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A B S T R A C T
IMPLICATIONS AND
Purpose: Cardiovascular risk factors are widespread among children and adolescents and may lead
to accelerated vascular aging in middle adulthood. However, data are scarce on shorter-term
consequences, for example, on associated distinctive vascular properties before age 30 years.
This study analyzes the association of childhood exposure to cardiovascular risk factors with ca-
rotid properties in adolescents and young adults.
Methods: Four thousand thirty one participants from the population-based German Health
Interview and Examination Survey for Children and Adolescents cohort (aged 3e17 years) had
carotid intima-media thickness (CIMT) and distensibility coefficient (DC) measurements at the
second follow-up (aged 14e28 years). The assessment of cardiovascular risk factors at baseline
included information about arterial hypertension, obesity, dyslipidemia, and passive smoking.
Results: Single risk factors and the exposure to multiple cardiovascular risk factors were associated
with elevated CIMT and decreased DC. Relative risks for CIMT � 90th centile and/or DC � 10th
centile were increased in participants exposed to two (RRCIMT ¼ 1.45 [95% confidence interval 1.11
e1.91], p < .05; RRDC ¼ 1.37 [1.02e1.84], p < .05) and � three risk factors (RRCIMT ¼ 1.66 [1.05
e2.62], p < .05; RRDC ¼ 1.25 [0.71e2.21], p > .05).
Discussion: Exposure to multiple cardiovascular risk factors starting in childhood is associated
with measurably increased CIMT and carotid stiffness in late adolescence and early adulthood.
These findings underline the importance of population-wide preventive measures to promote
optimal cardiovascular health.
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This study demonstrates
subclinical atherosclerosis
in adolescents and very
young adults who were
exposed to multiple car-
diovascular risk factors
during childhood. It closes
a gap in the existing liter-
ature, demonstrating a
much earlier presence of
these alterations. There-
fore, the study emphasizes
the importance of
population-wide preven-
tive efforts to promote
upstream determinants of
cardiovascular health such
as physical activity,
healthy nutrition, and
reduction of inequalities
in children.
The burden of cardiovascular risk factors is increasing in
children and adolescents and recent studies found that only one-
third of children at age five years have ideal cardiovascular health
metrics [1,2]. The American Heart Association recommends the
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monitoring of Life’s Essential 8 including four health behaviors
and four easily measurable intermediate health factors (body
mass, blood lipids, blood glucose, and blood pressure) [3]. Not
only adults but also children and adolescents exposed to
cardiovascular risk factors are at risk for accelerated pathological
vascular remodeling and early vascular aging (EVA) [4], which
ultimately leads to a higher lifetime-burden of cardiovascular
morbidity and mortality [5]. However, the trajectories from
cardiovascular risk exposure to subclinical changes and to
manifest cardiovascular disease take several decades and are a
challenge for epidemiological research. Nevertheless, childhood
cardiovascular risk factors have been linked to adult
cardiovascular events after a mean follow-up of 35 years [5].

To investigate more short-termed consequences of childhood
risk factor exposure, carotid intima-media thickness (CIMT), a
biomarker of subclinical atherosclerosis [6], and measures of
carotid stiffness [7] are of interest because they have been shown
to predict clinical cardiovascular events in middle-aged adults
[8,9]. However, most previous studies were either cross-sectional
[10e13] or studied only individual risk factors instead of risk
factor combinations which reflect the overall cardiovascular risk
[14e18], or they left the question unanswered as to what
cardiovascular consequences arise in adolescence and young
adulthood [7,14,19e21].

The German Health Interview and Examination Survey for
Children and Adolescents (KiGGS) cohort characterizes cardio-
vascular aging from childhood until young adulthood in an un-
selected general population sample. This study analyzes the
effects of multiple cardiovascular risk factors during childhood
on carotid properties in adolescents and young adults, including
CIMT and carotid stiffness [6]. Thereby, it aims to close a
Figure 1. Flowchart of data collectio
significant gap in the investigation of short-termed to middle-
termed EVA in this age group. The hypothesis is that childhood
exposure to multiple cardiovascular risk factors is associated
with increased CIMT and carotid stiffness in late adolescence and
young adulthood.
Methods

This prospective study was approved by the German Federal
Commissioner for Data Protection and Freedom of Information.
Approval was given by the Ethics committees of Medizinische
Hochschule Hannover (No. 2275-2014). Informed consent was
obtained from all participants in advance.
Study sample

Being the first nationwide representative health survey among
German children and adolescents, KiGGS (“German Health Inter-
view and Examination Survey for Children and Adolescents”)
[22,23] was initially conducted in 167 communities between 2003
and 2006. The second follow-up, KiGGS-2, was conducted from
2014 until 2017. Four thousand four hundred eighteen healthy
young subjects aged 14e28 years, who had initially participated as
children in the baseline assessment (KiGGS-0), and who qualified
for carotid ultrasound measurement at the follow-up assessment
(KiGGS-2)were eligible for this study. Data from4,031 participants
who had a valid CIMT measurement and a complete baseline risk
profile were used for statistical analyses (Figure 1).
n and cleaning (n unweighted).
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Measurement of carotid intima-media thickness and stiffness

Seven centrally trained, certified, and repeatedly retrained
physicians conducted the ultrasound examinations. Ultrasound
examinations and data acquisition were performed
semi-automatically using a portable state-of-the-art ultrasound
system (UF-760AG, Fukuda Denshi Co Ltd, Tokyo, Japan).
Standard operating procedures, including measurement of CIMT
and computation of carotid stiffness, adhered to current
guidelines [24,25] and have been previously described in detail
[6]. Far wall common CIMT and outer lumen diameter were
measured bilaterally in two planes each (ear-to-ear and
horizontal) within a 10-mm segment 10e15 mm proximal to the
carotid bifurcation. The measurement was considered valid, if
CIMTwas detected in at least one plane for two consecutive heart
cycles according to the quality criteria [6]. All valid values were
averaged to a participant-specific CIMT. Carotid stiffness was
expressed as distensibility coefficient (DC):

DC¼
�
2 *DLD*dLDþDLD2

� . �
DP*dLD2

�
*7501 ½l0�3kPa�

with DLD ¼ systolicediastolic outer lumen diameter,
dLD ¼ diastolic outer lumen diameter, and DP ¼ systolice
diastolic blood pressure.
Measurement of cardiovascular risk factors

All participants had extensive cardiovascular and metabolic
phenotyping at baseline and follow-up assessment based on
interviews and medical examinations, including risk behavior
and metabolic characteristics such as measurement of blood
lipids, blood glucose, and HbA1c [23]. The mean of two readings
of systolic blood pressure (SBP) and diastolic blood pressure
(DBP) was obtained after a 5-minute rest at a 2-minute interval
with an automated upper arm oscillometric device
(DatascopeAccutorr Plus, Mahwah/NJ) and appropriately sized
cuffs [26]. Sex-specific, age-specific, and height-specific blood
pressure reference centiles from KiGGS were used to classify
hypertension in children and adolescents. Portable stadiometer
devices (baseline: Holtain Ltd., Crymych/UK; follow-up: seca274,
seca, Hamburg/Germany) were used to measure height to the
nearest 0.1 cm. Weight was measured with a calibrated scale
(baseline: electronic scale type seca; follow-up: seca mBCA 515/
514, seca, Hamburg/Germany) in minimal clothing to the nearest
0.1 kg. Body mass index (BMI) was calculated as the ratio of body
weight to the square of height (kg/m2).
Statistical analyses

Analyses were conducted using STATA, Version 17 (StataCorp.
2021. Stata Statistical Software: Release 17. College Station, TX:
StataCorp LLC). Descriptive data were presented as either
proportions or means (� standard deviation). For categorical
indicators, a Chi-Square Goodness of Fit Test was performed to
determine whether the proportion was equal between the
groups. To test for statistically significant differences between
the groups in continuous indicators, the F-test was used.

Details about the procedure of variable selection according to
representative population-based centiles [27e29] can be found
in the supplementary materials.
Previously published reference centiles were used to ascribe
an individual age-specific, sex-specific, and height-specific value
and corresponding z-score for CIMT and DC to each participant
[7,30]. CIMT � 90th centile and DC � 10th percentile were
defined as ‘high-risk’ according to the increased likelihood of
future atherosclerotic diseases [8,9,30]. Associations between
these z-scores and single z-standardized cardiovascular risk
factors were analyzed using multivariate linear regression. The
resulting standardized effect estimates (� 95% confidence in-
tervals) per change of one standard deviation allowed us to
compare the strengths of these associations.

Relative risks for high-risk CIMT and DC were stratified
according to the number of cardiovascular risk factors apparent
at baseline using log-binomial regression. Logistic regressionwas
not used as odds ratios overestimate the relative risk when
outcomes are common [31]. Sensitivity analyses on the effect of
the inclusion of active teen smoking and HbA1c were performed
(supplementary materials, Tables S1 and S2).

Results

Data of 4,031 subjects (50.7% male) were finally included in
the statistical analyses (Table 1). At baseline, 52.5%, 34.1%, 10.6%,
and 2.8% of all subjects (3e17 years) were exposed to zero, one,
two, or � three cardiovascular risk factors. Mean CIMT of the
whole sample was 0.54 � 0.05 mm and mean DC was 47.77
� 12.03 10�3 kPa. Groups with higher numbers of cardiovascular
risk factors had higher CIMT and lower DC (Table 1).

Figure 2 compares the associations of individual risk factors
with elevated CIMT (Figure 2A) and decreased DC (Figure 2B).
These analyses take into account age and sex by using z-scores
from specific percentile modelling. Blood pressure was
additionally adjusted for height. Furthermore, standardized
coefficients as shown in Figure 2 allow a comparison of the order
of magnitude of the associations of individual risk factors with
CIMT and DC. For CIMT, unfavorable alterations of all variables
were significantly associated with higher CIMT at follow-up. As
for DC, similar observationsweremade for SBP and DBP, BMI, and
high-density lipoproteinecholesterol, but no association was
observed for total cholesterol and passive tobacco smoking.

Figure 3 demonstrates relative risks for elevated CIMT � 90th
percentile (3a) and decreased DC� 10th percentile (3b) stratified
by the number of cardiovascular risk factors. Using the group
with zero risk factors as a reference (RRCIMT ¼ 1.0), no significant
increase in relative risk for elevated CIMT was found for those
exposed to one risk factor (RRCIMT 1.90 [95% confidence interval
{CI}: 0.89e1.33], ns). However, a significantly higher relative risk
was found in those exposed to two (RRCIMT ¼ 1.45 [1.11e1.91],
p < .05) and � three risk factors (RRCIMT ¼ 1.66 [1.05e2.62], p <

.05). Relative risks for decreased DC were also higher with higher
numbers of risk factors: RRDC ¼ 1.17 [95% CI 0.95e1.44], ns, for
one; RRDC ¼ 1.37 [1.02e1.84], p < .05, for two; and RRDC ¼ 1.25
[0.71e2.21], p < .05, for � three risk factors.

Relative risks for elevated CIMT were even higher in the older
subgroup of 1,545 participants aged 10e17 years at baseline:
RRCIMT ¼ 1.45 [1.04e2.03], ns, for one risk factor; RRCIMT ¼ 1.89
[1.23e2.91], p < .05, for two risk factors; and RRCIMT ¼ 1.83
[0.95e3.52], ns, for � three risk factors. Similar observations
were made for the relative risks for decreased DC in tendency:
RRDC ¼ 0.92 [0.65e1.32], ns, for one risk factor; RRDC ¼ 1.27
[0.79e2.06], ns, for two risk factors; and RRDC ¼ 1.76 [0.93e3.32],
ns, for � three risk factors. This analysis could not be conducted



Table 1
Sample characteristics of the 4,031 KiGGS cohort participants with complete risk profile at baseline and successful carotid sonography at follow-up

N Number of risk factors at baselineb p

Total 0 1 2 3e4

4,031 2,119 1,376 428 108

At baseline

Female sex, No. (%) 1,989 (49.34) 1,012 (47.78) 723 (52.51) 225 (52.57) 56 (51.85) < .05
Age, mean (SD) 8.59 (3.98) 8.21 (3.85) 8.91 (4.09) 9.07 (4.10) 10.18 (3.73) < .05
SBP in mmHg, mean (SD) 104.40 (11.06) 101.16 (9.09) 105.95 (11.22) 112.03 (11.51) 118.02 (12.76) < .05
DBP in mmHg, mean (SD) 63.26 (7.83) 61.02 (6.68) 64.55 (8.00) 68.48 (7.89) 70.32 (8.49) < .05
HDL cholesterol in mg/dL,

mean (SD)
47.14 (13.63) 59.58 (11.39) 56.36 (13.33) 52.37 (13.92) 47.14 (15.83) < .05

BMI in kg/m2, mean (SD) 24.09 (5.17) 16.59 (2.23) 17.69 (3.21) 20.11 (4.34) 24.10 (5.17) < .05
Passive tobacco smoking, No.

(%)
941 (23.34) 0 (0.00) 619 (44.95) 238 (55.61) 85 (78.70) < .05

Parental educationa:
Low, No. (%)

495 (12.27) 181 (8.55) 203 (14.78) 86 (20.19) 24 (22.22) < .05

Medium, No. (%) 2,296 (56.96) 1,172 (55.29) 803 (58.38) 251 (58.67) 70 (64.81)
High, No. (%) 1,240 (30.77) 766 (36.15) 369 (26.85) 90 (21.14) 14 (12.96)

At follow-up
Age, mean (SD) 19.52 (3.98) 19.13 (3.86) 19.83 (4.08) 20.05 (4.11) 21.13 (3.73) < .05
CIMT in mm, mean (SD) 0.54 (0.05) 0.53 (0.05) 0.54 (0.05) 0.55 (0.06) 0.55 (0.07) < .05
DC in 10�3 kPa, mean (SD) 47.77 (12.03) 48.68 (12.56) 47.10 (11.31) 46.14 (11.58) 44.20 (9.95) < .05
SBP in mmHg, mean (SD) 120.58 (11.07) 119.24 (10.45) 121.09 (11.12) 124.16 (12.12) 126.67 (12.86) < .05
DBP in mmHg, mean (SD) 71.07 (7.23) 70.36 (6.82) 71.51 (7.32) 72.34 (7.95) 74.32 (8.72) < .05
HDL cholesterol in mg/dL,

mean (SD)
54.46 (12.24) 55.22 (11.78) 54.28 (12.57) 52.44 (12.75) 49.96 (13.08) < .05

BMI in kg/m2, mean (SD) 22.98 (4.18) 22.03 (3.29) 23.20 (4.14) 25.37 (5.05) 29.13 (6.54) < .05
Current tobacco smoking (%) 25.11 21.22 28.22 31.26 38.00 < .05

BMI, body mass index; CIMT, Intima-media thickness of the commune carotid artery; DC, Distensibility coefficient of the commune carotid artery; DBP, diastolic blood
pressure; HDL-cholesterol, high-density lipoprotein cholesterol; KiGGS, German Health Interview and Examination Survey for Children and Adolescents; SBP, systolic
blood pressure; SD, standard deviation. For categorical indicators, a Chi-Square Goodness of Fit Test was performed to determine whether the proportion was equal
between the groups. To test for statistically significant differences between the groups in continuous indicators, the F-test was used (significant, if p � .05).

a Level of education and vocational training according to simplified CASMIN [40].
b Risk factors are those included in the cardiovascular risk score (CV-R): overweight/obesity, elevated blood pressure/hypertension, dyslipidemia, passive smoking.
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in the younger subgroup because the distribution of
cardiovascular risk factors, that is, low prevalence of children
exposed to two or� three risk factors, did not allow the model to
converge.

Discussion

This study analyzed whether childhood exposure to multiple
cardiovascular risk factors predicts carotid properties in healthy
adolescents and young adults. There was an association between
every cardiovascular risk factor and elevated CIMT. SBP, DBP, BMI,
and high-density lipoproteinecholesterol were associated with
reduced DC indicating increased carotid stiffness. The risk of
elevated CIMTor reduced DC one decade after cardiovascular risk
assessment was 66% higher in subjects with multifactorial
cardiovascular risk compared to subjects without cardiovascular
risk exposure.

This study closes an important gap between cross-sectional
studies in children [10e13] and longitudinal studies, which
associated childhood cardiovascular risk with subclinical
atherosclerosis in middle-aged adults [20,21,32]. It clearly
demonstrates that stiffening and wall thickening of the carotid
arteries are accelerated in children and adolescents exposed to
multiple cardiovascular risk factors. This is a relevant
observation, because adolescence is a period, during which
increased exposure to risk factors translates directly into
elevated atherosclerotic risk in adulthood [32]. On the other
hand, susceptibility of children, adolescents, and young adults to
improved cardiovascular risk over the life course has been shown
in the “Bogalusa Heart study” [20]. However, many adolescents
get lost to regular medical monitoring during this period in life
[33]. Thus, the results of this study together with evidence from
the “Cardiovascular risk in young Fins study” [32], the “Musca-
tine study” [21], and the “Bogalusa Heart study” [20], all part of
the i3C consortium [34], emphasize the importance to promote
the optimization of cardiovascular risk factors via education and
implementation of a healthy lifestyle in all adolescents.

For pediatric populations, individual clinical implications of
elevated CIMTare very difficult to appraise because only very few
studies have investigated the link between CIMT at a young age
and follow-up cardiovascular events. Although cardiovascular
events are rare at young ages, such studies need large cohorts
and long follow-up periods. The USE-Intima-media-thickness
research collaboration, a global meta-analysis project using in-
dividual participant data from several prospective population-
based cohort studies, analyzed data from more than 3,000 in-
dividuals aged less than 45 years free of cardiovascular disease at
baseline [35]. Although only 55 cardiovascular disease events
occurred during a follow-up time of 16 years, an association of
CIMT at age < 45 years with incident myocardial infarctions or
strokes could be shown. These datawere too scarce to investigate
the prognostic value of CIMT elevation above a specific absolute
threshold with regard to hard outcomes. Therefore, in studies
such as ours, CIMT elevations above, for example, the 90th
percentile can be used to define a group with increased cardio-
vascular risk. We demonstrate that subclinical vascular



Figure 2. Multivariate linear regression of the associations of single z-stan-
dardized cardiovascular risk factors with CIMT (2a) and DC (2b). The standard-
ized effect estimates per change of one standard deviation of the risk factor and
95% confidence intervals, allow to compare the strengths of these associations.
Passive smoking is a dichotomous variable. Outcomes: Increased CIMT � 90th
centile and decreased DC � 10th centile according to sex-specific, age-specific,
and height-specific reference centiles [8,9,30]. * indicates significance at p � .05.

Figure 3. Relative risks (RR) of increased CIMT (A) and decreased DC (B) strat-
ified by CV-R. RR and 95% confidence intervals from log-binomial regression.
Exposure: Number of cardiovascular risk factors (zero, one, two, and three or
four). Outcomes: Increased CIMT � 90th centile and decreased DC � 10th centile
according to sex-specific, age-specific, and height-specific reference centiles
[8,9,30]. * indicates significance at p � .05. Due to the asymmetrical nature of the
risk scale, point estimates are not in the center of the confidence interval.
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remodeling is already present in adolescents and young adults
exposed to multiple cardiovascular risk factors. Although indi-
vidual prediction is weak and does not support targeted in-
terventions based on single-day measurements of risk profiles
like in our study, at the population level the signal-to-noise ratio
is more favorable and significant associations can be shown. This
is an important observation suggesting that preventive efforts on
a population level should aim for an optimal cardiovascular risk
profile even in the healthy population. Together with the results
of the “Cardiovascular risk in young Fins study” [32] and of the
EVA-Tyrol study [36], our study emphasizes the early imple-
mentation and promotion of a healthy lifestyle as well as edu-
cation about lifelong healthy living in children and adolescents.

However, there remains the need of longitudinal studies that
repeatedly measure not only risk factors but also CIMT, DC, and
other biomarkers of vascular aging from early childhood until
late adulthood and link these to incident cardiovascular events
over subsequent longer follow-up periods. Only this kind of
studies will be able to demonstrate how the early life exposure to
cardiovascular risk factors translates into vascular aging and
finally leads to cardiovascular disease and how population-wide
preventive efforts truly modify this process.

The strengths of this study include the large sample based on
a cohort derived from a representative nationwide population
registry, the third-generation state-of-the-art ultrasound
measurement of carotid biomarkers [6], and state-of-the art
statistical percentile modelling [23]. Some potential limitations
need to be discussed. CIMT and DC were measured in the
common but not the internal carotid artery or the carotid bulb,
because visibility, completeness, procedural standardization, and
precision of the measurement are highest in the common carotid
artery [9,37,38]. The carotid tree was not screened for
atherosclerotic plaques because the prevalence is extremely low
in adolescents and young adults [39]. Health behaviors, such as
those in the Life’s Essential 8 [3], were not included in
cardiovascular risk assessment due to incomplete data and
age-dependent changes in questionnaires.

Statistical models were not adjusted for maturation status, as
there is currently little evidence supporting a relevant effect on
CIMT and DC in models accounting for the strongest confounders
(age, sex, height, carotid lumen diameter, and blood pressure)
[40,41]. Analyses were also not adjusted for the ethnic
background of participants because more than 95% were
Caucasians and the relevance of ethnicity for CIMT-related
atherosclerotic risk assessment appears to be low [42]. The
availability of only two time points for risk factor measurements
and assessment of carotid properties does not allow to build
trajectories demonstrating the effects of risk factor modification
on CIMT progression. Repeated measurements of carotid
properties and cardiovascular risk factors in further waves of this
or other epidemiological studies [36] are necessary to close this
gap of evidence.
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Conclusion

In summary, this study demonstrates a higher risk of
increased stiffness and thickness of the carotid arterial walls in
adolescents and young adults exposed to multifactorial cardio-
vascular risk during childhood. Thereby, it closes a relevant gap
in the literature, which has demonstrated accelerated vascular
aging in adults aged more than 30 years in association with
childhood exposure to cardiovascular risk factors but not as early
as in adolescents and young adults [20,21,32]. The measurement
of CIMT and DC in the general young and healthy population may
be useful for a better understanding of the effects of cardiovas-
cular risk factors on subclinical vascular remodeling. Considering
the gap of medical monitoring during the teenage years [33],
preventive measures targeting the determinants of cardiovas-
cular risk factors need to be implemented already in childhood
and adolescents. These measures should comprise the education
and implementation of a healthy lifestyle within the entire
population including the healthy individuals.
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