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Background: Obesity- and hypertension-related cardiovascular (CV) risk has been shown to originate in childhood. Higher body mass index (BMI) and blood pressure (BP) have been associated with increased large artery stiffness and a lower microvascular arteriolar-to-venular diameter ratio (AVR) in children. This study aimed to investigate the association of cardiorespiratory fitness (CRF) with development of BMI, BP and vascular health during childhood.
Methods: In our prospective cohort study, 1,171 children aged 6–8 years were screened for CRF, BMI, BP, retinal vessel diameters and pulse wave velocity using standardized protocols. Endurance capacity was assessed by 20 m shuttle run test. After 4 years, all parameters were assessed in 664 children using the same protocols.
Results: Children with a higher CRF at baseline developed a significantly lower BMI (β [95% CI] −0.09 [−0.11 to −0.06] kg/m2, p < 0.001), a lower systolic BP (β [95% CI] −0.09 [−0.15 to −0.03] mmHg, p = 0.004) and a higher AVR (β [95% CI] 0.0004 [0.00004 to 0.0007] units, p = 0.027) after 4 years. The indirect association of CRF with development of retinal arteriolar diameters was mediated by changes in BMI.
Conclusion: Our results identify CRF as a key modulator for the risk trajectories of BMI, BP and microvascular health in children. Obesity-related CV risk has been shown to track into adulthood, and achieving higher CRF levels in children may help counteract the development of CV risk and disease not only in pediatric populations, but may also help reduce the burden of CVD in adulthood.
Registration: http://www.clinicaltrials.gov/ (NCT02853747).
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INTRODUCTION
Cardiovascular disease (CVD) remains a major cause of rising healthcare costs and premature mortality. Obesity and hypertension are among the main risk factors for the development and progression of CVD and cardiovascular (CV) mortality (Stanaway et al., 2018), and CVD has been shown to originate in childhood (Berenson, 2002; Thompson et al., 2007). Mean body mass index (BMI) and the prevalence of obesity dramatically increased worldwide in children and adolescents over the last 40 years (Abarca-Gómez et al., 2017). Nowadays, one out of four children in the Western world is overweight or obese (Ng et al., 2014), and every overweight child is at risk of becoming and overweight adult (Freedman et al., 2005) and suffering from adult CVD (Bibbins-Domingo et al., 2007; Graham et al., 2008; Twig et al., 2016). Furthermore, an increase in elevated blood pressure (BP) and hypertension among children and adolescents has been described (Yan et al., 2016), which is closely related to the increase in childhood overweight and obesity (Kit et al., 2015). An increment of 1 kg/m2 BMI accounts for 1.4 mmHg higher systolic blood pressure (SBP) in prepubertal children (Falaschetti et al., 2010). Both risk factors track from childhood into adulthood (Freedman et al., 2005; Oikonen et al., 2016), induce endothelial dysfunction, for example, and may lead to CV events later in life (Berenson, 2002; Bruyndonckx et al., 2013). Physical activity (PA) and cardiorespiratory fitness (CRF) play an important role in the prevention of CVD (Jeong et al., 2019). Objectively measured vigorous PA is positively associated with higher CRF(16), but CRF seems to relate more strongly to CVD risk factors than PA in healthy children and adolescents (Hurtig-Wennlöf et al., 2007; Ortega et al., 2008). CRF pertains to the physiological capability of the human body to take up oxygen through the pulmonary system, subsequently conveying it via the circulatory system to the specific muscles and thereby enables the supply of energy during periods of physical activity (Armstrong and Van Mechelen, 2017). In scientific practice, the 20-m shuttle run test (SRT) is a widely adopted field-based approach for assessing CRF. In the literature, some disparity exists concerning the validity coefficient between the 20 m SRT and the laboratory determined maximal oxygen uptake (VO2 max) established as “gold standard” (Leger and Lambert, 1982; Van Mechelen et al., 1986; Boreham et al., 1990; Liu et al., 1992; Mahoney, 1992; Barnett et al., 1993; McVeigh et al., 1995; Matsuzaka et al., 2004; Aziz et al., 2005; Chia et al., 2005). Nevertheless, an aggregated mean strong positive correlation of 0.62 has been documented between the 20 m SRT and VO2 max (Hamlin et al., 2014). Moreover, this correlation tends to increase when accounting for factors such as maturation and body fat mass (Hamlin et al., 2014). In fact, it does not directly quantify VO2 max but serves as a reliable estimation and effectively reflects an individual’s endurance capacity (Mayorga-Vega et al., 2015). Development of CRF during childhood and adolescence is highly individualized and influenced by morphological and physiological changes that occur with growth and maturation and is further affected by strength, agility, motor coordination and body composition (Ortega et al., 2008; Armstrong and Van Mechelen, 2017; Armstrong and Welsman, 2019). However, literature demonstrates that increasing CRF in children and adolescents through adequate training at high intensities levels is irrespective of age, gender or maturity status (Armstrong and Barker, 2011). Studies conducted with children and adolescents have demonstrated that individuals with a high level of CRF tend to exhibit significantly lower total and lower abdominal adiposity (González-Gross et al., 2003; Moreno et al., 2003; Ara et al., 2004; Ruiz et al., 2006; Lee and Arslanian, 2007; Ortega et al., 2007). This association has been consistently observed, even in overweight and obese children (Nassis et al., 2005). Furthermore, markers of total and abdominal adiposity have been linked to blood pressure and obesity has been ascribed the role of a mediator between CRF and BP (Rizzo et al., 2007; Pozuelo-Carrascosa et al., 2017). In general, having a higher CRF level has been linked to a more favorable CV profile among children and adolescents (Reed et al., 2005; Andersen et al., 2006; Mesa et al., 2006; Ruiz et al., 2006; Ruiz et al., 2007). Prospective studies have shown that adolescents’ CRF is inversely related with adult CVD risk factor profiles (Andersen et al., 2004; Ferreira et al., 2005).
Retinal vessel diameters and central pulse wave velocity (PWV) are non-invasive and valid biomarkers of cardiovascular risk in children and adults and represent two different sections of the vascular tree (Mattace-Raso et al., 2006; Liew et al., 2008; Mitchell et al., 2010; Gopinath et al., 2013). In adults arteriolar narrowing and venular widening have been associated with increased CV risk and incidence CVD across all age groups (Hanssen et al., 2022). Furthermore, an increase in central PWV by 1 m/s corresponds to a risk increase of 15% for CV mortality and all-cause mortality (Vlachopoulos et al., 2010). Higher BP and BMI as well as lower CRF have been associated with vascular changes in childhood and adolescence in the micro- and macrocirculation. In a previously published systematic review and meta-analysis, our research group demonstrated that children and adolescents with higher BMI have narrower central retinal arteriolar equivalents (CRAE) and wider central retinal venular equivalents (CRVE) (Köchli et al., 2018). In the same age cohort, children and adolescents with elevated BP had narrower arteriolar diameters (Köchli et al., 2018). Furthermore, higher BP and BMI are associated with higher central PWV in children, whereas higher CRF is associated with lower central PWV (Lona et al., 2022). On a pathophysiological level, retinal arteriolar narrowing represents microvascular dysfunction and/or structural remodeling, whereas venular dilatation has been linked with systemic inflammation (Hanssen et al., 2022). Higher PWV is considered an estimate of increased central arterial stiffness and has been linked with progressive elastin degradation and enhanced collagen deposition in the arterial wall. The functional and structural impairments of large artery wall integrity have been associated with incidence CV events and all-cause mortality in adults (Vlachopoulos et al., 2010).Follow-up studies on the development of CRF with microvascular health and large artery stiffness in children are scarce. At the cross-sectional level in children aged 6 to 8 years, higher CRF was associated with wider retinal arteriolar and narrower retinal venular diameters and a lower PWV (Imhof et al., 2016; Köchli et al., 2019a). In our current large-scale longitudinal follow-up study, we aimed to assess the association of CRF with development of BMI, BP and vascular health over 4 years. We further aimed to investigate whether CRF and changes in risk factors were associated with retinal microvascular health and large artery stiffness at follow-up.
MATERIALS AND METHODS
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study design and participants
In 2016/17, baseline data were obtained from all elementary schools in Basel (Switzerland) and every child was provided the opportunity to take part in the examinations. The study included children between age six and eight at baseline who had parental consent for medical screening. Medical screening took place during regular class hours in the morning while the children were in a fasted state. Medical assessments focused on blood pressure and vascular health. Anthropometry and CRF assessments were mandatory for all children and were performed by trained scientific staff during physical education lessons instead of regular classes. Four years later, follow-up examinations were conducted under the same conditions. The results of the baseline analyses have previously been published (Köchli et al., 2019a). At the outset of the study, a total of 1,171 children underwent medical, CRF and anthropometric assessments during the period of 2016/17. Subsequently, during follow-up, complete data were available for 664 children out of the initial cohort. The study was approved by the Ethics Committee of Northwestern and Central Switzerland (EKNZ, No. 258/12) and registered on ClinicalTrials.gov (http://www.clinicaltrials.gov/: NCT02853747). The study adhered to the guidelines for good clinical practice and the Strengthening the Reporting of Observational Studies in Epidemiology statement (Association, 2001).
Measurements
The same devices and standardized procedures were applied at baseline in 2016/17 and at follow-up in 2020/2021 to ensure standardization of individual changes over time. All measurements were performed by trained scientific stuff.
Cardiorespiratory fitness
The 20-m shuttle run test (SRT) is a reliable and reproducible measure for maximal endurance capacity in children (Van Mechelen et al., 1986; Léger et al., 1988). Participants were instructed to run back and forth between two parallel lines 20 m apart, while keeping up with audio-based pacing signals. The test began at an initial running speed of 8 km/h and increased by 0.5 km/h every minute. The test concluded when the participants reached exhaustion or failed to reach the line twice in a row within a 2-m range. The number of laps achieved was used for further analysis.
Retinal vessel diameters
Retinal vessel analysis was performed using a fundus camera (Topcon TRC NW) and analysis software (Visualis 3.0, iMEDOS Health GmbH, Jena, Germany). Two valid images of each eye, with the optic nerve head centered and at a 45° angle, were captured. Two experienced examiners semi-automatically evaluated retinal arteriolar and venular diameters (Vesselmap 2, Visualis, iMEDOS Health GmbH, Jena, Germany) within a range of 0.5 to 1-disc diameter from the edge of the optic nerve head as previously described (Köchli et al., 2019b; Streese et al., 2021). CRAE and CRVE were averaged applying the Parr-Hubbard formula, and the arteriolar-to-venular ratio (AVR) was calculated using CRAE and CRVE (Hubbard et al., 1999). Retinal vessel analysis is a computer-based, semi-automated tool with remarkable reproducibility. In our previous work, it demonstrated an intraclass correlation coefficient ranging from 0.90 to 0.95 and a coefficient of variation of 2% when applied in young children (Imhof et al., 2016). To ensure optimal standardization, the same vessels and vessel segments were marked using baseline assessment initial values as a reference for retinal analysis.
Pulse wave velocity
To determine central pulse wave velocity, the oscillometric Mobil-O-Graph monitor (I.E.M. GmbH, Germany) was used. The method has been validated for children and shows good agreement with the conventional tonometric approach (central SBP: −2.0 ± 5.6 mmHg compared with the reference method) (Wassertheurer et al., 2010; Mynard et al., 2020). Appropriate cuff size was selected based on the upper arm’s circumference and applied to the participant’s left arm in a sitting position. After resting for 5 min, the device was calibrated using SBP. At least two measurements were taken, with a two-minute interval between each measurement. Each measurement was closely inspected for quality, erroneous values, and repeated if necessary to calculate the mean and standard deviation (SD) of at least two measurements with good quality.
Body composition
Participants’ height was measured while standing upright without shoes, using a stadiometer (Seca, Basel, Switzerland). Body weight was measured with a calibrated weight scale (InBody 170, Biospace device, InBody Co. in Seoul, Korea), while the participants wore light sportswear and were barefoot. Body mass index was computed by dividing weight in kilograms by the square of height in meters. To categorize BMI values, the age- and sex-specific reference values provided by Cole et al. (2000) were applied. Children with a BMI below the 85th percentile were considered to have normal weight, those between the 85th and 95th percentiles were classified as overweight, and those above the 95th percentile were categorized as obese.
Blood pressure
Blood pressure assessments were conducted while participants were in a seated position after a 5-min rest period. The measurements were taken using either the automated oscillometric device Oscilomate 9002 (Oscillomate; CAS Medical Systems, Branford, CT) or the Mindray VS-900 (Mindray Bio-Medical Electronics Co., Ltd., Shenzhen, China). Both algorithms for measuring blood pressure have been validated in children (Alpert, 1996; Wong et al., 2006; Lang et al., 2014; Streese et al., 2022) and do not differ significantly from each other (Streese et al., 2022). Appropriate cuff size was selected based on individual’s upper arm circumference, following guidelines (National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents, 2004; Flynn et al., 2017). Five measurements were taken, with a 1-min rest period between each, and the mean of the three measurements with the smallest variation was used for further analysis. Systolic and diastolic BP were classified based on age- and gender-specific reference values from the German Health Interview and Examination Survey for Children and Adolescents, which takes into account individual height (Neuhauser et al., 2011). Children with a BP above the 90th percentile were classified as having elevated BP, and those above the 95th percentile were categorized as being in the hypertensive range.
Statistical analysis
To describe the population characteristics, means and standard deviations (SD) were calculated for both baseline and follow-up data, and a t-test for paired samples was performed to compare the two. To evaluate potential selection bias, a t-test for independent samples was conducted between follow-up and lost-to-follow-up groups. To determine changes in population characteristics we have used a simple t-test to analyze differences from baseline to follow-up. Multiple imputation using chained equation (MICE) was performed to account for missing data of height, weight, BMI and SES (White et al., 2011). We imputed 50 datasets using predictive mean matching. Directed acyclic graphs (DAGs) were used to identify confounders necessary to minimize bias in estimates (Tennant et al., 2021). To investigate the association between cardiorespiratory fitness at baseline with BP, BMI, retinal vessel diameters and PWV at follow-up, a linear mixed regression model was applied, using schools and classes nested in schools as random effects adjusted for sex, SES at baseline and age at follow-up (Twisk, 2006; West et al., 2006). All variables, except for sex, were incorporated into the model as continuous variables. Distribution of variables were inspected a priori using histograms and assumptions for regression models were checked graphically using residual plots (Brown and Prescott, 2015). Additionally, we conducted path analysis to examine the direct and indirect effects of CRF at baseline on micro- and macrocirculation, as influenced by changes in BMI and BP (Ullman and Bentler, 2012). The regression analyses are presented with β coefficients and the corresponding 95% confidence intervals (CI). Marginal predicted means were used for graphic representation. Sample size and power calculation have been reported elsewhere (Lona et al., 2020). All tests were 2-sided, and the significance level was set at 0.05. All calculations were performed using Stata 15 (StataCorp, College Station, TX, United States).
RESULTS
Populations characteristics
Initially, 1,171 children underwent medical, CRF and anthropometric assessment in 2016/17, and among them, 664 had complete data at follow-up (Figure 1). Population characteristics are presented in absolute values and standard deviation (SD) for baseline, follow-up, and mean differences over time (Table 1). The follow-up group had significant higher CRF level (31.1 vs. 28.9 laps; p = 0.004) at baseline; however, we found no evidence for differences with respect to other population characteristics between the lost-to-follow-up group (36%). Baseline measurements revealed a prevalence of 10.5% for elevated SBP among children, with 14.8% falling into the hypertensive range. Moreover, 9.1% of the children exhibited elevated diastolic blood pressure (DBP), while 15% displayed DBP in the hypertensive range. The prevalence of overweight and obesity at baseline was 9.4% and 2.8% respectively. Over a span of 4 years, the children experienced increases in BMI (∆2.5 ± 2.1 kg/m2), SBP (∆5 ± 9.4 mmHg), and PWV (∆0.3 ± 0.3 m/s). Additionally, a statistically significant narrowing of CRAE (∆-7.2 ± 8.0 μm), CRVE (∆-1.4 ± 8.8 μm), and a decrease in AVR (∆-0.02 ± 0.04) were observed in the children at follow-up compared to their baseline measurements. It is worth noting that girls consistently exhibited wider CRAE and CRVE in comparison to boys at both time points. Furthermore, boys had statistically significantly higher CRF level than girls at both time points, as indicated by the data presented in Table 1.
[image: Figure 1]FIGURE 1 | Flow-chart.
TABLE 1 | Population characteristics at baseline and follow-up.
[image: Table 1]Cardiorespiratory fitness and development of risk factors
The association between CRF at baseline and risk factors at follow-up are presented in Table 2. Across the whole population, children with a higher CRF at baseline developed a significantly lower BMI (β [95% CI] −0.09 [−0.11 to −0.06] kg/m2 decrease per additional lap in SRT, p < 0.001) at follow-up. The corresponding plot with marginal predicted means of BMI at follow-up, based on CRF at baseline, is shown in Figure 2A. Furthermore, children with a higher CRF at baseline developed significantly lower SBP (β [95% CI] −0.09 [−0.15 to −0.03] mmHg decrease per additional lap in SRT, p = 0.004) at follow-up (Figure 2B). We found little evidence for an association between CRF at baseline and DBP (β [95% CI] −0.03 [−0.08 to 0.02] mmHg decrease per additional lap in SRT, p = 0.233) at follow-up.
TABLE 2 | Association of cardiorespiratory fitness at baseline with risk factors at follow-up.
[image: Table 2][image: Figure 2]FIGURE 2 | (A) Marginal predicted means of body mass index at follow-up based on cardiorespiratory fitness at baseline. (B) Marginal predicted means of systolic blood pressure at follow-up based on cardiorespiratory fitness at baseline. (C) Marginal predicted means of arteriolar-to-venular ratio at follow-up based on cardiorespiratory fitness at baseline.
Cardiorespiratory fitness and development of vascular health
The associations between baseline CRF and vascular health at follow-up are presented in Table 3. After adjustment for sex, SES at baseline and age at follow-up, children with a higher CRF at baseline developed a significantly higher AVR (β [95% CI] 0.0004 [0.00004 to 0.0007] units increase per additional lap in SRT, p = 0.027). The corresponding plot with marginal predicted means of AVR at follow-up, based on CRF at baseline, is shown in Figure 2C. We found no evidence for an association between baseline CRF with CRAE (β [95% CI] 0.01 [-0.07 to 0.08] μm increase per additional lap in SRT, p = 0.838) and CRVE (β [95% CI] −0.08 [−0.17 to 0.01] μm decrease per additional lap in SRT, p = 0.064) at follow-up. Additionally, our findings suggest limited support for an association between baseline CRF and PWV (β [95% CI] −0.001 [−0.003 to 0.001] m/s decrease per additional lap in SRT, p = 0.202) at follow-up.
TABLE 3 | Association of cardiorespiratory fitness at baseline with vascular health at follow-up.
[image: Table 3]Cardiorespiratory fitness, changes in risk factors and development of vascular health
Baseline CRF was not accompanied by direct significant changes in CRAE, CRVE and large pulse wave velocity at follow-up. However, analysis of the interrelation between CRF, ∆ BMI, ∆ SBP and CRAE at follow-up using simplified path diagram (Figure 3) revealed that a higher CRF level at baseline resulted in a less pronounced increase in BMI, which was associated with an increase in CRAE (β [95% CI] 0.03 [0.008 to 0.05] μm, p < 0.001). We found no evidence that higher CRF at baseline lead to a favorable change in SBP over the follow-up period and thus improved CRAE. We observed a significant total indirect effect of higher CRF on wider CRAE at follow-up (β [95% CI] 0.03 [0.01 to 0.05] μm per additional lap in SRT, p = 0.006). No significant direct and total indirect effects on CRVE and PWV were found (Supplement Material, Supplementary Figure S1; Supplementary Table S1).
[image: Figure 3]FIGURE 3 | Direct and total indirect effects of cardiorespiratory fitness mediated by changes in body mass index and blood pressure on CRAE at follow-up.
DISCUSSION
As main findings, higher CRF at baseline was associated with lower BMI and lower SBP at follow-up. At the microvascular level, children with a higher CRF at baseline showed a significant higher AVR after 4 years. In other words, higher fitness levels were associated with improved retinal microvascular health after 4 years, mediated by BMI. Our results did not reveal a significant direct association between CRF and PWV as a marker of macrovascular health.
The results of our analysis imply that CRF is inversely associated with BMI progression in young children after adjustment for sex, SES and age. Our results are in line with results from a previously published review on longitudinal studies including 38 articles, which found an inverse association between higher CRF during childhood and adolescents and lower BMI later in life (Mintjens et al., 2018). The causal association between BMI and fitness or PA patterns in childhood is a subject of ongoing scientific debate (Bürgi et al., 2011; Hallal et al., 2012; Tanaka et al., 2018). Insufficient PA has been associated with a higher risk of weight gain in preschool children, but the reverse relationship is not well-supported (Bürgi et al., 2011). Additionally, established childhood obesity may impede the ability to engage in vigorous physical activities and adversely affect CRF performance (Goran et al., 2000). A positive correlation has been established between PA and CRF (Wagner et al., 2021). However, a considerable portion of children and adolescents fails to meet the recommended levels of 60 min at moderate to vigorous PA per day (Guthold et al., 2018; Guthold et al., 2020). Based on this premise, it can be hypothesized in a very simplified manner that the majority of children who engage in higher levels of PA may exhibit a significantly higher daily energy expenditure, consequently resulting in a more moderate increase in BMI over the investigation period.
After accounting for age, sex and SES, children with a lower CRF at the initial assessment exhibited higher SBP during the follow-up period and vice versa. These findings are consistent with previous cross-sectional investigations that have demonstrated a significant inverse association between CRF and SBP as well as DBP (Klasson-Heggebø et al., 2006; Nielsen and Andersen, 2003). Moreover, various longitudinal studies in children and adolescents have produced comparable findings (Juhola et al., 2012; Franklin and Pierce, 2014; Agostinis-Sobrinho et al., 2018). Nonetheless, when examining a 20-year follow-up period from adolescence, similar patterns were previously observed in the relationship between CRF and BP, although these trends did not reach statistical significance (Kelly et al., 2015). Moreover, the impact of BMI on BP should also take into account. There is evidence suggesting that BMI serves as a mediator in the relationship between CRF and BP. Pozuelo-Carrarascosa and colleagues conducted a study involving 1,604 school children aged 4–7 years. The results indicated that BP was significantly higher in children with poor fitness and overweight. Additionally, BMI acted as a mediator in the association between CRF and mean arterial pressure (Pozuelo-Carrascosa et al., 2017). Similar results were found by Ruiz et al. (2007) where females with hypertension had significantly higher fatness and lower CRF compared to females with normal BP. The elevation of BP is influenced by multiple factors and characterized by intricate interactions. It is known with a high level of evidence that CRF exerts positive effects on various physiological levels, including vascular, hormonal, and neuronal pathways. Increased CRF levels are associated with reduced vascular resistance, improved endothelial function and higher shear stress exposure, decreased oxidative stress and sympathetic activity, and improved insulin sensitivity, all of which contribute to the overall positive effect on BP regulation (Diaz and Shimbo, 2013).
However, CRF, BP, and BMI seems to be interrelated and contribute to the development of CVD. In adults, CRF, PA, and BMI have been associated with CVD, CV mortality and morbidity (Hubert et al., 1983; Paffenbarger et al., 1986; Blair et al., 1989; Manson et al., 1995; Blair et al., 1996; Shaper et al., 1997; Lee et al., 1999). The Aerobic Center Longitudinal Study performed in adults concluded that low physical fitness resulted in a greater risk of mortality than fatness, whereas fitness diminished the impact of fatness on mortality (Blair et al., 1989; Lee et al., 1998). This “fat but fit” paradigm has been less studied in children. Pozuelo-Carrascosa et al. (2023) have found similar results, albeit without hard endpoints, in 312 children aged 9–12 years. Their results indicate that “fat-fit” and “unfit-fit” children had better levels of high-density lipoprotein cholesterol, triglycerides, insulin levels, vigorous PA amount and metabolic syndrome index than their peers in the “fat-unfit” and “unfit-unfit” categories. Furthermore, BMI acts as a mediator between CRF and BP. (Pozuelo-Carrascosa et al., 2017). In our examinations we have used 20 m SRT to investigate endurance capacity. Even though BMI does not directly influence VO2 max (Goran et al., 2000), it can significantly diminish performance during the 20 m SRT, where body weight and especially inactive fat mass may become constraining factors (Welsman and Armstrong, 2019). Hence, it is plausible that the presence of overweight or obesity at the initial assessment could have exerted an influence on the performance in the 20 m SRT and thus on BP progression.
In our cohort, prepubertal children with higher CRF levels at baseline exhibited a significant higher AVR after 4 years. This demonstrates the predictive value of higher CRF with improved microvascular function during childhood development. There was a tendency for CRF to be associated with wider CRAE and narrower CRVE without reaching significance for the single parameters. CRF was not associated with development of arterial stiffness over the 4 years. Previous cross-sectional studies have reported association between higher CRF levels and narrower venular diameters, higher arteriolar-to-venular ratio, and lower large artery pulse wave velocity (Imhof et al., 2016; Lona et al., 2022). Our results demonstrate that the relationship between CRF and CV risk as well as vascular health changes during childhood development. The initial level of CRF appears to relate best to development microvascular health during childhood rather than large artery stiffness. It is important to realize that retinal microvascular diameters and large artery PWV are indicative of different segments within the vascular tree. Retinal microvascular imaging offers a distinct and non-invasive approach to evaluate the microcirculation and resistance vessels in the human body, providing unique insights into microvascular health (Hanssen et al., 2022). On the other hand, central PWV serves as a reliable measure for assessing large artery wall integrity and macrovascular health (Wang et al., 2008). As previously shown, the adverse progression of both biomarkers is associated with an elevated risk of hypertension, stroke, CV morbidity and mortality in adults (Ikram et al., 2006; Ikram et al., 2006; McGeechan et al., 2009; Vlachopoulos et al., 2010). However, child development is a multifaceted and intricate process with short-term risk exposure in the early stages of life. In the light of our findings, it is evident that higher CRF is associated with improvement of microvascular health during childhood development and less so with changes in large artery stiffness.
While a direct effect of CRF at baseline on CRAE and CRVE and large artery PWV was not established, our study revealed a significant total indirect effect of higher CRF on CRAE and AVR, mediated through changes in BMI. A meta-analysis has provided evidence of an association between increased BMI and narrower arteriolar and wider venular diameters, which is likely influenced by obesity-related inflammatory processes (Wong et al., 2006; Boillot et al., 2013). Studies conducted in adults have revealed that individuals with obesity exhibit higher levels of vasoconstrictor molecules such as endothelin-1, angiotensin-II, and various arachidonic acid metabolites (Cardillo et al., 2002; Stepp et al., 2007). Nitric oxide (NO) serves as a crucial local vasodilator, and its reduced bioavailability appears to correlate with higher BMI levels (Stapleton et al., 2008). Higher CRF, in addition to its positive effects on various physiological pathways, holds the potential to mitigate inflammation and enhance NO bioavailability, thereby improving endothelial function (Diaz and Shimbo, 2013). In children with higher CRF, NO bioavailability may be enhanced and, on the other hand, inflammatory processes may be diminished, offering a potential explanation for the effects of higher CRF on microvascular health mediated through BMI. One possible explanation for the lack of association observed at the macrovascular level may be attributed to the inherent structural properties of the macrocirculation, which may be relatively more inert compared to the microcirculation. An increase in PWV is closely linked to structural alterations, including collagen deposition and elastin degradation, which may require a longer duration to manifest noticeable changes. Processes of macrovascular remodeling are likely to be more gradual, potentially necessitating longer-term exposure to lifestyle changes in order to observe significant alterations in PWV.
Our Study has some limitations. The assessment of CRF in our study was conducted using the 20 m SRT due to practical considerations and the school setting, which made spiroergometry impractical. Nonetheless, the 20 m SRT is a reliable and reproducible method for estimating maximal endurance capacity in children (Van Mechelen et al., 1986; Léger et al., 1988). Effect sizes in our cohort of otherwise healthy young children appear small and their clinical relevance for development of CV risk and disease development in adulthood need to be investigated in future studies. Our baseline investigations did not include dietary assessment, preventing us from capturing changes in diet over the course of the study. It is important to note that our study was conducted within a predominantly Caucasian population, which limits the generalizability of our results to other ethnic groups. Furthermore, the progress of our follow-up research was disrupted by the COVID-19 pandemic. The imposed restrictions, including temporary school closures and limitations in the built environment, may had an impact on physical activity patterns and overall wellbeing, potentially influencing our findings. However, it is worth noting that the prevalence of SARS-CoV-2 infection among Swiss schoolchildren remained low, even during periods of high incidence in the general population, with a low prevalence of asymptomatic cases (Kriemler et al., 2021). Hence, it is unlikely that direct effects of SARS-CoV-2 infection influenced the collected data.
CONCLUSION
The findings of our study indicate the potential predictive value of baseline CRF in relation to the subsequent development of BMI and SBP as well as microvascular health. Whereby a phenotype characterized by favorable body composition and maximal endurance capacity may represent an optimal combination in terms of development of CV risk factors and vascular health. These results may hold significant scientific implications, highlighting the association between CRF and the trajectory of BMI, blood pressure and microvascular health in children. Nonetheless, the clinical relevance of our findings for the development of CV risk and disease later in life still needs to be established in future long-term follow-up studies from childhood into adulthood. We would like to underscore the potential and significance of promoting exercise to achieve higher CRF levels during childhood as a primary prevention strategy in order to mitigate excessive weight gain and elevated BP in early childhood. Long-term, exercise interventions with a focus on increasing CRF have the potential to lower childhood BMI and blood pressure. Most importantly, obesity-related CV risk tracks into adulthood (Freedman et al., 2005; Yang et al., 2006; Baker et al., 2007; Oikonen et al., 2016; Twig et al., 2016), and achieving higher CRF levels in children may help counteract the development of CVD not only in pediatric populations but may also reduce the burden of CVD in adulthood.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by Ethics Committee of Northwestern and Central Switzerland. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.
AUTHOR CONTRIBUTIONS
CH: coordinated data collection, collected data, carried out the initial image analyses as well as statistical analyses, drafted the initial manuscript and critically reviewed and revised the manuscript. EL: collected data, critically reviewed and revised the manuscript. LN: collected data, critically reviewed and revised the manuscript. LS: critically reviewed and revised the manuscript. SK: collected data, carried out the initial image analyses and revised the manuscript. DI: supported the statistical analyses and critically reviewed and revised the manuscript. OF: helped designed the data collection instruments and critically reviewed and revised the manuscript for important intellectual content. HH: conceptualized and designed the study, designed the data collection instruments, supervised data collection and critically reviewed and revised the manuscript for important intellectual content. All authors contributed to the article and approved the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2023.1243434/full#supplementary-material
REFERENCES
 Abarca-Gómez, L., Abdeen, Z. A., Hamid, Z. A., Abu-Rmeileh, N. M., Acosta-Cazares, B., Acuin, C., et al. (2017). Worldwide trends in body-mass index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of 2416 population-based measurement studies in 128· 9 million children, adolescents, and adults. lancet 390 (10113), 2627–2642. doi:10.1016/S0140-6736(17)32129-3
 Agostinis-Sobrinho, C., Ruiz, J. R., Moreira, C., Abreu, S., Lopes, L., Oliveira-Santos, J., et al. (2018). Cardiorespiratory fitness and blood pressure: a longitudinal analysis. J. Pediatr. 192, 130–135. doi:10.1016/j.jpeds.2017.09.055
 Alpert, B. (1996). Validation of CAS model 9010 automated blood pressure monitor: children/adult and neonatal studies. Blood Press. Monit. 1 (1), 69–73.
 Andersen, L. B., Harro, M., Sardinha, L. B., Froberg, K., Ekelund, U., Brage, S., et al. (2006). Physical activity and clustered cardiovascular risk in children: a cross-sectional study (the European youth heart study). lancet 368 (9532), 299–304. doi:10.1016/S0140-6736(06)69075-2
 Andersen, L. B., Hasselstrøm, H., Grønfeldt, V., Hansen, S. E., and Karsten, F. (2004). The relationship between physical fitness and clustered risk, and tracking of clustered risk from adolescence to young adulthood: eight years follow-up in the Danish youth and Sport study. Int. J. Behav. Nutr. Phys. Activity 1, 6–4. doi:10.1186/1479-5868-1-6
 Ara, I., Vicente-Rodriguez, G., Jimenez-Ramirez, J., Dorado, C., Serrano-Sanchez, J., and Calbet, J. (2004). Regular participation in sports is associated with enhanced physical fitness and lower fat mass in prepubertal boys. Int. J. Obes. 28 (12), 1585–1593. doi:10.1038/sj.ijo.0802754
 Armstrong, N., and Barker, A. R. (2011). Endurance training and elite young athletes. elite young athlete 56, 59–83. doi:10.1159/000320633
 Armstrong, N., and Van Mechelen, W. (2017). Oxford textbook of children's sport and exercise medicine. Oxford University Press. 
 Armstrong, N., and Welsman, J. (2019). Sex-specific longitudinal modeling of youth peak oxygen uptake. Pediatr. Exerc Sci. 31, 204–212. doi:10.1123/pes.2018-0175
 Association, W. M. (2001). World Medical Association Declaration of Helsinki. Ethical principles for medical research involving human subjects. Bull. World Health Organ. 79 (4), 373–374. doi:10.1001/jama.2013.281053
 Aziz, A. R., Tan, F. H., and Teh, K. C. (2005). A pilot study comparing two field tests with the treadmill run test in soccer players. J. sports Sci. Med. 4 (2), 105–112.
 Baker, J. L., Olsen, L. W., and Sørensen, T. I. (2007). Childhood body-mass index and the risk of coronary heart disease in adulthood. N. Engl. J. Med. 357 (23), 2329–2337. doi:10.1056/NEJMoa072515
 Barnett, A., Chan, L. Y., and Bruce, L. C. (1993). A preliminary study of the 20-m multistage shuttle run as a predictor of peak VO2 in Hong Kong Chinese students. Pediatr. Exerc. Sci. 5 (1), 42–50. doi:10.1123/pes.5.1.42
 Berenson, G. S. (2002). Childhood risk factors predict adult risk associated with subclinical cardiovascular disease. The Bogalusa Heart Study. Am. J. Cardiol. 90 (10c), 3L–7l. doi:10.1016/s0002-9149(02)02953-3
 Bibbins-Domingo, K., Coxson, P., Pletcher, M. J., Lightwood, J., and Goldman, L. (2007). Adolescent overweight and future adult coronary heart disease. N. Engl. J. Med. 357 (23), 2371–2379. doi:10.1056/NEJMsa073166
 Blair, S. N., Kampert, J. B., Kohl, H. W., Barlow, C. E., Macera, C. A., Paffenbarger, R. S., et al. (1996). Influences of cardiorespiratory fitness and other precursors on cardiovascular disease and all-cause mortality in men and women. Jama 276 (3), 205–210. doi:10.1001/jama.276.3.205
 Blair, S. N., Kohl, H. W., Paffenbarger, R. S., Clark, D. G., Cooper, K. H., and Gibbons, L. W. (1989). Physical fitness and all-cause mortality: a prospective study of healthy men and women. Jama 262 (17), 2395–2401. doi:10.1001/jama.262.17.2395
 Boillot, A., Zoungas, S., Mitchell, P., Klein, R., Klein, B., Ikram, M. K., et al. (2013). Obesity and the microvasculature: a systematic review and meta-analysis. PloS one 8 (2), e52708. doi:10.1371/journal.pone.0052708
 Boreham, C., Paliczka, V., and Nichols, A. (1990). A comparison of the PWC170 and 20-MST tests of aerobic fitness in adolescent schoolchildren. J. sports Med. Phys. Fit. 30 (1), 19–23.
 Brown, H., and Prescott, R. (2015). Applied mixed models in medicine. John Wiley & Sons. 
 Bruyndonckx, L., Hoymans, V. Y., Van Craenenbroeck, A. H., Vissers, D. K., Vrints, C. J., Ramet, J., et al. (2013). Assessment of endothelial dysfunction in childhood obesity and clinical use. Oxid. Med. Cell Longev. 2013, 174782. doi:10.1155/2013/174782
 Bürgi, F., Meyer, U., Granacher, U., Schindler, C., Marques-Vidal, P., Kriemler, S., et al. (2011). Relationship of physical activity with motor skills, aerobic fitness and body fat in preschool children: a cross-sectional and longitudinal study (ballabeina). Int. J. Obes. 35 (7), 937–944. doi:10.1038/ijo.2011.54
 Cardillo, C., Campia, U., Bryant, M. B., and Panza, J. A. (2002). Increased activity of endogenous endothelin in patients with type II diabetes mellitus. Circulation 106 (14), 1783–1787. doi:10.1161/01.cir.0000032260.01569.64
 Chia, M., Aziz, A. R., Tan, F., and Teh, K. C. (2005). Examination of the performances of youth soccer players in a 20-metre shuttle run test and a treadmill run test. Adv. Exerc. sports physiology 11 (3), 95. 
 Cole, T. J., Bellizzi, M. C., Flegal, K. M., and Dietz, W. H. (2000). Establishing a standard definition for child overweight and obesity worldwide: international survey. Bmj 320 (7244), 1240–1243. doi:10.1136/bmj.320.7244.1240
 Diaz, K. M., and Shimbo, D. (2013). Physical activity and the prevention of hypertension. Curr. Hypertens. Rep. 15 (6), 659–668. doi:10.1007/s11906-013-0386-8
 Falaschetti, E., Hingorani, A. D., Jones, A., Charakida, M., Finer, N., Whincup, P., et al. (2010). Adiposity and cardiovascular risk factors in a large contemporary population of pre-pubertal children. Eur. heart J. 31 (24), 3063–3072. doi:10.1093/eurheartj/ehq355
 Ferreira, I., Henry, R. M., Twisk, J. W., van Mechelen, W., Kemper, H. C., Stehouwer, C. D., et al. (2005). The metabolic syndrome, cardiopulmonary fitness, and subcutaneous trunk fat as independent determinants of arterial stiffness: the Amsterdam Growth and health longitudinal study. Archives Intern. Med. 165 (8), 875–882. doi:10.1001/archinte.165.8.875
 Flynn, J. T., Kaelber, D. C., Baker-Smith, C. M., Blowey, D., Carroll, A. E., Daniels, S. R., et al. (2017). Clinical practice guideline for screening and management of high blood pressure in children and adolescents. Pediatrics 140 (3), e20171904. doi:10.1542/peds.2017-1904
 Franklin, S. S., and Pierce, G. L. (2014). Cardiorespiratory fitness and the attenuation of age-related rise in blood pressure: an important role for effective primordial prevention. Washington, DC: American College of Cardiology Foundation, 1254–1256.
 Freedman, D. S., Khan, L. K., Serdula, M. K., Dietz, W. H., Srinivasan, S. R., and Berenson, G. S. (2005). The relation of childhood BMI to adult adiposity: the bogalusa heart study. Pediatrics 115 (1), 22–27. doi:10.1542/peds.2004-0220
 González-Gross, M., Castillo, M., Moreno, L., Nova, E., González-Lamuño, D., Pérez-Llamas, F., et al. (2003). Alimentación y valoración del estado nutricional de los adolescentes españoles (Estudio AVENA): evaluación de riesgos y propuesta de intervención. I. Descripción metodológica del proyecto. Nutr. Hosp. 18 (1), 15–28.
 Gopinath, B., Wang, J., Kifley, A., Tan, A., Wong, T., and Mitchell, P. (2013). Influence of blood pressure and body mass index on retinal vascular caliber in preschool-aged children. J. Hum. Hypertens. 27 (9), 523–528. doi:10.1038/jhh.2013.15
 Goran, M., Fields, D., Hunter, G., Herd, S., and Weinsier, R. (2000). Total body fat does not influence maximal aerobic capacity. Int. J. Obes. 24 (7), 841–848. doi:10.1038/sj.ijo.0801241
 Graham, M. R., Evans, P., Davies, B., and Baker, J. S. (2008). Arterial pulse wave velocity, inflammatory markers, pathological GH and IGF states, cardiovascular and cerebrovascular disease. Vasc. health risk Manag. 4 (6), 1361–1371. doi:10.2147/vhrm.s3220
 Guthold, R., Stevens, G. A., Riley, L. M., and Bull, F. C. (2020). Global trends in insufficient physical activity among adolescents: a pooled analysis of 298 population-based surveys with 1· 6 million participants. Lancet Child Adolesc. Health 4 (1), 23–35. doi:10.1016/S2352-4642(19)30323-2
 Guthold, R., Stevens, G. A., Riley, L. M., and Bull, F. C. (2018). Worldwide trends in insufficient physical activity from 2001 to 2016: a pooled analysis of 358 population-based surveys with 1·9 million participants. Lancet Glob. Health 6 (10), e1077–e1086. doi:10.1016/S2214-109X(18)30357-7
 Hallal, P. C., Reichert, F. F., Ekelund, U., Dumith, S. C., Menezes, A. M., Victora, C. G., et al. (2012). Bidirectional cross-sectional and prospective associations between physical activity and body composition in adolescence: birth cohort study. J. Sports Sci. 30 (2), 183–190. doi:10.1080/02640414.2011.631570
 Hamlin, M. J., Fraser, M., Lizamore, C. A., Draper, N., Shearman, J. P., and Kimber, N. E. (2014). Measurement of cardiorespiratory fitness in children from two commonly used field tests after accounting for body fatness and maturity. J. Hum. Kinet. 40 (1), 83–92. doi:10.2478/hukin-2014-0010
 Hanssen, H., Streese, L., and Vilser, W. (2022). Retinal vessel diameters and function in cardiovascular risk and disease. Prog. Retin Eye Res. 91, 101095. doi:10.1016/j.preteyeres.2022.101095
 Hubbard, L. D., Brothers, R. J., King, W. N., Clegg, L. X., Klein, R., Cooper, L. S., et al. (1999). Methods for evaluation of retinal microvascular abnormalities associated with hypertension/sclerosis in the Atherosclerosis Risk in Communities Study. Ophthalmology 106 (12), 2269–2280. doi:10.1016/s0161-6420(99)90525-0
 Hubert, H. B., Feinleib, M., McNamara, P. M., and Castelli, W. P. (1983). Obesity as an independent risk factor for cardiovascular disease: a 26-year follow-up of participants in the framingham heart study. Circulation 67 (5), 968–977. doi:10.1161/01.cir.67.5.968
 Hurtig-Wennlöf, A., Ruiz, J. R., Harro, M., and Sjöström, M. (2007). Cardiorespiratory fitness relates more strongly than physical activity to cardiovascular disease risk factors in healthy children and adolescents: the European youth heart study. Eur. J. Prev. Cardiol. 14 (4), 575–581. doi:10.1097/HJR.0b013e32808c67e3
 Ikram, M., De Jong, F., Bos, M., Vingerling, J., Hofman, A., Koudstaal, P., et al. (2006b). Retinal vessel diameters and risk of stroke: the rotterdam study. Neurology 66 (9), 1339–1343. doi:10.1212/01.wnl.0000210533.24338.ea
 Ikram, M. K., Witteman, J. C., Vingerling, J. R., Breteler, M. M., Hofman, A., and de Jong, P. T. (2006a). Retinal vessel diameters and risk of hypertension: the rotterdam study. hypertension 47 (2), 189–194. doi:10.1161/01.HYP.0000199104.61945.33
 Imhof, K., Zahner, L., Schmidt-Trucksäss, A., Faude, O., and Hanssen, H. (2016). Influence of physical fitness and activity behavior on retinal vessel diameters in primary schoolchildren. Scand. J. Med. Sci. Sports 26 (7), 731–738. doi:10.1111/sms.12499
 Jeong, S-W., Kim, S-H., Kang, S-H., Kim, H-J., Yoon, C-H., Youn, T-J., et al. (2019). Mortality reduction with physical activity in patients with and without cardiovascular disease. Eur. heart J. 40 (43), 3547–3555. doi:10.1093/eurheartj/ehz564
 Juhola, J., Oikonen, M., Magnussen, C. G., Mikkilä, V., Siitonen, N., Jokinen, E., et al. (2012). Childhood physical, environmental, and genetic predictors of adult hypertension: the cardiovascular risk in young Finns study. Circulation 126 (4), 402–409. doi:10.1161/CIRCULATIONAHA.111.085977
 Kelly, R. K., Thomson, R., Smith, K. J., Dwyer, T., Venn, A., and Magnussen, C. G. (2015). Factors affecting tracking of blood pressure from childhood to adulthood: the childhood determinants of adult health study. J. Pediatr. 167 (6), 1422–1428. doi:10.1016/j.jpeds.2015.07.055
 Kit, B. K., Kuklina, E., Carroll, M. D., Ostchega, Y., Freedman, D. S., and Ogden, C. L. (2015). Prevalence of and trends in dyslipidemia and blood pressure among US children and adolescents, 1999-2012. JAMA Pediatr. 169 (3), 272–279. doi:10.1001/jamapediatrics.2014.3216
 Klasson-Heggebø, L., Andersen, L. B., Wennlöf, A., Sardinha, L. B., Harro, M., Froberg, K., et al. (2006). Graded associations between cardiorespiratory fitness, fatness, and blood pressure in children and adolescents. Br. J. sports Med. 40 (1), 25–29. doi:10.1136/bjsm.2004.016113
 Köchli, S., Endes, K., Infanger, D., Zahner, L., and Hanssen, H. (2018). Obesity, blood pressure, and retinal vessels: A meta-analysis. Pediatrics 141 (6), e20174090. doi:10.1542/peds.2017-4090
 Köchli, S., Endes, K., Steiner, R., Engler, L., Infanger, D., Schmidt-Trucksäss, A., et al. (2019a). Obesity, high blood pressure, and physical activity determine vascular phenotype in young children. Hypertension 73 (1), 153–161. doi:10.1161/HYPERTENSIONAHA.118.11872
 Köchli, S., Endes, K., Steiner, R., Engler, L., Infanger, D., Schmidt-Trucksäss, A., et al. (2019b). Obesity, high blood pressure, and physical activity determine vascular phenotype in young children: the EXAMIN YOUTH study. Hypertension 73 (1), 153–161. doi:10.1161/HYPERTENSIONAHA.118.11872
 Kriemler, S., Ulyte, A., Ammann, P., Peralta, G. P., Berger, C., Puhan, M. A., et al. (2021). Surveillance of acute SARS-CoV-2 infections in school children and point-prevalence during a time of high community transmission in Switzerland. Front. Pediatr. 9, 645577. doi:10.3389/fped.2021.645577
 Lang, S. M., Giuliano, J. S., Carroll, C. L., Rosenkrantz, T. S., and Eisenfeld, L. (2014). Neonatal/infant validation study of the CAS model 740 noninvasive blood pressure monitor with the Orion/MaxIQ NIBP module. Blood Press. Monit. 19 (3), 180–182. doi:10.1097/MBP.0000000000000036
 Lee, C., Jackson, A., and Blair, S. (1998). US weight guidelines: is it also important to consider cardiorespiratory fitness?Int. J. Obes. Relat. metabolic Disord. J. Int. Assoc. Study Obes. 22, S2–S7.
 Lee, C. D., Blair, S. N., and Jackson, A. S. (1999). Cardiorespiratory fitness, body composition, and all-cause and cardiovascular disease mortality in men. Am. J. Clin. Nutr. 69 (3), 373–380. doi:10.1093/ajcn/69.3.373
 Lee, S., and Arslanian, S. (2007). Cardiorespiratory fitness and abdominal adiposity in youth. Eur. J. Clin. Nutr. 61 (4), 561–565. doi:10.1038/sj.ejcn.1602541
 Leger, L. A., and Lambert, J. (1982). A maximal multistage 20-m shuttle run test to predict VO2 max. Eur. J. Appl. physiology Occup. physiology 49 (1), 1–12. doi:10.1007/BF00428958
 Léger, L. A., Mercier, D., Gadoury, C., and Lambert, J. (1988). The multistage 20 metre shuttle run test for aerobic fitness. J. Sports Sci. 6 (2), 93–101. doi:10.1080/02640418808729800
 Liew, G., Wang, J. J., Mitchell, P., and Wong, T. Y. (2008). Retinal vascular imaging: a new tool in microvascular disease research. Circ. Cardiovasc. Imaging 1 (2), 156–161. doi:10.1161/CIRCIMAGING.108.784876
 Liu, N. Y-S., Plowman, S. A., and Looney, M. A. (1992). The reliability and validity of the 20-meter shuttle test. Res. Q. Exerc. Sport 63, 4.
 Lona, G., Endes, K., Köchli, S., Infanger, D., Zahner, L., and Hanssen, H. (2020). Retinal vessel diameters and blood pressure progression in children. Hypertension 76 (2), 450–457. doi:10.1161/HYPERTENSIONAHA.120.14695
 Lona, G., Hauser, C., Köchli, S., Infanger, D., Endes, K., Schmidt-Trucksäss, A., et al. (2022). Association of blood pressure, obesity and physical activity with arterial stiffness in children: a systematic review and meta-analysis. Pediatr. Res. 91 (3), 502–512. doi:10.1038/s41390-020-01278-5
 Mahoney, C. (1992). 20-MST and PWC170 validity in non-Caucasian children in the UK. Br. J. Sports Med. 26 (1), 45–47. doi:10.1136/bjsm.26.1.45
 Manson, J. E., Willett, W. C., Stampfer, M. J., Colditz, G. A., Hunter, D. J., Hankinson, S. E., et al. (1995). Body weight and mortality among women. N. Engl. J. Med. 333 (11), 677–685. doi:10.1056/NEJM199509143331101
 Matsuzaka, A., Takahashi, Y., Yamazoe, M., Kumakura, N., Ikeda, A., Wilk, B., et al. (2004). Validity of the multistage 20-m shuttle-run test for Japanese children, adolescents, and adults. Pediatr. Exerc. Sci. 16 (2), 113–125. doi:10.1123/pes.16.2.113
 Mattace-Raso, F. U., van der Cammen, T. J., Hofman, A., van Popele, N. M., Bos, M. L., Schalekamp, M. A., et al. (2006). Arterial stiffness and risk of coronary heart disease and stroke: the rotterdam study. Circulation 113 (5), 657–663. doi:10.1161/CIRCULATIONAHA.105.555235
 Mayorga-Vega, D., Aguilar-Soto, P., and Viciana, J. (2015). Criterion-related validity of the 20-m shuttle run test for estimating cardiorespiratory fitness: a meta-analysis. J. sports Sci. Med. 14 (3), 536–547.
 McGeechan, K., Liew, G., Macaskill, P., Irwig, L., Klein, R., Klein, B. E., et al. (2009). Prediction of incident stroke events based on retinal vessel caliber: a systematic review and individual-participant meta-analysis. Am. J. Epidemiol. 170 (11), 1323–1332. doi:10.1093/aje/kwp306
 McVeigh, S. K., Payne, A. C., and Scott, S. (1995). The reliability and validity of the 20-meter shuttle test as a predictor of peak oxygen uptake in Edinburgh school children, age 13 to 14 years. Pediatr. Exerc. Sci. 7 (1), 69–79. doi:10.1123/pes.7.1.69
 Mesa, J. L., Ruiz, J. R., Ortega, F. B., Wärnberg, J., González-Lamuño, D., Moreno, L. A., et al. (2006). Aerobic physical fitness in relation to blood lipids and fasting glycaemia in adolescents: influence of weight status. Nutr. metabolism Cardiovasc. Dis. 16 (4), 285–293. doi:10.1016/j.numecd.2006.02.003
 Mintjens, S., Menting, M. D., Daams, J. G., van Poppel, M. N., Roseboom, T. J., and Gemke, R. J. (2018). Cardiorespiratory fitness in childhood and adolescence affects future cardiovascular risk factors: a systematic review of longitudinal studies. Sports Med. 48, 2577–2605. doi:10.1007/s40279-018-0974-5
 Mitchell, G. F., Hwang, S-J., Vasan, R. S., Larson, M. G., Pencina, M. J., Hamburg, N. M., et al. (2010). Arterial stiffness and cardiovascular events: the framingham heart study. Circulation 121 (4), 505–511. doi:10.1161/CIRCULATIONAHA.109.886655
 Moreno, L. A., Joyanes, M., Mesana, M. I., González-Gross, M., Gil, C. M., Sarría, A., et al. (2003). Harmonization of anthropometric measurements for a multicenter nutrition survey in Spanish adolescents. Nutrition 19 (6), 481–486. doi:10.1016/s0899-9007(03)00040-6
 Mynard, J. P., Sharman, J. E., Smolich, J. J., Cheung, M. M., and Avolio, A. (2020). Accuracy of central blood pressure by Mobil-O-Graph in children and adolescents. J. Hypertens. 38 (7), 1388–1389. doi:10.1097/HJH.0000000000002466
 Nassis, G. P., Psarra, G., and Sidossis, L. S. (2005). Central and total adiposity are lower in overweight and obese children with high cardiorespiratory fitness. Eur. J. Clin. Nutr. 59 (1), 137–141. doi:10.1038/sj.ejcn.1602061
 National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents (2004). The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in children and adolescents. Pediatrics 114 (2 Suppl. 4th Report), 555–576. doi:10.1542/peds.114.2.s2.555
 Neuhauser, H. K., Thamm, M., Ellert, U., Hense, H. W., and Rosario, A. S. (2011). Blood pressure percentiles by age and height from nonoverweight children and adolescents in Germany. Pediatrics 127 (4), e978–e988. doi:10.1542/peds.2010-1290
 Ng, M., Fleming, T., Robinson, M., Thomson, B., Graetz, N., Margono, C., et al. (2014). Global, regional, and national prevalence of overweight and obesity in children and adults during 1980–2013: a systematic analysis for the global burden of disease study 2013. lancet 384 (9945), 766–781. doi:10.1016/S0140-6736(14)60460-8
 Nielsen, G. A., and Andersen, L. B. (2003). The association between high blood pressure, physical fitness, and body mass index in adolescents. Prev. Med. 36 (2), 229–234. doi:10.1016/s0091-7435(02)00017-8
 Oikonen, M., Nuotio, J., Magnussen, C. G., Viikari, J. S., Taittonen, L., Laitinen, T., et al. (2016). Repeated blood pressure measurements in childhood in prediction of hypertension in adulthood. Hypertension 67 (1), 41–47. doi:10.1161/HYPERTENSIONAHA.115.06395
 Ortega, F. B., Ruiz, J. R., Castillo, M. J., and Sjöström, M. (2008). Physical fitness in childhood and adolescence: a powerful marker of health. Int. J. Obes. 32 (1), 1–11. doi:10.1038/sj.ijo.0803774
 Ortega, F. B., Tresaco, B., Ruiz, J. R., Moreno, L. A., Martin-Matillas, M., Mesa, J. L., et al. (2007). Cardiorespiratory fitness and sedentary activities are associated with adiposity in adolescents. Obesity 15 (6), 1589–1599. doi:10.1038/oby.2007.188
 Paffenbarger, R. S., Hyde, R., Wing, A. L., and Hsieh, C-c. (1986). Physical activity, all-cause mortality, and longevity of college alumni. N. Engl. J. Med. 314 (10), 605–613. doi:10.1056/NEJM198603063141003
 Pozuelo-Carrascosa, D. P., Martínez-Vizcaíno, V., Torres-Costoso, A., Martinez, M. S., Rodríguez-Gutiérrez, E., and Garrido-Miguel, M. (2023). Fat but fit paradox and cardiometabolic risk in children: the role of physical activity. Child. Obes. 19 (4), 282–291. doi:10.1089/chi.2022.0073
 Pozuelo-Carrascosa, D. P., Sanchez-Lopez, M., Cavero-Redondo, I., Torres-Costoso, A., Bermejo-Cantarero, A., and Martinez-Vizcaino, V. (2017). Obesity as a mediator between cardiorespiratory fitness and blood pressure in preschoolers. J. Pediatr. 182, 114–119. doi:10.1016/j.jpeds.2016.11.005
 Reed, K. E., Warburton, D. E., Lewanczuk, R. Z., Haykowsky, M. J., Scott, J. M., Whitney, C. L., et al. (2005). Arterial compliance in young children: the role of aerobic fitness. Eur. J. Prev. Cardiol. 12 (5), 492–497. doi:10.1097/01.hjr.0000176509.84165.3d
 Rizzo, N. S., Ruiz, J. R., Hurtig-Wennlöf, A., Ortega, F. B., and Sjöström, M. (2007). Relationship of physical activity, fitness, and fatness with clustered metabolic risk in children and adolescents: the European youth heart study. J. Pediatr. 150 (4), 388–394. doi:10.1016/j.jpeds.2006.12.039
 Ruiz, J. R., Ortega, F. B., Rizzo, N. S., Villa, I., Hurtig-Wennlöf, A., Oja, L., et al. (2007). High cardiovascular fitness is associated with low metabolic risk score in children: the European youth heart study. Pediatr. Res. 61 (3), 350–355. doi:10.1203/pdr.0b013e318030d1bd
 Ruiz, J. R., Rizzo, N. S., Hurtig-Wennlöf, A., Ortega, F. B., W àrnberg, J., and Sjöström, M. (2006). Relations of total physical activity and intensity to fitness and fatness in children: the European youth heart study. Am. J. Clin. Nutr. 84 (2), 299–303. doi:10.1093/ajcn/84.1.299
 Shaper, A. G., Wannamethee, S. G., and Walker, M. (1997). Body weight: implications for the prevention of coronary heart disease, stroke, and diabetes mellitus in a cohort study of middle aged men. Bmj 314 (7090), 1311–1317. doi:10.1136/bmj.314.7090.1311
 Stanaway, J. D., Afshin, A., Gakidou, E., Lim, S. S., Abate, D., Abate, K. H., et al. (2018). Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990–2017: a systematic analysis for the global burden of disease study 2017. Lancet 392 (10159), 1923–1994. doi:10.1016/S0140-6736(18)32225-6
 Stapleton, P. A., James, M. E., Goodwill, A. G., and Frisbee, J. C. (2008). Obesity and vascular dysfunction. Pathophysiology 15 (2), 79–89. doi:10.1016/j.pathophys.2008.04.007
 Stepp, D. W., Boesen, E. I., Sullivan, J. C., Mintz, J. D., Hair, C. D., and Pollock, D. M. (2007). Obesity augments vasoconstrictor reactivity to angiotensin II in the renal circulation of the Zucker rat. Am. J. Physiology-Heart Circulatory Physiology 293 (4), H2537–H2542. doi:10.1152/ajpheart.01081.2006
 Streese, L., Hauser, C., and Hanssen, H. (2022). Comparability of childhood blood pressure measurements with two different devices. Clin. Physiology Funct. Imaging 43, 201–205. doi:10.1111/cpf.12802
 Streese, L., Lona, G., Wagner, J., Knaier, R., Burri, A., Nève, G., et al. (2021). Normative data and standard operating procedures for static and dynamic retinal vessel analysis as biomarker for cardiovascular risk. Sci. Rep. 11 (1), 14136. doi:10.1038/s41598-021-93617-7
 Tanaka, C., Janssen, X., Pearce, M., Parkinson, K., Basterfield, L., Adamson, A., et al. (2018). Bidirectional associations between adiposity, sedentary behavior, and physical activity: A longitudinal study in children. J. Phys. Activity Health 15 (12), 918–926. doi:10.1123/jpah.2018-0011
 Tennant, P. W., Murray, E. J., Arnold, K. F., Berrie, L., Fox, M. P., Gadd, S. C., et al. (2021). Use of directed acyclic graphs (DAGs) to identify confounders in applied health research: review and recommendations. Int. J. Epidemiol. 50 (2), 620–632. doi:10.1093/ije/dyaa213
 Thompson, D. R., Obarzanek, E., Franko, D. L., Barton, B. A., Morrison, J., Biro, F. M., et al. (2007). Childhood overweight and cardiovascular disease risk factors: the national heart, lung, and blood institute growth and health study. J. Pediatr. 150 (1), 18–25. doi:10.1016/j.jpeds.2006.09.039
 Twig, G., Yaniv, G., Levine, H., Leiba, A., Goldberger, N., Derazne, E., et al. (2016). Body-mass index in 2.3 million adolescents and cardiovascular death in adulthood. N. Engl. J. Med. 374 (25), 2430–2440. doi:10.1056/NEJMoa1503840
 Twisk, J. W. (2006). Applied multilevel analysis: a practical guide for medical researchers. Cambridge University Press. 
 Ullman, J. B., and Bentler, P. M. (2012). Handbook of psychology. Second Edition2.Structural equation modeling
 Van Mechelen, W., Hlobil, H., and Kemper, H. (1986). Validation of two running tests as estimates of maximal aerobic power in children. Eur. J. Appl. physiology Occup. physiology 55 (5), 503–506. doi:10.1007/BF00421645
 Vlachopoulos, C., Aznaouridis, K., and Stefanadis, C. (2010). Prediction of cardiovascular events and all-cause mortality with arterial stiffness: a systematic review and meta-analysis. J. Am. Coll. Cardiol. 55 (13), 1318–1327. doi:10.1016/j.jacc.2009.10.061
 Wagner, J., Knaier, R., Infanger, D., Königstein, K., Klenk, C., Carrard, J., et al. (2021). Novel CPET reference values in healthy adults: associations with physical activity. Med. Sci. Sports Exerc. 53 (1), 26–37. doi:10.1249/MSS.0000000000002454
 Wang, X., Keith, J. C., Struthers, A. D., and Feuerstein, G. Z. (2008). Assessment of arterial stiffness, a translational medicine biomarker system for evaluation of vascular risk. Cardiovasc. Ther. 26 (3), 214–223. doi:10.1111/j.1755-5922.2008.00051.x
 Wassertheurer, S., Kropf, J., Weber, T., Van Der Giet, M., Baulmann, J., Ammer, M., et al. (2010). A new oscillometric method for pulse wave analysis: comparison with a common tonometric method. J. Hum. Hypertens. 24 (8), 498–504. doi:10.1038/jhh.2010.27
 Welsman, J., and Armstrong, N. (2019). The 20 m shuttle run is not a valid test of cardiorespiratory fitness in boys aged 11–14 years. BMJ Open Sport Exerc Med. 5, e000627. doi:10.1136/bmjsem-2019-000627
 West, B. T., Welch, K. B., and Galecki, A. T. (2006). Linear mixed models: a practical guide using statistical software. Chapman and Hall/CRC. 
 White, I. R., Royston, P., and Wood, A. M. (2011). Multiple imputation using chained equations: issues and guidance for practice. Statistics Med. 30 (4), 377–399. doi:10.1002/sim.4067
 Wong, S-N., Sung, R. Y. T., and Leung, L. C-K. (2006a). Validation of three oscillometric blood pressure devices against auscultatory mercury sphygmomanometer in children. Blood Press. Monit. 11 (5), 281–291. doi:10.1097/01.mbp.0000209082.09623.b4
 Wong, T. Y., Islam, F. A., Klein, R., Klein, B. E., Cotch, M. F., Castro, C., et al. (2006b). Retinal vascular caliber, cardiovascular risk factors, and inflammation: the multi-ethnic study of atherosclerosis (MESA). Investigative Ophthalmol. Vis. Sci. 47 (6), 2341–2350. doi:10.1167/iovs.05-1539
 Yan, W., Li, X., Zhang, Y., Niu, D., Mu, K., Ye, Y., et al. (2016). Reevaluate secular trends of body size measurements and prevalence of hypertension among Chinese children and adolescents in past two decades. J. Hypertens. 34 (12), 2337–2343. doi:10.1097/HJH.0000000000001114
 Yang, X., Telama, R., Viikari, J., and Raitakari, O. T. (2006). Risk of obesity in relation to physical activity tracking from youth to adulthood. Med. Sci. Sports Exerc. 38 (5), 919–925. doi:10.1249/01.mss.0000218121.19703.f7
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Hauser, Lichtenstein, Nebiker, Streese, Köchli, Infanger, Faude and Hanssen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-14-1243434-t002.jpg
Parameter BMI at follow-up (kg/m* decrease SBP at follow-up (mmHg DBP at follow-up (mmHg

per additional lap in SRT) decrease per additional lap decrease per additional lap
in SRT) in SRT)
B (95% Cl) B (95% Cl) B (95% Cl) p-value B (95% Cl) p-value

CREF at baseline (laps in SR)*

dex; CRI





OPS/images/fphys-14-1243434-t003.jpg
Parameter AVR at follow-up (Units CRVE at follow-up (um  CRAE at follow-up (um PWV at follow-up (m/s
increase per additional lap  decrease per additional increase per decrease per additional
in SRT) lap in SRT) additional lap in SRT) lap in SRT)

B (95% Cl) p-value B (95% Cl)  p-value B (95%Cl) p-value B (95% Cl) p-value

CREF at baseline (laps in 0.0004 -008 X 001 ~0.001 (~0.003 to 0202
(0.00004-0.0007) (=0.17 to 0.01) (-0.07-0.08) 0.001)

AVR, indicates arteriolar-to-venular diameter ration; CRAE, central retinal arteriolar equivalent; CRF, cardiorespiratory fitness; CRVE, central retinal venular equivalent; PWV, pulse wave
tatus; SR, shuttle run. *adjusted for sex, SES, at baseline and age at follow-u






OPS/images/fphys-14-1243434-g003.gif





OPS/images/fphys-14-1243434-t001.jpg
Parameter 2016/2017 202072021 Difference

Mean Mean SD p-value

Sex (female, %) 391 5186

Age,y [ 747 72 036 747 14 04 42 02 <0001

» BMI, kg/m‘t 736 | 15.7 20 544 18.2 34 | 25 21 <0.001
Male 347 158 21 258 184 36

Female 379 157 21 286 180 2 | |

Height, cm | 7 1245 54 s 1494 72 29 43 <0.001
Weight, kg 76 25 45 sat 409 98 164 | 66 <0001
CRE, laps 720 311 123 533 49.1 193 173 16.1 <0.001
Male 344 344 131 254 s5.1% 203

Female w6 282+ 108 no 435 165

e 79 104 78 749 109 o8| 5 0t <0001
DBP 749 64 68 749 65 7.8 1 82 0279
CRAE, pm 694 2026 128 724 1954 123 -72 80 <0001
Male, um 339 2001+ 124 346 1927% 18 |

Female, pm | 335 2050 07 378 1978* 123

CRVE, pm 694 2296 139 724 2282 19| -14 88 <0001
Male, um 339 2279 141 346 261 135

 Female, pm 355 2313 136 378 2301 141

AVR 694 0.88 005 724 086 005 ~0.02 004 <0001
Male 339 087 005 346 085 005 | |

Female 355 0.88 005 378 086 005
PWV, m/s e 43 03 7 46 03 03 03 <0001
Male, m/s 322 43 03 346 46 03
Female, m/s 342 43 03 383 46 03

AVR, arteriolar-to-venular diameter ration; BMI, body mass index; CRAE, central retinal arteriolar equivalent; CRF, cardiorespiratory fitness; CRVE, central retinal venular equivalent; DBP,
dastalis bload pesins: DY salie wans solscite SHP. sretolic Tlbod prsesre Sndiciies & Benibcit diffaanico betweos Sk,






OPS/xhtml/nav.xhtml
Contents

		Cover

		Cardiorespiratory fitness and development of childhood cardiovascular risk: The EXAMIN YOUTH follow-up study		Introduction

		Materials and methods		Study design and participants

		Measurements

		Cardiorespiratory fitness

		Retinal vessel diameters

		Pulse wave velocity

		Body composition

		Blood pressure

		Statistical analysis





		Results		Populations characteristics

		Cardiorespiratory fitness and development of risk factors

		Cardiorespiratory fitness and development of vascular health

		Cardiorespiratory fitness, changes in risk factors and development of vascular health





		Discussion

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Physiology

Cardiorespiratory fitness and
development of childhood
cardiovascular risk: The EXAMIN
YOUTH follow-up study





OPS/images/fphys-14-1243434-g001.gif
R =
H
i
l |
i
i

[Ep——






OPS/images/fphys-14-1243434-g002.gif
A S e









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





