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1 INTRODUCTION

1.1 GENERAL INTRODUCTION AND STUDY PURPOSE

Atherosclerosis is a slowly progressing disease caused by inflammatory
processes within the arterial wall [1]. It is characterized by a silent subclin-
ical phase that onsets in early childhood and represents the underlying
mechanism for cardiovascular disease (CVD) [2, 3], the leading cause of

morbidity and mortality in western countries [4].

Structural alterations of the arterial wall are characterized by an increased
carotid intima-media thickness (cIMT), and functional alterations by im-
paired arterial distensibility. Both of them are early signs in the athero-
sclerotic process and reliable subclinical markers of the disease [5-7].
cIMT and arterial distensibility can easily and non-invasively be assessed

by B- and M-mode ultrasound.

Already in childhood there are pathological conditions, which lead to a
more pronounced increase in cIMT and to an already increased cardio-
vascular risk at a young age. These conditions are familial hypercholes-
terolemia [8-10], hypertension [11, 12], obesity [13, 14], metabolic syn-
drome [15], and type | diabetes [16, 17]. Even earlier as cIMT increases,
distensibility can be impaired under conditions such as familial hypercho-
lesterolemia [18], hypertension [19], type | diabetes [20], and obesity [21].

Reference values for cIMT and arterial distensibility in children and ado-
lescents exist [22-25], but are difficult to apply. Values depend strongly on
the respective measurement protocol and device used for measurement
[26]. The aim of this study was therefore to assess cIMT and arterial dis-
tensibility in a large pediatric cohort (n = 1017) aged 7-17 years, to estab-
lish reference values with a new ultrasound device (ProSound Alpha 6;
Aloka/ Hitachi Medical Systems GmbH, Wiesbaden, Germany), that
measures cIMT and arterial distensibility in one examination at the same

vessel segment.



Low physical fitness is an independent risk factor for future CVD [27-29].
For this reason, children’s health-related fithess was additionally as-
sessed to examine if low physical fitness is already associated with an in-

creased cIMT and impaired arterial distensibility at a young age.



1.2 SUBCLINICAL ATHEROSCLEROSIS IN CHILDREN AND ADOLESCENTS

Atherosclerosis is a chronic, inflammatory disease of the arterial intima
layer. It is a dynamic process, affecting the entire arterial tree [30, 31].
Atherosclerosis is the most common arterial disease [32] and leading
cause of morbidity and mortality amongst men and women of 60 years
and older — but it is not a complete inevitable consequence of ageing [31].
The disease starts in early childhood [1, 31, 33-35] or even as early as
the fetal stage with formation of intimal cell masses [36]. Not all elderly
individuals develop atherosclerosis. Under certain conditions, however,
the disease may occur in adolescents [37] or develop in early adulthood,
promoted by risk factors during childhood [38]. Atherosclerotic end points
are myocardial infarction, stroke or ischemic diseases like angina pectoris

or peripheral artery disease (Figure 1).

Up to date, the initial step leading to atherosclerosis is not fully under-
stood. There are two hypotheses explaining atherogenesis: First, the Re-
sponse-to-Injury Hypothesis by Ross [39] and second, the Lipoprotein-
induced Hypothesis by Goldstein [40]. Ross refers to von Rokitansky’s
description of intimal thickening by fibrin deposition and lipid accumula-
tion [41] and Virchow’s view on inflammatory processes being responsi-
ble for intimal thickening [42]. Goldstein focused on the interaction of oxi-
dized LDL cholesterol and macrophages initiating the disease [40]. In cur-
rent research, endothelial dysfunction is known to play a further important

role in atherogenesis [43].

Fatty streaks are regarded as initial atherosclerotic lesion [44], described
as flat intimal thickening, without structural remodeling and restriction of
the respective artery. Fatty streaks are not unlikely to be present in the
aorta of children between 1-15 years [1, 33, 34], and occur about 5-10

years later in the coronary arteries [45].



Fibrous plaques are elevated intimal lesions, containing different amounts
of extracellular lipids and cholesterol esters with a collagenous or muscu-
lar cap, affecting the arterial structure [45]. In autopsy studies, fibrous
plaques were first detected in the second decade of life, and increases in
frequency and extent throughout the third and fourth decade [2]. Accord-
ing to McGill [45], the process from fatty streaks into fibrous plaques is a
continuous development with varying lesion stages in between harmless
fatty streaks and fibrous plaques. Transformation of fatty streaks into fi-
brous plaques is promoted and accelerated by presence of risk factors
[35, 46].
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Figure 1. Atherogenesis from early development of fatty streaks in childhood to cardiocerebral
endpoints in adults, by Strong, J.P. The natural history of atherosclerosis in childhood. Ann NY
Acad Sci (1991). 623: 9-15.



Since the 1950s, several study groups were engaged in identification of
risk factors linked to atherosclerosis and hence a higher risk for future
cardiovascular disease in adults and children [34, 46-48]. These risk fac-
tors (Table 1) can be divided into traditional non-modifiable [34, 46-48] or
traditional modifiable risk factors [49-55], and emerging or new risk fac-
tors, respectively [56, 57]. The latter still need to be further investigated
[57].

In the advanced atherosclerotic stage, fibrous plaques restrict the arterial
lumen, leading to a diminished perfusion or an occlusion of the artery with
subsequent ischemia of the target organ. Before this clinical manifesta-
tion of atherosclerosis, subclinical markers like intima-media thickness

(IMT) of arterial walls and arterial distensibility can be assessed [2, 58].

Table 1. Traditional and emerging risk factors for cardiovascular disease.

Traditional Risk Factors
non-modifiable modifiable Emerging Risk Factors
family history dyslipidemia metabolic syndrome
male sex type Il diabetes mellitus high sensitive CRP
age smoking fibrinogen
sedentary lifestyle homocysteine
overweight/ obesity lipoprotein a
infections
psychosocial factors




1.3 CAROTID INTIMA-MEDIA THICKNESS AND ARTERIAL STIFFNESS AS
PARAMETERS TO IDENTIFY SUBCLINICAL ATHEROSCLEROSIS

The intima and media wall complex of an artery, combined as IMT repre-
sents a reliable, surrogate marker for early subclinical atherosclerotic
changes of the arterial wall [59, 60]. In 1986, Pignoli et al. [61] demon-
strated a strong correlation between the common carotid artery (CCA) far
wall IMT, assessed via ultrasound, and histological findings. The associa-
tion between an increased cIMT and atherosclerotic risk factors has been

described in several studies [62].

cIMT assessment via B-Mode ultrasound is a safe, inexpensive and quick
method to non-invasively assess IMT in different subclinical stages of
atherogenesis, and to monitor progression of the disease or results of
pharmacological or risk factor modifying interventions. Located superfi-
cially on the neck, the carotid artery is further easy to access and repre-
sents a feasible method [63]. Figure 2 shows an ultrasound image with
far wall IMT depicted as two echogenic lines, representing the lumen-
intima and media-adventitia interface. Near wall IMT, however, is not a

true measure of IMT but a composition of the adventitia and media layer

with parts of the intima [64].

CCA near wall
tissue-adventitia interface} adventitia

S — . \cia-intima interface and media

CCA far wall

e —— lumen-intima interface } true
> media-adventitia interface cIMT

Figure 2. Ultrasound image of the common carotid artery (CCA) with depiction of true carotid intima-media
thickness (cIMT), detectable at the vessel far wall. Ultrasound reflection at the near wall does not repre-
sent true cIMT but thickness of the adventitia and media with parts of the intimal layer.



In adults, IMT differs with sex and race [65, 66], and increases physiolog-
ically with age [65, 67, 68]. In children, an age-dependent increase of
cIMT is discussed controversially [24, 25, 67]. Values above the sex- and
age-adjusted 75™ percentile are considered abnormal in adults. The 75™

percentile as cut-off value is also applied in children [66, 69].

cIMT reference values assessed in children vary much depending on the
measuring protocol and ultrasound device used [26]. Table 2 displays ex-
isting reference values for children and adolescents, including results of
this study [70]. With the device used in this study (ProSound Alpha 6;
Aloka/ Hitachi Medical Systems GmbH, Wiesbaden, Germany), reference

values for children and adolescents did not yet exist.

Comparison of cIMT in patient groups compared to healthy controls re-
vealed significant higher values in children with hypercholesterolemia [71,
72], hypertension [11, 12, 19], type | diabetes [16, 73], obesity [13, 14],

and in young adults with the metabolic syndrome [74].

Table 2. Reference values for carotid intima-media thickness (cIMT) in children and adolescents

Study Subjects Age (years) cIMT
Bohm et al. [25] n = 267 6-17 0.49 - 0.55 mm
Doyon et al. [23] n=1155 6-18 0.36 - 0.4 mm
Jourdan et al. [22] n = 247 10-20 0.38-0.4 mm
Sass et al. [24] n =160 10-18 0.48 - 0.5 mm
Weberruss et al. [70] n=673 6-17 0.38 - 0.54 mm

Even earlier than the artery’s structure, functional properties are affected,
characterized by impaired arterial distensibility [3, 75]. In this study, dis-
tensibility is used as umbrella term for arterial compliance (AC) and its re-
ciprocal, arterial stiffness. Distensibility refers to the artery’s ability to
cushion the arterial pressure wave during its propagation through the ar-
terial system. It is determined by visco-elastic properties of the arterial
wall [76, 77].
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Arterial distensibility can be defined with several parameters (elastic
modulus, Young’s modulus, arterial distensibility, arterial compliance,
pulse wave velocity, augmentation index, stiffness index (3, capacitative
compliance, and oscillatory compliance) that refer to different aspects of
the artery [7], which will not be further discussed in this work. Distensibil-
ity parameters in this study were AC, elastic modulus (Ep), stiffness index

B (), and local pulse wave velocity § (PWV §).

Arterial distensibility can also be assessed non-invasively by M-mode ul-
trasound wall tracking techniques, measuring changes in lumen diameter
in response to blood pressure changes during the cardiac cycle [59, 78].
Comparable to cIMT, distensibility parameters strongly differ between the
protocol and device used for assessment. For the device applied in this
study, comparable references in children do not exist, except for un-
published values by the device producer, assessed in the Chinese popu-
lation (Aloka/ Hitachi 2008). References by Jourdan et al. [22] or Doyon
et al. [23] can be considered for B (Table 3).

Increased arterial stiffness is already present in children with heterozy-
gous familial hypercholesterolemia, hypertension, the metabolic syn-
drome, type | diabetes or severe obesity [15, 18, 19, 79]. Higher arterial
stiffness leads to an increased left ventricular afterload resulting in left

ventricular hypertrophy and diminished coronary perfusion [80].

Table 3. Reference values for arterial distensibility parameters in children and adolescents.

Study Subjects  Age (years) AC Ep B PWV B (m/s)
Doyon et al. [23] n=1155 6-18 1.6-4.7

Jourdan et al. [22] n=247 10-20 3.25-3.5

Aloka/ Hitachi [81] n=282 <10-19 2.1-1.43  2497-4442 2.7-4.13 3.1-4.29
Weberruss et al. [70] n=870 6-17 0.59-1.9 25.7-72.7 2.2-5.9 3.1-5.2

AC = arterial compliance; Ep = elastic modulus; B = stiffness index ; PWV 8 = local pulse wave velocity B.

11



1.4 HEALTH-RELATED FITNESS IN ASSOCIATION TO ATHEROSCLEROSIS AND
CARDIOVASCULAR DISEASE

Physical fithess describes a large set of attributes, being differently asso-
ciated with atherosclerosis or cardiovascular disease. In this study physi-
cal fitness was assessed as health-related fitness (HRF), using the test
battery FITNESSGRAM® (The Cooper Institute, Dallas, TX, United
States). FITNESSGRAM® was chosen because it is a simple and inex-
pensive test battery, consisting of six tasks, which do not require comput-
er based or other technical equipment. The tasks are easily understood
by pupils of all ages and require a mean testing time of only about 15
minutes [82]. HRF focuses on the components aerobic or cardiopulmo-
nary capacity, respectively, on strength, and flexibility [83]. The term fit-
ness is generally used to express aerobic or cardiopulmonary capacity

and will be applied in this study, too.

Fitness is strongly and independently associated with cardiovascular
health [27-29]. Fit adults with a high aerobic capacity have a reduced risk
for cardiovascular disease independent of other risk factors. Poor aerobic
capacity on the other hand is one major cardiovascular risk factor [84].
Atherosclerosis prevalence among fit persons is lower compared to unfit
subjects. Progression of atherosclerosis can be retarded by increasing
someone’s fitness level [85, 86]. These benefits can already be seen at a
young age, as fit children have a lower cardiovascular risk [87] and lower
risk for the metabolic syndrome than unfit controls [88]. Benefits of high

fitness levels in childhood remain into adulthood [89].

Regarding aerobic capacity and cIMT, controversial results exist, with
most studies reporting no significant association between aerobic capaci-
ty and cIMT in children [90, 91] and within the adult population [92-95].
Regarding arterial stiffness, there is a significant inverse association be-
tween aerobic capacity and arterial stiffness and a positive association

with compliance in children and adults [91, 95-98].

12



Fewer studies investigated the influence of muscular strength on cardio-
vascular risk factors and arterial parameters. Melo et al. [99] reported a
significant inverse relationship of strength and cIMT in children, others a
positive influence on traditional cardiovascular risk factors [89, 100-102].
In adults, resistance training positively modifies traditional cardiovascular
risk factors [103], but no significant association could be found between
strength and cIMT [104].

Flexibility was assessed as part of FITNESSGRAM® but not taken into
account for further analysis. In the current literature, flexibility does not
show any significant associations with cardiovascular health [89, 1035].
This study therefore focuses on aerobic capacity as primary outcome,

and secondary on parameters of muscular strength.

13



2 METHODOLOGY
2.1 PREVENTION PROJECT “STERNSTUNDEN DER GESUNDHEIT”

The prevention project “Sternstunden der Gesundheit” took place be-
tween October 2012 and July 2013 as cooperation between the Technical
University of Munich, Institute of Preventive Pediatrics, and the Ludwig-
Maximilians-Universitat Munchen, Department of Pediatric Cardiology,
the non-profit organization “Aktion Sternstunden e.V.” and the district of-
fice “Berchtesgadener Land”. All schools of the district “Berchtesgadener
Land” in southern Bavaria were invited to participate. Participation was
voluntary and only allowed after written informed consent form was

signed by parents and parents and children > 14 years.

All examinations took place in the same facility, following a standardized
protocol, at the same time on two days a week. The test team consisted
of 10 persons, two trained ultrasound examiners, and eight sports stu-
dents who were responsible for anthropometric measurements and HRF
testing. The test team examined one class of about 20 - 30 pupils a day,
which were divided into small subgroups with 4 - 6 pupils each. Within
these sub-groups, pupils passed the ultrasound examination (cIMT, arte-

rial distensibility, and BP) followed by HRF testing.
2.2 STUDY PARTICIPANTS

A total of 1017 children (483 boys/ 534 girls), 11.9 £ 2.35 years of age,
participated in the prevention project. Anthropometric data of study partic-
ipants are displayed in Table 4 and 5 separately for boys and girls and

split into five age groups.

14



Table 4. Anthropometric characteristics for male study participants in different age groups.

AGE GROUP [years] 6-7.99 8-9.99 10-11.99 12-13.99 14 -15.99 16-17.99
SUBJECTS n=5 n=113 n=191 n =104 n=50 n=20
AGE [years] 78 +0.13 90054 111053 127 £0.55 14.8 + 0.56 166 + 0.46
HEIGHT [cm] 1322 + 399 1357 +6.35 1481 £+ 726 1559 £+ 890 1718 + 868 1764 +6.25
WEIGHT [kg] 304 +203 321 +688 409 +862 476 + 1251 625+ 1476 67.5 + 14.03
BMI [kg/m?] 172 +126 173271 185+ 3.03 193 £363 21.0+ 398 446 + 3.39
BMI SDS 0.1+ 0.83 02+099 02+099 0.0+ 115 02+1476 216+ 11.18

BMI = Body Mass Index; SDS = Standard Deviation Score

Table 5. Anthropometric characteristics for female study participants in different age groups.

AGE GROUP [years] 6-7.99 8-9.99 10-11.99 12-13.99 14 -15.99 16-17.99
SUBJECTS n=7 n=108 n =146 n=108 n=129 n =236
AGE [years] 76 +035 90+053 11.0+ 054 128 + 061 149 + 0.59 16.7 £ 0.52
HEIGHT [cm] 129.8 + 464 1350 + 749 1483 +796 1582 +7.63 1650 + 574 165.1 £ 6.09
WEIGHT [kg] 298 +6.74 314 +698 402+ 1036 474 +907 571+1211 612+ 1156
BMI [kg/mz] 176 + 327 171 +265 181 + 3.53 188 + 2.78 20.9 + 4.06 419 + 437
BMI SDS 06+120 01+103 0.0+1.13 -02+096 0.1+1211 225+ 11.61

BMI = Body Mass Index; SDS = Standard Deviation Score

Children of 13 schools, 10 different grades and 6 different types of
schools participated in the project (Figure 3 and 4). Children with any kind
of chronic disease, acute infection or orthopedic complaints were exclud-

ed from study participation.

140
mBoys u Girls
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Figure 3. Distribution of participating boys and girls per grade.
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Figure 4. Distribution of participating boys and girls per type of school. Elementary school =
Grundschule, Secondary School = Mittelschule, Intermediate School = Realschule, High School
= Gymnasium, Special School = Férderschule, Vocational School = Berufsfachschule.

Due to technical problems with the ultrasound storage function, IMT data
of 281 and arterial distensibility data of 89 subjects were lost. Eight chil-
dren were excluded from participation in HRF testing (injuries or no prop-
er sportswear). As consequence, study results were obtained in four dif-
ferent sub-samples and will further be discussed separately for cIMT (n =
690), arterial distensibility (n = 870), and cIMT and arterial distensibility (n
= 656). Ultrasound and HRF data were investigated in n = 697 children
(376 girls). All sub-samples are displayed in Figure 5.

16
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Figure 5. Overview of the entire study population (n = 1017) and respective sub-samples.

2.3 ANTHROPOMETRY AND BLOOD PRESSURE

Body weight and height, waist and hip circumference were measured ac-
cording to standardized guidelines [106] to the nearest 0.1 kg or 0.1 cm,
respectively (seca 799; seca, Hamburg, Germany). Body mass index
(BMI) was calculated as body weight (kg)/ height’ (m?). Standard devia-
tion scores (SDS) for BMI were calculated and weight categories defined
according to German reference values [107]. Blood pressure (BP) was
measured oscillometrically on the left arm (Mobil-O-Graph ®; I.E.M., Stol-
berg, Germany) after participants rested for 10 minutes in supine position.
As only one BP measurement was performed, children were not defined
with manifest hypertension but with suspected hypertension (BP > 95
percentile). SDS for BP were calculated according to German reference
[108].
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2.4 CAROTID INTIMA-MEDIA THICKNESS AND ARTERIAL DISTENSIBILITY

cIMT and arterial distensibility were assessed by semi-automated B- and
M-Mode ultrasound, respectively, with a high frequency linear array probe
of 5-13 MHz (ProSound Alpha 6; Aloka/ Hitachi Medical Systems GmbH,
Wiesbaden, Germany) by two trained examiners. The semi-automated
measurement technique combines automated edge detection with manu-
al correction. cIMT was measured in B-Mode according to the Mannheim
Consensus [109] on CCA far wall on the left and the right side (Figure 6).
Children were examined in supine position, after 15 minutes of rest, the
neck slightly extended and their head turned 45° opposite the site being
scanned. On each side, two measurements were performed, 1 cm proxi-
mal to the bulb at end-diastolic moment (R-wave), when cIMT is thickest
[110]. The cardiac cycle was controlled with a three-lead ECG. cIMT was

calculated as average mean value out of four measurements.
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Figure 6. Ultrasound image of a carotid intima-media thickness (cIMT) measurement at the left
common carotid artery far wall, 1 cm proximal to the bulb at end-diastolic moment (R-Wave).
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In this study, arterial distensibility was assessed as arterial compliance
(AC), and following stiffness indices: elastic modulus (Ep), stiffness index
B (B), and local pulse wave velocity § (PWV B). Arterial compliance (AC)
indicates the artery’s ability to respond to changes in blood volume [111].
Ep, B, and PWV p increase with increasing arterial stiffness but differ ac-
cording to blood pressure dependency, with being strongly dependent on
BP (Ep) or less (3, PWV B) [22].

Distensibility parameters were assessed in real-time M-Mode via radio
frequency echo-tracking over 5 consecutive cardiac cycles at the same
location that cIMT has been measured. Therefore, two tracking gates
were placed on the CCA near and far wall IMT-complex, to automatically
follow vessel motion and calculate changes in diameter from systole to
diastole by radio frequency signal, providing an accuracy of 0.01mm

resolution at 10 MHz transmission-reception rate (Figure 7).

As arterial distensibility depends on blood pressure, one BP measure-
ment was taken on the left arm and applied into the calculation. For each
side, two video loops were stored and parameters calculated according to
the formulae below (1-4), where D is the change in blood vessel cross-

sectional area.

(1) AC = 7T(Dmaxz - Dminz)/[4(BPmax - BPmin)]
(2) Ep = (BPmax - BPmin)/[(Dmax - Dmin)/Dmin]
(3) ﬁ = ln(BPmax / BPmin)/[(Dmax - Dmin)/Dmin]

(4) PWVB = V((B * BPpin)/(20))
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Figure 7. Echo tracking measurement of common carotid artery distensibility (above) and analy-
sis of arterial compliance (AC), elastic modulus (Ep) stiffness index § (B), and local pulse wave
velocity 3 (PWV B) (below).
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2.5 HEALTH-RELATED FITNESS TESTING

Health-related fitness was assessed using the test battery
FITNESSGRAM® (The Cooper Institute, Dallas, TX, United States). The
different motor tasks were (1) push-ups, (2) curl-ups, (3) trunk lift, (4)
back saver sit and reach, (5) shoulder stretch, and (6) PACER (Figure 8).
HRF testing was performed one by one following standardized instruc-

tions [82]. For further analysis with vascular data, only push-ups, curl-ups,

and PACER were considered.

Figure 8. Health-related fitness testing with the test battery FITNESSGRAM®: (1) push-ups, (2)
curl-ups, (3) trunk lift, (4) back saver sit and reach, (5) shoulder stretch, and (6) PACER.

(1) Push-ups measure strength and endurance of the upper body. Out of
the starting position, a push-up with extended arms and legs, hands posi-
tioned vertically under the shoulders, the student lowers his body until a
90° elbow flex, and performs a push-up back into the starting position.
The aim is to perform as many push-ups as possible. The test is termi-

nated with the second incorrect push-up.

(2) Curl-ups measure strength and endurance of the abdominal muscles.
The student lies in supine position on a gymnastic mat, his head touching
the mat, legs bent, feet flat on the mat, and arms extended with fingertips
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pointing to the toes. The student lifts his upper body, until his arms reach
a mark on the gymnastic mat and returns back to the starting position.
The aim is to perform as many curl-ups as possible. The test is terminat-

ed with the second incorrect curl-up.

(3) Trunk lift measures the static strength of lower back muscles. Starting
position is prone on the mat, arms extended and hands placed under the
thighs. The student lifts his upper body as high as possible and holds this
position until the height is being measured as vertical distance between

chin and floor in cm. The best attempt out of two is being recorded.

(4) The back saver sit and reach measures hamstring flexibility for the left
and right leg, respectively. The student sits on a mat, one leg extended,
the other one is bent. With the back kept straight, the student tries to
reach with both hands for his toes. The distance between fingertips and

toes is being recorded in cm.

(5) The shoulder stretch tests the upper arm and shoulder girdle flexibility
for the left and right side, respectively. The student tries to touch his
hands behind the back by reaching over the shoulder with one hand and
under the shoulder with the other hand. The distance between the meta-

carpal bones was being recorded in cm.

(6) PACER is the acronym for progressive aerobic cardiovascular endur-
ance run. It is a 20 meter shuttle-run at increasing speed. Within the first
level, the time interval for a 20 meter lap is 9 seconds. Every minute, time
to pass one 20 meter lap is reduced by 0.5 seconds, which refers to a
starting speed of 8 km/h and an increase of about 0.5 km/h per minute.
The speed is controlled by audio signals that terminate each lap. The
student tries to run as many 20 meter laps as possible. The test is termi-
nated by the second failure to reach the end of a 20 meter lap within the

time limit.
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3 PUBLICATIONS

3.1 INCREASED INTIMA-MEDIA THICKNESS IS NOT ASSOCIATED WITH STIFFER
ARTERIES IN CHILDREN

HEIDI WEBERRUR, RAPHAEL PIRZER, BIRGIT BOHM, JULIA ELMENHORST, ROBERT
DALLA POzzA, HEINRICH NETZ, RENATE OBERHOFFER

ATHEROSCLEROSIS 242 (2015) 48-55

Subclinical atherosclerosis can be assessed via sonographic measure-
ment of intima-media thickness and carotid artery distensibility, both may
already be pathologically altered in childhood. Therefore, the purpose of
this study was to provide reference percentiles and investigate possible
associations between alterations of intima-media thickness and distensi-
bility. Carotid intima-media thickness and distensibility was measured via
B- and M-mode ultrasound. Distensibility was defined by arterial compli-
ance, elastic modulus, stiffness index 3, and local pulse wave velocity (3.
Age- and height-dependent reference values were calculated separately
for boys and girls among 690 (intima-media thickness) and 870 (distensi-
bility) non-obese children aged 7-17 years. Intima-media thickness and
distensibility did not increase significantly with age or differ between boys
and girls. Systolic blood pressure and body mass index were independent
predictors of intima-media thickness, while an increased systolic blood
pressure or pulse pressure was associated with stiffer arteries. Increased
intima-media thickness was accompanied by higher arterial compliance
and lower stiffness. Using this healthy cohort, we describe a functional
and non-pathological arterial adaptation wherein an increase in intima-

media thickness is not associated with stiffer arteries.
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3.2 INTIMA-MEDIA THICKNESS AND ARTERIAL FUNCTION IN OBESE AND
NON-OBESE CHILDREN

HEIDI WEBERRUR, RAPHAEL PIRZER, BIRGIT BOHM, JULIA ELMENHORST,
ROBERT DALLA P0OzzA, HEINRICH NETZ, RENATE OBERHOFFER

BMC OBESITY 2016 3:2

Obesity is an independent cardiovascular risk factor that contributes to
the development of atherosclerosis. Subclinical forms of the disease can
be assessed via sonographic measurement of carotid intima-media thick-
ness (cIMT) and distensibility — both may already be altered in childhood.
As childhood obesity increases to an alarming extent this study compares
vascular data of obese with normal weight boys and girls to investigate
the influence of obesity on cIMT and distensibility of the carotid arteries.
cIMT and distensibility of 46 obese children (27 girls) aged 7-17 years
were compared with measures of 46 sex- and age-matched normal
weight controls. cIMT and distensibility were measured by B- and M-
mode ultrasound and expressed as standard deviation scores (SDS). Ar-
terial distensibility was defined by arterial compliance (AC), elastic modu-
lus (Ep), stiffness index p (B) and local pulse wave velocity § (PWV B).
Obese qirls had significantly stiffer arteries compared with normal weight
girls (Ep SDS 0+1.06 vs. 0.64+1.24, § SDS -0.01+£1.06 vs. 0.6+1.17
p<.01, PWV B -0.12£1.05 vs. 0.54+1.2 p<.05). No significant differences
were observed for boys. In multiregression analysis, BMI significantly in-
fluenced Ep, $ and PWV g but not cIMT and AC. Obese girls seemed to
be at higher cardiovascular risk than boys, expressed by stiffer arteries in
obese girls compared with normal weight girls. Overall, BMI negatively in-
fluenced parameters of arterial stiffness (Ep, , and PWV §) but not com-

pliance or cIMT.
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3.3 REDUCED ARTERIAL STIFFNESS IN VERY FIT BOYS AND GIRLS

HEIDI WEBERRURB, RAPHAEL PIRZER, THORSTEN SCHULZ, BIRGIT BOHM,
ROBERT DALLA POzzA, HEINRICH NETZ, RENATE OBERHOFFER

CARDIOLOGY IN THE YOUNG. 2016 MAR 29:1-8

Low cardiorespiratory fithess is associated with higher cardiovascular
risk, whereas high levels of cardiorespiratory fithess protect the cardio-
vascular system. Carotid intima-media thickness and arterial distensibility
are well-established parameters to identify subclinical cardiovascular dis-
ease. Therefore, this study investigated the influence of cardiorespiratory
fitness and muscular strength on carotid intima-media thickness and arte-
rial distensibility in 697 children and adolescents (376 qirls), aged 7-17
years. Cardiorespiratory fitness and strength were measured with the test
battery FITNESSGRAM®; carotid intima-media thickness, arterial compli-
ance, elastic modulus, stiffness index (3, and local pulse wave velocity 3
were assessed by B- and M-mode ultrasound at the common carotid ar-
tery. In bivariate correlation, cardiorespiratory fithess was significantly as-
sociated with all cardiovascular parameters and was an independent pre-
dictor in multivariate regression analysis. No significant associations were
obtained for muscular strength. In a one-way variance analysis, very fit
boys and girls (58 boys and 74 girls > 80" percentile for cardiorespiratory
fitness) had significantly decreased stiffness parameters (expressed in
standard deviation scores) compared with low fit subjects (71 boys and
77 girls < 20™ percentile for cardiorespiratory fitness): elastic modulus -
0.16+£1.02 vs. 0.19+1.17, P=0.009; stiffness index B -0.15+1.08
vs.0.16+1.1, P=0.03; local pulse wave velocity  -0.194£1.02 vs.0.19+1.14
P=0.005. Cardiorespiratory fitness is associated with healthier arteries in
children and adolescents. Comparison of very fit with unfit subjects re-

vealed better distensibility parameters in very fit boys and girls.
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4 DISCUSSION

Main findings of this study were: (1) Age had no significant influence on
cIMT (p = .09). (2) There were no significant differences in cIMT between
boys and girls in the overall study population and for most age-groups. (3)
Overweight and hypertensive children had significantly increased cIMT
values compared to normal weight and normotensive subjects, whereas
no significant differences occurred between the obese sub-sample (n =
46) and sex- and age-matched normal weight controls. (4) A higher BMI
was associated with more elastic arteries, except for stiffer arteries in
obese girls compared with normal weight controls. (5) cIMT was positively
correlated with AC and inversely with Ep, 8, and PWV g. Complemented
by higher cIMT and AC, and lower Ep, B, and PWV g in fit children, we
state a functional adaptation of the arterial wall and no pathological al-

teration.

4.1 CAROTID INTIMA-MEDIA THICKNESS: HETEROGENEITY IN MEASUREMENT
PROTOCOLS, AND INFLUENCE OF SEX, AGE, AND BoDY WEIGHT

In the early 1990s, cIMT came up as popular tool, to evaluate early sub-
clinical atherosclerosis [3, 65] and has become the most widely used non-
invasive method to examine arterial wall changes (Figure 9) [5]. In chil-
dren, where manifest atherosclerosis is unlikely to occur, cIMT has
gained importance to detect early subclinical wall changes, as a feasible,
non-invasive and non-painful examination method that is free from radia-

tion exposure [63, 112].

This study provides cIMT reference values for boys and girls aged 7-17
years, assessed in the to-date largest German study cohort (n = 690)
[70]. cIMT reference values, assessed by B-Mode ultrasound, have been
published by different study groups [22-25, 67] but should be interpreted
cautiously. There is large variation in cIMT values, due to differences in

measurement protocols [113, 114].

26



800
700
600
500
400
300
200
100
0 ol
b\gé?\qog\qca'29031:903?9@{%@?\@%6\'903?\@?{90?&@%Q‘@Q’%%@%c?&é@@&@
Year of publication

Annual number of publications

Figure 9. Rise in number of publications about carotid intima-media thickness, by O'Leary, D.H.
and M.L. Bots, Imaging of atherosclerosis: carotid intima-media thickness. Eur Heart J, 2010.
31(14): p. 1682-9.

cIMT can be assessed at the CCA, internal CA or bifurcation, and, if
measurement is performed at the CCA, this location is most differently
defined in respect to its distance to the bulb [26]. Further differences in
measurement protocols include the wall side obtained (near or far wall or
both), and measuring technique applied (manual caliper method, auto-
mated edge-detection or semi-automated edge detection with manual
control). Results depend on the ultrasound equipment in use, and mo-
ment of the cardiac cycle [113, 114]. cIMT varies between 5 - 10% or
0.03 mm, respectively, from systole to diastole and is thickest at end-
diastolic moment [6, 22, 115]. It is therefore necessary, to provide appro-
priate reference values, assessed with a standardized protocol that is in
line with the Mannheim Consensus [109] or the recently published state-
ment from the Association for European Pediatric Cardiologists [69]. Fur-
thermore, adherence to both, the standardized measurement protocol
and ultrasound equipment, should be ensured [116]. Table 6 displays
cIMT studies performed in children with no study that applied an identical

examination protocol.
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mean IMT
(mmzSD)
IMT IMT
/Author Subjects | Age or CCAICABulbl  Measurement location Cardiac Side Wall Angle
detection calculation
(females)|(years)| IMT range Cycle leftright | far near
(mm)
1-2cm proximal the end-
/Aggoun [18] n=57 |11.1£3| 0.5-0.53+0.03 | x bifurcation, . . X N/A automated mean
. diastolic
min. 1cm length
n=635
Dawson [117] (322) 11-34| 0.49+0.04 X | x| X N/A N/A X X X X 3 diff. angles. N/A Mean
n=100 i ifur-
lannuzzi [15] 30) | 614 | 051-054 | x lem distance from the bifur- x | x| x| x N/A N/A max
(39) cation
n=60 end-
Ishizu [67] 33 5-14 0.44+0.05 X 1-2cm proximal the bulb . . X X X ant./ lat. N/A mean and max
(33) diastolic
. n=75 (a) 1-2cm proximal the bulb | end- ant. oblique/ )
Jarvisalo [16] @7) 7-14 |0.42-0.47+0.03| x X (b) left bulb region diastolic X X X lateral caliper mean and max
. n=88 . end- ant. oblique/ .
Jarvisalo [8] (33) 1112 |0.42-0.47+0.04| x 1-2cm proximal the bulb diastolic X X X lateral caliper mean
n=229
Krantz [73] (131) 12-25|0.54-0.56+0.06| x distal CCA N/A X X N/A automated N/A
n=100 lateral/
Krebs [38] 3 5-18 0.54 X 1cm proximal the bulb N/A X X ) automated mean and max
(53) post.oblique
1cm proximal the
Lande [11] n=56 |10-18| 0.53-0.93 X . ) N/A X X N/A N/A mean
bifurcation
_56 (a) ICA, 1cm proximal
Lavrencic [118] n= 11-27| 0.49-0.71 X (b) bifurcation N/A X X X N/A N/A max
(32) (c) 1cm distal the bifurcation
-110 1-2cm below the
Litwin [19] n—40 6-20 |0.41-0.450.05| x bifurcation, N/A X X X N/A N/A N/A
(40) 1cm length
—19 2cm proximal the CRS/ .
Menees [119] ”22 6-19 | 0.46:0.04 | x bifurcation, CRgon' x | x| x N/A tsem'; g mean
(22) 1cm length automate

Table 6. Summary of ultrasound B-mode studies measuring intima-media thickness in children and adolescents. CCA = common carotid artery, ICA =
internal carotid artery, and Bulb = carotid bulb.
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mean IMT

(mm<SD) IMT IMT
/Author Subjects | Age or CCAICABulbl  Measurement location Cardiac Side Wall Angle detec loulati
etection calculation
(females)|(years)| IMT range Cycle leftright | far near
(mm)
n=52 0.39+0.05 (a) 1cm distal the bulb
Meyer [13] 29) 9-16 049+0.08 X X (b) bifurcation N/A X X X X N/A N/A mean and max
Mittel 120 n=599 5-20 0.38+0.04 fom proximal the N/A N/A tomated N/A
ittelman [120] (307) - .38+0. X bifurcation X X automate
193 3cm proximal
Sass [24] nqog 10-24 | 0.48-0. 5+0.05| x bifurcation, N/A X X X N/A automated mean
(108) min. 1cm length
067 8-18mm proximal q .
Bshm [25] n= 6-17 0.51 X bifurcation, end- x | x N/A semi- mean
(143) 1cm length systolic automated
047 1-2cm proximal the
Jourdan [22] ”;27 10-20 | 0.38-0.4+0.04 | x bifurcation, N/A x | x | x N/A caliper N/A
(127) 1cm length
1-2cm proximal the .
bifurcation, caliper or
Doyon [23] n=1051 | 6-18 0.37-0.41 X 1cm length N/A X X X N/A semi- N/A
(Mannheim) automated
. n=94 1cm proximal the )
Pauciullo [72] (45) 2-14 | 0.39-0.440.03 | x bifurcation systolic X X X X ant./post. N/A mean and max
Reinehr [121] ”:7152)4 9-13 0.4-0.6 X near bifurcation N/A x | x | x N/A N/A max
. n=66 0.32+0.08 1cm proximal the bulb,
Singh [17] @ |18 033005 | X measuring 1,5cm proximal | X N/A NIA N/A
Sorof [12] ”(=73)2 13.9 | 0.64:0.12 | x 2em d('jsif/?ég;e flow N/A x | x| x N/A Cd;ﬂg?r max
n=90 (a) 1cm proximal the bulb end-
Tonstad [71] 29) 10-19| 0.4840.07 X (b) Tcm distal the bulb diastolic X X N/A N/A mean and max
Virkola [122] n=46 |, 7.19| 0.33-05:0.1 | x 2em below the end- x | x| x N/A electronic cali- N/A
(16) bifurcation diastolic per
_ 1cm proximal the bulb, .
Weberru [70] | M09 | 7.47 | 0462003 | x 1cm length end- ol x| «x N/A semk- mean
(380) (Mannheim) diastolic automated
n=72 . ant/ lat./
\Woo [14] (30) 7-12 |0.45-0.49+0.04| x 1cm distal the bulb N/A X X X post.oblique automated max
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In a sub-sample of our cohort, we re-examined 30 cIMT measurements
offline, to compare cIMT over a distance of 1 cm immediately after the
bulb and over the same distance next to this first segment (Figure 10).
According to Engelen et al. [123], the CCA segment of 0 to 2 cm proximal
the bulb is the most common site of measurement, observed in a study
cohort of 24.871 individuals, out of 24 study centers from 13 different
countries. We observed no statistical differences between these two
segments and concluded, that study results of comparable protocols that
differed only in CCA location in-between this distance can be compared
with each other [124].

Segment A Segment B

Figure 10. Comparison of two different carotid intima-media thickness measurement locations.
Segment A refers to the distance of 1 cm immediately after the bulb, segment B is the distance
over 1 cm next to segment A.
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In this study, we examined cIMT at CCA far wall as in most pediatric stud-
ies [114], at end-diastolic moment according to the Mannheim Consensus
[109]. cIMT was measured using a semi-automated edge-detection sys-
tem with manual control, which is shown to provide the most accurate re-
sults [115]. Age-dependent cIMT reference values for boys and girls of
this study correspond well with those by Ishizu et al. [67] but not with
those recently assessed by Doyon et al. [23]. Divergence can be ex-
plained with aforementioned differences in cIMT assessment, as Doyon
et al. [23] applied two different measurement methods (semi-automated

and manual) and different examiners in seven study centers.

In the current literature, only Ishizu et al. [67] reported a moderate signifi-
cant influence of age on cIMT (r = 0.39) controlled for other confounders.
O’Leary and Bots [5] stated that in subjects younger than 18 years neither
age nor sex significantly influenced cIMT. According to Cruickshank et al.
[125] the change in cIMT between 8-17 years appears to be minimal,

which was confirmed by results of this work.

Regarding sex-differences, non-significant results of our study for the
overall study population and for most age groups are in accordance with
others [22, 24, 67, 126]. Doyon et al. [23] reported significantly higher
cIMT values in boys, starting at age 15 but not in younger age groups.
Krebs et al. [127] investigated cIMT in n = 270 (126 girls) children and
adolescents with type 1 diabetes, mean age 13.8 years, and reported
significantly higher cIMT values in male than female patients (0.55 £ 0.07
vs. 0.57 £ 0.07, p = .004). The difference we observed was between boys
and girls aged 8 - 10 years with boys having a higher cIMT than girls
(0.46 + 0.03 vs. 0.45 £ 0.03, p = .005).

One possible explanation could be a difference due to hormonal effects
regarding an earlier onset of puberty within both sexes. As we did not as-
sess pubertal status via Tanner stage this possible influence could only

be hypothesized. However, pubertal hormones induce an earlier longitu-
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dinal growth in girls compared with boys [128]. One would expect that this
earlier developmental process also affects other structures, resulting in

higher instead of lower cIMT values in girls during puberty.

Only one study could be found, addressing a pubertal influence on cIMT,
but in 10-18 year old type | diabetes patients [129], what limits a compari-
son between results of this study and our findings. The authors found no
significant increase in cIMT during puberty in their sample consisting of
77 patients and 33 controls. As authors of this study did not investigate

sex-differences, a possible pubertal influence cannot be ruled out [129].

Arterial stiffness is discussed to be the precursor of an increased IMT
[18]. According to this, significant sex-differences in distensibility parame-
ters would be expected to occur within the same age group than different
cIMT values were observed (8-10 years). This presumption was not veri-
fied with our data (AC p = .176; Ep p =.839; p p = .707; PWV § p = .925).

Hidvegi et al. [130] noticed a steep increase in PWV values during puber-
ty in a sample of 3374 boys and girls aged 3-18 years that started about 2
years earlier in girls compared to boys. Mean age, at which arterial stiff-
ness in girls increased in this study was 10.1 years compared to an age
span between 8-10 years in our sample. In contrast to this results [130]
one study reported stiffer arteries in pre-pubertal girls compared to age-
matched boys caused by an influence of sex steroid hormones on vessel
structure [131]. If this effect would also influence cIMT values in pre-
pubertal girls, it could be an explanation for sex-differences within our
sub-sample. For further investigations regarding this matter, Tanner stag-
ing or assessment of hormonal status would be required. However, as
long as possible sex-differences for both, cIMT and stiffness measures

cannot be excluded so far, sex-dependent values should be reported.

32



Traditional cardiovascular risk factors, BMI and systolic BP, significantly
influenced cIMT, as well as overweight and hypertensive subjects
showed significantly increased cIMT values, which is in accordance to
other studies [110, 132-135]. Within the obese sub-sample on the contra-
ry, cIMT was not significantly different in obese boys and girls compared
to sex- and age-matched normal weight controls. Furthermore, obese
boys had nearly normal cIMT SDS (0.03). Higher cIMT values in obese
girls (0.23) were still beyond the 75" percentile (0.674). In multivariate re-
gression analysis no significant influence of aforementioned risk factors

(BMI and systolic BP) was observed in the obese sub-sample.

Whether or not obesity is an independent risk factor for an increased
cIMT is under debate [136]. There are studies, reporting an increased
cIMT in obese children [13, 14, 137, 138] while others observed the con-
trary [136, 139-141]. Di Salvo et al. [140] hypothesized that obesity as on-
ly risk factor does not contribute to increased cIMT values, which com-
plies with our results. However, Morrison et al. [141] found no increased
cIMT in children about the same age (5-16 years) and similar BMI SDS
(2.3) than our sample, but with significantly increased systolic BP values,

body fat and cholesterol levels as additional risk factors.

Aggoun et al. [139] and Tounian et al. [136] observed increased arterial
stiffness, and endothelial dysfunction [136] in obese children but no sig-
nificantly increased cIMT compared to lean controls. They hypothesized
that increased arterial stiffness might not be sufficient to induce wall re-
modeling processes leading to increased cIMT values. We can only as-
sume that the impact of obesity as only risk factor did not significantly in-
fluence cIMT, as other risk factors like cholesterol, glucose or triglyceride
levels are lacking. Furthermore, it would have been important to record
history of obesity and thus the duration of exposure to this risk factor
[139]. Studies in adults verify a long-term effect with increased cIMT val-

ues in adults who had been overweight during childhood [142, 143].
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Even though BMI is highly correlated with percentage of body fat (%BF),
it does not regard weight distribution and distinguishes not between lean
and fat mass, respectively [144, 145]. Thus alternative measures for BMI,
as %BF, waist circumference (WC), waist-to-hip ratio (WHR) or waist-to-
height ratio (WHtR) should also be considered in association to cIMT. In
our study, WC and hip circumference were examined, to further calculate
WHR and WHtR. All parameters were significantly higher in obese com-
pared to normal weight subjects (p < .001), whereas no measure signifi-
cantly correlated with cIMT (WC p = .641, WHR p = .303, WHtR p =
.742). Aggoun et al. [139] and Morrison et al. [141] investigated the influ-
ence of %BF and WC on cIMT. They found no significant association with
%BF [139, 141], and only a small association with WC (R? = 0.03, p =
.004) [141]. These results support our findings and emphasize a long-
term follow-up to investigate long-term effects of overweight and obesity

on vascular parameters during childhood and adolescence [142].

4.2 ARTERIAL DISTENSIBILITY: INFLUENCE OF BMI AND DIFFERENCES IN
OBESE GIRLS BUT NOT BOYS

Arterial distensibility and compliance or arterial stiffness are terms, being
used interchangeably in the current literature. However, they address dif-
ferent aspects of the artery studied [7, 146]. Arterial compliance is the ab-
solute change in diameter for a given increase in pressure [111] and
specifies the vessel’s ability to store volume and reduce the pressure in-
crease during systole [147]. Distensibility is the relative change in diame-
ter for a given pressure change [7]. Arterial stiffness can be defined as
resistance to BP induced deformation [148] or rigidity of the arterial wall
[7]. In this study, the term distensibility was used as umbrella term for ar-

terial compliance, elastic modulus, stiffness index {3, and local pulse wave

velocity f.
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The higher arterial compliance, the more elastic is an artery, the higher
Ep, B, and PWV § on the contrary, the stiffer is an artery. As well as cIMT,
these parameters also depend strongly on the measurement protocol and
measurement device they were obtained. Arterial distensibility can be
measured by applanation tonometry, oscillometric technique, MRI, and ul-
trasound [149]. Carotid-femoral (cf) PWV is the gold standard to assess
arterial stiffness [150, 151]. Generally, PWV provides information about
regional stiffness, whereas AC, Ep, and p refer to local stiffness of the
vessel studied [7, 149]. In this study, arterial distensibility was assessed
via ultrasound with radio frequency echo tracking (ProSound Alpha 6;
Aloka/ Hitachi Medical Systems GmbH, Wiesbaden, Germany), which
measures indices locally at the carotid artery. PWV is therefore defined
as local PWV derived from 3 (PWV p).

Reference values for distensibility parameters assessed with the Aloka/
Hitachi ProSound system only exist for the Chinese population as un-
published producer information without proper description of the respec-
tive methodology (Figure 11). Comparison between Chinese reference
values with our data is displayed in Figure 12 for children younger than
10 years and children in between 10-17 years (our data) and 10-19 years
(Chinese data), respectively. However, the rationale behind comparing
those two cohorts is questionable as the measuring protocol for the Chi-

nese sample was not accessible.

Among distensibility parameters in our reference population AC signifi-
cantly correlated with age (r = - 0.18, p < .001) indicating less elastic ar-
teries with increasing age [111, 152]. Arterial stiffness is the reciprocal of
compliance, hence it seems rational that Ep, 3, and PWV { were inverse-
ly correlated with AC (Epr=-0.65, fr=-0.63, and PWV B r=-0.68, p <
.001).
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Figure 11. Chinese reference values for arterial compliance (AC), elastic modulus (Ep), stiffness
index B (B), and local pulse wave velocity p (PWV ) assessed in 1 971 men and 2 841 women
of different age groups.
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Most studies address either parameters of compliance or stiffness [153-
156] and do not compare these indices with each other. Jourdan et al.
[22] and Doyon et al. [23] investigated compliance and stiffness, with both
being affected by age, BMI, and BP. There’s discrepancy in our results,
with AC being significantly influenced by BMI, whereas stiffness indices

are not.

According to the current literature [154, 157-159], a higher BMI was asso-
ciated with higher AC as well as AC of our obese sub-group was higher
compared to normal weight controls. The underlying mechanisms are hy-
pothesized to be linked to accelerated pubertal development in over-
weight and obese children that increases arterial compliance, as well as
chronic vasodilation, caused by larger blood volume in overweight sub-
jects [153, 160].

Why stiffness parameters were not significantly affected by BMI is not
clear, as they were assessed within the same measurement as AC. All
parameters are derived from the same dependent variables, which are
systolic and diastolic BP as well as end-systolic and end-diastolic vessel
diameter. AC and stiffness parameters are differently affected by BP [22]
what may be one explanation. The other might be mechanisms acting on
a molecular, cellular, and genetic level, which is far beyond the scope of
this study [161].

Within a healthy vessel, there is an equilibrium between collagen, re-
sponsible for wall stability, and elastin, responsible for elasticity. If this
equilibrium is being disturbed, by either endogenous causes (inflamma-
tion) or mechanical stress (hypertension), an increase in collagen or de-
struction of elastin components might be the consequence [162]. This

may affect arterial compliance and arterial stiffness to a different extent.

There is no agreement upon increased systolic BP and pulse pressure
(PP) are precursors or successors of impaired distensibility [147, 163].

We have observed a significant inverse correlation of systolic BP with AC
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and positive correlation with stiffness parameters. Diastolic BP was posi-
tively associated with AC and negatively with stiffness parameters. These
results are in accordance with identification of a high PP being associated

with stiffer arteries [111].

In contrast to the positive association between BMI and AC in our refer-
ence population, there was no significant difference in AC between the
obese sub-sample and normal weight controls. However, obese girls had
significantly increased Ep, B, and PWV g SDS, compared with normal
weight girls. There are two aspects to address in this matter. Firstly, the
association of obesity and arterial stiffness, and secondly, the interaction
between sex and obesity as significantly increased stiffness parameters
were only observed in girls. The hormone leptin, which is produced by ad-
ipocytes, is discussed as mediator of arterial stiffness in obese subjects
[164, 165]. This effect might be limited to obese subjects only and not be
detected in the overweight status, as we did not observe a significant in-
fluence of BMI on arterial stiffness in our reference population. Cote et al.
[146] reviewed 15 studies on obesity and arterial stiffness in children with
only two studies, that observed higher arterial stiffness in children with a

normal BMI compared to obese children [158, 166].

There could be an interaction between sex and obesity, as stiffer arteries
were only observed in girls but not in boys. This interaction might be
modulated by hormonal levels and an earlier onset of puberty in girls,
leading to increased arterial stiffness in obese girls [130]. Ahimastos et al.
[131] on the contrary, report stiffer arteries in pre-pubertal girls (10.3 £ 0.1
years) compared with boys (10.3 = 0.1 years), but not in post-pubertal
girls compared with boys (15.9 + 0.2 and 15.9 £ 0.4 years). We can only
assume this influence of obesity on arterial stiffness but cannot capture
what happens during puberty. Furthermore, we do not know the time
span, pathological adaptation takes until obesity results in stiffer arteries

and how obesity interacts with age, sex, and pubertal status [146].
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4.3 HEALTH-RELATED FITNESS: INFLUENCE OF FITNESS AND STRENGTH ON
CAROTID INTIMA-MEDIA THICKNESS AND ARTERIAL DISTENSIBILITY

This is the first study, investigating cardiovascular data (cIMT and arterial
distensibility) and health-related fithess (FITNESSGRAM®) in a large
sample of n = 697 German boys and girls, aged 7-17 years. Authors hy-
pothesized, that cardiorespiratory fithess is positively associated with
healthier arteries, regarding a thinner cIMT, a higher AC, and decreased
Ep, B, and PWV B in fit subjects. Strength was furthermore expected to

have no negative influence on arterial parameters.

Regarding cardiorespiratory fitness, the hypothesis could only be con-
firmed for distensibility parameters. cIMT however was positively correlat-
ed with cardiorespiratory fitness, indicating a thicker cIMT with increasing
fitness. As distensibility parameters were positively affected by cardi-
orespiratory fitness, shown by increased AC and reduced arterial stiff-
ness, we state a functional adaptation of the arterial wall, similar to adap-
tations in the athlete’s heart [167]. Giannattasio et al. [168] assume that
exercise leads to an increase in cIMT in adults, which involves rather dis-
tensible tissues than less elastic collagen, and preserves a healthy vessel

function.

It is not clear, if physical fitness alters IMT in younger subjects and in
which direction [169]. Comparing boys and girls of different fitness levels
(low, moderate, high), there were no significant differences between cat-
egories in accordance to Pahkala et al. [90]. However, they observed the
abdominal aorta, too, and found significantly lower IMT values between
boys and girls with a high fithess level compared to moderate and low
levels. The authors concluded, that arterial alterations may first start in
the aorta and will later be detectable at the carotid artery [90]. No associ-
ation between fitness and cIMT either is reported by Ried-Larsen et al.
[91]. Ferreira et al. [95] found no significant decreased cIMT in adults with

high levels of cardiorespiratory fithess during adolescence. In obese chil-
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dren however, who already had significantly increased cIMT values com-
pared to normal weight controls, an increase in physical activity and phys-

ical fitness, is associated with a reduction in cIMT [170, 171].

Regarding arterial distensibility, cardiorespiratory fitness was revealed to
have an independent positive influence on distensibility parameters in
multivariate regression analysis, which is in accordance with other studies
in children [90, 91, 97, 98] and adults [96, 98, 156, 172, 173].

The mechanisms leading to improved arterial distensibility are discussed
to be caused by increased shear stress and nitric oxide release, which
positively modifies vasodilatory response of the vessel wall, lowers BP
and heart rate, and positively modifies further cardiovascular risk factors
[98, 172, 174]. It is beyond the scope of this work to explore these mech-

anisms, which cannot be further investigated with the data assessed.

In this study, fithess was inversely correlated with BMI SDS (r = -0.298, p
<.001), WHtR (r = -0.385, p < .001), and WHR (r = -0.37, p <.001). Ac-
cording to the fat-but-fit hypotheses in adults [175], Jago et al. [87] and
Eisenmann et al. [176] proved high fitness levels being superior to BMI in
relation to cardiovascular risk. The inverse correlation of cardiorespiratory
fitness with BMI SDS, WHtR, and WHR, shows that fithess favorably
modifies body composition and therefore reduces cardiovascular risk
[169].

Contrary to aerobic exercise and arterial distensibility, findings in adults
about strength or resistance training to improve strength, respectively, are
contradictory. Results depend on subject’s age and basal BP levels, train-
ing intensity and type of contraction (eccentric or concentric), muscles or
muscle groups involved, and if central or peripheral distensibility is as-
sessed [172, 177, 178]. In children no study was found in pubmed and

”» 13 ” 13

medline databases by searching for “strength”, “resistance training”, “dis-

” 13 ”» 1

tensibility”, “arterial stiffness”, “children”, and “adolescents”.
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To apply results observed in adults is difficult, as resistance training in
children and adolescents may vary in comparison with adults [179]. Fur-
thermore, we did not investigate effects of a resistance training interven-
tion [178, 180] and assessed muscular endurance and not maximum
strength with two FITNESSGRAM® tasks (push-ups and curl-ups),

whereas studies in adults used strength training devices [181-183].

In our sample, strength was no independent predictor of cIMT or arterial
distensibility, and none of the strength tasks (push-ups and curl-ups) was
significantly correlated with parameters of arterial distensibility. However,
strength parameters were positively correlated with cardiorespiratory fit-
ness (push-ups: r = 0.584, p < .001, curl-ups: r = 0.386, p < .001). Push-
ups and curl-ups were intercorrelated (r = 0.407, p <.001), too, as well as
both parameters showed an inverse correlation with BMI SDS (r = -0.257
for push-ups, p <.001 and r = -0.132 for curl-ups), WHtR (r =-0.312 and r
=-0.21, p <.001), and WHR (r =-0.244 and r = -0.208, p < .001).

These results indicate that children, with a good cardiorespiratory fithess
achieve good results in strength testing, too, and positively influence their
body composition. Thus, the essential finding of our study is, that cardi-
orespiratory fitness has a positive effect on vascular health, already in
children and adolescents, and that muscular strength does not impair

vascular function.
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5 LIMITATIONS OF THE STUDY

A bias in selection of study participants cannot be ruled out. Out of 41
schools of the district “Berchtesgadener Land”, 12 schools decided to
participate in the project. Grade and number of classes per school were
determined by the principal. Study participation was voluntary after writ-
ten informed consent form was signed by parents (of children < 14 years)
and parents and children (> 14 years). Parents and/ or students worried
about negative study results might have not agreed to participate and
vice versa, parents and/ or students who are interested in their health and
lead a healthy lifestyle might have joined the project. Attendance or non-
attendance rate, respectively, was not assessed to rebut this selection bi-
as. A further bias exists, as data was collected in one school district in

southern Bavaria and not in different schools of different districts.

Due to technical problems with the ultrasound storage function, 281 cIMT
data sets and 89 distensibility data sets were lost. This diminished the

study population especially within younger age groups.

The proportion of children and adolescents with a systolic or diastolic BP
measurement or both above the 95" percentile was higher than in the av-
erage German population. Within the entire sample, 28.2% (147 boys/
132 girls) had systolic BP values > 95" percentile, 16.2% diastolic BP
(72/ 89), and 10.4% (49/ 54) both, systolic and diastolic BP values > 95"
percentile. Due to a relatively tight schedule, only one BP measurement
was taken and not two according to German guidelines [184]. We defined
children with BP values > 95" not as hypertensive but with “suspected

hypertension”.

BP was a major determinant of parameters of arterial distensibility that
could statistically not be controlled. The informative value of our results in
relation to BP must therefore be interpreted carefully and according to BP
levels. Prevalence of hypertension was higher in younger age groups,

who might have been more excited or more nervous than older subjects,
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similar to the white coat effect. To increase precision of data acquisition
would have taken more time and more personnel requirements - or would

have resulted in less subjects examined.

The assessment of pubertal status via Tanner staging would have
strengthened our results as well as measuring blood cholesterol, triglycer-
ides and glucose levels. On the other hand, a positive ethic vote would
have been difficult with venous blood sampling and participation rates
might have dropped. Whereas history of obesity and percentage of body
fat would have been easy to assess and could help the interpretation re-

garding the influence of BMI on vascular data.

To test health-related fitness, a 6 or 12 minute run test would have been
a validated alternative to the 20 meter shuttle-run applied in this study.
We chose the shuttle-run however, as the testing facility had no gym (6
minute run test) and testing was also during autumn and winter season
(12 minute run test). For strength testing maximum handgrip test would
have been an easy alternative to assume for whole body strength in addi-
tion to FITNESSGRAM®, as it can easily be assessed in healthy subjects

and patient collectives, too.

Arterial distensibility was assessed with an ultrasound device, for which
no comparable data existed. This made interpretation of distensibility pa-

rameters applied in this study rather difficult.

The added value of cIMT is furthermore being discussed, in addition to
existing risk scores [185], in adult patient groups [186], or compared to
other subclinical markers [187]. There is to reply, that in children, where
atherosclerotic plaques and cardiovascular events are unlikely to occur,
cIMT provides an easy tool to investigate pre-atherosclerotic changes. In
addition with parameters of arterial distensibility we established reference
values that can be applied in patient collectives or longitudinal studies of

the same sample.
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6 CONCLUSIONS

This study investigated cIMT and arterial distensibility following a highly
standardized protocol according to the Mannheim Consensus [109] in the
to-date largest German cohort of boys and girls, aged 7-17 years. Refer-
ence values for cIMT and arterial distensibility were published [70] to be

applied in future studies in healthy children and pediatric patient groups.

Traditional cardiovascular risk factors BMI and BP significantly influenced
vascular parameters in the reference population, whereas inconsistent
results were observed within the obese sub-sample. It was beyond the
scope of this work, to investigate specific mechanisms, leading to differ-
ent alterations of the arterial wall in different samples. Consistent with the
literature, we hypothesize and interaction of genetic, hormonal, metabolic,

and lifestyle factors that contribute to atherogenesis [57].

A positive effect of cardiorespiratory fithess on vascular parameters could
be detected within this study. Underlying reasons might be manifold, too,
such as reduced mechanical stress (lower BP and heart rate), positive in-
fluence of fitness on metabolic parameters (e.g. blood levels, insulin re-
sistance), improved body composition, and a healthy lifestyle (non-
smoking, healthy diet). Reduced physical fitness is revealed as inde-
pendent risk factor for cardiovascular disease [84] and associated with
higher prevalence of overweight and obesity in children [188]. Further-
more, childhood BMI is positively correlated with adult BMI levels [189].
Fitness levels in childhood on the other hand, are inversely correlated
with cardiovascular risk in adulthood [88, 89, 190].

Physical fitness in this study was revealed as very important aspect of
cardiovascular risk prevention. It positively affected arterial parameters in
children, and may prevent atherosclerotic processes to onset during
childhood and have a beneficial long-term effect on future cardiovascular
health.
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