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Abstract 1 

Abstract  

Objective: Research on the early origins of cardiovascular (CV) disease has shown that 

childhood cardiovascular risk (CVR) factors, such as elevated blood pressure (BP) and 

obesity predict subclinical outcomes several decades later. However, research on more 

short-termed consequences of childhood CVR in general population samples is scarce 

and requires improved measurement tools for subclinical outcomes in the young. 

Following recent sonographic improvements in the measurement of carotid intima-media 

thickness (CIMT) and carotid stiffness (CS), this dissertation aims to develop new 

reference centiles for CIMT and CS and investigate the link between elevated BP and 

obesity in childhood with carotid vascular remodeling one decade later. Therefore, this 

dissertation 1) analyzes determinants of successful CIMT and CS measurement, 2) 

investigates the age- and growth dependence of CIMT and CS, modelling CIMT and CS 

for adolescents and young adults by age, sex and height and 3) investigates the 

association of BP and measures of overweight with CIMT and CS one decade later. 

Methods: The representative National Health Examination Survey in children and 

adolescents KiGGS in Germany has given rise to the pediatric KiGGS cohort with 

baseline CVR factor phenotyping in 3- to 17-year-olds, including measurement of BP, 

Body Mass Index and five other obesity parameters. The 11-year follow-up included 

sonography of the common carotid artery in participants aged 14 to 28. Analyses used 

generalized additive models for location, scale and shape for centile estimation of CIMT, 

beta stiffness index, distensibility coefficient, Young’s elastic modulus and Peterson’s 

elastic modulus and both, logistic and log-binomial regression, for cross-sectional and 

longitudinal analyses. 

Results: CIMT and measurement was attempted in 4,798 adolescents and young adults. 

Predefined quality criteria were fulfilled in 98% of the participants. Overweight participants 

were slightly less likely to have successful measurements (OR 3.27 [CI 1.60; 6.68]). CIMT 

and CS increased non-linearly with age and height, with higher values among males at 

all ages. Elevated BP and measures of obesity were associated longitudinally and cross-

sectionally with elevated CIMT and CS, also when controlling for other CVR factors. For 

example, hypertensive BP in childhood was associated with a relative risk of 1.40 [0.96; 

2.03] for CIMT ≥ 90th centile one decade later.  
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Conclusion: This study provides new, population-based evidence for the association 

between childhood CVR factors and measures of subclinical atherosclerosis later on. The 

study suggests that this relationship can already be found after one decade, in 

adolescence and young adulthood, independent from sex, age and height. While the 

results do not allow for individual predictions, the findings underline the importance of 

population-wide preventive efforts already in childhood in order to maintain CV health in 

adulthood. 
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Abstract [German] 

Hintergrund: Der Zusammenhang von kardiovaskulären Risikofaktoren (CVR) in der 

Kindheit, wie erhöhter Blutdruck (BP) und Übergewicht, und subklinischen arteriellen 

Veränderungen mehrere Jahrzehnte später ist bereits gut belegt. Nur vereinzelte Studien 

haben bislang eine kürzere Zeitspanne untersucht und der Zusammenhang wurde noch 

nicht in der Allgemeinbevölkerung belegt. Technischen Verbesserungen der Messung 

der Carotis Intima-Media-Dicke (CIMT) und der Steifigkeit (CS) folgend, werden in dieser 

Dissertation 1) die Determinanten einer erfolgreichen CIMT- und CS-Messung 

untersucht, 2) Perzentile für CIMT und CS für Jugendliche und junge Erwachsene nach 

Alter, Geschlecht und Größe modelliert, und 3) der Zusammenhang von BP und 

Übergewicht mit CIMT und CS ein Jahrzehnt später untersucht. 

Methoden: Im Rahmen der repräsentativen Studie zur Gesundheit von Kindern und 

Jugendlichen in Deutschland (KiGGS) wurden bei 3– bis 17–Jährigen CVR erfasst, 

darunter BP, Body Mass Index sowie fünf andere Maße für Übergewicht. Basierend auf 

KiGGS wurde eine Kohorte etabliert und bei der Nachuntersuchung nach 11 Jahren 

wurde bei den 14- bis 28-Jährigen die Arteria Carotis Communis sonographisch 

untersucht. Perzentile für CIMT, beta stiffness index, distensibility coefficient, Young’s 

elastic modulus und Peterson’s elastic modulus wurden mit GAMLSS (generalized 

additive models for location, scale and shape) modelliert. Logistische und log-binomiale 

Regressionen wurden für Querschnitts- und Längsschnittanalysen verwendet. 

Ergebnisse: Bei 4.798 Teilnehmenden wurden CIMT und CS gemessen. Die CIMT-

Messungen von 98 % der Teilnehmenden erfüllten die vordefinierten Qualitätskriterien 

(90% bei CS-Messungen). Bei übergewichtigen Teilnehmenden war die Chance für eine 

ungültige Messung höher (OR 3.27 [1.60; 6.68] für unzureichende CIMT-Messung). CIMT 

und CS nahmen mit Alter und Körpergröße zu, mit höheren Werten bei Männern jeden 

Alters. Erhöhter Blutdruck und Übergewicht waren im Längs- und im Querschnitt mit 

erhöhter CIMT sowie CS assoziiert, auch bei weiterer Adjustierung. So war hypertensiver 

Blutdruck in der Kindheit mit einem relativen Risiko von 1.40 [0.96; 2.03] für CIMT ≥ 90. 

Perzentil verbunden.  

Schlussfolgerung: Diese Studie erbringt neue Evidenz für den Zusammenhang von CVR 

Faktoren mit frühen Gefäßveränderungen. Die Ergebnisse legen nahe, dass erhöhter 

Blutdruck und Übergewicht in der Kindheit mit subklinischen Veränderungen der 
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Karotiden bereits nach einem Jahrzehnt besteht und zwar unabhängig von Geschlecht, 

Alter und Größe. Auch wenn die Ergebnisse keine individuellen Vorhersagen zulassen, 

unterstreichen sie die Bedeutung bevölkerungsweiter präventiver Maßnahmen in der 

Kindheit für die kardiovaskuläre Gesundheit im Erwachsenenalter. 
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1 Introduction  

1.1  A case for early cardiovascular prevention 

With over 17 million deaths per year, cardiovascular diseases (CVD), such as ischemic 

heart disease and stroke, are the main cause of mortality worldwide (1). A recent review 

estimates that approximately 38% of potential years of life lost in European women (men: 

34%) can be attributed to CVD (2). Often targeted behavioral risk factors for CVD include 

unhealthy diet, physical inactivity, tobacco use and harmful use of alcohol (3). These 

behavioral patterns have been shown to result in intermediate cardiovascular risk (CVR) 

factors, such as raised blood pressure (BP), raised blood glucose, raised blood lipids, 

and overweight and obesity (4). Such intermediate risk factors can be measured in 

primary care facilities and indicate an increased risk of heart attack, stroke, heart failure 

and other complications in the future. Hard outcomes usually occur several decades later, 

in middle to late adulthood (2). They are known to be precedented by atherosclerotic 

changes. Most notably, plaques lead to lumen narrowing and impaired blood flow while 

also posing the risk of rupture. And long before these pathological changes occur, 

endothelial function begins to deteriorate, walls of medium to large arteries thicken, and 

arterial distensibility is reduced (5). As these structural and functional vascular alterations 

accumulate over a prolonged period of time, understanding the early stages of the 

disease is crucial for the formulation of impactful preventive strategies. Especially in the 

young, where hard outcomes do not commonly occur yet, measures of subclinical 

vascular changes are valuable intermediate CV outcomes.  

 

1.2  Carotid biomarkers of subclinical atherosclerosis 

The distance between the lumen-intima and the media-adventitia interface of the common 

carotid artery near the carotid bulb is commonly referred to as carotid intima-media 

thickness (CIMT). Since a first study provided evidence for valid sonographic CIMT 

measurement in vitro in the 1980s (6), CIMT has been used as a simple, non-invasive 

surrogate marker for subclinical atherosclerosis. Apart from technological innovations (7-

9), protocols on the standardized measurement of CIMT – as provided by the Mannheim 

consensus (10), have further improved the validity and reliability of carotid sonography. 

However, the benefits of the assessment of CIMT have been subject of debate: On one 
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hand, there is robust evidence linking elevated CIMT in adults to CVDs. For example, a 

recent meta-analysis which included around 100.000 patients from more than 100 clinical 

trials confirmed an association between CIMT progression and CVD events, i.e. 

myocardial infarction, stroke, revascularization and fatal CVD (11). On the other hand, 

the added value of CIMT measurement to established CV risk scores, such as the 

Framingham risk score, has been shown to be limited in adults (12). In the young, the 

predictive power of elevated CIMT for CV events is largely unknown. This is due to the 

fact that CV events, such as stroke and heart failure, very rarely occur before mid-

adulthood. Thus, studies on the association of childhood CIMT and hard CV outcomes 

need a considerable cohort size as well as several decades of follow-up.  

While elevated CIMT is indicative of early structural changes of the vasculature, 

atherosclerotic processes can also lead to a reduction of arterial compliance and 

elasticity, commonly referred to as carotid stiffness (CS). Measures of CS can be 

determined by combining CIMT with information on diameter changes of the blood vessel 

over the course of the heart cycle as well as brachial blood pressure (13). Over the years, 

several measures have been proposed which differ in the mathematical formulation of 

this pressure-strain relationship. While an increase in ß stiffness index (ß), Peterson’s 

elastic modulus (Ep) and Young’s elastic modulus (YEM) indicates higher CS, the 

distensibility coefficient (DC) and compliance coefficient (CC) quantify carotid elasticity 

instead. An increase in their values therefore reflects a decrease in stiffness. Previous 

research has demonstrated that all of the above-mentioned parameters of CS are highly 

similar with regard to variability as well as reproducibility (13, 14). 

 

1.3  Reference centiles  

In the young, reference centiles are commonly used for parameters for which outcome-

based cut-offs cannot be derived. Reference centiles modelled by age and sex are 

common since many parameters are growth-dependent and may differ by sex.  A centile 

value provides information on an observation’s position in the distribution at a specific 

covariate value, i.e. a specific age. The easiest way to obtain such information is by 

computing raw z-scores in strata of the covariate. But to compensate for random 

fluctuations in the sample, smoothing techniques are commonly used instead. What is 

more, as Cole and Green put it in their seminal article, “physiologically, small changes in 
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the covariate are likely to lead to continuous changes in the measurement, so that the 

centiles ought to change smoothly. In such cases, fitting discontinuous curves could lead 

to substantial bias” (15, p. 1305). 

The most popular method for estimating centiles is the LMS method (15, 16), named for 

its three model parameters lambda (λ), mu (μ) and sigma (σ) which represent the 

skewness, median and coefficient of variation. The LMS method uses the Box-Cox power 

transformation (17), a function that transforms the observed distribution of the outcome 

to a standard normal distribution, dependent on a continuous covariate. Based on 

medium-sized convenience samples, centiles of CIMT and CS by age in strata of sex for 

childhood or adolescence have been estimated in the last years, using either the LMS 

method (14, 18, 19) or older methods (20, 21). However, for the estimation of reference 

centiles, a large number of participants from a population sample are ideal. The ‘German 

Health Interview and Examination Survey for Children and Adolescents’, abbreviated as 

KiGGS from the German name, is such a sample. Based on KiGGS and using the LMS 

method, reference centiles of various other pediatric measurements have been 

published, including infant head circumference (22), body mass index (BMI) (23), waist 

circumference (24) and resting heart rate (25). To better understand the intertwined 

impact of ageing and growth, previous studies modelled centiles for CIMT and several 

parameters of CS twice: first by age and then by height (14, 18). Quite recently, 

generalized additive models for location, scale and shape, short GAMLSS (26), made it 

possible to estimate centiles using more than one covariate. Drawing on KiGGS data 

again, centiles on BP in children by sex, age and height were estimated with the use of 

GAMLSS (27).  

 

1.4 Association of CV risk factors with CIMT and CS 

There is ample, robust evidence on the cross-sectional association of various CVR factors 

with CIMT in adults in the general population. Notably, a recent meta-analysis confirmed 

that current smoking, overweight, elevated BP as well as elevated total cholesterol were 

associated with higher CIMT among 59.000 adult men and women (28). For young adults, 

evidence from the Bogalusa Heart study suggests that BP, BMI, HDL as well as 

triglycerides, inter alia, are linked to elevated CS (29). A recent systematic review 

concluded that BP was associated with CIMT independently of other CVR factors already 



Introduction 8 

in childhood and adolescence (30). Previous research has also confirmed an association 

between obesity and CIMT (31) as well as CS (18, 32) in childhood (31, 33, 34). While 

cross-sectional research provides valuable insights into risk clusters, longitudinal studies 

are necessary to investigate when and to what extent the presence of childhood CVR 

factors translates into adverse vascular changes later in life. 
  

 
Figure 1. Overview of cohort studies on CVR factors in childhood and adult CIMT. 

Note: Only includes cohorts with N>350 participants. N rounded to 10. Time span: Mean follow-up time 
between first measurement of CVR factors and CIMT measurement, in years. Exact N and age range differ 
between analyses. Abbreviations and references: Kaunas Cardiovascular Risk Cohort Study (35); 
AGAHLS: Amsterdam Growth and Health Longitudinal study (36, 37); CDAH: Childhood Determinants of 
Adult Health (38); Stanislas cohort (39) ; Georgia Stress and Heart Study (40, 41); Muscatine study (42); 
ARYA: Atherosclerosis Risk in Young Adults (43, 44); YOTA: Young Taiwanese Cohort (45); Beijing BP: 
Beijing Blood Pressure Cohort (46, 47); Bogalusa Heart Study (29, 48-50); Cardiovascular Risk in Young 
Finns Study (51-53); Pelosa Birth Cohort (54); i3C Consortium: International Childhood Cardiovascular 
Cohort Consortium (55, 56). Source: own research based on references. 
 

Over the past decades, a number of large cohort studies has substantiated knowledge 

on the association of CVR factors in childhood with CIMT later in life. More specifically, 

elevated BP (40, 43, 46, 51, 56), obesity (41, 49, 53, 57, 58) as well as dyslipidemia (59), 

among other predictors, were linked to future elevated CIMT. Figure 1 gives an overview 

of key information on these general population cohorts, e.g. the above-mentioned 

Bogalusa Heart study (48) or the Cardiovascular risk in Young Finns Study (53). As 

indicated by the turquoise bars, participants were between 3 to 18 years old at baseline. 
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Between the cohorts, timing, frequency and scope of follow-ups varied widely. Carotid 

sonography was performed in adulthood, up to 35 years after the initial examination (see 

grey bars in Fig. 1). In about half the cohorts, not only adult CIMT but also CS was 

investigated as an outcome of interest. For example, results from the Beijing Blood 

pressure cohort study indicate that elevated BP in childhood is associated with elevated 

CIMT, carotid-femoral pulse wave velocity (PWV), which is a commonly used measure of 

arterial stiffness for a much larger segment of the vasculature, as well as left ventricular 

mass index, a measure of cardiovascular remodeling, in early to mid-adulthood (46). 

Considering other measures of CS, research from the Amsterdam Growth and Health 

Longitudinal Study has identified elevated BP and central fat mass in childhood as 

independent risk factors for elevated CS, measured as CC, DC and YEM (37).  

Research on the above-mentioned cohorts has established an association of childhood 

CVR with CIMT and CS around two to three decades later. Only few previous studies  

(41, 45, 54) have examined changes in the carotid artery already one decade later, in 

adolescence. Among these, the Pelosa Birth Cohort provides evidence for an association 

of obesity at age 11,15 and 18 with CIMT at age 18 (54). The Georgia Stress and Heart 

Study also measured CVR factors several times in childhood and CIMT at ages 12, 14 

as well as 15 (40, 41). The Young Taiwanese cohort Study is a small follow-up of a 

national urine screening program. It was designed to be made up to equal parts of 

normotensive children and children with elevated BP (45). None of these cohorts cover 

the age range from adolescence to young adulthood. Hence, the link between childhood 

CVR factors and subclinical atherosclerosis in adolescence and young adulthood seems 

worthwhile to investigate further.  

In conclusion, evidence from both cross-sectional and longitudinal studies confirms that 

subclinical changes linked to CVR factors can be monitored via CIMT and CS 

measurements. However, these changes have not been mapped for the full age range of 

childhood and adolescence and have not been investigated in large population-based 

samples. The KiGGS cohort with its 11-year follow-up can add to existing evidence by 

providing knowledge on vascular changes from a large national cohort in an age range 

(14 to 28) which has been studied rarely. 
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1.5  Research question 

This dissertation uses data from sonographic measurements of the population-based 

KiGGS cohort to approach the following research questions: 

(1) How are CIMT and parameters of CS – as a function of sex, ageing and growth 

– distributed in a general population sample of adolescents and young adults?  

(2)  Is an association of childhood CVR factors, i.e. BP and measures of obesity, with 

CIMT and CS, independent from sex, ageing and growth, detectable in 

adolescence and young adulthood?  
 

 
Figure 2. Schematic overview of scope of the dissertation. 
Note: CIMT: Carotid intima-media thickness. CS: Carotid Stiffness. Source: Own figure. 
 

Figure 2 gives an overview of the scope of the studies included in this dissertation.  

Study 1 (60) explores the association of BP, BMI and health behavior with completeness 

of CIMT and CS measurements according to prespecified quality criteria in the KiGGS 

cohort. In Study 2 (61), reference centiles for CIMT by sex, age and height are modelled 

and longitudinal and cross-sectional associations of BP and BMI with elevated CIMT 

above the 90th centile are investigated. Study 3 (62) provides reference centiles for 

several parameters of CS, i.e. DC, ß, Ep and YEM. Moreover, longitudinal and cross-

sectional associations of measures of general and abdominal obesity, i.e. BMI, waist 

circumference (WC), waist-to-height-ratio (WHtR) and fat mass, with elevated CIMT as 
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well as CS are examined. In an online repository (63), documentation on the sample, 

sonographic measurement, modelling process and centile tables for CIMT and CS are 

summarized. Research was carried out in accordance with the Strengthening the 

Reporting of Observational studies in Epidemiology (STROBE) guidelines (64) and the 

guidelines on good epidemiological practice from the German Society of Epidemiology 

(65).  
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2 Methods 

2.1  Study population 

The KiGGS survey, conducted by the RKI, includes health examinations as well as 

interviews with participants and their parents, thus providing data on physical health, 

mental health and health-related behaviors (66). KiGGS was funded by the Robert Koch 

Institute (RKI), the German Federal Ministry of Health and Federal Ministry of Education 

and Research. The study was approved by the Federal Commissioner for Data Protection 

and Freedom of Information as well as two ethics committees (Charité 

Universitätsmedizin Berlin No. 101/2000 and Medizinische Hochschule Hannover No. 

2275-2014).  

A representative sample of children ranging in age from 0 to 17 years was selected based 

on two-stage sampling (66): First, 167 communities across Germany were identified as 

primary sampling units with a local study center. In the second stage, a balanced number 

of potential participants per birth year was selected from population registries. A total of 

17,641 children and adolescents with primary residence in Germany could be recruited, 

which corresponds to a response rate of 65.9%. Informed consent was obtained from all 

participants or their legal guardian in advance. No personal data which could be used for 

identification was collected. Study material can only be accessed by authorized 

personnel. From 2003 to 2006, the first wave of KiGGS was conducted. Depending on 

their age, participants and/or their parents provided information on medical history, 

physical activity, dietary habits, inter alia. An extensive health examination took place, 

including the measurement of resting blood pressure and a venous blood sample.   

Follow-up examinations were conducted 11 years later (2014-2017) with participants 

aged 10 to 31. Participants who gave permission to be re-contacted were invited to a 

study center for re-examination. For 6,465 participants, which is equal to 37% of the 

baseline sample, both survey and examination data at follow-up are available. Carotid 

sonography was offered to participants from age 14 (n=4,957). Females made up half 

(49.83%) of this examination sample. Based on the participants’ and their parents’ country 

of birth as well as citizenship (67), approximately one fifth (18.07%) of the participants 

had a migration background. Parental education was assessed using the updated 

CASMIN education classification (68). For 56.95% of the participants, it was classified as 
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medium. 12.95% of the participants’ parents were classified as having a low educational 

degree. For the remaining 30.12%, parental education was classified as high.  

2.2  Carotid biomarkers 

In the second wave of KiGGS, high-resolution B-mode ultrasound of the common carotid 

artery was offered to participants from age 14. Detailed information on study setup, 

examination procedure, device settings, imaging and data cleaning have been published 

in Study 1 (60). Standardized protocols for carotid ultrasound examinations followed 

current recommendations (10, 69). Sonography was performed by one of five centrally 

trained sonographers after a five-minute resting period in a supine position with the head 

positioned in a 45° angle on a wedge-shaped cushion. Concurrent with the examination, 

up to six consecutive heart cycles were tracked by an echocardiogram. Using a 5 to 12 

MHz linear array transducer (UF—760AG, Fukuda Denshi Co. Ltd, Tokyo, Japan), CIMT 

and lumen diameter (LD) were measured bilaterally. 10 mm segments proximal to the 

carotid bifurcation (distance of 10-15 mm) were examined on two planes: on the ear-to-

ear plane, i.e. positioning the beam of the transducer orthogonally to the participant’s 

head, and horizontal plane, i.e. placing the beam horizontally to the participant. Blood 

pressure was measured after carotid sonography on one side (HEM 705 CP, Omron 

Healthcare, Hoofddorp, Netherlands) for subsequent calculation of parameters of carotid 

stiffness. With the use of a recently developed active contour model (70) and subpixel 

interpolation, the contours of the near and far wall, i.e. the arterial wall close to the 

transducer and the wall farther away, could be detected automatically. Accurate contour 

detection was monitored using software-based real-time quality control gated by the 

electrocardiogram. Data from heart cycles which did not meet the quality standards was 

discarded during the examination. For each valid heart cycle (referred to as a good heart 

cycle, GHC) of each measurement plane a mean CIMT value was obtained.  

For the following analyses, only sonographic measurements with at least one valid far 

wall CIMT measurement over two or more GHCs were used. Our research group used 

video recordings for post-examination quality control: Incidents of suspected erroneous 

automatic wall detection were identified and data on the respective plane was excluded. 

In a reliability study, intra- as well as inter-observer reliability was investigated in 15 

participants by repeating the measurement on the consecutive day. Participants were 

examined thrice by two sonographers, resulting in 45 measurements total. Analyses of 
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these data showed good to excellent inter- and intra-rater agreement of CIMT and CS 

(60). 

Mean values of CIMT across all valid heart cycles were calculated by side (left vs. right), 

measurement plane (ear-to-ear vs. horizontal) and wall (near vs. far), resulting in a total 

of eight values. Due to reverberation, i.e. a repetitive reflection between two surfaces, the 

near wall of the carotid artery is more difficult to measure accurately than the far wall. As 

current guidelines recommend the use of far wall values only (10, 69), we calculated a 

mean of all available far wall values – left and right in the ear-to-ear and horizontal planes. 

Parameters of CS were computed using information from BP measurements together 

with LD. For the latter, a mean value of all GHC (at peak systole and end diastole each) 

was calculated across all available sides and planes. Four commonly used parameters 

of CS (13) were calculated: the DC, β, YEM and Ep. While an increase in Ep, YEM or β 

indicates higher arterial stiffness, an increase in DC indicates increased elasticity and 

therefore a decrease in stiffness. 

 

2.3  Measurements and definitions 

Extensive phenotyping based on medical examinations, parental interviews as well as 

interviews with the participants (from age 11) was conducted at baseline and follow-up 

(66). Figure 3 provides an overview of the measures included in the following analyses 

by age and examination wave.  
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Figure 3.Overview of investigated CVR factors across examination waves. 

Note: BMI: Body mass index. Modified from Büschges et al., 2022, Supplemental Figure 1 (62). 
 

In Table 1, details on the used absolute or relative cutoffs are given, i.e. reference centiles 

for BP and several measures of obesity. Measurements at baseline and follow-up 

followed identical protocols, which have been standardized for use in large examination 

surveys, unless otherwise indicated. Height was measured to the nearest 0.1 cm using 

portable stadiometer devices (baseline: Holtain Ltd., Crymych/UK; follow-up: seca274, 

seca, Hamburg/Germany). Blood pressure was measured using a previously validated 

(27, 71) automated upper arm oscillometric device (DatascopeAccutorr Plus, 

Mahwah/NJ) and appropriately sized cuffs. Mean values for systolic BP (SBP) and 

diastolic BP (DBP) were calculated from two blood pressure readings obtained after five 

minutes of rest at a two-minute interval following standardized protocol (72). As BP has 

been shown to depend on sex, age and height in children, previously published sex-, age- 

and height-specific KiGGS reference centiles (27) were used to classify elevated and 

hypertensive blood pressure in children and adolescents. For participants from age 18, 

fixed cut-offs were applied. Body composition was assessed using various measures of 

general and abdominal obesity: Weight, body mass index (BMI), waist circumference 

(WC), waist-to-height-ratio (WHtR), fat-mass and fat-free mass. A calibrated scale 

(baseline: electronic scale type seca; follow-up: seca mBCA 515/ 514, seca, 

Hamburg/Germany) was used to determine the participants’ body weight to the nearest  
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Table 1. Overview of standards for classification of BP and obesity measures. 

Note: WHO: World Health Organization. BP: Blood pressure. WC: Waist circumference. WHtR: Waist-to-
height-Ratio. BIA: Bioimpedance analysis. Source: Information extracted from publications (60-62).  
 

  

 
Parameter 

Use in  
studies 

Use of  
standards by age range 

 
Categories and cut-offs 

BP Studies 
1, 2 

<18: KiGGS reference 
centiles by sex, age and 
height (27) 

Normotensive BP: SBP and DBP <90th 
centile 
Elevated BP: SBP or DBP ≥90th to <95th 
centile 
Hypertensive BP: SBP or DBP ≥95th centile 

≥18: WHO guidelines 
(76) 

Normotensive BP: <130/85 mmHg 
Elevated BP: 130 to 139/85 to 89 mmHg 
Hypertensive BP: ≥140/90 mmHg 

Study 3 <18: KiGGS reference 
centiles by sex, age and 
height (27) 

Normotensive BP:  SBP and DBP <95th 
centile 
Hypertensive BP: SBP or DBP ≥95th centile 

≥18:  WHO guidelines 
(76) 

Normotensive BP: <140/90 mmHg 
Hypertensive BP: ≥140/90 mmHg 

BMI Studies 
1, 2 

<18: Reference centiles 
by age and sex from the 
International Obesity 
Task Force (73) 

Normal weight: <89.3th centile for females 
and <90.5th centile for males 
Overweight: ≥89.3th centile for females and 
≥90.5th centile for males 
Obesity: ≥98.6th centile for females and 
≥98.9th centile for males 

≥18: WHO guidelines 
(76) 

Normal weight: < 25 kg/m2 
Overweight: ≥ 25 kg/m2  
Obese: ≥30 kg/m2  

3 <18: National centiles 
(74) by age and sex 

Normal weight: < 90th centile 
Overweight: ≥ 90th centile  

≥18: WHO guidelines 
(76)   

Normal weight: < 25 kg/m2 
Overweight: ≥ 25 kg/m2  

WC Study 3 <18: KiGGS reference 
centiles by age and sex 
(75) 

Normal WC: < 90th centile 
Elevated WC: ≥ 90th centile 

≥18: WHO guidelines 
(76)   

Normal WC: <88 cm for females, <102 cm 
for males 
Elevated WC: ≥ 88 cm for females, ≥102 cm 
for males  

WHtR Study 3 <18: of KiGGS reference 
centiles by age and sex 
(77) 

Normal WHtR: < 90th centile 
Elevated WHtR: ≥ 90th centile  

≥18: WHO guidelines 
(76)   

Normal WHtR: < 0.5 
Elevated WHtR: ≥ 0.5  

BIA Study 3 ≥18: Computation of 
centiles from KiGGS 
cohort 

Normal fat mass, fat free mass: <90th centile 
Elevated fat mass, fat free mass: ≥ 90th 
centile 
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0.1 kg and to calculate the BMI (ratio of weight to height2). Using either the cut-offs defined 

by the International Obesity Task Force (73) or those derived from national centiles (74), 

overweight and obese participants were identified. In all participants from age 11, WC 

was measured to the nearest 0.1 cm either at the narrowest section of the torso (baseline) 

or between the lower end of the rib cage and the upper end of the iliac crest (follow-up). 

For WC as well as WHtR, national reference centiles for children and adolescents (75) or 

cutoffs provided by the WHO guidelines for adults (76) were used. 

At follow-up, a device for bioelectrical impedance analysis (Medical Body Composition 

Analyzer 515/514, seca, Hamburg/Germany) was used to assess fat-mass and fat-free 

mass in participants from age 18 (78). GAMLSS (see chapter 2.4.2 for further information) 

was used to obtain preliminary sex- and age-specific cut-offs at the 90th centile (63).  

Non-fasted venous blood samples were used to determine the ratio of total cholesterol 

(TC, in mg/dl, CHOD-PAP method) to high-density lipoprotein-cholesterol (HDL, in mg/dl, 

homozygous enzymatic color test), triglycerides (in mg/l, GPO-PAP) and hemoglobin A1c 

HbA1c, in %, high performance liquid chromatography) at follow-up (79). A previously 

proposed composite cardiovascular risk score (80) was calculated by adding up age- and 

sex-specific z-values of SBP, BMI, ratio of TC to HDL-cholesterol, triglycerides and 

 HbA1c. In analyses which examine the effect of BP or BMI, the respective measure was 

not included in the calculation of the score. The level of parental education, migration 

background, drinking habits and smoking status was obtained from interviews. 

Hazardous drinking was defined according to the Alcohol Use Disorder Identification Test 

(81). 

 

2.4  Statistical methods 

2.4.1 Centile estimation 

In studies 2 and 3, centiles for CIMT and CS were estimated using GAMLSS, 

implemented in the R software environment (Version 3.6.1; R Foundation for Statistical 

Computing, Wien, 2019, http://www.R-project.org) as the gamlss package (Version 5.1-

5; Stasinopoulos M. and Rigby B., 2019, http://gamlss.org). Prior to modelling smoothed 

centiles, the influence of extreme outliers was attenuated by winzorizing the observed 

data. This means that extreme values were replaced by their next neighbors towards the 

median of the observed distribution, for males and females and in strata of age. 
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The aim was to capture the age- and growth dependence of CIMT and CS accurately 

while keeping the statistical model as simple as possible. Therefore, centile modelling 

was carried out as an iterative process. Reference centiles were estimated separately by 

sex as a function of exact age. If analyses indicated that height had a substantial 

independent effect, centiles were modelled by age and height simultaneously. For all 

parameters, data was normally distributed using either the Box-Cox transformation or the 

Box-Cox-Power-Exponential transformation. λ, μ, and σ were modelled as linear or 

quadratic functions of age (and height) or splines of age (and height), i.e. functions with 

several intervals where every interval has different coefficients for the polynomial. If 

necessary, Tau (τ) was modelled as an absolute term. The simplest model with the best 

model fit, determined by the Generalized Akaike Information Criterion (82), was chosen. 

In the final models, model fit could not be further improved by replacing parametric 

formulae, i.e. linear or quadratic functions, with splines. As further tests for the goodness 

of fit, q-tests (83) and worm plots (84) by strata of age (and height) were used. Q-tests 

consist of a series of hypotheses which test for departures from the standard normal 

distribution by inspecting the moments of the distribution, i.e. mean, variance, skewness, 

and kurtosis, separately. Worm plots are de-trended quantile-quantile plots which plot the 

theoretical distribution versus the observed distribution. The utilized diagnostic tests of 

the final models confirmed appropriate model fit. Elevated CIMT was defined as CIMT ≥ 

75th or 90th centiles; elevated CS was defined as CS ≥ 75th or 90th centile (for DC: 25th 

and 10th centile). 

 

2.4.2 Regression analyses 

In all analyses, sampling weights were used to account for unequal sampling probabilities 

and to improve representation of the German population structure at the time of 

examination (85). In order to obtain adequate point estimates, confidence intervals as 

well as standard errors (86), survey procedures were used. Thus, stratification and 

clustering of the initial sample could be accounted for. To rule out issues associated with 

multi-collinearity, correlation matrices were used and the variance inflation factor was 

considered. 95% confidence intervals (CI) were reported in all analyses to assess the 

precision of the estimates.  
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In Study 1 (60), predictors of unsuccessful CIMT or CS measurement, i.e. sex, age, body 

composition, BP, total cholesterol, current smoking, hazardous drinking as well as 

sonographer, were investigated by obtaining odds ratios from logistic regression. 

Following centile estimation (see 2.4.1), the cross-sectional and longitudinal association 

of BP and BMI with CIMT is explored in Study 2 (61). The previously estimated sex-, age- 

and height- specific 75th and 90th centiles were used as cutoffs. In the following analyses, 

log-binomial regression was performed instead of logistic regression, as the odds ratios 

obtained by the latter overestimate the relative risk when outcomes are common (87). 

Crude and RRs which are adjusted for an additive CVR score (see 2.3) were estimated 

for the association of BP and BMI at baseline as well as follow-up with CIMT.  

In Study 3, cross-sectional and longitudinal associations between various measures of 

general and abdominal obesity with CIMT as well as CS were investigated using log-

binomial regressions (62). The 90th centile was used for all outcomes as cut-off, except 

DC (10th centile due to inverse orientation). Crude RRs as well as RRs adjusted for the 

CVR score and smoking were obtained.  
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3. Results 

3.1  Completeness of CIMT and CS measurements and drop-out factors 

The following results and analyses were summarized in Study 1 (60). In Figure 4, an 

overview of measurement success and dropout is provided. Carotid sonography was 

attempted in 4,798 participants. 98% (n=4,716) of the examinations yielded CIMT 

measurements which met the quality requirements (see 2.2.1).  

 
Figure 4. Flow chart from data collection to centiles. 

Note: CIMT: Carotid intima-media thickness. CS: Carotid Stiffness. Modified from: Königstein et al., 2020, 
Figure 2 (60). Source: modified from Königstein et al., 2020, Figure 2 (60). 
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In this sample, the mean far wall CIMT (across both planes as well as the left and right 

side) was 0.544 ± 0.054 mm (near wall: 0.548 ± 0.057 mm). Parameters of CS could be 

computed in 90% (n=4,311) of the participants. For the remaining 10%, either the near 

wall was not detectable (n=380) or information on blood pressure during the examination 

was incomplete (n=25). As expected, completeness was higher for the far wall of the 

individual sonographic planes (92.4% to 96.1%) than the near wall (64.1% to 68.9%). 

When examining planes and sides separately, far wall CIMT was slightly, but significantly, 

higher on the right than on the left (∆L-R on both planes= -0.01 mm; p<0.001).  

 
Table 2. Predictors of unsuccessful CIMT and CS measurements. 

 CIMT CS 
Models OR 95% CI OR 95% CI 
Unadjusted models     

Sex: female 0.83 [0.49; 1.41] 0.78 [0.60; 1.01] 
Age, per year 1.05 [0.98; 1.13] 1.00 [0.97; 103] 
Overweight 3.27 [1.60; 6.68] 2.36 [1.73; 3.22] 
Obese 11.92 [6.07; 23.41] 5.83 [4.08; 8.33] 

     
Model I, adjusted     

Overweight 3.15 [1.59; 6.24] 2.38 [1.75; 3.24] 
Obese 11.62 [5.58; 24.20] 6.01 [4.17; 8.66] 

     
Model II, adjusted     

Overweight 3.04 [1.49; 6.22] 2.55 [1.81; 3.61] 
Obese 12.67 [5.50: 29.19] 7.30 [4.87; 10.94] 

Note: Results from weighted logistic regression. Model I: adjusted for age and sex. Model II adjusted for 
blood pressure, total cholesterol, current smoking and hazardous drinking and sonographer. OR = odds 
ratio; CI = confidence interval; CIMT= carotid intima-media thickness; CS= carotid stiffness. Source: Table 
adapted from Figures 3 and 4 by Königstein et al., 2020 (60).  
 

The odds for unsuccessful measurement were considerably higher for overweight (2.38 

≤ OR ≤ 3.15) and especially obese (6.01 ≤ OR ≤ 12.67) participants, independent of sex 

and age (see Table 2). Blood pressure, total cholesterol, current smoking, hazardous 

drinking as well as the sonographer who performed the examination were also not 

associated with measurement success.  

Further analyses (see Appendix of Study 1 (60)) were carried out to explore whether not 

only measurement success itself, but the number of obtained valid heart cycles (GHC, 

see 2.2) differs by BMI. Participants with elevated BMI are expected to be more likely to 

have elevated CIMT, thus being subgroup of special interest. Among participants of 

normal weight, CIMT measurements included on average 4.75 GHCs; among overweight 

participants an average of 4.47 GHCs was reached. The examination of obese 
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participants included on average 4.21 GHCs. Almost one third (29.74%) of the valid 

examinations of the normal weight participants included 6 GHCs. Among overweight 

participants, this was only true for 22.53% of examinations (obese: 16.83%). 

Complementary, the share of examinations with only the minimum number of 2 GHCs 

was higher among the obese (7.9%) than among the overweight (3.84%) or normal weight 

participants (2.30%). 
 
Table 3. Characteristics of the KiGGS cohort sample used for centile estimation 

 Total Female Male 
Age at follow-up 14-28 14-18 19-28 14-18 19-28 
N 4,709 1,220 1,131 1,205 1,153 
Height in cm  172.51 

(9.43) 
165.90 
(6.45) 

166.91 
(6.76) 

177.11 
(8.12) 

180.16 
(6.95) 

CIMT in mm 0.54 
(0.05) 

0.52 
(0.04) 

0.53 
(0.05) 

0.54 
(0.05) 

0.56 
(0.06) 

N 4305 1,111 1,058 1,099 1,037 
DC in 10-3 kPa 48.19 

(12.07) 
55.50    

(12.10) 
47.44 

(10.69) 
49.15 

(10.59) 
40.10 
(9.42) 

ß [unitless] 3.91 
(0.82) 

3.50 
(0.63) 

3.90 
(0.77) 

  3.87 
(0.71) 

4.41 
(0.87) 

YEM in 103 kPa 0.26 
(0.08) 

0.22 
(0.05) 

0.26 
(0.07) 

0.25 
(0.06) 

0.32   
(0.08) 

Ep in kPa 47.51 
(11.29) 

40.68 
(7.76) 

47.43 
(10.15) 

46.20 
(9.08) 

56.29 
(11.96) 

Note: Unweighted mean with standard deviation in brackets. CIMT: Carotid intima-media thickness. DC: 
Distensibility Coefficient; ß: ß Stiffness Index; YEM: Young’s Elastic Modulus; Ep: Peterson’s Elastic 
Modulus. Source: Own calculations. 
 

The final population-based sample (for studies 2 and 3) is comprised of 4,709 KiGGS 

cohort participants aged 14 to 28 with valid CIMT measurement. Of these, CS was 

available for 4,305 participants.  

Table 3 shows an overview of key characteristics of the sample used for centile 

estimation. Descriptive statistics in strata of sex and age are expressed as means (± 

standard deviation) or proportions. Overall, CIMT was higher in males than females and 

increased with age. Similarly, CS increased with age and was lower in females than 

males. Table 4 provides an overview of the CVR factors, inter alia BMI and BP, at baseline 

and follow-up (11 years later) in strata of age and sex.  
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Table 4. CVR factors in the sample of KiGGS cohort participants. 

 Total Female Male 
N 4,709   1,220 1,131 1,205 1,153    

Age at baseline   3-7 8-17 3-7 8-17 
SBP in mmHg 104.24 

(11.01) 
98.62   
(7.83) 

108.98 
(9.74) 

98.77 
(7.56) 

110.93 
(12.02) 

DBP in mmHg 63.20   
(7.81) 

60.48 
(6.34) 

66.05 
(7.32) 

60.07 
(6.86) 

66.36 
(7.83) 

BMI in kg/m² 17.42 
(3.30) 

15.75 
(1.65) 

19.18 
(3.79) 

15.86 
(1.56) 

  19.09   
(3.70) 

WC in cm 69.31 
88.82) - 67.51 

(7.88) - 70.99 
(9.31) 

Age at follow-up  4709 14-18 19-28 14-18 19-28 
SBP in mmHg   120.21 

(10.99) 
114.43 
(8.41) 

118.38 
(10.12) 

120.15 
(10.30) 

128.18 
(10.27) 

DBP in mmHg   70.89 
(7.18) 

68.85 
(6.55) 

71.69 
(7.18) 

69.50   
(6.93) 

73.74 
(7.05) 

BMI 22.92 
(4.25) 

21.81 
(3.51) 

23.60 
(4.74) 

  22.05 
(4.06) 

24.34 
(4.13) 

WC in cm 78.54 
(11.11) 

73.43   
(8.61) 

78.08 
(11.50) 

77.89 
(10.23) 

85.04 
(10.80) 

Fat mass in % 25.18 
(10.00) - 31.33 

(7.96) - 19.21 
(7.94) 

Total cholesterol in mmol/l 4.43 
(0.92) 

4.43 
(0.84) 

  4.90 
(0.97) 

3.94 
(0.71) 

4.46 
(0.89) 

Triglycerides in mmol/l 1.23 
(0.83) 

1.12 
(0.67) 

1.21 
(0.64) 

1.20 
(0.85) 

1.40 
(1.08) 

HbA1c in mmol/mol 32.78 
(4.10) 

33.00 
(3.38) 

32.47955 
(4.01) 

33.23 
(4.21) 

32.41 
(4.66) 

Current smoking (%) 23.88 14.81 28.19 16.48 37.10 
Hazardous drinking (%) 36.67 28.41 43.85   27.52   47.68   

Note: Unweighted mean with standard deviation in brackets. SBP: Systolic blood pressure; DBP: diastolic 

blood pressure; BMI: body mass index. Source: Own calculations. 
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3.2  Reference centiles 

In study 2 (61), centiles for CIMT were estimated. As described before, the increase in 

CIMT varies by sex at all ages in the studied cohort. Therefore, centiles were modelled 

separately for males and females. Height was found to have a substantial independent 

nonlinear association with CIMT across all ages. Thus, centiles were modelled by age 

and height simultaneously. Figure 5 (61) shows selected centiles for CIMT by age at 

median height for males and females.  

 

Figure 5. Centile curves for CIMT from 14 to 28 years in the KiGGS cohort. 
Note: 10th centile (P10), Median (P50), 75th centile (P75) and 90th centile (P90) from CIMT centile estimation 
separately for males and females by age and height. Median height displayed. CIMT: Carotid intima-media 
thickness. From study 2: Neuhauser et al., 2022 (61). 
 

In both sexes, the increase in CIMT with age accelerated from adolescence (age 14 to 

17) to young adulthood (from age 18). At all ages, young males had higher CIMT than 

their female peers. In the lower centiles, these sex differences are less pronounced than 

in the higher centiles. The 75th centile in males at median height was almost equivalent 

to the 90th centile in females. Figure 6 shows selected centiles for CIMT by age at median 

height in males (A) and females (B) separately; the shaded corridors indicate the 

difference from the 10th to the 90th height centile. In both sexes, height differences made 

a substantial difference regarding CIMT in young males and females of the same age.  
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Figure 6. Centile curves for CIMT in the KiGGS cohort from 14 to 28 years by sex. 
 
Note: 10th centile (P10), Median (P50), 75th centile (P75) and 90th centile (P90) from CIMT centile estimation 
separately for males and females by age and height. Shaded area indicates range for height from 10th to 
90th centile. CIMT: Carotid intima-media thickness. From study 2: Neuhauser et al., 2022 (61). 
 

Centiles for CS were estimated in study 3 (62). Similar to CIMT, CS varied in the cohort 

with sex at all ages. Height, however, was found to have a substantial association with 

CS in males only. Thus, to keep the models as simple as possible, only the centiles for 

males were modelled by age as well as height. Centiles for females were modelled by 

age only. All measures of CS indicate that the carotid arteries of males are stiffer than the 

arteries of females from adolescence to young adulthood. The 50th centiles in males (at 

median height) correspond to the 73th to 79th centiles on average in females of the same 

age. Similar to CIMT, CS tends to increase slightly in both sexes with advancing age.  

Together with documentation related to data collection and analysis, reference tables for 

CIMT and CS are included in an open access online repository (63), following FAIR data 

principles, which require data to be Findable, Accessible, Interoperable and Reusable 

(88). 

  

A) Males B) Females 
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3.3 Association with CVR factors 

3.3.1 Association of BP and BMI with CIMT 

The following analyses were published in study 2 (61). Table 5 shows selected results 

from the analyses in the second study. It presents RRs for two outcomes: elevated CIMT 

≥ 75th and ≥ 90th centile which were measured at follow-up, 11 years after baseline 

examinations. As these two cut-offs were defined using centiles by sex, age and height, 

RRs are adjusted for these covariates.  

 
Table 5. Association of hypertensive BP, overweight or obesity with elevated CIMT. 

  75th centile 90th centile 
 Models RR 95% CI RR 95% CI 

Lo
ng

itu
di

na
l 

(1
1 

ye
ar

s)
 

BP     
Elevated 1.19 [0.93; 1.52] 1.27 [0.85; 1.90] 
Hypertensive 1.34 [1.08; 1.67] 1.40 [0.96; 2.03] 

BMI     
Overweight  1.08 [0.86; 1.36] 1.37 [0.92; 2.33] 
Obese 1.38 [1.07; 1.77] 1.41 [0.85; 2.33] 

Multivariable     
Obese & hypertensive 1.87 [1.21; 2.88] 2.48 [1.11; 5.54] 

Tr
aj

ec
to

rie
s 

BP      
Normal to hypertensive 1.25 [0.92; 1.71] 1.50 [0.91; 2.49] 
Hypertensive to normal 1.25 [0.97; 1.61] 1.44 [0.94; 2.20] 
Persistent hypertensive 1.20 [0.94; 1.54] 1.53 [0.82; 2.87] 

BMI     
Normal to at least overweight 0.97 [0.76; 1.23] 0.97 [0.61; 1.54] 
At least overweight to normal 1.18 [0.88; 1.57] 1.14 [0.70; 1.86] 
Persistent at least overweight 1.20 [0.94; 1.54] 1.53 [1.01; 2.23] 
Persistent obese 1.50 [1.01; 2.23] 1.62 [0.82; 3.21] 

C
ro

ss
-s

ec
tio

na
l BP     

Elevated 1.19 [0.98; 1.41] 1.17 [0.85; 1.61] 
Hypertensive 1.38 [1.09; 1.75] 1.64 [1.13; 2.36] 

BMI     
Overweight  1.02 [0.82; 1.29] 1.06 [0.74; 1.52] 
Obese 1.23 [0.94; 1.60] 1.55 [1.01, 2.38] 

Multivariable     
Obese & hypertensive 1.42 [0.62; 3.25] 3.37 [1.41; 8.04] 

Note: Results from weighted log-binomial regression models. Reference levels: normotensive for BP, 
normal weight for BMI, normotensive and normal weight for multivariable models. All models are adjusted 
for sex, age and height since CIMT centiles are modeled by sex, age, and height. RR: relative risk; BMI: 
Body mass index; CI: Confidence interval. Source: Table adapted from Figures 3 and 4 by Neuhauser et 
al., 2022 (61). 
 

RRs for the association of past and current BP as well as BMI with elevated CIMT are 

shown. Longitudinally, cross-sectionally and as trajectories, BP and BMI were both 

associated with an increased risk for elevated CIMT. As expected, the RR of hypertensive 

BP was found to be higher than the RR of elevated BP. Analogously, obesity was 
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associated with a higher RR for elevated CIMT than being overweight. Overall, the 

associations for both cut-offs were similar, with RRs for elevated CIMT ≥ 90th centile being 

somewhat stronger. For example, the RR for the cross-sectional association of 

hypertensive BP with CIMT ≥ 75th centile was 1.38 [95% CI 1.09; 1.75], whereas the RR 

for CIMT ≥ 90th centile amounted to 1.64 [1.13; 2.36]. When including BP and BMI 

together with other risk factors (current smoking and a CVR score), the RRs did not 

change considerably (see Figures 3 and 4 of study 2 (61)). For instance, for hypertensive 

BP at baseline and elevated CIMT ≥ 75th centile, the RR from univariable regression was 

1.40 [CI 0.96; 2.03] and the adjusted RR was 1.37 [CI 0.92; 2.04]. The risk associated 

with the presence of multiple cardiovascular risk factors in childhood is investigated in 

depth in a separate paper (89).  

Obese participants with hypertensive BP were at considerably higher risk for elevated 

CIMT compared to their normal weight peers. To illustrate, the RR for CIMT ≥ 90th centile 

of participants who were obese and had hypertensive BP at baseline was 2.48 [CI 1.11; 

5.54]. Contrasting, hypertensive BP alone resulted in a RR of 1.40 [0.96; 2.03] and obesity 

alone was associated with a RR of 1.41 [0.85; 2.33]. The largest RR was found for the 

association of hypertensive BP and obesity at follow-up with CIMT ≥ 90th centile (RR 3.37 

[CI 1.41; 8.04]). Due to the overall good health of this general-population sample and the 

resulting low prevalence of multiple CV risk factors, no trajectories considering BP and 

BMI simultaneously could be analyzed with sufficient sample sizes. In the appendix of 

study 2, table S3, sample sizes in strata of BP, BMI and elevated CIMT are shown (61).  

 

3.3.2 Association of obesity measures with CIMT and CS 

The following analyses are part of study 3 (62). Table 6, shows cross-sectional as well as 

longitudinal (11 years from baseline) associations of elevated obesity measures (≥ 90th 

centile) with elevated CIMT (≥ 90th centile) and increased arterial stiffness (≥ 90th centile, 

for DC: ≤ 10th centile). Again, as the centiles were estimated using sex and age, the 

results are independent of those measures. Additionally, the composite CVR score and 

smoking were considered. Cross-sectionally, elevated BMI, WC, WHtR as well as fat 

mass were consistently associated with elevated CIMT and CS. The highest RR was 

found for the association between elevated absolute fat mass and elevated YEM (RR 

2.42 [CI 1.65; 3.54]). Investigating the RR for adverse vascular outcomes associated with 

elevated obesity measures in participants who also had hypertensive BP, considerably 
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higher RRs were found, ranging from 1.55 (for WHtR on CIMT, [CI 0.85; 2.84]) to 7.44 

(WC on YEM, [CI 4.63; 11.94]).  

Table 6. Adjusted association of obesity parameters with elevated CIMT and CS. 

 

Note: Relative risks (RR) and confidence intervals (CI) for elevated CIMT and CS parameters ≥ 90th centile 
from weighted log-binomial regression. WC and WHtR were measured from age 11. Preliminary 90th centile 
of FM and FFM for participants from age 18. For DC, the 10th centile was used instead of the 90th. CIMT: 
Carotid intima-media thickness; ß: ß Stiffness Index; YEM: Young’s Elastic Modulus, Ep: Peterson’s Elastic 
Modulus; DC: Distensibility Coefficient; BP: blood pressure; BMI: body mass index; WC: Waist 
Circumference; WHtR: Waist-to-Height-Ratio; FM: Fat mass; FFM: Fat free mass. P90: 90th centile. 
Reference levels: Normotensive for BP, normal weight for BMI, normotensive and normal weight for 
multivariable models. All models are adjusted for sex, age and height, BP category, CVR score and smoking 
at follow-up. Table adapted from Büschges et al., 2022 (62). 
 

All obesity measures in childhood were associated with elevated CIMT and CS at follow-

up. Effect sizes were similar compared to the above-mentioned cross-sectional analyses. 

Again, the combination of hypertensive BP with elevated BMI, WC and WHtR yielded 

higher effect estimates. Lastly, BMI trajectories from baseline to follow-up were 

estimated. Overweight or obesity at both, baseline as well as follow-up, was associated 

with an increased RR of at least 1.54 [CI: 1.05; 2.26] for elevated CIMT. BMI at or above 

the 90th centile at either baseline or follow-up was not consistently and only moderately 

associated with elevated CIMT and CS.  
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4. Discussion 

4.1  Measurement of CIMT and CS in a young population-sample 

While considerable evidence has been collected over the last years, the chain of evidence 

from risk factors to CV outcomes in the young is still not complete. As hard outcomes 

start to occur decades later, subclinical measures are used as intermediate outcomes in 

research on adolescent cohorts instead. In this age group, the noninvasive sonographic 

measurement of carotid properties, such as CIMT and CS, has been established as an 

intermediate outcome (30, 37). The combination of technological measurement progress 

and the availability of a national health examination sample was a unique opportunity to 

provide robust evidence for the association of childhood CVR factors with elevated 

measures of subclinical atherosclerosis one decade later.  

Over the years, carotid sonography has progressed from static, manual caliper-based 

assessment of single frames (7) to software-assisted measurements with semi-automatic 

edge detection over several heart cycles (8). Drawing on these technological innovations, 

carotid sonography was implemented into KiGGS, a German health examination survey 

following participants from childhood to young adulthood. Due to the fact that the 

participants were derived from a population-based sample, they were overall healthy. 

This is reflected in relatively low BMI as well as SBP values across age and sex groups. 

Standardized measurement of CIMT over several heart cycles was performed on the 14-

to-28-year-old participants by centrally trained sonographers. CIMT measurements which 

met the quality criteria were obtained in 98% of the participants (n=4,716). Parameters of 

CS could be computed for 90% of the sample. Values of CIMT as well as parameters of 

CS, i.e. DC, ß, YEM and Ep, were in line with previous studies on adolescents and young 

adults using semi-automatic detection software (14, 18, 21, 90, 91).  

Investigating determinants of CIMT and CS measurement completeness, no significant 

association of the sonographer or sex and age of the participant were detected. However, 

the odds for unsuccessful measurement of CIMT were found to be higher in overweight 

and obese participants compared to those of normal weight (3.04 ≤ OR ≤ 12.67). This is 

to be expected as overweight or obese participants are very likely to have a thickened 

layer of subcutaneous fat on their neck (92), thus reducing image quality and making it 

more difficult to track the intima-media over several heart cycles. The reduced number of 

GHCs in overweight and obese participants further underlines this issue. While the 
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association between obesity and elevated CIMT has been established (31, 93), the role 

of obesity for unsuccessful measurement has not been investigated further in previous 

research. Measurements of CS are considerably more difficult to obtain than CIMT: Not 

only the far wall, but also the harder to measure near wall of the carotid artery needs to 

be recorded and matched to the heart cycle. Thus, there are more factors which 

contribute to an incomplete measurement, leading to fewer valid measurements overall. 

We found that obesity was still a risk factor for unsuccessful measurement (2.38 ≤ OR ≤ 

7.30), but less strongly linked to CS than to CIMT measurement success.  

 

4.2  Comparison with previous CIMT and CS centiles 

Centiles for CIMT 

The distribution of CIMT in the sample was investigated as a function of sex, ageing, and 

growth by modelling centiles in study 2 (61). As aging lies at the core of biological changes 

reflected in many clinical thresholds, centiles are almost always modelled by age. This is 

especially true for childhood and adolescence where age reflects maturation. Expectedly, 

we found that CIMT increased with age in both sexes. As reported in previous research 

(18), males had higher CIMT than females from adolescence to young adulthood. In line 

with other studies (14, 18), we also found that height had a substantial association with 

CIMT across all ages. Thus, centiles were modelled by age and height simultaneously. 

Prior to this study, several studies have published centiles for CIMT in adolescence. They 

were based on convenience samples or samples recruited in a clinical setting. Hence, 

participants with some CVR factors were excluded in order to obtain a sample of ‘healthy’ 

participants. While Weberruss et al. only excluded obese participants (14), Doyon et al. 

also excluded participants who were hypertensive, had history of chronic disease or took 

permanent medication (18). Due to the large age range covered, Engelen et al. worked 

out a more extensive list of exclusion criteria (20). As a result, their centiles were based 

on only 4,234 individuals from the initial sample of 25,166 individuals.  

Fig. 7 gives a comparison of the median (50th centile) and 90th centile for CIMT of previous 

centiles with the new KiGGS centiles. Doyon et al. provided centiles based on 1,051 

children aged 6 to 18 from 7 European cities (18). Studying a similar age range (ages 7 

to 17), Weberruss et al. analysed data on 690 children who took part in the ‘Sternstunden 
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der Gesundheit’ study in Southern Germany (14). Engelen et al. estimated centiles from 

4,234 individuals aged 15 to 101 by aggregating individuals from 30 cohorts (20).  

 
 

 

 

Figure 7. Comparison of KiGGS centiles for CIMT with previously published centiles. 

Note: Display of median (P50) and 90th centile (P90). For Doyon (18), Weberruß (14) and Engelen (20), 
sex-stratified centiles by age in ½ years were obtained from centile tables. For KiGGS centiles, values are 
displayed at median height and age in ½ years was used. Source: Own illustration, using KiGGS centiles 
from Neuhauser et al., 2022 (61). 
 

At first glance, it is quite evident that the KiGGS centiles have noticeable higher values 

compared to centiles of the other cohorts. In both, males and females, the 50th centiles is 

roughly equivalent to the 90th centiles from Doyon (18) as well as Engelen (20). This 

difference is very likely attributable to several reasons: First, measurement methods and 
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protocols differed between the studies. Secondly, the KiGGS centiles were estimated 

without excluding any participants with valid CIMT measurements. As KiGGS is based on 

a general population sample, selection bias towards participants with increased CVR was 

much less of a concern than in studies conducted in a clinical setting. What is more, 

sampling weights were used to further minimize bias. We found the 75th centiles for CIMT 

in KiGGS to be in accordance with the unsmoothed 75th centile from a small study who 

also did not exclude any children (21). From a more theoretical point of view, centiles can 

only describe the whole distribution of CIMT in a population if individuals who are likely to 

fall into the tails of the distribution are not excluded. Thus, excluding adolescents and 

young adults with CVR factors did not seem appropriate for the KiGGS sample.  

 

Centiles for CS 

Centiles for four parameters of CS, i.e. DC, ß, YEM and Ep, were modelled in study 3 

(62). Similar to CIMT, CS also varied with sex at all ages in participants of the KiGGS 

cohort, males having stiffer carotid arteries than females. While results from the Bogalusa 

Heart Study and others report sex differences in adolescents as well (18, 29), there are 

also studies that came to the conclusion that CS did not differ between male and female 

adolescents (14, 19). Most notably, Jourdan et al. estimated centiles for CS by age only 

after finding that ß, DC and Ep did not differ by sex in their sample of 247 participants 

aged 10 to 20 years (19).  

Similar to previous studies (14, 18), we also found height to have a substantial association 

with CS. However, this association was limited to males only in our sample, leading to 

the modelling of centiles for CS by age and height for males and by age only for females. 

Figure 8 gives a comparison of the 50th and 90th centiles of the CS parameters of the 

KiGGS study with the above-mentioned centiles by Doyon et al. (18), Weberruss et al. 

(14) and Jourdan et al. (19). The KiGGS centiles for all four measures of CS are in 

accordance with these preexisting centiles, illustrating that stiffness increases from 

adolescence to young adulthood. Compared to the centiles for CIMT, centiles for all 

parameters of CS seem to be more homogenous across all studies. This might be due to 

the fact that parameters of CS are calculated using information on the carotid artery as 

well as blood pressure changes over the heart cycle. 
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Figure 8. Comparison of KiGGS centiles for CS with previously published centiles. 

Note: Display of median (P50) and 90th centile (P90). For Doyon (18) and Weberruss (14), sex-stratified 
centiles by age in ½ years, were obtained from centile tables. For Jourdan (19), centiles by age in full years 
were computed using the equations provided. For KiGGS centiles, males are displayed at median height 
and age in ½ years was used. From Büschges et al., 2022 (62). 
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4.3  Association of BP and measures of obesity with CIMT and CS  

Previous cohort studies have established robust evidence for associations of CVR factors 

in childhood with elevated CIMT mostly two to three decades later (see Chapter 1.4 for 

overview of cohorts). The setup of the KiGGS cohort allows to investigate the association 

of CVR factors in childhood (age 3 to 17) with vascular alterations already one decade 

later (age 14 to 28). We analyzed whether increased BP and obesity measures were 

associated with elevated CIMT and parameters of CS. Cut-offs above the 75th and 90th 

centiles were defined using the previously estimated centiles in order to identify 

individuals with elevated values across age groups and varying heights.  

Aligning with previous research, (43, 51), we found in study 2 that elevated and 

hypertensive BP in childhood was associated with an increased risk for elevated CIMT 

11 years later (61). For example, the Beijing Blood Pressure Cohort Study analyzed the 

association of childhood BP categories (age 6 to 18) with elevated CIMT 24 years later 

(46). Albeit the time to follow-up being considerably longer, the effect estimates are very 

similar to the present study with ORs of 1.8 for childhood hypertensive BP (OR of 1.5 for 

elevated BP). Our results on the cross-sectional association of BP with elevated CIMT 

are also consistent with findings from previous studies (30). Earlier studies have explored 

single BP components in childhood, i.e. SBP, DBP, mean arterial pressure and pulse 

pressure, finding that childhood SBP was most predictive of adult CIMT (40, 56). 

Following the analyses included in this study, we also analyzed the role of different BP 

components as well as resting heart rate in later research (94).  

Analyzing the association of obesity with elevated CIMT, we found overweight and obese 

participants to be at higher risk than their peers of normal weight, longitudinally (11-years 

follow-up) as well as cross-sectionally. Although BMI tracks strongly over time (95), 

childhood BMI has been shown to be associated to adult CIMT independently of adult 

BMI (41). Investigating childhood BMI and CIMT ≥75th centile one decade later, research 

on the Young Taiwanese Cohort Study (45) found somewhat stronger associations 

compared to our results (for example OR of 2.82 for overweight BMI at baseline and 

follow-up compared to a RR of 1.53 in the KiGGS cohort). This difference may be due to 

the different measures of association, as ORs from logistic regression overestimate the 

risk of the outcome if the outcome is common (prevalence >10%, (88)). By design, the 

prevalence of elevated CIMT is around 25% if the 75th centile is chosen as cut-off.  
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Previously, abdominal measures of obesity, i.e. WC and WHtR, have been shown to be 

associated stronger to elevated CIMT and CS than measures of general obesity, i.e. BMI, 

fat-mass and fat-free mass in adults (96-98). While we found all of these measures to be 

linked to elevated CIMT and CS longitudinally (11-year follow-up, 1.27 ≤ RR ≤ 2.32) as 

well as cross-sectionally (1.07 ≤ RR ≤ 2.42), we did not find evidence for the superiority 

of measures of abdominal obesity in study 3 (62). This is likely due to the younger age of 

our cohort: As BMI tracks quite strongly over time (95), the time of exposure, that is the 

time a participant has been overweight, might not have been long enough to detect 

differences between measures of obesity.  

We found that elevated measures of obesity were associated similarly with an increased 

risk for elevated CIMT as for CS. This is in line with results from the Amsterdam Growth 

and Health Longitudinal Study (32) as well as cross-sectional research (99, 100). 

Compared to the other measures of obesity, less research has considered measures of 

body composition, i.e. fat mass and fat-free mass. Congruous to our results, these studies 

indicate an association of moderate strength towards increased CIMT (101, 102). 

 

4.3  Strengths and limitations 

This study investigated carotid measures of subclinical atherosclerosis in adolescents 

and young adults and the association with childhood BP and measures of obesity. 

Previously, this age range has only been sparsely studied (41, 45, 54). Most studies 

examined the association between childhood CVR factors and CV outcomes two to three 

decades later. What is more, few studies with limited sample size have investigated the 

association of obesity measures on functional as well structural carotid biomarkers in this 

age range (14, 97).  

Several other strengths of this study are noticeable: The research presented here draws 

on the sonographic measurements of 4,709 adolescents from a national health 

examination survey as well as childhood and current measurements of CVR factors. 

Weights were applied to compensate for unequal sampling probabilities (85) as well as 

unequal dropout rates. Previous research has identified older age, male sex, lower socio-

economic status and migration background, inter alia, as determinants of drop-out from 

KiGGS baseline to follow-up (66).  
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Standardized, bilateral measurements of CIMT and CS were performed, adhering to 

current protocols (10, 69) and implementing semi-automated quality assessment. A 

reliability study demonstrated high inter- as well as intra-observer reliability (60). High 

completeness of valid measurements (CIMT: 98%, CS: 90%) could be achieved. This is 

the first study to provide centiles for CIMT and CS from a population-based cohort which 

covers the period from adolescence to young adulthood. Centiles were estimated 

separately for males and females by age and height using up-to-date statistical methods. 

As a result, the centiles account for the main determinants of CIMT and CS in adolescents 

and young adults. Thus, the association of CVR factors with elevated CIMT and CS could 

be investigated independent of the considerable influence of sex, ageing and height.   

Measurement of BP as well as obesity parameters was highly standardized. The utilized 

BP device has been validated in children (27, 71). Information on two points in time 

(follow-up 11 years after baseline examination) were collected. This study includes a 

broad variety of measures of obesity: BMI, WC, WHtR, fat mass and fat-free mass. 

Some potential limitations also need to be discussed. Several arguments were brought 

up in an Editorial (103) on study 2 (61). The authors stated the potential relevance of the 

pubertal status. In KiGGS, maturation, e.g. by Tanner staging, was not measured at 

follow-up. As children from the age of 14 years were examined, we could however 

assume that most of them were post-pubertal. Furthermore, the authors noted that 

differences in ethnicity were not investigated. Even though the KiGGS cohort includes 

children with migration background, it is composed predominantly of Caucasians. Thus, 

our analyses did not include ethnicity. Lastly, the authors pointed out that the obtained 

centiles might be specific to the standardized equipment and protocol. The use of different 

devices and divergent protocols might lead to altered results.  

There are some further considerations to be mentioned. Because unsuccessful 

sonographic measurements were more common when examining overweight and obese 

participants, this group is underrepresented in our analyses. As perivascular adipose 

tissue has been linked to accelerated arterial stiffening (104), associations in this group 

might differ from the results presented here. Due to the low prevalence of obesity in our 

sample and the resulting small number of comparable individuals with valid 

measurements, we decided against the imputation of missing CIMT and CS values. As 

they rarely occur in the young (105), atherosclerotic plaques were not assessed. 

Inherently, the generalizability of reference centiles is limited to the population they were 
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estimated for. This is due to a number of reasons, including different population structures 

and varying prevalences of CVR factors which impact the distribution of CIMT and CS.  

More frequent examinations would have added valuable information on CVR load from 

childhood to young adulthood. In addition, more elaborated trajectories could have been 

analyzed. Even though measures of obesity track quite well over time (95), relevant 

changes can occur unnoticed in the decade between baseline and follow-up 

examinations. Compared to measures of obesity, the variability of BP measurements is 

much higher. BP measurements from multiple days would have been preferable to a 

single-day measurement. Albeit, previous research has provided evidence that they are 

inferior at tracking BP, but not by large (110).  

The prior estimation of centiles allows to examine the link of CVR factors with the 

outcomes independent from the effects of ageing and growth. However, we could not 

analyze gender, age or height differences because we defined elevated CIMT and CS by 

a cut-off based on centiles by sex, age and height. 

Cut-offs for increased BP and measures of obesity were based on German reference 

values (for more details see Table 1). While results are likely to be similar when using 

other comparable reference values, generalizability for populations with a substantially 

differing prevalence of CVR factors is limited. Whereas it is essential for the estimation of 

reference centiles that a sample is composed of a representative sample from a 

population, high-risk samples allow for more differentiated analyses on CVR clusters. In 

this sample, the combined effect of CVR factors could not be examined further due to the 

low number of participants with multiple CVR factors.  

 

4.4  Implications for further research 

This dissertation has processed complex CIMT data in adolescents and young adults into 

a research tool consisting of smooth percentiles for CIMT and four CS parameters. In 

order to gain knowledge on differential drop-out, determinants of unsuccessful 

measurement were investigated. Future studies can draw on the obtained insights, such 

as the completeness and determinants of measurements to estimate drop-put rates and 

plan accordingly. In our study, overweight and obese participants were identified as 

having higher odds for unsuccessful measurement (see Chapter 3.1). Hence, research 

on samples with a high prevalence of obesity should report information on drop-outs 
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which are not due to technical problems. Because obese participants are at higher risk 

for future CVD (106), the assessment of their CIMT is especially relevant when trying to 

understand the emergence of early vascular alterations. Knowledge on the characteristics 

of successful measurement in this vulnerable target group could reduce drop-out. It could 

also aid future research by allowing for adequate oversampling in groups with higher 

chances for unsuccessful measurement. 

Using novel statistical methods, centile estimation for males and females based on two 

covariates, i.e. age and height, was performed. This allowed to differentiate between the 

impact of sex, ageing and growth on one side and the association of CVR factors on 

carotid biomarkers of subclinical atherosclerosis on the other side. We could show that 

height had a substantial impact on CIMT in males and females and on CS in males. These 

results underline the value of considering growth additionally to age when studying 

adolescents. The use of an extended centile model made it possible to estimate the 

association of CVR factors with the outcome while reducing confounding due to sex, age 

and height as much as possible. In the case of the study presented here, the covariates, 

i.e. sex, age and height, are associated with the CVR factors, i.e. BP and measures of 

obesity, as well as the outcomes, i.e. CIMT and CS. Yet, the process of estimating 

centiles based on more than one covariate requires much more time and resources than 

the estimation of centiles by age only. Also, a higher sample size is required to compute 

such a more complex model.  

We found significant and consistent, however only weak association between easily 

measurable childhood CVR factors and elevated measures of vascular remodeling one 

decade later. This suggests that screening of these easily measurable CVR factors only 

on one day like in our study does not allow identification of high-risk individuals but would 

require more measurements over time and examination of risk factor profiles. In addition, 

evidence on the clinical significance of vascular remodeling indicators such as elevated 

CIMT and CS in adolescents and young adults is still scarce and the use of percentile 

thresholds is normative, not outcome-based. 

Future research could also address some of the limitations of the current study. Firstly, 

the results presented here suggest that young men from age 14 have higher CIMT and 

stiffer arteries than their female peers. However, studies on younger children and 

adolescents do not agree from what age forward these differences occur (14, 18, 19). 

Research on the onset of sex differences in CS parameters is even more divided (14, 18, 

19, 29). The emergence of these differences has been linked to sex steroids, most notably 
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estrogen (107).  By measuring CIMT and stiffness repeatedly from childhood through 

adolescence into young adulthood while also obtaining information on maturation status, 

one could shed light onto the early development of sex differences in the vasculature.  

Secondly, one should aim to include more frequent examinations of BP and obesity 

parameters in order to obtain a more detailed understanding of CVR load from childhood 

to young adulthood. As smartwatches have become increasingly popular among 

adolescents and young adults, they provide a great opportunity to attain frequent 

measurements of heart rate as well as physical activity and may soon be able to measure 

BP reliably.  

Thirdly, a recent correspondence highlighted that CIMT measurement should not be 

generally equated with atherosclerosis, as evidence has shown that CIMT is also affected 

by biological and genetical factors (108). When examining individuals without plaque, it 

was recommended to measure 3D vessel wall volume instead of CIMT. Future research 

will elucidate the predictive power of this innovative biomarker. What is more, 

atherosclerotic changes occur locally. Therefore, the investigation of not one site of 

interest, i.e. the carotids, but several areas of the vasculature, is likely to lead to more 

robust findings.  

Lastly, further research including early CVR factors in childhood, intermediate biomarkers 

in adolescence to young adulthood and CV outcomes in mid-adulthood would be a 

valuable contribution to existing research only considering shorter time-spans. Such 

cohort set-ups would provide an in-depth understanding of the long-term effects of 

childhood risk factors on the development of CV health over the life course.  
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5. Conclusion  

This dissertation developed new reference centiles for CIMT and CS from a large 

population-based paediatric cohort with state-of-the-art carotid sonography. Centiles 

were modeled to reflect how CIMT and CS differed by sex and increased with age and 

height. This new research tool allowed an analysis of the association of BP and obesity 

with CIMT and CS while accounting for the changes of CIMT and CS with age and height 

simultaneously. Analyses showed a weak but consistent link between childhood 

hypertensive BP and measures of obesity with elevated CIMT and CS in adolescence 

and young adulthood, independent of sex, age and height. Results did not allow for the 

identification of clear-cut thresholds of increased BP and BMI which were associated with 

elevated CIMT and CS. While predictions for individuals are not possible, the results do 

associate increased BP and BMI with elevated CIMT and CS on a group level. Hence, 

this evidence underlines the importance of maintaining high cardiovascular health from 

an early age on. Population-wide preventive efforts that encourage children, adolescents 

and young adults to lead a healthy lifestyle contribute to good vascular health later in life. 
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