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Abstract 

We aimed to develop cut-points for directly measured peak oxygen uptake (V̇O2peak) to identify 

boys and girls at increased cardiometabolic risk using different scaling methods to control for 

body size and composition. Altogether 352 children (186 boys, 166 girls) aged 9–11 years were 

included in the analyses. We measured V̇O2peak directly during a maximal cycle ergometer 

exercise test and lean body mass (LM) by bioelectrical impedance. We computed a sex- and 

age-specific cardiometabolic risk score (CRS) by summing important cardiometabolic risk 

factors and defined increased cardiometabolic risk as >1 standard deviation above the mean of 

CRS. Receiver operating characteristics curves were used to detect V̇O2peak cut-points for 

increased cardiometabolic risk. Boys with V̇O2peak <45.8 mL·kg body mass (BM)-1·min-1 (95% 

confidence interval [CI] = 45.1 to 54.6, area under the curve [AUC] = 0.86, p<0.001) and <63.2 

mL·kg LM-1·min-1 (95% CI = 52.4 to 67.5, AUC = 0.65, p=0.006) had an increased CRS. Girls 

with V̇O2peak <44.1 mL·kg BM-1·min-1 (95% CI = 44.0 to 58.6, AUC = 0.67, p=0.013) had an 

increased CRS. V̇O2peak scaled by BM-0.49 and LM-0.77 derived from log-linear allometric 

modelling poorly predicted increased cardiometabolic risk in boys and girls. In conclusion, 

directly measured V̇O2peak <45.8 mL·kg BM-1·min-1 among boys and <44.1 mL·kg BM-1·min-

1 among girls were cut-points to identify those at increased cardiometabolic risk. Appropriately 

controlling for body size and composition reduced the ability of cardiorespiratory fitness to 

identify children at increased cardiometabolic risk. Keywords: Aerobic fitness, Metabolic 

health, Adiposity, Children, Allometric scaling, Maximal exercise 

 

 

 

 



1 INTRODUCTION 1 

 2 

An increased cardiometabolic risk in childhood has been associated with an elevated risk of 3 

metabolic syndrome and type 2 diabetes, increased arterial stiffness, endothelial dysfunction, 4 

and preclinical carotid atherosclerosis in adulthood.1–4 Therefore, the early identification of 5 

children with increased cardiometabolic risk is important to prevent cardiometabolic diseases 6 

in adulthood. Decreased cardiorespiratory fitness (CRF), independent of the levels of physical 7 

activity, has been considered a strong determinant of increased cardiometabolic risk in children 8 

and adolescents.5–9 However, only a few studies have investigated cut-points for CRF to 9 

identify children at increased cardiometabolic risk.10–17  10 

Previous studies have suggested that peak oxygen uptake (V̇O2peak) lower than 44.0 mL·kg 11 

body mass (BM)-1·min-1 in boys and lower than 39.5 mL·kg BM-1·min-1 in girls are indicative 12 

of increased cardiometabolic risk.10–12,17 Furthermore, the most recent FITNESSGRAM 13 

guidelines suggest that boys with V̇O2peak 37.3 to 41.2 mL·kg BM-1·min-1 and girls with V̇O2peak 14 

35.3 to 37.3 mL·kg BM-1·min-1 depending on their age have an increased risk of metabolic 15 

syndrome.13,18 However, these studies have measured workload or heart rate during a 16 

submaximal treadmill or cycle ergometer exercise test, a stage reached during a 20-meter 17 

shuttle run test, or other types of exercise tests and converted these measures of performance 18 

into an estimate of V̇O2peak
10–13,15,17 instead of measuring V̇O2peak directly during a maximal 19 

exercise test continued until exhaustion. Estimated V̇O2peak obtained from these types of 20 

exercise tests is problematic in that it has, at best, 50% agreement with directly measured 21 

V̇O2peak.
19 Furthermore, V̇O2peak thresholds obtained from these studies are based on V̇O2peak 22 

divided by BM that is confounded by body fat content and may invalidate V̇O2peak as a measure 23 

of CRF in children with increased body mass and particularly adiposity.10–13,17,20–22 24 



Allometric scaling of V̇O2peak by measures of body size and composition using log-linear 25 

regression can partly overcome the problems related to scaling of V̇O2peak by BM using the 26 

ratio standard method.23 Nonetheless, allometrically scaled V̇O2peak for lean body mass (LM) 27 

is regarded superior to allometrically scaled V̇O2peak for BM in order to account for variance in 28 

body fat content in the expression of V̇O2peak among children and adolescents.24–29 Thus, 29 

allometrically scaled V̇O2peak by LM has been recommended as the best approach in expressing 30 

V̇O2peak among children and adolescents.29 However, there are few studies on the associations 31 

of CRF with cardiometabolic risk having appropriately controlled for body size and 32 

composition using the allometric methods or the ratio standard methods.22 Using these 33 

approaches has attenuated the associations of CRF with cardiometabolic risk,22 suggesting that 34 

CRF expressed in these manners has inferior predictive power compared to CRF scaled by BM. 35 

The aim of this study was to provide cut-points for V̇O2peak measured directly during a maximal 36 

cycle ergometer exercise test among boys and girls to identify those who are at increased 37 

cardiometabolic risk. We used different methods for scaling V̇O2peak to control for body size 38 

and composition. 39 

2 METHODS 40 

 41 

2.1 Study design and study population 42 

 43 

The Physical Activity and Nutrition in Children (PANIC) Study is an ongoing physical activity 44 

and dietary intervention study (ClinicalTrials.gov NCT01803776) in a population sample of 45 

primary school children living in the city of Kuopio, Finland. Altogether 736 children 6–9 46 

years of age who had been registered for the first grade in one of the 16 public schools of the 47 

city of Kuopio were invited for baseline examinations in 2007–2009.  48 

Altogether 512 children (248 girls, 264 boys), who accounted for 70% of those invited, 49 

participated in the baseline examinations in 2007–2009. The participants did not differ in sex 50 



distribution, age, or body mass index standard deviation score (BMI-SDS) from all children 51 

who started the first grade in the city of Kuopio in 2007–2009 based on data from the standard 52 

school health examinations performed for all Finnish children before the first grade.30 The 53 

present analyses are based on the 2-year follow-up data. We had complete data on variables 54 

needed in the analyses for 352 children (186 boys, 166 girls) 9–11 years of age. Of these 55 

children, 99.1% are Caucasians.  56 

The PANIC Study protocol was approved by the Research Ethics Committee of the Hospital 57 

District of Northern Savo. A written informed consent was acquired from the parent or 58 

caregiver of each child and every child provided assent to participation. 59 

2.2 Assessment of cardiorespiratory fitness  60 

 61 

We assessed CRF by a maximal exercise test using the Ergoselect 200 K® electromagnetic 62 

cycle ergometer coupled with a paediatric saddle module (Ergoline, Bitz, Germany), as 63 

explained in detail earlier.30 The children and their parents and caregivers were informed about 64 

the exercise test in the invitation letter. A research nurse and a research physician gave the 65 

children instructions on how to perform the exercise test. The children were familiarised with 66 

the exercise test protocol two years earlier during baseline examination. They were also 67 

allowed to practice cycling with the ergometer and using the paediatric mask 10 minutes before 68 

the exercise test. The exercise test protocol, supervised by the research physician and assisted 69 

by the research nurse, included a 2.5-minute anticipatory period with the child sitting on the 70 

ergometer; a 3-minute warm-up period with a workload of five watts; a 1-minute steady-state 71 

period with a workload of 20 watts; an exercise period with an increase in the workload of one 72 

watt per six seconds until exhaustion, and a 4-minute recovery period with a workload of five 73 

watts. 74 



The children were asked to keep the cadence stable and within 70–80 revolutions per minute. 75 

The children were verbally encouraged to exercise until voluntary exhaustion. Heart rate was 76 

measured continuously throughout the exercise test using a 12-lead electrocardiogram (ECG) 77 

registered by the Cardiosoft® V6.5 Diagnostic System (GE Healthcare Medical Systems, 78 

Freiburg, Germany). The exercise test was considered maximal if the peak heart rate was at 79 

least 185 beats per minute and the respiratory exchange ratio was at least 1.0.31 However, the 80 

research physician also adjudged the exercise test maximal among 21 (6%) children with a 81 

peak heart rate of 179-184 beats per minute, because the cadence dropped below 65 revolutions 82 

per minute although the children still had the motivation to continue and the reason for 83 

terminating the test suggested a maximal effort had been provided.30 The peak workload was 84 

defined as the workload at the end of the exercise test.  85 

The respiratory gas analysis was performed during the exercise test from the beginning of the 86 

2.5-minute anticipatory period before the exercise test to the end of the 4-minute recovery 87 

period after the exercise test using the Oxycon Pro® respiratory gas analyzer (Jaeger, 88 

Hoechberg, Germany) and the Hans-Rudolph® paediatric mask (Shawnee, Kansas, USA). 89 

V̇O2peak was measured using the breath-by-breath method and was averaged over consecutive 90 

15-second periods. V̇O2peak and the respiratory exchange ratio were defined as the highest 15-91 

seconds average values recorded during the last minute of the exercise test.30 92 

2.3 Assessment of cardiometabolic risk factors 93 

 94 

Cardiometabolic risk factors were assessed in the morning for two children, first of them 95 

arriving at 08:00 and second at 09:15. The research nurse measured body height, body weight, 96 

and waist circumference using standard protocols.32 Body mass index (BMI) was calculated by 97 

dividing body weight with body height squared and BMI-SDS using national references.33 The 98 

prevalence of overweight and obesity was defined using age- and sex-specific cut-points.33 99 



Total body fat mass, body fat percentage (BF%), and LM were measured twice; the children 100 

having fasted for 12 hours, voided the bladder; and standing in light underwear, using the 101 

InBody® 720 bioelectrical impedance device (Biospace, Seoul, South Korea). We have found 102 

a good agreement between BF% and LM measured with bioelectrical impedance and those 103 

derived from dual-energy X-ray absorptiometry.34 The research nurse measured blood pressure 104 

manually from the right arm by a calibrated Heine 130 Gamma G7® aneroid 105 

sphygmomanometer (Heine Optotechnik, Herrsching, Germany). The measurement protocol 106 

included a 5-minute rest and thereafter three measurements in a sitting position at 2-minute 107 

intervals. The mean of all three values was used as the systolic and diastolic blood pressure. 108 

The research nurse took venous blood samples using a standard protocol after a 12-hour fast 109 

and the children having seated for 10 minutes. The assessment of serum insulin and plasma 110 

glucose, total cholesterol, high-density lipoprotein (HDL) cholesterol, low-density lipoprotein 111 

(LDL) cholesterol, and triglycerides, have been explained in detail earlier.35  112 

2.4 Assessment of puberty 113 

The research physician assessed pubertal status using a 5-stage scale described by Tanner.36,37 114 

Boys were defined having entered clinical puberty if their testicular volume assessed by an 115 

orchidometer was ≥4 mL (Tanner stage ≥2).37 Girls were defined having entered clinical 116 

puberty if their breast development had started (Tanner stage ≥2).36  117 

2.5 Calculation of cardiometabolic risk score 118 

 119 

We calculated a continuous cardiometabolic risk score using population-specific and age- and 120 

sex-standardized Z-scores for waist circumference, insulin, glucose, HDL cholesterol, 121 

triglycerides, and the average of systolic and diastolic blood pressure by a formula: waist 122 

circumference + insulin + glucose - HDL cholesterol + triglycerides + the average of systolic 123 

and diastolic blood pressure.38 We defined elevated cardiometabolic risk as ≥1 standard 124 



deviation above the mean of the cardiometabolic risk score in the present study population. The 125 

rationale for using this approach is the existing evidence on the ability of a continuous 126 

cardiometabolic risk score in children to predict cardiometabolic diseases in adulthood.39 The 127 

clustering of risk factors may also provide a more sensitive and clinically more relevant 128 

evaluation of increased cardiometabolic risk than using individual risk factors,40,41 and may 129 

compensate for day-to-day fluctuations observed in the levels of individual risk factors.42 130 

2.6 Allometric scaling of peak oxygen uptake 131 

 132 

Allometric scaling of V̇O2peak was performed by the log-linear regression model43 with sex and 133 

BM or LM as independent variables and V̇O2peak as a dependent variable. The scaling exponent 134 

(b) was identified in the allometric equation V̇O2peak = Y/Xb, where X is the anthropometric 135 

scaling variable (BM or LM). V̇O2peak and X were log transformed and least squares regression 136 

with the equation ln (V̇O2peak) = lnY / b ln(X) was used to obtain the scaling exponent b. We 137 

found that the scaling exponent b for BM was 0.49 (95% confidence interval [CI] = 0.43 to 138 

0.55) and that for LM was 0.77 (95% CI = 0.70 to 0.85). To test if the slopes of the association 139 

of V̇O2peak with BM and LM were similar in boys and girls, we added the interaction term to 140 

the model. The interactions of sex with BM (p = 0.362) and LM (p = 0.932) were not 141 

statistically significant. These allometric models were able to remove the associations of 142 

V̇O2peak with BM (r = -0.072, p = 0.328) and LM (r = 0.022, p = 0.939), indicating their validity 143 

in scaling CRF. 144 

2.7 Statistical methods 145 

 146 

Student’s t-test, Mann–Whitney U test, and Chi-square test were used to compare basic 147 

characteristics between boys and girls. The associations of measures of CRF with the 148 

cardiometabolic risk score were studied using linear regression analyses. The associations were 149 

adjusted for age and study group and additionally for puberty. Receiver operating 150 



characteristics (ROC) curves were used to investigate V̇O2peak cut-points associated with 151 

increased cardiometabolic risk. We decided not to provide cut-points for allometrically scaled 152 

V̇O2peak because they would depend on the scaling exponent b that is specific to our study 153 

population. Moreover, a recent review has highlighted that no general scaling exponent b is 154 

available.29 The area under the curve (AUC) was used as a measure of the effectiveness of the 155 

predictor variable to identify correctly children having a cardiometabolic risk score ≥ +1 SD 156 

(sensitivity) and to identify correctly children having a cardiometabolic risk score <1 SD 157 

(specificity). An AUC of 1.0 represents the ability to identify perfectly children having a 158 

cardiometabolic risk score ≥ +1 SD from other children, whereas an AUC of 0.5 indicates no 159 

greater predictive ability than chance. We also compared the cardiometabolic risk score in the 160 

categories of V̇O2peak scaled by BM and LM among boys and girls combined using analysis of 161 

covariance with Sidak correction adjusted for age and the study group. In these analyses, we 162 

used sex-specific categories of V̇O2peak scaled by BM and LM according to the distributions of 163 

these variables [very low (<2.5 %), low (2.5–15.9 %), medium (16–83.9 %), high (84–97.5 %), 164 

very high (>97.5 %)] as defined in our earlier study in the same paediatric population.30 We 165 

combined children in the two highest categories because of the small number of children in the 166 

highest category to increase statistical power in these analyses. Student’s t-tests, Mann–167 

Whitney U tests, Chi-square tests, and linear regression analyses were conducted using the 168 

SPSS statistics software, version 23.0 (IBM Corp, Armonk, NY, USA). ROC curve analyses 169 

were performed using the MedCalc® statistical software, version 16.1 (MedCalc® Software 170 

bvba, Ostend, Belgium). Our power calculation provided a sample size of 352 children. In this 171 

calculation, we determined the effect size that corresponds to the power of 0.8 at 0.05 alpha to 172 

test differences in the associations of CRF within sex-specific categories and cardiometabolic 173 

risk. Cohen’s d effect size for F-test (d = 0.177) was derived using the G*Power statistical 174 



software, version 3.1.9.2. Cohen’s d effect size for F-test is interpreted as small for d = 0.1, 175 

medium for d = 0.25, and large for d = 0.4. 176 

3 RESULTS 177 

 178 

3.1 Characteristics of children 179 

 180 

Boys had more LM, less fat mass, a lower BF%, a higher waist circumference, lower insulin, 181 

higher glucose, higher HDL cholesterol, and higher V̇O2peak scaled by BM and LM compared 182 

to girls (Table 1). 183 

3.2 Associations of peak oxygen uptake with cardiometabolic risk  184 

 185 

Absolute V̇O2peak expressed in mL·min-1 was directly associated with cardiometabolic risk in 186 

boys and girls adjusted for age and the study group (Table 2). V̇O2peak scaled by BM and LM 187 

were inversely related to cardiometabolic risk in boys and girls after these adjustments. 188 

Allometrically scaled V̇O2peak expressed in mL·kg BM-0.49·min-1 and mL·kg LM-0.77·min-1 were 189 

also inversely associated with cardiometabolic risk in boys. Moreover, allometrically scaled 190 

V̇O2peak expressed in mL·kg LM-0.77·min-1, but not allometrically scaled V̇O2peak expressed in 191 

mL·kg BM-0.49·min-1, was associated with cardiometabolic risk among girls. These 192 

relationships in boys and girls were unaltered after additional adjustment for puberty (data not 193 

shown). 194 

3.3 Peak oxygen uptake in identifying children with increased cardiometabolic risk  195 

 196 

In boys, V̇O2peak less than 45.8 mL·kg BM-1·min-1 and V̇O2peak less than 63.2 mL·kg LM-1·min-197 

1 were associated with increased cardiometabolic risk. Allometrically scaled V̇O2peak expressed 198 

in mL·kg BM-0.49·min-1 and in mL·kg LM-0.77·min-1 also differentiated boys with increased 199 

cardiometabolic risk (Table 3).  200 



In girls, V̇O2peak less than 44.1 mL·kg BM-1·min-1 was associated with increased 201 

cardiometabolic risk. However, neither V̇O2peak scaled by LM nor allometrically scaled V̇O2peak 202 

for BM or LM was able to differentiate girls with increased cardiometabolic risk. 203 

3.4 Cardiometabolic risk among children in categories of peak oxygen uptake 204 

 205 

Cardiometabolic risk decreased in a dose-dependent manner with increasing categories of 206 

V̇O2peak expressed in mL·kg BM-1·min-1 among children (p<0.001 for linear trend) (Figure 1). 207 

Moreover, children in the highest category of V̇O2peak expressed in mL·kg LM-1·min-1 also had 208 

a lower cardiometabolic risk than children in other categories of V̇O2peak (Figure 1).  209 

DISCUSSION 210 

We found a strong inverse association between directly measured V̇O2peak scaled by BM and 211 

cardiometabolic risk among boys and girls. V̇O2peak less than 45.8 mL·kg BM-1·min-1 in boys 212 

and 44.1 mL·kg BM-1·min-1 in girls was associated with increased cardiometabolic risk with 213 

moderate sensitivity and specificity. However, the inverse associations of V̇O2peak scaled by 214 

LM or V̇O2peak scaled by BM-0.49 and LM-0.77 derived from log-linear allometric modelling with 215 

cardiometabolic risk were markedly weaker. V̇O2peak less than 63.2 mL·kg LM-1·min-1 was 216 

linked to increased cardiometabolic risk in boys, although sensitivity was poor. Furthermore, 217 

V̇O2peak scaled by allometric methods was able to differentiate boys at increased 218 

cardiometabolic risk with adequate sensitivity but poor specificity. Neither V̇O2peak scaled by 219 

LM nor allometrically scaled V̇O2peak for BM or LM was able to differentiate girls with 220 

increased cardiometabolic risk.  221 

Our results are in agreement with previous findings that CRF measured in exercise test 222 

laboratories or using field tests and scaled by BM using the ratio standard method had a strong 223 

inverse association with cardiometabolic risk in children.10–12 However, the inverse 224 

relationship between CRF scaled by BM and cardiometabolic risk is partly confounded by 225 



adiposity, because CRF divided by BM is a measure of both CRF and body fat content. We 226 

observed that using V̇O2peak scaled by LM or allometric scaling of V̇O2peak for BM or LM 227 

instead of V̇O2peak scaled by BM attenuated the magnitude of the inverse association between 228 

CRF and cardiometabolic risk by 50-75%. These results are in consonance with the observation 229 

that estimated V̇O2peak scaled by BM provided spurious associations with cardiometabolic risk 230 

among children and the view that V̇O2peak scaled allometrically or by fat free mass would be a 231 

better measure to estimate the magnitude of the association between CRF and cardiometabolic 232 

risk.22 Notwithstanding, the measures of CRF scaled by LM may also be influenced by 233 

adiposity because individuals with higher fat mass also have higher LM.44 In the present cross-234 

sectional study, adjusting for puberty had no effect on the relationships between V̇O2peak and 235 

cardiometabolic risk in boys or girls. Therefore, longitudinal studies are needed to clarify the 236 

role of CRF in cardiometabolic health during growth and maturation. It is also important to 237 

note that CRF is strongly influenced by genetic factors45 and some genetic variants have been 238 

reported to modify the relationship between CRF and cardiometabolic risk factors, such as 239 

adiposity, insulin resistance, and elevated blood pressure.45 In our study, genetics may play a 240 

role in the inverse association between CRF controlled for body fat and cardiometabolic risk.46 241 

The cut-point for V̇O2peak of 45.8 mL·kg BM-1·min-1 to identify boys aged 9-11 years at 242 

increased cardiometabolic risk in our study corresponds well with the previously reported cut-243 

point for V̇O2peak of 43.6 mL·kg BM-1·min-1 among boys aged 8-11 years.10 However, the cut-244 

point for V̇O2peak of 44.1 mL·kg BM-1·min-1 to identify girls aged 9-11 years at increased 245 

cardiometabolic risk in our study was notably higher than the cut-point for V̇O2peak of 37.0 246 

mL·kg BM-1·min-1 observed among girls aged 9-10 years in a previous study.15 The reason for 247 

a higher threshold for V̇O2peak among girls in our study than in the earlier study may be that 248 

Finnish girls aged 9-11 years are more fit than girls of the same age in other paediatric 249 

populations. However, Welk and co-workers13 found that the cut-point for estimated V̇O2peak 250 



to identify children aged 10-11 years at increased cardiometabolic risk was 40.2 mL·kg BM-251 

1·min-1 in both sexes. The diversity in cut-points may also be due to the different age ranges of 252 

children because most of the earlier studies have reported pooled data of various age 253 

groups.10,11,14 There is some evidence that the cut-point for V̇O2peak decreases with increasing 254 

age in girls, whereas it remains relatively stable in boys.31 One explanation for this sex 255 

difference may be that body fat content increases more in girls than in boys during maturation 256 

that introduces more confounding by adiposity in the measurement of CRF in girls.47 Another 257 

reason for the array of cut-points for V̇O2peak scaled by BM may be that the prevalence of 258 

overweight has varied among the study populations.13,23 Moreover, different assessments of 259 

CRF and cardiometabolic risk factors and different definitions of increased risk may explain 260 

the incongruence in CRF cut-points among these studies.10–13,17 In consonance with earlier 261 

studies,10,12,15 the prevalence of increased cardiometabolic risk defined by ≥ +1 SD of the 262 

cardiometabolic risk score in our study was 25% among boys and 34% in girls. 263 

We found moderate sensitivity and specificity of the measures of CRF in predicting increased 264 

cardiometabolic risk which corresponds to those of previous studies.10–12,15 Sensitivity for 265 

V̇O2peak scaled by BM was 75% in boys and 69% in girls. This sex difference may be due to a 266 

stronger inverse association between CRF and cardiometabolic risk in boys than in girls.13 267 

Nonetheless, the false positive rate would be too high for screening children with increased 268 

cardiometabolic risk using V̇O2peak scaled by BM. There is a trade-off between false-positive 269 

and false-negative rates. Classification accuracy may lead to the problem of fictitious 270 

interpretation when applying cut-points with a high false positive rate than those with a high 271 

false negative rate. Improving CRF may decrease cardiometabolic risk, however, a large 272 

number of false positive cases would result in failure to correctly identify children at increased 273 

risk, in contrast to recommending increased physical activity to improve CRF in false negative 274 

cases.10 It is important that children are not subject of the social stigma associated with being 275 



erroneously classified as being at increased cardiometabolic risk. In addition, it is better to err 276 

on the side of caution so that children who truly are at increased risk are not deprived of health 277 

care.10 278 

Loftin and co-workers suggested that V̇O2peak should be allometrically scaled for LM due to 279 

the involvement of skeletal muscle in locomotion.29 We found that V̇O2peak scaled by LM had 280 

worse ability to differentiate boys with increased cardiometabolic risk than V̇O2peak scaled by 281 

BM. Neither V̇O2peak scaled allometrically nor V̇O2peak scaled by LM could differentiate girls 282 

with increased cardiometabolic risk. Appropriately scaled CRF resulted in a poor prediction of 283 

cardiometabolic risk; whereas, CRF scaled by BM using the ratio standard method, was a better 284 

predictor of cardiometabolic risk. The reason for this is that CRF scaled by BM combines the 285 

information from these two measures such that both decreased CRF and increased weight 286 

and/or body fat content are associated with increased cardiometabolic risk. Proposing age-287 

specific cut-points for CRF scaled by BM using the ratio standard method offers clear 288 

diagnostic utility in identifying children at increased cardiometabolic risk, which tracks well 289 

from childhood into adulthood.39 There was a linear decrease in cardiometabolic risk with 290 

increasing categories of V̇O2peak scaled by BM. Similarly, children in the highest category of 291 

V̇O2peak scaled by LM had reduced cardiometabolic risk compared to other children. However, 292 

the differences in cardiometabolic risk across the categories of V̇O2peak scaled by LM were 293 

markedly smaller than those of V̇O2peak scaled by BM. 294 

The strengths of this study include a large population sample of children 9-11 years of age, the 295 

direct assessment of V̇O2peak, and the use of V̇O2peak scaled allometrically for BM and LM. Our 296 

study provides a robust threshold for V̇O2peak scaled by BM in these children aged 9-11 years, 297 

however, we cannot extrapolate our findings to other age groups. Our study participants were 298 

Caucasian children, so the cut-points may not be generalised to children of different ethnic 299 

groups. A limitation of the study is its cross-sectional design that does not allow us to arrive at 300 



a conclusion regarding the causality of the association between CRF and cardiometabolic risk. 301 

Therefore, longitudinal studies are warranted in order to investigate whether a decrease in 302 

adiposity-independent measures of CRF is associated with an increase in cardiometabolic risk 303 

over time among children and adolescents. In addition, it would be important to provide 304 

evidence for the effects of growth and maturation on the cut-points for CRF using different 305 

methods to scale CRF for body size and composition. 306 

In conclusion, we found that directly measured V̇O2peak less than 45.8 mL·kg BM-1·min-1 in 307 

boys 9-11 years of age and less than 44.1 mL·kg BM-1·min-1 in girls 9-11 years of age was 308 

associated with increased cardiometabolic risk with moderate sensitivity and specificity. The 309 

association of CRF scaled by BM with cardiometabolic risk was markedly weaker than that of 310 

CRF scaled by LM because scaling by LM reduced the dependence of the measure of CRF on 311 

adiposity. Appropriately controlling for body size and composition reduced the ability of CRF 312 

to identify boys and girls at increased cardiometabolic risk. 313 

5 PERSPECTIVES 314 

 315 

Cardiometabolic risk tracks from childhood into adulthood and the early identification of 316 

individuals at increased risk is essential in developing public health actions targeted at 317 

preventing cardiometabolic diseases. Our results showed that CRF scaled by BM, which is 318 

partly confounded by adiposity, had a strong inverse association with cardiometabolic risk 319 

among children. Appropriately controlling for body size and composition markedly attenuated 320 

the predictive ability of CRF. The strong inverse association between CRF scaled by BM and 321 

cardiometabolic risk suggests that CRF scaled by BM can be used in screening children at 322 

increased cardiometabolic risk. However, children may be erroneously classified as being at 323 

increased risk, which may subject them to social stigma. Hence, there should be cautious 324 



interpretation and utilization of CRF thresholds so that children who truly are at increased 325 

cardiometabolic risk are not deprived of appropriate intervention. 326 

A markedly weakened relationship between CRF and increased cardiometabolic risk when 327 

adiposity was appropriately controlled for raises the question of whether there is an aetiological 328 

link between CRF and cardiometabolic health in children. Hence, longitudinal research is 329 

needed to establish whether decreased CRF, using appropriate scaling methods to control for 330 

body size and composition, increases cardiometabolic risk among children. 331 

Acknowledgements 332 

The authors would like to thank all children and their families who participated in the PANIC 333 

study for the motivation to continue in the prospective study. We also appreciate Merja Atalay, 334 

Panu Karjalainen, Tuula-Riitta Mutanen, Juuso Väistö, and Kirsi Saastamoinen for their 335 

contribution to data collection and management. Part of the results has been presented in the 336 

bi-annual Pediatric Work Physiology meeting, Greece, October 2017. 337 

Financial disclosures 338 

This work has been financially supported by grants from the Ministry of Education and Culture 339 

of Finland, Ministry of Social Affairs and Health of Finland, Research Committee of the 340 

Kuopio University Hospital Catchment Area (State Research Funding), Finnish Innovation 341 

Fund Sitra, Social Insurance Institution of Finland, Finnish Cultural Foundation, Foundation 342 

for Paediatric Research, Diabetes Research Foundation in Finland, Finnish Foundation for 343 

Cardiovascular Research, Juho Vainio Foundation,  Paavo Nurmi Foundation, Yrjö Jahnsson 344 

Foundation, Olvi Foundation, and Urho Känkänen Foundation.  345 

Role of the sponsor 346 



The funding sources had no role in the design and conduct of the study; in the collection, 347 

analysis, and interpretation of the data; or in the preparation, review, or approval of the 348 

manuscript. 349 

REFERENCES  350 

1.  Laitinen TT, Pahkala K, Magnussen CG, et al. Ideal cardiovascular health in childhood 351 

and cardiometabolic outcomes in adulthood: the Cardiovascular Risk in Young Finns 352 

Study. Circulation. 2012;125(16):1971. doi:10.1161/circulationaha.111.073585 353 

2.  Raitakari OT, Juonala M, Kähönen M, et al. Cardiovascular Risk Factors in Childhood 354 

and Carotid Artery Intima-Media Thickness in Adulthood: The Cardiovascular Risk in 355 

Young Finns Study. JAMA. 2003;290(17):2277-2283. doi:10.1001/jama.290.17.2277 356 

3.  Li S, Chen W, Srinivasan SR, et al. Childhood Cardiovascular Risk Factors and 357 

Carotid Vascular Changes in Adulthood: The Bogalusa Heart Study. JAMA. 358 

2003;290(17):2271-2276. doi:10.1001/jama.290.17.2271 359 

4.  Magnussen CG, Koskinen J, Chen W, et al. Paediatric metabolic syndrome predicts 360 

adulthood metabolic syndrome, subclinical atherosclerosis, and type 2 diabetes 361 

mellitus but is no better than body mass index alone: the Bogalusa Heart Study and the 362 

Cardiovascular Risk in Young Finns Study. Circulation. 2010;122(16):1604-1611. 363 

doi:10.1161/circulationaha.110.940809 364 

5.  Ruiz JR, Castro-Piñero J, Artero EG, et al. Predictive validity of health-related fitness 365 

in youth: a systematic review. Br J Sports Med. 2009;43(12):909. 366 

doi:10.1136/bjsm.2008.056499 367 

6.  McMurray RG, Bangdiwala SI, Harrell JS, Amorim LD. Adolescents with metabolic 368 

syndrome have a history of low aerobic fitness and physical activity levels. Dyn Med. 369 



2008;7:5. doi:10.1186/1476-5918-7-5 370 

7.  McMurray RG, Bauman MJ, Harrell JS, Brown S, Bangdiwala SI. Effects of 371 

improvement in aerobic power on resting insulin and glucose concentrations in 372 

children. Eur J Appl Physiol. 2000;81(1-2):132-139. doi:10.1007/PL00013786 373 

8.  Kelly AS, Wetzsteon RJ, Kaiser DR, Steinberger J, Bank AJ, Dengel DR. 374 

Inflammation, insulin, and endothelial function in overweight children and 375 

adolescents: the role of exercise. J Pediatr. 2004;145(6):731-736. 376 

doi:10.1016/j.jpeds.2004.08.004 377 

9.  Ortega FB, Ruiz JR, Castillo MJ, Sjöström M. Physical fitness in childhood and 378 

adolescence: a powerful marker of health. Int J Obes. 2008;32(1):1-11. 379 

doi:10.1038/sj.ijo.0803774 380 

10.  Adegboye ARA, Anderssen SA, Froberg K, et al. Recommended aerobic fitness level 381 

for metabolic health in children and adolescents: a study of diagnostic accuracy. Br J 382 

Sports Med. 2011;45(9):722-728. doi:10.1136/bjsm.2009.068346 383 

11.  Ruiz JR, Cavero-Redondo I, Ortega FB, Welk GJ, Andersen LB, Martinez-Vizcaino 384 

V. Cardiorespiratory fitness cut points to avoid cardiovascular disease risk in children 385 

and adolescents; what level of fitness should raise a red flag? A systematic review and 386 

meta-analysis. Br J Sports Med. 2016;50(23):1451-1458. doi:10.1136/bjsports-2015-387 

095903 388 

12.  Lobelo F, Pate RR, Dowda M, Liese AD, Ruiz JR. Validity of cardiorespiratory fitness 389 

criterion-referenced standards for adolescents. Med Sci Sports Exerc. 2009;41(6):1222. 390 

http://www.ncbi.nlm.nih.gov/pubmed/19461545. 391 

13.  Welk GJ, Laurson KR, Eisenmann JC, Cureton KJ. Development of youth aerobic-392 



capacity standards using receiver operating characteristic curves. Am J Prev Med. 393 

2011;41(4 suppl. 2). doi:10.1016/j.amepre.2011.07.003 394 

14.  Lang JJ, Tremblay MS, Ortega FB, Ruiz JR, Tomkinson GR. Review of criterion-395 

referenced standards for cardiorespiratory fitness: what percentage of 1 142 026 396 

international children and youth are apparently healthy? Br J Sports Med. 397 

2017:bjsports-2016-096955. doi:10.1136/bjsports-2016-096955 398 

15.  Ruiz JR, Ortega FB, Rizzo NS, et al. High cardiovascular fitness is associated with low 399 

metabolic risk score in children: the European Youth Heart Study. Pediatr Res. 400 

2007;61(3):350-355. doi:10.1203/pdr.0b013e318030d1bd 401 

16.  Mesa JL, Ruiz JR, Ortega FB, et al. Aerobic physical fitness in relation to blood lipids 402 

and fasting glycaemia in adolescents: Influence of weight status. Nutr Metab 403 

Cardiovasc Dis. 2006;16(4):285-293. doi:10.1016/j.numecd.2006.02.003 404 

17.  Moreira C, Santos R, Ruiz JR, et al. Comparison of different VO2max equations in the 405 

ability to discriminate the metabolic risk in Portuguese adolescents. J Sci Med Sport. 406 

2011;14(1):79-84. doi:10.1016/j.jsams.2010.07.003 407 

18.  Cureton KJ, Plowman SA, Mahar MT. FITNESSGRAM /ACTIVITYGRAM Reference 408 

Guide (4th Edition).; 2013. doi:10.1055/s-0033-1334967 409 

19.  Ruiz JR, Silva G, Oliveira N, Ribeiro JC, Oliveira JF, Mota J. Criterion-related 410 

validity of the 20-m shuttle run test in youths aged 13-19 years. J Sports Sci. 411 

2009;27(9):899-906. doi:10.1080/02640410902902835 412 

20.  Shaibi GQ, Cruz ML, Ball GDC, et al. Cardiovascular fitness and the metabolic 413 

syndrome in overweight latino youths. Med Sci Sports Exerc. 2005;37(6):922. 414 

http://www.ncbi.nlm.nih.gov/pubmed/15947715. 415 



21.  Ahn B, McMurray R, Harrell J. Scaling of VO2max and its relationship with insulin 416 

resistance in children. Pediatr Exerc Sci. 2013;25(1):43. 417 

http://www.ncbi.nlm.nih.gov/pubmed/23406706. 418 

22.  McMurray RG, Hosick PA, Bugge A. Importance of proper scaling of aerobic power 419 

when relating to cardiometabolic risk factors in children. Ann Hum Biol. 420 

2011;38(5):647-654. doi:10.3109/03014460.2011.598561 421 

23.  Loftin M, Sothern M, Trosclair L, O’Hanlon A, Miller J, Udall J. Scaling VO(2) peak 422 

in obese and non-obese girls. Obes Res. 2001;9(5):290-296. doi:10.1038/oby.2001.36 423 

24.  Dencker M, Wollmer P, Karlsson MK, Lindén C, Andersen LB, Thorsson O. Body fat, 424 

abdominal fat and body fat distribution related to VO2peak in young children. Int J 425 

Pediatr Obes. 2011;6(2-2):e597-e602. doi:10.3109/17477166.2010.526612 426 

25.  Ondrak KS, McMurray RG, Bangdiwala SI, Harrell JS. Influence of Aerobic Power 427 

and Percent Body Fat on Cardiovascular Disease Risk in Youth. J Adolesc Heal. 428 

2007;41(2):146-152. doi:10.1016/j.jadohealth.2007.03.008 429 

26.  Nevill AM, Bate S, Holder RL. Modeling physiological and anthropometric variables 430 

known to vary with body size and other confounding variables. Yearb Phys Anthropol. 431 

2005;48:141-153. doi:10.1002/ajpa.20356 432 

27.  Nevill AM, Ramsbottom R, Williams C. Scaling physiological measurements for 433 

individuals of different body size. Eur J Appl Physiol Occup Physiol. 1992;65(2):110-434 

117. doi:10.1007/BF00705066 435 

28.  Welsman JR, Armstrong N, Nevill  a M, Winter EM, Kirby BJ. Scaling peak VO2 for 436 

differences in body size. Med Sci Sports Exerc. 1996;28(2):259-265. 437 

doi:10.1097/00005768-199602000-00016 438 



29.  Loftin M, Sothern M, Abe T, Bonis M. Expression of VO2peak in Children and 439 

Youth, with Special Reference to Allometric Scaling. Sport Med. 2016;46(10):1451-440 

1460. doi:10.1007/s40279-016-0536-7 441 

30.  Lintu N, Viitasalo A, Tompuri T, et al. Cardiorespiratory fitness, respiratory function 442 

and hemodynamic responses to maximal cycle ergometer exercise test in girls and 443 

boys aged 9–11 years: the PANIC Study. Eur J Appl Physiol. 2015;115(2):235-243. 444 

doi:10.1007/s00421-014-3013-8 445 

31.  Armstrong N, Welsman JR. Assessment and interpretation of aerobic fitness in 446 

children and adolescents. Exerc Sport Sci Rev. 1994;22:435-476. 447 

32.  Väistö J, Eloranta A-M, Viitasalo A, et al. Physical activity and sedentary behaviour in 448 

relation to cardiometabolic risk in children: cross-sectional findings from the Physical 449 

Activity and Nutrition in Children (PANIC) Study. Int J Behav Nutr Phys Act. 450 

2014;11(1):55. doi:10.1186/1479-5868-11-55 451 

33.  Saari A, Sankilampi U, Hannila M-L, Kiviniemi V, Kesseli K, Dunkel L. New Finnish 452 

growth references for children and adolescents aged 0 to 20 years: Length/height-for-453 

age, weight-for-length/height, and body mass index-for-age. Ann Med. 454 

2011;43(3):235-248. doi:10.3109/07853890.2010.515603 455 

34.  Tompuri TT, Lakka TA, Hakulinen M, et al. Assessment of body composition by 456 

dual‐ energy X‐ ray absorptiometry, bioimpedance analysis and anthropometrics in 457 

children: the Physical Activity and Nutrition in Children study. Clin Physiol Funct 458 

Imaging. 2015;35(1):21-33. doi:10.1111/cpf.12118 459 

35.  Ågren JJ, Hallikainen M, Vidgren H, Miettinen TA, Gylling H. Postprandial lipemic 460 

response and lipoprotein composition in subjects with low or high cholesterol 461 

absorption efficiency. Clin Chim Acta. 2006;366(1):309-315. 462 



doi:10.1016/j.cca.2005.11.006 463 

36.  Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in girls. Arch 464 

Dis Child. 1969;44:291–303. PubMed PMID: 5785179 465 

37.  Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. Arch 466 

Dis Child. 1970;45(239):13-23. doi:10.1136/adc.45.239.13 467 

38.  Ekelund U, Anderssen SA, Froberg K, Sardinha LB, Andersen LB, Brage S. 468 

Independent associations of physical activity and cardiorespiratory fitness with 469 

metabolic risk factors in children: The European youth heart study. Diabetologia. 470 

2007;50(9):1832-1840. doi:10.1007/s00125-007-0762-5 471 

39.  Koskinen J, Magnussen CG, Sinaiko A, et al. Childhood age and associations between 472 

childhood metabolic syndrome and adult risk for metabolic syndrome, type 2 diabetes 473 

mellitus and carotid intima media thickness: The international childhood 474 

cardiovascular cohort consortium. J Am Heart Assoc. 2017;6(8). 475 

doi:10.1161/jaha.117.005632 476 

40.  Andersen LB, Wedderkopp N, Hansen HS, Cooper AR, Froberg K. Biological 477 

cardiovascular risk factors cluster in Danish children and adolescents: the European 478 

youth heart study. Prev Med (Baltim). 2003;37:363-367. doi:10.1016/S0091-479 

7435(03)00145-2 480 

41.  Resaland GK, Aadland E, Nilsen AKO, Bartholomew JB, Andersen LB, Anderssen 481 

SA. The effect of a two year school-based daily physical activity intervention on a 482 

clustered CVD risk factor score - The Sogndal school-intervention study. Scand J Med 483 

Sci Sports. 2017. doi:10.1111/sms.12955 484 

42.  Andersen LB, Sardinha L, Froberg K, Riddoch CJ, Page AS, Anderssen SA. Fitness, 485 



fatness and clustering of cardiovascular risk factors in children from Denmark, Estonia 486 

and Portugal: The European Youth Heart Study. Int J Pediatr Obes. 487 

2008;3(SUPPL.1):58-66. doi:10.1080/17477160801896366 488 

43.  Tolfrey K, Barker A, Thom JM, Morse CI, Narici MV, Batterham AM. Scaling of 489 

maximal oxygen uptake by lower leg muscle volume in boys and men. J Appl Physiol. 490 

2006;100(6):1851-1856. doi:10.1152/japplphysiol.01213.2005 491 

44.  Toth MJ, Goran MI, Ades PA, Howard DB, Poehlman ET. Examination of data 492 

normalization procedures for expressing peak VO2 data. J Appl Physiol. 493 

1993;75(5):2288-2292. http://www.ncbi.nlm.nih.gov/pubmed/7695668. 494 

45.  Bray MS, Hagberg JM, Pérusse L, et al. The human gene map for performance and 495 

health-related fitness phenotypes: The 2006-2007 update. Med Sci Sports Exerc. 496 

2009;41(1):34-72. doi:10.1249/MSS.0b013e3181844179 497 

46.  Maes HHM, Beunen GP, Vlietinck RF, et al. Inheritance of physical fitness in 10-yr-498 

old twins and their parents. Med Sci Sports Exerc. 1996;28(12):1479-1491. 499 

doi:10.1097/00005768-199612000-00007 500 

47.  Armstrong N, Welsman JR, Nevill  a M, Kirby BJ. Modeling growth and maturation 501 

changes in peak oxygen uptake in 11-13 yr olds. J Appl Physiol. 1999;87(6):2230-502 

2236. doi:10.1152/jappl.1999.87.6.2230 503 

 504 

 505 

 506 

 507 



 508 

Figure 1: Differences in cardiometabolic risk score according to sex-specific V̇O2peak 509 

distribution using analysis of covariance (ANCOVA) with Sidak correction, adjusted for age 510 

and study group 511 

 512 

 513 

 514 



Table 1. Characteristics of 352 children  515 

 Boys 

(n=186) 

Girls 

(n=166) 

P for 

difference 

Age (y) 9.8 (0.5) 9.8 (0.4) 0.696 

Body height (cm) 141.5 (6.0) 140.4 (6.6) 0.127 

Body weight (kg) 34.3 (9.7)* 33.1 (9.6)* 0.248 

Clinical Puberty (%)† 15.1 37.7 <0.001 

Overweight and obesity (%) 19.9 18.7 0.773 

Waist circumference (cm) 61.7 (9.1)* 59.4 (9.5)* 0.012 

Body fat mass (kg) 5.5 (5.6)* 6.1 (5.8)* 0.009 

Body fat percentage (%) 15.9 (11.1)* 18.3 (11.0)* <0.001 

Lean body mass (kg) 27.0 (3.6) 25.3 (3.5) <0.001 

Serum insulin (pmol/L) 4.9 (3.9)* 6.1 (4.4)* <0.001 

Plasma glucose (mmol/L) 5.0 (0.3)* 4.9 (0.4)* <0.001 

Plasma HDL cholesterol (mmol/L) 1.7 (0.3) 1.6 (0.3) 0.040 

Plasma triglycerides (mmol/L) 0.6 (0.3)* 0.5 (0.3)* 0.916 

Systolic Blood Pressure (mm Hg) 100.0 (8.0) 101.0 (7.0) 0.795 

Diastolic Blood Pressure (mm Hg) 61.2 (7.5) 61.4 (7.7) 0.830 

Peak heart rate (beats/min) 198.8 (8.7) 200.1 (8.6) 0.167 

Peak Respiratory exchange ratio 1.1 (0.1) 1.1 (0.1) <0.001 

V̇O2peak (mL·kg BM-1·min-1) 52.0 (7.0) 46.3 (6.9) <0.001 

V̇O2peak (mL·kg LM-1·min-1) 66.7 (6.5) 61.9 (6.5) <0.001 

V̇O2peak (mL·kg BM-0.49·min-1) 314.0 (37.0) 277.0 (33.0) <0.001 

V̇O2peak (mL·kg LM-0.77·min-1) 224.0 (21.0) 207.0 (21.0) <0.001 



Cardiometabolic risk score 0.18 (3.6) 0.13 (3.5) 0.878 

The values are means (standard deviations) from the Student’s t-test for normally distributed 516 

variables, medians (interquartile ranges) from the Mann–Whitney U test for variables with 517 

skewed distributions*, or percentages from the Chi-square test for categorical variables.  518 

BM, body mass; HDL, high density lipoprotein; LM, lean body mass; V̇O2peak; peak oxygen 519 

uptake.  520 

†Boys were defined having entered clinical puberty if their testicular volume assessed by an 521 

orchidometer was ≥4 mL (Tanner stage ≥2).37 Girls were defined having entered clinical 522 

puberty if their breast development had started (Tanner stage ≥2).36 523 
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 533 

 534 



Table 2. Associations of peak oxygen uptake with cardiometabolic risk score in boys and 

girls 

         Boys (n=186)       Girls (n=166) 

 β p β p 

V̇O2peak (mL·min-1) 0.229 0.002 0.356 <0.001 

V̇O2peak (mL·kg BM-1·min-1) -0.577 <0.001 -0.484 <0.001 

V̇O2peak (mL·kg LM-1·min-1) -0.252 0.001 -0.245 0.001 

V̇O2peak (mL·kg BM-0.49·min-1) -0.261 <0.001 -0.123 0.127 

V̇O2peak (mL·kg LM-0.77·min-1) -0.185 0.012 -0.166 0.036 

The values are standardised regression coefficients and p-values from linear regression models 535 

adjusted for age and the study group. 536 

 537 
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 544 

 545 



Table 3. Receiver operating characteristics curve analyses to predict increased cardiometabolic risk in boys and girls. 546 

                                           Boys (n=186)                                                       Girls (n=166) 

 Cut-points Sensitivity Specificity AUC 95% CI p-value Cut-points Sensitivity Specificity AUC 95% CI p-value 

V̇O2peak (mL·kg BM-1·min-1) < 45.8 75.0 85.4 0.86 0.80 - 0.90 < 0.001 44.1 69.6 69.2 0.69 0.59 - 0.74 0.013 

V̇O2peak (mL·kg LM-1·min-1) < 63.2 50.0 76.6 0.65 0.58 - 0.72 0.006 *   0.57 0.49 - 0.65 0.332 

V̇O2peak (mL·kg BM-0.49·min-1) ** 78.6 55.0 0.66 0.59 - 0.73 0.027 *   0.50 0.42 - 0.58 0.977 

V̇O2peak (mL·kg LM-0.77·min-1) ** 75.0 46.8 0.61 0.54 - 0.68 0.047 *   0.53 0.45 - 0.61 0.633 

AUC, area under the curve; CI, confidence interval; 547 

*Scaled V̇O2peak could not differentiate girls with cardiometabolic risk. 548 

**Cut-points were not provided because they would depend on the scaling exponent that are specific to our study population. 549 


