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Abstract: Body composition (BC) parameters are associated with cardiometabolic diseases in children;
however, the importance of BC parameters for predicting pediatric hypertension is inconclusive.
This cross-sectional study aimed to compare the difference in predictive values of BC parameters and
conventional anthropometric measures for pediatric hypertension in school-aged children. A total
of 340 children (177 girls and 163 boys) with a mean age of 8.8 ± 1.7 years and mean body mass
index (BMI) z-score of 0.50 ± 1.24 were enrolled (102 hypertensive children and 238 normotensive
children). Significantly higher values of anthropometric measures (BMI, BMI z-score, BMI percentile,
waist-to-height ratio) and BC parameters (body-fat percentage, muscle weight, fat mass, fat-free mass)
were observed among the hypertensive subgroup compared to their normotensive counterparts.
A prediction model combining fat mass ≥ 3.65 kg and fat-free mass ≥ 34.65 kg (area under the
receiver operating characteristic curve = 0.688; sensitivity = 66.7%; specificity = 89.9%) performed
better than BMI alone (area under the receiver operating characteristic curve = 0.649; sensitivity
= 55.9%; specificity = 73.9%) in predicting hypertension. In conclusion, BC parameters are better
than anthropometric measures in predicting pediatric hypertension. BC measuring is a reasonable
approach for risk stratification in pediatric hypertension.

Keywords: body-fat percentage; body mass index; children; fat mass; fat-free mass; hypertension;
muscle weight; waist-to-height ratio

1. Introduction

The prevalence of pediatric hypertension in school-aged children is estimated to be 0.3–4.5%,
with risk factors including overweight or obesity, male sex, older age, high sodium intake and
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African or Hispanic ethnicity [1]. Previous studies have demonstrated that elevated blood pressure
(BP) in childhood is highly predictive of hypertension in adulthood [2,3]. Moreover, pediatric
hypertension is associated with target organ damage, including left ventricular hypertrophy, increased
carotid–intima media thickness and microalbuminuria [2,3]. Nevertheless, several studies have
suggested that knowledge, screening, diagnosis, and management for pediatric hypertension is
profoundly insufficient among most physicians [4,5].

It has been evident that anthropometrics are related to BP in children, with body mass index
(BMI), waist circumference, waist-to-height ratio (WHtR) and skin fold being the most well studied and
commonly used parameters [6–8]. Parameters of body composition (BC), such as body-fat percentage
(BF%) and visceral fat area, have also been reported in many studies to be closely associated with
cardiometabolic risk factors [9]. However, studies on the relationships between BF% and visceral fat
area and pediatric hypertension are still relatively scarce, and the results have been inconclusive [10–12].

We hypothesized that BC parameters could predict the risk of pediatric hypertension.
This cross-sectional observational study aimed to investigate the relationships between anthropometrics,
BC parameters and BP among school-aged children using data from a school-based health promotion
program conducted in northern Taiwan. We further compared the difference in predictive values of
pediatric hypertension between anthropometric measures and BC components.

2. Materials and Methods

2.1. Study Design and Subjects

This study was a quantitative cross-sectional study. We analyzed anonymous data from the
database of a school-based health promotion project conducted by a single institution (Chang Gung
Memorial Hospital, Linkou Main Branch, Taoyuan) in Taiwan from 2013 to 2016. The project was
conducted at several elementary schools in Northern Taiwan for students aged from 7 to 12 years.
The details of the project have been reported elsewhere [13]. Most participants were with Han
ethnicity. All sensitive information which could be linked to a specific person (name, identity number,
class number) were deidentified and stored separately and carefully. Demographic data (age, sex),
anthropometric measures, BC parameters, and BP were retrieved for analysis. This study was approved
by the Institutional Review Board of our hospital (101-4158A3). Written informed consent was obtained
from all participants and their parents.

2.2. Anthropometric Measures

The weight (in kg) and height (in cm) of all participants were measured according to standard
protocols without shoes. BMI was defined as weight (kg) divided by the height squared (m2) [14].
BMI z-scores and percentiles were calculated based on sex and age in months according to the United
States Centers for Disease Control and Prevention 2000 growth charts [15]. Waist circumference (in
cm) was determined by measuring the circumference in the horizontal plane midway between the
lowest ribs and the iliac crest [16]. WHtR was calculated as waist circumference (cm) divided by the
height (cm).

2.3. Body Composition Parameters

BC parameters were examined using bioelectrical impedance analysis (BIA) (X-scan model,
Jawon Medical Co., Daejeon, South Korea). BF%, muscle weight, fat mass, and fat-free mass were
automatically obtained. Our BC measurement protocol has been described elsewhere in detail [13].

2.4. Blood Pressure Tests and Hypertension Screening

BP was recorded using an automated sphygmomanometer after placing the participant in a seated
position for at least 10 min. For those whose BP exceeded the normal range, another 5 min of rest was
allowed to recheck the BP, and we recorded the lowest systolic blood pressure (SBP) and diastolic
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blood pressure (DBP) values after performing the measurements twice. Furthermore, z-scores and
percentiles of SBP and DBP were obtained based on sex, height z-score and age in years according
to the BP tables [17]. Pediatric hypertension was defined as average clinic SBP and/or DBP ≥ 95th
percentile on the basis of age, sex and height percentiles [18].

2.5. Statistical Analysis

Statistical analysis was conducted using SPSS software (version 25, International Business
Machines Corp., Armonk, NY, USA). A p-value < 0.05 was considered to be statistically significant.
Continuous variables were summarized as means ± standard deviations and categorical variables
were summarized as numbers (percentages). Participants with either an SBP percentile > 95% or
DBP percentile > 95% were categorized as being ‘hypertensive’, and those without elevated SBP and
DBP were categorized as being ‘normotensive’. Continuous variables were compared using Student’s
t-tests, and categorical variables were compared using chi-squared tests. Pearson’s correlation test
was used to assess relationships between BP measures and continuous variables, and Spearman’s
correlation test was used to examine relationships between BP measures and categorical variables
or hypertension and variables of interest. Using receiver operator characteristic curves, the optimal
cutoff values of anthropometric and BC measures were determined to predict pediatric hypertension
using the maximal Youden index [19], and the areas under the curve (AUCs), 95% confidence intervals
(CIs), p-values, sensitivity, and specificity were calculated. Univariate and multivariate binary logistic
regression models were used to assess dichotomized variables and provide odds ratios [20], 95% CIs
and p-values.

3. Results

In total, 340 children (177; 52.1% girls and 163; 47.9% boys) with a mean age of 8.8 ± 1.7 years
(range, 7–12 years) were included in the study. Table 1 summarizes the demographic, anthropometric,
BC and BP measures in the overall cohort and two subgroups. The hypertensive children had
higher anthropometric measures (including BMI, BMI z-score, BMI percentile and WHtR) than the
normotensive children. In addition, the hypertensive children had higher BC parameters including
BF%, muscle weight, fat mass and fat-free mass than the normotensive children. As expected, BP
measures (including SBP, DBP, SBP z-score, DBP z-score, SBP percentile and DBP percentile) of the
hypertensive group were higher than those of the normotensive group, even though the distributions
of age and sex were comparable between both groups.

Table 1. Demographic, anthropometric, body composition and blood pressure measures of the overall
cohort as well as normotensive and hypertensive subgroups.

Variables Overall Normotensive Subgroup Hypertensive Subgroup p-Value a

Patients n = 340 n = 238 n = 102

Demographic measures

Girls (n) 177 (52.1) 126 (52.9) 51 (50.0) 0.62
Age (years) 8.8 (1.7) 8.7 (1.7) 9.0 (1.7) 0.08

Anthropometric measures

BMI (kg/m2) 18.28 (3.67) 17.63 (3.22) 19.78 (4.20) <0.001
BMI z-score 0.50 (1.24) 0.32 (1.29) 0.93 (0.98) <0.001

BMI percentile (%) 64.3 (29.3) 59.8 (29.8) 74.9 (25.2) <0.001
Waist/height ratio 0.47 (0.06) 0.46 (0.06) 0.49 (0.06) <0.001
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Table 1. Cont.

Variables Overall Normotensive Subgroup Hypertensive Subgroup p-Value a

Body composition parameters

Body-fat
percentage (%) 16.00 (7.56) 14.85 (7.21) 18.69 (7.70) <0.001

Fat mass (kg) 5.88 (4.80) 5.02 (3.86) 7.89 (6.07) <0.001
Muscle weight (kg) 25.58 (7.09) 24.52 (6.18) 28.07 (8.37) <0.001
Fat-free mass (kg) 28.53 (7.73) 26.35 (6.71) 30.28 (9.16) <0.001

Blood pressure measures

SBP (mmHg) 108.5 (14.5) 101.6 (9.3) 124.5 (11.7) <0.001
DBP (mmHg) 61.1 (11.8) 57.3 (8.7) 69.9 (13.5) <0.001
SBP z-score 0.72 (1.25) 0.12 (0.77) 2.14 (0.96) <0.001
DBP z-score 0.11 (1.02) −0.21 (0.77) 0.84 (1.17) <0.001

SBP percentile (%) 66.2 (28.4) 54.3 (24.8) 93.9 (12.0) <0.001
DBP percentile (%) 51.7 (28.6) 43.5 (24.4) 70.6 (28.6) <0.001

Data summarized as mean (standard deviation) or n (%) as appropriate; Abbreviations: BMI—body mass index;
DBP—diastolic blood pressure; SBP—systolic blood pressure; a Data compared using independent Student’s t-test
for continuous variables or chi-squared test for categorical variables, as appropriate.

Table 2 demonstrates the associations between BP measures and the variables of interest. A higher
SBP percentile was associated with all anthropometric measures and BC parameters, and a higher DBP
percentile was associated with a higher WHtR and BF%. Pediatric hypertension was associated with
all anthropometric measures and BC parameters.

Table 2. Correlations a of blood pressure measures with demographic, anthropometric and body
composition measures in the overall cohort.

Variables SBP Percentile DBP Percentile Hypertension

Demographic measures

Sex (female/male) 0.01 (0.79) 0.04 (0.46) −0.03 (0.62)
Age (years) 0.11 (0.050) 0.02 (0.73) 0.10 (0.08)

Anthropometric measures

BMI (kg/m2) 0.35 (<0.001) 0.05 (0.39) 0.26 (<0.001)
BMI z-score 0.33 (<0.001) 0.05 (0.38) 0.24 (<0.001)

BMI percentile (%) 0.32 (<0.001) 0.05 (0.39) 0.24 (<0.001)
Waist/height ratio 0.28 (<0.001) 0.11 (0.04) 0.23 (<0.001)

Body composition parameters

Body-fat percentage (%) 0.34 (0.001) 0.11 (0.04) 0.23 (<0.001)
Fat mass (kg) 0.38 (<0.001) 0.10 (0.06) 0.27 (<0.001)

Muscle weight (kg) 0.27 (<0.001) 0.02 (0.77) 0.20 (<0.001)
Fat-free mass (kg) 0.27 (<0.001) 0.02 (0.75) 0.20 (<0.001)

Data are summarized as r-value (p-value); Abbreviations: BMI—body mass index; DBP—diastolic blood pressure;
SBP—systolic blood pressure; a Data compared using Pearson’s correlation test for continuous-to-continuous
variables or Spearman correlation test for continuous variables-to-categorized variables, as appropriate.

Table 3 summarizes the optimal cutoff values, AUCs, 95% CIs and p-values of anthropometric
measures and BC parameters for predicting pediatric hypertension. A BMI ≥ 18.75 kg/m2, fat
mass ≥ 3.65 kg, BMI percentile ≥ 75.5%, BMI z-score ≥ 0.70, BF ≥ 21.35%, fat-free mass ≥ 34.65 kg,
WHtR ≥ 0.48 and muscle weight ≥ 32.15 kg, in descending order of AUC, could accurately predict
pediatric hypertension.
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Table 3. Single anthropometric measure or body composition parameter as predictors of pediatric
hypertension in the overall cohort, in descending order of area under the curve (AUC).

Predictors Cutoff Value AUC 95% CI p-Value a

Anthropometric measures

BMI (kg/m2) 18.75 0.649 0.584–0.715 <0.001
BMI percentile (%) 75.5 0.63 0.565–0.694 <0.001

BMI z-score 0.7 0.627 0.562–0.692 <0.001
Waist/height ratio 0.48 0.614 0.547–0.681 0.001

Body composition parameters

Fat mass (kg) 3.65 0.64 0.578–0.702 <0.001
Body-fat percentage (%) 21.35 0.616 0.548–0.683 0.001

Fat-free mass (kg) 34.65 0.615 0.546–0.683 0.001
Muscle weight (kg) 32.15 0.61 0.541–0.679 0.001

Abbreviations: AUC—area under the receiver operating characteristic curve; BMI—body mass index; CI—confidence
interval; DBP—diastolic blood pressure; SBP—systolic blood pressure; a Data compared using independent Student’s
t-test for continuous variables or chi-squared test for categorized variables, as appropriate.

Table 4 further summarizes the prediction models of pediatric hypertension. Using binary
logistic regression models without adjustment, fat-free mass, muscle weight, fat mass, BMI, BF%,
BMI percentile, BMI z-score and WHtR—in descending order of OR—were associated with pediatric
hypertension. After adjustments for age and sex, fat mass, fat-free mass, muscle weight, BMI, BF%,
BMI percentile, BMI z-score and WHtR—in descending order of OR—remained significantly related to
pediatric hypertension.

Table 4. Prediction models of pediatric hypertension in the overall cohort.

Models Logistic Regression without
Adjustment

Logistic Regression with
Adjustments for Age and Sex

Receiver Operator Characteristic
Curve (ROC Curve)

Predictors Odds
Ratio 95% CI p-Value Odds

Ratio 95% CI p-Value Cutoff
Value Sensitivity Specificity

Univariate models a

BMI (kg/m2) 3.6 2.21–5.85 <0.001 3.53 2.12–5.89 <0.001 ≥18.75 55.90% 73.90%
BMI z-score b 2.82 1.75–4.56 <0.001 – ≥0.70 62.70% 62.60%

BMI percentile b 2.89 1.79–4.67 <0.001 – ≥75.5 63.70% 62.20%
Waist/height ratio 2.74 1.69–4.46 <0.001 2.82 1.72–4.63 <0.001 ≥0.48 48.00% 74.80%

Body-fat percentage 3.17 1.90–5.31 <0.001 3.05 2.03–6.06 <0.001 ≥21.35 41.20% 81.90%
Fat mass 3.82 2.18–6.68 <0.001 5.01 2.66–9.43 <0.001 ≥3.65 81.40% 46.60%

Muscle weight 3.91 2.20–6.94 <0.001 4.26 2.19–8.31 <0.001 ≥32.15 66.70% 88.70%
Fat-free mass 4.08 2.30–7.24 <0.001 4.54 2.33–8.84 <0.001 ≥34.65 34.30% 88.70%

Anthropometric Model c
≥1 55.90% 73.90%

BMI ≥ 18.75 kg/m2 3.6 2.21–5.85 <0.001 3.53 2.12–5.89 <0.001

Body Composition Model d ≥2 66.70% 89.90%

Fat mass ≥ 3.65 kg 2.93 1.64–5.26 <0.001 3.84 2.00–7.39 <0.001
Fat-free mass ≥ 34.65 kg 2.89 1.59–5.26 <0.001 2.98 1.48–5.99 0.002

Abbreviations: AUC—area under the curve; BMI—body mass index; CI—confidence interval; DBP—diastolic blood
pressure; SBP—systolic blood pressure; a Single anthropometric or body composition variables were analyzed using
binary logistic regression models; b BMI z-score and BMI percentile adjusted for age and sex at baseline; c Four
anthropometric variables included for multivariate binary logistic regression models with forward selections; d Four
body composition variables included for multivariate binary logistic regression models with forward selection.

Multivariate binary logistic regression models of all anthropometric variables with forward
selection showed that BMI ≥ 18.75 kg/m2 independently predicted pediatric hypertension (Table 4).
After adjustments for age and sex, BMI ≥ 18.75 kg/m2 remained significantly related to pediatric
hypertension. Fat mass ≥ 3.65 kg and fat-free mass ≥ 34.65 kg independently predicted hypertension
using multivariate analysis of all BC variables (Table 4). After adjustments for age and sex, fat mass
≥ 3.65 kg and fat-free mass ≥ 34.65 kg still independently predicted hypertension. In multivariate
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analysis including all variables of interest without selection (full model), fat mass ≥ 3.65 kg (OR = 2.21;
95% CI: 1.12–4.37; p = 0.022) was the only predictor of pediatric hypertension.

Finally, a combination of fat mass ≥ 3.65 kg and fat-free mass ≥ 34.65 kg was found to be the best
prediction model in multivariate logistic regression analysis with forward selection of all variables of
interest (AUC = 0.688; 95% CI: 0.627–0.750; p < 0.001). With one predictor (either fat mass ≥ 3.65 kg or
fat-free mass ≥ 34.65 kg), the sensitivity and specificity to predict pediatric hypertension were 82.4%
and 45.4%, respectively. With two predictors (both fat mass ≥ 3.65 kg and fat-free mass ≥ 34.65 kg),
the sensitivity and specificity to predict pediatric hypertension were 66.7% and 89.9%, respectively.

4. Discussion

The close association between obesity and hypertension is well documented, and many studies
have reported the roles of conventional anthropometric measures such as BMI, WHtR and waist
circumference in predicting pediatric hypertension [6,12]. In this study, we further examined the
associations between BC parameters and BP in children, compared them to conventional measures and
identified the best prediction model.

Our results showed that conventional anthropometric measures were all significantly higher in
the hypertensive subgroup and also significantly associated with SBP percentile and hypertension.
The normal range of BMI increases incrementally with age before adulthood, and the prevalence
of hypertension also increases with an older age. Therefore, BMI alone is not sufficient to properly
examine the independent relationship between body weight and BP status. On the other hand,
BMI z-score and BMI percentile are age-adjusted variables, and WHtR has been shown to be an
age-independent parameter. Our results support the positive associations between conventional
anthropometric measures and BP in children reported in previous research [6,8]. However, relatively
few studies have investigated the use of BC parameters as a screening tool. Skin fold measures and
fat distribution indices such as mid-upper-arm circumference, arm-fat area or arm span have been
examined in some studies [6,21], however none of them have been demonstrated to be superior to BMI.
In our results, all of the four BC parameters (BF%, fat mass, muscle weight and fat-free mass) were
higher in the hypertensive subgroup, and they were also all significantly positively correlated with
BP measures.

The regulation of BP is intricate and complex to ensure that tissues and organs receive sufficient
blood supply for nutrients and oxygen. An elevation in BP can be triggered via an endocrinal
response [22,23], nerve reflex [24,25], inflammatory reaction [26,27], volume alteration [28,29] or tissue
modification [30–32]. The pathologic process implicated in the development and progression of
essential hypertension has been extensively described in the literature. It is a slow and progressive
process driven by multiple factors. Two main mechanisms are involved in obesity-related hypertension:
(1) an expanded plasma volume with an increase in cardiac output and (2) an increase in peripheral
vascular resistance [33,34]. Some of these alterations can be a temporary physiological adaptation
which may be reversible, while some may be long-term pathologic changes that eventually result in
irreversible comorbidities and adverse health outcomes.

An expand in blood volume can be a response to an increased demand for blood supply from
skeletal muscles and solid organs [35]. According to Poiseuille’s equation, which describes the behavior
of a laminar flow when flowing through pipes:

blood flow (volume/time) = (π∆Prˆ4)/8ηλ

(where ∆P = difference in pressure; r = mean radius of the vessel; η = viscosity of the blood; and λ =

length of the vessel) [36]. The viscosity of the blood (η) and mean radius of vessels (r) are considered to
be nearly the same for children at the same age [37], and total length of blood vessels (λ) is positively
correlated with body height. Therefore, the value of (blood pressure)/height ratio in the same age
group is likely to be similar given the same required blood flow [14,38]. By definition, muscle weight
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and fat-free mass are both part of the “lean body mass” of a human body [39], and an increase in lean
body mass considerably increases the demand for blood flow, eventually leading to higher BP as a
physiological adaptation [35]. This may explain the findings in our investigation that both muscle
weight and fat-free mass were independently and positively associated with BP.

On the other hand, adiposity also contributes to an elevation in BP through multiple
pathways [33]—mainly dysregulation of renal sodium handling and unfavorable changes in vascular
structures. Excessive body fat accumulation causes insulin resistance [40]. Insulin resistance and
inflamed adipose tissue cause an increase in adipose-derived angiotensinogen [34] and conversion
of angiotensin I to angiotensin II [41]. Taken together, these factors provoke systemic activation
of the renin–angiotensin–aldosterone system, leading to increased sympathetic activity, decreased
sodium excretion, increased aldosterone production, arteriolar vasoconstriction and anti-diuretic
hormone secretion, off all which result in an elevated BP [34]. Adipose tissue also triggers endothelium
hyperplasia through an insulin-like growth factor pathway and a decrease in bioavailable nitric
oxide [42]. The excessive production of reactive oxygen species related to adipose tissue precipitates
chronic systemic inflammation [43], further damaging vascular structures, causing endothelium
dysfunction [44,45] and leading to atherosclerosis over time [46]. The cardinal roles that adiposity play
in BP elevation may explain our finding of the independent positive associations between BF% and fat
mass with pediatric hypertension.

Previous studies report that z-BMI and WHtR are better predictors of pediatric hypertension than
skin fold measures, since they present the amount of both lean body mass and fat [47], while skin
fold measures can only estimate the peripheral fat of a few isolated parts of the body [6]. However,
the fat-related parameters used in the current study, BF% and fat mass, represent both subcutaneous
and visceral adiposity. Moreover, the BC model we developed comprised of fat mass > 2.93 and
fat-free mass > 2.89 was superior (sensitivity 77.7% and specificity 89.9) to the anthropometric model
(sensitivity 55.9% and specificity 73.9). We hypothesize that the better performance of the BC model
may be because it evaluated not only the overall weight status of the human body, but also how it was
composed, thus more comprehensively and precisely reflecting the different influences on BP from
dichotomized body components.

The method applied to examining BC in this study, BIA, has some advantages and disadvantages
compared to conventional anthropometric measures in practice. Both two approaches are now widely
used in various clinical and community settings, since they require little subject cooperation, and the
instruments are portable and can be used almost everywhere. Anthropometrics require more human
power to instruct the subject, read the measure and record it, while with BIA most of the steps are
done by the machine [39]. Being operator-dependent also makes anthropometrics more likely to have
interobserver error, thus in need of more orientation training. However, the BIA devices are still more
costly than anthropometrics. In addition, the BC measurement by BIA is very sensitive to hydration
status, and the results may not be accurate in individuals with extreme BC, such as athletes, pregnant
women or patients with severe illness [48,49].

The main contribution of this study is to provide a novel insight into how BC parameters may
be superior to conventional anthropometric measures in predicting pediatric hypertension. This is
essential to better understand the risk factors for pediatric hypertension and develop an effective
approach for risk stratification. Weight status and body fitness should be screened and managed for
children early to prevent comorbidities. A limitation of this investigation is that most of the participants
were Han, and this single ethnicity of the cohort may limit its generalizability to other populations.
In addition, the reference tables used for BMI [15] and BP [17] were based on surveys from the United
States since no equivalently detailed and validated data were available for Han children. In addition,
the study was cross-sectional and thus unable to conclude causal relationships. Further studies with a
prospective design will be of interest.
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5. Conclusions

BC parameters are better than conventional anthropometric measures in predicting pediatric
hypertension. The inclusion of both fat mass and fat-free mass performed better than BMI alone.
Effective risk stratification can allow for more precise and earlier interventions for obesity-related
comorbidities such as hypertension in children.

Author Contributions: Conceptualization, C.-Y.H. and H.-H.C.; data curation, C.-Y.H.; formal analysis, R.-H.L.
and H.-H.C.; funding acquisition, H.-H.C.; investigation, C.-Y.H., Y.-C.L., J.-Y.C., W.-C.L. and H.-H.C.; methodology,
R.-H.L., Y.-C.L., L.-A.L. and K.-H.L.; project administration, H.-H.C.; resources, R.-H.L., J.-Y.C., W.-C.L., K.-H.L.
and H.-H.C.; software, L.-A.L.; supervision, R.-H.L. and J.-Y.C.; validation, R.-H.L., Y.-C.L., and L.-A.L.;
writing—original draft, C.-Y.H., R.-H.L., Y.-C.L. and H.-H.C.; writing—review and editing, J.-Y.C., W.-C.L.,
L.-A.L. and K.-H.L. All authors have read and agreed to the published version of the manuscript.

Funding: The study was funded by Chang Gung Medical Foundation, Grant number CORPG3C0011, 3C0012,
3C0013; CMRPG3F0491, 3F0492; CMRPG1H0061, CMRPG1H0062 and CORPG1I0021 (H. H. C.).

Acknowledgments: The authors would like to thank Pei-Chi Yang, Yu-Chan Liao, Yi-Ting Lin and Chun-Ming
Yang for their help in the data collection, analysis and manuscript editing.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses or interpretation of data; in the writing of the manuscript or in the decision to
publish the results.

References

1. Sorof, J.M.; Lai, D.; Turner, J.; Poffenbarger, T.; Portman, R.J. Overweight, ethnicity, and the prevalence of
hypertension in school-aged children. Pediatrics 2004, 113, 475–482. [CrossRef] [PubMed]

2. Croix, B.; Feig, D.I. Childhood hypertension is not a silent disease. Pediatr. Nephrol. 2006, 21, 527–532.
[CrossRef] [PubMed]

3. Erlingsdottir, A.; Indridason, O.S.; Thorvaldsson, O.; Edvardsson, V.O. Blood pressure in children and
target-organ damage later in life. Pediatr. Nephrol. 2010, 25, 323–328. [CrossRef] [PubMed]

4. Hansen, M.L.; Gunn, P.W.; Kaelber, D.C. Underdiagnosis of hypertension in children and adolescents. JAMA
2007, 298, 874–879. [CrossRef] [PubMed]

5. Bello, J.K.; Mohanty, N.; Bauer, V.; Rittner, S.S.; Rao, G. Pediatric Hypertension: Provider Perspectives.
Glob. Pediatr. Health 2017, 4, 1–10. [CrossRef]

6. Mazicioglu, M.M.; Yalcin, B.M.; Ozturk, A.; Ustunbas, H.B.; Kurtoglu, S. Anthropometric risk factors for
elevated blood pressure in adolescents in Turkey aged 11–17. Pediatr. Nephrol. (Berlin, Germany) 2010, 25,
2327–2334. [CrossRef]

7. Aounallah-Skhiri, H.; El Ati, J.; Traissac, P.; Ben Romdhane, H.; Eymard-Duvernay, S.; Delpeuch, F.;
Achour, N.; Maire, B. Blood pressure and associated factors in a North African adolescent population.
a national cross-sectional study in Tunisia. BMC Public Health 2012, 12, 98. [CrossRef]

8. Ma, C.; Wang, R.; Liu, Y.; Lu, Q.; Lu, N.; Tian, Y.; Liu, X.; Yin, F. Performance of obesity indices for screening
elevated blood pressure in pediatric population: Systematic review and meta-analysis. Medicine 2016, 95,
e4811. [CrossRef]

9. Chuang, H.H.; Li, W.C.; Sheu, B.F.; Liao, S.C.; Chen, J.Y.; Chang, K.C.; Tsai, Y.W. Correlation between body
composition and risk factors for cardiovascular disease and metabolic syndrome. BioFactors (Oxford, UK)
2012, 38, 284–291. [CrossRef]

10. Ramos-Arellano, L.E.; Benito-Damian, F.; Salgado-Goytia, L.; Munoz-Valle, J.F.; Guzman-Guzman, I.P.;
Vences-Velazquez, A.; Castro-Alarcon, N.; Parra-Rojas, I. Body fat distribution and its association with
hypertension in a sample of Mexican children. J. Investig. Med. 2011, 59, 1116–1120. [CrossRef]

11. Kajale, N.A.; Khadilkar, A.V.; Chiplonkar, S.A.; Khadilkar, V.V. Body fat indices for identifying risk of
hypertension in Indian children. Indian Pediatr. 2014, 51, 555–560. [CrossRef] [PubMed]

12. Gishti, O.; Gaillard, R.; Durmus, B.; Abrahamse, M.; van der Beek, E.M.; Hofman, A.; Franco, O.H.; de
Jonge, L.L.; Jaddoe, V.W.V. BMI, total and abdominal fat distribution, and cardiovascular risk factors in
school-age children. Pediatr. Res. 2015, 77, 710–718. [CrossRef] [PubMed]

13. Chuang, H.H.; Lin, R.H.; Chen, J.Y.; Yeh, W.C.; Lin, H.F.; Ueng, S.W.; Hsu, K.H. Effectiveness of a multi-faceted
intervention among elementary school children. Medicine 2019, 98, e15079. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/peds.113.3.475
http://www.ncbi.nlm.nih.gov/pubmed/14993537
http://dx.doi.org/10.1007/s00467-006-0013-x
http://www.ncbi.nlm.nih.gov/pubmed/16491419
http://dx.doi.org/10.1007/s00467-009-1350-3
http://www.ncbi.nlm.nih.gov/pubmed/19946710
http://dx.doi.org/10.1001/jama.298.8.874
http://www.ncbi.nlm.nih.gov/pubmed/17712071
http://dx.doi.org/10.1177/2333794X17712637
http://dx.doi.org/10.1007/s00467-010-1623-x
http://dx.doi.org/10.1186/1471-2458-12-98
http://dx.doi.org/10.1097/MD.0000000000004811
http://dx.doi.org/10.1002/biof.1027
http://dx.doi.org/10.2310/JIM.0b013e31822a29e1
http://dx.doi.org/10.1007/s13312-014-0446-4
http://www.ncbi.nlm.nih.gov/pubmed/25031134
http://dx.doi.org/10.1038/pr.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25665058
http://dx.doi.org/10.1097/MD.0000000000015079
http://www.ncbi.nlm.nih.gov/pubmed/30985659


Int. J. Environ. Res. Public Health 2020, 17, 5771 9 of 10

14. Sekgala, M.D.; Monyeki, K.D.; Mogale, M.A.; Ramoshaba, N.E. Performance of blood pressure to height
ratio as a screening tool for elevated blood pressure in rural children: Ellisras Longitudinal Study. J. Hum.
Hypertens. 2017, 31, 591–595. [CrossRef]

15. Flegal, K.M.; Cole, T.J. Construction of LMS Parameters for the Centers for Disease Control and Prevention 2000
Growth Charts; National Health Statistics Reports; Centers for Disease Control and Prevention: Hyattsville,
MD, USA, 2013; pp. 1–3.

16. Ma, W.-Y.; Yang, C.-Y.; Shih, S.-R.; Hsieh, H.-J.; Hung, C.S.; Chiu, F.-C.; Lin, M.-S.; Liu, P.-H.; Hua, C.-H.;
Hsein, Y.-C.; et al. Measurement of Waist Circumference: Midabdominal or iliac crest? Diabetes Care 2013, 36,
1660–1666. [CrossRef]

17. National High Blood Pressure Education Program Working Group on High Blood Pressure in Children
and Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in
children and adolescents. Pediatrics 2004, 114, 555–576. [CrossRef]

18. Flynn, J.T.; Kaelber, D.C.; Baker-Smith, C.M.; Blowey, D.; Carroll, A.E.; Daniels, S.R.; de Ferranti, S.D.;
Dionne, J.M.; Falkner, B.; Flinn, S.K.; et al. Clinical Practice Guideline for Screening and Management of
High Blood Pressure in Children and Adolescents. Pediatrics 2017, 140, e20171904. [CrossRef]

19. Reibnegger, G.; Schrabmair, W. Optimum binary cut-off threshold of a diagnostic test: Comparison of
different methods using Monte Carlo technique. BMC Med. Inform. Decis. Mak. 2014, 14, 99. [CrossRef]

20. Voors, A.W.; Webber, L.S.; Frerichs, R.R.; Berenson, G.S. Body height and body mass as determinants of basal
blood pressure in children—The bogalusa heart study. Am. J. Epidemiol. 1977, 106, 101–108. [CrossRef]

21. Khadilkar, A.; Mandlik, R.; Chiplonkar, S.; Khadilkar, V.; Ekbote, V.; Patwardhan, V. Reference centile curves
for triceps skinfold thickness for Indian children aged 5–17 years and cut-offs for predicting risk of childhood
hypertension: A multi-centric study. Indian Pediatr. 2015, 52, 675–680. [CrossRef]

22. Zhang, W.; Wang, Y.; Wei, Z.; Chang, G.; Luo, Q.; Abudusailamu, N.; Nurula, M.; Tao, S.; Li, H.; Chen, Y.
Endocrine Hypertension. In Secondary Hypertension: Screening, Diagnosis and Treatment; Li, N., Ed.; Springer:
Singapore, 2020; pp. 249–347. [CrossRef]

23. Clerico, A.; Giannoni, A.; Vittorini, S.; Passino, C. Thirty years of the heart as an endocrine organ: Physiological
role and clinical utility of cardiac natriuretic hormones. Am. J. Physiol. Heart Circ. Physiol. 2011, 301,
H12–H20. [CrossRef] [PubMed]

24. Hart, E.C.J.; Charkoudian, N. Sympathetic Neural Regulation of Blood Pressure: Influences of Sex and Aging.
Physiology 2014, 29, 8–15. [CrossRef]

25. Fisher, J.P.; Paton, J.F.R. The sympathetic nervous system and blood pressure in humans: Implications for
hypertension. J. Hum. Hypertens. 2012, 26, 463–475. [CrossRef]

26. Imig, J.D.; Ryan, M.J. Immune and inflammatory role in renal disease. Compr. Physiol. 2013, 3, 957–976.
[CrossRef] [PubMed]

27. Savoia, C.; Schiffrin, E.L. Inflammation in hypertension. Curr. Opin. Nephrol. Hypertens. 2006, 15, 152–158.
[CrossRef] [PubMed]

28. Hamlyn, J.M.; Blaustein, M.P. Sodium chloride, extracellular fluid volume, and blood pressure regulation.
Am. J. Physiol. Ren. Physiol. 1986, 251, F563–F575. [CrossRef] [PubMed]

29. Haddy, F.J.; Overbeck, H.W. The role of humoral agents in volume expanded hypertension. Life Sci. 1976, 19,
935–947. [CrossRef]

30. Simpson, R.U.; Hershey, S.H.; Nibbelink, K.A. Characterization of heart size and blood pressure in the
vitamin D receptor knockout mouse. J. Steroid Biochem. Mol. Biol. 2007, 103, 521–524. [CrossRef] [PubMed]

31. Moraes, L.I.; Nicola, T.C.; Jesus, J.S.; Alves, E.R.; Giovaninni, N.P.; Marcato, D.G.; Sampaio, J.D.; Fuly, J.T.;
Costalonga, E.F. High blood pressure in children and its correlation with three definitions of obesity in
childhood. Arq. Bras. Cardiol. 2014, 102, 175–180. [CrossRef]

32. Lee, H.-A.; Cho, H.-M.; Lee, D.-Y.; Kim, K.-C.; Han, H.S.; Kim, I.K. Tissue-Specific Upregulation of
Angiotensin-Converting Enzyme 1 in Spontaneously Hypertensive Rats Through Histone Code Modifications.
Hypertension 2012, 59, 621–626. [CrossRef]

33. Kumar, V.; Abbas, A.K.; Fausto, N. Robbins and Cotran Pathologic Basis of Disease; Professional Edition; Elsevier
Inc.: Philadelphia, PA, USA, 2015.

34. Cabandugama, P.K.; Gardner, M.J.; Sowers, J.R. The Renin Angiotensin Aldosterone System in Obesity
and Hypertension: Roles in the Cardiorenal Metabolic Syndrome. Med. Clin. N. Am. 2017, 101, 129–137.
[CrossRef] [PubMed]

http://dx.doi.org/10.1038/jhh.2017.25
http://dx.doi.org/10.2337/dc12-1452
http://dx.doi.org/10.1542/peds.114.2.S2.555
http://dx.doi.org/10.1542/peds.2017-1904
http://dx.doi.org/10.1186/s12911-014-0099-1
http://dx.doi.org/10.1093/oxfordjournals.aje.a112439
http://dx.doi.org/10.1007/s13312-015-0695-x
http://dx.doi.org/10.1007/978-981-15-0591-1_9
http://dx.doi.org/10.1152/ajpheart.00226.2011
http://www.ncbi.nlm.nih.gov/pubmed/21551272
http://dx.doi.org/10.1152/physiol.00031.2013
http://dx.doi.org/10.1038/jhh.2011.66
http://dx.doi.org/10.1002/cphy.c120028
http://www.ncbi.nlm.nih.gov/pubmed/23720336
http://dx.doi.org/10.1097/01.mnh.0000203189.57513.76
http://www.ncbi.nlm.nih.gov/pubmed/16481882
http://dx.doi.org/10.1152/ajprenal.1986.251.4.F563
http://www.ncbi.nlm.nih.gov/pubmed/3532823
http://dx.doi.org/10.1016/0024-3205(76)90284-8
http://dx.doi.org/10.1016/j.jsbmb.2006.12.098
http://www.ncbi.nlm.nih.gov/pubmed/17275289
http://dx.doi.org/10.5935/abc.20130233
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.182428
http://dx.doi.org/10.1016/j.mcna.2016.08.009
http://www.ncbi.nlm.nih.gov/pubmed/27884224


Int. J. Environ. Res. Public Health 2020, 17, 5771 10 of 10

35. Dallaire, F.; Sarkola, T. Growth of Cardiovascular Structures from the Fetus to the Young Adult. Adv. Exp.
Med. Biol. 2018, 1065, 347–360. [CrossRef] [PubMed]

36. Sirs, J.A. The flow of human blood through capillary tubes. J. Physiol. 1991, 442, 569–583. [CrossRef]
[PubMed]

37. Young, C. Quick Guide to Pediatric Cardiopulmonary Care; Edwards Lifesciences: Irvine, CA, USA, 2011.
38. Yin, X.; Liu, Q.; Bovet, P.; Ma, C.; Xi, B. Performance of blood pressure-to-height ratio as a screening tool for

elevated blood pressure in pediatric population: A systematic meta-analysis. J. Hum. Hypertens. 2016, 30,
697–702. [CrossRef]

39. Sergi, G.; De Rui, M.; Stubbs, B.; Veronese, N.; Manzato, E. Measurement of lean body mass using bioelectrical
impedance analysis: A consideration of the pros and cons. Aging Clin. Exp. Res. 2017, 29, 591–597. [CrossRef]

40. Frayn, K.N. Visceral fat and insulin resistance—Causative or correlative? Br. J. Nutr. 2000, 83, S71–S77.
[CrossRef]

41. Kamide, K.; Rakugi, H.; Ogihara, T. Insulin Resistance and the Renin-Angiotensin-Aldosterone System in
Metabolic Syndrome and Obesity-Related Hypertension. Curr. Hypertens. Rev. 2010, 6, 100–103. [CrossRef]

42. Zhou, M.-S.; Schulman, I.H.; Zeng, Q. Link between the renin–angiotensin system and insulin resistance:
Implications for cardiovascular disease. Vasc. Med. 2012, 17, 330–341. [CrossRef]

43. Hutley, L.; Prins, J.B. Fat as an Endocrine Organ: Relationship to the Metabolic Syndrome. Am. J. Med. Sci.
2005, 330, 280–289. [CrossRef]

44. Intengan, H.D.; Schiffrin, E.L. Vascular Remodeling in Hypertension. Hypertension 2001, 38, 581–587.
[CrossRef]

45. Kolluru, G.K.; Bir, S.C.; Kevil, C.G. Endothelial Dysfunction and Diabetes: Effects on Angiogenesis, Vascular
Remodeling, and Wound Healing. Int. J. Vasc. Med. 2012, 2012, 918267. [CrossRef] [PubMed]

46. Bennett, M.R. Apoptosis of vascular smooth muscle cells in vascular remodelling and atherosclerotic plaque
rupture. Cardiovasc. Res. 1999, 41, 361–368. [CrossRef]

47. Freedman, D.S.; Wang, J.; Maynard, L.M.; Thornton, J.C.; Mei, Z.; Pierson, R.N.; Dietz, W.H.; Horlick, M.
Relation of BMI to fat and fat-free mass among children and adolescents. Int. J. Obes. 2005, 29, 1–8. [CrossRef]
[PubMed]

48. Ceniccola, G.D.; Castro, M.G.; Piovacari, S.M.F.; Horie, L.M.; Corrêa, F.G.; Barrere, A.P.N.; Toledo, D.O.
Current technologies in body composition assessment: Advantages and disadvantages. Nutrition 2019, 62,
25–31. [CrossRef]

49. Talma, H.; Chinapaw, M.J.; Bakker, B.; HiraSing, R.A.; Terwee, C.B.; Altenburg, T.M. Bioelectrical impedance
analysis to estimate body composition in children and adolescents: A systematic review and evidence
appraisal of validity, responsiveness, reliability and measurement error. Obes. Rev. 2013, 14, 895–905.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/978-3-319-77932-4_22
http://www.ncbi.nlm.nih.gov/pubmed/30051395
http://dx.doi.org/10.1113/jphysiol.1991.sp018809
http://www.ncbi.nlm.nih.gov/pubmed/1798043
http://dx.doi.org/10.1038/jhh.2016.12
http://dx.doi.org/10.1007/s40520-016-0622-6
http://dx.doi.org/10.1017/S0007114500000982
http://dx.doi.org/10.2174/157340210791170976
http://dx.doi.org/10.1177/1358863X12450094
http://dx.doi.org/10.1097/00000441-200512000-00005
http://dx.doi.org/10.1161/hy09t1.096249
http://dx.doi.org/10.1155/2012/918267
http://www.ncbi.nlm.nih.gov/pubmed/22611498
http://dx.doi.org/10.1016/S0008-6363(98)00212-0
http://dx.doi.org/10.1038/sj.ijo.0802735
http://www.ncbi.nlm.nih.gov/pubmed/15278104
http://dx.doi.org/10.1016/j.nut.2018.11.028
http://dx.doi.org/10.1111/obr.12061
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design and Subjects 
	Anthropometric Measures 
	Body Composition Parameters 
	Blood Pressure Tests and Hypertension Screening 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

