PET a maximum-a-posteriori based 

reconstruction has been introduced commercially, e.g. block sequential regularized 

expectation maximization. The aim is to give more accurate quantification at low 

noise levels (van der Vos, 2017). Lastly, scanners with increased axial coverage will 

increase photon detection sensitivity. The most extreme version developed is a 

whole-body scanner, meaning a two meter long scanner that simultaneously acquires 

annihilation photons from the whole body (Badawi, 2019). 
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In summary, the technical improvements hold promise for a more accurate 

quantification of the uptake of positron emitters, and in particular for the uptake in 

small lesions of interest, such as clusters of inflammatory cells in atherosclerotic 

plaques. This will hopefully reduce the underestimation and improve the methods 

ability to quantify the plaque activity. This can lead to a higher sensitivity for uptake 

activity alterations and maybe more distinct risk categories with less overlap than 

what has been achieved until now. How to optimize and standardize the new uptake 

and reconstruction parameters available will be an important task that should be 

done as fast as possible so that the results from studies can be compared. There are 

already many clinical studies using new equipment. If the study protocols are not 

harmonized, we lose both time and resources before the amount of evidence is good 

enough for clinical practice. 

 

Improved quantification on one hand will inquire a need to look at what quantification 

parameters to use on the other hand (Boellaard, 2019). Ly et al. have documented 

how the visual scoring system (Deuville score – lesion uptake compared to 

mediastinal blood pool and liver uptake) used to stratify lymphoma patients is 

affected by the new Discovery MI scanner (GE Healthcare, Milwaukee, WI, USA) (Ly, 

2019). Reconstructions using the newly proposed updating of the EANM/EARL 

recommendation (Kaalep, 2018) was compared to the current EANM/EARL 

harmonizing standard. They found that the use of the updated EARL 

recommendations will significantly change the Deuville score and fewer patients will 

be classified as responders. Small lesions will have a higher uptake value while the 

background uptake values in e.g. liver and blood background are changed to a lesser 

extent (Ly, 2019). We can probably expect that the uptake in atherosclerosis will be 

less underestimated with the new scanners. This will probably, as for the lymphomas, 

increase and alter the ratio between lesion or vessel wall uptake and background 

activity in blood. This must be addressed in meta-analyses and multi-centre studies.   
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9.2 OTHER PET TRACERS 
 
18F-FDG has gained a stronghold in atherosclerosis imaging because of its long 

history in PET imaging and wide availability, but probably most importantly, it targets 

and quantifies inflammation, regarded as the key process in atherosclerosis 

development and progression. On the downside, imaging with 18F-FDG requires 

thorough patient preparations, in particular for patients with diabetes. 18F-FDG also 

lacks specificity and other tracers might be more specific and easier to handle, as 

miscellaneous glucose avid structures are not depicted. However, newer PET 

scanners with increased spatial resolution are anticipated to reduce the problem with 

spill-in activity from neighbouring structures, at least for the carotid artery. For the 

imaging of atherosclerosis in the coronary and intracerebral arteries, a tracer without 

uptake in normal myocardium and normal neurons will greatly enhance the methods 

utility. In the search for better atherosclerosis tracers, the focus is both on 

experimental ones and on clinically available PET tracers used for other indications. 

Figure 19 illustrates how PET tracers can target different steps of the atherosclerotic 

process.  

 

Tracers that binds specifically to macrophages could be the optimal ones for 

atherosclerosis imaging. Somatostatin receptor imaging is a cornerstone in imaging 

of neuroendocrine tumours (Bombardieri, 2010; Virgolini, 2010). And the clinical 

availability of PET tracers targeting somatostatin receptors is increasing. 

Somatostatin receptor imaging has been positive in sarcoidosis and other 

granulomatous diseases (Kwekkeboom, 1997) and somatostatin receptor subtype-2 

(SST2) is expressed on activated macrophages (Dalm, 2003). Tarkin et al. performed 

a clinical PET study with 68Ga labelled [1,4,7,10-tetraazacyclododecane-N,N’,N’’,N’’’-

tetraacetic acid]-d-Phe1, Tyr3-octreotate (DOTATATE) that has a high specificity for 

SST2. They found that culprit lesions in both coronary and carotid arteries had higher 

uptake than non-culprit lesions. Further, ex-vivo autoradiography of removed carotid 

plaques showed binding of 68Ga-DOTATATE in the plaques necrotic core and 

shoulder regions, and co-localization between SST2-staining and macrophages 

(Tarkin, 2017). Pedersen et al. found a higher uptake in culprit versus contralateral 

carotid plaques when labelling DOTATATE with copper-64 (Pedersen, 2015). These 
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findings indicate that DOTATATE can be used to characterize inflammatory activity, 

and thereby the instability in atherosclerotic lesions. The clinical safety and 

increasing availability of 68Ga-DOTATATE is an advantage. 

 

 

 
 

Figure 19: Molecular targets for PET atherosclerosis imaging. During 
atherosclerosis development macrophages avidly utilize glucose, and simultaneously 
take up 18F-fluorodeoxyglucose. 18F-fluorodeoxymannose is taken up by facilitative 
glucose transporters on macrophages and binds mannose receptors. Somatostatin 
receptors expressed on activated macrophages act as a target for the tracer 68Ga-
DOTATATE. Macrophage-mediated inflammation can be detected by novel tracers 
targeting translocator protein receptors (11C-PK11195) and macrophage cell 
membranes (18F-FMCH). Additional PET tracers targeting atherosclerosis can 
identify micro-calcification (18F-sodium fluoride), neoangiogenesis (68Ga-NOTA-
RGD, 18F-Galacto-RGD), and cellular hypoxia (18F-FMISO). Adaptation reprinted by 
permission from Macmillan Publishers Ltd: Tarkin et al. (Tarkin, 2014), copyright 
(2014) (Joseph, 2016). 
Unadapted figure is reprinted with permission from Oxford University Press (Joseph, 2016) 
and Springer Nature (Tarkin, 2014).  
 

Other tracers further from clinical use, but chosen for their specificity for 

macrophages, are those binding to translocator protein (TSPO) (Joseph, 2016). 11C-

PK11195 has shown higher uptake in symptomatic carotid stenosis than 

asymptomatic (Gaemperli, 2012). Labelling with 18F is easier to handle in clinical 
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practice than 11C (half-life only 20 min). 18F-labelling of PK11195 and other TSPO 

tracers have been investigated in other inflammatory conditions (Largeau, 2017), and 

they might have a potential for atherosclerosis imaging.   

 

There has been great interest in PET imaging with 18F-NaF in atherosclerosis. 18F-

NaF has been in clinical use as a bone-seeking tracer for a long time (Beheshti, 

2015). Beside uptake in bone 18F-NaF has no disturbing uptake for atherosclerosis 

imaging and calcification is a known process in atherosclerosis development. 18F-

NaF binds to bone after exchange of an hydroxyl ion and is tested for the 

identification of active and progressing calcifications in patients with aortic valve 

stenosis (Hyafil, 2019a). Irkle et al. found that 18F-NaF co-localizes to areas of 

nascent calcification within vascular tissue (Irkle, 2015). 18F-NaF is thereby 

established as an imaging marker of active microcalcification in atherosclerosis, but 

Hyafil and Vigne summarize the available evidence and conclude that it is not 

specific for microcalcifications as it also can bind to macrocalcifications (detectable 

using conventional imaging) (Hyafil, 2019b). Regarding the uptake of 18F-NaF and 

instability and development of atherosclerosis in the coronary arteries Dweck et al. 

found that increased uptake corresponded with a higher clinical CVD risk profile 

(Dweck, 2012). A swine model of metabolic syndrome demonstrated that 18F-NaF 

uptake preceded the emergence of macroscopic calcification on IVUS and CT scans 

(McKenney-Drake, 2018). Joshi et al. found higher uptake in culprit versus non-culprit 

plaques in patients with myocardial infarction and focal uptake of 18F-NaF in coronary 

plaques were associated with more high-risk features on intravascular ultrasound 

than those without uptake in patients with stable angina (Joshi, 2014).  

 

It has been unclear how 18F-NaF performs in the assessment of instability in carotid 

artery plaques. A microPET study of excised carotid plaques incubated with  18F-NaF 

did not find a difference in average uptake between culprit and non-culprit plaques 

(Hop, 2019). Clinical studies have compared the uptake of 18F-NaF and 18F-FDG in 

the same symptomatic carotid stenosis. Evans et al. imaged 26 individuals with acute 

ischemic stroke with ipsilateral carotid stenosis of ≥50% and found that culprit carotid 

plaque vessel segment showed higher uptake than the non-culprit (contralateral) 

segment with both tracers. Whereas 18F-NaF was concentrated around the carotid 

bifurcations, 18F-FDG was evenly distributed throughout the vessel segments (Evans, 
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2020). Vesey et al. found higher uptake in culprit carotid plaques than in contralateral 

or control vessels with 18F-NaF, but not with 18F-FDG (Vesey, 2017). Limitations of 

this study is that the time interval between symptoms and imaging were not given, 

and that both the contralateral and chosen control vessels could have had a high 

degree of inflammation. Quirce et al. examined nine patients and used contralateral 

plaque as controls. Both tracers showed a tendency to be highest in the symptomatic 

plaques, but the difference was not statistically significant (Quirce, 2016). 
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9.3 OTHER MODALITIES 
 

The ability of other imaging modalities to characterize atherosclerotic lesions has 

been and is being explored. MRI is more available than PET, and can depict plaque 

components including the lipid rich necrotic core, the fibrous cap, intraplaque 

haemorrhage and more (Saba, 2019), but not the plaques characteristics on a 

molecular level. Intraplaque haemorrhage is the most promising plaque feature of 

plaque instability and the risk of future stroke on MRI. It is suggested adding MRI 

sequences covering the carotid plaque to a standard MRI examination of the brain for 

patients evaluated for carotid artery atherosclerosis and cerebrovascular disease. 

This will only add 4–6 min to the examination time (Saba, 2019).  

 

A hybrid scanner with PET and MRI has been possible after the development of 

photomultipliers (SiPM) that are made of MR compatible materials and thereby can 

operate in a magnetic field. There have been several studies with PET and MRI of 

atherosclerotic plaques before the development of a hybrid scanner. One-stop-shop 

will make it much more accessible to scan with both modalities. It will also reduce the 

radiation dose and possibly lower the use of CM, depending on the MRI sequence 

used.  A study documenting an advantage of a dual PET and MRI examination was 

carried out on 12 recently symptomatic (TIA) stenosis ≥65% in the carotid artery. 

High uptake of 18F-FDG was found in the lesion targeted for endarterectomy in 7 of 

12 patients. For 3 of the remaining patients other non-stenotic lesions in the same 

vascular territory identified on MRI had a high level of 18F-FDG uptake (Davies, 

2005). 

  

Ultrasound is today widely available and used by neurologists as a part of their 

clinical evaluation of carotid artery stenosis. Ultrasound techniques evaluating 

features of instability such as neo-angiogenesis/microvessels are under development 

as well as techniques to measure of the plaque volume (Khan, 2017; Zamani, 2019).  
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Carotid plaque inflammation assessed with 18F-FDG PET/CT is higher in
symptomatic compared with asymptomatic patients

Karolina Skagen1*, Kjersti Johnsrud2, Kristin Evensen1, Helge Scott3, Kirsten Krohg-Sørensen4,
Frode Reier-Nilsen5, Mona-Elisabeth Revheim6, Jan Gunnar Fjeld7, Mona Skjelland1, and
David Russell1

Background Carotid artery plaque inflammation is thought to
be an important marker of plaque vulnerability and increased
stroke risk.
Aim The main aim of this study was to assess the level of
agreement between 2-deoxy-2-[18F] fluoro-D-glucose (18F-
FDG) uptake on PET (positron emission tomography) scan in
carotid plaques, with cerebrovascular symptoms, carotid
plaque ultrasound echogenicity and histological assessments
of plaque inflammation.
Methods Thirty-six patients with ≥70% carotid stenosis sched-
uled for carotid endarterectomy underwent a Colour Duplex
ultrasound, 18F-FDG PET/CT and blood tests less than 24 h prior
to surgery. Plaques were defined as symptomatic when asso-
ciated with ipsilateral cerebral ischemic symptoms within 30
days prior to inclusion. Plaques were assessed histologically
following endarterectomy. The level of agreement between
18F-FDG uptake (mean SUVmax and SUVmax), and target-to-
background ratio, symptoms, plaque echolucency, and histo-
logical evidence of inflammation was assessed.
Results The amount of 18F-FDG uptake in plaques and the
amount of inflammation on histological assessment were sig-
nificantly correlated (r = 0·521, P = 0·003). 18F-FDG uptake was
significantly higher in symptomatic plaques with median
SUVmax 1·75 (1·26–2·04) in symptomatic, and 1·43 (1·15–2·28) in
asymptomatic patients (P = 0·03). 18F-FDG uptake was also
positively correlated with echolucency on Doppler ultrasound
(P = 0·03).
Conclusion 18F-FDG uptake on PET/CT correlated with histo-
logical assessments of inflammation and was higher in
patients with symptomatic compared with asymptomatic
carotid artery plaques. These results support the use of 18F-FDG

PET/CT in the detection inflammation in carotid atherosclero-
sis, which may be of help in the detection of vulnerable
plaques.
Key words: carotid plaque echogenicity, carotid plaque, carotid stenosis,
carotid ultrasound, ischemic stroke, positron emission tomography

Introduction

A significant proportion of strokes are thromboembolic, arising

from a vulnerable atherosclerotic plaque at the carotid bifurca-

tion. Such strokes have been shown to be effectively preventable

by carotid endarterectomy (CEA) (1,2). In current clinical prac-

tice patient selection for revascularization primarily involves

identification of the severity of luminal stenosis. It has, however,

become increasingly clear that the degree of luminal stenosis

alone is not the best predictor of stroke risk and the composition

of an atherosclerotic plaque is considered more important. Owing

to the process of arterial remodeling, the lumen of an artery may

not be compromised despite the presence of a significant athero-

sclerotic burden with vulnerable plaques prone to rupture (3).

Strokes may occur as a result of nonstenotic carotid disease, and

conversely, a non-negligible proportion of patients with signifi-

cant carotid stenosis may remain completely asymptomatic

throughout their lifetime (3,4). Identifying markers of plaque

destabilization is therefore central for improving treatment deci-

sions and reducing the risk of embolic stroke for patients with

carotid artery atherosclerosis. Inflammation is thought to be

central in plaque destabilization and has been proposed as a

major criterion for defining a high-risk vulnerable plaque (5–7).

Due to the infiltration and retention of oxidized lipids in the

arterial wall, vulnerable plaques contain a greater density of mac-

rophages compared with asymptomatic plaques (8). Activated

macrophages have a significantly increased metabolic rate and

therefore increased 2-deoxy-2-[18F] fluoro-D-glucose (18F-FDG)

uptake. Rudd et al. found increased 18F-FDG in macrophage-rich

regions of carotid plaques, removed at endarterectomy, in eight

symptomatic patients compared with contralateral asymptomatic

plaques in the same patients (9). Tawakol et al. demonstrated that

in vivo 18F-FDG uptake correlated with the degree of plaque

inflammation in 17 patients when macrophage staining was

assessed histologically (10).
18F-FDG uptake has also been shown to correlate with factors

that are associated with plaque vulnerability. Carotid plaques

with decreased ultrasound echogenicity and patients with

increased serum lipids have been found to have higher degrees of
18F-FDG uptake on PET (11,12). Evidence from longitudinal

studies also suggests that arterial 18F-FDG uptake may be related

to patient outcome. Figueroa et al. followed 513 patients without
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symptomatic cardiovascular disease for a mean of 4·2 years. They

found that 18F-FDG uptake within the wall of the ascending aorta

was an independent predictor of future cardiovascular events

(13). Results from The Dublin Carotid Atherosclerosis Stroke

Study showed, in 44 patients, that carotid plaque inflammation,

measured by 18F-FDG PET, was associated with a high risk of early

stroke recurrence, independent of the degree of stenosis (14).

Previous studies have, however, been limited by relatively small

sample sizes and time delays of weeks or months from symptoms

to 18F-FDG PET imaging and histology following endarterectomy.

There is therefore a possibility that plaque inflammation may

have been modified by medications and lifestyle changes during

time-delays from symptoms to imaging and histological assess-

ments (15,16). Increased 18F-FDG uptake must be closely corre-

lated with ipsilateral ischemic cerebral events and higher in

symptomatic compared with asymptomatic patients if this

method is to be of value in the clinical management of these

patients.

Aim

The main aim of this study was therefore to assess level of agree-

ment between carotid plaque 18F-FDG uptake on PET/CT and

histological assessments of the degree of inflammation in plaques

from symptomatic and asymptomatic patients.

Methods

Subjects
Consecutive patients with internal carotid artery stenosis ≥70%

scheduled for CEA were included in the study from April 2009 to

November 2013. Plaques were defined as symptomatic when asso-

ciated with ipsilateral cerebral ischemia (minor strokes, transitory

ischemic attack or amaurosis fugax) within 30 days prior to inclu-

sion. Exclusion criteria were prior CEA, stenting, carotid occlu-

sion, vasculitis, malignancy, prior radiation therapy to the neck,

treatment with immunomodulating drugs or oncological disease.

All patients underwent a clinical neurological examination and

registration of the following cardiovascular risk factors: hyperc-

holesterolemia, hypertension, coronary artery disease and diabe-

tes. The Regional Committee for Medical and Health Research

Ethics (REC) approved the study, and informed written consent

was obtained from all patients.

Carotid ultrasound
Colour duplex ultrasound was performed with a General Electric

Vivid 7 (General Electric, Horten, Norway) using a M12L probe

(14 MHz) on both carotid arteries. The degree of stenosis was

based on velocities according to consensus criteria of the Society

of Radiologists in Ultrasound (17). Plaque echogenicity was

assessed with the vessel lumen as the reference structure for defin-

ing echolucency, and the bright echo zone produced by the

media-adventitia interface as the reference for defining echoge-

nicity (18–20). Echogenicity was graded from 1 to 4 as: echolu-

cent, predominantly echolucent, predominantly echogenic, or

echogenic by an experienced examiner blinded for the PET results

(18).

18F-FDG PET/CT
Patients were examined with a hybrid PET/CT scanner (Siemens

Biograph 64, Siemens Medical Systems, Erlangen, Germany).

After an overnight fast (minimum six-hours), an 18F-FDG

PET/CT was performed from the base of the skull to the aortic

arch, approximately 90 mins after the injection of 5Mbq/kg 18F-

FDG Blood glucose levels were measured. The PET data were

reconstructed to 2 mm thick slices with a matrix size of 256 x 256

pixels (pixel size 2·67 mm) using the OSEM 2D algorithm with

four iterations (i), eight subsets (s) (4i/8s), and Gaussian post-

reconstruction filter with full-width at half maximum (FWHM)

of 3·5 mm (21). A CT without contrast for attenuation correction

was performed immediately before the PET scan with the patient

in the same position. A contrast-enhanced CT of the carotid

arteries was also performed on those patients that did not have a

recent CT angiography available. The contrast-enhanced CT was

used for localizing the carotid artery plaque. A specialist in

nuclear medicine blinded for patient data placed the regions of

interest (ROI). The contrast-enhanced CT angiography was used

as a guide for drawing the ROI on the PET slice (fused with

noncontrast CT). ROIs covering the whole plaque including

vessel wall thickening and the lumen contrast-filling defect (22)

were drawn on each axial slice from the most cranial to the most

caudal slice of the plaque. The ROI was minimized to only cover

parts of the plaque uptake when nearby 18F-FDG activity, e.g.

lymph nodes, paravertebral muscles or salivary glands could have

influenced the measured 18F-FDG activity in the ROIs. Four ROIs

were placed in the lumen of the jugular vein close to the plaque for

calculation of the target-to-background ratio (TBR). Maximum

standardized uptake values (SUVmax); the highest activity concen-

tration per injected dose per lean body mass (lbm – a factor

derived from each patients height, weight and gender) after cor-

rection for decay in each ROI were measured. SUV normalized to

lbm is an established parameter for the quantification of 18F-FDG

uptake (23). The following uptake parameters were used for the

statistical analysis for each plaque: (1) SUVmax = the single highest

SUVmax value, (2) Mean SUVmax = mean of all plaque SUVmax

values, (3) TBR = mean SUVmax divided by mean SUVmean in the

four venous regions.

Tissue processing and histological analysis
The plaques were removed en bloc (intact) at CEA, fixed in 4%

formaldehyde, decalcified in ethylenediaminetetraacetic acid, and

cut into 2–3 mm slices. After dehydration the slices were embed-

ded in paraffin, and histological sections were cut at 5 μm and

stained with hematoxylin and eosin. Plaques were assessed by a

pathologist and a research physician blinded for clinical and 18F-

FDG PET findings. A section from each slice was evaluated with

120 times magnification and the percentage of inflammatory cells

(macrophages and leukocytes) was estimated as the area with

inflammatory cells as a percentage of the total area. The amount

of inflammation per plaque was calculated as the sum of all areas

with inflammatory activity divided by the total area of the sec-

tions to give a percentage of inflammatory cells per plaque. This

method for evaluating and grading inflammation has been shown

to have good to excellent intra- and inter-rater variability (24).
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Histological assessments were made on 11 slices from three

plaques on two occasions more than two-months apart to assess

the reproducibility of the findings. For this analysis the percentage

inflammatory cells per slice was classified into the following cat-

egories: 0–5%, 5–10%, 10–15% and 15–20% and the results

assessed using Kappa statistics.

Statistical analysis
spss for Windows statistical software (version 18·0; SPSS Inc.,

Chicago, IL) was used for data analysis. Student’s t test or Mann–

Whitney U-test was used depending on the distribution of data.

The chi-square test was used for analyzing contingency data. Coef-

ficients of correlation were calculated by the Spearman correlation.

All statistical results were considered significant when P < 0·05.

Results

Clinical characteristics
Thirty-six patients took part in the study. There were 26 men

(66·8 ± 9 years) and 10 women (67·9 ± 7 years). Eighteen patients

were symptomatic, and 18 patients asymptomatic. Plaques were

not delivered for histology after endarterectomy due to practical

reasons in six patients; four of these were in the symptomatic and

two were in the asymptomatic group. All other data from these

patients were retained in the analyses.Clinical characteristics of the

patients are shown in Table 1.There were no statistically significant

differences between the symptomatic and asymptomatic patients

with respect to age or gender. Mean age was 67·5 years in the

symptomatic group and 66·7 in the asymptomatic group. Thirteen

patients (72·2%) were male in both groups. For symptomatic

patients (n = 18), mean time from last symptom to CEA was 12

days ranging from 3 to 30 days. Although not reaching statistical

significance, patients in the symptomatic group had higher average

plasma leukocyte levels at 9·2 10 × 9/L compared with 7·6 10 × 9/L

in the asymptomatic group (P = 0·05). Plasma levels of CRP, total

cholesterol, low-density lipoprotein (LDL), high-density lipopro-

tein (HDL) and glucose were similar in the two groups.

Plaque inflammation on histological analysis and
correlation to 18F-FDG uptake and echogenicity
on ultrasound
There was a significant correlation (Fig. 1) between the amount

of inflammation on histology and all 18F-FDG uptake para-

meters (mean SUVmax P = 0·003, SUVmax P = 0·009 and TBR

P = 0·002).

Higher amounts of inflammation on histology were also sig-

nificantly correlated with low echogenicity on carotid Doppler

ultrasound (P = 0·014).

When the histopathological assessments were repeated on two

occasions more than two-months apart we found that the amount

of inflammatory cells was in the same 5% category at both assess-

ment for 8 of 11 slices (73%, Kappa = 0·73).

18F-FDG uptake and correlation to clinical symptoms
Figure 2 shows that the amount of 18F-FDG uptake measured by

mean SUVmax was significantly higher in symptomatic compared

with asymptomatic plaques (Fig. 4). Median mean SUVmax in the

symptomatic group was 1·75 (range: 1·26–2·04) compared with

1·43 (range: 1·15–2·28) in the asymptomatic group. This differ-

ence was statistically significant with P = 0·03. TBR was not

significantly higher in the symptomatic compared with asymp-

tomatic patients. The highest mean SUVmax 2·28 was measured

in an asymptomatic patient.

18F-FDG uptake and correlation to echogenicity on
ultrasound
There was a positive correlation for mean SUVmax and low

echolucency on carotid Doppler ultrasound (r = 0·378,

P < 0·03) (Fig. 3). Mean SUVmax was significantly increased

(P = 0·028) for echolucent plaques 1·67 (1·2–2·28) compared

with echogenic plaques 1·5 (1·2–2·04). Mean SUVmax remained

significantly higher in echolucent plaques compared with pre-

dominantly echolucent plaques (P = 0·01). Lower ultrasound

echogenicity was associated with a higher TBR values

(P = 0·005).

Table 1 Clinical characteristics of symptomatic and asymptomatic patients

Symptomatic
(n = 18)

Asymptomatic
(n = 18) P

Age, yrs; (mean ± SD) 67·5 ± 9·5 66·7 ± 7·2 0·77
Gender, male; n (%) 13 (72·2) 13 (72·2) 1·00
Hypercholesterolemia, no of patients 13 (72·2) 14 (77·8) 0·60
Antihypertensive medication, yes 10 (55·6) 12 (66·7) 0·56
Coronary artery disease, no of patients 4 (22·2) 10 (55·6) 0·04
Diabetes, yes 2 (14·3) 3 (16·7) 0·68
Plasma levels: (mean ± SD)

Leukocytes, 10 × 9/l 9·2 ± 2·4 7·6 ± 1·9 0·05
CRP, mg/l 11·2 ± 27 4·9 ± 4·5 0·44
Cholesterol mmol/l 4·9 ± 1·5 4·0 ± 0·8 0·17
LDL, mmol/l 3·1 ± 1·4 2·0 ± 0·6 0·06
HDL, mmol/l 1·22 ± 0·6 1·1 ± 0·7 0·84
Glucose, mmol/l 5·9 ± 0·8 6·5 ± 2·2 0·33

CRP, high sensitivity C- reactive protein; LDL, low density lipoprotein; HDL, high density lipoprotein.
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Fig. 1 Correlations between mean SUVmax values and percentage plaque inflammation on histology. P = 0·003. SD, standard deviation.

Fig. 2 Box plot showing distribution of FDG uptake values (median mean SUVmax) in symptomatic and asymptomatic patients. The bottom and top of the
box represent the first and third quartile. Horizontal lines in boxes represent the median value (second quartile) and the whiskers the range limits. Median
mean SUVmax was 1·68 (range 1·26–2·04) in symptomatic compared with 1·52 (1·15–2·28) in asymptomatic patients (P = 0·03). The P-value is from a
Mann–Whitney U-test. *Represents the outlier in the asymptomatic patient group.
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Discussion

In this study we found a significantly higher 18F-FDG uptake

in carotid artery plaques from symptomatic compared with

those from asymptomatic patients. There was also a significant

correlation between the amount of inflammation on plaque his-

tology and 18F-FDG uptake.

The findings of increased 18F-FDG uptake in symptomatic

carotid artery plaques in this study confirm the results of previous

reports (9–11). Rudd et al. found higher 18F-FDG uptake-values

in carotid plaques obtained from patients with clinical evidence of

plaque instability (9). In this small study histological assessments

of the degree of plaque inflammation were not carried out and the

relationship between inflammation and 18F-FDG uptake was

therefore not established. This association was first demonstrated

by Tawakol et al. who found that histological evidence of plaque

inflammation correlated with the degree of 18F-FDG uptake (10).

However, the time from the 18F-FDG examinations and the his-

tological assessments in this study was up to one-month and a

change in the inflammatory status of the plaques during this time

interval can therefore not be excluded.

To our knowledge, this is the first study, which has, in addition

to demonstrating higher 18F-FDG uptake values in plaques from

symptomatic compared with asymptomatic patients also found a

correlation between 18F-FDG uptake and the degree of plaque

inflammation on histological assessment. Higher 18F-FDG uptake

was demonstrated in plaques from symptomatic patients for both

mean SUVmax and SUVmax values. These results show the potential

of 18F-FDG PET for evaluating carotid atherosclerosis with higher

18F-FDG uptake in vulnerable plaques, which have a higher risk of

causing embolic stroke. There are at present no established 18F-

FDG uptake limits that can be used to detect vulnerable carotid

artery plaques. In this study, the range of SUVmax values, although

significantly higher in symptomatic patients, overlapped in the

two groups with the highest mean SUVmax uptake being

recorded in a patient without symptoms. This patient was imaged

100 mins after 18-FDG injection and the increased 18-FDG

uptake can therefore not be explained by longer circulation time

of 18F-FDG. Despite not reporting cerebrovascular symptoms, this

patient had findings on magnetic resonance imaging (MRI) con-

sistent with a small cerebral infarction in the ipsilateral cerebral

hemisphere. This plaque had also low ultrasound echogenicity

and a high inflammatory content on histology, which increases

the probability that this was a vulnerable plaque. White matter

lesions on cerebral MRI are known to indicate higher risk of

stroke (25). Labeling carotid plaques as vulnerable in asymptom-

atic patients when the patient has ipsilateral silent brain infarcts

on cerebral MRI imaging should therefore be considered in future

studies where the aim is to identify unstable plaques.

In current studies different measurements of uptake are being

used to quantify arterial18F-FDG uptake (9,10,12,26). In this

study, blood background corrected TBR assessments of 18F-FDG

uptake did not show an association between FDG uptake and

symptoms. This may be due to the early timing of PET/CT

imaging in this study relative to the time of 18F-FDG injection.

Previous studies have found that TBR was a reliable and repro-

ducible parameter when quantifying arterial 18F-FDG uptake in

late (>90 mins) acquisitions, but not for early imaging within

Fig. 3 Correlation of mean SUVmax and plaque ultrasound echogenicity. Box plot showing distribution of FDG uptake values (median mean SUVmax) and
ultrasound echogenicity Horizontal lines in boxes represent the median value and the whiskers the range limits. Mean SUVmax was significantly increased
(P = 0·028) for echolucent plaques; 1·67 (1·2–2·28) compared with echogenic plaques; 1·5 (1·2–2·04). Echolucent vs. Echogenic plaques (P = 0·028). SUV,
standardized uptake value; Predom, predominantly.
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90 mins of 18F-FDG injection (22). Graebe et al. compared 18F-

FDG uptake at one-hour and three-hours after 18F-FDG injection

in 19 patients and concluded that TBR measurements, using

venous blood pool activity as background were not accurate for

early scans (imaging <90 mins of 18F-FDG injection) because of a

mismatch observed in the relative 18F-FDG plaque uptake

between the two time-points; TBR values generally increases over

time as blood pool activity decreased (22).

The method used in our histological evaluations allows the

assessment of the total amount of inflammatory cells in the

plaque, including both macrophages and leucocytes. Several

methods have previously been described for estimating plaque

inflammation histologically. These have included counting

labeled macrophages (9–11). Leukocytes are also hypermetabolic

cells that increase 18F-FDG uptake. We therefore assessed both

macrophage and leukocyte activity, as we believe that this is more

accurate when comparing histological evidence of inflammation

with 18F-FDG uptake. All methods that are used to correlate his-

tological findings with 18F-FDG uptake on PET/CT imaging have,

however, potential weaknesses. Despite careful removal of the

plaque at surgery, fragmentation of the CEA specimen is some-

times unavoidable resulting in a reduction of the observed

amount of inflammation on histology.

We found that 18F-FDG uptake was higher in plaques with low

ultrasound echogenicity compared with those with high ultra-

sound echogenicity. This is in agreement with previous reports

that have found that echolucent plaques are associated with both

an increased risk of ipsilateral cerebrovascular events and

increased presence of plaque macrophages on histology, indepen-

dent of the degree of artery stenosis (18,27). Graebe et al. also

found that echolucency on ultrasound correlated with 18F-FDG

uptake on PET (26). We did not find more patients who had

plaques with low echogenicity in the symptomatic compared with

the asymptomatic group. This may be explained by the sample

size, which was underpowered to show such a difference.

Patients in the symptomatic group had higher LDL levels com-

pared with patients in the asymptomatic group (mean 3·1 vs.

2·0 mml/l), approaching statistical significance (P = 0·06). The

number of patients on statin therapy was, however, comparable

for the two groups with 13 patients in the symptomatic group

Fig. 4 18F-FDG PET/CT images of carotid artery plaques from symptomatic (a) and asymptomatic (b) patients. From left to right the images shown are
contrast-enhanced CT, co-registered PET/CT and PET. Patient a has a noncalcified plaque with a high degree stenosis in the right internal carotid artery
(white circle). The small white spot inside the circle on the CT image is contrast media in the stenotic ICA. The plaque had a high focal 18F-FDG uptake
(orange spot on PET images). The plaque was also echolucent on ultrasound and showed a large amount of inflammation on histology. Patient b has a
calcified plaque in the right bifurcation (green circle) with no focal 18F-FDG uptake. The plaque was echogenic on ultrasound and showed a small amount
of inflammation on histology.
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taking statins, compared to 14 in the asymptomatic group.

Chronin et al. found that increased 18F-FDG uptake was associ-

ated with increased LDL, cholesterol and triglycerides and

decreased high-density lipoprotein values. They suggested that

increased LDL and cholesterol contribute to plaque inflammation

(12). LDL and cholesterol are key mediators of inflammation, and

studies have found that increased 18F-FDG uptake correlated with

an atherosclerotic lipid core, macrophage infiltration and matrix

metalloproteinase immunoreactivity (10,28). Modifying athero-

sclerosis with statins and other anti-atherogenic therapy may also

reduce plaque 18F-FDG uptake (15).

In conclusion this study provides further evidence supporting

the use of 18F-FDG PET/CT for the detection of inflammation in

vulnerable atherosclerotic plaques. Confirmation of this method

in larger prospective clinical studies is, however, needed to clarify

if 18F-FDG PET/CT may be used to predict outcome in athero-

sclerotic carotid artery disease, especially in asymptomatic sub-

jects and patients with less severe stenosis.
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Background. There is currently no consensus on the methodology for quantification of 18F-
FDG uptake in inflammation in atherosclerosis. In this study, we explore different methods for
quantification of 18F-FDG uptake in carotid atherosclerotic plaques and correlate the uptake
values to histological assessments of inflammation.

Methods and Results. Forty-four patients with atherosclerotic stenosis ‡70% of the internal
carotid artery underwent 18F-FDG PET/CT. Maximum standardized uptake values (SUVmax)
from all plaque-containing slices were collected. SUVmax for the single highest and the mean of
multiple slices with and without blood background correction (by subtraction (cSUV) or by
division (target-to-background ratio (TBR)) were calculated. Following endarterectomy 30
plaques were assessed histologically. The length of the plaques at CT was 6-32 mm. The 18F-
FDG uptake in the plaques was 1.15-2.66 for uncorrected SUVs, 1.16-3.19 for TBRs, and 0.20-
1.79 for cSUVs. There were significant correlations between the different uptake values
(r 5 0.57-0.99, P < 0.001). Methods with and without blood background correction showed
similar, moderate correlations to the amount of inflammation assessed at histology (r 5 0.44-
0.59, P < 0.02).

Conclusions. In large stenotic carotid plaques, 18F-FDG uptake reflects the inflammatory
status as assessed at histology. Increasing number of PET slices or background correction did
not change the correlation. (J Nucl Cardiol 2019;26:883–93.)

Key Words: 18F-FDG PET/CT Æ carotid plaque Æ atherosclerosis Æ inflammation Æ
quantification method

Abbreviations

PET Positron emission tomography
18F-FDG 2-deoxy-2-(18F)-fluoro-D-glucose

SUVmax Maximum standardized uptake value

ROI Region of interest

MDS Most diseased segment

TBR Target-to-background ratio

cSUV Corrected SUV
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INTRODUCTION

Inflammation is a key factor in the pathophysiology

of atherosclerosis with regard to progression and desta-

bilization of plaques.1 Patients with unstable carotid

plaques have increased risk of plaque rupture and

ischemic stroke,2,3 and there is increasing interest in

imaging carotid plaque inflammation in order to detect

these unstable plaques.

Positron emission tomography (PET) imaging with

2-deoxy-2-(18F)-fluoro-D-glucose (18F-FDG) of inflam-

mation in atherosclerotic plaques has rapidly evolved

since Rudd et al first reported 18F-FDG accumulation in

macrophage-rich areas of carotid artery plaques over a

decade ago.4 In contrast to oncology,5 there is no

consensus on methodological guidelines for 18F-FDG

PET/CT in atherosclerosis imaging. A recent position

paper from the Cardiovascular Committee of the Euro-

pean Association of Nuclear Medicine6 proposed

optimized and standardized protocols for the imaging

and interpretation of 18F-FDG PET scans in atheroscle-

rosis. However, they admitted that many of the

recommendations suffer from the absence of conclusive

evidence. Compared to a solid tumor, the cells respon-

sible for 18F-FDG uptake in carotid artery plaques are

generally fewer, more dispersed, and spread around

parts of the circumference of a tubular vascular struc-

ture.3,7 Consequently, limited spatial resolution of the

PET scanner and blood background activity are of great

concern. Two parallel phenomena are known to influ-

ence measured activity in a lesion:8 signal from the

lesion lost to the surroundings (spill-out), and signal

added to the lesion from the vessel lumen and adjacent

anatomic structures (spill-in).8,9

Different acquisition protocols and quantification

methods have been suggested.10-17 They all address the

same concerns but have diverging solutions. A literature

search identified 53 different acquisition protocols, 51

different reconstruction protocols, and 46 different

quantification methods used in 49 studies.9 The most

common measure is the mean of all the maximum

standardized uptake values (SUVs) (mean SUVmax) of

the regions of interest (ROIs). The ROIs include the

whole plaque (in localized stenosis), or one or more

vessel segments (in subclinical/generalized disease).

Bural et al calculated the atherosclerotic burden of the

aorta by multiplying the mean uptake values for each

aorta segment with the vessel wall volume.18 Sub-

analysis looking for the most metabolically active areas

of a vessel segment have been used in therapy response

studies.16 The uptake values are either normalized to the

blood background activity,15,17,19,20 corrected for the

background activity with subtraction11 or not corrected

for background activity.13,21,22 The rationale for back-

ground correction has been strongly criticized.9,23

The aim of this study was to explore different

methods for the quantification of 18F-FDG uptake in

large carotid artery plaques, and to correlate the uptake

values to the amount of inflammation on histology.

METHODS

Study Population

Forty-four patients referred to the Department of Neurol-

ogy at our institution for the evaluation of carotid artery

disease were included (Table 1). Inclusion criteria were

ultrasound-confirmed atherosclerosis with internal carotid

artery stenosis C 70% according to consensus criteria of the

Society of Radiologists in Ultrasound.24 Exclusion criteria

were prior carotid endarterectomy/angioplasty with stenting,

carotid occlusion, vasculitis, malignancy, prior radiation ther-

apy to the neck, or immunotherapy. The Regional Committee

for Medical and Health Research Ethics approved the study

and all patients provided informed written consent.

Of the 44 included patients, 38 underwent carotid

endarterectomy due to ipsilateral ischemic events or as

prophylactic treatment before heart surgery. Eight of these

plaques were lost to histological assessment due to logistical

reasons.

18F-FDG PET/CT Examination

Following overnight fasting blood glucose level was

measured before the patient received i.v. injection of 5 MBq/

Table 1. Patient characteristics (n = 44)

Age, years; mean ± SD 66.3±8.4

Sex, male; n (%) 30 (68.2)

Statin therapy; n (%) 34 (77.3)

Blood glucose, mmol L-1; mean ± SD (range) 6.8 ± 2.2 (4.9-14.9)

Bodyweight, kg; mean ± SD (range) 83.5 ± 16 (55-110)

Body mass index, kg/m2; mean ± SD (range) 27.4 ± 4.5 (19.9-34.8)

A subgroup of the patient material is included in a previously published study.25

See related editorial, pp. 894–898
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kg (0.14 mCi/kg). After a mean circulation time of 100 min-

utes (range 68-156), a 18F-FDG PET/CT scan from the base of

the skull to the aortic arch was performed with 15 minutes per

bed position using a hybrid PET/CT scanner (Siemens

Biograph 64, Siemens Medical Systems, Erlangen, Germany).

The PET data were reconstructed to 2-mm slices with a pixel

size of 2.67 mm using the ordered subset expectation-maxi-

mization 2D algorithm with four iterations (i), eight subsets

(s)(4i/8s), and Gaussian post-reconstruction filter with full-

width at half maximum of 3.5 mm. For attenuation correction,

low-dose CT without the use of i.v. contrast was performed

immediately before 18F-FDG PET. For patients without a

recent CT angiography of the carotid arteries, this was

performed after 18F-FDG PET.

18F-FDG Uptake Quantification

The Hybrid Viewer 2.0 software (Hermes Medical Solu-

tions AB, Stockholm, Sweden) was used for image fusion and
18F-FDG uptake quantification. The CT angiography was used

to guide drawing of the ROIs on the fused PET/CT slices. A

plaque was defined as vessel wall thickening and a lumen

contrast-filling defect on CT angiography (Figure 1).13 An

experienced nuclear medicine physician (K.J.) drew ROIs

around the entire vessel wall and lumen on all plaque-

containing axial PET slices (Figure 2). ROIs were carefully

placed to minimize the influence from 18F-FDG uptake in

structures close to the plaque (e.g., lymph nodes, paravertebral

muscles, or salivary glands). Blood pool activity was obtained

from four ROIs placed in the lumen of the jugular vein away

from structures with 18F-FDG uptake. Plaque localization in

relation to the carotid bifurcation was recorded. The most

cranial slice of the common carotid artery before the division

was defined as the bifurcation. The pixel values in the PET

images were converted into SUV normalized to lean body

mass.5

For all plaque ROIs, SUVmax was obtained and the 18F-

FDG uptake was quantified using the following approaches

(Figure 2):

(1) Max SUVmax = the single highest SUV,

(2) Mean SUVmax = the mean of all plaque SUVmax,

(3) Most Diseased Segment (MDS)3 = the mean SUVmax of

the three contiguous slices centered on the slice with the

highest SUVmax,

(4) MDS5 = the mean SUVmax of the five contiguous slices

centered on the slice with the highest SUVmax,

(5) Mean SUVmax4 = the mean SUVmax of the four slices

with highest SUVmax.

For all blood pool ROIs, SUVmean was obtained. Blood

background-corrected values for all the SUV measurements

were calculated (target-to-background ratio (TBR); SUV

divided by the blood pool activity (mean SUVmean in four

venous regions) and corrected SUV (cSUV); blood pool-

corrected SUV (subtraction of the blood pool activity (mean

SUVmean) from SUV).

A second independent experienced nuclear medicine

physician (MER) drew ROIs on the 20 initial patients to

assess inter-observer variability of the different quantification

methods.

Endarterectomy and Histological Analysis

The mean time between PET/CT and endarterectomy was

6 days (range; 0-116, median; 0). The histological analysis has

been described previously.25 In brief, plaques were removed en

bloc at carotid endarterectomy, fixed in 4% formaldehyde,

decalcified in ethylenediaminetetraacetic acid, and cut into 2-

to 3-mm slices. After dehydration, the slices were embedded in

paraffin and a 5-lm histological section from each slice was

cut and stained with hematoxylin and eosin (H&E). The

number of histology sections obtained from each plaque

Figure 1. 18F-FDG PET/CT of stenotic plaque in the right internal carotid artery. From left to right:
CT angiography, co-registered PET/CT, and 18F-FDG PET. The white box shows the plaque
extension craniocaudally with lumen contrast-filling defect and vessel wall thickening on CT
angiography (left image).
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ranged from 2 to 9 (mean 4.9, SD 2.0). The plaques were

assessed by a pathologist and a research physician blinded for

the clinical and the 18F-FDG PET findings. Inflammation was

quantified using a modified version of the method used by

Jander et al.3 The sections were evaluated with 1209 magni-

fication and the percentage area of inflammatory cells

(macrophages and leucocytes) per plaque was obtained

(Figure 3): For each section, the total area and the area

occupied by inflammatory cells were measured manually. The

amount of inflammation per plaque was defined as the sum of

all areas with inflammatory cells divided by the total area of all

the sections. We performed repeated histopathological
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Figure 2. 18F-FDG uptake quantification was based on the SUVmax of all the plaque-containing
axial PET slices (A): Max SUVmax = the single highest SUVmax (B), mean SUVmax = the mean of
all plaque SUVmax (C), MDS3 = the mean SUVmax of the three contiguous slices centered on the
slice with the highest SUVmax (D), MDS5 = the mean SUVmax of the five contiguous slices
centered on the slice with the highest SUVmax (E), and mean SUVmax4 = the mean SUVmax of the
four slices with highest SUVmax within the plaque(F) (based on a figure by Tawakol et al 32).

Figure 3. The histological quantification of inflammation was performed on H&E stained samples.
The ocular micrometer was used to measure the total plaque area and area occupied by
inflammatory cells in all the fields of view from all sections. The amount of inflammation per
plaque was defined as the sum of all areas with inflammatory cells divided by the total area of all
sections. A: 9200 magnification with inflammatory areas (marked by blue lines) containing mainly
lymphocytes (i) and lipid macrophages (ii). B:9400 magnification of areas with lipid macrophages.
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assessment on selected sections from this study cohort and

found that the amount of inflammatory cells was in the same

5% category at both assessments for 73% of the sections

(Kappa = 0.73).25 The amount of inflammation per plaque

was 6.8% (SD 4.0; range 0.4-17.9).

Statistical Analysis

The SPSS Statistics software for Windows (IBM, version

21.0; SPSS Inc., Chicago, Ill) was used. Groups of data were

compared using two-sided t-test and Pearson correlation for

normally distributed variables. For non-normal distributions

Mann-Whitney test and Spearman correlation were used.

Statistical significance was set to 0.05.

RESULTS

Localization of Plaque and Highest 18F-FDG
Uptake

The length of the plaques in the cranio-caudal

direction was 6-32 mm (mean 19, SD 7.6) and all

included the carotid artery bifurcation (Figure 4). Max

SUVmax was located between 14 mm below to 18 mm

above the bifurcation (mean 1.2 mm below the bifurca-

tion) (Figure 4).

Inter-observer Variability

The correlation coefficients between 18F-FDG

uptakes calculated from plaques delineated by two

nuclear medicine physicians independently were 0.96-

0.98 for uncorrected SUVs, 0.63-0.68 for TBRs, and

0.90-0.93 for cSUVs. The correlation coefficient for

background blood pool activity was 0.75.

Quantification of 18F-FDG Uptake

Mean values, SDs, and ranges for the different

quantification methods are summarized in Table 2. The
18F-FDG uptake was significantly different for the

different quantification approaches (paired samples t-

test, P\ 0.004 for all pairs). TBR gave the highest

mean values and the widest ranges, whereas the back-

ground-subtracted values (cSUV) showed the lowest

mean values and the narrowest ranges.
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Figure 4. Plaque extension (gray bars) and max SUVmax location (black dots) per patient along the
x-axis. The y-axis shows the distance in millimeter from the bifurcation (0) cranially in the internal
carotid artery and caudally in the common carotid artery.
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18F-FDG uptake for the different quantification

methods and corresponding background values for all

patients are shown in Figure 5. Mean difference

between max SUVmax and mean SUVmax was 0.08 and

ranged from 0.02 to 0.66. The effect of background

correction is shown in Figure 6. Correlations between
18F-FDG uptake within the groups were 0.93-0.99 for

the uncorrected SUV, 0.94-1.0 for TBR, and 0.92-0.99

for cSUV (Table 3).

Histology and 18F-FDG Uptake

There were significant moderate (0.44-0.59) corre-

lations between the amount of inflammation and all the

different 18F-FDG quantification methods (Table 4).

The highest correlations were found for mean SUVmax,

and the lowest for max SUVmax independent of back-

ground correction. Figure 7 shows scatter plots of

inflammation versus max and mean SUVmax with and

without background correction.

Figure 5. Uncorrected 18F-FDG uptake values for individual
patients sorted according to increasing mean SUVmax. Each
color represents separate quantification methods. The black
dots are the background values (mean SUVmean).

Figure 6. Uncorrected and background-corrected (TBR and
cSUV) max and mean SUVmax per patient sorted according to
increasing mean SUVmax.

Table 2. Plaque SUV for different quantification methods (n = 44)

Uncorrected TBR cSUV

Max SUVmax 1.76 ± 0.35 (1.18-2.66) 2.07 ± 0.44 (1.34-3.19) 0.90 ± 0.33 (0.42-1.79)

Mean SUVmax 1.56 ± 0.28 (1.11-2.28) 1.83 ± 0.38 (1.16-2.91) 0.69 ± 0.28 (0.20-1.29)

MDS3 1.70 ± 0.34 (1.17-2.51) 2.00 ± 0.43 (1.26-3.16) 0.83 ± 0.32 (0.33-1.64)

MDS5 1.66 ± 0.32 (1.15-2.32) 1.95 ± 0.41 (1.22-3.14) 0.79 ± 0.31 (0.28-1.45)

Mean SUVmax4 1.68 ± 0.33 (1.15-2.45) 1.98 ± 0.42 (1.26-3.16) 0.82 ± 0.31 (0.32-1.58)

Data are given as mean ± SD (range)
TBR, target-to-background ratio; SUV, standardized uptake value; cSUV, corrected SUV (background-subtracted SUV); MDS, most
diseased segment
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DISCUSSION

In this clinical study, we explored different methods

for the quantification of 18F-FDG uptake in carotid

plaques causing artery stenosis equal to or above 70%.
18F-FDG uptake was homogenously disseminated

throughout the entire plaques. Although there were

differences in magnitude, quantification of 18F-FDG

uptake with and without background correction showed

similar, moderate correlations to inflammation on

histology.

Mean max SUVmax (mean of the max SUVmax for

the study population) was only 13% higher than mean

mean SUVmax (Figure 8), whereas the three other

quantification methods gave values in between, increas-

ing with decreasing number of included slices.

Homogenous 18F-FDG uptake throughout the plaque

contrasts findings from microPET of endarterectomized

plaques showing patchy 18F-FDG uptake.26 The pres-

ence of macrophages reduces the thickness of the fibrous

capsule and therefore an increasing number is likely to

correlate to increasing vulnerability. As such, the highest
18F-FDG uptake within a plaque could be the most

appropriate parameter for risk assessment. Currently, the

most used measure for assessment of plaque inflamma-

tion has been the mean SUVmax.
17,21,22 No clinical

studies have assessed the use of whole plaque max

SUVmax. Max SUVmax is easily obtained, highly repro-

ducible, and less influenced by partial-volume

effects.8,27 Although max SUVmax is prone to image

noise,8 our findings suggest that for atherosclerotic

plaque assessment in clinical PET, max SUVmax should

be explored further.

The strong correlation between the different quan-

tification methods suggests that for this group of patients

uncorrected 18F-FDG uptake values may provide similar

information as background-corrected values. As such,

our findings do not support the superiority of TBR as

quantification method as suggested by others.4,10,14-17

For circulation times above one hour, the blood back-

ground is low, but highly variable, whereas carotid

plaques have consistent uptake over time.11,13 A slight

variation in blood background will therefore give

significant variability in TBR. From a physics perspec-

tive, Huet et al 9 have explained that there is no

legitimate rationale for using TBR instead of SUV

because blood contamination is an additive and not a

multiplicative process. A purely additive process would

require subtraction of the mean luminal blood pool

activity from the SUVs (cSUVs).

The inter-observer variability analysis of 18F-FDG

quantification revealed superior reproducibility of

uncorrected SUVmax compared to blood background-

corrected SUVs (TBR and cSUV). SUV measurements

are highly dependent on the size, shape, and location of

the drawn ROI because the ROI can either miss the

voxel with the highest intensity or the ROI can inad-

vertently include contribution from adjacent 18F-FDG-

avid organs. The use of contrast-enhanced CT to localize

the plaques is likely to have contributed to the low inter-

observer variability in the SUVmax in our study. Our

correlation coefficient for blood background of 0.75

Table 4. Correlation between 18F-FDG PET uptake values and histology (n = 30)

18F-FDG quantification method Spearman correlation coefficient

Max SUVmax 0.48 (0.008)

Mean SUVmax 0.54 (0.002)

MDS3 0.48 (0.007)

MDS5 0.49 (0.006)

Mean SUVmax4 0.52 (0.003)

TBR max SUVmax 0.44 (0.016)

TBR mean SUVmax 0.58 (0.001)

TBR MDS3 0.47 (0.009)

TBR MDS5 0.48 (0.008)

TBR mean SUVmax4 0.48 (0.007)

cSUV max SUVmax 0.47 (0.009)

cSUV mean SUVmax 0.59 (0.001)

cSUV MDS3 0.52 (0.004)

cSUV MDS5 0.52 (0.003)

cSUV mean SUVmax4 0.54 (0.002)

Data given as correlation coefficient (P value)
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inevitably increases the inter-observer variability of all

background-corrected values. Other 18F-FDG uptake

reproducibility studies in localized carotid artery pla-

ques have reported moderate (background corrected)28

to excellent (with and without background correc-

tion)22,29 inter-observer agreement. The slightly

inferior inter-observer agreement for background-cor-

rected values found in our study could be related to

differences in the placement of the ROI in the jugular

vein as the diameter of the jugular vein often was small,

making the measurement susceptible to image noise.

However, this is an inherent limitation of all quantifi-

cation methods with background correction.

The optimal method should predict plaque vulner-

ability and clinical outcome. In the present study, all

quantification methods for 18F-FDG uptake showed

moderate correlation to inflammation on histopathology

(Table 4). The correlations were systematically slightly

higher when mean SUVmax was used instead of max

SUVmax. This was not unexpected as total plaque

inflammation score and mean SUVmax are both multi-

slice methodologies. Total plaque inflammation score is

a well-established method to correlate histology to

ischemic symptoms,2,3 or to 18F-FDG uptake.17 When

comparing max SUVmax with the slice with the highest

percentage inflammatory area, the correlation did not

Figure 7. Scatter plots with correlation lines of total area with inflammatory cells versus
uncorrected (A, B) and background-corrected (TBR: C, D and cSUV: E, F) max and mean SUVmax.
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increase (data not shown). This is in accordance with

Tawakol et al17 who found slightly higher correlations

between overall plaque inflammation and histology than

a slice-by-slice comparison of uptake value and histol-

ogy. How to use histology as a gold standard to imaging

is challenging. We know that excised plaques both

shrink17 and may be partly damaged.17,25

The strength of our study was the close timing

between the PET examinations and the endarterectomies.

Our study patients had plaques not only presumed highly

inflammatory giving recent symptoms, but also plaques

removed prophylactically from asymptomatic patients.

A limitation of our study is the inclusion of patients

with elevated blood glucose. Four had blood glucose

values[ 11 mmol/L (198 mg/dL) and three 7-11 mmol/

L (126-198 mg/dL) at the time of the 18F-FDG injection.

Elevated blood glucose is known to reduce the uptake of
18F-FDG into metabolic active cells in malignant dis-

eases.30 Guidelines for the clinical use of 18F-FDG in

inflammation and infection31 also recommend the reduc-

tion of blood glucose to the lowest possible level. In

studies on atherosclerosis, there is no consensus on a cut-

off value.12 Some studies do not report on blood glucose

level, whereas in other studies the cut-off values have

ranged from 8 mmol/L (144 mg/dL)21 to 11.1 mmol/L

(200 mg/dL).16 Our correlations between histology and

the different 18F-FDG quantification methods were

slightly increased when excluding the four patients with

blood glucose level[ 11 mmol/L. We have not excluded

patients with high blood glucose in the correlation

analysis of the different uptake parameters and thereby

we do not know if this has contaminated our results. In the

44 included patients, there was no correlation between

blood glucose and background SUVmean. Another

limitation is the wide range of circulation times (68-

156 minutes) that could have influenced the plaque 18F-

FDG uptake by underestimating background-corrected

values for patients with shorter circulation times and by

overestimating background-corrected values for patients

with longer circulation times. However, for 38 of the 44

patients the PET acquisition started between 85 and

115 minutes after 18F-FDG injection, and thus, it is

unlikely that difference in circulation time would change

the findings in our study.

NEW KNOWLEDGE GAINED

Our study showed that SUVs without background

correction from large plaques in the carotid artery can be

used as inflammatory parameter in atherosclerosis.

CONCLUSION

In conclusion, in carotid artery stenosis equal to or

above 70%, 18F-FDG uptake reflects the inflammatory

status as assessed on histology. Increasing number of

PET slices or background correction did not improve the

correlation.
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Abstract 

A significant proportion of ischemic strokes are caused by emboli from unstable 

atherosclerotic carotid artery plaques. Inflammation is a key feature of plaque instability. 

Positron emission tomography/computed tomography (PET/CT) with 2-deoxy-2-(18F)-fluoro-

D-glucose (18F-FDG) is a promising technique to quantify plaque inflammation, but a 

consensus on the methodology has not been established. High inter-reader agreement is 

essential if 18F-FDG PET/CT is to be used as a clinical tool for the assessment of unstable 

plaques and stroke risk. We assessed the inter-reader variability of different methods for 

quantification of 18F-FDG uptake in 43 patients with carotid artery stenosis ≥70%. Two 

independent readers delineated the plaque and collected maximum standardized uptake value 

(SUVmax) from all axial PET slices containing the atherosclerotic plaque. Uptake values with 

and without background correction were calculated. Intraclass correlation coefficients were 

highest for uncorrected uptake values (0.97-0.98) followed by those background corrected by 

subtraction (0.89-0.94) and lowest for those background corrected by division (0.74-0.79).  

Quantification methods without background correction have the highest inter-reader 

agreement for 18F-FDG PET of carotid artery plaque inflammation. The use of the single 

highest uptake value (max SUVmax) from the plaque will facilitate the method’s clinical utility 

in stroke prevention.  
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Introduction 

Ischemic strokes caused by thromboembolism from an unstable atherosclerotic plaque in the 

carotid artery can be prevented by carotid endarterectomy (CEA).1-3 Patients are selected for 

CEA based on the degree of carotid artery stenosis and presence or absence of cerebral 

ischemic symptoms. In recent years it has become increasingly clear that the degree of 

stenosis alone is not the best predictor of stroke risk. This has led to the concept of the 

‘unstable plaque’ describing carotid plaques that carry high risk of stroke irrespective of the 

degree of artery stenosis and increased focus on factors that destabilize the plaque. 

Inflammation plays a key role in the development of an unstable plaque.4-6 

Positron emission tomography (PET) imaging of atherosclerosis has been rapidly 

evolving since the first reports of 2-deoxy-2-(18F)-fluoro-D-glucose (18F-FDG) uptake 

localized to the inflammatory macrophage rich areas in carotid artery plaques.7 The goal of 

the imaging technique is to detect carotid plaques that are at high risk of rupture and therefore 

carry high risk of stroke.18 F-FDG PET for the detection of unstable plaques is not in clinical 

use,8 partly due to lack of feasible PET protocols and consensus regarding imaging procedure, 

method for 18F-FDG uptake quantification and assessment of stroke risk, although several 

recommendations exist.9, 10 PET is an imaging modality with limited anatomical information, 

and it might therefore be challenging to define the vessel-segment-of-interest. Computed 

tomography angiography (CTA) is often used together with 18F-FDG PET when assessing 

patients with carotid artery stenosis, but selection of the plaque area for uptake measurements 

varies.11-13 A requirement for introducing a diagnostic method into clinical routine is high 

inter-reader agreement. Inter-reader agreement has been studied for a few selected uptake 

parameters with generalized vascular inflammation14, 15 and in patients with symptomatic 

carotid stenosis,12, 13 but to our knowledge no study has compared inter-reader agreement for 

different quantification methods.  
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The aim of this study was to assess inter-reader variability of different methods used 

for quantification of 18F-FDG uptake at PET/CT of carotid artery plaques. 

 

Materials and methods 

Study population 

The study cohort consisted of forty-three patients with ultrasound-confirmed atherosclerosis 

with internal carotid artery stenosis ≥70% according to consensus criteria of the Society of 

Radiologists in Ultrasound.16 Patient characteristics are summarized in Table 1. There were 

30 men (66 ± 9 years) and 13 women (67 ± 8 years) with a mean age of 66.2 years. The study 

protocol conformed with the ethical guidelines of the 1975 Declaration of Helsinki and was 

approved by the Norwegian Regional Committee for Medical and Health Research Ethics 

South-East A (approval number S-09233a). Written informed consent was obtained from all 

patients prior to study inclusion. 

 

Table 1. Patient characteristics (n = 43) *  

*The patient material is included in previously published studies.17, 18 

 

 

Age, years; mean ± SD 66.2 ± 8.4 

Sex, male; n (%) 30 (69.8) 

Blood glucose, mmolL-1; mean ± SD (range) 6.8 ± 2.2 (4.9 - 14.9) 

Bodyweight, kg; mean ± SD (range) 82.4 ± 15 (55 - 110) 

Body mass index, kg/m2; mean ± SD (range) 27.5 ± 4.5 (19.9 - 34.8) 
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18F-FDG PET/CT examination  

After a minimum of six hours fasting the patients were injected with 5 MBq/kg 18F-

FDG and blood glucose, weight, and height were recorded. After approximately 90 minutes a 

two-bed position PET/CT from the base of the skull to the aortic arch was performed with 15 

minutes per bed position using a hybrid PET/CT scanner (Siemens Biograph 64, Siemens 

Medical Systems, Erlangen, Germany). The PET images were acquired with a 256 x 256 

matrix and the images were reconstructed to two millimetre thick slices, with four 

iterations/eight subsets ordered subset expectation–maximization (OSEM) algorithm and 

Gaussian post-reconstruction filter with 3.5 mm full width half maximum (FWHM). In 

addition to a non-contrast CT for attenuation correction a CTA with contrast filling of the 

arteries (minimum 40 mL Iomeron (iodine 350 mg/mL; Bracco Imaging S.P.A, Milan, Italy) 

or Visipaque (iodine 320 mg/mL); GE Healthcare, Chicago, USA) was acquired immediately 

after the PET when still lying in the scanner for 16 of the 43 patients. For 24 patients CTA 

was performed at other radiologic departments. For three patients no CTA was available when 

the PET images were analysed.   

 

Image analyses and 18F-FDG quantification  

The images were assessed with Hybrid Viewer 2.0 software (Hermes Medical Solutions AB, 

Stockholm, Sweden). Two experienced nuclear medicine senior consultants independently 

evaluated the 18F-FDG PET/CT examinations. The two readers (R1 and R2) did not undergo 

any joint training before assessing the images, but they agreed on how to perform the 

analyses. The instructions were to use the CTA as guide for drawing the region of interests 

(ROIs) on the fused slices (PET and non-contrast CT). The plaque was defined as vessel wall 

thickening and a lumen contrast-filling defect on CTA.11 The ROIs were drawn around the 
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entire vessel wall and lumen on all plaque-containing axial PET slices (Figure 1). For patients 

without CTA available, the plaque was defined as vessel wall with calcification and fat 

deposits in the level of the carotid bifurcation. Uptake in structures close to the plaque (e.g. 

lymph nodes, paravertebral muscles or salivary glands) that could falsify the plaque uptake 

values were excluded from the ROI. The number of plaque-containing slices for each patient 

was recorded. The pixel values in the PET images were converted into SUV and normalized 

to lean body mass.19 SUVmax in all plaque containing ROIs were recorded. Background blood 

pool activity was obtained from four ROIs placed in the lumen of the jugular vein away from 

structures with 18F-FDG uptake but preferably in the same craniocaudal level as the plaque. 

The background was calculated as the mean of the SUVmean in these four ROIs. Different 

measures of 18F-FDG uptake were calculated (Table 2) as previously described in detail.17 

Blood background corrected values were calculated as the 18F-FDG uptake values divided by 

the mean blood pool activity (TBR) and subtraction of the blood pool activity from the 18F-

FDG uptake values (corrected SUV (cSUV)). 
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Fig 1. Region of interest. On each plaque-containing axial slice a region of interest (ROI) 

was drawn manually around the entire vessel wall including the plaque and the lumen. A 

(fused PET/non-contrast CT) and B (PET) show increased uptake (arrow) in the plaque in the 

right internal carotid artery. C shows how the plaque location on contrast enhanced CT (low 

attenuation plaque with thin contrast filled lumen in the centre) guides the actual drawing of 

the ROI (green dotted line) on the fused PET/non-contrast CT (D). 

 

 



Johnsrud, Seierstad, Russell & Revheim   Inter-reader FDG PET carotid plaque                                                            8 
 

 
 

 

Table 2. Plaque 18F-FDG uptake measures. 

Uptake measure Description 

max SUVmax the single highest SUVmax 

mean SUVmax mean of all plaque SUVmax 

MDS3* 
mean SUVmax of the three contiguous slices centered on the slice with 

the highest SUVmax  

MDS5* 
mean SUVmax of the five contiguous slices centered on the slice with 

the highest SUVmax  

mean SUVmax4 mean SUVmax of the four slices with highest SUVmax   

*MDS, most diseased segment 

 

Statistical analysis 

The IBM SPSS Statistics software for Windows (version 25.0; IBM Corp., Armonk, USA) 

was used for data analyses. Groups of paired data were compared using the Wilcoxon signed 

rank test for non-normally distributed variables. Inter-reader agreement was calculated using 

intraclass correlation coefficients (ICC’s; model two-way random, type absolute agreement). 

All statistical results were considered significant when p < 0.05.  
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Results 

The different 18F-FDG uptake values for the two readers are summarized in Table 3. Reader 2 

identified significantly more slices as plaque containing (median; 10, range; 4-23) than reader 

1 (median; 9, range; 3-18) (p = 0.001). 

 

Table 3. 18F-FDG uptake values and intraclass correlation coefficients between the two 

readers (n = 43 patients).  

Quantification method 

18F-FDG uptake values ICC 

Reader 1 Reader 2 p  

Max SUVmax 1.74 (1.18 - 2.66) 1.74 (1.20 - 2.66) 0.304 .979 

Mean SUVmax  1.51 (1.11 - 2.28) 1.51 (1.06 - 2.15) 0.687 .973 

MDS3 1.68 (1.17 - 2.51) 1.68 (1.19 - 2.51) 0.400 .978 

MDS5 1.64 (1.15 - 2.32) 1.63 (1.17 - 2.45) 0.438 .972 

Mean SUVmax4  1.68 (1.15 - 2.45) 1.68 (1.13 - 2.45) 0.060 .972 

Background 0.87 (0.55 - 1.26) 0.89 (0.55 - 1.30) 0.245 .767 

TBR max SUVmax 1.95 (1.34 - 3.07) 2.02 (1.34 - 2.68) 0.314 .792 

TBR mean SUVmax  1.72 (1.16 - 2.59) 1.76 (1.25 - 2.37) 0.232 .741 

TBR MDS3 1.87 (1.26 - 2,89) 1.97 (1.30 - 2.55) 0.296 .775 

TBR MDS5 1.80 (1.22 - 2.79) 1.94 (1.24 - 2.53) 0.241 .769 

TBR mean SUVmax 4 1.81 (1.26 - 2.82) 1.93 (1.31 - 2.61) 0.358 .758 

cSUV max SUVmax 0.83 (0.42 - 1.79) 0.87 (0.38 - 1.67) 0.837 .944 

cSUV mean SUVmax  0.68 (0.20 - 1.28) 0.68 (0.28 - 1.19) 0.435 .893 

cSUV MDS3 0.80 (0.33 - 1.64) 0.79 (0.34 - 1.51) 0.769 .931 

cSUV MDS5 0.75 (0.28 - 1.45) 0.76 (0.27 - 1.45) 0.595 .916 

cSUV mean SUVmax4 0.74 (0.32 - 1.58) 0.77 (0.35 - 1.45) 0.975 .919 

Data are given as median (range). P-value from Wilcoxon signed ranks test. SUV, 

standardized uptake value; MDS, most diseased segment; TBR, target-to-background ratio; 

cSUV, background subtracted SUV; ICC, intraclass correlation coefficient.  

 

There were no differences in 18F-FDG uptake between the two readers (Table 3). The 

ICC for the different 18F-FDG quantification methods was highest for uncorrected SUVs 

(0.97-0.98) followed by cSUVs (0.89-0.94) and TBRs (0.74-0.79), and 0.77 for the 
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background blood pool (Table 3). The differences in the median for the uptake values 

between the readers ranged from 0.00 and 0.01 for the uncorrected SUVs to 0.04-0.14 for 

TBRs (0.14 for TBR MDS5). The difference for the background value was 0.02 (Table 3).  

Figure 2 shows the differences in max SUVmax and mean SUVmax for individual 

patients for the two readers without background correction (A and B), and the corresponding 

values when the 18F-FDG uptake is corrected for background blood pool by division (TBR; 

2C and 2D) and by subtraction (cSUV; 2E and 2F). The difference in venous background is 

shown in Figure 2G. The difference between the readers is highest for the uptake values 

corrected for background blood pool by division (2C and 2D), and lowest for the uptake 

values without background correction (2A and 2B). 
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Fig 2. Inter-reader difference for the 18F-FDG quantification methods. Difference 

between the readers (R2 minus R1, y-axis)) for the included patients (x-axis). Max SUVmax 

(A), mean SUVmax (B), TBR max SUVmax (C), TBR mean SUVmax (D), cSUV max SUVmax 

(E), cSUV mean SUVmax (F), and venous background (G). 
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Discussion 

In this study we found high inter-reader agreement between different methods for 18F-FDG 

uptake quantification of inflammation in high grade carotid artery stenosis. The inter-reader 

agreement was highest for the methods without background correction. Two studies in 

patients with carotid stenosis supports our finding that methods without correction for 

background blood activity have higher inter-reader agreement than background corrected 

values: Kwee et al.12 reported an ICC of 0.61 for TBR mean SUVmax and 0.65 for TBR max 

SUVmax, and Marnane et al.13 found an ICC of 0.99 for mean SUVmax.  

In our study the highest ICC was found for max SUVmax (0.98). For the methods 

without background blood pool correction only 12% of the max SUVmax and 14% of the mean 

SUVmax measurements differed with more than ± 0.10 (Figure 2A, B). Patient number 42 is an 

outlier with an inter-reader difference of 0.38. This is probably due to different delineations of 

the plaque ROIs as this patient had high uptake in neighbouring muscle (Figure 3). Reader 1 

can have excluded more of the plaque ROIs to be sure to avoid spill-in activity than reader 2. 

The problem with spill-in from neighbouring structures is due to the relatively low spatial 

resolution of PET combined with unspecific uptake of 18F-FDG.  
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Fig 3. Spill-in activity. Fused image of non-contrast CT and PET (A) and contrast enhanced 

CT (B) show a plaque in the level of the right carotid bifurcation with low uptake but with 

high uptake in nearby muscles. PET with normal intensity on the SUV scale (C) and PET with 

high intensity on the SUV scale (D) show that 18F-FDG uptake from nearby muscle activity 

influences the ROI around the plaque (inserted picture at 4 to 5 o'clock position). 

 

For the background corrected values, the difference was larger with 40% of TBR max 

SUVmax and 30% of TBR mean SUVmax having a difference of ± 0.25 or more (Figure 2C, D). 

In our previous study exploring 18F-FDG-uptake in symptomatic versus asymptomatic 
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patients18 the difference in median mean SUVmax between the groups was 0.32 (1.75 versus 

1.43). In two studies using TBR max SUVmax as uptake parameter the difference was found to 

be 0.19 and 0.29.20, 21 Thus, methods with reader difference of 0.25 prohibit differentiation 

between symptomatic and asymptomatic patients.  

We found an ICC for background blood pool activity of 0.77. This discordant 

assessment of background blood pool activity introduces variation in TBR and cSUVs due to 

methodology rather than biology. The background blood pool activity in our study was 

obtained from four ROIs within the lumen of the jugular vein preferably in the same 

craniocaudal level as the plaque. The vena jugularis has a small diameter and it was often 

challenging to draw reproducible ROIs within the vein that excluded contribution from 

neighbouring structures. In a 18F-FDG PET study of generalized vascular inflammation in 

which the background blood pool activity was obtained from eight ROIs in the jugular vein 

the ICC for TBR mean SUVmax of the carotid arteries was 0.94-0.96.14 This suggests that 

including data from more slices or from a larger vessel segment such as the vena cava 

superior or atria of the heart could have reduced the inter-reader variability of measuring the 

blood pool activity. In this study the two readers also had trained together by co-reading 

several pilot studies before they established an analysis protocol.14 This is optimal for 

research studies, but hard to accomplish in larger trials where the readers often are located in 

different departments.   

There is a large amount of studies that quantifies the 18F-FDG uptake in the vessel 

wall of patients with suspected generalized vascular inflammation (atherosclerosis not 

necessarily confirmed by other imaging methods). Although our findings cannot 

automatically be generalized, one might question the need for background correction for these 

patients. 
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Reader 2 included significantly more plaque-containing slices than reader 1. This did 

not reduce the ICC of the 18F-FDG measurements, supporting that the plaque slices with the 

highest uptake values all were included in both readers plaque area and that the number of 

slices included in the plaque area has minimal influence on mean SUVmax. Our interpretation 

of this finding is that the plaque inflammation we can detect with 18F-FDG PET is 

homogeneously spread out, and also present in the extreme tails of the plaque. This was also 

one of our main findings when we explored associations between different 18F-FDG uptake 

parameters and plaque inflammation at histopathology.17 Furthermore, this is in accordance 

with the study results from Kwee et al.12 who found a strong correlation between TBRs of 

ipsilateral symptomatic plaques and contralateral asymptomatic plaques and supports the 

hypothesis that plaque inflammation is systemic to some extent.  

A strength of our study is a relatively large patient population with a wide range of 

uptake values (max SUVmax from 1.18 to 2.66) representing low to high plaque inflammatory 

activity confirmed by histology.17   

In conclusion, our study confirms the reproducibility of quantification of 18F-FDG 

uptake in carotid artery plaques and supports the superiority of quantification methods that do 

not include blood pool background. The ICC was highest for max SUVmax (the single highest 

uptake value within the plaque) and thus, our suggestion is to further explore this parameter 

for atherosclerosis imaging.  
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