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Abstract 
Atherosclerosis causes more deaths than any other disease worldwide, and the cause 
of death is most commonly a rupture of a vulnerable atherosclerotic plaque, resulting 
in a thrombotic event in the heart or brain. The major risk factors for plaque 
progression are well known, but all the mechanisms that drive atherosclerotic 
plaques towards catastrophic events are not yet fully elucidated.  

This thesis revolves around the atherosclerotic plaque; how plaques can be 
analysed using cardiovascular magnetic resonance imaging and the study of 
biological responses to cardiovascular risk management. In Study I we interrogated 
the quality of cardiovascular risk management in patients diagnosed with high-grade 
carotid stenosis and found that cardiovascular risk management was deficient in all 
aspects, despite the very high risk for events in these patients. Thus, we designed the 
next two studies to address the unmet clinical need for improved cardiovascular risk 
management in patients with carotid atherosclerosis while at the same time asking 
mechanistic questions about the effect of this approach on lymphocyte phenotypes 
(Study II) and on plaque composition (Study III). 

In Study II, the effect of cardiovascular risk management on Natural Killer cell, 
Natural Killer T cell and T lymphocyte subpopulations were studied in patients with 
carotid atherosclerosis. Our results show a polarisation away from a senescent 
phenotype towards more naïve i.e., juvenile cell types suggesting a transition towards 
a possibly less pro-inflammatory lymphocyte profile.  

In Study III, we applied a newly developed quantitative Dixon MRI technique to 
the quantification of lipid rich necrotic core and hemorrhage inside atherosclerotic 
plaques. Employing this technique, we explored the relationships between these 
high-risk plaque compositional features and circulating lipoproteins as they changed 
over time in response to cardiovascular risk management. In the current study there 
was no evidence for such a linear relationship. 

To further study the associations between inflammation and quantitative plaque 
measurements we explored in Study IV the relationship between inflammation in 
atherosclerotic plaques as measured by 18F-FDG uptake and features of high-risk 
plaque as measured by quantitative Dixon MRI.  

To facilitate the use of carotid MRI in larger cohorts we developed in Study V a 
technique for the segmentation of the carotid artery using supervised machine 
learning.  
Taken together these studies describe the importance of cardiovascular risk 
management, the complexity of atherosclerotic plaque biology and they propose new 
strategies for quantitative plaque imaging. 



 

 
 

  



 

 
 

Populärvetenskaplig Sammanfattning 
 
 
Ateroskleros (åderförkalkning) är den dödligaste sjukdomen i Sverige och världen och 
ger upphov till både hjärtinfarkt och stroke. Symtom uppkommer på grund av händelser 
i aterosklerotiska plack, förträngningar inuti kärl som bildats som en följd av 
åderförkalkningen. När plack brister sker en proppbildning i kärlsystemet med 
hjärtinfarkt som följd om detta sker i hjärtats kranskärl, och stroke om placket är 
lokaliserat i något av halskärlen. Vad som leder till att vissa plack blir benägna att brista 
(rupturera) är ännu ovisst. Många riskfaktorer är kända och väl studerade, men mycket 
finns kvar att utforska. Det övergripande syftet med denna avhandling är att bidra till 
kunskapen om aterosklerossjukdom och aterosklerotiska plack genom att understryka 
vikten av preventionsbehandling, att beskriva komplexiteten i de mekanismer som 
driver plackens utveckling och slutligen genom att föreslå nya tekniker för hur man med 
magnetkamerateknik kan studera plackens sammansättning hos enskilda patienter.  

Avhandlingens studier bidrar med ny kunskap om hur behandling av patienter med 
avancerad ateroskleros påverkar vissa inflammatoriska celltyper. Behandling som syftar 
till att sänka blodfetter och blodtryck samt att värna om ett hälsosamt leverne tycks ha 
positiva effekter på de inflammatoriska cellerna, vilket skulle kunna vara en förklaring 
till det vi redan vet - att sådan behandling är effektiv för att förhindra hjärtinfarkt och 
stroke. Samtidigt så har vi visat att behandling av hög kvalitet inte är tillgänglig för alla 
med avancerad aterosklerossjukdom. Patienter med aterosklerosförändringar i 
halskärlen har en hög risk att drabbas av kardiovaskulära händelser, men många inom 
just denna patientgrupp behandlas idag inte i den utsträckning som de skulle ha nytta 
av. Studierna har också inneburit en utveckling av nya bilddiagnostiska metoder för att 
möjliggöra granskning av innehållet i aterosklerotiska plack och hur de förändras över 
tid och efter behandling. Nya MR-metoder kan med hög upplösning och på ett 
kvantitativt sätt mäta innehållet i plack, och identifiera och mäta komponenter som visat 
sig vara särskilt farliga.  

Sammanfattningsvis så bidrar avhandlingen med ny kunskap avseende 
inflammatorisk respons vid kardiovaskulär riskbehandling samt med förslag till nya 
metoder för avbildning av plack, vilket genom vidare utveckling i framtiden kan hjälpa 
oss att skräddarsy behandling och riskvärdering vid avancerad hjärt- och kärlsjukdom.  
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Abbreviations 

 
 
18F-FDG  18Fluoro-DeoxyGlucose 
3D   Three-Dimensional 
CT  Computed Tomography 
CMV  Cytomegalovirus 
ECA  External Carotid Artery 
ESC  European Society of Cardiology 
FF   Fat Fraction 
GLP-1RA   Glucagon-like peptide-1 receptor agonist 
HBA1C  Haemoglobin A1c 
ICA  Internal Carotid Artery 
IP   In-Phase 
IPH   Intraplaque Haemorrhage 
LDL  Low-Density Lipoprotein 
LRNC   Lipid Rich Necrotic Core 
MRI   Magnetic Resonance Imaging 
NK  Natural Killer  
NKT  Natural Killer T-like  
OP   Out-of-Phase 
PCSK9  Proprotein Convertase Subtilisin Kexin type 9 
PDW   Proton Density Weighted 
PET  Positron Emission Tomography 
SCAPIS  Swedish CardioPulmonary bioimage Study 
SGLT-2  Sodium-glucose Cotransporter-2 
TC  Cytotoxic T cell 
TH  T Helper cell 
TIA  Transient Ischaemic Attack  
TOF  Time Of Flight 
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Introduction 

 
Atherosclerosis is the deadliest disease worldwide and has been known to humankind 
since ancient times. Documentation of atherosclerotic lesions dates back more than 3500 
years and atherosclerotic plaques have been found in Egyptian mummies dating from 
1580 BC (1, 2).  
The term “arteriosclerosis” was first introduced by Lobstein (1777-1835), and used to 
describe sclerotic changes in the arterial wall (3), the term was later altered into 
“atherosclerosis” by Felix Marchand (4). The name implies the two main components 
of the lesion; “athero” the Greek word for gruel, corresponding to the necrotic core area 
in the centre, and “sclerosis” from the Greek word for hardening or induration, 
describing calcifications and the fibrous cap surrounding the plaque (5). One of the 
earliest researchers within this field was Krell, who in 1740 published a dissertation on 
hardening of coronary arteries explained by atherosclerotic changes (6). Also, Morgagni, 
an Italian pathologist, reported on atherosclerotic changes in coronary arteries in his 
anatomical writings in the 1700’s (7). Atherosclerosis as an inflammatory disease was 
elucidated by Joseph Hodgson in 1815, who claimed that inflammation was the 
underlying cause of atherosclerosis and also identified that the disease processes 
occurred in the arterial intima (8). However, not until the late 1980s the concept of 
inflammation as the main driver of atherosclerosis became more widely accepted, 
together with a progressing understanding of the interplay between macrophage-
produced cytokines and vascular cells (9). The role of cholesterol as a major trigger of 
disease was described by Anichov in 1913 as the provocateur of atheromatous changes 
in the vascular wall (10).  
 
Despite a centuries-old research tradition in the field of atherosclerosis, the disease is 
still poorly understood. For example, it is still impossible to predict which 
atherosclerotic plaques will rupture and thus cause myocardial infarction or stroke. The 
processes involved in plaque progression and regression are only beginning to be 
elucidated and the mechanisms through which preventive treatment for patients with 
atherosclerosis achieves its beneficial effect have not been fully clarified.  
 
Most of our understanding about the patho-biology of atherosclerosis is derived from 
animal models and ex-vivo histology of human plaques, the latter representing a single 
time point in the dynamic evolution of an atherosclerotic plaque. A central premise of 
the current thesis is that clinically applicable, quantitative plaque imaging techniques 
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will increase understanding of the relationships between systemic factors such as 
circulating lipid levels, immune cells and inflammatory cytokines versus the 
composition and evolution of plaques over time. To test this concept, the thesis focuses 
on patients with atherosclerosis in the carotid arteries because these are easily accessible 
for plaque imaging. Furthermore, these patients do not receive optimal cardiovascular 
risk management despite their very high cardiovascular risk. Thus, there is an unmet 
clinical need for optimised cardiovascular risk management in these patients. We 
hypothesised that optimisation of cardiovascular risk management in this patient group 
would be an intervention that would allow us to test the utility of quantitative plaque 
imaging as a tool to further our understanding of the response to treatment and the 
relationship between systemic factors versus plaque size and composition.  
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Background 

 

Atherosclerosis is a systemic disease 

Death from atherosclerosis is predominantly from ischemic heart disease and stroke. 
Worldwide, ischemic heart disease has become the primary cause of death while stroke 
currently ranks third after lower respiratory tract infections (11). Thus, ischemic heart 
disease and stroke combined are the primary causes of disability-adjusted life-years for 
individuals over 50 years of age. The transition towards global dominance of ischemic 
heart disease and stroke has occurred since the 1990s (11). However, in high-income 
countries compared to the middle of the 20th century, there has been a major decline in 
clinical manifestations of atherosclerosis, due to improved treatment and prevention 
strategies (12). 
 
Fatal- and non-fatal cardiovascular events are most often caused by rupture of 
atherosclerotic plaques. Plaque rupture leads to thrombotic occlusion of the artery at the 
site of rupture causing ischemic necrosis downstream from the occlusion. Criteria have 
been established to identify so-called vulnerable i.e., rupture prone plaques and 
diagnostic tools capable to detect vulnerable plaques and vulnerable patients, those at 
greatest risk of plaque rupture, are much sought after (13). The identification of patients 
at increased risk of cardiovascular events who may benefit the most from interventions 
and intensified preventive measures is therefore a major ongoing challenge (14).  
 
Atherosclerosis primarily affects large arteries in the cardiovascular system. The acute 
and chronic manifestations of atherosclerosis are different depending on the vascular 
territory involved. A plaque rupture in a coronary artery leads to myocardial infarction, 
whereas plaque rupture in the internal carotid artery is followed by a stroke. Symptoms 
from both events are caused by ischaemia in the end organ (heart or brain). In the 
Progression of Early Atherosclerosis (PESA) study, a population study of asymptomatic 
middle-aged individuals (mean age 46 years), atherosclerotic plaques (in any vascular 
territory) were observed in 63%. Arterial plaques were most frequent in the iliofemoral 
territory (44% of subjects), followed by the carotid artery (31%) and the aorta (25%) (15). 
The largest gender difference was observed in coronary plaque frequencies, where 
coronary calcification was seen in 25% of middle-aged men but only 5% in women (15). 
The older the population, the more advanced the atherosclerotic changes become in all 
these arterial territories. Importantly however, atherosclerotic progression differs 
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between individuals. Some individuals are apparently more vulnerable and affected by 
a larger disease burden than others, in a way that cannot be explained by traditional risk 
factors alone. Therefore, there is a continuous search for these unknown factors and 
interactions. 
 
The focus of the current thesis is plaques located in the carotid artery, because this vessel 
is easily accessible for imaging; the risk for motion artefacts is less compared to coronary 
arteries and it is relatively large.  
 

Carotid atherosclerosis in the population 

Carotid stenosis is defined as a narrowing of the lumen of the carotid artery caused by 
atherosclerosis. Anatomically, the most common site for these atherosclerotic changes 
is the carotid bifurcation, the point of division from the common carotid artery to the 
internal and external carotid artery. In the carotid arteries oxygenated blood is 
transferred from the ascending aorta to the cerebral circulation (Figure 1). Plaque 
rupture in the carotid area usually results in a transient ischemic attack (TIA) or stroke. 
At least 20% of all strokes are caused by carotid stenosis (16).  
 
In an international population, the prevalence of 50-70% carotid stenosis among 
individuals <70 years is 4.8% in men and 2.2% in women. Prevalence increases with 
increasing age to 12.5% in men and to 6.9% in women aged ≥70 years (17). The pooled 
prevalence of severe stenosis (>70% stenosis) is lower, 1.7% (17). These numbers are in 
line with a Swedish study of 65-year-old men, where carotid stenosis (degree of stenosis 
50-99%) was observed in 2.0%, and carotid plaques (>2x6 mm) in 25% (18).  
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Figure 1. The internal carotid and vertebral arteries. Right side. Contributed by Gray's Anatomy 
Plates. Copyright © 2022, StatPearls Publishing LLC. Distributed under the terms of the Creative 
Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/.  
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Carotid atherosclerosis, historical perspectives 

In the 1980s and 1990s randomised trials were conducted to evaluate available treatment 
at the time for patients with carotid stenosis: surgical removal of carotid plaques through 
endarterectomy or stenting. The results from these trials have until this day influenced 
guidelines for treatment of carotid disease. Both the North American Symptomatic 
Carotid Endarterectomy Trial (NASCET), and European Carotid Surgery Trial (ECST) 
indicated that carotid endarterectomy reduced the risk of stroke and cardiovascular 
death in patients with recent neurological symptoms due to carotid stenosis (19, 20). A 
few years later, results from Asymptomatic Carotid Surgery Trial (ACST) and 
Asymptomatic Carotid Atherosclerosis Study (ACAS) showed that endarterectomy 
could reduce the risk of cerebrovascular ischaemic events also for patients with 
asymptomatic stenosis of ≥60%, compared to medical therapy alone (21, 22). These trials 
led to an increased number of surgically treated patients. Notable is that all these trials 
were performed in an era when cardiovascular prevention was at a rudimentary stage 
before the use of statins was established and the treatment of cardiovascular risk factors 
was of substantially less quality than today.  
 

Identifying carotid atherosclerosis upon imaging 

Carotid plaques 
There is no universal definition of what constitutes a carotid plaque upon imaging. 
Various imaging modalities are being used for the visualisation of changes in the arterial 
wall, all with different measurement- and assessment tools. However, there is no 
consensus on the minimum changes required for a protrusion into the arterial lumen to 
be considered a ‘plaque’. Using diagnostic ultrasound, a protrusion leading to a total 
wall thickness of >1.5 mm (23), or a local thickening that protrudes into the lumen by 
≥0.5 mm, or a protrusion by 50% of the combined thickness of the intima and media 
have all been defined as atherosclerotic plaque (24, 25). In carotid MR there is extensive 
literature describing plaque composition and imaging techniques, but the minimum 
criteria for plaque size are utterly vague. In practice, criteria used in ultrasonography are 
frequently used in carotid MRI (26). The author’s own experience, based on MR imaging 
of patients with advanced atherosclerosis, is that plaques are difficult to delineate 
because the atherosclerotic changes usually affect the entire arterial wall stretching over 
centimetre-long segments, not in the form of protruding plaques with clearly delineated 
start- and end points. These atherosclerotic changes tend to appear in segments with 
increased tortuosity (Figure 2) and varying degrees of atherosclerotic wall protrusion.  
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Figure 2. Magnetic resonance angiography showing straight arteries in healthy middle-aged 
individual (left) compared to tortuous vessels in elderly individual with atherosclerotic disease 
(right). 

A B
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Carotid stenosis
Stenosis is a concept used if the atherosclerotic changes cause a narrowing of the arterial 
lumen by a certain degree. Carotid artery stenosis can be classified as mild (<50% of the 
lumen diameter), moderate (50% to 69%), severe (70% to 99%), and occlusive (100%)
(27). The stenosis is usually located in the carotid bifurcation, as shown in Figure 3. In 
clinical practice the degree of stenosis is commonly measured using duplex ultrasound, 
with a method that combines B‐mode ultrasonography for morphological images and 
pulse‐wave Doppler spectrum analysis for flow velocity measures. The first validated 
classification of stenosis based on objective velocity criteria, known as the ‘Strandness
Criteria’, was published in 1987 (28). Thereafter different criteria for the classification of 
carotid stenosis developed. Finally, in 2003, the American Society of Radiology held a 
conference and standardised the ultrasound criteria to determine stenosis based on the 
maximum flow velocity at the point of maximum lumen intrusion (27). A peak systolic 
velocity of 1.25-2.3 m/s in the internal carotid artery corresponds to a degree of stenosis 
50-69% and velocities >2.3 m/s corresponds to ≥70% stenosis (27). Both sensitivity and 
specificity using duplex ultrasound as a diagnostic tool is considered to be high (29).  

Figure 3. Carotid artery with an example of common distributions of atherosclerotic lesions. 
Plaques are usually located around the carotid bifurcation, here drawn in grey. 
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Cardiovascular risk in patients with 
established atherosclerosis 

 

Cardiovascular risk assessment  

The purpose for the treatment of patients with carotid plaques or carotid stenosis 
primarily is the prevention of stroke (primary- and secondary stroke prevention), but 
also the reduction of overall cardiovascular risk. Within this context it is important to 
note that any individual with unequivocally documented carotid plaque upon imaging 
often also has plaques in other vascular territories and generally is at very high risk for 
future cardiovascular events and should be treated accordingly (15, 30). Very high risk 
implies a ≥10% risk for future fatal and non-fatal cardiovascular events (31). This risk is 
further increased by known comorbidities such as diabetes mellitus, chronic kidney 
disease, hypertension, and risk modifiers such as psychosocial stress and socioeconomic 
factors (32). Thus, full assessment of an individual’s cardiovascular risk should take into 
account any evidence of atherosclerosis upon imaging, and the full spectrum of risk 
factors and comorbidities summarised in Table 1. 
 
When our research group started to focus on patients with carotid stenosis, we soon 
discovered that even though these patients rank in the “very high risk” category, it was 
unclear to what extent their cardiovascular risk management was commensurate with 
this very high risk. We also observed that the clinical risk factor burden (according to 
Table 1) was high, but the overall cardiovascular event rate in this group was unknown. 
This led us to initiate Study I, with the aim to assess the quality of cardiovascular risk 
management and cardiovascular events in patients with documented carotid stenosis in 
Östergötland. 
 

Treatment of patients with carotid stenosis 

Carotid stenosis equals a manifestation of advanced atherosclerosis, and even though 
the natural course for these patients was unclear at the time before Study I, the 
recommendations for cardiovascular risk management in this risk category of patients 
were not. Both lifestyle management and the treatment of modifiable risk factors has 
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been proposed in European Guidelines since 2012 and was also recognised the preceding 
decades (33).  
For patients with carotid stenosis ≥70% and ipsilateral stroke or TIA within the 
preceding two weeks, carotid endarterectomy is an additional treatment option, but 
surgery is never a replacement for the medical- and lifestyle treatment which is strongly 
recommended for all patients (34). 
 
 
 
 
Table 1. Cardiovascular risk factors in overview. 
 

Main modifiable risk factors Comorbidities Additional risk factors 

Cigarette smoking Cancer Adiposity 

Diabetes mellitus Chronic kidney disease Biomarkers 

High levels of apo-B-
containing lipoproteins 
(LDL) 

Chronic obstructive 
pulmonary disease 

Body composition 

High blood pressure Infections 
Environmental 
exposure 

 Inflammatory conditions Ethnicity 

 Mental disorders Family history 

 Migraine with aura Frailty 

 Obstructive sleep apnoea Psychosocial stress 

  
Socioeconomic 
determinants 

 
The most important risk factors for atherosclerotic cardiovascular disease according to 
European Society of Cardiology Guidelines 2021 on cardiovascular disease prevention in 
clinical practice (35). 
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Evidence for lipid lowering treatment 
For the reduction of LDL in patients with carotid atherosclerosis for stroke prevention 
specifically, statins have shown their safety and effectiveness (36-38). Statins do not only 
reduce stroke risk but decrease cardiovascular mortality at all ages, in both men and 
women (39, 40). 
 
In primary stroke prevention (patients with established atherosclerosis but no previous 
ischemic stroke event), statin use is associated with a 15-20% reduction of overall stroke 
risk, driven by the reductions in ischemic stroke (41-43). Reduction of LDL with 1 
mmol/L is associated with a 21.2% reduced stroke risk (43). High intensity statin therapy 
(40–80 mg atorvastatin or 20–40 mg rosuvastatin daily) has proven to be even more 
effective for high-risk patients, with a 16% reduction in the relative risk of ischaemic 
stroke compared to lower dosage (37, 44). 
In secondary stroke prevention statin use reduces risk for recurrent stroke by 16%. This 
was shown in the Stroke Prevention by Aggressive Reduction in Cholesterol Levels 
(SPARCL) trial, where atorvastatin 80 mg/day was compared to placebo in patients with 
stroke or Transient Ischaemic Attack, TIA (45). The same study also showed a reduction 
in TIA (by -26%), major coronary events (-35%) and major cardiovascular events (-20%). 
A sub analysis of the SPARCL trial uncovered even greater benefits for patients with 
carotid stenosis, where the use of atorvastatin 80 mg was associated to a reduction in 
stroke with 33% and of major coronary events by 43% (46). Similar effects with reduced 
numbers of recurrent stroke are observed also with other types of statin usage, not only 
atorvastatin (47). Lower LDL targets (<1.8 mmol/L) have been shown to reduce 
subsequent cardiovascular events to a greater extent than targets set at a higher level (2.3 
– 2.8 mmol/L)(48). 
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Recommendations for preventive treatment in patients with established atherosclerosis 
are complex, and in part described in Table 2 above with additional comments on blood 
pressure management, smoking cessation, and diabetes mellitus in A-C below. For 
complete recommendations, please see ESC Guidelines (31-33, 49).  
 

A. Blood pressure management 
A first objective of treatment is to lower blood pressure to <140/90 mmHg, but there is a 
linear increase in risk of cardiovascular death from blood pressure levels starting at 90 
mmHg systolic and 75 mmHg diastolic and upwards (50). Therefore, it is recommended 
that systolic blood pressure should ultimately be lowered to a lower target range in 
patients <70 years (30). The benefit of blood pressure treatment depends on absolute risk 
and the extent of blood pressure reduction.  
 

B. Smoking cessation 
Cigarette smoking increases the cardiovascular risk at great length. A lifetime smoker 
will lose 10 years of life and has a 50% probability of dying due to smoking. Half of these 
deaths are caused by cardiovascular disease (51). Interestingly, smoking cessation, in 
contrast to smoking reduction, is associated with reduced cardiovascular risk (52).  
 

C. Diabetes mellitus 
Diabetes mellitus (both prediabetes, type 1, and type 2) is an independent risk factor for 
cardiovascular disease, increasing the risk of cardiovascular events twofold (depending 
on population and level of glycaemic control) (53). A HbA1c target of <53 mmol/mol is 
recommended for most patients with diabetes and atherosclerotic cardiovascular 
disease, alongside medical treatment with Metformin and GLP1 receptor agonist or 
SGLT-2 inhibitor (32).  
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Type of study: Retrospective study  
Number of patients: 393 
Timeline: Patient inclusion 2009 – 2012, two years follow-up. 
Manuscript published 2016 in European Journal of Cardiovascular 
Prevention. 
Aim: To assess the quality of cardiovascular risk management in 
patients diagnosed with high-grade carotid stenosis in Östergötland. 
To account for overall cardiovascular event rate during follow-up in 
these patients. 

 
As described above, it has been established in evidence-based 

guidelines that patients with carotid atherosclerosis are at very high 
cardiovascular risk and that cardiovascular risk management is 
effective and clearly recommended. Cardiovascular risk management 
is best provided by specialised, multi-disciplinary teams, such as those 
that provide cardiac rehabilitation after myocardial infarction (31). 
Patients with carotid atherosclerosis generally do not have access to 
such teams. This healthcare discrepancy also exists in Östergötland, 
and this led us to initiate Study I. 

Study I is a retrospective study describing a cohort of 393 
consecutive patients diagnosed with high-grade (≥70%) carotid artery 
stenosis during the years 2009-2012. The cohort included both 
individuals that were diagnosed through outpatient investigations as 
well as through hospitalisation, and the medical care was provided 
through different clinics and health care centres within Östergötland. 
This was not a population study or screening, but rather set up as a 
clinical follow-up of all individuals that within the time interval for the 
study received the diagnosis of high-grade stenosis through duplex 
ultrasound imaging, and the results obtained from this study can be 
perceived as an indication of how well the care giver responded to this 
diagnostic information.  

In the cohort of Study I we find that cardiovascular risk 
management was deficient in all aspects compared to 
recommendations in guidelines for cardiovascular prevention at the 

Study I 
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time. For example, LDL was on target (≤1.8 mmol/L) in merely 12.7% 
of patients within two years after diagnosis of high-grade carotid 
stenosis. Cardiovascular disease burden was high at baseline, with 
clinical manifestations of coronary artery disease in 30.8% of those 
who underwent endarterectomy, and 50.9% of those who were 
managed conservatively (p<0.05). The event rate during 2-year follow 
up was also high with 36.8% of those who underwent endarterectomy 
experiencing at least one event and 36.9% for those who were managed 
conservatively. There was no difference in ipsilateral stroke between 
those who underwent endarterectomy and those who were treated 
conservatively.  

The patients in Study I and patients with ischaemic heart disease 
rank in the same very high-risk category and therefore should have the 
same treatment goals. Thus, although these groups may differ 
regarding several clinical characteristics, it could be interesting to 
compare them regarding the extent to which treatment goals were 
met. The following data were obtained from the SEPHIA registry, a 
national registry that records the quality of cardiovascular risk 
management for patients with ischaemic heart disease in Sweden (54). 
Data are from 2014, which corresponds to the time frame for Study I:  

 
- 46% of myocardial infarction patients reached the target for 

lipid control (compared to 13.5% in Study I with the same 
target goals) and  

- 70% reached blood pressure targets (compared to 39.7% in 
Study I with the same target goals).  

 
One interpretation of these differences is that there are large 

differences in quality of care between these two patient groups. 
Further, a possible conclusion could be that a structured and multi 
professional health care team, like the set-up in cardiac rehabilitation, 
is more potent in attaining goals in patients with very high 
cardiovascular risk than if the patient does not have access to the same 
type of structured follow-up. One might also reason that if 
cardiovascular rehabilitation programmes were accessible for all high-
risk patient categories, including those with peripheral artery disease, 
apart from reducing healthcare discrepancies, this approach would 
lead to reduce healthcare costs because it would prevent repeated 
hospitalisation and treatment for recurrent cardiovascular disease. 
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Study I contributes new knowledge to the field of cardiovascular 
disease prevention by the documentation of quality of cardiovascular 
risk management in patients diagnosed with high grade carotid artery 
disease, together with the total burden of cardiovascular disease and 
the overall clinical event rate in these patients. Clearly there is a need 
for improved cardiovascular risk management in patients with high 
grade carotid stenosis. Please see the attached paper which fully 
describes Study I, for further results and discussions. 
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Atherosclerosis is an inflammatory disease 

The development of atherosclerotic plaques is a dynamic, inflammatory process driven 
by responses from the innate and adaptive immune system, engaging cells of both 
myeloid and lymphoid origin (55). Study I indicated that patients with carotid stenosis 
are at high risk for cardiovascular events, and not receive optimal care, despite the fact 
that cardiovascular risk management is the well-known foundation for the prevention 
and management of cardiovascular disease. Large studies have manifested its 
effectiveness in reducing cardiovascular risk both for patients with cardiac and 
peripheral atherosclerosis (32). However, it is not fully understood how cardiovascular 
risk management affects the inflammatory processes that are key to plaque 
development.  
A significant determinator dictating plaque fate seems to be the balance between pro-
inflammatory and anti-inflammatory responses (56)This balance is unique in each 
patient since it is affected by risk factors, co-morbid diseases, lifestyle and treatment. 
Many studies describe immune cells and cytokines in atherosclerotic disease, some areas 
have gained a lot of attention and are well covered whereas other cells and pathways 
have a lot of unanswered questions, as described below. 
 

Plaque biology and how plaque development is initiated by LDL 
retention and inflammation 

Provoked by a low-grade inflammation, the atherosclerotic process begins with 
subendothelial accumulation of LDL and other apolipoprotein B containing 
lipoproteins, where the extent of accumulation is associated with the level of LDL 
circulating in peripheral blood, and the duration of that exposure (57). The trapped LDL 
undergoes oxidation because of exposure to oxidative waste of vascular cells resulting in 
“minimally oxidised” LDL (57). The modified LDL affects the overlying endothelial cells 
resulting in changes that promote progression of atherosclerosis: 
 
(1) the expression of cellular adhesion molecules on the luminal surface, for example 
intracellular adhesion molecule-1 (ICAM-1), P-selectin, E-selectin, platelet cell adhesion 
molecule-1 (PCAM-1), and vascular cell adhesion molecule-1 (VCAM-1) 
(2) synthesis of growth factors, such as macrophage colony-stimulating factor, M-CSF 
and GM-CSF, where especially GM-CSF is suggested to exert a detrimental role in 
atherosclerosis (58) 
(3) synthesis of monocyte chemoattractants, e.g. C-C motif ligand 2 (CCL2), previously 
known as monocyte chemotactic protein-1, MCP-1 (59)  
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Figure 3. Inflammatory responses in the subendothelial layer. Oxidised LDL stimulates the 
production of adhesion molecules (e.g., β2 integrin, VLA-4, and PCAM-1) and chemotactic proteins 
in overlying endothelial cells, directing monocytes towards the vessel wall. Oxidised LDL also 
inhibits the production of nitric oxide (NO), mediator of vasodilation and expression of endothelial 
leukocyte adhesion molecules (ELAMs). Reproduced with permission from (57). 

These substances affect the endothelium from the inside, and an inflammatory cascade 
develops (Figure 3). An increased monocyte infiltration takes place, starting with 
monocytes that roll on the endothelial surface. The activated monocytes express
adhesion molecules like β2 integrin, very late antigen-4 (VLA-4), and PCAM-1, 
attaching to corresponding adhesion molecules on the endothelium and monocytes 
migrate into the sub-endothelial layer where they differentiate into macrophages. The 
macrophages proliferate, differentiate and most of them become lipid-laden foam cells
through the phagocytosis of lipids (60). Later in this process foam cells undergo 
apoptosis, resulting in the extracellular accumulation of LDL-cholesterol and its 
derivatives. The combination of necrotic cells and extra-cellular lipids constitute the
lipid rich necrotic core of atherosclerotic plaques. As the plaque progresses towards 
rupture, the concentration of extra-cellular cholesterol and cholesterol esters increases, 
the latter being rich in poly-unsaturated fatty acids. Both cholesterol and the poly-
unsaturated fatty acids may form oxidised derivatives that are toxic to most arterial cells
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(61). Oxidation of extra-cellular plaque lipids may further contribute to the degradation 
of the connective tissue in the cap overlying the plaque through the stimulation of 
macrophages and the synthesis of matrix metalloproteinases (62). Thus, the 
accumulation of extra-cellular lipid resulting from macrophage apoptosis may further 
increase plaque inflammation and the degradation of the overlying fibrous cap. As this 
spiral of inflammation accelerates, angiogenesis is stimulated by the growing plaque 
with its necrotic core and hypoxic centre. Neo vessels originating from the vasa vasorum 
appear, and it is believed that intraplaque haemorrhage occurs from these thin-walled 
micro vessels because they lack supporting smooth muscle cells and pericytes (63). 
Intraplaque haemorrhage further accelerates plaque inflammation through the uptake 
of haemoglobin by macrophages (64). In this continuous process the plaque progresses 
from early atheroma towards an advanced atherosclerotic plaque that may eventually 
rupture. 
 

Circulating inflammatory cells in atherosclerosis 

Atherosclerotic inflammation involves immune cells (mainly macrophages and T 
lymphocytes) locally in the plaque, but the inflammatory process is also reflected in the 
profile and function of circulating immune cells. Circulating inflammatory cells 
associated with atherosclerosis can be studied from different aspects, using for example 
absolute numbers, gene expression, subtypes based on function, activation state or 
differentiation state. Certain cell populations are more well studied compared to others, 
as described below. In Study II we asked how optimised cardiovascular risk management 
might affect different circulating lymphocyte populations that are involved in regulation 
of inflammation. We focused on Natural Killer (NK) cells and T lymphocytes and 
subpopulations thereof, and therefore these cell types and their role in atherosclerosis 
will be described briefly.  
 

T helper cells  
In patients with advanced atherosclerosis a continuous immune system activation takes 
place, triggering T cell responses. Experimental studies have suggested CD4+ T helper 
(TH)-mediated responses to aggravate atherosclerosis and altogether they are often 
mentioned as important lymphocytes within atherosclerotic development (65, 66). In 
acute coronary syndromes, CD4+ T cells in peripheral circulation are further increased 
and activated compared to chronic disease (67, 68). CD4+ T cells are also the most 
common T cell type inside advanced human atherosclerotic plaques, with CD4+ T helper 
1 cells (TH1) being the major cell type present (69). Within the plaque, CD4+ T cells 
recognise the ApoB moiety on LDL and become activated (70). Activation leads to 
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production of interferon-γ (IFN- γ), which primes macrophages for further activation 
and cytokine production,  it also  regulates smooth muscle and endothelial functions 
(71). However, with increased LDL oxidisation the ApoB peptide is susceptible to 
damage, which may lead to a reduction in CD4+ activation inside the plaque. One 
hypothesis is that mild LDL oxidation might promote T cell expansion and activation, 
while extensive oxidation has the opposite effect (55).  
CD4+ cells are key cells in immune regulation and their function and phenotype has 
been extensively characterised (72). A complexity to the CD4+ cell lineage is that these 
cells differentiate into functionally distinct TH subtypes based on cytokine production 
profile and function. TH subpopulations include the established subsets TH1, TH2, TH17, 
regulatory T cells (Treg cells) and follicular T helper cells. In addition, TH9 and TH22 
subsets have been suggested, although they overlap with TH2 and TH17, respectively. 
CD4+ cells, as well as CD8+ cells, can also be subtyped according to differentiation status 
based on markers like CD45RA, CD62L and CD28 (72).  
CD28 is a co-stimulatory molecule needed for activation of T cells. CD4+ cells that lack 
this marker (CD4+CD28- T cells) display a senescent phenotype and are cytotoxic, 
present only in humans and other primates. Patients with acute coronary syndromes 
have a higher number of CD28- T cells in peripheral blood compared to healthy 
individuals and levels have even been correlated to the extent of coronary artery disease 
(73, 74). 
 
FOXP3+ Treg cells make up a specialised subset of CD4+ T lymphocytes that only 
comprise 5-10% of peripheral CD4+ T cells but are known for their anti-atherosclerotic 
effect, mainly through the blockage of excessive immune responses from other 
inflammatory cells and signalling pathways (75). Tregs are defined by the expression of 
CD4+, CD25 and Forkhead box P3 (FOXP3). In atherosclerosis, Tregs are present at all 
stages of atherosclerotic plaque development, where an imbalance between 
proinflammatory (proatherogenic) cells and Tregs seems to accelerate the disease and 
reduced circulating numbers of Tregs have been observed in patients with 
atherosclerosis (76). In acute coronary syndromes circulating Treg numbers are reduced 
and with major functions compromised (77).  
 

Cytotoxic T cells  
CD8+ T cells (cytotoxic T cells) are present in the early stages of plaque development, 
but with a less inflammatory impact compared to CD4+ T cells. In fact, the exact role of 
CD8+ T cells and some of the other T cell subsets remains debatable (72).  
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Natural Killer T-like cells  
Natural Killer T-like (NKT) cells are lymphocytes with some T cell markers including 
CD3, but they do not have to pass through the thymus to mature (78, 79). Both NKT and 
Natural Killer (NK) cells derive their names from the ability to kill target cells without 
prior stimulation (79, 80). NKT cells generate a wide range of both anti- and pro-
inflammatory cytokines, where the pro-inflammatory cytokines are considered to drive 
plaque destabilisation (79). Interestingly, cardiovascular risk management increases 
both circulating NKT cell and Treg-cell numbers, possibly driving NKT cells to a more 
anti-inflammatory phenotype (81, 82).  
 

Natural Killer cells  
NK cells are bone marrow derived lymphocytes not passing the thymus and thus they 
lack the T lymphocyte marker CD3+ (CD3-CD56+). As a part of the innate immune 
response, they are known for the surveillance of viruses and tumour growth, but less is 
known about NK cell responses in atherosclerotic disease (83).  
Murine studies show that NK cell activation is mediated either through 
macrophage/dendritic cell interaction, or through the direct stimulus from IL-15, IL-12 
or IL-18, causing a hyperactivated state that is considered pro-atherogenic, and it has 
been proposed that NK cell contribution to the atherogenic process involves cytotoxic 
factors and cytokine secretion (84-87). Most of our knowledge of NK cells in 
atherosclerosis originates from in vivo studies from murine models and from 
immunohistochemical analyses of carotid plaques. There has been contrasting evidence 
of NK cell function in plaque progression, with NK cells displaying in part anti-
inflammatory cytokines (like IL-10, IL-4, and IL-13) and on the other hand pro-
inflammatory cytokines like IFN-γ (88). One explanation for the non-uniform reports 
on NK cell participation in atherosclerosis, might be that different murine models have 
been used in different studies (83). Another complexity is the various not yet fully 
characterised NK cell sub lineages that might play different and sometimes contrasting 
roles in atherosclerotic disease pathogenesis (79).  
In humans, a peripheral redistribution of immune cells has been observed in 
atherosclerotic disease, showing a reduction of NK cells and loss of NK cell function in 
patients with acute coronary artery disease (89). The lower NK cell counts are attributed 
to increased proportions of apoptotic NK cells in peripheral blood, observed in patients 
with coronary artery disease, but the cause and clinical relevance of this NK cell 
depletion remains to be clairified (90, 91).  
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Atherosclerosis is associated with signs of immune senescence  

The immune system changes with age due to repeated stressors and stimulation by 
foreign antigens, and most immune cells undergo cell divisions and differentiation over 
time. Atherosclerosis is a continuous stressor, creating an immune environment similar 
to that of ageing and associated with immune cell senescence (92). Senescence is defined 
as a cellular state in which an irreversible growth arrest programme has been initiated 
that limits the lifespan of the cell and prevents unlimited cell proliferation. These 
changes can be associated with replication-induced telomere shortening or DNA 
damage. 

Examples of senescence markers in atherosclerosis 
• In patients with high-risk coronary plaques, monocytes exhibit shortened 

telomere length and an increased secretion of pro-inflammatory cytokines (93).  
• Patients with stable and unstable coronary disease have increased levels of 

cytotoxic T cells that show signs of senescence (CD8+ CD56+) and produce 
interferon-γ (94).  

• In asymptomatic individuals, coronary calcium and increased intima-media 
thickness is associated with a decrease in naïve and an increase in memory T-
helper cells (CD4+ CD45RO+)(95).  

• In patients with stable coronary artery disease the number of resting (CD45RA+ 
FoxP3low) and activated (CD45RA- FoxP3high) anti-inflammatory regulatory T 
cells are reduced, resulting in an increase in the ratio of effector T cells to 
regulatory T cells. Experimental evidence indicates that these changes are pro-
atherogenic (96, 97).  

 
Mechanistically, exposure of T cells to cholesterol has been shown to reduce the number 
of regulatory T cells and increase T helper cells that produce pro-inflammatory 
cytokines (98).  
In both atherosclerosis and ageing, activation of differentiation pathways in T cells seem 
to promote the accumulation of more differentiated cells. Following activation and 
differentiation, naïve T cells and memory T cells activate pathways that are also involved 
in developing cellular senescence, such as activation of DNA damage responses, 
telomeric erosion and expression of cell cycle inhibitors (99).  
Hence, atherosclerosis is characterised by a simultaneous display of senescence markers 
and a maladaptive, pro-inflammatory and cytotoxic response that hinders the resolution 
of atherosclerotic inflammation and accelerates its progression (97). Whether or not 
preventive cardiovascular treatment can reverse these cellular responses, is assessed in 
Study II. 
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Cardiovascular treatment aiming for reduced inflammation 

A lot of attention was generated by the Canakinumab Anti-inflammatory Thrombosis 
Outcome Study (CANTOS) trial, reported in 2017 (100). For the first time, anti-
inflammatory immunotherapy using monoclonal antibodies against interleukin-1β (IL-
1β) was shown to reduce cardiovascular disease risk and mortality, without affecting 
LDL concentrations in patients (100). A door opened for immunotherapy as a potential 
treatment in cardiovascular disease, and even though Canakinumab later on was not 
approved for treatment in patients, it suggested that anti-inflammatory treatment might 
have a significant role in the future, especially relevant in carefully selected patients with 
residual inflammation after statin treatment (101). Further insights were gained from 
the Cardiovascular Inflammation Reduction Trial (CIRT), where the anti-inflammatory 
agent methotrexate was used for the prevention of atherosclerotic events, but without 
success, implying that effect from anti-inflammatory treatment may depend on the 
pathway targeted (102). Hence, to view inflammation in general as a driver of 
atherosclerosis is an over-simplified perspective. Effective anti-atherosclerotic 
treatments need to target pathways that are key regulators of the relevant immune 
responses.  
 
There is a lot of evidence that cardiovascular risk management (not including 
immunotherapy like the studies mentioned above) is effective in the reduction of overall 
cardiovascular risk. Many of the components in this treatment (e.g., smoking cessation, 
statin treatment, the lowering of LDL, increased exercise etc.) are associated with 
beneficial effects on the immune response (103-106).  

Statin effects on immune cells show variable results 
The overall effect by comprehensive cardiovascular risk management programs on 
lymphocyte cell populations is not settled. Previous studies have solely focused on the 
use of statins. In summary, shorter periods of statin therapy (1.5-3 months) have shown 
little or no effect on T cell levels in peripheral blood in patients with coronary disease 
(106, 107). Longer lasting treatment (12-18 months) tend to normalise (decrease) CD3+, 
CD4+ and CD8+ cell counts in patients with coronary atherosclerosis compared to 
untreated patients (108). See Table 3 for an overview of relevant trials of T cell response 
upon statin treatment. For NK cell counts no significant differences were found after 4-
12 weeks of statin treatment (109, 110).   
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However, there are no previous studies where detailed differentiation stages of lymphoid 
cells are accounted for upon statin treatment, and there are no data on immune 
responses to comprehensive cardiovascular risk management. Therefore, when given 
the opportunity to optimise cardiovascular risk management in a patient cohort with 
carotid stenosis that we knew from Study I was severely undertreated, we hypothesised 
that such treatment might alter lymphocyte cell subsets and their activation and 
differentiation states. This second study is presented here as Study II, where, for the first 
time, the response to comprehensive cardiovascular risk management of circulating NK, 
NKT and T cell subsets was assessed in patients with carotid stenosis. In addition, to 
assess for protein-level anti-inflammatory effects we assayed 176 plasma proteins 
associated with inflammation and cardiovascular disease. 
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Type of study: Prospective clinical study. 1-year follow up.  
Number of patients: 50 
Timeline: Patient inclusion 2017-2018. In manuscript, submitted. 
Aims: To study how high-intensity cardiovascular risk management 
affects inflammatory cell populations in patients with high-grade 
carotid stenosis. 

 
In this study, we hypothesised that cardiovascular risk 

management leads to an altered immune system in patients with 
advanced atherosclerosis, including lymphocyte sub populations 
related to inflammation and immune senescence. We provided 
optimised cardiovascular risk management for patients with high-
grade carotid plaques and, for the first time, assessed the changes after 
12 months treatment in sub lineages and differentiation stages of NK 
cells (CD3-CD56+), NKT cells (CD3+CD56+) and T cells (CD4+ and 
CD8+) combined with protein assays relevant for cardiovascular 
inflammation.  

Optimised cardiovascular management was provided and tailored 
to the risk profile of the individual patient to achieve optimal efficacy. 
Patients were encouraged to better adhere to medicine and a healthy 
lifestyle. Study samples were taken at baseline and after 1 year. After a 
year of continuous health communication, a significant reduction in 
LDL as well as blood pressure was observed. Regarding the immune 
response, NK cells, NKT and CD4+ cells shifted towards a lesser degree 
of differentiation, a cellular ‘rejuvenation’, with an increase in naïve 
cell lines and a reduction in terminally differentiated cells. It is close 
at hand to interpret the shift as an anti-atherosclerotic response to 
treatment, as these changes imply reduced cell senescence, which may 
potentially lead to a reduction in pro-inflammatory cell responses. 
Although the changes were rather small, they were significant and 
consistent across cell populations. In addition, the longitudinal design 
suggests a causal relationship, which is in contrast to cross-sectional 
studies. Still, it is not known if the magnitude of the changes is 
sufficient to play a beneficial role in atherosclerosis development. At 
this time, these associations need to be further explored to draw 
definitive conclusions. As a next step, it would be interesting to study 

Study II 
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if there is a relation between treatment intensity and changes in 
immune populations, as such a relationship would further support 
causality. Secondly, the assessment of cytokine production at a cellular 
level that indicate a ‘rejuvenation’ upon treatment would elucidate the 
functional importance of the effector functions of these cell changes.  
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Plaque imaging for the improvement of risk 
assessment, evaluation of treatment effect 
and mechanistic understanding  

 
In the current paradigm of cardiovascular prevention, the concept of patients’ residual 
risk is under continuous debate. Residual risk can be explained as the remaining risk for 
cardiovascular events after traditional risk factors have been accounted for. There is a 
growing expectation that cardiovascular imaging might play an important part within 
this field and help to more clearly define residual risk.  
Already, plaque imaging provides data that lead to re-assessment of an individual’s 
cardiovascular risk beyond the risk estimation based on the traditional cardiovascular 
risk factors (see Table 1). These types of data are called risk modifiers. For example, 
measurement of maximum plaque thickness with carotid ultrasound significantly 
improves risk stratification compared to clinical risk factors alone (113). An even more 
refined risk prediction would be to use plaque composition as assessed by imaging, to 
distinguish between stable and unstable plaques. There is a considerable disparity in 
absolute risk for an individual if imaging indicates the presence of plaques that will 
continue to be asymptomatic, compared to high-risk plaques that are ready to rupture. 
The principle underlying this type of imaging is that the build-up of an unstable plaque 
is different from the structure of a stable plaque, as shown in Figure 4.  

 
An additional future hope for plaque imaging is that it could be used to monitor 
treatment effect. In many cases it would be useful to know to what extent a certain 
pharmaceutical treatment reduces plaque burden and high-risk plaque components in 
a specific individual. Is this person a responder or a non-responder to the initiated 
treatment? Might it even be safe to step down in treatment intensity in this very 
responsive individual? These ambitions are still at a research level, but it is likely that 
imaging will be used in new ways in the future, as a tool for personalised medicine.  

 
In close collaboration with the Center for Medical Image Science and Visualisation 
(CMIV) at Linköping University, we decided to develop a new imaging technique for 
atherosclerotic plaque evaluation, with the potential to discriminate between vulnerable 
and stable plaques. Our ambition was to develop a technique that was well validated, 
and truly quantitative. As a background to this work, the following section will discuss 
plaque characteristics and the features associated with plaque vulnerability.  
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The vulnerable atherosclerotic plaque 

Historically the quantification of arterial lumen stenosis has been used as a quasi-
measure for atherosclerotic disease severity. In carotid disease, there is a linear 
association between the degree of ipsilateral stenosis and stroke risk (p<0.0001) where 
patients with 70% to 99% stenosis have greater risk of ipsilateral stroke than those with 
50% to <70% (114). Recently, the development of more refined imaging techniques has 
challenged this concept, with evidence that plaque composition plays an equally 
important role in risk stratification (115-117).  
The most important processes driving atherosclerosis are inflammation and cellular 
inflammatory responses, coagulation, intimal injury, smooth muscle cell proliferation, 
and lipid metabolism. Naturally, the histological build-up of an arterial plaque will 
mirror these processes. Plaque features that have been derived from histopathology and 
are hallmarks of vulnerable plaques are presented in Table 4. Below, some of these 
plaque features are described in more close detail.  

 
Table 4. Histological features of atherosclerotic 
plaques and their progression towards instability  

 
Plaque components 

1. Intimal thickening 

2. Macrophage foam cells or fatty streak 

3. Lipid rich necrotic core 

4. Calcification 

5. Neovascularisation 

6. Thin fibrous cap 

7. Intraplaque haemorrhage 

8. Surface defects or fissures 

9. Thrombus formation 

 

Intraplaque Haemorrhage 
Intraplaque haemorrhage is caused by the rupture and leakage from fragile vessels 
derived from neovascularisation. Neovascularisation and intraplaque haemorrhage 
accelerate plaque inflammation and there is a positive correlation between the density 
of neo vessel formation, the extent of lipid rich necrotic core inside the plaque, other 
markers of plaque progression, and (in the case of carotid plaque) cerebrovascular 
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events suggesting that neo vessel formation (and thereby intraplaque haemorrhage) is 
an important process in plaque progression and the transition towards rupture (118). It 
has been proposed that turbulent flow and wall shear stresses in the atherosclerotic 
artery increase susceptibility to intraplaque haemorrhage as these mechanical stresses 
might locally induce increased expression of proteinases by macrophages, increasing the 
risk for neo capillary damage and bleeding (119). 
In carotid stenosis, the incidence of intraplaque haemorrhage has been shown to be 
higher in symptomatic patients (84% versus 56%; p =0.06)(120). Over the years it has 
been established that intraplaque haemorrhage is associated with plaque vulnerability 
and risk for cardiovascular events (121) and the presence of intraplaque haemorrhage 
has been related to plaque progression (122, 123).  
 

Lipid Rich Necrotic Core  
The lipid rich necrotic core is another feature associated with plaque rupture and plaque 
progression (124). The volume of necrotic core has, independently from intraplaque 
haemorrhage, been associated with plaque rupture both at early and later stages of 
atherosclerosis and has been associated with clinical events (125, 126). The formation of 
a necrotic core follows the death of macrophages that continuously infiltrate the 
atherosclerotic plaque, an infiltration that is stimulated by the oxidation of 
apolipoprotein B (127). The macrophage foam cells contain both free cholesterol and 
cholesterol esters, but with a shift towards a larger portion of free cholesterol while the 
portion of cholesterol esters decrease as the plaque grows. This increased content of free 
cholesterol is associated with plaque rupture (61). 
At a clinical level high total plasma cholesterol is strongly associated with the presence 
of lipid rich necrotic core in individuals with thickened carotid walls (128).  
 

Thrombus formation  
When a plaque has reached a stage where several of the features from Table 4 are present, 
it may be defined as a “vulnerable plaque”. At this stage, the artery is not always severely 
narrowed, because of a compensatory process called arterial remodelling, implying that 
vessel size increases with increased plaque burden, retaining the lumen size to a certain 
extent (129). If the fibrous cap is disrupted, a luminal thrombus develops because of the 
physical contact between the blood stream and the highly thrombogenic and pro-
inflammatory necrotic core (130). The thrombus is rich in platelets that further activate 
the coagulation cascade, further enhancing inflammatory pathways and leading to 
thrombotic occlusion of the artery. If this occurs in the myocardium it results in a 
myocardial infarction, if the event is localised to the internal carotid artery the result is 
an ischaemic stroke or a transient ischaemic attack. 
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Carotid plaque imaging 

Different types of cardiovascular imaging have been used for the identification of 
vulnerable plaque characteristics, namely the presence of a lipid-rich necrotic core with 
an overlying thin fibrous cap, plaque fissures, intraplaque haemorrhage or plaque 
inflammation.  
 
But what is a ‘plaque’ in imaging terms? In clinical practice, there is no universal 
minimal threshold for a protrusion or localised wall thickening in the carotid artery to 
be classified as a plaque. A wide range of measurements, from 1 mm to 5 mm, are 
considered the minimum threshold from a clinical perspective. Many clinicians within 
the field find the current conception of a plaque an imprecise and subjective assessment 
(131). 

 

Ultrasound  

Historically, ultrasound has been utilised to visualise carotid atherosclerosis, using the 
brightness mode (B-mode) with a high frequency linear transducer (27). Using this 
method, plaques are usually characterised as hypoechoic, heterogeneous, or echogenic 
and the surface contour classified as smooth or irregular. In addition, the luminal 
diameter can be estimated as well as the intima media thickness. There are also more 
recent ultrasound methods using microbubbles as contrast agent (132) and other 
techniques where ultrasound parameters are used to assess atherosclerotic plaque 
components (133). The widespread use of carotid ultrasound is due to its simplicity: it 
can be performed bedside, it does not require contrast agents or ionising radiation or 
contrast, and it is fast and cost-effective. Limitations include the difficulties to correctly 
estimate plaque burden using two-dimensional imaging, poor signal-to-noise ratio, the 
presence of shadows which may disturb assessment of underlying structures, the large 
inter-observer variability and the fact that ultrasound assessment cannot claim to deliver 
the same tissue characterisation capabilities as MRI (134). 
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Computed Tomography 

The advantages using Computed Tomography (CT) for imaging of carotid plaques are 
that it is fast, accessible, and nowadays allows for high-resolution imaging. The major 
CT techniques used include multidetector-row CT and dual source CT.  
The multidetector-row CT allows for high spatial resolution, and the use of contrast 
allows for CT angiography. The classification of plaque characteristics such as lipid core, 
intraplaque haemorrhage and calcifications are based on voxel Hounsfield Units (HU), 
a measure of tissue density. A problem with Hounsfield Units is that the method makes 
it easy to differ between tissue of diverse properties, but far from reliable for the 
separations of all types of tissues. For example, CT can accurately detect ulceration and 
calcification but cannot reliably separate LRNC from IPH because of the proximity of 
the HU values for these two plaque features (135). Another downside with this technique 
is the radiation exposure, but also reduced image quality due to artefacts in highly 
calcified plaques as well as the need for iodinated contrast agents (134).  
The dual source CT takes advantage of two different x-ray sources at two different 
energy levels to achieve different Hounsfield Units in the same voxel. The purpose is to 
allow for refined tissue differentiation through different post-processing techniques, but 
also to be used as a method for the detection of carotid, cerebral or coronary stenosis in 
the same session. An advantage is the ability to differentiate plaque calcifications from 
iodinated contrast (136).  
A problem with all CT post-processing techniques is that there is no universal standard, 
and it complicates the comparison of results from studies performed at different centres, 
as well as the comparison or registration to other imaging modalities such as MRI. 
However, new technology is developing and there is a hope that the upcoming photon-
counting CT scanners may provide more robust and accurate plaque characterisation 
(137). 
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MRI

In 1959, Jr. Singer at the University of California, Berkeley, proposed that magnetic 
resonance could be used to measure blood flow. Selective excitation was later invented 
at the University of Nottingham, England 1974 and the fist images based on two-
dimensional Fourier transform were produced in 1980. The technique developed rapidly 
in the late 1980s and the use of magnetic resonance imaging (MRI) in clinic and research 
has successively increased since (138). Due to its high resolution and superior tissue 
characterisation capabilities, MRI has in recent years become the imaging modality of 
choice for plaque characterisation in the carotid arteries but is still complicated to use 
in coronary arteries because of their motion and smaller size. MRI can generate excellent 
soft tissue contrast through the difference in relaxation times between tissues.  

Figure 5. MR angiography showing bilateral carotid plaques.
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Principle of Magnetic Resonance Imaging 
The MR signal is generated by applying a strong magnetic field and transmitting 
radiofrequency energy that interacts with the magnetic moment (spins) of specific 
atomic nuclei, typically hydrogen protons. Atomic particles have angular momentum as 
well as magnetic moment, so when a portion of the net magnetisation is transiently re-
oriented perpendicular to the applied magnetic field, that net magnetisation rotates 
(precesses) around the axis of the strong applied magnetic field. The precessing 
transverse magnetisation induces voltage and current in a receiver which provides the 
detected MR signal. The rate of angular precession is described by the Larmor equation, 
which is fundamental to MRI imaging. Larmor frequencies are calculated by the 
equation “frequency = 42 x magnetic field strength”, where the frequency is expressed 
in megahertz (MHz) and magnetic field in tesla (T). There are nowadays MRI scanners 
of both 1.5T, 3T, and 7T, resulting in Larmor frequencies of approximately 63 MHz for 
1.5T, 126 MHz for 3T and 294 MHz for 7T (138).  

The change in magnetisation status from any given state to its steady-state condition is 
described as relaxation. There are several different relaxation curves of interest, each 
measured by the time it takes to move 37% (1/e, e=Euler’s constant) closer to equilibrium 
status, analogous to a half-life. Each relaxation time T is inverse to a corresponding 
relaxation rate R=1/T. The development or recovery of net magnetisation in the 
direction of the applied magnet is described by T1. The disappearance of transient 
transverse magnetisation (net magnetisation transiently reoriented perpendicular to the 
applied magnetic field by a radiofrequency energy pulse) is described by T2* or by T2 
(or corresponding relaxation rates R2* and R2), depending on the mechanism for loss 
of transverse magnetisation (139).  

MR sequences are programmed according to the measures of interest in each sequence. 
For the quantification of relaxation times a series of images for curve fitting to 
exponential relaxation are used. If contrast weighted images are preferred, the MRI 
sequence is programmed with a peak signal for the relaxation parameter of interest. For 
example, a pulse sequence designed to show contrast from expected differences in T1 is 
called “T1-weighted” and a sequence designed to show contrast due primarily to 
expected differences in T2 is called “T2-weighted”. In addition, magnetic field gradients 
are applied to create a spatially varying magnetic field and thereby spatially varying 
Larmor frequencies across the object, and this is used to generate spatially resolved 
images (139). To further influence signal intensities, gadolinium-based contrast agents 
are commonly used. The effect of the strongly paramagnetic gadolinium is to decrease 
T1 and T2 relaxation times of protons in the immediate vicinity of the molecule (138).  
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MRI in carotid disease  
Because of its excellent tissue characterisation, the use of MRI as a sophisticated tool in 
assessment of atherosclerotic disease holds great potential. Much sought after is a non-
invasive tool that could identify individuals with high-risk plaques that demand 
individualised care regardless of the degree of stenosis. For this purpose, a key feature 
would be the identification and quantification of both lipid rich necrotic core and 
intraplaque haemorrhage.  
Several studies describe the presence of intraplaque haemorrhage and lipid rich necrotic 
core in carotid plaques as measure by MRI on a population basis. For example, in the 
Rotterdam population study intraplaque haemorrhage was detected by MRI in 23.8%, 
and lipid rich necrotic core in 25.5% of individuals that were included because of a 
carotid plaque height of ≥2.5 mm measured by ultrasound (140). The Atherosclerosis 
Risk In Communities (ARIC) study investigated by MRI a similar cohort, with 
intraplaque haemorrhage detected in 4.7% of individuals without known cardiovascular 
disease, compared to 9.9% in patients with known cardiovascular disease. For lipid rich 
necrotic core, the percentages were 30.2% versus 44.2% respectively (141). The disparities 
in numbers between the studies could be regarded as an expression of the lack in 
standardised protocols for the detection of plaque components. Notably, no studies have 
previously used strictly quantitative methods for the detection of both intraplaque 
haemorrhage and lipid rich necrotic core.  
Examples of MRI as a tool for improved understanding of atherosclerosis pathology, are 
studies that have tried to establish correlations between circulating plasma lipids and the 
extent of lipid rich necrotic core in carotid arteries. These studies also present variable 
results, see Table 5. One of few data sets for intraplaque hemorrhage and plasma lipid 
levels is found in the Rotterdam study, where no significant correlations between the 
two were observed (142).  
 

The study of cardiovascular risk management and its effect on carotid 
plaques, using MRI 
It is well established that treatment with lipid lowering agents, especially statins has 
stabilising effects on atherosclerotic plaques. Carotid MRI studies show substantial 
evidence that the lipid rich necrotic core indeed is reduced upon statin treatment (143-
150), see Table 6. For intraplaque haemorrhage the data is scarcer. The Rotterdam study 
did not find any association between current statin use and the presence of intraplaque 
haemorrhage, but this was a cross-sectional population study, and no studies are 
available documenting statin treatment effect on the presence or volume of intraplaque 
haemorrhage (148).  
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As shown in Table 6, changes in plaque composition and volume appear primarily after 
more than one year of lipid lowering therapy (151). In all these studies, plaque changes 
are observed in relation to treatment intensity, but the question remains whether plasma 
lipid levels alone are associated to plaque contents. Inverse correlations between high-
density lipoprotein (HDL) and the extent of lipid rich necrotic core have been observed 
(141, 152, 153) and higher levels of total plasma cholesterol have been associated with the 
presence of lipid rich necrotic core (128, 142), Other studies have not been able to 
establish such a linear relationship (141, 152), hence the lack of consensus on this matter. 
A problem, of course, is the non-quantitative MRI methods used in these trials, making 
all attempts at establishing correlations fragile.  
 
The sensitivity of identifying plaque composition using MRI compared to histology as 
golden standard varies between 76-98%, and its specificity between 29-100%, suggesting 
considerable deficiencies in histological validation (154). Most often, histology sections 
of the plaque are registered to in vivo images using the carotid bifurcation as a landmark. 
Because there is a considerable difference in MRI slice thickness (mm) and the thickness 
of histology sections (µm), there is a risk of inaccurate registration, even when using an 
easily recognisable landmark such as the carotid bifurcation. This problem increases the 
farther away from the carotid bifurcation the registration is attempted. The two-
dimensional nature of histology sections exacerbates the inaccuracy of histological 
validation of in vivo MRI. Out-of-plane angulations of the sections versus the MRI slices, 
as well as shrinkage and deformation during tissue processing, further add to the 
difficulties of registering MRI images to histology sections but these sources of potential 
error are routinely neglected. To counter the problems involved with histological 
validation based on histology sections, we propose a newly developed MRI method 
validated against three-dimensional (3D) histology, resulting in highly accurate 
registration of in vivo images with ex vivo histology (155). We would submit that this 
method brings greater accuracy to the study of relations between plasma lipoproteins 
and plaque composition.  
 
Furthermore, the multi-contrast MRI sequences that are used for plaque 
characterisation are not specific for the plaque components that are being interrogated, 
and they rely on reader-dependent interpretations of MR image intensity which are 
labour intensive and not strictly quantitative. 
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Quantitative Dixon MRI for the measurement of plaque composition
Previous multi-contrast MRI sequences that are used for plaque characterisation are not 
specific for the plaque components being interrogated, and they rely on reader-
dependent interpretations of MR image intensity which are labour intensive and not 
quantitative. To address these problems, our research group has developed “quantitative 
Dixon MRI”, which could be described as a truly quantitative method for plaque 
imaging, based on a technique proposed by Dixon (158). This method directly measures 
physical properties of the lipid rich necrotic core (fat) and intraplaque haemorrhage 
(iron).

The Dixon MRI sequence is named after an American physicist, Thomas W. Dixon, who
in 1984 published a methodology for water-fat separated imaging based on chemical shift 
(158). This technique exploits the fact that hydrogen protons in water and hydrogen 
protons in fat have different resonance frequencies in a magnetic field and therefore the
water and fat components of the MR signal can be separated. The composite signal of 
water and fat (the sum of combined signal) is sampled at different echo times, and in 
this way the signals can be separated (Figure 6).

Figure 6. Diagrams of water and fat magnetisations at different frequencies due to the chemical 
shift. At TE 2.2 ms (at 1.5T) the phases are completely opposite (out-of-phase) and at TE 4.4 ms 
both water and fat are in phase. 
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Dixon data acquisition
Dixon techniques can be implemented with different pulse sequences, including spin 
echoes (SE) and gradient echoes (GRE). Each line in k-space (a temporary image matrix, 
in which data from digitised MR signals are stored during data acquisition) is sampled 
repeatedly at different echo times (TE), giving different relative phases between water 
and fat signal. The acquisition of simultaneous in-phase and out-of-phase images allows 
for two sets of combinations that can be mathematically converted into four sequences:

in-phase = (water + fat)
out-of-phase = (water - fat)  
fat only = in-phase – out-of-phase = (water + fat) - (water - fat)  
water only = in-phase + out-of-phase = (water + fat) + (water - fat) (159)  

In this way “fat only” and “water only” images can be retrieved. The signal is sampled 
either after separate excitations (by shifting the readout gradient and the acquisition 
window), or after one single excitation (by extending the readout gradient to a series of 
lobes with alternating polarity and by replicating the acquisition window). In GRE the 
echo is sampled for every second lobe and in SE for every lobe (160). 
The echoes used in Dixon MRI are often called points, and most Dixon methods will 
use at least two echoes (two-Point Dixon or 2PD), but usually more (multipoint Dixon 
or mPD). Naturally, more echoes prolong the scan time, but an advantage with multi-
echo methods is that the more complex signal models allow for higher specificity, used 
for example in fat quantification to identify the whole fat spectrum and not only the 
major resonance peak (161). 

Figure 7. Dixon imaging

Examples of fat-weighted, water-weighted and proton density weighted Dixon images of 
the neck region.
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Quantitative Dixon MRI in our studies 
In our studies (162-164) quantitative Dixon MRI sequences are used both for the 
quantification of lipid rich necrotic core (measured as fat fraction, FF) and intraplaque 
hemorrhage (measured as R2*). A 4-point gradient Dixon sequence is applied, implying 
that the four major resonance peaks for fat are being targeted. We have calculated the 
signal magnitude S at each echo time (Te) as  
 

𝑆𝑆(𝑥𝑥, 𝑦𝑦) = [𝑊𝑊(𝑥𝑥, 𝑦𝑦) + 𝐹𝐹(𝑥𝑥, 𝑦𝑦) × 𝑒𝑒𝑡𝑡𝑡𝑡] × 𝑒𝑒𝑡𝑡Ф(𝑥𝑥,𝑦𝑦) × 𝑒𝑒𝑡𝑡Ф0(𝑥𝑥,𝑦𝑦) 
 
Here, W is the water fraction within the voxel and F = fat fraction. At 3T, the 3.4 ppm 
frequency difference between water and fat creates an oscillating signal every 2.4 ms. 
Because of the limited gradient slew rate and strength needed to achieve sufficient 
resolution in the acquisition, we chose an out-of-phase, in-phase, out-of-phase, in-phase 
scheme at echo times of multiples of 3.6 ms (hence at TE¼ 3.6, 7.2, 10.8, and 14.4 ms). 
The water-fat shift is maximised at 1.3 pixels, repetition time (TR) =18 ms, turbo field 
echo (TFE) =12 and flip angle 10°. Slice thickness for Dixon images is 0.7 mm, with in-
plane resolution 0.60 x 0.60 m2.  
 
The measurement of intraplaque haemorrhage is based on T2* relaxation gradient-echo, 
in spin-echo, the transverse relaxation caused by magnetic field inhomogeneities is 
eliminated by the 180º pulse. Gradient echo sequences can be made predominantly T2* 
weighted by using a low flip angle, long echo time, and long repetition time. In our 
material gradient Dixon sequences are used, as it is important for consistency that the 
same sequences are used for both the assessment of fat and for hemorrhage. The rate of 
relaxation, R2* (1/T2*) is faster under the influence of magnetic field inhomogeneities 
from susceptibility differences among tissues and materials and is naturally more 
affected by materials with large magnetic susceptibility, such as haemoglobin. Our 
method assumes that the R2* relaxation rate (R2*=1/T2*) in carotid plaques correspond 
to the presence of iron/heme (blood). Members of our group have previously shown that 
high R2* levels correlate to the extent of intraplaque haemorrhage, but further in-depth 
discussion of the validation study goes beyond the scope of the current thesis and the 
reader is referred to the publication that describes this study and its results in detail (155). 
 
For carotid atherosclerosis, T2* mapping has been used in one other study, but 
histological validation was not reported (165). Despite an extensive literature search, 
other studies of carotid intraplaque haemorrhage using 3D T2*/R2* gradient echo have 
not been found, instead a variety of multicontrast sequences are more commonly used.  
 
Relying on this new quantitative MRI approach, we hypothesised in Study III, that LDL 
reduction in combination with optimised cardiovascular risk management would 
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render pleiotropic effects including a reduced inflammatory response in patients with 
carotid plaques. Further we hypothesised that this would lead to a reduction in plaque 
lipid rich necrotic core and intraplaque haemorrhage, and that these changes would be 
quantifiable using MRI. 
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Type of study: Prospective clinical study. 1-year follow up. 
Number of patients: 52 
Timeline: Patient inclusion 2016-2017. Published in Journal of 
Magnetic Resonance Imaging 2021. 
Aim: To interrogate the relationship between LDL-levels in the 
blood and carotid plaque composition.  

 
Previous studies have yielded conflicting results regarding 

correlations between LDL levels and plaque sizes, and between LDL 
levels and the volumes of plaque lipid-rich necrotic cores: both 
positive and negative correlations have been suggested (Table 5). For 
intraplaque haemorrhage, data is scarce. The Rotterdam population 
study could not show any associations between current statin use and 
intraplaque haemorrhage, and associations to LDL levels are not 
presented in their study (148). 

 
We decided to address these issues and developed a new 

quantitative Dixon MRI approach for the direct measurement of the 
physical properties of fat (in the lipid-rich necrotic cores) and iron (in 
intraplaque haemorrhages) within the atheromatous plaques and the 
vessel wall, as described above. For lipid rich necrotic core, the 
measurement of fat fraction (FF) was used, and for intraplaque 
hemorrhage, the measurement of R2*, using four-point gradient-echo 
Dixon. This imaging method was previously validated using 3D 
histology (166). In Study III this strictly quantitative technique is 
applied for the study of carotid plaques in patients with >50% carotid 
stenosis. Data was collected at baseline and at 1-year follow-up. 
During the study-year lipid-lowering therapy was intensified, using 
statins and ezetimibe. Fasting lipoprotein panels were collected at both 
times, and the strength of association between lipoproteins, FF and 
R2* was assessed by statistical analysis, as well as the changes between 
the baseline data and follow-up results. Using this method, at baseline 
FF in these high-grade carotid plaques is measured to a mean value of 
14% (±4.8%) and R2*-values to 44.7 (±11.1) s-1 (164). 

 
 

Study III 
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After one year, a significant decrease of LDL and total cholesterol 
levels was achieved at group level. Our quantitative measures of 
plaques and vessel-wall showed evidence of a significant decrease in 
vessel-wall volume, while plaque volume was not significantly 
reduced. Neither were there any substantial reductions in FF and R2*, 
nor were there any significant correlations between changes in FF and 
changes in R2* at a group level, even though a decrease or increase in 
plaque parameters was seen at individual levels. The values of R2* were 
lower in the vessel wall segments compared to the plaque segments, 
both at baseline and at follow-up. 

 
The results from Study III are in line with previous research, in 

their inability to establish linear relationships between levels of 
circulating LDL and the composition of the carotid plaque, including 
its volume and extent of lipid-rich necrotic core and intraplaque 
haemorrhage. This speaks to the complexity of plaque progression, 
which is not only influenced by a single factor such as circulating LDL, 
but a multitude of pathways that might have negative or positive 
impacts on the destiny of the atherosclerotic plaque.  

Importantly however, Study III indicates a deceleration of 
atheromatous plaque progression in response to statin treatment if 
results from this study are compared to previous data on the natural 
course of carotid plaque development. Over 12 months our study 
participants increased their plaque volumes by +3.3 mm3, but with a 
significant decrease in vessel-wall segmentations, whereas previous 
studies have reported a yearly increase in plaque volumes by +20 
mm3/year (167). We hypothesise that this is rendered by stabilising 
changes within the plaque, possibly generated by the anti-
inflammatory effects from statins, regardless of how the lipid lowering 
treatment affects the levels of circulating LDL. This conclusion should, 
however, be interpreted with some care, due to the lack of 
standardised methods for MRI plaque segmentation, making it more 
difficult to compare study results like these in absolute numbers.  

In addition, Study III establishes that the atheromatous disease is 
not limited to the protruding plaque only but is also distributed along 
the length of the adjacent vessel-wall. And, for the first time, FF and 
R2* distribution was quantified showing a different pattern between 
the vessel wall and the plaque. In summary Study III uses the benefits 
of quantitative measurements based on sophisticated MRI techniques 
to provide new insights into atherosclerotic processes both in the 
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vessel-wall and the atherosclerotic plaque. To further investigate these 
aspects, a future study would benefit from broadening the inclusion to 
those with low-grade plaques. Additionally, the follow-up period 
might be lengthened, because previous studies typically saw changes 
in plaque composition after one year had passed (Table 6).  

 
For 37 patients included in Study II and Study III data was obtained 

(at baseline and follow-up) both from inflammatory cells and proteins 
in peripheral blood, and carotid MRI. Correlations between all these 
parameters were explored, but results are previously not published. 
Here, correlations between changes in inflammatory cell counts and 
changes in plaque composition and the results are presented in Table 
7. Based on proximity extension assay (PEA) technology (Olink® AB, 
Uppsala, Sweden) 159 unique proteins with results from both baseline 
and follow-up were analysed. However, the expression of these 
proteins and how they were up- or downregulated over the study year 
were did not correlate to plaque compositional data.  

 
As shown in Table 7, there are no persistent patterns of significant 

correlations between blood lymphocyte changes and plaque 
composition. The lack of correlation might be expected due to the 
minor changes between baseline and follow-up, the complexity of 
atherosclerosis pathology and the (in this context) low number of 
participants. Nevertheless, we show that the strictly quantitative 
nature of the MRI assessment used in our studies, enables these kinds 
of analyses, ensuring a more quantitative approach than the previously 
used semiquantitative methods.  
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Table 7. Pearson correlations for differences in plaque composition compared to changes 
in inflammatory cell levels 
 

 
Pearson correlations for differences in plaque composition (Fat Fraction, R2* and plaque 
volume) compared to changes in inflammatory cell levels, baseline compared to follow-
up after 12 months of optimised cardiovascular treatment. There are (weak) correlations 
between the following: CD4+ central memory cells and fat fraction, NKT-like cells and 
fat fraction, CD8+ effector memory cells and R2*.   

  
Fat Fraction 
Corr. (p)  

R2* 
Corr. (p) 

Plaque volume 
Corr. (p) 

T helper cells CD3+CD4+ -0.104 (0.529) -0.056 (0.736)  -0.089 (0.590)  

Naïve CD62L+CD45RA+ -0.080 (0.630) 0.128 (0.439) 0.218 (0.182) 

Central Memory CD62L+CD45RA- 0.364* (0.023) -0.167 (0.311) -0.267 (0.100) 

Effector memory  CD62L-CD45RA- -0.181 (0.269) -0.030 (0.857) -0.041(0.805) 

TEMRA CD62L-CD45RA+ 0.050 (0.761) -0.040 (0.811) -0.062 (0.710) 

Activated HLA-DR+ -0.236 (0.147) -0.021 (0.901) 0.238 (0.144) 

Regulatory T cells CD4+CD25+Foxp3++ 0.137 (0.411) -0.089 (0.597) 0.187 (0.261) 

     

Cytotoxic T cells CD3+CD8+ 0.083 (0.617) -0.028 (0.864) -0.067 (0.683) 

Naïve CD62L+CD45RA+ -0.045 (0.790) 0.158 (0.352) 0.023 (0.890) 

Central Memory CD62L+CD45RA- 0.134 (0.430) -0.088 (0.606) -0.125 (0.460) 

Effector memory 
cells CD62L-CD45RA- 0.065 (0.702) -0.367* (0.025) -0.099 (0.558) 

TEMRA CD62L-CD45RA+ -0.027 (0.873) 0.084 (0.621) 0.021 (0.900) 

Activated HLA-DR+  -0.020 (0.906) -0.049 (0.775) 0.255 (0.128) 

      

NK cells CD3-CD56+ -0.209 (0.201) 0.174 (0.291) -0.039 (0.813) 

Immature CD3-CD56bright 0.256 (0.115) -0.142 (0.388) 0.119 (0.469) 

Mature CD3-CD56dim -0.255 (0.117) 0.142 (0.388) -0.119 (0.469) 

- Differentiated CD3-CD57+ -0.158 (0.335) 0.153 (0.353) -0.028 (0.865) 

-KIR CD3-CD85j+ 0.179 (0.274) -0.105 (0.524) -0.076 (0.645) 

-Activated CD3-NKG2C+NKG2A- -0.136 (0.422) -0.031 (0.858) -0.174 (0.302) 

-Resting CD3-NKG2C-NKG2A+ -0.017 (0.919) -0.012 (0.944) 0.173 (0.306) 

      

NKT-like cells CD3+CD56+ 0.352* (0.028) 0.039 (0.814) -0.074 (0.656) 

-Differentiated CD3+CD56+CD57+ -0.051 (0.757) 0.106 (0.521) 0.035 (0.832) 

 CD3+CD56+CD8+ 0.194 (0.243) 0.018 (0.915) 0.028 (0.870) 

 CD3+CD56+CD8+CD57+ 0.173 (0.299) 0.221 (0.183) -0.047 (0.780) 
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PET for quantification of inflammation 

Because of our continued interest in plaque inflammation, we decided to study the 
plaque from a different perspective using Positron Emission Tomography (PET) in 
combination with MRI. The fundamental principle behind Positron Emission 
Tomography (PET) is based on the physical properties of isotopes (radioactive forms of 
atoms), that emit positively charged particles, “positrons”. Once released from the 
nucleus, these positrons travel short distances in tissue and are neutralised when 
encountered by a nearby electron. This annihilation releases energy in the form of two 
high-energy gamma rays (or photons) that are emitted at 180-degree angle from each 
other. Detector elements in a PET scanner will identify the emitted photons with high 
precision, and create a signal that becomes part of the image (Figure 8) (168).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Hybrid PET/CT using 18F-FDG, showing results with normal FDG 
distribution.  
 
 
PET radiotracers are compounds labelled with isotopes, such as fluorine-18 (18F), 
carbon-11 (11C) or oxygen-15 (15O) and the accumulation of a radioactively labelled 
tracer can be used as a quantitative measure of the biological processes that are being 
explored. The most widely used radiotracer is 18Fluoro-DeoxyGlucose (18F-FDG), a 
fluorinated analogue of glucose. 18F-FDG enters the cell via glucose transporter protein 
(GLUT), is phosphorylated and by this pathway trapped inside the cell and accumulates 
at a rate that is proportional to the cell’s glycolytic rate (169). As inflammatory cells such 
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as macrophages have a relatively high rate of glycolysis at rest, and further increase their 
glycolytic activity upon activation, 18F-FDG uptake has been used as a hallmark of the 
activation of immune cells and therefore a measure of inflammation (170). In 
cardiovascular disease, preclinical studies have reported high correlations between 18F-
FDG uptake and the density of macrophages in atherosclerotic plaques (171). In carotid 
stenosis, symptomatic plaques have shown higher 18F-FDG uptake values than that of 
asymptomatic plaques (172). Also, 18F-FDG uptake within carotid plaques has been 
shown to correlate to the number of macrophages in the corresponding region, as shown 
by immunohistochemistry (173, 174).  
 
In practice, uptake of 18F-FDG is correlated to the degree of inflammatory changes 
through quantification of a standardised uptake value (SUV). The area within the plaque 
where glucose uptake is registered is identified as a region of interest, ROI. The degree 
of uptake can be quantified in terms of SUVmean (mean value for a specific ROI) or 
SUVmax (peak value). To obtain a more rigorous assessment, in cardiovascular plaque 
imaging the SUV values are typically corrected for blood activity by dividing the mean 
SUV measured in the region of interest with average SUV estimated from either the 
inferior vena cava or the jugular vein. This blood-corrected value is known as the tissue-
to-background ratio (TBR) (175).  
 

PET/MRI 
Whole-body PET/MRI is a recent technical development, with the first scanners in 
clinical use installed in 2010 (176). Worldwide, there is still a very limited number of 
scanners available. This technique allows for the simultaneous collection of anatomical 
and compositional information from MRI and metabolic/inflammatory information 
from PET without the uncertainties and errors that registration from dual timepoints 
and dual scanners imply (177). PET/MRI is being used increasingly in human studies, 
most of them with only a limited number of participants, except for the large 
Progression of Early Subclinical Atherosclerosis (PESA) study where 755 individuals 
with subclinical atherosclerosis underwent sequential whole-body 18FDG-PET/MRI 
(178).  
 
In Study IV we hypothesised that the use of MRI/PET in combination with our 
quantitative MRI technique would generate a unique assessment of the carotid plaque, 
with the capability to study how plaque composition is associated to plaque 
inflammation.  
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Type of study: Cross-sectional clinical pilot study.  
Number of patients: 12 
Timeline: Patient inclusion 2018. Published in Scientific Reports 
2021. 
Aim: To develop a method for visualisation of associations between 
plaque inflammation and markers of plaque vulnerability, using 
PET/MRI. 

 
Previously it has not been possible to explore in a quantitative 

manner, the relationship between inflammation in atherosclerotic 
plaques as measured by 18F-FDG uptake and features of high-risk 
plaque as measured by MRI. The aim of Study IV was to establish 
methods to analyse the relationship between plaque inflammation 
versus the extent of lipid rich necrotic core and intraplaque 
haemorrhage in patients with carotid stenosis. 

In twelve patients with carotid stenosis the extent of lipid rich 
necrotic core and intraplaque haemorrhage was quantified from fat 
and R2* maps acquired from quantitative Dixon MRI (described 
above) in a stand-alone MRI. PET/MRI was used to measure 18F-FDG 
uptake. T1-weighted images from both scanners were used for 
registration of the quantitative Dixon data with the PET images.  

Plaques were analysed in their entirety and on a slice-by-slice basis 
and they were shown to be heterogenous with respect to their volumes 
and composition. The mean values for the entire group were as 
follows: fat fraction (FF) 0.17% (±0.07), R2* 47.6 s-1 (±10.9), target-to-
blood pool ratio (TBR) 1.49 (±0.48). At group level the correlation 
between TBR and FFmean was -0.406, p=0.19 and for TBR and R2*mean 
0.259, p=0.42. The lack of correlation persisted when analysed on a 
patient-by-patient basis, but the study was not powered to draw 
definitive conclusions. Our results showed 18F-FDG uptake along the 
whole length of the carotid artery segment that was analysed, without 
correlation to the thickening of the vessel-wall (plaque size). This is in 
concordance with the results from the Progression of Early Subclinical 
Atherosclerosis (PESA) study where increased arterial 18F-FDG uptake 
in PET/MRI was located in plaque-free segments to a greater extent 
than in arterial plaques (178). This inverse relationship can be 

Study IV 
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interpreted in several ways, for example atherosclerosis could be
regarded as a global- instead of focal arterial disease, and/or there 
could be a complex relationship between 18F-FDG uptake and arterial 
disease, that is not strictly linear. 

  
This paper contributes new knowledge to the field of 

cardiovascular PET/MRI because it establishes that the relationship 
between high-risk features of atherosclerotic plaque and plaque 
inflammation can be analysed in a truly quantitative manner. The use 
of quantitative data is essential in these types of correlation studies, 
where semi-quantitative techniques render too many unknown 
factors to make them reliable. The heterogeneity of plaque volumes, 
composition and 18F-FDG uptake speaks to the cellular and metabolic 
complexity of atherosclerotic plaques. Here, we establish methods that 
facilitate the interrogation of this complex biology in a quantitative 
manner.

Figure 9. Example of 18F-FDG-imaging from Study IV.
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The need for automated methods in plaque 
imaging  

 
MRI of the carotid vessel wall is a potential tool for the detection of vulnerable plaques, 
assessment of treatment effects, and for the study of relationships between circulating 
effectors and plaque composition. It may provide surrogate imaging endpoints for 
clinical studies that would allow for smaller study populations, shorter follow-up times 
and a lower cost per participant relative to a trial using traditional endpoints (179). 
However, to date cardiovascular MRI is in limited use. One reason for this is the labour-
intensive work required for manual segmentation. A time-consuming challenge in 
manual segmentation of the vessel wall is the low visual contrast between vessel wall and 
the surrounding tissues, which causes the accuracy of the segmentation to rely on the 
expertise and experience of the reader. These difficulties negatively affect intra- and 
inter-observer variability, as the delineation of vessel wall boundaries and plaque 
components is non-trivial even for a skilled user (180-182). To increase accuracy, 
multiple image sequences are often used; T1w black-blood images, reformatted or 
registered to T2w, PDW, TOF, or Dixon acquisitions to facilitate analysis of the 
compositional elements of interest (183-186). Thus, the manual segmentation of the 
carotid vessel wall is a tedious and time-consuming process, making large cohort studies 
impractical. Here, there is a need for automation, to facilitate high throughput image 
processing. Clearly, automated methods for segmentation and the extraction of 
compositional information from the plaque are natural advancements as technical 
methods develop, increasingly taking advantage of improvements in machine learning 
(artificial intelligence, AI).  
 
However, there are difficulties when applying automated procedures to the carotid area. 
From a clinical perspective, the internal carotid artery (ICA) and distal part of the 
common carotid artery are regions of interest, as plaque rupture within these areas are 
likely to cause stroke. A common problem for machine learning has been to identify the 
carotid bifurcation, where the common carotid artery branches into both the internal 
carotid artery and the external carotid artery (ECA). There is no single feature in the 
image that can be used for the identification of the branching point, and therefore new 
techniques are needed to address this problem. Lately deep learning and convolutional 
neural networks have emerged as promising strategies for these purposes (187).  
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Machine learning in cardiovascular imaging 
Machine learning algorithms are divided into supervised (using input and output pairs) 
and unsupervised (using only inputs) methods, where the supervised methods have 
expanded to include support vector machines (SVM), linear and logistic regression, 
kernel-based methods and clustering. The computer-based interpretation of 
electrocardiograms (ECG) are one of the earliest applications of automated procedures 
to be incorporated in clinical use (188). Machine learning has since been applied to 
various applications in cardiovascular imaging, including MRI, echocardiography and 
CT. For MRI these technologies have been used for the development of automated right 
ventricle segmentations, left ventricle segmentations and myocardial scar detection 
(189-191).  
 
The idea of Study V was generated while discussing carotid MRI analyses in larger 
cohorts, like our projects within the Swedish CardioPulmonary bioimage Study 
(SCAPIS) in which hundreds of patients are investigated by carotid MRI for the purpose 
of cardiovascular research (192). The time-consuming aspect of manually segmenting 
all these arteries led us to search for other, and more time-efficient alternatives.  
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Type of study: Prospective 
Number of patients: 31 
Timeline: Patient inclusion 2015-2018. Published in Journal of 
Magnetic Resonance Imaging 2020. 
Aim: The development and demonstration of an automated method 
for carotid vessel-wall segmentation using MRI. 

 
Participants in the Swedish CardioPulmonary Bioimage Study 

(SCAPIS) were included in Study V. The inclusion criterion was the 
presence of small to medium sized carotid plaques, defined as >2.7 mm 
as measured by duplex ultrasound and 31 participants from the 
Linköping cohort with acceptable image quality were randomly 
selected. We applied the same quantitative Dixon MRI technique as in 
Study III-IV, and the aim was to develop and demonstrate a method 
of automated vessel segmentation with minimal user input. Therefore, 
we developed a technique for the segmentation of the carotid artery 
lumen using support vector machines, which is a technique based on 
supervised machine learning.  

 
In this study we did not seek to segment and quantify the 

composition of only the plaque, but instead we examined the vessel 
wall region - a region we defined as having a maximum distance from 
the boundary of the vessel lumen (the best results were eventually for 
vessel wall regions of 0.5 and 1 mm). This simplification enabled the 
use of bright-blood Contrast Enhanced MR angiography (CEMRA) 
images for automated lumen segmentations.  

In summary automated segmentations compared well against 
ground truth from CEMRA and T1, with a Dice score of 0.90 and true-
positive ratio 0.91 in average. There was a good agreement between fat 
fraction and R2* values extracted from the automated segmentation 
compared to the manual version.  

 
Thus, this automated method may facilitate time-efficient 

assessment of carotid vessel-wall composition in areas with or without 
carotid plaques. A major difference compared to previous manual 

Study V 
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methods, is that the outer boundary of the vessel-wall towards 
surrounding tissue is not segmented, but instead a standardised 
distance is used for vessel wall thickness. The fact that the method is 
not seeking to specifically delineate the actual plaque decreases 
specificity but might increase sensitivity, and such a standardisation 
of the method presumably allows for more reliable assessments in 
repeated measurements. Repeated measures are a necessity in the 
evaluation of plaque progression or image-based treatment evaluation 
on a personalised level, but the difficulties in manual delineation of 
the outer boundary of the plaque is an impediment. A standardisation 
of the outer boundary is a possible solution to this problem that still 
allows for assessments of changes in vessel-wall composition for fat 
fraction and R2* as well as for changes in plaque volume (as the plaque 
usually progresses inward towards the lumen). However, it’s reliability 
compared to manual approaches needs to be further evaluated in 
longitudinal studies. In conclusion, Study V proposes a key method 
towards the development of comprehensive vascular MRI for use in 
larger cohorts. 
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Discussion 

Atherosclerotic plaque biology is complex, and multiple factors on both microscopic 
and macroscopic levels are pushing either towards- or away from a state of vulnerability. 
Deeper understanding of the pathology of atherosclerosis and the improved 
identification of the vulnerable plaque is fundamental for future advancements in 
prevention and treatment of atherosclerotic disease. When comparing age groups, 
socioeconomic groups and even ethnical groups, atherosclerotic burden is unevenly 
distributed. A large proportion of events can be explained by traditional risk factors, but 
not all. For example, it is well known that atherosclerotic disease advances with 
progressing age and that men succumb to cardiovascular events earlier than women. So, 
when younger patients without traditional risk factors succumb to a myocardial 
infarction or a stroke, it becomes apparent that there are mechanisms that drive 
atherosclerotic plaques towards catastrophic events that are not yet fully explained. 
Some individuals are apparently more vulnerable and prone to disease than other.  
 
One example of a vulnerable patient is a patient with advanced atherosclerosis, with 
disease manifestations in several vascular beds, advanced age and sometimes frailty. In 
these patients, years of exposure to chronic inflammation and the development of 
advanced plaques creates a substrate for further events. This type of patient ranks high 
on cardiovascular risk scores and should be identified by the treating physician as 
someone in need of optimised risk management. However, our work shows that patients 
with high-grade carotid stenosis per se are vulnerable patients at high risk, but that this 
is not reflected in the cardiovascular risk management presented to these patients, at 
least not in the years 2009-2012 when the study took place. Importantly, clinical 
perspectives on cardiovascular risk management have changed during the decade that 
has passed since, with a transition towards higher ambitions in cardiovascular treatment 
goals. Compared to guidelines from 2012, the more recent ESC recommendations from 
2016 and 2021 propose lower targets for LDL and stricter blood pressure targets in 
cardiovascular prevention. New medical treatments have been introduced during the 
last decade and implemented for the treatment of ischaemic heart disease, including 
Sodium-Glucose Cotransporter-2 (SGLT-2) inhibitors and Proprotein Convertase 
Subtilisin Kexin type 9 (PCSK9) inhibitors. In 2012 knowledge was not yet established 
that for risk factors like LDL and blood pressure, there is a continuous linear relationship 
without thresholds beyond which no further benefit accrues between decreasing values 
and treatment benefit. Since then, through the implementation of SGLT-2 inhibitors, it 
has been recognised that very low LDL levels (close to zero) are safe and effective in 
patients with very high risk, and that there is increased benefit to be had in further 
reduction of lipoprotein levels if medication is tolerated. 
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In retrospect and in the light of the above, one might reason that for the management of 
patients with carotid atherosclerosis in our studies, it would have been beneficial both 
for the patients and for our study results to have introduced more aggressive treatment, 
by for example prescription of PCSK9 inhibitors for all (with preceding ethical 
approval). Instead, we constructed our study based on the guidelines for cardiovascular 
risk management that were current at the time. Our assumption was that improvements 
in this patient cohort would cause positive changes of such an extent that it would visibly 
alter plaque composition. In retrospect we acknowledge that such was not the case, and 
when thoroughly reviewing the literature on MRI assessments of plaque composition, 
most changes have been observed after more than a year of treatment. 
A prevention strategy that involves a multi-disciplinary team of nurse practitioners, 
physical therapists, dieticians, and doctors would possibly have provided more 
pronounced results in our patients’ cardiovascular risk profile, but we were unable to 
recruit such a team at the time. It is well known that team-based rehabilitation is efficient 
in patients with ischaemic heart disease. In Sweden patients that undergo coronary 
interventions or suffer from acute coronary events are routinely offered cardiovascular 
risk management programs during the first year after an event with improvements in 
cardiovascular risk factors for a majority as a result. Also, the inclusion of patients in 
national quality registries such as SWEDEHEART and the Secondary Prevention after 
Heart Intensive Care Admission (SEPHIA) Registry aids to register changes in the 
quality and content of patient care over time within a hospital and in comparison, with 
other hospitals. To systematically include patients in these registries also supports 
continuous improvement efforts in all participating units. However, after the first year 
of cardiac rehabilitation patients who have suffered from an acute myocardial infarction 
are transferred to outpatient care, usually with less intensive supervision of their 
cardiovascular risk management after this referral.  
Given the effectiveness of cardiac rehabilitation treatment, one might presume that most 
atherosclerosis patients with very high risk would benefit from access to team-based, 
multi-professional, cardiovascular care over longer periods of time. Is it ethical that this 
specialised treatment is available only for some patients? Is it acceptable due to limited 
resources, or would it be worthy of investigation whether an expanded cardiovascular 
rehabilitation program with improved treatment targets for greater numbers of patients 
would be cost-effective on a national level? What would be the benefit of the 
introduction of vascular medicine, organised as high-quality prevention for all patients 
with established vascular disease? The participants in Study I are examples of patients 
with documented atherosclerosis manifested in several vascular beds and high event rate 
within a follow-up time as short as two years. Here, improved cardiovascular risk 
management is an imperative, and this is the reason why we chose not to design a study 
using a control group. It would have been highly un-ethical to include patients from this 
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patient group and deny half of them the improved cardiovascular risk management that 
they had proven in need of.  
 
A second example of a vulnerable patient is a patient with established atherosclerotic 
disease but with limited response to treatment. In some patients we recognise plaque 
progression despite the introduction of comprehensive medical treatment, and in some 
individuals the disease progresses despite full risk factor control. Here, cardiovascular 
research is important and especially the aspects investigated in Study II-V: imaging, 
inflammation and circulating biomarkers have important places in further research to 
identify responders and non-responders in high-risk groups. The role of chronic 
inflammation in atherosclerotic disease is an expanding research field and further 
advancements might in the future provide answers as to why some patients are subject 
to ischaemic events even in the absence of traditional risk factors. However, most of 
what we know in humans about inflammatory cells and their presence or absence in 
atherosclerotic plaques is based on histology studies, where tissue properties and cell 
counts are based on one timepoint in which we cannot derive whether the results are a 
response to healing or plaque progress, making inflammatory responses over time 
difficult to interpret in terms of plaque development. Here, imaging used as a surrogate 
endpoint in clinical trials evaluating novel anti-atherosclerotic compounds can be more 
effective. Traditionally, new medicines are evaluated in large patient cohorts, using the 
occurrence of morbidity, mortality and major adverse cardiovascular events as outcome, 
following patients for several years and at considerable cost. Imaging trials, using truly 
quantitative measures like the quantitative MRI approach in Study III, could serve as 
faster and more cost-effective alternatives – using imaging plaque markers as surrogate 
endpoints. Some researchers claim that advanced imaging methods could provide trial 
results in half of the time compared to traditional randomised controlled trials using 
traditional endpoints, and that only a fraction of the number of study participants would 
be needed (179). 
An additional future aspect is that magnetic resonance plaque imaging could provide 
personalised evaluations for these most complex patients and allow for fine-tuned 
adjustments in medical treatment, to intensify or lower treatment doses in response to 
visualised plaque burden. It is important however, to not exaggerate the momentary 
assessment that plaque imaging provides. Plaque assessments are only instantaneous. 
There is a wide knowledge base stating that most atherosclerotic plaques remain in a 
stable phenotype without ever causing thrombi (Figure 10). Vulnerable plaques stabilise, 
there is intensive tissue repair in the arterial wall of a ruptured plaque and plaques 
stabilise and regress. 
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Figure 10. The dynamic pathology of atherosclerotic plaque progression. Over time a majority of 
plaques stabilises, and a minority progress towards asymptomatic or symptomatic plaque ruptures. 
Reproduced with permission from (193). 
 

Even though imaging will be able to show that some plaques at a certain moment in time 
fulfil the criteria for vulnerability, this can never become an indication for surgery. The 
high chance of repair through the natural cause of disease makes it hazardous to estimate 
the benefits of invasive procedures. Importantly however, the imaging of a vulnerable 
plaque can become a useful imperative to improve and intensify cardiovascular risk 
management, which is a safe and efficient treatment that should be provided with equal 
quality for all patients with very high cardiovascular risk. 
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