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Abstract

:

Adolescent obesity persists as a major concern, especially in Central and Eastern Europe, yet evidence gaps exist regarding the pivotal early adolescent years. Our objective was to provide a comprehensive picture using a holistic approach of measured anthropometry in early adolescence, including body composition, cardiorespiratory fitness (CRF), and reported lifestyle characteristics. We aimed to elucidate potential sex/gender differences throughout and associations to biomarkers of disease risk for obese adolescents. Methods: Trained nurses measured 19,634 early adolescents (12–14-year-olds), we collected parental reports, and, for obese adolescents, fasting blood samples in four major Polish cities using a cross-sectional developmental design. Results: 24.7% boys and 18.6% girls were overweight/obese, and 2886 had BMI ≥ 90th percentile. With increasing age, there was greater risk of obesity among boys (p for trend = 0.001) and a decreasing risk of thinness for girls (p for trend = 0.01). Contrary to debate, we found BMI (continuous) was a useful indicator of measured fat mass (FM). There were 38.6% with CRF in the range of poor/very poor and was accounted for primarily by FM in boys, rather than BMI, and systolic blood pressure in girls. Boys, in comparison to girls, engaged more in sports (t = 127.26, p < 0.0001) and consumed more fast food (t = 188.57, p < 0.0001) and sugar-sweetened beverages (167.46, p < 0.0001). Uric acid, a potential marker for prediabetes, was strongly related to BMI in the obese subsample for both boys and girls. Obese girls showed signs of undernutrition. Conclusion: these findings show that overweight/obesity is by far a larger public health problem than thinness in early adolescence and is characterized differentially by sex/gender. Moreover, poor CRF in this age, which may contribute to life course obesity and disease, highlights the need for integrated and personalized intervention strategies taking sex/gender into account.
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1. Introduction


Health in Central and Eastern Europe (CEE) lags behind that of the West [1,2,3,4], especially for noncommunicable diseases (NCD) [5,6]. Obesity, a major risk factor for NCDs [7] is particularly problematic in Poland [8,9,10,11] though, based on limited data, some improvements have been noted only among boys [11,12]. The United Nation’s Global Strategy targets adolescence [13] as a time to identify vulnerabilities before health risks become entrenched. However, the upward trend in diabetes [7], may leave adolescents, the next generation of soon-to-be adults, facing risk factors and a health gap similar to those of their parents’.



The clinical utility of linking adolescent body mass index (BMI) with adult BMI and disease [14] is hampered because adolescence is defined using very wide age ranges (e.g., 10–24 years) [15]. Early adolescence is marked by rapid growth [16], peak height velocity, and accelerated gains in fat and muscle mass [17]. This period may thus be decisive, as percentage fat mass (FM) and fat-free mass (FFM) show differential associations with NCD risk in adults [18]. Energy balance behaviors need to be considered [19,20]. Because early adolescence is generally less studied and developmentally critical, there is a need to focus on this period, deemed as the second opportunity to set a healthy trajectory for the lifespan [15,21], with a more holistic approach.



This study sets out to provide a systematic and comprehensive picture of anthropometry that covers the spectrum from underweight to obesity among early adolescents aged 12–14 years. Using data from a large-scale screening program for future diabetes prevention, “PoZdro!”, we obtained anthropometric measurements (weight, height, and waist and hip girths), body composition (FM and FFM), and cardiorespiratory fitness (CRF), along with parental reports of lifestyle including consumption of low-nutrient foods for nearly 20,000 pupils. The aim was to characterize the prevalence of adolescent risk factors and examine sex-specific patterns. Specifically, we aimed to clarify the utility of BMI classifications as reflecting FM/FFM and to identify factors associated with CRF in this age group, including lifestyle behaviors. For obese adolescents, we provided a sex-specific analysis of biomarkers of cardiometabolic disease and assessment of the double burden of obesity, i.e., simultaneous undernutrition.




2. Materials and Methods


2.1. Study Population


Eligibility was set at ages from 12 to <14.5 years, Polish-speaking families, in Gdynia, Warsaw, Lublin, and Wrocław between 2014 and 2017 when all schools were sampled. Recruitment took place in schools during general information assembly to which all pupils in lower secondary grades were invited with their parents. Participation was voluntary and not compensated. Data cover clinical examinations conducted by trained research nurses in the schools and a parental questionnaire using a cross-sectional developmental design. The Medical University of Gdańsk Institutional Review Board approved the study. We followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting guideline (see Supplementary Table S1).




2.2. Anthropometric Measures and Body Composition


The Tanita Bioimpedance SC240 scale was used to measure weight, FM, and FFM via foot-to-foot bioelectrical impedance while the adolescent had bare feet and light clothing (underwear or physical education uniform). This scale has shown acceptable correspondence to estimated percent body fat in young adolescents as compared to dual-energy X-ray absorptiometry [22]. It is a validated three-compartmental device. The measure of fat-free mass that we report includes water and excludes bone mineral mass. Height was measured with a Mechanical Child and Adult Height Monitor Seca accurate to 1 mm. BMI (kg/m2) was used as a continuous variable or classified according to the sex and age-specific cut-offs proposed by the International Obesity Task Force (IOTF) for females/males using six-month age bands [23]. Using a standardized tape measure, waist and hip girths (mm) were taken; the mean of two valid measurements was used. We calculated waist–hip ratio (WHR) and waist-to-height ratio (WHtR) in cm, as measures of central adiposity.




2.3. Cardiorespiratory Measures


The average of three blood pressure readings using an Omron M3 blood pressure monitor and an Omron cuff (32–42 cm) while at rest at one-minute intervals was used.



CRF, an index of metabolic and cardiovascular profile, was assessed using the 3 min Step Test [24] which has been found to strongly correlate with VO2max and have excellent discriminative validity in a pediatric population [25]. Participants step up and down on a 30.5 cm step at an established rhythm set of 24 steps per minute using a digital metronome KORG Micrometro. Heart rates (HR) are monitored prior to the test, during the 3 min of exercise load (step-test), immediately after, and one minute post [24] using the electronic analyzer, TM 100 Pro Tech Med Heart Rate Monitor. Post-effort HR values were analyzed and recorded for one minute. Scores were automatically generated based on the arithmetic mean of HR following Jacks et al. formula [26] to categorize CRF as very poor, poor, satisfactory, good, very good, or excellent.




2.4. Blood Sampling for Adolescents with BMI ≥ 90th Percentile


Overnight fasting blood samples were collected in the morning and stored at –70 °C until analyzed for key metabolic biomarkers all used as continuous variables: fasting serum glucose, triglycerides (TG), high-density (HDL) and low-density lipoprotein cholesterol (LDL), total cholesterol, and uric acid (UA) for obese adolescents. To assess the double burden of obesity and undernutrition, we examined hemoglobin and mean corpuscular hemoglobin concentration (MCHC) as indices of iron. The MCHC measures the amount of hemoglobin adjusted for the effect of cell size. We used MCHC as an index of iron availability in relation to potential anemia or iron deficiency [27]. Iron deficiency is associated with long-term inadequate iron intake and poor iron absorption or utilization, and may result in anemia [28].




2.5. Parental Questionnaire


All parents reported adolescent lifestyle behaviors using a questionnaire designed for this study to give a rapid overview of health and health-related behaviors. An index of high junk food consumption was computed as consumption ≥3 times per week of junk food snacks, fast food, and sugar-sweetened beverages. Parents reported the number of hours spent on active sport per week in addition to school physical education and hours per day using a screen device, e.g., computer/TV.



The family obesogenic environment was assessed by parental report of height and weight converted into BMI. Parents reported whether they believed family members were overweight/obese as yes/no. Parents indicated whether they perceived the adolescent as severely underweight, underweight, normal, overweight, or obese. Parents rated their perception of the adolescent’s health (very good, good, satisfactory, poor, “I don’t know”). To assess the extent that parents had insight into their adolescent’s health behaviors, we created a dummy variable where all “I don’t know” or missing responses were coded as 0 and an answer coded as 1 and summed (range 0–10).



Maternal and paternal education were dichotomized as primary, vocational, secondary (coded as 1) and any post-secondary or higher education as 2. We used parental education as covariates.




2.6. Statistical Analyses


All analyses were stratified by sex, as our aim was to study sexual dimorphism which is fundamental in early adolescence. We used R version 4.1.0 with an a priori level of significance set at p < 0.05 (two-sided) and 95% confidence intervals (CI). We examined differences between groups by t-test or Wald χ2 and χ2 goodness of fit using equal proportions as the expected values. We used Cochran Armitage Test to test trends across 6-month age groups. Multiple regression analyses were used to examine associations while adjusting for age, city, and maternal education (paternal education was excluded due to missingness). Alternate models were tested using either BMI vs. IOTF BMI and FM vs. FFM. Potential multicollinearity was assessed via pairwise Pearson, Spearman, or Point Biserial correlation coefficients. Only variables with the strongest associations were selected for modelling FM/FFM. Backward selection was used in multiple regression analysis to identify the impact of variables in the prediction of CRF. Correlations and multiple regression were used to evaluate family and lifestyle factors. Missing values were pairwise deleted. Biomarkers with skewed distributions were log transformed prior to analyses.





3. Results


3.1. Sample Description


We analyzed valid data from 19,634 adolescents (Table 1) of whom 2886 (14.7%) had BMI ≥ 90th percentile. The population of adolescents in the first years of secondary school was 31,939, however due to changes in school entrance ages during data collection, not all were eligible. Proportions of males to females did not differ within cities (Table 1). Most parents’ education was beyond secondary school (mothers 57.4%; fathers 44.1%), paternal education did not differ by city (χ2 = 7.322, p = 0.062) however, maternal education was highest in the capital Warsaw (χ2 = 11.68, p = 0.008). The distribution of IOTF BMI differed by city (χ2 = 32.037, p = 0.006) such that the prevalence of overweight and obesity was the lowest in Wrocław and the highest in Lublin. Parents’ perception of adolescent health did not differ by city (χ2 = 3.937, df = 3, p = 0.27).




3.2. Sex Differences in Adiposity


We present a graphic analysis of IOTF BMI distributions by age and sex in Figure 1a. This analysis was intended to identify sex and age differences. Both boys and girls showed a pattern of increasing prevalence of high BMI with age. There were no boys in the morbid obese category at age 12 as compared to 1.7% at age 14 when 26.2% were overweight/obese. Trend test showed a significant increase in morbid obesity among boys with age (p = 0.001). For girls, the trend test was nonsignificant; a total of 17.2% were overweight, obese, or morbidly obese (0.6%) at age 12, compared to 17.6% and 1.1%, respectively, by age 14. There was a similar albeit downward and nonsignificant trend in prevalence of thinness in boys, but for girls, the trend test showed a significant decrease in prevalence of thinness with increasing age (p = 0.01). For both sexes and across ages, the prevalence of overweight and obesity was nearly or more than double that of thinness.



Figure 1b shows the distribution of body composition as total FM/FFM (exclusive of bone mineral mass) across ages for each sex within the IOTF BMI categories. For boys, FM at every IOTF BMI category was lower than that for girls. FM across the IOTF BMI categories in girls was relatively stable across age with the thinnest girls having 6.2–7.1% FM at ages 12 and 14, respectively, which contrasted with 36.7 and 39.4% among 12 and 14-year-old girls in the obese category.



To identify anthropometric measures that adequately capture adiposity, we first examined the magnitude of the associations between FM and BMI (r = 0.77, CI: 0.76–−0.77) vs. IOTF BMI (r = 0.61, CI: 0.60–−0.61) and WHtR (r = −0.69, CI: −0.70–−0.68) vs. (WHR: r = 0.29, CI: 0.28–−0.31). We tested relative predictive value of BMI versus IOTF BMI on FM alternatively FFM and included WHtR, adjusting for age, maternal education, and city. Table 2 shows that relative to IOTF BMI the models using BMI were superior in predicting both FM and FFM as indicated by percent of variance explained and root mean squared error (RSME) for both boys and girls.




3.3. CRF


Our aim was to understand the contemporaneous variables related to CRF. By using backward selection multiple regression analysis, we examined the best predictors of CRF from anthropometric measures (BMI, WHtR, FM, or FFM), lifestyle factors (sports, sedentary behavior, and junk food), and adjusted for age, maternal education, and city. Table 3 shows that models using either FM or FFM were relatively equal according to RSME. CRF for boys was best predicted by FM/FFM, followed by sports activity, with BMI having a lesser impact for both sexes. Systolic blood pressure was the best predictor for girls. Despite girls having greater FM than boys, they were more likely to have better CRF scores (Table 1).




3.4. Lifestyle and Family


Our objective was to assess sex differences in obesogenic lifestyle and family environment.



Table 1 shows that boys had higher consumption of fast food, sugar-sweetened beverages, and sedentary time. Nonetheless, boys spent more time in active sports than girls.



We examined the potential transgenerational impact of obesity and found a positive association between the number of relatives who were overweight/obese (36.4% reported at least one relative) and adolescent BMI (rho = 0.24, CI: 0.23–−0.26). The sex-specific cross-correlations between adolescent and parental BMI did not indicate sex-specific parent-of-origin associations (r’s = 0.22–0.30; overlapping CIs). Most parents’ (85.9%) perceptions were accurate, i.e., matched measured adolescent IOTF BMI. However, 1140 parents (6.48%) underestimated true adolescent overweight and obesity, while 1340 (7.62%) wrongly believed their underweight adolescent had normal weight (daughters: 8.67%; sons: 6.51%). We explored whether parental BMI influenced their perceptions and found that both maternal and paternal overweight/obesity was associated with an underestimate of adolescent BMI (χ2 = 6.34, p < 0.05). We hypothesized that lack of parental insight regarding adolescent lifestyle behaviors would be associated with adolescent obesity. Results of MANOVA (entering adolescent, maternal, and paternal BMI) showed that significant lack of insight was best predicted by adolescent BMI for both sexes, and additionally for girls by paternal obesity. In other words, parents were more likely to lack insight when adolescents were overweight/obese.




3.5. Biomarkers of Disease Risk


We were interested in identifying the degree to which anthropometric measures (BMI, FM, and WHtR) were associated with cardiometabolic and iron biomarkers among the subsample of adolescents at ≥90th percentile BMI stratified by sex and adjusting for age, maternal education, and city. Table 4 shows a sex-specific pattern with boys showing more signs of disease risk than girls. There was little or no evidence of FM or central obesity being associated with a biomarker. Instead, BMI was largely associated with the biomarkers, especially UA. MCHC was negatively associated with higher BMI only in girls, indicating potential double burden of obesity and undernutrition.





4. Discussion


We examined anthropometry, body composition, CRF, and family factors inclusive of junk food consumption for nearly 20,000 12–14-year-olds and additionally biomarkers of disease risk in the sub-sample of nearly 3000 obese early adolescents. Previous research has clumped wide age ranges together [12,29,30]. leaving a gap in understanding for the period of early adolescence, which is pivotal from both biological and psychosocial perspectives. Our findings showed clear sex differences across the spectrum of underweight to obesity and suggested that overall boys were less healthy than girls.



Our results showed that the prevalence of overweight/obesity was two-fold higher than that of underweight, already surpassing the 2030 predictions for child and adolescent obesity [31]. The use of BMI in studies of children and adolescents is disputed because of concerns that it may not accurately reflect adiposity—the true risk factor for disease [32,33,34]—nor differentiate between FM and FFM [32,35,36,37,38]. We directly compared models of BMI and IOTF BMI in relation to FM and FFM and found that they were comparable. BMI (on a continuous scale) explained a slightly greater portion of variance in both FM and FFM. Together with WHtR, the models explained as much as 89% of the variance in FM and FFM, thus highlighting the utility of BMI and WHtR for both clinical screening and in epidemiological studies.



CRF is supposedly a direct consequence of BMI and physical activity [39]. Instead, we found that FM or FFM made marked impacts on CRF, especially for boys. The order of factors differed in a sex-specific manner. Physical activity and FM/FFM were important for CRF in boys, presumably because they were more physically active, while girls, congruent with previous studies [40,41], were more sedentary. These results suggest that increasing sports activity should be targeted to improve CRF with additional benefit for obesity, especially for girls to counteract the social tendency towards sedentary behavior, though junk food consumption did not associate with CRF in either sex. Most recommendations include 60 minutes of daily moderate-to-vigorous physical activity for adolescents [42], but we found that approximately 1/3 and 1/5 of boys and girls, respectively, met this goal. We found using a valid measure of CRF that an alarmingly high prevalence (nearly 40%) of adolescents scored poor or very poor, which suggests that a large portion of adolescents will probably not engage in sports due to feeling exhausted. Consequently, poor CRF at this stage in life can set a trajectory of sedentary behavior and obesity.



Shared genetic determinants between offspring and parental BMI are to be expected [43], as are family factors. Our intention was to explore parents’ perceptions and own BMI. We added to previous findings that parents are likely to underestimate obesity [44] by showing that parents’ own high BMI contributed to underestimating adolescents’ true weight, suggesting that overweight/obesity may go unrecognized particularly in these families. Conversely, normal-weight girls were more likely than boys to be perceived as overweight, suggesting that parents hold an ideal for female beauty as slim and may predispose girls to depressive symptoms [45]. Indeed, parents have been found to tease their youngsters for overweight [46]. Lack of parental insight, which is related to strained family functioning and adolescent risk-taking behavior [47,48], was associated with adolescent overweight/obesity. These finding underlines the need to include families in interventions.



We investigated biomarkers of risk for cardiometabolic disease and iron deficiency in obese adolescents. We found that central adiposity and FM were not related in a meaningful way to the biomarkers. Contrariwise, BMI explained a small yet significant amount of variance in most biomarkers that have been previously reported for adults [49]. UA, the end-product of purine metabolism, was recently confirmed in a sample of 5–17-year-olds (without differentiating ages) as a risk factor for prediabetes [50]. We extended those findings by showing sex-specific associations among early adolescents that point to girls, who we found carry more fat mass, as being more vulnerable to prediabetes, though in neither sex was fasting glucose associated. Obese girls, according to MCHC, had low iron, which has ramifications not only for vitality, but also for growth and development. It is worth noting that substantial variance was accounted for by city of residence, which suggests socioenvironmental inequalities play a role in obesity [51].



The cities were selected to represent a cross-section of urban centers covering the four cardinal points: Gydnia on the north coast (population = 244,969), Lublin, southeast (population = 338,586), Wrocław, southwest (population = 641,928), and Warsaw, the capital in the center of Poland (population = 1.8 million). The cities are diverse with respect to within-city income inequalities as reflected by large Gini coefficients (Lublin = 0.52; Gydnia = 0.54, Wrocław = 0.54, Warsaw = 0.57) [52], and according to the index of deprivation, the greatest risk of deprivation is in Lublin, which ranks in the highest tier, while the other three cities are in the lowest [52]. Nonetheless, we found no differences regarding paternal education or parental perceptions of adolescent health. Though all analyses were adjusted for city of residence, this does not fully adjust for residual confounding and merits further study. There are many reasons behind the health of a city, including availability of health services, pollution, availability of nutritious and junk food, walkability, safety, deprivation, etc. These are topics worth delving into in studies specifically designed to look at these questions and are beyond the scope of the present investigation.



Intense sociopolitical changes in Poland have been reflected at par by fluctuations in child and adolescent BMI [53,54] and accelerated pubertal timing [10]. These secular trends in higher standard of living, also observed in CEE [55], are likely to be underpinned by societal norms towards sedentary lifestyle and caloric-rich or ready-made processed foods [3,9]. Our results confirm a preference for junk food by boys. Our results provide inferences for emerging economies that are likely to experience problems with obesity, especially in children/adolescents [56,57], and mounting healthcare costs that follow.



Previous studies provide conflicting evidence on whether prevalence of obesity differs by sex in children and adolescents [58,59,60,61,62]. We reported higher prevalence of overweight/obesity in boys as compared to that in girls, though girls, at every age group, carried between 10–14% more fat mass than boys of the same BMI. FM accretion in girls is not only driven by hormonal differences, but also by lifestyle, which can result in gender-specific associations with energy metabolism. The early adolescent growth spurt is one of the most rapid periods of development, and so perturbations may have lasting health and developmental consequences [63,64,65]. Adolescent obesity is related to neurodevelopmental problems [66,67] which can lead to risk-taking behavior and may have an impact on intergenerational obesity. Polish mothers are among the youngest in Europe [68], thus it is conceivable that obese adolescent girls will enter pregnancy overweight/obese and pose risk to their offspring for neurobehavioral problems and obesity [69,70,71].



This study has several limitations. We did not have data available to calculate the exact response rate. However, parental age and education suggest that families were socioeconomically representative of the recruitment area. We recruited in cities, and further work is needed to assess adolescents living in rural areas or in smaller towns. Recruitment took place during general school assemblies in all the schools serving pupils in early adolescence. Not all adolescents in the schools were eligible, ages of 12–14 years, which we targeted to ensure that the participants had reached pubarche. Precise information on pubertal development would have been useful for analyzing metabolic changes [72]. However, our age range falls within the overall genetic architecture regulating pubertal initiation [73]. Further, the parental questionnaire was designed to suit the population under study and was specifically intended to give an overview without burdening participants with long, detailed questions, e.g., a food frequency questionnaire, which would have provided more detailed knowledge. This decision was taken to increase participation as this was meant to be a large-scale study and to give clues on what aspects need further and more detailed data in the future. Despite its uncomplicated format, some parents reported lack of knowledge or insight regarding their adolescents’ lifestyle behaviors regarding food consumption. This finding supports future efforts in enlisting adolescents to answer such questions themselves, nonetheless, parental lack of insight was informative as it was associated with adolescent overweight and obesity.



These limitations are offset by the large size of our study that provided the opportunity to examine sex-specific associations within a narrow age band during the crucial early adolescent period that can set enduring health [74,75] and educational [76] and economic trajectories [77]. It has been encouraged that a more holistic approach be taken to increase our understanding of obesity [78] and adolescence [15,79,80]. Therefore, we described contemporaneous factors to fill the knowledge gap for anthropometric measures, CRF, and family factors in relation to adolescent weight.




5. Conclusions


We report distinct sex/gender differences in clinically measured BMI, FM/FFM, CRF, and reported lifestyle family factors and how these factors are inter-related during early adolescence. Knowledge of these differences can aid clinical practice and inform policymakers.
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Figure 1. (a) IOTF BMI categories by sex and age; (b) Body composition by IOTF BMI categories, sex, and age. 
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Table 1. Characteristics of the PoZdro Study Population a with sex-specific analyses b.
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	Characteristic
	All Participants

N = 19,634
	Males

N = 9556

(48.7%)
	Females

N = 10,078

(51.3%)
	Male-Female

Comparison

χ2 or

t-Test
	p-Value





	Study Site (n, %)
	
	
	
	10.37
	p = 0.0157



	Gdynia
	3914 (19.9)
	1898 (48.5)
	2016 (51.5)
	3.56
	p = 0.0593



	Lublin
	4709 (24.0)
	2339 (49.7)
	2370 (50.3)
	0.20
	p = 0.6514



	Warsaw
	6662 (33.9)
	3290 (49.4)
	3372 (50.6)
	1.01
	p = 0.3151



	Wrocław
	4349 (22.2)
	2029 (46.7)
	2320 (53.3)
	19.47
	p < 0.0001



	Age (n, %)
	
	
	
	27.936
	p < 0.0001



	12.0
	606 (3.1)
	248 (40.9)
	358 (59.1)
	19.97
	p < 0.0000



	12.5
	2271 (11.6)
	1047 (46.1)
	1224 (53.9)
	13.80
	p = 0.0002



	13.0
	7598 (38.7)
	3677 (48.4)
	3921 (51.6)
	7.84
	p = 0.0051



	13.5
	7411 (37.7)
	3701 (49.9)
	3710 (50.1)
	0.01
	p = 0.9167



	14.0
	1748 (8.9)
	883 (50.5)
	865 (49.5)
	0.19
	p = 0.6668



	Height, cm
	163.5 ± 7.8
	165.4 ± 8.7
	161.8 ± 6.4
	33.02
	p < 0.0001



	Weight, kg
	54.1 ± 12.1
	55.6 ± 13.1
	52.6 ± 10.7
	17.46
	p < 0.0001



	BMI c
	20.1 ± 3.6
	20.2 ± 3.8
	20.0 ± 3.5
	2.75
	p = 0.0060



	IOTF d BMI, %
	
	
	
	139.84
	p < 0.0001



	Thinness grade 2 & 3
	2.0
	1.7
	2.4
	15.01
	p < 0.0001



	Thinness grade 1
	7.6
	6.5
	8.5
	38.72
	p < 0.0001



	Normal
	68.9
	67.1
	70.6
	38.24
	p < 0.0001



	Overweight
	17.4
	19.6
	15.4
	29.58
	p < 0.0001



	Obesity and Morbid obesity
	4.1
	5.1
	3.2
	33.79
	p < 0.0001



	Waist girth, cm
	69.06 ± 9.17
	71.09 ± 9.70
	67.12 ± 8.19
	30.80
	p < 0.0001



	Hip girth, cm
	86.94 ± 8.77
	86.36 ± 9.16
	87.48 ± 8.36
	8.93
	p < 0.0001



	Waist–hip ratio (WHR)
	0.795 ± 0.068
	0.823 ± 0.64
	0.768 ± 0.061
	61.92
	p < 0.0001



	Waist-to-height ratio (WHtR)
	0.422 ± 0.052
	0.430 ± 0.054
	0.415 ± 0.048
	20.18
	p < 0.0001



	Percent Fat Mass (FM)
	17.6 ± 8.3
	13.3 ± 6.8
	21.7 ± 7.5
	81.89
	p < 0.0001



	Percent Fat-Free Mass (FFM)
	76.5 ± 7.8
	80.6 ± 6.5
	72.7 ± 6.9
	83.15
	p < 0.0001



	Systolic blood pressure
	115.1 ± 11.4
	116.9 ± 11.8
	113.5 ± 10.7
	20.61
	p < 0.0001



	Diastolic blood pressure
	69.3 ± 8.0
	68.6 ± 8.0
	70.0 ± 7.8
	12.63
	p < 0.0001



	Cardiorespiratory Fitness (CRF) e Classification f %
	
	
	
	163.7
	p < 0.0001



	Excellent
	2.8
	2.6
	3.0
	1.71
	p = 0.1913



	Very good
	9.7
	9.9
	9.5
	0.39
	p = 0.5322



	Good
	19.3
	17.7
	20.9
	19.94
	p < 0.0001



	Satisfactory
	29.6
	28.1
	31.2
	13.32
	p = 0.0002



	Weak
	31.8
	32.5
	31.0
	2.46
	p = 0.1169



	Very weak
	6.8
	9.2
	4.4
	125.9
	p < 0.0001



	Heart rate (HR) post exertion
	126.2 ± 15.9
	121.3 ± 15.2
	131.2 ± 15.0
	40.21
	p < 0.0001



	Perceived adolescent BMI (parental report), %
	
	
	
	175.61
	p < 0.0001



	severe underweight
	1.8
	2.2
	1.4
	10.71
	p = 0.0011



	underweight
	13.1
	15.4
	11.0
	42.10
	p < 0.0001



	normal
	67.2
	62.4
	71.7
	117.80
	p < 0.0001



	overweight
	14.3
	15.9
	12.7
	16.57
	p < 0.0001



	obesity
	3.6
	4.0
	3.2
	5.53
	p = 0.0210



	Reported maternal BMI
	23.90 ± 4.03
	23.87 ± 4.05
	23.92 ± 4.01
	0.80
	p = 0.4263



	Reported paternal BMI
	26.91 ± 3.79
	26.91 ± 3.76
	26.90 ± 3.83
	0.26
	p = 0.7942



	Fast-food consumption, %
	
	
	
	188.57
	p < 0.0001



	>5 times per week
	0.3
	0.4
	0.3
	2.48
	p = 0.1151



	3–5 times per week
	1.3
	1.6
	0.9
	14.07
	p = 0.0002



	1–3 times per week
	49.8
	54.5
	45.3
	33.18
	p < 0.0001



	no consumption
	42.9
	37.8
	47.8
	151.53
	p < 0.0001



	unknown
	5.7
	5.6
	5.7
	1.27
	p = 0.2594



	Junk food snacks, %
	
	
	
	9.74
	p = 0.08



	few times per day
	13.2
	12.5
	13.9
	15.85
	p = 0.0001



	≤1 per day
	27.5
	27.7
	27.2
	2.07
	p = 0.1504



	few times per week
	46.1
	46.2
	45.9
	5.92
	p = 0.0150



	≤1 per week
	11.3
	11.7
	11.0
	0.03
	p = 0.8579



	no consumption
	0.7
	0.7
	0.7
	0.03
	p = 0.8608



	unknown
	1.1
	1.1
	1.2
	1.27
	p = 0.2603



	Sugar-sweetened beverages, %
	
	
	
	167.46
	p < 0.0001



	≥5 times per week
	15.5
	17.0
	14.1
	11.11
	p = 0.0009



	3–5 times per week
	16.1
	17.2
	15.0
	3.44
	p = 0.0635



	1–3 times per week
	41.2
	42.8
	39.8
	0.25
	p = 0.6195



	no consumption
	25.8
	21.4
	29.8
	167.43
	p < 0.0001



	unknown
	1.4
	1.6
	1.3
	1.44
	p = 0.2304



	Number of hours of active sport activity per week, %
	
	
	
	319.64
	p < 0.0001



	≥5 h
	29.0
	34.7
	23.7
	127.26
	p < 0.0001



	3–5 h
	24.3
	24.2
	24.4
	5.17
	p = 0.02



	1–3 h
	32.8
	30.3
	35.2
	62.87
	p < 0.0001



	<1 h
	13.9
	10.9
	16.7
	139.97
	p < 0.0001



	Sedentary behavior, %
	
	
	
	110.62
	p < 0.0001



	>3 h
	32.9
	36.0
	29.9
	22.03
	p < 0.0001



	1–3 h
	53.6
	52.7
	54.6
	22.01
	p < 0.0001



	<1 h
	13.5
	11.3
	15.5
	83.32
	p < 0.0001







a Frequency and percentages or means and standard deviations; b χ2 Goodness of Fit assuming equal distribution by sex or independent sample t-test; c Body Mass Index, weight/height (meters)2; d International Obesity Task Force sex and age-specific classification for BMI in children and adolescents; e Step Test; f CRF classification of VO2max based on Jacks et al., 2012 [25] formula −2.045 + (height in inch × 0.062) + 100 × [1/3 × (HR 1 min + HR 2 min + HR 3 min)/HR baseline] × (−0.411) + (HR baseline × 0.011).
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Table 2. Association between anthropometric measures and percent fat mass (FM) and percent fat-free mass (FFM).
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FM

	
FFM




	
Models:

	
Unadj

Model

Adj R2

	
Adjusted a

Model

Adj R2

	
β

	
CI

	
RSME

	
Unadj

Model

Adj R2

	
Adjusted a

Model

Adj R2

	
β

	
CI

	
RSME






	
Testing BMI

	

	

	

	

	

	

	

	

	

	




	
Boys

	
0.76

	
0.76

	

	

	
0.032

	
0.69

	
0.69

	

	

	
0.035




	
BMI

	

	

	
0.60

	
0.60–0.60

	

	

	

	
−0.52

	
−0.52–−0.52

	




	
WHtR

	

	

	
0.31

	
0.28–0.33

	

	

	

	
−0.34

	
−0.37–−0.31

	




	
Girls

	
0.89

	
0.89

	

	

	
0.024

	
0.86

	
0.85

	

	

	
0.026




	
BMI

	

	

	
0.93

	
0.93–0.94

	

	

	

	
−0.91

	
−0.91–−0.91

	




	
WHtR

	

	

	
0.02

	
0.01–0.03

	

	

	

	
−0.01

	
−0.04–−0.01

	




	
Testing

IOTF BMI b

	

	

	

	

	

	

	

	

	

	




	
Boys

	
0.72

	
0.72

	

	

	
0.035

	
0.66

	
0.66

	

	

	
0.037




	
IOTF BMI

	

	

	

	

	

	

	

	

	

	




	
Thin

	
−0.13

	
−0.13–−0.13

	
0.10

	
0.10–0.11




	
Overweight

	
0.26

	
0.25–0.26

	
−0.23

	
−0.23–−0.23




	
Obese

	
0.18

	
0.18–0.19

	
−0.16

	
−0.16–−0.15




	
Morbid obesity

	
0.10

	
0.09–0.11

	
−0.09

	
−0.10–−0.08




	
WHtR

	

	

	
0.54

	
0.52–0.57

	

	

	

	
−0.54

	
−0.57–−0.52

	




	
Girls

	
0.77

	
0.77

	

	

	
0.035

	
0.74

	
0.73

	

	

	
0.035




	
IOTF BMI

	

	

	

	

	

	

	

	

	

	




	
Thin

	
−0.30

	
−0.31–−0.30

	
0.30

	
0.30–0.30




	
Overweight

	
0.30

	
0.30–0.31

	
−0.29

	
−0.29–−0.28




	
Obese

	
0.22

	
0.22–0.23

	
−0.22

	
−0.22–−0.21




	
Morbid obesity

	
0.11

	
0.10–0.13

	
−0.11

	
−0.12–−0.10




	
WHtR

	

	

	
0.43

	
0.40–0.45

	

	

	

	
−0.02

	
−0.04–0.01

	








Bold represents two alternative models entering either BMI (continuous) alternatively entering IOTF BMI. a Adjusted for age, maternal education, and city. b Reference for comparison of IOTF BMI categories set to normal weight.
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Table 3. Results of backward regression analysis of factors associated with cardiorespiratory fitness (CRF) presented in order of magnitude and comparing models entering FM vs. FFM.
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Unadjusted Model

	
Fully Adjusted Model a




	

	
Adj R2

	
Adj R2

	
F for Model

t

	
p<

	
RSME






	
Model: Boys

	

	

	

	

	




	
(Including FM)

	
0.17

	
0.18

	
81.25

	
<0.0001

	
1.11




	
FM

	

	

	
145.67

	
<0.0001

	




	
Sports activity

	

	

	
124.88

	
<0.0001

	




	
Systolic blood pressure

	

	

	
80.49

	
<0.0001

	




	
WHtR

	

	

	
28.24

	
<0.0001

	




	
BMI

	

	

	
28.18

	
<0.0001

	




	
Sedentary activity

	

	

	
10.0

	
<0.0001

	




	
Consumption of junk food

	

	

	
3.30

	
0.06

	




	
Model: Boys

	

	

	

	

	




	
(Including FFM)

	
0.16

	
0.18

	
67.74

	
<0.0001

	
1.11




	
Sports activity

	

	

	
127.26

	
<0.0001

	




	
FFM

	

	

	
117.89

	
<0.0001

	




	
Systolic blood pressure

	

	

	
79.90

	
<0.0001

	




	
WHtR

	

	

	
33.67

	
0.02

	




	
BMI

	

	

	
10.72

	
0.001

	




	
Sedentary activity

	

	

	
9.69

	
<0.0001

	




	
Consumption of junk food

	

	

	
3.25

	
0.07

	




	
Model: Girls

	

	

	

	

	




	
(Including FM)

	
0.11

	
0.12

	
66.58

	
<0.0001

	
1.07




	
Systolic blood pressure

	

	

	
127.01

	
<0.0001

	




	
Sports activity

	

	

	
77.67

	
<0.0001

	




	
FM

	

	

	
60.69

	
<0.0001

	




	
Consumption of junk food

	

	

	
13.19

	
0.0003

	




	
BMI

	

	

	
10.37

	
0.002

	




	
WHtR

	

	

	
4.90

	
0.02

	




	
Model: Girls

	

	

	

	

	




	
(including FFM)

	
0.11

	
0.12

	
61.20

	
<0.0001

	
1.08




	
Systolic blood pressure

	

	

	
129.59

	
<0.0001

	




	
Sports activity

	

	

	
79.79

	
<0.0001

	




	
FFM

	

	

	
37.87

	
<0.0001

	




	
Consumption of junk food

	

	

	
14.61

	
<0.0001

	




	
WHtR

	

	

	
4.95

	
<0.0001

	




	
BMI

	

	

	
2.41

	
0.02

	








Bold represents two alternative models entering either FM alternatively entering FFM. a Adjusted for age, maternal education, and city; BMI = Body Mass Index (continuous); WHtR = Waist–Height Ratio; FM = Percent fat mass; FFM = Percent fat-free mass.
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Table 4. Adiposity in relation to each cardiometabolic and iron biomarker.
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Unadj. Model a

	
Adjusted Model b

	
BMI

	
WHtR

	
FM




	

	
Adj R2

	
Adj R2

	
F

	
df

	
p value

	
Β c

	
95% CI

	
β c

	
95% CI

	
β c

	
95% CI






	
Fasting

Glucose

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.01

	
0.06

	
5.66

	
10,683

	
<0.0001

	
0.07

	
0.05–0.08

	
0.01

	
−0.83–0.83

	
0.01

	
−0.65–0.62




	
Girl

	
0.01

	
0.11

	
8.70

	
10,613

	
<0.0001

	
0.01

	
−0.02–0.05

	
0.04

	
−0.02–0.05

	
0.09

	
−0.86–0.94




	
Insulin

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.12

	
0.14

	
12.05

	
10,672

	
<0.0001

	
0.16

	
0.14–0.17

	
0.21

	
−0.84–1.26

	
0.04

	
−0.76–−0.84




	
Girl

	
0.05

	
0.08

	
6.34

	
10,599

	
<0.0001

	
0.12

	
0.07–0.17

	
0.16

	
−1.11–1.42

	
−0.03

	
−3.07–3.01




	
Uric Acid

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.09

	
0.13

	
11.73

	
10,682

	
<0.0001

	
0.40

	
0.36–0.43

	
0.03

	
−2.34–2.40

	
0.21

	
−2.03–1.61




	
Girl

	
0.07

	
0.09

	
7.30

	
10,615

	
<0.09

	
0.77

	
0.68–0.86

	
0.03

	
−2.26–2.31

	
0.51

	
−5.89–4.88




	
Total

Cholesterol

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.04

	
0.04

	
3.53

	
10,680

	
<0.0001

	
−0.21

	
−0.23–−0.18

	
0.21

	
−1.46–1.88

	
0.11

	
−1.17–1.39




	
Girl

	
0.01

	
0.02

	
2.11

	
10,607

	
0.02

	
0.19

	
0.13–0.26

	
0.12

	
0.12–0.26

	
0.28

	
−1.69–1.93




	
HDL

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.04

	
0.05

	
4.56

	
10,681

	
<0.0001

	
−0.28

	
−0.29–−0.27

	
0.10

	
−0.59–0.79

	
0.02

	
−0.55–0.51




	
Girl

	

	
0.03

	
3.26

	
10,613

	
0.03

	
0.21

	
−0.66–0.66

	
−0.11

	
−0.23–−0.18

	
0.14

	
−0.85–0.62




	
LDL

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.03

	
0.03

	
3.02

	
10,669

	
0.0009

	
−0.16

	
−0.18–−0.13

	
0.13

	
−1.33–1.58

	
0.16

	
−0.96–1.28




	
Girl

	
0.01

	
0.01

	
1.32

	
10,609

	
0.21

	
0.24

	
−1.40–1.40

	
0.05

	
−1.52–1.63

	
−0.27

	
−3.97–3.43




	
Triglycerides

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.03

	
0.03

	
3.24

	
10,675

	
0.0004

	
0.05

	
−0.92–1.25

	
0.16

	
−0.82–0.86

	
0.02

	
−0.15–0.06




	
Girl

	
0.06

	
0.08

	
6.66

	
10,610

	
0.08

	
0.32

	
0.28–0.36

	
0.33

	
−0.70–1.36

	
0.44

	
−2.88–1.93




	
Hemoglobin

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.07

	
0.09

	
8.15

	
10,684

	
<0.0001

	
0.31

	
0.27–0.34

	
−0.27

	
−2.58–2.03

	
−0.11

	
−1.87–1.66




	
Girl

	
0.00

	
0.03

	
3.24

	
10,612

	
0.0004

	
0.05

	
−2.12–2.12

	
0.14

	
−0.04–0.14

	
0.17

	
−2.24–2.52




	
MCHC

	

	

	

	

	

	

	

	

	

	

	




	
Boy

	
0.01

	
0.15

	
13.68

	
10,684

	
<0.0001

	
0.02

	
−0.02–0.05

	
−0.96

	
−2.46–2.26

	
−0.08

	
−1.89–1.73




	
Girl

	
0.00

	
0.15

	
11.38

	
10,612

	
<0.0001

	
−0.26

	
−0.36–−0.16

	
0.11

	
−2.41–2.63

	
0.11

	
−5.83–6.06








a Unadjusted models include only predictors: BMI, WHtR, FM; b models adjusted for age, maternal education, and city; c Significant β indicated in bold; BMI = Body Mass Index (continuous); WHtR = Waist–Height Ratio; FM = Percent fat mass; HDL= high-density lipoprotein; LDL = low-density lipoprotein; MCHC = mean corpuscular hemoglobin concentration.
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