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Controversies in the association of cardiorespiratory
fitness and arterial stiffness in children
and adolescents

Joanna Meyer, Julia Elmenhorst, Tobias Giegerich, Renate Oberhoffer and Jan Müller

The relationship between cardiorespiratory fitness and arterial compliance in children and adolescents remains controversial. The

aim of this study was to assess this association with a quantitative approach. A total of 646 healthy children and adolescents

(316 females, age 13.9±2.1 years) were cross-sectionally investigated in seven school settings in and around Munich for their

cardiorespiratory fitness and demographic, anthropometric and hemodynamic parameters. Surrogates of arterial stiffness, such as

pulse wave velocity (PWV), Augmentation Index normalized to a heart rate of 75 (AI@75), and peripheral and central systolic

blood pressures were measured in a supine position using the oscillometric Mobil-O-Graph. Cardiopulmonary fitness was

measured by 6-min indoor run tests. After correction for age, sex, body weight, body height, heart rate and mean arterial

pressure, controversial findings were produced. PWV increased with higher cardiorespiratory fitness (Beta=0.173; Po0.001),

which represented an unfavorable relationship, whereas AI@75 declined with higher cardiorespiratory fitness (Beta=−0.106;

P=0.025). Therefore, in contrast to PWV, higher cardiorespiratory fitness seems beneficial for AI@75. The third surrogate of

arterial stiffness, central systolic blood pressure, showed no association with cardiorespiratory fitness (Beta=0.066; P=0.052).

These controversial outcomes remain almost unchanged when the boys and girls were analyzed separately. Different surrogates of

arterial stiffness have different relationships with cardiorespiratory fitness in children and adolescents after correcting for

multiple confounders. More research is needed in this field to understand the functioning of the juvenile vessels, and

measurements and methodological approaches should be reconsidered.
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INTRODUCTION

Good cardiorespiratory fitness and sufficient physical activity are two
of the most effective and simple strategies for the primary prevention
of lifestyle diseases such as cardiovascular events, atherosclerosis,
obesity, cancer and diabetes.1–3 Furthermore, a higher cardio-
respiratory fitness level has beneficial acute4 and chronic effects on
the arterial system and leads to lower arterial stiffness,5 which is
determined by the arterial wall structure and is a valid predictor of
cardiovascular events.6

The association between higher cardiorespiratory fitness and higher
arterial compliance has been well described in adults,5,7–10 and some
studies propose that this beneficial relationship has its genesis already
in early life.11–13 However, current research in children remains
controversial. The Copenhagen Cohort Study of Infant Nutrition and
Health11 and the Northern Ireland Young Hearts Project9 found that
decreased cardiorespiratory fitness results in stiffer arteries in healthy
10-year-old normal weight children. In contrast, Müller et al.14 found

no significant relationship between peak oxygen uptake and arterial
stiffness after measuring central systolic blood pressure in children and
adolescents. This assumption is supported in other studies.15–17

Determinants such as body composition (that is, body mass index
or body fat), which itself is a strong marker for arterial stiffness and
cardiorespiratory fitness,18,19 may affect cardiorespiratory fitness
to a greater extent than cardiorespiratory fitness in children and
adolescents.14,20

A basic, simple and noninvasive method for determining arterial
stiffness requires the measurement of surrogates such as pulse wave
velocity (PWV), central systolic blood pressure and Augmentation
Index (AI).21–23 After trying to assess the association of cardio-
respiratory fitness and arterial stiffness with the qualitative measure
of peak oxygen uptake derived from cardiopulmonary exercise
testing,14 this study aimed to clarify this question with a quantitative
approach by assessing cardiorespiratory fitness with a six-minute run
test in a broad school setting.
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METHODS

Study design
From December 2011 to July 2013, healthy children and adolescents were
prospectively recruited in seven school-based settings. The final data collection
occurred in four school settings in Munich, Bavaria (integrated and grammar
schools), two schools in rural areas of Bavaria (Buxheim and Murnau, Bavaria)
and one grammar school in Göttingen (Niedersachsen). The study was
conducted in accordance with the Declaration of Helsinki (revision 2008)
and was approved by the local ethical board of the Technische Universitat
München (project number: 5162/11). Children and adolescents gave written
informed consent and agreed to the anonymous publication of their data.
Some of the data have recently been published elsewhere.24

Study subjects
Subjects under 11 or over 18 years were excluded as well as subjects with
congenital heart disease or known hypertension, even if treated with anti-
hypertensive medication or other BP-affecting drugs. All subjects underwent
a measurement of their demographic, anthropometric, hemodynamic and
cardiopulmonary parameters in the same way, with the same methods and the
same devices. Examination started with anthropometrics and the assessment of
arterial stiffness in the supine position after 5 min rest. Then, a 6-min run test
was performed. All examinations occurred at the same day in a regular school
gym from 0800 to 1300.
Only subjects achieving a maximum heart rate over 85% during the 6-min

indoor run tests were included in the analysis. Additionally, 18 subjects with an
on-site measured systolic blood pressure 140 mm Hg or higher were excluded
from the analysis because of possible hypertension.
In total, 646 children and adolescents (316 females, age 13.9± 2.1 years) were

included in the statistical analysis. The characteristics of the study population
are displayed in detail in Table 1.

Measurement of anthropometrics and surrogates of arterial
stiffness
Body weight (in light sports clothing and without shoes) and height were
measured using portable scales and stadiometers (Seca799, MedicalLine,
Hamburg, Germany) by trained staff to the nearest of 0.1 kg and 0.5 cm,
respectively.
Surrogates of arterial stiffness, such as central systolic blood pressure and

pulse wave velocity (PWV) and Augmentation Index normalized to a heart rate
of 75 (AI@75), were measured on the left upper arm automatically with the
oscillometric cuff-based Mobil–O-Graph (IEM Healthcare, Stolberg Germany)
device in a supine position after 5–10 min rest. Subjects were advised to lie
down quietly on a sports mat in the gym during measurement. Cuffs were
chosen according to the measured left upper arm circumference.25

Central systolic blood pressure, PWV and AI@75 were indirectly estimated
with an ARCSolver Algorithmus (Austrian Institute of Technology, Vienna,
Austria) based on the recorded brachial pulse waves. That method included the
influence of arterial impedance and the aortic hemodynamics using a general-
ized transfer function and a mathematical model. It is confirmed that
this noninvasive cuff-based method strongly correlates with the invasive
measurement of central blood pressure.26

Measurement of 6-min indoor run tests
Six-min indoor run tests were used to measure the cardiorespiratory fitness
levels of children and adolescents according to the test module by Bös and
colleagues.27 In brief, participants ran for 6 min around a 9× 18 m indoor field
(volleyball court) with the aim of going as far as possible. The four angles were
tagged by pylons and each lap measured 54 meters. After 6 min, subjects were
asked to rest at their final position to record the covered distance by trained
staff. Furthermore, heart rate was measured with the ‘Acentas Herzfrequenz
Monitoring Team System’ (Acentas GmbH, Hörgertshausen, Germany)
throughout the entire run test.

Data analyses
The descriptive data was expressed as mean values and s.d. (mean± s.d.). BMI
was calculated by dividing the weight in kilograms by the squared height in
meters. The association of surrogates of arterial stiffness (central systolic blood
pressure, PWV, AI@75) and cardiorespiratory fitness was assessed using a
multivariate linear regression model corrected for mean arterial pressure, heart
rate, sex, age, body height and weight for PWV, and central blood pressure.
AI@75 was corrected for sex, age, body height and weight only. Gender-specific
outcomes are provided in the tables.
All analyses were performed using SPSS 23.0 software (IBM Corp., Armonk,

NY, USA). P-values o0.05 in a two-sided analysis were considered significant.

RESULTS

As shown in table 1, the girls were significantly older than the boys
(Po0.001), had higher BMI (P= 0.002), slower PWV (P= 0.024),
higher AI@75 (Po0.001) and exhibited a shorter six-minute running
distance (Po0.001).
PWV increased with higher cardiorespiratory fitness (Beta= 0.173;

Po0.001), which represents an unfavorable relationship. On the
other hand, AI@75 declined with higher cardiorespiratory fitness
(Beta=− 0.106; P= 0.025). Higher cardiorespiratory fitness seems
beneficial for AI@75 in contrast to PWV. There was no association
of cardiorespiratory fitness and central systolic blood pressure
(Beta= 0.066; P= 0.052), which was the third surrogate of arterial
stiffness measured.
When analyzing the boys and girls separately but including the

correction of PWV and central blood pressure for mean arterial
pressure, heart rate, sex, age, weight and height (Table 2) and
Augmentation Index (AI@75) for sex, age, weight and height
(Table 3), those controversial findings remained. Only in the boys
did the significant association of AI@75 and cardiorespiratory fitness
disappear.

DISCUSSION

This study shows a controversial outcome regarding the associations of
arterial stiffness surrogates and cardiorespiratory fitness parameters.
In our analysis, all three surrogates of arterial stiffness, central systolic

Table 1 Descriptive characteristics of subjects according to gender

All subjects (n=646) Girls (n=316) Boys (n=330) P-valuea

Age (years) 13.9±2.1 14.4±2.2 13.5±2.0 o0.001

Body mass index (kg m−2) 20.4±4.6 20.9±4.9 19.9±4.1 0.002

Peripheral systolic blood pressure (mm Hg) 118.6±8.6 118.2±8.4 119.0±8.8 0.262

Mean arterial pressure (mm Hg) 84.5±6.9 84.8±6.9 84.0±6.9 0.109

Central systolic blood pressure (mm Hg) 104.4±8.8 104.5±8.5 104.4±8.9 0.832

Pulse wave velocity (m s−1) 4.8±0.32 4.79±0.28 4.85±0.35 0.024

Augmentation Index @ 75 (%) 16.5±10.6 19.2±10.3 14.0±10.3 o0.001

Cardiorespiratory Fitness (m in a 6 min run) 1091±168 1023±141 1155±165 o0.001

aComparing boys and girls with a students t-test. Bold entries indicate significant values.
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blood pressure, PWV and AI@75, showed opposed findings in a
respectably large cohort.
In our qualitative approach using cardiopulmonary exercise testing,

we found no association with arterial stiffness in children and
adolescents.14 With the quantitative approach, we saw controversial
results. While PWV demonstrates a negative relationship to cardio-
respiratory fitness, AI turned out to be beneficially associated.
However, in both of them, the effect, albeit opposed, was only weak.
This poor correlation of cardiorespiratory fitness and distensibility
measured by ultrasound was also noted in a large cohort study in
young and middle-aged adults.28 In front of this background, it was
not surprising that the third surrogate of arterial stiffness, central
blood pressure, had no significant relationship with cardiorespiratory
fitness.
When reviewing the literature, the controversy between cardio-

respiratory fitness and arterial stiffness in children became obvious.
Reed and colleagues found a slight association between physical
activity and arterial stiffness or compliance in 9- to 11-year-old
children. However, the contribution of fitness and other confounders
to arterial compliance was low and differed strongly between small and
large arterial compliance.16

Interestingly, the results that detect an association are usually
mediated by fat intake,11 body height16 or blood pressure.29 Sakuragi
and coworkers revealed that arterial stiffness, measured as PWV,
depends on body fat and that changes of arterial stiffness and physical
fitness are possibly mediated by body fat.12,30 Only investigations in

older subjects, such as young adults and adolescents, verified an
inverse relationship between arterial stiffness and cardiorespiratory
fitness independent of body mass or body composition.9 Wildman
et al.31 showed that an association between higher body weight and
increased vascular stiffness exist in adults between 20 and 30 years of
age, suggesting that the vascular effects of obesity occur at a very early
stage of vascular aging. Even Müller et al.14 highlighted the impact of
body weight on the arterial system in a previous investigation.
However, stiffening of arteries occurs very slowly in children and
adolescents, and this process is difficult to assess in younger subjects.12

At the beginning of adulthood, evidence supports a valid and
obviously increased arterial stiffness.5,7,8 In early ages, maturity and
growth may bias the association of increased arterial stiffness and
cardiorespiratory fitness.
However, it could be speculated that cardiorespiratory fitness is not

the appropriate measure and more attention should be given to
physical activity and the association with arterial stiffness. Ried-Larssen
and colleagues found an association between the mean minutes
of vigorous physical activity and the metabolic risk z-score in
adolescence.17 However, further approaches are needed to fill the
knowledge gaps in the field of juvenile vascular functioning and how
they interact with measures of exercise capacity.
Finally, there is another shortcoming that should be addressed here.

Arterial stiffness is just an umbrella term for many surrogates of
arterial stiffness that can be assessed with different devices and
methods. Unfortunately, the term arterial stiffness is used
interchangeably.32,33

Applanation tonometry is assumed to be the gold standard, but the
hand-held device requires well-trained investigators and frequent
use.34 Semi-automatic cuff-based devices use arterial transfer functions
of the radial artery waveform to reconstruct the corresponding central
pressure waveform with an algorithm.26,32,33 However, the validity of
this transfer function is also controversial,35 as is the necessity of
standardizing Augmentation Index to a heart rate of 75 beats per
minute.36 Standardized and uniform measures and devices must be
established to resolve the lack of comparability between many different
studies. There should be more transparency regarding the algorithms
that were used to calculate the recorded brachial pulse waves to central
hemodynamics.

CONCLUSION

Different surrogates of arterial stiffness had different associations with
cardiorespiratory fitness in children and adolescents after correction

Table 2 Influence of cardiorespiratory fitness on central systolic blood pressure and pulse wave velocity according to gender adjusted for mean

arterial pressure, heart rate, age, height and body weight in the multivariate model

Girls (n=316) Boys (n=330)

Central systolic blood

pressure Pulse wave velocity

Central systolic blood

pressure Pulse wave velocity

Beta P-value Beta P-value Beta P-value Beta P-value

Mean arterial pressure (mm Hg) 0.719 o0.001 0.552 o0.001 0.541 o0.001 0.297 o0.001

Heart rate (beats per min) −0.254 o0.001 0.076 0.112 −0.137 0.001 0.070 0.115

Age (years) −0.128 0.009 0.106 0.075 0.053 0.469 0.105 0.200

Height (cm) 0.045 0.365 0.096 0.118 0.020 0.793 0.098 0.265

Weight (kg) 0.267 o0.001 0.317 o0.001 0.393 o0.001 0.389 o0.001

Cardiorespiratory fitness (meter in a 6 min run) 0.015 0.748 0.170 o0.001 0.062 0.158 0.172 o0.001

Bold entries indicate significant values.

Table 3 Influence of cardiorespiratory fitness on Augmentation Index

normalized to a heart rate of 75 according to gender and adjusted for

age, height and body weight in the multivariate model

Augmentation Index normalized to a heart rate of 75

Girls (n=316) Boys (n=330)

Beta P-value Beta P-value

Age (years) −0.068 0.349 −0.270 0.010

Height (cm) 0.001 0.985 −0.012 0.913

Weight (kg) −0.365 o0.001 −0.046 0.637

Cardiorespiratory Fitness

(meter in a 6 min run)

−0.170 0.015 −0.044 0.480

Bold entries indicate significant values.

Controversies in arterial stiffness measures
J Meyer et al

677

Hypertension Research



for multiple confounders. More research is needed in this field to
understand the functioning of the juvenile vessels, and measurements
and methodological approaches should be reconsidered.

LIMITATIONS

Oscillometric measurement is an indirect measure of arterial stiffness
and not the gold standard.37 However, with regard to methodical
issues, no standardization for the measurement of central systolic
blood pressure and PWV in children, adolescents and especially obese
subjects exists. Therefore, hemodynamic outcomes have been
measured differently in several studies due to a lack of comparability.
Moreover, in further studies, adjustment for potential confounding
variables such as maturation, abdominal and visceral body fat and
physical activity in daily life must be taken into account in the hope
that uniform associations regarding the different surrogates occur.
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