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Foreword 

This journey started in 2014 as a bachelor’s degree thesis within the Biomedical 

scientist education programme at Umeå University. During my bachelor’s degree 

thesis, I was introduced to the VIPVIZA study and was given the opportunity to 

start my research journey. It resulted in my master thesis and my doctoral thesis 

that you now hold in your hands. The path, like the carotid artery evaluated by 

ultrasound, has been curvy and not without temporary shadows; but above all, it 

has been a rewarding journey in so many ways. 

Since 2014, I have worked clinically as a Biomedical scientist at Clinical 

physiology at Umeå University hospital. There I was taught by my dear co-

workers the craftsmanship of carotid ultrasound examinations. Because 

craftsmanship is what it really is; it is in your hands. Anyone who has held an 

ultrasound transducer for the first time can relate to the skill needed to seeing 

accurately something on the screen. Clinically, I have examined carotid arteries 

on patients suffering from ischemic stroke, trans ischemic stroke and amaurosis 

fugax in the evaluation of potential surgery, then visualising symptomatic 

atherosclerotic carotid plaques. I have also been part of the group of 

sonographers who perform the carotid ultrasound examinations within the 

VIPVIZA study; we are now meeting study participants in their middle life to 

measure early, asymptomatic carotid atherosclerosis within a study that aims to 

improve the prevention of cardiovascular diseases.  

As motivated by many studies in my research filed, current strategies are 

insufficient in prevention of cardiovascular diseases. Traditional risk factors, to 

some extent, fail to predict risk where apparently healthy individuals without 

obvious risk can still be affected. During the time of my PhD studies, my family 

experienced up close how a highly unexpected cardiovascular event can hit an 

individual like a bolt from the blue. In 2016, my father, whom this thesis is 

dedicated to, suffered from a stroke that shattered life as we knew it. My father 

survived, but his life was now never to be the same. Suddenly, the reported 

numbers of cardiovascular events in the literature affected me on another level 

since I, as a relative, had seen what could be found behind the numbers. This 

includes grief and fear, hope and faith, anger and pondering over the unanswered 

question of why. In research, there are countless numbers and figures and the 

results are commonly discussed on a general population level. But behind each 

number, there is an individual. And for that single individual, the event, if it could 

have been prevented, could mean everything. That, if anything, is a true 

motivation.   

Emma Nyman, Lugndalsviken, September 2021. 
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Abstract 

Background: Increased subclinical atherosclerotic burden has been suggested to 

predict cardiovascular disease (CVD). By carotid ultrasound, measurements of 

carotid intima media thickness (cIMT) and carotid plaque have been commonly 

evaluated as a measure of subclinical atherosclerosis. However, the results have 

been contradictory, and the additional value of ultrasound measurements has not 

always been convincing.  

Since atherosclerosis has a heterogeneous development, and ultrasound imaging 

is operator dependent, there are methodological aspects to consider in 

measurements of subclinical atherosclerosis. If ultrasound measurements of 

subclinical atherosclerosis are to be used, it is important to evaluate 

methodological aspects in currently applied methods to increase knowledge of its 

potentials and limitations. Further, less common ultrasound based strategies to 

evaluate subclinical atherosclerosis progression may add valuable information to 

prevention.  

Aim: The overall aim of this thesis was to increase knowledge of 2D ultrasound 

measurements of subclinical atherosclerosis. Specifically, the aims were to 

evaluate reproducibility of carotid plaque measurements including detection and 

further analysis of plaque risk markers. Additionally, factors affecting subclinical 

carotid atherosclerosis progression were evaluated including the intervention 

effect by presentation of subclinical carotid atherosclerosis and the echogenicity 

of the carotid walls association to cIMT progression. 

Methods and material: All studies were based on material from the population 

based randomized control trial ‘Visualization of asymptomatic atherosclerotic 

disease for optimum cardiovascular prevention (VIPVIZA)’ study. Enrolled from 

the routine CVD prevention programme in the county of Västerbotten, all 

VIPVIZA participants aged 40 and 50 with at least one CVD risk factor or 60 years 

(included based on age) at baseline had an additional carotid ultrasound 

examination measuring subclinical carotid atherosclerosis that included 

measurements of cIMT and carotid plaques. At baseline (n: 3532) the 

intervention and the control group obtained routine CVD prevention. In addition, 

the intervention group and their primary care physicians received a pictorial 

presentation describing the subclinical atherosclerotic burden by coloured 

illustrations and text. In the 3-year follow-up, both groups had repeated 

measurements as in baseline including ultrasound examination.  

In paper I, 58 analysed carotid plaques were evaluated by coefficient of variation 

(CV) during the cardiac cycle in three heartbeats including analysis of plaque area 
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and echogenicity. In paper II, the inter-observer reproducibility of plaque 

detection by the commonly applied plaque definition of the Mannheim consensus 

was evaluated by re-examination of 106 VIPVIZA participants. In paper III, the 

intervention effect by pictorial presentation of subclinical carotid atherosclerosis 

was evaluated comparing the 3-year follow-up ultrasound variables between the 

intervention group (n: 1575) and the control group (n: 1579). In paper IV, the 

potential association of the baseline echogenicity of the intima media complex to 

cIMT progression in the 3-year follow-up was evaluated. 

Results: Small carotid plaques, compared to larger plaques, had higher variability 

in area measurement (CV 10% versus 6%, p<0.001). Further, echolucent plaques, 

compared with echogenic, had higher variability for echogenicity measurement 

(CV 15% versus 9%, p<0.001). During the cardiac cycle, found variability caused 

reclassification of plaque type in up to 25% of the analysed plaques. The inter-

observer reproducibility of carotid plaque detection revealed a kappa value of 

0.70 (95% CI 0.60-0.80) where smaller plaques, to a significant extent, were 

found on by one observer only (p<0.001). In the 3-year follow-up, the 

intervention group (n: 1575) showed significant decreased progression of cIMT 

measured in the left carotid artery compared to the control group (n: 1579) 

(estimated group difference -0.011 mm, p=0.001); no difference was found for 

plaque variables. The baseline greyscale of the intima media was associated with 

the progression of cIMT over the 3-year follow-up period where the echolucent 

complex had a higher rate of cIMT progression in both the left and right side 

(p<0.001). 

Conclusion: Small carotid plaques contribute to decreased reproducibility. An 

improved plaque definition may increase reproducibility. Further, found 

variability in measurements of plaque risk markers was influenced by plaque size 

and echogenicity emphasising difficulties in plaque classification. In additional, 

receiving a pictorial presentation describing subclinical atherosclerotic burden 

decreased progression of cIMT, which was seen when left and right side was 

analysed separately. This shows the potential to increase preventive actions for 

CVD by pictorial presentation. Lastly, the echogenicity of the intima media 

complex has the potential to quantify atherosclerotic process since it is associated 

with cIMT progression.  
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Sammanfattning på svenska  

Hjärt och kärlsjukdomar är den vanligaste dödsorsaken i världen och även i 

Sverige. Det är idag välkänt att många insjuknanden kan förhindras genom 

kontroll av riskfaktorer så som högt blodtryck, höga blodfetter och rökstopp.  

Genom mätningar av kända riskfaktorer kan personer som löper en ökad risk för 

att drabbas identifieras och erbjudas hälsofrämjande rådgivning och eventuell 

medicinering. Att vara tillsynes frisk är tyvärr ingen garanti för att inte drabbas 

av en hjärt och kärlsjukdom. Insjuknandet kan ske plötsligt, utan uppenbar ökad 

risk. Detta har motiverat sökandet efter nya mått att inkludera vid skattandet av 

risk. Många gånger är den bakomliggande orsaken till ett insjuknande 

åderförkalkning (ateroskleros). Ateroskleros är en sjukdom som drabbar 

kroppens artärer varav kärlväggen blir förtjockad och det kan även bildas plack 

som är upphöjningar inuti artären. Om ett plack brister så kan det orsaka ett 

stopp i artären vilket leder till insjuknandet. Mätningar av tidig ateroskleros, det 

vill säga innan skadan har skett, skulle kunna förbättra identifieringen av 

personer som har en ökad risk för att bli sjuk.    

Tidigare studier har visat att individer som har en ökad grad av ateroskleros i 

artärerna löper en högre risk att drabbas av ett insjuknande. Ateroskleros kan 

påvisas genom en ultraljudsundersökning där den vanligtvis avbildade artären är 

halspulsådrorna. Kärlväggens tjocklek kan mätas och plack kan detekteras. 

Detektionen av aterosklerotiska plack görs mot fastställda kriterier på vad som 

definierar ett plack. Vidare kan gråskalan i ultraljudsbilden analyseras som ett 

mått på aterosklerosens innehåll, då gråskalan reflekterar olika beståndsdelar. 

Resultaten från tidigare studier är spretiga gällande hur mycket det egentligen 

kan vinnas på att mäta tidig ateroskleros för identifiering av ökad risk, vilket 

framförallt gäller mätning av kärlväggens tjocklek. Detta kan delvis bero på att 

olika studier använt sig av olika strategier för hur aterosklerosen har utvärderats 

med ultraljud. Studier har utvärderat olika segment men även använt olika mått.  

Eftersom resultaten varit spretiga är det viktigt att belysa metodologiska 

utmaningar i de ultraljudsbaserade mätningar som utförs idag, vilket kan vara en 

bidragande faktor till de oklarheter som ses när tidigare resultat jämförs. Det är 

också av intresse att utforska nya möjligheter i analysen av ultraljudsbilder av 

tidig ateroskleros. Tillväxttakten av ateroskleros samt gråskalan i kärlväggen kan 

vara av nytta i framtida utvärderingar.  

Syftet med denna avhandling var att öka kunskapen om ultraljudsavbildning av 

tidig ateroskleros i halspulsådrorna. Mer specifikt så utvärderades 

tillförlitligheten i plack detektion samt analys av plackets gråskala och storlek. 

Vidare utvärderades om tillväxten av ateroskleros kunde påverkas över tid bland 
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deltagare i en stor forskningsstudie med ursprung i Västerbottens 

hälsoundersökningar (VHU). Slutligen utvärderades det om kärlväggens gråskala 

i ultraljudsbilden kunde förutspå dess tillväxt. 

Invånare i Västerbottens län erbjuds det år de fyller 40, 50 och 60 år att mäta sina 

riskfaktorer för hjärt och kärlsjukdomar genom VHU. Individer som deltagit i 

VHU bjöds in att delta i forskningsstudien VIPVIZA (Engelsk förkortning för 

Visualisering av tidig ateroskleros för förhindrandet av insjuknade i hjärt och 

kärlsjukdomar). I VIPVIZA undersöktes 3500 personer från hela Västerbotten 

med ultraljud av halspulsådrorna. Genom mätningar av artärväggens tjocklek vid 

standardiserade vinklar och detektionen av aterosklerotiska plack utifrån 

etablerade kriterier bedömdes graden av tidig ateroskleros. Utöver den 

rutinmässiga mätningen av riskfaktorer som alla studiedeltagare fick, så fick 

halva gruppen i VIPVIZA ett brevsvar med färgade bilder som beskrev graden av 

tidig ateroskleros baserat på mätningarna från ultraljudsundersökningen. Den 

andra halvan fick inget svar på ultraljudundersökningen. Denna uppdelning 

gjordes för att utvärdera om de som fick se sina artärer genom brevsvaret blir mer 

motiverade att göra livsstilsförändringar. Efter tre år upprepades 

ultraljudsmätningarna i båda grupperna. Ultraljudsbilder insamlade inom 

VIPVIZA studien utgjorde materialet till alla delstudier i den här avhandlingen.  

Resultaten visade att trots användandet av etablerade kriterier så var små 

aterosklerotiska plack svårare att hitta än stora vilket sänker tillförlitligheten i 

metoden. Små samt mörka plack (baserat på gråskalan) var dessutom svårare att 

bedöma vid vidare analys. Att se sina artärer gjorde en skillnad på tillväxten av 

artärväggens tjocklek. De som sett sina artärer hade en minskad tillväxttakt på 

sin kärlvägg jämfört med de som inte fick se. Kärlväggens gråskala visade sig ha 

ett samband med tillväxten, då de med mörk kärlvägg hade större tillväxttakt 

under den utvärderade 3 års perioden. 

Sammanfattningsvis visar resultat inom denna avhandling att mätningar av tidig 

ateroskleros i halspulsådrorna genom ultraljud inte kan göras utan att ta hänsyn 

till vissa utmaningar vilket rör både plack detektion och analys av plackets storlek 

och gråskala. En ändring av de etablerade kriterierna för vad som definierar ett 

plack skulle kunna öka tillförlitligheten. Vidare kan tillväxten av artärväggens 

tjocklek påverkas positivt genom att personer få se sina artärer. Att se sina artärer 

kan komma att förbättra förebyggandet av hjärt och kärlsjukdomar. Slutligen så 

kan analys av gråskalan i kärlväggen bidra med ytterligare en pusselbit vid 

bedömning av tidig ateroskleros. Sammantaget så bidrar denna avhandling till 

ökad kunskap om ultraljudsavbildning av tidig ateroskleros vilket kan bidra till 

förbättrade metoder vid bedömning av risk för hjärt och kärlsjukdomar i 

framtiden. 



 

viii 
 

Original papers 

This thesis is based on the following original papers, referred to their roman 

numerals in the text:  

 

I. Nyman, E., Lindqvist, P., Näslund, U., Grönlund, C. (2018) Risk 

marker variability in subclinical carotid plaques based on ultrasound 

is influenced by cardiac phase, echogenicity and size. Ultrasound in 

Medicine and Biology, 44(8): 1742-1750 

 

II. Nyman, E., Vanoli, D., Näslund, U., Grönlund, C. (2019) Inter-

sonographer reproducibility of carotid ultrasound plaque detection 

using Mannheim consensus in subclinical atherosclerosis. Clinical 

Physiology and Functional Imaging, 40(1): 46-51 

 

III. Nyman, E., Grönlund, C., Vanoli, D., Liv, P., Norberg, M., 

Wennberg, P., Wester, P., Näslund, U. Reduced progression of 

carotid intima media thickness by pictorial presentation of 

subclinical atherosclerosis in VIPVIZA – a randomized controlled 

trial. In manuscript. 

 

IV. Nyman, E., Liv, P., Wester, P., Näslund, U., Grönlund, C. Baseline 

carotid intima media echogenicity is associated with the 3-year 

progression of intima media thickness. In manuscript. 

  



 

ix 
 

Abbreviations 

ANCOVA – Analysis of covariance 

ARIC - Atherosclerosis Risk in Communities 

BMI – Body mass index 

CAC – Coronary artery calcification 

CAD – Coronary artery disease 

CCA – Common carotid artery  

CI – Confidence interval 

cIMT – Carotid intima media thickness 

CT – Computed tomography  

CV – Coefficient of variation 

CVD – Cardiovascular disease  

ESC – European society of cardiology  

FRS – Framingham risk score 

GSM – Greyscale median 

HDL – High-density lipoprotein 

ICA – Internal carotid artery 

IM – Intima media 

IM-GSM – Intima media greyscale median 

LDL – Low-density lipoprotein  

MESA - Multi-Ethnic Study of Atherosclerosis 



 

x 
 

MI – Myocardial infarction 

MRI – Magnetic resonance imaging  

PET – Positron emission tomography  

SCORE – Systemic coronary risk evaluation 

SMC – Smooth muscle cells 

TPA – Total plaque area 

VIP – Västerbotten intervention program 

VIPVIZA - Visualization of asymptomatic atherosclerotic disease for optimum 

cardiovascular prevention within the Västerbotten Intervention Program 



1 
 

Introduction  

Cardiovascular disease epidemiology  

Cardiovascular disease (CVD) is a group of disorders affecting the heart and blood 

vessels that include life threatening events such as myocardial infarction (MI) and 

stroke. CVD also includes claudicatio intermittens that affects arteries supplying 

the legs, and diseases in vessels supplying vital organs such as the kidneys. In 

2019, there were an estimated 18.6 million lives lost due to CVD, which makes it 

the number one killer globally. From 1990 to 2019, the prevalent cases of total 

CVD have nearly doubled from 271 million to 523 million (1). Since CVD is 

responsible for most deaths, it is reasonable to emphasise need of effective 

strategies that can reduce morbidity and mortality. The function and diseases of 

the cardiovascular system have been targeted in research throughout the ages of 

human history. Aristotle (384-322 B.C) was one of the first of his time to describe 

the model of the heart and the vascular tree (2). Leonardo da Vinci (1452-1519) 

studied the anatomy of the heart and circulation, and described the coronary 

arteries (3). William Harvey (1578-1657) is considered by many as the father of 

modern physiology based on his experimental findings presented in the book “On 

the motion of the heart and the blood” (4). Today, due to the results of 

epidemiological studies performed throughout decades (5), it is now well-

recognised that the risk of suffering from a CVD event increases with risk factor 

burdens like smoking, hypertension and dyslipidaemia. 

From a global perspective, the prevalence of CVD have increased. However, there 

are large differences between countries. In a comparison between countries in 

Europe, a higher CVD mortality is found in middle-income countries compared 

to high-income countries (6). In many high-income countries, CVD mortality has 

decreased due to successful reduction of traditional risk factors, introduction of 

lipid lowering drugs, and hypertension control (7). Results from Sweden showed 

that more than half of the decreased coronary heart disease mortality between 

1986 and 2002 was due to reductions in major risk factors including total 

cholesterol levels, decreased smoking habits and decreases in blood pressure (8).  

Prevention 

Myocardial infarction and stroke can hit the individual like a bolt from a clear 

sky, meaning that the individual is asymptomatic until the day of the event. At 

the time of the event, the damage is established and the outcome may be fatal.  

Due to improved medical treatment, individuals can have a full recovery; but for 

many, the CVD event results in life-long disability with impaired quality of life (9, 
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10). Much is to gain in identifying high-risk individuals at an early stage, and to 

prevent the event in the first place.  

In CVD prevention, the Framingham study can be considered as a milestone. It 

started in 1948 and aimed to increase knowledge of the epidemiology for the 

development and prevention of CVD. In 1957, the study established that 

hypertension increases risk for coronary heart disease. The first risk profile for 

CVD was developed in 1978, and today is recognized as the Framingham risk 

score (FRS) that in its current form was published in 2008 (11). The risk score 

estimates the 10-year risk of any coronary heart event – fatal or non-fatal, based 

on sex, age, smoking status, total cholesterol and systolic blood pressure. This 

chart is suited to identify high-risk individuals in the population and support 

lifestyle changes and improved medical treatment (12). In 2003, a risk estimation 

for CVD was developed for clinical practice in Europe (13). The result was 

Systemic Coronary Risk Evaluation (SCORE), which was based on the chart-

format used in the FRS but with some differences. SCORE evaluates the 10-year 

risk for fatal CVD events only, based on sex, age, smoking status, systolic blood 

pressure and total cholesterol. The limitation of SCORE in only evaluating fatal 

events was recently (during 2021) targeted by the publication of SCORE2, which 

now predicts the 10-year risk of first-onset including both fatal and non-fatal CVD 

(14).  

Even though the risk scores have been successfully applied in prevention, they 

are limited to the included variables. An evaluation of the sensitivity of FRS and 

SCORE to correct identify CVD events among 25 000 participants showed large 

differences. The sensitivity of FRS among younger men (<55 years) was 88% 

(specificity 40%) compared with SCORE at 33% (specificity 87%). For older men, 

(aged 55-64 years) the sensitivity for FRS and SCORE was 96% and 91%, 

respectively. Among women, the result was worse. In younger women (<55 years) 

the sensitivity of FRS was 41% (specificity 84%), and with SCORE no true positive 

was detected although there were 75 true cases. For women 55-64 years, the 

numbers were 83% and 33%, respectively (15). This shows that especially the 

young and women can be discriminated by current risk scores. 

Results from INTERHEART published in 2004, a large standardised case-control 

study of acute MI in 52 countries, concluded that dyslipidaemia, smoking, 

hypertension, diabetes, obesity, psychosocial factors, regular physical activity, 

consumption of fruits, vegetables and alcohol account for most of the risk of MI 

(16). Similarly, results from INTERSTROKE published 2016 reported that 10 

highly modifiable risk factors attributed to the majority (90%) of stroke events 

(ischemic and haemorrhage) (17). Results published in 2020 from a global 

evaluation of the effects of modifiable risk factors on CVD showed still that most 

deaths could be explained by traditional factors (18). This means that the majority 
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of cardiovascular diseases are for the most part preventable since many factors 

that increase risk are modifiable with the exception of age, sex and heredity.  

Although it is well-recognized that the majority of CVD events (fatal and non-

fatal) are caused by modifiable risk factors, individuals at estimated high risk can 

remain well and highly unexpected events can occur among individuals with 

estimated low risk. Despite improvements during the past decades, CVD still kills 

more than 4 million individuals each year in Europe, which accounts for 45% of 

all deaths (19). In Sweden, approximately every third death is still due to CVD, 

which still make it to the most common cause of death. 

In the United States, under current prevention polices the CVD rate is predicted 

to increase by ~10% by 2030 due to the aging population (20). Since ageing is a 

strong driving force to increased risk of CVD, it is not surprising that the 

prevalence is expected to increase as populations live longer. However, 

premature death due to CVD is alarming since CVD at younger ages is often 

preventable. As stated by the European society of cardiology (ESC), one-third of 

premature deaths (<70 years) are due to CVD (6), and there is growing evidence 

that young adults (18-45 years) have been increasing their CVD burden (21). 

Further, the ESC has stated that increased prevalence of obesity and diabetes 

currently provides the greatest challenge for further improvements in prevention 

of CVD (6). An estimated 900 extra deaths occurred in Sweden 2002 due to 

increased prevalence in body mass index (BMI) and diabetes (8).   

Preventive paradox  

In 1981, epidemiologist Geoffrey Rose stated the “Preventive Paradox” (22). 

Traditional high-risk intervention approach are good for identifying individuals 

who need intensified treatment to prevent a future event. However, with this 

strategy, only the tip of the iceberg is identified. As is common for CVD, many 

events will occur among individuals exposed to lower risk since this group is a 

larger number of the total population (23). Every second CVD event has been 

reported to occur among individuals not classified as being at high risk (24). 

Among patients with first time MI, 14.4% had no risk factors and 81% had 1-3 risk 

factors, whereas only 4.5% had over four risk factors (25). 

Statements and obstacles  

The following has been stated: 1) the majority of CVD events could be prevented 

by the control of traditional risk factors; 2) despite improved prevention the past 

decades, CVD still accounts for most deaths.  
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Obstacle 1 is low adherence to prevention actions. Poor understanding of 

instructions and limited compliance to make lifestyle changes contribute to low 

adherence among individuals and patients. Physician’s adherence can be 

influenced by awareness and attitude towards guidelines. Further, on the 

organisation level, the budget may inhibit the practice of prevention (26). For 

example, 30-50% of individuals without a previous CVD do not fulfil their 

prescribed preventive medication (27, 28). Increased adherence to healthy 

lifestyle including diet, alcohol consumption, no smoking and being physical 

active have been suggested with the potential to prevent 79% of MI among men 

in Sweden (29). Further, higher adherence for antihypertensive medication is 

associated with a lower risk of stroke among individuals with hypertension (30). 

Strategies that increase adherence could therefore increase the potential of 

prevention. 

Obstacle 2 is that an individual estimated with low-to modest increased risk by 

traditional risk factors can suffer from CVD, which means that traditional risk 

factors fail to identify accurately individuals. This emphasises the search for 

additional variables to include when evaluating risk beyond the traditional risk 

factors. Therefore, the focus has shifted to the presence and degree of the 

underlying disease of most CVD events, i.e. atherosclerosis. 

Atherosclerosis 

Atherosclerosis is a chronic, inflammatory disease affecting the walls of large to 

medium sized arteries. The disease results in focal build-ups, fatty streaks that 

may progress into visible plaques. The progression of atherosclerosis is silent, and 

it has a prolonged asymptomatic phase and therefore often presents as severe 

when clinical symptoms occur (Figure 1). 

Figure 1. Carotid arteries (CCA – common carotid 

artery, ICA – internal carotid artery) supply the brain 

with blood (to the left). Schematic images of 

atherosclerosis in the carotid artery (to the right).                     

A. Ordinary carotid artery. B. Subclinical carotid plaque. 

C. Symptomatic carotid plaque due to plaque rupture. 
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If an atherosclerotic plaque ruptures the plaque content is exposed to the blood 

stream and by the reaction of the coagulation system atherothrombosis with 

blood flow obstruction or occlusion may occur. The tissue distal of the blood flow 

obstacle or occlusion will suffer from ischemia, which is the myocardium if the 

coronary artery is affected (MI), or the brain if the artery supplies this area 

(ischemic stroke) (Figure 2).  

 

Pathogenesis of atherosclerosis 

One may think of atherosclerosis as a disease of modern times, but this is not the 

case. A study on ancient Egyptian mummies who had a lifetime of 1981 BCE to 

364 CE showed that nearly 50% (20 of 44) had atherosclerotic plaques in the 

aorta, carotid arteries, iliac arteries or coronary arteries (31). The atherosclerotic 

process can be initiated during the first decades of life. An autopsy study of young 

individuals (15-34 years who died of accidents, homicides or suicides) showed 

that fatty streaks in the abdominal aorta were present in ~20% of those aged 15-

19 years and in ~40% among those 30-40 years.  In the coronary artery, fatty 

streaks was present in one of 10 among individuals 15-19 years old and in almost 

one of three among 30-34 years old (32). 

 The pathogenesis of atherosclerosis is complex and far from fully understood 

(33). The main underlying factors of the development of atherosclerosis are 

thought to be endothelial dysfunction, plasma molecules and lipoprotein 

Figure 2. Atherosclerosis as the major underlying 

cause to cardiovascular diseases. A. Coronary artery 

related to ischemic heart attack. B. Carotid artery 

related to ischemic stroke. C. Atherosclerotic plaque 

causing atherotrombosis with emboli or local occlusion. 
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infiltration, leukocyte up-relegation, and smooth muscle cells (SMC) migration 

(34).  

The artery wall is composed of three layers: tunica adventitia, tunica media and 

tunica intima (Figure 3). The intima layer is in direct contact with the blood flow 

and consists of a monolayer of endothelial cells that regulate vascular 

permeability through receptors. The tunica media consists mainly of SMC, which 

maintain vascular tone by adapting to blood oscillations due to heart contraction 

and relaxation. The tunica adventitia mainly consisting of fibrocollagenous 

tissue, which makes it a strong layer. 

  

 

In brief, the pathogenesis of atherosclerosis starts with injury on the endothelial 

cells due to metabolic factors or mechanical stress, which may result in 

endothelial dysfunction. The dysfunctional endothelium can leak plasma 

molecules and particles into the sub endothelial space (Figure 4). Commonly 

described, low-density-lipoprotein (LDL) cholesterol leaks into the sub 

endothelial space. Inside the arterial wall, it gets oxidized and is now pro-

atherogenic, which triggers an inflammatory response (35). Immune cells such as 

monocytes and T-cells are alarmed to the site to annihilate the particles. The 

oxidized LDL is taken up by macrophages, but unfortunately, macrophages are 

not capable to neutralize the lipid. Instead, the uptake leads to cell apoptosis, 

which generates foam cells and the lipid content is re-released into the sub 

endothelial space (34). The permanent lipid rich necrotic core inside the artery 

wall generates artery wall build-up – a change that can continue to grow through 

decades. Further, also SMC may respond with remodelling, resulting in SMC 

migration (36). This is a stage of healing and repairing of arterial injury, which is 

a process of stabilizing the area, but it may also increase the atherosclerotic 

plaque area and SMC themselves can undergo apoptosis. Although the above 

description of the pathogenesis of atherosclerosis is simplified, it is clear that the 

pathogenesis of atherosclerosis includes multiple stimuli and pathways. The 

Figure 3. Schematic image of arterial wall structure. 
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result, however, is that the composition within the arterial wall is changed, which 

includes arterial wall remodelling. 

Atherosclerotic lesions have been classified in types I-VI based on their 

histological composition and structure. Type I consists of increased amount of 

macrophages and formation foam cells, with adaptive intimal thickening. Type II 

consists of, besides foam cells, SMC and fatty streaks. Type III is an intermediate 

stage that can consist of small pools of extracellular lipids. In type IV, a lipid core 

is present. Lesions with lipid core and thick layers of fibrous connective tissue 

characterise type V lesions and/or fissure, hematoma and thrombus, which are 

the determinants of type VI lesions (37). 

The arterial wall itself gets arterial supply from small vessels from the adventitia 

called vasa vasorum. In progression of atherosclerosis, angiogenesis may take 

place. This means that micro vessels extend through the media into the plaque 

area supplying the atherosclerotic process (34). The new vessels can be fragile, 

and if they burst, intraplaque haemorrhage occurs. Atherosclerosis can also lead 

to mineralization, which results in calcification. The calcification has been 

described as an active process mediated by different processes partly by 

macrophages (38) and by enzymes related to bone metabolism (39). The extent 

of calcification in an atherosclerotic plaque can be large or small; 

macrocalcification is suggested to represent a healing process that generates 

plaque stability, whereas microcalcifications are associated with plaque 

instability (38).   

Figure 4. Schematic illustration of atherosclerotic development. Endothelial dysfunction results 

in infiltration of plasma molecules, such as low-density lipoprotein-cholesterol (LDL-C) in the 

sub-endothelial space. Macrophage uptake of LDL-C results in cell apoptosis and an 

inflammatory response with formation of a lipid-rich necrotic core. Multiple stimuli result in 

plaque formation with different compositions such as calcification, angiogenesis and intra plaque 

haemorrhage. 
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Heterogeneous development  

Atherosclerosis is a multifocal disease and is sometimes mistaken as a uniform 

disease. However, it is distribution can be irregular both between and within 

individuals. The atherosclerotic development is under the influence of various 

conditions such as differences in blood flow patterns and gene expressions (40) 

resulting in arterial heterogeneity (41). This means that different parts of the 

vascular bed are more or less likely to develop atherosclerosis, and the processes 

that precede the development may differ. There is an established 

interrelationship of atherosclerotic development between different arterial 

segments, which shows that increased atherosclerosis in one segment increases 

the risk of atherosclerosis in another segment. Having atherosclerosis in the 

iliofemoral segment has shown a 70% probability of finding atherosclerosis in 

other segments (e.g. carotid, aorta or coronary) (42). Associations of increased 

atherosclerosis in the aorta and carotids have been found among patients with 

coronary artery disease (CAD), which suggests the value of measuring other 

arterial segments for predicting coronary artery atherosclerosis (43).  

The high risk Plaque BioImage study (44) included 6102 asymptomatic 

individuals (mean age 69 years, 56% females) and evaluated different image 

modalities for subclinical atherosclerosis. Carotid plaque was present in 78%, and 

coronary calcium in 68%. In analysis adjusted for risk factors, individuals with 

the highest plaque burden in the carotid had 4.79 (4.11–5.57)) times greater odds 

of being in the highest category of CACs compared to individuals with no detected 

plaque. Further, an autopsy study showed that individuals who died from 

coronary artery diseases had more advanced atherosclerosis in other segments 

(45). However, the association between segments has also been found to be weak. 

When subclinical atherosclerotic prevalence and distribution was compared 

between carotid, femoral and coronary arteries, 31% of the participants had 

atherosclerosis in one segment, whereas only 12% had it in all three (46). Side 

differences are also present. Left carotid artery has been reported to be more thick 

than the right among a middle aged population (47). Further, in regions where 

atherosclerosis develops, the distribution is commonly heterogeneous, which 

means that the development is not uniform in the circumferential artery wall. 

Carotid plaque was reported to grow faster in the artery direction then they 

thicken (48). This means that one measure may not reveal the atherosclerotic 

severity.  

The complexity of the atherosclerotic disease can emphasize why even with 

improvements, it is still a number one killing factor. Beside the complexity of the 

inflammatory response to various stimuli, the arteries are under the influence of 

haemodynamics, which also plays a role in the atherosclerotic development.   
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Cardiac cycle variations  

The arterial blood flow is laminar, which means that the blood that travels closest 

to the wall is slightly restricted due to friction, thus generating a “parabolic” shape 

of the blood flow (Figure 5). This is the case in arterial segments that are straight 

without bifurcations. In bifurcations, areas where the artery divides, this laminar 

flow is disturbed generating turbulent blood flow. Secondary to the turbulent flow 

the mechanical forces on the wall are changed. Atherosclerotic plaque commonly 

develops in these areas, whereas decreased shear stress (frictional force per area) 

is thought to be one of the mechanism behind atherosclerosis formation. In the 

carotid artery, the common carotid artery (CCA) is a segment that under normal 

circumstances have non-disturbed laminar flow. In the bifurcation, however, the 

flow is disturbed, which highlights that atherosclerosis in the CCA and in the 

bifurcation is developed under different mechanical conditions.   

 

 

The location where intima media wall thickens and plaque is formed is under the 

influence of haemodynamics. Haemodynamics represent principals of blood flow 

generated from the force of the pumping heart. It is usually described with 

simplified models that apply different principles to understand the complexities 

(49). The heart is commonly described as a pump with vessels described as 

cylinders receiving blood flow generated by the heart. Nevertheless, the arteries 

are not passive cylinders. They react due to the changes generated during the 

heart cycle. For this task, the central arteries, such as the aorta and carotid 

arteries, have to be compliant, which they are by their elastic properties. To 

maintain a smooth blood flow throughout the cardiac cycle, i.e. reduce the 

pulsatile flow and maintain blood flow in diastole, the central arteries have a high 

content of elastic fibres in the media layer. In diastole, the large central arteries 

can buffer stroke volume and uses their elastic properties to maintain a close to 

continuous blood flow out into the peripheral parts (50). In systole, when the left 

Figure 5. Laminar flow in the common carotid artery (to the right). At the bifurcation, the flow 

is disturbed generating turbulent blood flow (to the left). 
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ventricle ejects stroke volume out in the aorta, the central arteries increase their 

lumen diameter and the artery wall gets thinner. In diastole, when the ventricles 

are under relaxation, the lumen diameter in the central arteries decreases. As a 

consequence of this, the intima media layer is thicker in diastole than in systole 

(51). Since the cardiac phases, systole and diastole, causes changes in central 

arteries, cardiac cycle variations is important to consider in analysis of 

atherosclerosis.   

With the degenerative process of aging, the arteries lose their elastic properties, 

which makes them stiffer. This can increase peripheral resistance, increase blood 

pressure, and trigger atherosclerosis. Therefore, measurements of arterial 

stiffness have been used to evaluate the dynamic properties of arteries as a 

marker for increased risk.  

Arterial stiffness 

When the left ventricle ejects the stroke volume through the aortic valve into the 

aorta it will generate a pulse wave, which travels along the arterial wall. This pulse 

wave velocity is 4-8 m/s in healthy individuals and this wave will be reflected at 

the bifurcation. If the aorta is elastic, the reflected pulse wave travels more slowly 

due to energy loss among the way. Meanwhile, if the aorta is stiff, the reflected 

pulse wave will travel faster. Aging results in stiffer arteries, which can increase 

blood pressure and further stimulate atherosclerosis. The stiffening of arteries 

stimulates atherosclerosis, and atherosclerosis generates arterial stiffening 

making it a vicious circle (52). Measurements of arterial stiffness can be made by 

different techniques, whereas a common approach is pulse wave velocity. Pulse 

wave velocity is measured by the transit time of the pulse waveform at two sites, 

commonly the carotid and femoral. It is calculated by dividing the manually 

measured distance between the two sites with the transit time between the two 

pressure waves measured (53). Measurements of arterial stiffness have been 

evaluated as a marker for increased cardiovascular risk. (54, 55).   

Image modalities for subclinical atherosclerosis 

Since atherosclerosis generates structural changes in the arterial wall, it can be 

visualised by different image modalities. The image modalities are used clinically 

to evaluate status among patients with symptoms, but during the past decades 

have been evaluated on subclinical individuals in the search of new variables to 

include in risk evaluation. Different image modalities present different challenges 

and opportunities.  
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Computed tomography  

The coronary arteries are in motion due to the beating heart. They are of small 

dimension (lumen diameter  4.5-1.1 mm (56)), which presents a challenge to 

image. Great improvements have been made during recent decades in Computed 

tomography (CT) with improved temporal and spatial resolution suitable for 

coronary artery visualisation (57). In comparison with a conventional x-ray scan, 

CT is, in brief constructed by acquiring multiple x-ray scans by rotating the scan-

head around the subject. Then, computer assisted reconstructions are made using 

the multiple scans. Radiation imaging like CT visualises calcification such as 

skeleton. Therefore, coronary artery atherosclerosis calcification can be detected 

by CT and measured by the coronary artery calcification (CAC) score. Studies has 

shown that increase calcification burden in the coronary arteries associates with 

increased risk for coronary heart disease (58-61). Since this modality visualises 

calcification, there is an imminent risk of missing plaques without calcification. 

A CAC score of zero does not necessary mean that the individual is free from 

coronary atherosclerosis (62).  

Magnetic resonance imaging  

Magnetic resonance imaging (MRI), unlike CT, is not based on ionizing radiation, 

and it generates better contrast between soft tissues. The MRI principle, in brief, 

is based on applying a strong primary magnetic field to shift the spin of protons 

of the tissue, while simultaneously applying an oscillatory secondary magnetic 

field to manipulate their spin. The energy released by the protons when they 

relapse is tissue specific, which make MRI suitable not only for the detection of 

subclinical atherosclerosis but also in determination of its composition. Carotid 

plaque composition such as intraplaque haemorrhage and lipid cores have been 

evaluated (63, 64).  

Positron Emission Tomography  

Positron emission tomography (PET) is a nuclear image modality, which means 

that the subjects gets an injection of a radioactive substance (isotope) and is 

placed in a circular PET scanner. The isotope targets specific molecular processes 

that can be followed and measured. The isotope emits positrons, and when these 

collide with electrons in the tissue both are annihilated, which generates energy 

in form of two gamma rays traveling in opposite directions. Detection of these 

gamma rays reveal the location of the isotope, and by computerised 

reconstruction it can be visualised (65). A common process that the isotope 

targets is glucose metabolism, where a high isotope uptake can be seen in areas 

with high metabolism. 18F-fluorodeoxyglucose (FDG) is commonly applied for 

tumour detection since tumour cells have an increased metabolism. High 

metabolism can also be seen in tissues with active inflammation; therefore, PET 

can be used to detect atherosclerotic processes. PET can also be combined with 
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CT or MRI for better anatomical landmarks. In an MRI-PET study evaluating 

individuals with subclinical atherosclerotic plaques, it was found that only 11% of 

the identified plaques had FDG uptake compared to 62% uptake in plaque-free 

segments. This indicates that inflammatory processes are not only present in 

established plaques (66). FDG evaluated on symptomatic carotid plaques was 

found to be lower in uptake in echo-rich plaques in ultrasound, whereas it was 

higher in dark echolucent plaques (67).     

CT, MRI and PET can all detect and measure subclinical atherosclerosis with 

different approaches, and have the potential to detect diverse components of the 

atherosclerotic process. In population screening, however, the above mentioned 

image modalities have major limitations considering the cost, time, availability, 

radiation and the use of radioactive compounds. In contrast, ultrasound imaging 

has the advantage to be non-invasive, of low coast and without radiation. This 

image modality is the centre focus of this thesis.  

B-mode ultrasound imaging 

In 1950, two Swedish pioneers, Inge Edler – a cardiologist at Lund University and 

Helmuth Hertz – a physicist, modified a sonar device and were able to record  

echoes from Hertz’s heart, which is one of the earliest recordings in the field of  

cardiovascular ultrasound (68). Further, in Japan in 1959, Shigeo Satomura 

together with Ziro Kaneko were able to measure blood flow velocity in vessels by 

Doppler flowmeter (69). Seven decades have passed since the start of diagnostic 

cardiovascular ultrasound and the technology is still improving. Ultrasound 

methodology has been refined and developed, image quality has increased and 

additional methods have been integrated in the ultrasound systems. However, the 

underlying principles are fundamentally the same. 

One key component in ultrasound imaging is the transducer that the operator 

holds in the hand against the skin of the subject over the area of interest. The 

transducer consists of piezoelectric crystals on the top that can convert electrical 

impulses to ultrasound and vice versa (70). The transmitting of ultrasound from 

the transducer is in pulses where the returned pulse echo can be registered. The 

time for the pulse to return is noted, and it is then possible to calculate where the 

echo came from since the speed of ultrasound is known. Ultrasound is reflected 

by the interfaces between different tissues due to acoustic impedance (density 

and compressibility). If there are large differences in acoustic impedance, a large 

amount of ultrasound will be reflected and appear bright. It is the intensity of the 

reflected ultrasounds, the brightness after processing that is shown in the B-mode 

ultrasound image on the screen.  
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In this thesis, 2D ultrasound was applied to measure subclinical atherosclerosis 

in the carotid arteries. Clinically, carotid ultrasound is used in symptomatic 

individuals suffering from trans ischemic attack, amaurosis fugax or ischemic 

stroke. The blood flow measurement in ultrasound is then the crucial tool to 

determine if the atherosclerotic plaque generates a significant carotid stenosis, 

which is one of the determinations of whether a patient should be selected for 

carotid endarterectomy. In the subclinical approach, ultrasound is not used 

clinically. However, the method has been extensively used in cardiovascular 

research since it is a non-invasive image modality suitable for population 

screening and studies. Usually, measurements of cIMT (Figure 6) and the 

detection of plaques are made (Figure 7).  

 

Figure 6. Ultrasound measurement of carotid intima media thickness (cIMT) in the distal part of 

the common carotid artery. 

Figure 7. Carotid plaque in the bifurcation that extends into the internal carotid artery (ICA). A. 

Schematic illustration of the carotid segment including ICA, external carotid artery (ECA) and 

common carotid artery (CCA). B. Ultrasound image with applied color Doppler for better 

visualisation.  
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Carotid intima media thickness 

During the early pathogenesis of atherosclerosis, the dysfunctional endothelium 

leaks plasma molecules into the sub-endothelial space. This may initiate the 

inflammatory process, which can lead to thickening of the arterial wall. Further, 

mechanical stress by stiffened arteries due to loss of elasticity and/or increased 

blood pressure can causes thickening. These processes lead to a thickening of the 

intima or media layers or both, which can be measured by carotid ultrasound as 

the carotid intima media thickness (cIMT). In ultrasound images, the tunica 

intima is too small to be measured alone, whereas the intima plus media thickness 

is measured from the interface of adventitia to the lumen.  

There are different opinions of whether measurements of cIMT represents 

subclinical atherosclerosis or a more natural thickening due to aging of the 

arterial wall. cIMT has been suggested to represent pathological changes of 

medial hypertrophy or intimal thickening, which should not be defined as 

atherosclerosis (71). Furthermore it has been stated that cIMT, unlike carotid 

plaque, should not be described as subclinical atherosclerosis since it is a 

biological distinct process in the arterial wall (72). It has been suggested to refer 

cIMT not as atherosclerosis but as an arterial injury (73). Whether cIMT is a 

measurement of subclinical atherosclerosis or not is a delicate question. Since 

central arteries consist of more elastic properties that are lost due to the 

degenerative process of aging, it is justified that stiffened arteries and 

consequently increased thickness are a part of aging, which is not necessary is 

atherosclerosis. With increased aging cIMT increases linearly (74-76). However, 

besides age, cIMT has also been shown to increase with the number of risk factors 

(74), which suggests its value as a marker of atherosclerosis. With aging, however, 

an acceleration of risk factors often takes place, not only by stiffened arteries but 

also with potential changes in general health and lifestyle, which can affect other 

properties such as mobility and diet. Sex differences are further present where 

men exhibit a thicker intima media than women. However, from the 6th decade 

these sex differences decrease with an acceleration of cIMT progression seen in 

females with postmenopaus as a potential explaining factor (77, 78).  

The question of what to consider as a normal or thickened cIMT is not consistent 

in the literature. Recommended definitions of what to consider as a thickened 

cIMT are ≥75th percentile due to age and sex based normal values (79) or absolute 

cIMT value >0.90 mm (80). Reported normal values by age and sex differ 

between studies. In the Atherosclerosis Risk in Communities (ARIC) study, the 

mean left CCA cIMT in the 55 years age group, the 75th percentile was 0.70 mm 

for female. For males, the value was 0.80 mm (81). The Malmö Diet and Cancer 

Study reported >75th percentile for cIMT in the same age group as 0.78 mm for 

females and 0.86 mm for males (79). This is one example showing different cIMT 
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values between different studies. On the other hand, since cIMT is strongly 

associated with age and sex, a cut-off value of >0.90 mm could be discriminating 

to the young and females.  

cIMT and associations to risk factors  

A study on 1225 Finnish men (42-60 years published 30 years ago) found that 

age, ambulatory pulse pressure, smoking, LDL-cholesterol, history of CVD, 

systolic blood pressure and diabetes were strongly associated with maximal cIMT 

(82). Nearly twenty years later, the IMPROVE study – a prospective, longitudinal, 

observational study collected in European countries, evaluated determinants of 

cIMT in ~3700 subjects at high risk of CVD. Among the independent 

determinants of cIMT, the strongest associations were found for latitude (north 

vs south Europe), age, sex, pulse pressure, smoking, education and hypertension. 

The included variables explained 27%, 24% and 19% of the variability of mean, 

mean-max and max cIMT, respectively. These cIMT variables were constituted 

by measurements from all carotid segments including the CCA, bifurcation and 

internal carotid artery (ICA) (83). 

 Overall, results from previous studies evaluating the relationships between 

traditional risk factors and cIMT have found a relatively low degree of 

explanations (<30%) (84-86); however, age, sex and systolic blood pressure are 

described among the main determinants. This emphasises that traditional risk 

factors do not count for the majority of changes in cIMT. 

cIMT and its predictive value for cardiovascular events   

Many large population based studies during the past decades have used cIMT, 

but the results have been contradictory, which has heightened the question of its 

value. One reason to the confusion could be partly explained by the large 

variations between studies in different population characteristics and how cIMT 

has been handled as a variable (87); these include different sides, segments and 

metric values as well as different outcomes. Examples of studies showing 

additional values of cIMT are presented in Table 1. 
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Table 1. Studies showing additional values of carotid intima media thickness. 

  

 

Study Population cIMT -
measure 

Out-
come 

Follow-
up 

Result 

ARIC (88) 
Published  
1997 

n: 12 841, 
56.7% female 
45-64 years 
Without CVD 

Mean cIMT 
Including bilateral 
CCA, ICA and 
bifurcation 
On average, 2.3 
sites per person 
were imputed 
 

CHD Mean 5.2 
years 

cIMT > 1 mm (yes or no)  non 
adjusted HRR (95% CI) for 
women 5.07 (3.08-8.36)  
and for men 1.85 (1.28-2.69) 

Rotterdam 
study (89) 
Published 
1997 

n: 5130 
≥55 years 

CCA cIMT average 
of bilateral near 
and far wall. 
 

Stroke 
MI 

Mean 2.7 
years 

Stroke risk increased gradually 
with increasing IMT.  
OR for stroke per SD increase 
(0.163 mm)  1.41 (95% CI, 1.25 
to 1.82) 
For MI 1.43 (95% CI, 1.16 to 
1.78)  

MDCS (90) 
Published 
2005 

n: 5163, 
59.5% female 
46-68 years 
Without CVD  

Mean far wall right 
CCA IMT 
 

Stroke Median 7 
years 

Stroke incidence increased 
gradually with increasing cIMT 
HRR (95% CI) per SD increase 
of 1.31 (1.12-1.53),  
Tertiles of IMT CCA: 1st 
tertile ≤ 0.69 mm HRR adjusted 
for risk factors 1.00 
2nd tertile 0.70–0.80 mm HRR 
adjusted for risk factors 1.77 
(95% CI 0.80- 3.92) 
3rd tertile ≥ 0.81 mm HRR 
adjusted for risk factors 2.54 
(95% CI 1.20-5.40) 

Tromsö 
study (91) 
Published 
2007 

n: 6226 
25-84 years 
No previous 
MI 

Right side  
mean- cIMT 
including CCA 
near and far wall 
and far wall 
bifurcation 
CCA-cIMT only 
CCA 
measurements 
 

MI Mean 5.4 
years 

Highest versus lowest quartile 
adjusted RR (95% CI) of 2.86 
(1.07-7.65) in women 
and 1.73 (0.98-3.06) in men. 
When the bifurcation was 
excluded, cIMT did not predict 
events in either sex 

CIRCS (92) 
Published 
2020 
  

n: 2943,   
24.4% 
females 
40-75 years 
Without CVD 
  

Maximal IMT 
max CCA-IMT 
greatest IMT at 
near and far walls 
bilateral 
max ICA-IMT 
greatest IMT at 
near and far walls 
bilateral 

Stroke 
CAD  
and CVD 
  

Median 
15.1 years 
  

Comparing highest quartile 
versus lowest max CCA-IMT 
hazard ratio (HR) 
2.45 (1.41-4.27) for ischemic 
stroke 
2.68 (1.24-5.76) for CAD  
2.11 (1.44-3.12) for CVD 
Similar results for max ICA-IMT 

ARIC= Atherosclerosis Risk In Communities, MDCS= Malmö Diet and Cancer Study, CIRCS = Circulatory Risk in 
Communities Study 
HRR= hazard risk ratio, CI = confidence interval, HR = hazard ratio, RR= relative risk, OR= Odds ratio, SD= 
standard deviation 
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In viewing Table 1, it can be seen that cIMT has been measured in different ways, 

against different outcomes and with different statistical tests. Among the highest 

reported values are hazard risk ratio of 5.0 among females with cIMT >1mm for 

CHD from the ARIC study. Further, in a meta-analysis evaluating the predictive 

value of cIMT for cardiovascular events including 8 studies, age and sex adjusted 

estimates of relative risk of MI were 1.26 (95%CI 1.21-1.30) per 1SD CCA cIMT 

difference and 1.32 (95% CI 1-27-1.38) for stroke. It was concluded that cIMT is a 

strong predictor for cardiovascular events. Age and cIMT measurements were 

considered as the major sources of heterogeneity (93).    

On the other hand, there are studies reporting no additional value of cIMT values. 

In the Three-city-study, mean cIMT was defined as the average of the bilateral far 

wall CCA at plaque free segments. The hazard ratio comparing fifth versus first 

quintile was 0.8 (95% CI 0.5-1.2) (94). A meta-analysis that included 12 

population-based cohorts with a median follow-up period of 11 years evaluated 

added CCA cIMT in 10-year risk of first time MI or stroke and concluded that the 

addition of CCA IMT to the FRS was small and unlikely to be valuable in clinical 

practice. Even if the meta-analysis aimed to evaluate the value of CCA-cIMT, 

there are still differences between studies of how cIMT has been measured from 

the combined left and right side or one of the sides, or the far wall, near wall, or 

both (95). Another meta-analysis concluded that cIMT was predictive for stroke 

(HR 1.31 (95% CI 1.26-1.36) and MI (HR 1.26 (95% CI 1.20-1.31), but cIMT did 

not significantly improve accuracy when added to traditional risk models (Area 

under the curve 0.726 versus 0.729) (96). 

Progression of cIMT 

Commonly, population-based studies have evaluated baseline cIMT 

measurements against hard endpoints as described above. Since atherosclerosis 

is a dynamic disease, changes measured today may have occurred a long time ago, 

and a currently thin cIMT does not ensure a thin cIMT in a couple of years. In this 

matter, the progression itself of cIMT may contain valuable information. A rapid 

progression of cIMT may reflect unfavourable atherosclerotic development. The 

annual rate of increase of cIMT varies between studies with a range from 0.003-

0.010 mm/year (75). Withdraws for longitudinal measurements are the 

standardisation of measurements, to be able to evaluate the changes in a 

meaningful way. cIMT is commonly not recommended for repeated 

measurements, but if so, it should follow a standardized protocol (79). 

The Multi-Ethnic Study of Atherosclerosis (MESA) evaluated if cIMT progression 

had a predictive value for stroke among asymptomatic individuals. cIMT 

progression (mm/year) in the right CCA was evaluated with a mean follow-up of 

3.2 years. The result showed that per 0.05 mm/year cIMT progression a hazard 
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risk ratio (HRR) of 1.23 (95% CI 1.02-1.48) was found for first time stroke in 

comparison with HRR of 1.05 for age (per year). The highest quartile of cIMT 

progression hade an HRR of 2.18 (95% CI 1.07-4.46) compared with the other 

three quartiles combined (97). Results from the Tromsö study evaluating baseline 

and 13-year follow-up measure of cIMT, found that age, sex, total cholesterol, 

HDL- cholesterol, systolic blood pressure, BMI and smoking were independent 

predictors of follow-up cIMT. Age was the strongest predictor that explained 71% 

of the variance, followed by sex at 19%, BMI at 5% and total cholesterol at 2% 

(98). Additional, risk factors associated with progression of cIMT in CCA were in 

another study found to be LDL-cholesterol and smoking, whereas favourable 

changes in traditional risk factors indicated decreased progression (99). 

Effect on cIMT by interventions 

The ability to decrease cIMT progression has been shown by intervention studies, 

including lipid lowering and hypertensive medication (100-106). It was shown 

that treatment with statin reduced progression of cIMT over 2 years compared 

with placebo among asymptomatic, low risk individuals. The intervention 

decreased progression of the maximum cIMT (measured at 12 sites) to -0.0014 

mm/year compared with placebo group at 0.0131 mm/year, p<.001) (100). In a 

4-year follow-up, comparing calcium antagonist and β-blocker effects on cIMT 

progression among hypertensive patients, it was found that the average cIMT 

progression rate was 0.0145 mm/year in the β-blocker group and 0.0087 

mm/year in the calcium antagonist group (103). It has also been shown that 

interventions targeting diets have favourable effects on cIMT progression. Among 

estimated high CVD risk individuals, the received intervention of the 

Mediterranean diet significantly reduced cIMT progression in the 1-year follow-

up among individuals with baseline cIMT ≥0.9 mm compared with control group 

(107). Another dietary intervention RCT showed in a 2-year follow-up that weight 

loss diet significantly reduced vessel wall volume measured by 3D ultrasound 

(108).  

A recently published meta-analysis evaluated intervention effects on cIMT 

progression and the predictive value for CVD risk reduction. The results showed 

that interventions that reduced cIMT progression decreased risk, i.e. the more 

reduced progression of cIMT the smaller was the relative risk. The study 

concluded that the results support the usefulness of cIMT progression as a 

surrogate marker for CVD risk in clinical trials (109).  

Carotid plaque  

The detection and measurements of carotid plaque have been suggested to have 

a greater association to cardiovascular risk than cIMT (110). A meta-analysis 

including 11 population based studies showed that carotid plaque, in comparison 
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to cIMT, had a higher accuracy for the prediction of CAD (AUC 0.64 versus 0.61) 

(111). Similar to the evaluations of risk factors association to cIMT, traditional 

risk factors, to a small extent, explain the carotid plaque burden (112). Increased 

cIMT is not an independent predictor of carotid plaque; however, they can co-

occur and have common risk factors (113). Age and sex adjusted analysis has 

shown that an increase of 1 standard deviation (0.19mm) of CCA cIMT doubled 

the risk of having plaque in the bifurcation (114). Results from Taiwan showed 

that if the mean CCA cIMT increased from 0.65 to 0.90 mm, the plaque 

prevalence increased from 41 to 87% in men and from 38 to 73% in women. 

Further, if mean cIMT was over 0.95, carotid plaques was found in 100% of 

women and in 89% of men (115).  

Carotid plaque and its predictive value for cardiovascular events 

Three-year follow-up from The High Risk Plaque BioImage Study (116) showed 

that increased carotid plaque thickness and carotid plaque burden measured by 

cross-sectional sweeps were associated with increased risk of future CVD 

compared with participants without carotid atherosclerosis; cIMT did not 

improve prediction significantly. Results from the Three-city-study (94) which 

did not found an additional value of cIMT among an older population, reported 

that carotid plaques were independent predictors of coronary heart disease after 

a median follow-up time of 5.4 years. In adjusted model for baseline confounders, 

individuals with plaque at >2 sites had a 2.2 times greater risk for an event 

compared with individuals with no plaque.  

The IMPROVE study (117) that consisted of a European cohort (n=3703) 

evaluated baseline thickness of the largest carotid plaque and mean CCA cIMT 

with a follow-up time of 36.2 months. After adjustment for age, sex, risk factors 

and medical treatment, the hazard ratio (comparing top quartiles of plaque 

thickness and CCA-IMT with the other quartiles) for vascular events was 1.98 

(95% CI 1.47-2.67) for plaque thickness and 1.68 (95%CI 1.23-2.29) for CCA-IMT. 

Authors concluded that plaque thickness and mean CCA-IMT both were 

independent predictors of vascular events, and that they should be used as 

additional rather than alternative variables in cardiovascular risk prediction 

models.  

A 6-year follow-up in the Tromsö study (91) found that carotid plaque area was a 

stronger predictor for first ever MI than cIMT (adjusted relative risk highest 

plaque area tertile versus no plaque 3.95 in women and 1.56 in men). For cIMT, 

the number for highest cIMT versus lowest quartile was 2.86 in women and 1.73 

in men. Further, in the 10-year follow-up from Tromsö study (118), the total 

plaque area was shown to associate with ischemic stroke. The multivariable-

adjusted hazard ratio for the highest quartile of plaque area against no plaque was 
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1.73 in men and 1.62 in women. Respectively, numbers for 1 SD increase in IMT 

was 1.08 in men and 1.24 in women; no differences in stroke risk across quartiles 

of cIMT was found. 

Carotid plaque detection 

Detection of a carotid plaque may appear to be an easy task, but here the 

ultrasound measurements face difficulties that should be noted. Firstly, what 

defines a plaque has varied across studies due to the use of different definitions. 

Definitions vary from focal thickening of cIMT >1.2 mm (90, 119), focal wall 

thickening 50% greater than surrounding wall thickness (112), or focal structures 

that encroaches the artery lumen of 1.5 mm (120). In an attempt to clarify plaque 

definition, a consensus statement of plaque definition was published in 2012 by 

the Mannheim consensus (74). The consensus states the following three different 

circumstances in which a structure can be defined as a plaque:  

1) a focal structure that encroaches at least 0.5 mm into the arterial lumen 

2) a focal structure of 50% of the surrounding cIMT value that encroaches 

into the arterial lumen 

3) a focal structure that encroaches into the arterial lumen that 

demonstrates a thickness >1.5 mm as measured from the media-

adventitia interface to the intima-lumen interface 

By these definitions, it can be recognised that relatively small structures of the 

artery wall can be defined as a plaque. This leads to the other challenge when 

detecting plaques. Of course, a large massive carotid plaque potentially 

generating stenotic velocities can be detected by different sonographers. On the 

other hand, the small structures that still fall under the definition are a greater 

challenge. Since ultrasound imaging in its nature is operator dependent, small 

changes of the insonation angle can change the appearance. The curvatures 

generated by the carotid bifurcation can further create uncertainties for the 

operator regarding small changes since a “slanting cut” can give the impression 

of a thickened area. Between sonographer (inter-sonographer) reproducibility of 

plaque detection was reported in 1997 and was found to be substantial as 

described by a kappa value of 0.72 (121) with the used plaque definition “as a 

localized protrusion of the vessel wall into the lumen”. Although interpreted as 

substantial, this shows that not all plaques were detected in repeated scans by 

different sonographers. This study was published before the introduction of 

Mannheim plaque consensus, the reproducibility of detecting plaque by 

Mannheim consensus has been unknown.  
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Importantly, far from all carotid plaques will cause symptoms during its lifetime. 

Depending on the plaque definition used, plaque prevalence among middle age 

populations has been reported to be ~30-90% (122-125), with men having higher 

plaque prevalence and increasing prevalence with increasing age. To be able to 

identify which plaques that will progress towards a CVD event would be highly 

desirable; this has introduced ultrasound based plaque analysis of plaque risk 

markers.  

Analysis of plaque risk markers 

The atherosclerotic processes can vary, which results in that the content that 

builds up the plaques differs. Plaque content can include calcifications, fibrotic 

tissue, smooth muscles cells, foam cells, necrotic lipid core and microvessels. The 

amount of different components within a plaque generates different plaque 

characteristics, and these characteristics has been found to correlate differently 

with the risk of plaque rupture and subsequent symptoms. A large necrotic lipid 

core, with a thin fibrotic cap, high microvascular content, intraplaque 

haemorrhage, and high inflammatory activity are characteristics that have been 

found to associate with symptoms (126). This has generated the term vulnerable 

plaque, meaning identifying plaques that exhibit risk markers associated with 

symptoms. On the other side, a more stable plaque is described with a small lipid 

core, thick fibrotic cap, and low microvessel content and calcification.  

Since the intensity of the greyscale in B-mode images depends on differences in 

tissue density, the greyscale reveals information about the tissues from which it 

has been reflected from. Analysis of the echogenicity pattern in ultrasound 

images of carotid plaques has the ability to identify plaque risk markers. The 

amount of different risk markers within a plaque is described to reflect plaque 

vulnerability.  A commonly evaluated variable is the greyscale intensity defined 

as the Greyscale median (GSM). Publications from the 1990s showed that plaques 

evaluated histologically with high lipid and intra plaque haemorrhage had a lower 

GSM, whereas plaques with high fibrous content had a high GSM (127, 128). 

Further, it was indicated that echolucent plaques on ultrasound images identified 

high-risk carotid plaques; this was based on that plaques with lower GSM were 

associated with 55% incidence of stroke compared with 11% among individuals 

with higher GSM values in the plaques (129). Histologically, low GSM has also 

been associated with increased number of macrophages, neovascularisation, 

plaque rupture and a decreasing number of SMCs (130). In contrast, higher GSM 

associates with calcification (131). GSM is a calculated variable based on the pixels 

greyscale values inside the outlined plaque. The scale ranges from 0 to 255, where 

0 represents black and 255 represents white. All greyscale values are ranked from 

lowest to highest and the median is identified. This median value represents 
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GSM. Examples of carotid plaque with different GSM values are presented in 

Figure 8.  

Since the greyscale in ultrasound images can vary between ultrasound systems, 

and further adjusted by gain during the examination, analysis of GSM can be 

preceded by an image normalization procedure. This is done to increase the 

stability of the method and to be able to compare plaques. To accomplish image 

normalization, the greyscale condition is imposed to the same level on each 

ultrasound image. In ultrasound images of the carotid artery, two anatomic 

landmarks are used. The first is the blood and the second is the arterial wall, i.e. 

the adventitia. By giving the dark blood and the relatively bright adventitia 

predefined greyscale values, the image is re-scaled. The blood is given GSM value 

0, and the adventitia GSM value 190. The interobserver reproducibility of GSM 

has been reported to be high, with an intraclass correlation coefficient 0f 0.93 

(95% CI 0.86 to 0.96) (132). 

Based on the distribution of GSM in the plaque it can be further classified into 

four different types by Geroulakis classification. Type 1: uniformly echolucent 

(<15% of the pixels with GSM >25); type 2: mainly echolucent (15-50% of the 

pixels with GSM >25); type 3: mainly echogenic (>50-85% of the pixels with GSM 

>25); and type 4: uniformly echogenic (>85 % of the pixels with GSM >25) (133). 

When evaluated on symptomatic and asymptomatic carotid plaques, Type 1 

plaques were found in 9 of 10 of patients with symptoms and in 1 of 10 among 

individuals without symptoms; this supported the hypothesis that echolucent 

plaques are more prone to rupture (133).  

Another echogenicity based plaque risk marker is juxta luminal black areas 

(JBA). JBA is defined as echolucent areas (hypoechoic) in the plaque, adjacent to 

the lumen without a visible cap. Histologically, these areas have been found to be 

associated with ulceration (131). In a follow-up study of asymptomatic carotid 

Figure 8. Carotid plaque measurements of Greyscale median (GSM) and area. A. Carotid plaque 

with calcified areas and higher GSM value (more echogenic). B. Carotid plaque with no calcified 

areas and lower GSM (more echolucent).  
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stenosis, the size of JBA was shown to be related to the risk of stroke (134). 

Histological evaluation of symptomatic and asymptomatic plaques collected 

during endarterectomy validated against preoperative ultrasound found that that 

GSM <25, plaque area >95 mm2 and JBA >6 mm2 were associated with an 

increased number of unstable histological plaque features (135). A further risk 

marker is discreet white areas (DWA), which are small bright areas in the plaque, 

which were found histopathologically to relate to inflammation (131). 

Echogenicity of the intima media complex 

Based on the same principles used for evaluating the echogenicity of plaque, a 

less common application is evaluation the GSM of the intima media (IM) 

complex. Echolucent IM-complex was demonstrated to be associated with 

increased cIMT value, low levels of high density lipoprotein (HDL)-cholesterol 

and increased BMI (136). The echogenicity of the IM was also demonstrated to be 

associated with CVD (137, 138), where a echolucent IM-complex associated with 

a higher CVD risk. Further, IM-GSM was better than cIMT for identifying multi 

territory atherosclerosis; CCA IM-GSM decreased with increasing number of 

arterial segments affected (139). It has been suggested that the IM-echogenicity 

reflects artery wall remodelling beyond the cIMT measure (136-138, 140). The 

early infiltrations in the sub-endothelial space initiates artery wall remodelling, 

with inflammatory cell recruitments, lipid formation and SMC migration. 

Therefore, analysis of IM-echogenicity may add new insights in ultrasound 

measurement of subclinical atherosclerosis.  Advantages of applying echogenicity 

measurements on the common carotid wall is that the measurement can be 

successful applied in almost all individuals, while plaque visualisation can be 

challenged by poor image quality and not all individuals will have plaque 

developed.  
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Summary  

Since atherosclerosis is a main cause of cardiovascular events, measurements of 

subclinical atherosclerosis have been initiated in the search for additional 

variables associated with increased risk. In particular tools are needed among 

individuals estimated to be at low-modest increased risk by traditional risk scores 

since cardiovascular events frequently appear in this group. Carotid ultrasound 

has been widely used in research during the past decades. By its non-invasive 

approach ultrasound is suitable for population screening. Common variables 

evaluated are cIMT and detections of carotid plaques. It has been suggested that 

increased subclinical atherosclerosis can be used as a surrogate marker for 

increased CVD-risk. However, the results in the literature are inconsistent, and 

the additional value has been questioned, mainly regarding cIMT.  

A challenge with 2D-ultrasound measurements of subclinical atherosclerosis is 

the heterogeneous development of atherosclerosis along the circumferential 

artery wall, measured in two dimensions. cIMT has been measured in different 

ways regarding sides, segments and metric value, and different definitions of 

what to consider as a carotid plaque also exist. All of these could contribute to the 

inconsistency regarding measurements of subclinical atherosclerosis by 

ultrasound. If ultrasound measurements is to have a future within the field of 

subclinical atherosclerosis it is important to evaluate methodological aspects 

including reproducibility of commonly applied measurements today.  

Exploring less common measurements of ultrasound images is also desired. The 

progression of cIMT was recently suggested to be associated with cardiovascular 

events. Longitudinal studies including ultrasound measurements of subclinical 

atherosclerosis are less common. The ability to decrease cIMT progression within 

CVD prevention may contribute to less cardiovascular events. Evaluating 

progression of subclinical atherosclerosis could therefore contribute with 

information beyond that of single measurements. Echogenicity of the intima 

media among middle age populations and its associations with cIMT progression 

has not been evaluated, which could potentially provide new insights to identify 

individuals with unfavourable artery wall remodelling.  
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Background of the study in this thesis 

All studies in this thesis are based on material collected from the population 

based randomized control trial Visualization of asymptomatic atherosclerotic 

disease for optimum cardiovascular prevention within the Västerbotten 

Intervention Program (VIPVIZA). The study originates from the Västerbotten 

intervention program. 

Västerbotten intervention program (VIP)  

The county of Västerbotten is the second largest county in Sweden and reaches 

from the Gulf of Bothnia in the east to the Norwegian border in the west. Based 

on inhabitants per square kilometre, Västerbotten has one of the lowest number 

in Sweden. A report of cardiovascular deaths in Sweden published during the 

1980s showed that Västerbotten had the highest rates of CVD deaths, i.e. 40% 

higher compared with the county with the lowest rate. Within Västerbotten, the 

small municipality of Norsjö (population 1980 ~5700) had the highest death rate. 

This worrying fact clearly showed that action was needed. This motivated a 

collaboration between health policy makers within the Västerbotten county 

council and scientific investigators of Umeå University. The collaboration 

resulted in the start of the Västerbotten Intervention Programme (VIP) that 

aimed to reduce the morbidity and mortality of CVD and diabetes (141). The 

intervention programme consisted of measurements of traditional risk factors 

but also individual health consulting that aimed to increase awareness of the risk 

of CVD and the ability to reduce individual risk among the population. Staring in 

Norsjö in 1987, VIP was then implemented in the whole county, and since 1991, 

it covers the entire middle-aged population with ~7000 examinations each year. 

All inhabitants aged 40, 50 and 60 years old are invited through the VIP to a 

health examination at the primary health centre. An evaluation of the effect of 

VIP between 1990 and 2006 showed that VIP had reduced the all-cause mortality 

by 12.1% in women and 7.8% in men, translated to an estimate of 587 prevented 

deaths, where 16% (n: 96) of these were prevented premature CVD deaths (142). 

Importantly, reduced mortality was achieved among individuals with low-to-

middle education level. Education level and socioeconomic status are known to 

generate group differences regarding risk, with highly educated individuals 

tending to have a favourable lifestyle and decreased risk. However, between 1990 

and 2006, still 1848 (32.7%) of the 5646 all-cause deaths were due to CVD. This 

fact served as a motivation to search for further improvements opportunities 

within the intervention program, which resulted in the VIPVIZA study. 
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Aims 

To increase the knowledge of 2D ultrasound measurements of subclinical carotid 

atherosclerosis. This included methodological studies that evaluated the 

reproducibility and variability in carotid plaque detection and analysis commonly 

applied today, and, clinical studies evaluating the 3-year follow-up measurements 

of subclinical carotid atherosclerosis and factors associated to progression.  

Specific aims 

Paper I 

To evaluate the influence of electrocardiogram-guided image selection, plaque 

echogenicity and size on risk markers in participants with subclinical carotid 

plaques. Additionally, to assess the potential clinical relevance of our findings by 

the impact of this variability on previously suggested vulnerability classifications. 

Paper II 

To evaluate the inter-observer reproducibility of plaque detection by two 

sonographers scanning the same participants, defined as inter-sonographer 

reproducibility. Further, to evaluate associations related to the achieved 

reproducibility.  

Paper III 

To evaluate if the intervention by ultrasound-based pictorial presentation 

describing the severity of subclinical carotid atherosclerosis affects carotid intima 

media thickness and atherosclerotic plaque progression in the 3-year follow-up 

in the randomized controlled trial VIPVIZA. 

Paper IV 

To evaluate if the echogenicity of the intima media complex associated with 

carotid intima media progression over a 3-year follow-up period in the VIPVIZA. 

Further, to evaluate differences between sex, age groups and the VIPVIZA study 

group (intervention versus control). 
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Materials and Methods 

The VIPVIZA study  

In 2013, the population based randomized control trial VIPVIZA was initiated. 

Starting from the VIP, the VIPVIZA study aimed to increase adherence to current 

CVD risk prevention guidelines. Low adherence to recommended lifestyle 

changes and treatments is a major obstacle that limits the full potential of 

prevention (26). In VIPVIZA, the severity of subclinical atherosclerosis was 

measured by carotid ultrasound including cIMT and the detection of carotid 

plaques. Based on the ultrasound measurements of subclinical atherosclerosis, a 

pictorial presentation was constructed that included coloured figures and text 

describing the individual’s subclinical atherosclerotic burden and the ability to 

influence the progression of atherosclerosis by lifestyle changes and staying on 

current medication. Receiving the pictorial presentation together with a phone 

call and letters is the intervention that was sent to the participants in the 

intervention group. The pictorial presentation was also sent the intervention 

groups primary care physicians. In the 1-year follow-up traditional risk factors as 

in baseline was measured in both groups. In the 3-year follow-up, the same 

measurements as in baseline were carried out including ultrasound examination 

of the carotid arteries using the same image protocol as at baseline. The main 

study question of VIPVIZA was if the intervention by pictorial presentation of 

subclinical carotid atherosclerosis improved CVD prevention with FRS and 

SCORE as primary outcome. These results is not in centre focus of this thesis.    

Clinical Trial Registration: URL: https://www.clinicaltrials.gov. Unique 

Identifier: NCT01849575 

Ultrasound images collected in the VIPVIZA study constitutes the material of the 

four studies within this thesis.   
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Subjects 

Study enrolment in VIPVIZA is presented in Figure 9. 

Figure 9. Study enrolment of the VIPVIZA study with baseline and 3-year follow-up 

ultrasound. 
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The four studies included in this thesis is based on ultrasound examinations 

collected within the VIPVIZA study. The flowchart of participant recruitment for 

the four papers are presented in Figure 10. Overview of paper I-IV is presented in 

Table 2. 

 

 

  

Figure 10. Participant recruitment for paper I-IV in this thesis. 
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Table 2. Overview paper I-IV in this thesis. 

Paper I II III IV 

Ultrasound 

system 

Phillips IU22 CHS CHS CHS 

Sequence Yes No No No 

ECG Yes No No No 

Image time 

point 

Full cycle End-diastole End-diastole End-diastole 

Intima media 

measure 

- cIMT cIMT cIMT,  

IM-GSM, 

 

Intima media 

projection  

- - Bilateral mean 
(120,150,210,240). 

Left mean 240. 

Right mean 120. 

Left mean 240. 

Right mean 120. 

Plaque 

measure 

GSM, area, 

thickness, plaque 

type (I-IV) 

Presence, area, 

thickness, GSM 

Presence, Total 

plaque area 

- 

Plaque 

projection 

Longitudinal Longitudinal Longitudinal - 

Main Analysis 

method 

Coefficient of 

variation, Mann-

Whitney U 

Choens kappa, 

Independent 

sampels T-test 

Analysis of 

covariance, 

Ordinal 

proportional odds 

models 

Linear regression 
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Inclusion in VIPVIZA 

VIP participants with one or more identified traditional risk factor for CVD were 

invited to participate in the VIPVIZA study. Inclusion criteria in the VIPVZA was 

as follows : 

Participant in VIP and: 

1) 40 years old with heredity defined as history of CVD among first-degree 

relative <60 years; 

2) 50 years old and a minimum of one of the following six criteria: 1) heredity, 

2) smoking, 3) diabetes, 4) defined hypertension , 5) serum-low-density-

lipoprotein (S-LDL)-cholesterol ≥4.5 mmol/l, or 6) defined abdominal 

obesity by waist circumference >88 cm for females and >102 cm for males; 

3) 60 years old (included based on age). 

Intervention 

Both the intervention and control groups received routine CVD prevention 

throughout VIP, according to clinical guidelines. Before enrolment, a 

computerised randomisation list was created to consecutively randomize 

individuals 1:1 to intervention or control group, but this was concealed until the 

time-point when the ultrasound report was sent to intervention-group 

participants and their respective physicians. Baseline measurements were 

performed between April 29, 2013 and June 7, 2016 and included bilateral carotid 

ultrasound with measurements of subclinical atherosclerosis for both groups. The 

pictorial presentation (only for the intervention group) was constructed based on 

measured cIMT and plaque occurrence. cIMT was presented as vascular age, 

visualized by a coloured gauge pointing at green, yellow, orange or red.   To 

evaluate vascular age, the highest mean cIMT value, independent of side and 

angle was chosen to represent the individual’s arterial wall thickness. The choice 

to select the highest measured mean value was made in consideration of the 

heterogeneous development of atherosclerosis. The individual’s highest mean 

value was compared to age- and sex related normal values. If a carotid plaque was 

present, it was marked by a red circle. If no plaque was present, it was presented 

by a green circle. (Figure 11).   
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Besides the coloured illustrations, the presentation also contained text. The text 

included summarized descriptions of the subclinical atherosclerotic burden, and 

a reminder that atherosclerosis is a dynamic process that can be affected. General 

advice on prevention of CVD was also provided. The pictorial presentation was 

sent by post to the intervention group. The intervention group participants’ 

primary care physicians received an identical pictorial presentation together with 

written descriptions of the interpretation of the results and guidelines regarding 

prevention. After the participant received the presentation, the intervention also 

included a follow-up call done by research nurses. The follow-up call enabled 

conversation where the participants could get answers to questions, resolve 

uncertainties, discuss risks and respond to distress. After 6 months, the pictorial 

presentation was again sent to the participants in the intervention group. At 9, 24 

and 30 months, the intervention group received a letter with no personalised 

information. The letters contained general information about the next follow-up 

visit, proceedings in the study, and the importance of a healthy lifestyle. The 

control group did not get any pictorial presentation, phone call or letter. In the 1-

Figure 11. Example pictorial presentation received by the intervention group. 
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year follow-up, traditional risk factors as in baseline were measured for both the 

intervention and control groups. Both groups and their physicians obtained the 

results.  

The 3-year follow-up 

The 3-year follow-up was conducted during September 5, 2016 and May 28, 2019. 

The follow-up constituted the same measurements as in baseline, including 

ultrasound examination, risk factor measurements and questionnaires. After the 

3-year follow-up, both the intervention and the control group their primary care 

physicians received the pictorial presentation based on the ultrasound 

measurements in the follow-up. 

Carotid ultrasound  

Since the VIPVIZA study included inhabitants from the whole county of 

Västerbotten, a portable ultrasound equipment was required. Sites where the 

ultrasound examination took place were Umeå, Skellefteå, Lycksele, Vilhelmina, 

Åsele, Storuman, Tränaby, Sorsele, Malå and Norsjö. The number of included 

participants from each location was proportional to the total number of 

individuals living in the respective area.   

All ultrasound examinations in baseline and 3-year follow-up were performed 

with the portable ultrasound system (CardioHealth Station, Panasonic 

Healthcare Corporation of North America, Newark, NJ, USA) with a linear 7MHz 

transducer. Ultrasound 2D B-mode settings including depth, gain and focus point 

were optimized manually by the sonographer for each participant. The 

ultrasound examinations were conducted by a team of biomedical scientists 

working at Clinical Physiology, Heart Centre, Umeå University hospital. The team 

consisted of ten biomedical scientists with experience ranging between 4 and 20 

years of carotid ultrasound.  

cIMT measurement 

The carotid ultrasound image protocol included real-time automatic 

measurements of cIMT at predefined standardized angles in the distal 1 cm of the 

far wall in the common carotid artery (CCA) due to Meijers arc (79). The angles 

were integrated in the ultrasound system to show in real time the position of the 

transducer. In the left CCA, cIMT was measured at 210 and 240 degrees. In the 

right CCA, cIMT was measured at 120 and 150 degrees. The ultrasound system 

contained automated line detection and measurements of far wall mean CCA 

cIMT. All cIMT measurements were made in end diastole due to automatic 

detection of lumen diameter changes. The inter-sonographer variability of cIMT 
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measurements have previously been reported by intraclass correlation coefficient 

of 0.95 (143). Ultrasound measurements of cIMT are shown in Figure 12.   

 

 

Plaque detection 

Detection of carotid plaques was made by screening of the CCA, bifurcation, 

internal carotid artery and external carotid artery. Plaque definition was based 

on the Mannheim consensus. The carotids were scanned in cross sectional and 

longitudinal views, with the possibility to use energy Doppler to see boundaries 

more clearly. If the operator considered a carotid plaque as present, an image of 

its extent was captured in both cross sectional and longitudinal views (Figure 13). 

If there was more than one detected plaque within the carotid, the process was 

repeated for each plaque.  

During May 2017, a reproducibility of plaque detection (paper II) was 

performed in VIPVIZA participants who attended for their study ultrasound 

Figure 12. Measurements of carotid intima 

media thickness (cIMT) at predefined angles 

(210 and 240 left side, 150 and 120 right side), 

with real time automatic measure of cIMT in 

the far wall of the distal common carotid artery 

(CCA). 
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examinations. During this time, participants were consecutively invited to stay 

for an additional ultrasound scan and participate in the reproducibility study. All 

additional ultrasound examinations were performed by a single operator (EN, 

author of this thesis). The additional ultrasound examination was performed 

using similar ultrasound system (CardioHealth Station, Panasonic Healthcare 

Corporation of North America, Newark, NJ, USA) and followed the same image 

protocol within the same time (15 minutes). The results were compared between 

the two ultrasound examinations.    

 

 

The VIPVIZA participants did not receive any information about the result of the 

ultrasound examination during the time of the scan and the biomedical scientists 

were blinded from study group affiliation.  

If suspicions arose of a significant carotid stenosis during the time of the 

ultrasound examination, the participant was referred to Clinical Physiology, 

Umeå University hospital for an extended ultrasound examination. This was 

because the portable ultrasound system lacked the ability to measure blood flow 

velocities that are needed to be able to confirm or exclude the presence of 

significant (>50%) carotid stenosis. VIPVIZA participants were also referred for 

an expanded ultrasound examination if the visualisation was inconclusive, which 

could be due to poor image quality, shadows or anatomically difficulties. If the 

expanded ultrasound examination confirmed a >50% carotid stenosis, the 

VIPVIZA participant was excluded from the study and referred to the Stroke 

centre at Umeå University hospital for clinical follow-up due to guidelines. All 

ultrasound examinations performed with the ultrasound system Philips iU22 

(Andover, MA, USA) whit a linear 9- to 3-MHz transducer with detected carotid 

Figure 13. Plaque images captured in the VIPVIZA study. A). Cross sectional image of carotid 

plaque (arrow). B) Longitudinal image of the same carotid plaque (arrow). 
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plaque and attached three-lead electrocardiogram (ECG) were retrospectively 

selected for analysis in paper I. 

Analysis of plaque risk markers 

All computerized plaque analyses of risk markers were made off line using in-

house developed plaque analysis software (PLAQ, Department of Biomedical 

Engineering R&D). The software is based on earlier publications (133). Plaque 

images (papers II and III) and cine loops (paper I) were exported in DICOM 

format to enable analysis. All computerized analyses was made by a single 

operator (EN). 

Analyses were preceded by an image normalization step. This was done by 

manual selection of a region of interest (ROI) in the darkest area in the lumen 

(blood), and another ROI was placed over the brightest area of the adventitia. The 

darkest pixels in the blood was automatically given the pre-specified grayscale 

value of 0 and the brightest area within the adventitia was given the grayscale 

value of 190. Due to these pre-specified values, the pixel grayscale was linearly 

rescaled. From the normalised image, the plaques were outlined manually. The 

software automatically calculated GSM, area and plaque type (Figure 14). 

In paper I, influences of ECG-guided image selection, plaque echogenicity and 

plaque size on the variability of analysis of plaque risk markers were made by 

analysing cine loops of three consecutive heart beats. End systole and end-

diastole were manually selected by ECG as the end of the T-wave and the peak on 

R-wave, respectively. The same procedures with image normalisation were 

carried out for each cardiac cycle, which resulted in six measurements for each 

plaque. 

Figure 14. Procedures for computerised plaque analysis. A. Image normalisation by 

placing region of interest over the darkest area in the lumen (1), and the brightest area in 

the adventitia (2). B. Normalised image. Plaque manually outlined. C. Automatic 

calculation of Grayscale median (GSM), area and plaque type. 
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In papers I and II, all identified plaques were evaluated separately. In paper 

III, only total plaque area (TPA) was included for analysis. If several plaques were 

identified, the sum of individual plaques area were summarized as TPA. 

Analysis of intima media echogenicity 

The echogenicity of the IM-complex was quantified using GSM (paper IV). The 

IM-complex were automatically detected and further used for analysis using a in-

house developed software (Dept Biomedical engineering, RV) in MATLAB. 

Proceedure illustrated in Figure 15.  Used images for IM analysis were the 

captured cIMT image in the distal CCA containing the 1 cm square with cIMT 

measurement of the far wall. The computation of the GSM follows the standard 

procedure of image normalisation as described for plaque; hence for IM analysis, 

the selection of darkest and brightest region of interest in lumen and adventitia 

were made automatically by the programme used.  The programme automatically 

segmented the IM-complex (Figure 15).  

 

 

Figure 15. Illustration of carotid intima media thickness (cIMT) and intima-media (IM) 

greyscale median (GSM) measurement. A. Example of the exported B-mode image of 

common carotid artery with overlaid cIMT measurement (automatically calculated by the 

ultrasound system), with bounding region of interest (ROI) of the far wall intima media 

complex. B. Illustration of the automatically identified ROI for image normalisation and IM-

GSM computation. The program automatically segmented the ROI for lumen and adventitia 

for image normalisation. Further, the program used the bounding ROI used for cIMT 

measure to crop the IM-complex for generating of IM-GSM. 
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The 3-year follow-up 

The ultrasound variables cIMT, plaque prevalence and total plaque area in the 3-

year follow-up were compared between the intervention and control groups 

(paper III).  Further, the echogenicity of the intima media complex in baseline 

was compared with the 3-year progression of cIMT (paper IV).   

When evaluating the potential effect of the intervention on ultrasound variables 

(paper III), the following three cIMT variables were selected:  

1) Bilateral-mean-cIMT  

Commonly used variable in research on cIMT. Based on all four mean 

cIMT values obtained at 120, 150, 210 and 240 degrees. 

 

Due to known side differences in cIMT(47), left and right cIMT were 

further evaluated separately. 

 

2) Left-mean-cIMT. Defined as the mean cIMT measured at 240 degrees. 

 

3) Right-mean-cIMT. Defined as the mean cIMT measured at 120 degrees. 

Plaque prevalence was evaluated as absent (no plaque), unilateral (one side) or 

bilateral (both sides). All analysable plaque areas were summed into the TPA 

variable. 

 When evaluating intima media echogenicity and its potential associations with 

cIMT progression (paper IV), the intima media complex from baseline and the 

progression of cIMT from baseline to the 3-year follow-up was used. The intima 

media complexes obtained from the left side at 240 degree and right side at 120 

degree were selected for evaluation. 

Statistics  

Throughout all manuscripts, baseline characteristics are presented as means and 

standard deviations (SD) for continuous variables, and as numbers and 

percentages for categorical variables. 

Variability (paper I) 

Variability was quantified for each risk marker using the coefficient of variation 

(CV), calculated as the standard deviations divided by the sample mean. The 

effects of plaque size and echogenicity were assessed using dichotomized groups 

divided at the median based on area and GSM, respectively. Nonparametric 

Mann–Whitney U-test was used to assess whether the CV of the risk markers 
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differed between the dichotomized groups. The effect on vulnerability 

reclassification was assessed by counting the number of plaques that progressed 

from plaque type ≤2 to ≥3 or crossed the threshold levels mentioned in the 

literature during the three consecutive heartbeats analysed for each plaque. 

Reproducibility (paper II) 

During May 2017, two sonographers examined the same VIPVIZA participant. 

The detection of carotid plaques (present = 1, absent = 0) were compared between 

sonographers (inter-sonographer reproducibility). Inter-sonographer 

reproducibility was determined using Cohens kappa with the following kappa 

interpretation: <0 poor, 0.0–0.20 slight, 0.21–0.40 fair, 0.41–0.60 moderate, 

0.61–0.80 substantial, and 0.81–1.00 almost perfect (144). 

To evaluate associations between reproducibility and plaque extent, plaque area 

(mm2) and plaque thickness (mm) in plaques detected by both observers were 

compared to plaque area and plaque thickness in plaques detected only by one 

observer, using independent samples T-test.  

Three-year follow-up evaluation (paper III and IV) 

In paper III, the difference in mean cIMT between the intervention and control 

group in the 3-year follow-up was evaluated by analysis of covariance (ANCOVA), 

with baseline values (pre-test) as covariate. Ordinal proportional odds models 

were used to analyse group differences in the 3-year follow-up for plaque 

prevalence defined as absent, unilateral or bilateral, adjusted for baseline plaque 

prevalence. The differences in TPA between the intervention and control groups 

at the 3-year follow-up were analysed using ordinal proportional odds models, 

adjusted for baseline TPA as a continuous variable and a binary variable 

indicating no TPA at baseline. Baseline TPA was modelled using restricted cubic 

splines with three knots placed at the 10th, 50th and 90th percentile of the 

distribution of non-zero TPA measurements to allow for a non-linear effect. All 

analyses were carried out with adjustment for sex and age as a factor with three 

levels (40, 50 or 60 years). 

In paper IV, linear regression was used to evaluate the association between 

baseline IM-GSM and cIMT progression over the 3-year follow-up period, with 

cIMT at 3-year follow-up as the dependent variable, adjusting for baseline cIMT. 

The effect of baseline IM-GSM and cIMT progression and was modelled restricted 

using cubic splines (using three knots 10th, 50th and 90th percentile) to allow for 

non-linear effects. A separate model for left and right sides was performed. First, 

an unadjusted model evaluating the total VIPVIZA population was used. Further, 

subgroup analyses were performed stratifying the regression analyses on sex, age 
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group (40, 50 and 60 years) and study group (intervention versus control group) 

was used. To explore possible causes of the association between baseline IM-GSM 

and cIMT-progress, fitted additional regression models adjusted for possible 

joint causes of IM-GSM and cIMT-progress were performed. All models were 

adjusted for sex, age group and intervention group. Additionally, the models were 

adjusted for the following baseline variables: hypertension diagnosis normal 

(systolic blood pressure <140 mmHg, diastolic blood pressure <90), controlled 

hypertension, uncontrolled hypertension (hypertension without treatment), 

LDL-cholesterol /HDL-cholesterol quota (mmol/l), serum triglyceride (mmol/l), 

BMI and blood sugar fasting (mmol/l). 

Statistical analyses were performed in SPSS Statistics version 22 (paper I) and 

version 25 (papers II, III and IV) (IBM Corporation, Armonk, NY, USA). In 

paper III and IV analyses were also performed by R version 4.0.3 and 4.1.1, 

respectively (R Core Team (2021). R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria).  

The results of a test was considered statistical significant for p<0.05 in papers 

II and IV. Due to multiple comparisons, Bonferroni correction was used in 

papers I and III to ensure a family-wise type I error rate of 0.05. In paper I, 

the significance level of the individual tests were set to 0.003 (0.05/16) and in 

paper III set to 0.01 (0.05/5).  
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Ethical considerations 

The VIPVIZA study was approved by the Umeå Regional Ethical Review Board 

(Dnr 2011-445-31 M, 2012-463-32 M, 2013_373-32 M), and all participants 

provided written informed consent. 

The intervention by showing individuals their subclinical carotid burden 

understandable requires ethical considerations. As in all screening procedures of 

healthy individuals, there is an ethical dilemma. The procedures in VIPVIZA have 

the power to give individuals that consider themselves as healthy, a result that 

they have an asymptomatic diseases, in this case subclinical atherosclerosis. This 

could possibly change their self-esteem in going from healthy to sick. Therefore, 

the intervention also included phone calls by trained research nurses. During the 

phone call, participants’ questions could be answered and if distress was present, 

the research nurses could have a dialogue with the individuals discussing terms 

of risk and potential benefits. If distress was still present during the end of the 

phone call, the participant could have a face-to-face conversation with one of the 

physicians responsible for the VIPVIZA study. 

The subclinical atherosclerotic severity was evaluated with the intention to 

improve prevention and increase health. Since it is not clarified today if the 

measured subclinical atherosclerosis in VIPVIZA will have an additional value in 

decreasing future risk for CVD, the ethical consideration is even more delicate. 

Importantly, VIPVIZA participants were informed that ultrasound examination 

of asymptomatic individuals is currently not used in health care. Further, they 

were informed that the measurements were made on relatively early changes in 

the artery and that the ultrasound measurements and the pictorial presentations 

were purely research based. If the ultrasound examination concluded a 

significant carotid stenosis, the participant was excluded from the study and 

referred to Stroke centre, Umeå university hospital for treatment according to 

current guidelines. 

Another aspect is the dilemma of not giving the control group the results of the 

ultrasound examination in baseline. Importantly, all participants received 

traditional prevention through VIP, with no limitation to current preventive 

strategies due to guidelines. Throughout the VIP, all participants, including the 

control group, had personalised prevention that included measurements of risk 

factors and individual health consulting that provided the ability to decrease risk. 

The control group received the pictorial presentation after the 3-year follow-up. 

Since the atherosclerotic process can be initiated during the first decades of life, 

and grows slowly in the general population, the 3-year delay of receiving the 

pictorial presentation in the control group was consider as acceptable to be able 

to evaluate if the presentation had any effect in the intervention group. 
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In screening purposes, the visualisation through ultrasound has a substantial 

benefit in being non-invasive, causing no pain and not exposing the individual or 

sonographer to radiation. The time of the procedure is short and the method can 

be applied in the general populations without considerations of implants or other 

diseases. Since the VIPVIZA study invited participants from the whole county of 

Västerbotten, with no discrimination to rural areas, the image modality had to be 

portable. In this matter, ultrasound is superior to other image modalities.  
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Results 

Variability of plaque risk markers (paper I) 

There were 109 VIPVIZA participants referred for an additional ultrasound 

examination during baseline ultrasound examinations due to inconclusive results 

or suspicion of stenosis during the examination on the portable ultrasound scan. 

Of these, 81 were excluded for further analysis in paper I due to no ECG (n: 59), 

no carotid plaque (n: 6), or poor image quality (n: 16). This resulted in 28 

ultrasound examinations being included for analysis. In total, 57 carotid plaques 

were analysed. The baseline characteristics of the 28 included participants are 

shown in Table 3.  

Table 3. Baseline characteristics for the 28 participants.  

Sex, female (n) 16 (57%) 

Age 
 

60 years 25 (89%) 

50 years 3 (11%) 

Systolic blood pressure (mmHg) 131 (±14)  

Diastolic blood pressure (mmHg) 78 (±10) 

Low-density lipoprotein cholesterol (mmol/L) 3.2 (±1.0) 

Diabetes, yes 2 (7 %) 

Overweight (body mass index ≥ 25.0 ) 21 (75%) 

Family history of cardiovascular disease, yes 11 (39%) 

Current smoker, yes 5 (18%) 

Bilateral-mean-cIMT (mm)* 0.82 (0.23) 

Left-mean-cIMT (mm)* 0.83 (0.31) 

Right-mean-cIMT (mm)* 0.81 (0.27) 

Data expressed as number (%) and mean (± standard deviation). 
cIMT = carotid intima media thickness. *Unpublished results. 

 

 

The mean values from six measurements made in end-systole and end-diastole 

in the three consecutive heartbeats were 18.7 mm2 for area and 45.3 for GSM. No 

statistical significant differences was found between systole or diastole for any 

variable analysed.  

The coefficient of variation was on average 8.2% for area and 11.4% for GSM. 

When comparing small plaques (area <15 mm2) with large plaques (area 
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>15mm2), the CV for area measurement was higher for small plaques than for 

large (10% versus 6%, p= <0.001). Regarding GSM, the CV was higher for 

echolucent plaques (GSM <40) than for echogenic plaques (GSM > 40) (15% 

versus 9%, p = <0.001). Based on the Geroulakis classification, nearly one in five 

(19%) of the plaques changed plaque type from ≤2 (echolucent) to ≥3 (echogenic) 

during the 3 heartbeats analysed. The variability further caused reclassification 

of 25% (n: 14) and 16% (n: 9) plaques when using earlier reported cut-off values 

for echolucent plaques.  

Reproducibility plaque detection (paper II) 

During May 2017, 106 VIPVIZA participants had a repeated ultrasound 

examination that followed the same study protocol with a similar ultrasound 

system. Baseline characteristics of the 106 participants are shown in Table 4. 

Table 4. Participants’ characteristics. 

 N = 106 

Age   

63 years 86%  

53 years 10% 

43 years 4% 

Female  44% 

Systolic blood pressure (mmHg) 128 (±15.5) 
Diastolic blood pressure (mmHg) 80 (±9.3) 

Low density lipoprotein cholesterol (mmol/l) 3.59 (±1.04) 

Obesity× 21.7% 

Familial cardiovascular disease* 22.6% 

Diabetes 6.6% 

Smoking (daily)* 3.8% 

Bilateral-mean-cIMT (mm)† 0.68 (±0.15) 

Left-mean-cIMT (mm)† 0.69 (±0.16) 

Right-mean-cIMT (mm)† 0.67 (±0.13) 
Values presented as mean (± SD) or %. cIMT = carotid intima media 
thickness. ×Body mass index ≥30. *Self-reported by questionnaires. 
†Unpublished results.  
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The overall inter-observer reproducibility of plaque detection during test-retest 

examinations conducted during the 3-year follow up (paper II) was 

demonstrated by a kappa value of 0.70 (95% CI 0.60-0.80). In further analysis, 

it was found that plaques detected by one observer only, were smaller in both area 

and plaque thickness (mean area 6.82 mm2, mean plaque thickness 1.45 mm) 

compared with plaques detected by both observers (mean area 11.65 mm2, mean 

plaque thickness 1.96 mm) (p= < 0.001) (Figure 16).  

 

 

 

The 3-year follow-up (paper III and IV) 

Of the 3532 VIPVIZA participants who were examined at baseline, 89% (n: 

3154) fulfilled the 3-year follow-up ultrasound examinations (intervention 

group n: 1575, control group n: 1579); these constitutes the populations 

evaluated in both papers III and IV. The participants’ baseline characteristics 

are presented in Table 5 and ultrasound characteristics presented in Table 6.  

Figure 16. Plaque area and thickness identified by 

both observers (white circles) and plaques identified by 

only one observer (black circles). The dotted lines 

represent a plaque thickness of 1.5 mm (x-axis) and 

plaque area of 10 mm2 (y-axis). Reprinted with 

permission. 
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Table 5. Baseline characteristics of the 3154 VIPVIZA-participants who completed the 3-year 

follow-up ultrasound examination. 

  Intervention n: 1575 Control n: 1579 Total n: 3154 

40 years 113 (7.2%) 120 (7.6 %) 233 (7.4%) 

50 years 437 (27.7 %) 419 (26.5%) 856 (27.1 %) 

60 years 1025 (65.1%) 1040 (65.9%) 2065 (65.5%) 

Female 843 (53.5%) 845 (53.5 %) 1688 (53.5%) 

Systolic blood pressure (mmHg) 129.5 (± 16.5) 128.9 (± 15.6) 129.2 (± 16.0) 

Diastolic blood pressure (mmHg) 82.6 (±10.6) 82.4 (± 9.9) 82.5 (± 10.3) 

Total cholesterol (mmol/l) 5.61 (±1.09) 5.59 (±1.08) 5.60 (±1.08) 

Triglycerides (mmol/l) 1.46 (±0.95) 1.48 (±0.94) 1.47 (±0.95) 

High-density lipoprotein cholesterol (mmol/l) 1.39 (±0.42) 1.39 (±0.42) 1.39 (±0.42) 

Low-density lipoprotein cholesterol (mmol/l) 3.57 (0.97) 3.54 (±0.97) 3.55 (0.97) 

Current smoker  170 (10.8%) 202 (12.8 %) 372 (11.8%) 

Family history of CVD 484 (30.8%) 488 (31.0%) 972 (30.9%) 

Diabetes 100 (6.5%) 106 (6.8%) 206 (6.6%) 

Body mass index  27.4 (±4.6) 27.8 (±4.9) 27.6 (±4.7) 

FRS < 20 % 1285 (82.0%) 1298 (82.6%) 2583 (82.3%) 

FRS ≥ 20 % 283 (18.0%) 274 (17.4 %) 557 (17.7%) 

SCORE < 5 % 1569 (98.2%) 1554 (98.4%) 3095 (98.4%) 

SCORE ≥ 5 % 28 (1.8%) 21 (1.3%) 49 (1.6%) 

CVD = Cardiovascular disease, FRS = Framingham risk score, SCORE = systemic coronary risk 

evaluation. 
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Intervention effect on cIMT and plaque progression (paper III) 

When analysing if the intervention affected progression of subclinical 

atherosclerosis measured as cIMT, plaque prevalence and total plaque area at 

the 3-year follow-up, it was found that the intervention group had decreased 

progression of left–mean-cIMT (measured at 240 degrees). The estimated 

group difference was -0.011 mm (95% CI -0.018, -0.004, p= 0.001). The 

estimated group difference for bilateral-mean-cIMT (all four angles included) 

and right-mean-cIMT (measured at 120 degrees) was -0.005 for both; however, 

this was not found to be statistically significant ( p=0.036 and 0.223, 

respectively) (Figure 17).  

 
Table 6. Baseline ultrasound characteristics of the 3154 VIPVIZA participants who 
completed the 3-year follow-up ultrasound examination. 

 Female n: 1688 Male n: 1466 Total n: 3154 

 Intervention Control  Intervention  Control Intervention Control 

Variable  n: 843 n: 845 n: 732  n: 734  n: 1575  n:1 579 

Bilateral-mean-cIMT (mm) 0.638 (0.103) 0.636 (0.111) 0.683 (0.125) 0.679 (0.134) 0.659 (0.116) 0.656 (0.124) 

Left-mean-cIMT (mm) 0.645 (0.126) 0.639 (0.127) 0.705 (0.160) 0.695 (0.160) 0.673 (0.146) 0.665 (0.146) 

Right-mean-cIMT (mm) 0.639 (0.121) 0.639 (0.129) 0.681 (0.147) 0.685 (0.173) 0.658 (0.136) 0.661 (0.153) 

Plaque prevalence n (%)       

Absent 519 (61.6%) 501 (59.3%) 360 (49.2%) 349 (47.6%) 879 (55.8%) 850 (53.8%) 

Unilateral 184 (21.8%) 205 (24.2%) 181 (24.7%) 196 (26.7%) 365 (23.2%) 401 (25.4%) 

Bilateral 139 (16.5%) 139 (16.5%) 191 (26.1%) 189 (25.7%) 330 (21.0%) 328 (20.8%) 

Valid for area measure 187 (57.9%)  198 (57.6%) 237 (63.7%) 245 (63.6%) 424 (61.0%) 443(60.8%) 

Total plaque area 16.7 (12.3) 16.2 (11.9) 21.3 (17.5) 19.8 (17.4) 19.3 ( 0.16) 18.2 (15.3) 

cIMT= carotid intima media thickness. 
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Regarding plaque variables’ occurrence (defined as absent, unilateral or 

bilateral) and total plaque area, no statistical significant differences were found 

between the intervention and control groups (p= 0.09 and p= 0.21, 

respectively). When stratified by received pictorial presentation in baseline, 

decreased progression of cIMT was predominant among individuals receiving 

alarming colours of red or orange for cIMT and plaque detected (Figure 18).  

Figure 17. Mean carotid intima media thickness (cIMT) in control (solid line) and 

intervention groups (dotted line) from baseline to the 3-year follow-up. A. Bilateral-mean-

cIMT. B. Left-mean-cIMT. C. Right-mean-cIMT. Error bars representing 95% CI. 
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IM-echogenicity association to cIMT progression (paper IV) 

In the unadjusted analysis, an association was found of baseline IM-GSM with 

the 3-year progression of cIMT (p<0.001 for both sides), where the echolucent 

complex had a higher progress (Figure 19). 

 

 

 

Figure 18. Estimated group differences in carotid intima media thickness (cIMT) between 

intervention and control group in stratified analyses based on baseline pictorial presentations. 

Only the intervention group (dotted line) received the pictorial information. Measured cIMT 

translated to colour in relation to age and sex, representing vascular age. Plaque present marked 

with a red circle and plaque absent with a green circle. A. Orange or red cIMT colour and plaque 

present. B. Green or yellow cIMT colour and plaque absent. The used cIMT variable was Left-

mean-cIMT. Error bars represent 95% CI. 

Figure 19.  Estimated association between baseline IM-GSM and cIMT progress from 

unadjusted regression models for A. left side and B. right side. cIMT = carotid intima media 

thickness. IM-GSM = intima media greyscale median 
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Stratified by age group, the association between baseline IM-GSM and cIMT 

progression was present among 40 (p<0.001) and 60 years old (p<0.001) but 

no associations was found among 50 years old (p=0.906) on the left side. In the 

right CCA, the association was significant among 40 years old (p=0.047), but 

was not significant for 50 and 60 years (p=0.106 and 0.067, respectively) 

(Figure 20).  

 

 

 

 

 

Figure 20.  Estimated association between baseline IM-GSM cIMT progress based on age 

subgroups. A. Left side. B. Right side. cIMT = carotid intima media thickness. IM-GSM = intima 

media greyscale median. 
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The association between IM-GSM and cIMT was statistically significant for both 

males and female in both sides (Figure 21). 

 

 

The association was statistical significant for both intervention and control 

group in both sides. The associations found were sustained throughout 

adjustments for possible causes by traditional risk factors of IM-GSM and 

cIMT-progress. 

  

Figure 21.  Estimated association between baseline IM-GSM cIMT progress based on men and 

female subgroups. A. Left side. B. Right side. cIMT = carotid intima media thickness. IM-GSM 

= intima media greyscale median. 



 

52 
 

Discussion 

The motivation to identify individuals at risk before a CVD event occurs is 

justified since there is much to gain by preventing the event. When viewing the 

distribution of costs due to CVD in Sweden, primary care accounts for 3% of the 

total cost, whereas 67% accounts for inpatient care and production losses due to 

mortality and morbidity (6). Since atherosclerosis is the underlying cause to 

many cardiovascular events, the research field of ultrasound measurements of 

subclinical atherosclerosis is emphasised. The pathogenesis of atherosclerosis is 

by far multifaceted, and does not always follow a simple flowchart. Since the 

puzzle of risk factors, atherosclerotic development and CVD is complex, it may 

not be so surprising that the measurement of subclinical atherosclerosis for this 

matter is challenging.  

When applying measurements for classification of risk, the ability to identify 

accurately individuals is essential. Traditional risk factors are associated with 

CVD, and is described to account for the majority of events (16, 17). Yet, 

measuring risk factors is insufficient among individuals with low-to-modest 

increased risk since many CVD events will occur in this population. When adding 

the degree of subclinical atherosclerosis to risk evaluations, the result has not 

always been convincing. This could partly be due to neglecting methodological 

properties in the ultrasound application. Ultrasound is often considered as easy 

to use, and therefore, it may be as easy to abuse. If ultrasound is going to have a 

future within settings of measurements of subclinical atherosclerosis, it is 

important to stress methodological properties that may have been overlooked.   

Methodological aspects of reproducibility (paper I and II) 

Both paper I and paper II deal with the concept of reproducibility. 

Reproducibility can be expressed in terms of variability, reliability and 

agreement, and can further be evaluated by different approaches both within 

(intra) and between (inter) observers. Reproducibility is a key concept in methods 

applied for diagnosis. In an ideal world, the conclusion of a measurement would 

be the same, regardless of practitioners. However, that is not the reality; the 

surroundings and practitioners have an impact on the outcome.  

The observed inter-observer reproducibility of plaque detection found in paper II 

was comparable with a previous study (121). The previous study used a different 

plaque definition, described as “a localized protrusion of the vessel wall into the 

lumen”, and was performed during the 1990s. There have been improvements in 

the ultrasound technique since the 1990s; however, the Mannheim consensus 

does not seem to have increased the reproducibility in plaque detection. In paper 
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II, using the Mannheim consensus as plaque definition, 1 of 3 plaques was 

identified by one observer only. Being aware of circumstances that generate 

uncertainties due to the reproducibility are also important. As shown in paper II 

different plaques contributed differently to the reproducibility, where smaller 

plaques (plaque thickness <1.5 mm or plaque area <10mm2) were more difficult 

to detect.  

It is problematic when the cut-off for pathological findings is within the area of 

lower reproducibility. When measuring subclinical carotid atherosclerosis, a 

large number of individuals will have changes where the applied measurements 

are more difficult to reproduce. The reproducibility of cIMT measurements 

decreases when cIMT increases (143, 145), and small plaques have lower 

reproducibility in detection. This creates a grey-zone regarding reproducibility in 

the middle, where thin cIMT and large plaque on opposite sides have higher 

reproducibility (Figure 22).  

 

The heterogeneous development of atherosclerosis challenges the appearance in 

2D ultrasound. The thickening of cIMT is commonly not homogenous and plaque 

grows in the circumferential and longitudinal directions of the artery. 

Figure 22. Illustration of reproducibility of subclinical atherosclerosis measured by ultrasound.  
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Even when a plaque definition is applied, there is still room for subjectivity. The 

amount of subjectivity between different sonographers can be affected by a 

sonographer’s experience and the techniques used when carrying out the 

examinations. The use of clear definitions is important in decision-making. The 

Mannheim consensus definition can cause diffuse structures to be considered. 

This is addressed in the consensus document; “intermediate stages between 

increasing IMT and atherosclerotic plaque formation cannot clearly be 

differentiated neither by ultrasound nor by histological examination” (74). A 

suggestion of dealing with this is to use an alternative plaque definition. When 

evaluating subclinical atherosclerosis, carotid plaque could be defined as focal 

structure >1-5 mm or >10 mm2. Diffused structures in the grey zone may be 

referred to as an intermediate structure or pre-plaque structure. Since earlier 

studies have shown that larger plaques correlate with increased risk of CVD (91, 

118), a size dependent scale with definition of minor, moderate and severe 

plaques could potential improve the description of the subclinical atherosclerotic 

severity.   

When measuring carotid atherosclerosis the area of interest is the artery wall, 

which is under constant movement. The result of paper I showed similar findings 

to previous studies that this movement would affect the measurements (146, 147) 

where plaques changed classification during the cardiac cycle. Further, small 

carotid plaques contributed to decreased stability in measurements. In one way, 

this is not surprising since small plaques easily moves out of the image plane in 

the ultrasound visualisation. Also, the echolucent plaques contributed to 

decreased stability of the measurements. This could possibly be due to that the 

echolucent appearance comes from a more soft tissue, making these plaques 

more formable during the cardiac cycle. Another reason could be that darker 

plaques could naturally be more difficult to distinguish. Nevertheless, this shows 

limitations of 2D imaging and should be considered when applying this type of 

analysis.  

Generalisability of paper I and II 

The selection bias for included ultrasound examinations and the small sample 

size in paper I hamper the generalisability of the results. Since the evaluated 

examinations in this study came from inconclusive results or suspicion of carotid 

stenosis, these individuals do not reflect, per se, the general study population. 

Since suspicion arises of significant stenosis from plaques with lumen narrowing, 

the largest plaques and therefore individuals with severe atherosclerotic burden 

were included in this analysis. Paper I included 11 of the 22 identified 

asymptomatic carotid stenoses found in the VIPVIZA. These individuals were 

excluded from the study due to carotid stenosis, after the expanded ultrasound 

examination. The baseline cIMT values among the participants contributing to 
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paper I were >0.80 mm, which is higher than the general study populations cIMT 

values in papers III and IV that were 0.65-<0.70 mm. However, in this analysis, 

all identified plaques were analysed separately, which also included small plaques 

(plaque area range of 4.3 to 54.0 mm2). Plaques included in paper I therefore 

represents due to its size a wide range of subclinical plaques. In paper II, the 

consecutive invitation, with time period and place as the ground for selection 

could reasonably be thought to reflect the study population. The age distribution 

in paper II showed, however, a larger portion of 63 years old (86%) compared 

with the distribution in the total study population at 3-year follow-up (65.5 %).  

The 3-year follow-up intervention effect (paper III) 

Besides the reproducibility, results within this thesis also demonstrate the effect 

of the intervention within VIPVIZA on ultrasound variables. This was based on 

longitudinal data with repeated measurements of cIMT and carotid plaque. The 

image protocol and the ultrasound system in the VIPVIZA were predominantly 

designed to measure cIMT at standardized angles, and to detect plaques as 

present or absent. The use of standardized angles is preferred and required for 

longitudinal analysis of cIMT (148), which is a strength in the VIPVIZA 

ultrasound image protocol. On the other hand, with the results from papers I and 

II, the visualisations of plaque have limitations. Since some plaques were not even 

detected by different sonographers during the same day, this can raise concerns 

about the ability to evaluate progression and potential regression in the 

longitudinal perspective. 

On the population level, there were no statistical significant differences in plaque 

variables defined as plaque prevalence (sides with detected plaque) and 

measurements of total plaque area. The images of plaques in the longitudinal 

view, which were used for analysis of area, had a large limitation since many 

images had to be excluded due to poor image quality. Nearly 40% of all detected 

plaques could not be further analysed for area. As for plaque images, standardized 

angles were not included, and variations in the probe angle can change the 

appearance to a large extent. Therefore, plaque analysis has a large drawback for 

the current analysis. It is possible that changes in the population were present, 

but that our tool to detect it was too weak. However, in sub analysis of the 

VIPVIZA material (not presented in any manuscripts), individuals with markedly 

large plaque progression were identified (Figure 23). It is of great interest to 

further analyse these individuals with a distinct progression of plaque area, 

although these were only a minimal portion of the total study population.  
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In the VIPVIZA population, mean cIMT differed between sides. As earlier 

reported the left and right cIMT differs between the age groups 40-60 years where 

the side difference decreases with older ages (47) . The side difference can be 

problematic if a mean cIMT is calculated by combining left and right sides. For 

example, if the cIMT is 0.90 mm in the left carotid and 0.60 in the right, the mean 

value will be 0.75 mm. If 0.90 mm is considered as increased and 0.75 mm is not, 

the mean value will not reflect the thickened cIMT. Among middle age 

populations where the side difference is present, this could be important. Once 

again, when looking at previously published results, it is common that a mean 

value is used and there is a possibility that this could generate inconsistencies 

between studies. 

In paper III, the intervention by pictorial presentation was evaluated against the 

traditional prevention in the VIP on the progression of subclinical 

atherosclerosis. Even if it is recognized that the pictorial presentation may cause 

distress for some participants, it could function as a spark plug and initiate 

motivation to increase healthier habits. The result from paper III showed that the 

intervention group had decreased progression of cIMT. Earlier publications from 

the VIPVIZA study have shown that the intervention decreased traditional risk 

scores in the 1-year follow-up of traditional risk factors (149), and this result was 

sustained in the 3-year follow-up (150). The group difference of cIMT was small 

(0.005 - 0.011 mm), under the axial resolution of ultrasound (0.2 mm). The large 

sample size with subsequent standard deviation made it possible to detect 

statistically significant differences between the groups. Although small, these 

changes on population level may make differences in the long-term that are 

Figure 23. Example of identified large plaque progression on one VIPVIZA participant during 

the 3-year follow-up period.  
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revealed in the future. However, this emphasises that the changes on the 

individual level were small.   

The VIPVIZA study population represents a middle age population estimated at 

low-to-mediate increased risk for CVD due to SCORE. In baseline, the plaque 

prevalence was 39% among females and 51% in males (149). The plaque 

prevalence found was smaller than that reported from the Akershus Cardiac 

Examination study that also used the Mannheim consensus as plaque definition. 

They reported a plaque prevalence of 87%. The Akerhus study population 

included 63-65 years old, which may have contributed to the higher plaque 

prevalence. The VIPVIZA participants can also be considered as a motivated 

group, with a low numbers of drop-outs (11%) in the 3-year follow-up ultrasound 

examination. Firstly, VIPVIZA participants had accepted the invitation to 

participate in VIP, and thereafter accepted to participate in the VIPVIZA. 

The 3-year follow-up IM-echogenicity (paper IV) 

A less common way of analysing intima media is by its echogenicity. In vasculitis 

such as Takayasu and temporal arteritis, the vessel wall thickens, but also the 

ultrasound appearance is dark(151). Although vasculitis and atherosclerosis have 

different pathogeneses, they both share inflammation. Results from a PET study 

that found FDG uptake in only 11% of the identified plaques compared to 61.5% 

uptake in plaque-free segments (66) highlights that inflammation is present in 

the vessel wall even without visible plaques. By analysing the grayscale of intima 

media, new information is offered beyond the metric measurements of cIMT; this 

is supported by the results in paper IV. The echogenicity associated with the 

progression supports the hypothesis that a more active process in the arterial wall 

level is more echolucent. Since there are divided opinions of whether or not cIMT 

is a marker of subclinical atherosclerosis, these results may serve as a link of 

which intima media complexes are under the influence of active remodelling. 

If there is an agreement that cIMT can have an additional role in risk estimation 

in selected groups, it may not only be the metric value itself that carries valuable 

information. The progression itself and the grayscale can be measures with the 

potential to contribute in future evaluations.  

Results within this thesis cannot determine the additionally value of measured 

subclinical atherosclerosis against hard endpoint such as MI or stroke. Such 

analysis will take place in the future based on the VIPVIZA material. However, 

results within this thesis add methodological aspects to be considered when 

measuring subclinical atherosclerosis, and also presents potential new 

approaches to evaluate ultrasound images.  
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Summary and conclusions 

Paper I 

During the cardiac cycle small and echolucent plaques had higher variability of 

plaque risk markers as compared to larger and echogenic plaques. The variability 

found caused plaque vulnerability reclassification in 16-25% of the plaque 

depending on cut-off value during the cardiac cycle. This suggest that current 

strategies for plaque analysis is challenging when evaluating subclinical carotid 

plaques and should be taken into considerations when applying these analysis.   

Paper II 

Small carotid plaques contributed to decreased inter-sonographer reproducibility 

as compared to large plaques. Using an alternative plaque definition based on 

plaque thickness >1.5 mm and plaque area >10 mm2 could increase the 

reproducibility of plaque detection when screening for subclinical carotid 

atherosclerosis. 

Paper III 

Reduced progression of cIMT was achieved by adding pictorial presentation of 

subclinical carotid atherosclerosis to the traditional preventive strategy. The 

reduction was largely driven by changes in the left carotid artery. This provide 

evidence for that pictorial presentation increased adherence for preventive 

actions and that the intervention effect was present on the arterial wall level. The 

implementation of pictorial presentation of subclinical atherosclerosis may 

decrease CVD. 

Paper IV 

Baseline echogenicity of the IM-complex was associated with the 3-year 

progression of cIMT. The echogenicity of the arterial wall may serve as a link to 

identify unfavourable artery wall remodelling beyond the traditional cIMT 

measure, and may have a role in future CVD risk estimation.  
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Future perspective 

Measurements of subclinical carotid atherosclerosis by ultrasound does not come 

without challenges. When applying ultrasound to measure subclinical carotid 

atherosclerosis it is important to consider methodological aspects. When 

measuring subclinical atherosclerosis among middle age populations, the 

amount of smaller plaques can reasonably be expected to be high. To overcome 

the weakness of plaque detection of small carotid plaques, a more consistent 

definition and a clarified description should be considered.  

The use of pictorial presentation of subclinical atherosclerosis is in line with the 

suggestion of treating arteries and not only traditional risk factors (152, 153). 

Communication of subclinical atherosclerotic severity may provide increased 

knowledge and motivation for CVD prevention. However, it is important to 

calibrate the communication against the reproducibility of the ultrasound 

measurements.  

A potential future for the evaluation and analysis of ultrasound images is artificial 

intelligence. Deep learning is currently referred to as a potential paradigm shifter 

within classification and image analysis. With computerised algorithms, 

nonlinear interactions among large data can be identified. Those algorithms have 

been presented within the cardiovascular field (154, 155) and results for  

classification of carotid atherosclerosis have been published (156). By deep 

learning concepts, the subjectivity in diagnosis may decrease, and the methods 

have already supplied ultrasound imaging with automatic segmentation of intima 

and media boundaries (157) and characterisation of carotid plaque composition 

(158). Since atherosclerosis, traditional risk factors and imaging variables all 

together is a complex equation, algorithms that can handle large data sets may 

generate solutions not known today. 

A natural consideration after presenting the limitation with 2D ultrasound 

imaging is to suggest the use of 3D imaging. Evaluation of carotid atherosclerosis 

by carotid plaque volume (159, 160) could potentially increase the sensitivity in 

analysis of both size and the plaque composition. When consider measuring 

plaque for the evaluation in the longitudinal perspective, 3D may have 

advantages. The 3D concept can also be used to evaluate the total vessel wall 

volume (161), which would make the pitfalls of cIMT measurement and plaque 

detection secondary. However, 3D can not resolve the problems with poor image 

quality in ultrasound images since temporary shadows extends in 3D as well. 
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