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Abstract: Background: Adolescents who experience overweight or obesity commonly persist in
these conditions into adulthood, thereby elevating their vulnerability to health issues. The focus
of this study is on health risk markers such as body mass index (BMI), waist circumference (WC),
waist-to-height ratio (WHtR), body surface area (BSA), and cardiorespiratory fitness (CRF). The
objectives include updating normative values for BMI, WC, WHItR, and BSA in Canadian adolescents,
establishing cardiometabolic risk zones, and developing a composite score considering both anthro-
pometric and CRF markers. Methods: Involving 1864 adolescents, the study used the LMS method to
generate percentile norms, stratified by age and sex. Cardiometabolic risk zones were established for
each marker based on Z-scores, and a composite score was created. Results: An increase in WC of 5.8
and 7.4 cm for boys and girls, respectively, was observed since 1981. Forward multiple regression
analyses were conducted to assess the robustness and validity of the proposed model. The results
indicated that the model explained nearly 90% (R? = 0.890) of the common variance between the
composite score and the retained independent variables. Moreover, the model demonstrated a mean
absolute error (MAE) of approximately 6 percentiles, confirming its high precision. Furthermore,
these analyses yielded key thresholds for identifying adolescents at risk: the 70th percentile for
high cardiometabolic risk and the 85th percentile for very-high risk. Conclusions: Individually, WC
or WHIR seem to be better markers for evaluating cardiometabolic risk than BMI during adoles-
cence. However, CRF showed comparable importance to anthropometric markers in determining
cardiometabolic risk. The simultaneous inclusion of anthropometric and CRF markers provides a
better picture of the global cardiometabolic risk in adolescents.

Keywords: body composition; maximal functional aerobic power; VO,peak; youth; cardiometabolic risk

1. Introduction

While all aspects of adolescent development are crucial for overall well-being, some
areas have become increasingly concerning in recent years. One major issue is the alarming
rise in the prevalence of overweight and obesity among teenagers [1]. Numerous studies
have highlighted that a significant proportion of adolescents struggling with overweight
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or obesity are likely to carry these conditions into adulthood [2-5]. This persistence
significantly increases the probability of early onset morbidity and mortality, primarily
due to cardiovascular and cardiometabolic disorders [4,5]. These conditions can manifest
early in childhood and progress into co-occurring illnesses during adolescence and young
adulthood [5]. Therefore, from both clinical and public health standpoints, it is essential
to ensure access to accurate and up-to-date data to enable effective monitoring of these
risk factors.

1.1. Body Composition Assessment

A myriad of techniques exist for assessing body composition, including dual-energy
X-ray absorptiometry (DEXA), computed tomography (CT), magnetic resonance imaging
(MRI), bioelectrical impedance (BI), and hydrostatic weighing [6-9]. While undoubtedly
valuable, these methods often face limitations in accessibility for widespread clinical and
population-based surveillance. These limitations primarily stem from factors like limited
device availability, high costs, reliance on specialized personnel, and the potential inva-
siveness of certain techniques [4,10]. Fortunately, alternative methods provide enhanced
accessibility, facilitating the surmounting of these obstacles to proactively mitigate the
associated risks.

Body Mass Index

Despite its limitations, body mass index (BMI) remains the most prevalent method
for tracking overweight and obesity in children and adolescents [3,11-13]. Its widespread
adoption stems from its remarkable simplicity, requiring only two readily available mea-
surements, namely body mass and body height. Moreover, age- and sex-specific percentile
charts empower healthcare professionals to accurately identify individuals at highest
risk [14]. Indeed, a substantial body of evidence has firmly established a compelling as-
sociation between elevated BMI values and various health conditions, including type 2
diabetes, hypertension, coronary artery disease, dyslipidemia, and other metabolic disor-
ders [4,15-17].

Regardless the numerous advantages associated with BMI monitoring, such as its
simplicity and strong correlation with various health indicators, several authors have ex-
pressed concerns regarding its accuracy as a measure of overweight or obesity, particularly
among young individuals [3,13,18,19]. The most common argument raised is that BMI
serves as a general measure (total obesity) and fails to differentiate between adipose tissue
and lean body mass, providing no information on body fat distribution. This argument is
well founded, given that BMI relies primarily on body mass and body height, both of which
undergo highly heterogeneous changes during adolescence. Therefore, it is imperative to
incorporate additional reliable markers that can validate the trends assessed by BMI.

1.2. Other Anthropometric Markers

Beyond BMI, several non-invasive clinical measures have been developed to esti-
mate the degree of overweight and obesity, including the assessment of subcutaneous
skinfold thickness, conicity index, body shape index, and waist-to-hip ratio, among oth-
ers [10,15,20-22]. While innovative, these techniques face hurdles limiting their widespread
implementation. For instance, their application necessitates additional anthropometric measure-
ments, hindering their feasibility in busy clinical settings. Moreover, some of these techniques
lack validation for children and adolescents, further complicating their interpretation. Despite
these challenges, there are alternative methods that hold promise in enhancing the evaluation of
overweight or obesity while imposing minimal additional constraints.

1.2.1. Waist Circumference (WC)

Given that BMI and WC capture distinct aspects of obesity, incorporating both mea-
sures would likely yield a more comprehensive understanding of the condition. The
importance of measuring waist circumference (WC) has gained significant traction in recent
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years, extending from clinical settings to population-wide studies. This simple and fast
method provides a quick means of evaluation that can be easily applied in a clinical context.
Moreover, using WC alongside BMI refines the accuracy of adiposity profiling in young
individuals. Several studies have demonstrated that WC surpasses BMI as a marker of
cardiovascular and cardiometabolic risk [3,4,18,23]. This advantage stems from its ability
to assess abdominal adiposity (central obesity), recognized as the most detrimental form.
Since BMI and WC capture distinct aspects of obesity, combining both measures would
likely yield a more complete understanding of the condition. As such, it may be prudent to
incorporate both markers as a minimum requirement.

1.2.2. Waist-to-Height Ratio

The waist circumference-to-height ratio (WHtR) offers a promising alternative measure
for abdominal obesity in adolescents. This metric is calculated by dividing an individual’s
waist circumference by their body height, providing a more nuanced assessment compared
to solely measuring WC. Some studies have suggested that WHtR may surpass both BMI
and WC in predicting cardiometabolic and cardiovascular risk in adolescents [24-28]. The
rationale underlying this index is that for a given body height, there is an acceptable amount
of fat stored on the upper body. The commonly endorsed and widely accepted value for
WHIR in a healthy individual is 0.5 or less [26]. Despite its widespread acceptance in adults,
the validity of this threshold in children and adolescents is under scrutiny, as it does not
account for the natural variation of WHIR (i.e., changes in body height) with age and sex in
growing individuals [29]. Regardless of this limitation, we believe that WHtR still holds
promise as a tool to identify high-risk adolescents, even those with normal BMI, warranting
further research and potentially age- and sex-specific cut-offs.

1.2.3. Body Surface Area

Body surface area (BSA) is a measure of the total surface area of the human body.
Given the substantial variability in body size across individuals, BSA has emerged as a
standardization tool for various clinical assessments of biological function [30]. BSA is
particularly useful in children and adolescents because it gives a more accurate assessment
of morphological changes during growth. This is because BSA takes into account both
body height and body mass, which are two important factors that affect body size. This
distinctive attribute imparts an allometric dimension to BSA, an aspect often underrepre-
sented or inadequately captured by other anthropometric markers. While BSA may not
be as prevalent as BMI, it is acknowledged as a health indicator capable of gauging an
individual’s health status [31-34]. Notably, certain studies go beyond the conventional
use of BMI and assert that BSA serves as a more robust predictor of heart failure mortality
and numerous other diseases [34]. Therefore, BSA is a valuable tool for clinicians and
researchers who are interested in assessing body size and composition.

Although the intercorrelation between these four markers is relatively high (i.e., BMIL,
WC, BSA, and WHLtR), each offers a different perspective on body composition. Thus,
the concept of incorporating multiple markers is interesting. This multi-marker approach
simultaneously captures both global and local aspects of obesity, leading to a richer under-
standing of an individual’s adipose profile. Furthermore, using multiple markers enhances
the certainty of the assessment compared to relying solely on one indicator. Finally, these
four markers can be easily calculated as they are all derived from the same three anthropo-
metric variables: body mass, body height, and WC.

1.3. Cardiorespiratory Fitness

Beyond anthropometric markers, other variables are also closely associated with
cardiovascular or cardiometabolic risks. Of these variables, one of the most extensively
studied physiological factors is cardiorespiratory fitness (CRF), which refers to the ability
of the cardiorespiratory system to supply oxygen to the muscles during sustained physical
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exertion. Several studies have demonstrated a clear association between low CRF and
cardiometabolic risk among children and adolescents [2,35-38].

The significance of this marker highlighted by the fact that the American Heart As-
sociation (AHA) advocates for its routine monitoring, deeming it a “vital sign” due to its
ability to predict mortality in adulthood comparable to conventional assessments of car-
diometabolic and cardiovascular risk factors [36,39]. Typically expressed in ml-kg~!-min~1,
CRF is also referred to as VO,max or VO, peak. While various methods exist to measure
or estimate CRF, those requiring the analysis of expired gas are generally considered the
“gold standard”. However, the limited availability of equipment, the complexity of the
procedures, the extended duration of the evaluation process, and associated costs make
this type of measurement relatively inaccessible. To overcome these limitations, several
indirect procedures have been developed to obtain an accurate and reliable evaluation of
CRE. These procedures include field tests, laboratory tests, and self-reported questionnaires.

For decades, the most widely used method to assess CRF has been the 20 m shuttle run
test [40]. Every year, millions of young people worldwide are assessed using this procedure,
making VO;peak values available for this population [41,42]. This procedure is particularly
attractive for CRF assessment of children and adolescents because it was designed to
be administered within school settings. Its simplicity, short administration time, and its
capacity to evaluate multiple individuals simultaneously contribute to its attractiveness.
In addition to assessing VO,peak, the 20 m shuttle run test provides an evaluation of
functional maximal aerobic power (FMAP). FMAP is expressed as the number of completed
1 min stages and is considered another important marker of aerobic fitness [43]. Given its
significance as a potential risk factor, there is a strong recommendation to include CRF
measurements in both clinical evaluations and population-based studies.

In summary, as demonstrated by the evidence found in the literature, it appears that
relying solely on a single anthropometric marker such as BMI provides an incomplete
picture of body composition. Integrating markers that capture both central and total obesity
is likely to yield a more comprehensive assessment. Furthermore, given the significance of
other metrics, such as CRF as potential health markers, clinical evaluations and population-
based studies would likely benefit from their inclusion.

Hence, this study aims to achieve three primary objectives: (1) to present the latest
standardized normative values for BMI, WC, WHtR, and BSA in Canadian adolescents from
Québec; (2) to delineate cardiovascular and/or cardiometabolic risk zones for each of the
four anthropometric markers and the two CRF markers; (3) to formulate a comprehensive
composite score that concurrently assesses the risk associated with the anthropometric and
CREF profile.

2. Materials and Methods
2.1. Design

This research is an epidemiological cross-sectional study conducted on a large sample
size of adolescents aged between 12 and 17 years old. The data utilized in this study
were collected by our team through a regional representative school-based survey [43].
The presented data were collected between 2014 and 2017, offering a snapshot of the
pre-pandemic COVID-19 situation.

2.1.1. Participants

The present study, conducted in Québec (Canada), involved the participation of 1864
high school students (1008 boys and 856 girls). Participants were selected from a roster of
high schools, where 150 schools agreed to take part in the study. To ensure a representative
sample, a three-stage sampling approach was employed, targeting a proportional allocation
of school boards, schools, and classes [44].

The required sample size for conducting this study was determined through a power
analysis using Cohen’s d method, aiming to detect small effects (d < 0.1) at a power (1 — f3)
of 0.95 for a significance level of (x) of 0.01, using G*Power software (version 3.1.9.4). This
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analysis determined a necessary sample size of 1564 participants. Using a stratified random
sampling method, 12 schools were selected from four cities: Montréal (>2,000,000 inhab-
itants), Laval (>400,000 inhabitants), Trois-Rivieres, and Saguenay (150,000 inhabitants
each), representing high and low urban population density. Sociodemographically, Québec
stands out as the only Canadian province with a French-speaking majority. While the
province boasts an estimated 80% francophone population, the proportion of non-French
speakers reaches around 50% in the greater Montréal area. Furthermore, an estimated 25%
of Québec’s population originates from immigration, contributing to a more ethnically
heterogeneous composition.

To achieve a sample that is representative of urban teenagers in Québec, which repre-
sent 85% of the total population, a proportional distribution of students was carried out
based on the population of each city. Significant efforts were also invested to ensure the
fair and unbiased representation of diverse socioeconomic groups. In Québec, the high
school education program spans over a 5-year period and caters to students aged between
12 and 17 years. Both students and parents were informed of the study and given the
option to participate or decline. School authorities provided written consent forms. The
project received approval from the Institutional Ethical Committee Board of the University
of Québec in Chicoutimi (no: 602-225-01).

2.1.2. Anthropometric Markers

All selected tests and measurements were performed using standardized procedures
known for their validity and reliability. Anthropometric variables, including body mass
(BM), body height (BH), and body mass index (BMI), were collected individually during
physical education classes following the procedures recommended by Lohman et al. [45].
WC was collected following the guidelines provided by the National Institutes of Health
(NIH), which is also the method proposed by the Canadian Society for Exercise Physiol-
ogy [46]. Kinesiology interns conducted anthropometric assessments in a separate room
adjacent to the gymnasium, ensuring privacy. BM was measured using a Detecto scale
(Webb City, MO, USA) accurate to the nearest 0.1 kg, while BH was measured using a
SECA model 213 stadiometer (Hamburg, Germany) accurate to the nearest 0.1 cm. WC
was assessed using a Gulick anthropometric retractable tape (Wilmington, NC, USA) with
a precision of 0.1 cm. If the disparity between two measurements exceeded 1 cm, an
additional reading was conducted, and the two measurements with the least discrepancy
were averaged to derive the final reading.

The BMI was calculated using the formula BM (kg)

and was classified as normal body

BHZ(m)
weight (typical BMI), overweight, or obese according to the classification suggested by
Cole et al. [14]. The WHtR was calculated using the formula I]/SVIS ((Ccﬁ)) . Finally, the BSA was

estimated using the method suggested by Mosteller [47], which reads as follows:

BSA (m?) — \/ BH(cm2),6>; fM(kg)

2.1.3. Cardiorespiratory Fitness Markers

CRF was assessed using the 20 m shuttle run test, following the protocol proposed
by Léger et al. [40]. This test yields two distinct markers: First, it estimates the FMAP
by measuring the number of one-minute stages completed. Second, based on FMAP and
participant age, the maximum oxygen consumption (VO,peak) is then estimated, which is
a more widely used physiological concept.

Testing occurred between 9 am and 3 pm, Monday through Friday, from October to
May. Certified kinesiology interns, who had completed a rigorous 45 h training program in
anthropometric and cardiorespiratory assessment, meticulously conducted all measure-
ments. Faculty researchers actively involved in the study provided close supervision and
support. The 20 m shuttle run test took place indoors in high school gymnasiums. To
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maximize effort, participants received verbal encouragement throughout the test. To ensure
individual attention, no more than 20 participants were assessed simultaneously.

2.1.4. Data Exclusions

Before curve smoothing, outliers and participants whose weight-for-height values
were below the 0.135th percentile or above the 97.7th percentile, which is considered
“unhealthy” by the WHO guidelines [48], were excluded. Furthermore, only students with
measured WC were included. This resulted in excluding 55 participants (3.0%), leaving a
final sample size of 1809 students.

2.1.5. Statistical Analysis

Descriptive statistics are presented as mean =+ standard deviation (SD) with 95% con-
fidence intervals (CI). Cohen’s d effect sizes were calculated for intergroup comparisons.
The normality of each variable was assessed using the Shapiro-Wilk test. For non-normal
distributions, a Box-Cox transformation was applied. Curves were generated using the
Box-Cox power exponential approach employing cubic splines, as recommended by the
WHO in 2006 [48].

Outliers were detected by applying the method proposed by Hoaglin and Iglewicz [49]
while percentile values were computed using the LMS method as suggested by Cole and
Green [50]. A detailed description of the methodology employed in this study has been
previously documented [43,51].

For nearly two decades, numerous studies have advocated for using the 85th per-
centile of BMI as a benchmark to identify children and adolescents aged 5 to 19 who are
overweight or obese [1,17,29,32,36]. In the case of markers such as WC, WHItR, and BSA,
it is unclear if the 85th percentile should be applied. To investigate this question, we
examined adolescents in our sample whose BMI corresponded to >85th percentile and
analyzed the corresponding Z-scores for the three other anthropometric markers. We found
that the associated value for BMI (85th percentile) is actually aligned more closely to the
80th percentile, indicating a more stringent threshold. Similar findings have been reported
elsewhere [10,52], supporting the need for distinct thresholds for each marker, which are
delineated as follows:

BMI:

Low-risk zone < 85th percentile
High-risk zone = 85th-95th percentile
Very-high-risk zone > 95th percentile

WC, WHtR, and BSA:

Low-risk zone < 80th percentile
High-risk zone = 80th-95th percentile
Very-high-risk zone > 95th percentile

Furthermore, a warning zone created for values between the 60th and 80th percentile
to provide an initial alert, even though this range does not present an immediate risk.
Indeed, previous research [14] indicates that the buffer zone for BMI is defined in an
arbitrary manner, encompassing percentiles ranging from the 60th to the 85th percentile,
instead of being limited to the 80th percentile as previously stated.

For the CRE, the risk zones were determined based on the quartiles presented below,
which have also been used in prior research [38,53]:

Low-risk zone > 50th percentile
High-risk zone = 50th—25th percentile
Very-high-risk zone < 25th percentile
A composite score was developed to assess cardiovascular health risk by combining
four anthropometric markers (BMI, WC, WHtR, and BSA) with one of two cardiovascular

risk factor markers: VO,peak or FMAP. The selected markers represent three distinct risk
factors: overall obesity (BMI and BSA), central obesity (WC and WHtR), and low CRF
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(VO,peak and FMAP). Each factor receives equal weight in calculating the composite score.
To standardize the values of each marker, raw scores were first transformed into Z-scores
and then expressed as percentiles, as previously outlined. This assigned each participant a
risk zone (low-risk, high-risk, or very-high-risk) for each marker. It should be noted that
the warning zone is part of the low-zone risk, as explained previously.

The regression equations were derived using forward multiple linear regression tech-
niques. Additionally, various statistical measures were calculated to assess model perfor-
mance, including the standard error of the estimate (SEE), standard error of the mean (SEM),
mean absolute error (MAE), root mean squared error (RMSE), variance inflation factor
(VIF), and coefficient of determination (R?). The regression equations presented establish
cutoff points for interpreting cardiometabolic risk. Scores exceeding the 70th percentile
indicate high risk, while scores surpassing the 85th percentile signify very-high risk. These
thresholds were derived from the cumulative percentile averages of WC, BMI, VO, peak,
and FMAP. These composite thresholds differ from individual marker thresholds because
they account for the combined influence of all considered factors.

Due to variations in WC assessment methods found in the literature (i.e., WHO
vs. NIH), Patry-Parisien et al. [54] proposed the following equations to standardize the
measurements and enhance their comparability:

Boys: WC corrected = —0.8991 + (WC_WHO x 1.01829) + (age x 0.05164)
Girls: WC corrected = —0.70299 + (WC_WHO x 1.01891) + (age x 0.12297)

3. Results

Table 1 presents descriptive statistics for BM, BH, and CRF characteristics across age
and sex. While VO,peak values naturally decline with age for both sexes, comparing
consecutive years (e.g., 12 vs. 13) does not reveal statistically or clinically significant
differences. However, analyzing the entire adolescence period reveals a statistically sig-
nificant and clinically meaningful decline in VO,peak (p = 0.0001). In boys, VO,peak
drops from 44.8 mL-kg~!-min~! at age 12 to 40.9 mL-kg~!-min~! at age 17, representing a
moderate effect size (Cohen’s d = 0.63). For girls, the decline is even steeper, falling from
41.6 mL-kg !min~! to 33.9 mL-kg~!-min~!, with a large effect size (Cohen’s d = 1.63).
Interestingly, the number of 1 min stages completed follows a different pattern, peaking at
age 16 for boys and from age 15 for girls.

Table 1. Descriptive statistics for body mass, body height, and cardiorespiratory fitness variables in
adolescents aged 12 to 17 years.

Body Mass CI 95% Body Height VO;max Stages
Age N (kg) (cm) C195%  mLkg'min~1  (yg59, (Number) CI 95%
Mean + SD Mean + SD Mean + SD Mean + SD
Boys
12 128 482 +99 46.4-49.9 155.1 + 8.6 153.6-156.6 448 +5.3 43.8-45.7 51+20 4.8-5.5
13 223 548 +13.1 53.1-56.5 161.3 £9.0 160.1-162.5 43.8 +49 43.2-44.5 53+19 5.1-5.5
14 173 57.6+£10.2 56.1-59.2 166.5 + 7.7 165.3-167.7 44.6 + 6.8 43.6-45.6 6.2 +25 5.8-6.5
15 205 629 +11.1 61.4-64.5 170.6 + 6.6 169.6-171.5 43.1+6.9 42.1-44.1 6.2+25 5.9-65
16 161 664 +11.7 64.5-68.3 172.7 £ 7.6 171.6-173.9 427 4+72 41.6-43.8 6.6 +2.5 6.2-7.0
17 93 68.9 £ 11.6 66.4-71.4 1735+78 171.9-175.1 409 +7.2 39.4-42.4 6.6 +24 6.1-7.0
Girls
12 161 479 +94 46.4-49.4 154.9 +£ 6.3 153.9-155.9 41.6 + 44 40.9-42.3 3.7+17 3.5-4.0
13 211  51.6 +£10.6 50.2-53.1 1575 +£ 6.1 156.7-158.3 39.6 +4.7 38.9-40.2 37+17 3.5-39
14 143 553 +10.1 53.6-57.0 158.3 £ 6.2 157.2-159.3 374 +42 36.7-38.1 35+1.6 3.2-3.7
15 117 56.9 + 8.7 55.3-58.6 161.5 £ 6.7 160.3-162.7 38.3+5.6 37.3-39.4 46+19 4.2-49
16 128 58.8 +£9.2 57.2-60.4 163.0 £ 7.0 161.8-164.3 36.2 £ 5.9 35.1-37.2 43+21 4.04.7
17 71 59.7 £9.9 57.3-62.1 162.7 £7.8 160.8-164.5 339+54 32.7-35.2 41+18 3.7-4.5

Age = years; SD = standard deviation; CI 95% = confidence interval at 95% level; Stages = number of one-minute
stage completed in the 20 m shuttle run test.
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Table 2 displays anthropometric characteristics of WC, BMI, WHtR, and BSA catego-
rized by sex and age. Notably, values for all four markers increase with age for both sexes,
except for WHIR, which tends to remain relatively stable throughout adolescence.

Table 2. Anthropometric characteristics for waist circumference (WC), body mass index (BMI),
waist-to-height ratio (WHtR), and body surface area (BSA) in Québec (Canada) adolescents.

Age (Years) N WC (cm) CI 95% BMI (kg-m~—2) CI95%
Boys
12.0-12.9 125 73.2 £ 10.6 71.4-75.1 207 £4.2 19.9-214
13.0-13.9 223 74.8 £10.3 73.5-76.2 209 +4.0 20.4-21.5
14.0-14.9 170 764 +10.6 74.8-78.0 21.2+39 20.6-21.8
15.0-15.9 206 78.3 +£10.3 76.9-79.7 219 +41 21.4-225
16.0-16.9 157 80.2 +10.2 78.5-81.8 225+44 21.8-23.2
17.0-17.9 92 82.3+10.1 80.2-84.3 235+44 22.6-24.5
Girls
12.0-12.9 160 735 +10.1 72.0-75.1 20.8 +£4.3 20.1-214
13.0-13.9 211 74.5 £10.1 73.2-75.9 21.1+41 20.5-21.7
14.0-14.9 144 75.7 £9.8 74.1-77.3 23.0+£4.38 22.2-23.8
15.0-15.9 116 76.6 +10.1 74.8-78.5 221 +34 21.4-22.7
16.0-16.9 130 77.7 £10.0 76.0-79.4 22.8+4.0 22.0-23.4
17.0-17.9 72 78.6 +10.0 76.2-81.0 23.0£4.1 22.0-23.9
Boys
Age (Years) N WHIR (Ratio) CI95% BSA (m?2) CI195%
12.0-12.9 128 0.47 + 0.06 0.46-0.49 147 £0.22 1.44-1.51
13.0-13.9 223 0.46 + 0.06 0.45-0.47 1.57 £0.22 1.54-1.60
14.0-14.9 172 0.46 £ 0.06 0.45-0.47 1.65 +0.19 1.62-1.68
15.0-15.9 208 0.46 + 0.06 0.45-0.47 1.74 £0.20 1.71-1.77
16.0-16.9 156 0.46 + 0.06 0.45-0.47 1.79 £0.20 1.76-1.83
17.0-17.9 93 0.48 £ 0.07 0.46-0.49 1.85 +0.22 1.81-1.90
Girls
12.0-12.9 162 0.48 +0.06 0.47-0.49 1.48 £0.21 1.44-151
13.0-13.9 212 0.47 £ 0.06 0.46-0.48 1.52 +0.20 1.50-1.55
14.0-14.9 144 0.48 £+ 0.07 0.47-0.50 1.60 £ 0.21 1.57-1.64
15.0-15.9 117 0.47 = 0.06 0.46-0.48 1.61 £0.15 1.59-1.64
16.0-16.9 131 0.48 £ 0.05 0.47-0.49 1.66 +0.18 1.62-1.69
17.0-17.9 72 0.49 + 0.06 0.47-0.50 1.67 £ 0.21 1.62-1.72

N = number of participants; Variables = mean =+ standard deviation; CI 95% = confidence interval at 95%.

Figures 1 and 2 display smoothed age-specific percentile curves for BMI, BSA, WC,
and WHIR (A and C for boys; B and D for girls). The dotted line represents the median
curve for each marker.

Tables 3 and 4 offer a valuable tool for identifying specific percentile values of each
anthropometric marker categorized by age and sex. These tables present the data in
10-percentile intervals from 10th to 90th, along with the 5th and 95th percentiles, which
hold clinical significance. It is worth noting that the LMS method parameters have also
been included, so that other percentile values can be calculated if required.

Figure 3 depicts the secular trend in WC from 1981 onwards, carefully adjusted
for methodological differences between the two studies. In the 2000s, the measurement
of WC was assessed using the method proposed by the National Institutes of Health
(NIH), whereas the method used previously was that suggested by the World Health
Organization (WHO). To ensure data comparability, a correction factor recommended by
Patry-Parisien et al. [54] was applied.
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Figure 1. Age-specific smoothed percentile curves for BMI and BSA for boys (A,C) and girls, respec-
tively (B,D).
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Figure 2. Age-specific smoothed percentile curves for WC and WHItR for boys (A,C) and girls,
respectively (B,D).
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Table 3. Smoothed percentile standards for body mass index (BMI) and waist circumference (WC)
according to age (years) and sex in Québec adolescents.

BMI (kg-m~—2) Percentiles
Age N L M S Ps Pip Py Py Py Psp Pep Py Pg Pgo Pos
Boys (N = 983)

12.0-12.9 years 128 —-1.81 206 0203 159 166 177 187 196 206 21.7 232 253 293 344
13.0-13.9 years 223 —-112 205 0191 157 165 177 186 196 205 215 228 245 273 330
14.0-14.9 years 171 -171 210 0184 165 172 183 192 201 21.0 220 233 251 284 322
15.0-15.9 years 208 —1.02 215 0187 165 173 186 196 205 215 226 238 255 283 311
16.0-16.9 years 161 —-185 225 01% 175 183 195 205 215 225 237 252 274 315 367
17.0-17.9 years 92 —-219 232 0187 183 191 203 212 222 232 244 259 281 326 387

Girls (N = 838)

12.0-12.9 years 162 —-151 203 0207 154 162 174 184 193 203 214 229 249 285 327
13.0-13.9 years 213 —-126 209 0194 160 168 180 190 199 209 220 233 251 282 314
14.0-14.9 years 144 154 226 0209 172 181 193 204 215 226 239 255 277 319 369
15.0-15.9 years 117 -132 220 0154 177 185 195 204 212 220 229 240 254 277 299
16.0-16.9 years 131 -200 220 018 174 182 193 202 211 220 231 244 264 300 345
17.0-17.9 years 71 —-227 239 0178 190 199 210 220 229 239 251 265 287 330 387

WC (cm) Percentiles
Age N L M S Ps Py Py P Py Psp Peop Prp  Pgg Pgg Pos

Boys (N = 976)
12.0-12.9 years 125 1.02 728 0.145 554 592 639 673 701 728 755 783 817 863 90.1
13.0-13.9 years 224 1.04 733 0141 562 600 646 679 707 733 759 787 8.0 865 90.2
14.0-14.9 years 171 0.98 758 0139 585 623 669 703 731 758 785 813 847 893 932
15.0-15.9 years 206 0.99 783 0134 611 649 695 728 756 783 81.0 838 871 91.8 95.6
16.0-16.9 years 157 1.01 792 0132 620 658 704 737 766 792 81.8 847 88.0 926 964
17.0-17.9 years 93 0.98 8§22 0131 645 684 731 766 795 822 849 878 913 96.0 999

Girls (N = 833)

12.0-12.9 years 160 0.50 729 0137 574 607 647 678 704 729 754 782 816 863 903
13.0-13.9 years 211 0.48 742 0136 586 618 660 690 717 742 768 796 830 877 918
14.0-14.9 years 144 037 743 0133 591 623 663 692 718 743 768 796 829 877 918
15.0-15.9 years 116 0.61 756 0132 599 632 674 704 731 756 781 809 842 888 927
16.0-16.9 years 130 0.99 769 0129 606 642 686 717 744 769 794 821 8.3 896 933
17.0-17.9 years 72 1.01 785 0127 621 657 701 733 760 785 81.0 837 869 913 949

Table 4. Smoothed percentile standards for body surface area (BSA) and waist-to-height ratio (WHtR)
according to age and sex in Québec adolescents.

BSA (m?) Percentiles
Age N L M S Ps Py Py Py Py Psg Peyg Py Pgg Py Pos
Boys (N =982)

12.0-129 years 128 —-0.60 148 0.150 1.18 123 131 137 143 148 154 160 169 182 193
13.0-13.9 years 223 007 157 0140 124 131 139 146 152 157 163 169 177 188 197
14.0-149 years 170 -2.14 165 0115 141 145 151 156 160 165 170 176 184 197 210
15.0-159 years 208 —-1.17 172 0115 145 150 157 162 167 172 177 183 191 2.02 213
16.0-169 years 161 —-126 179 0112 152 157 164 169 174 179 184 190 198 210 221
17.0-17.9 years 93 —-275 182 0119 156 160 167 172 177 182 188 195 205 222 241

Girls (N = 838)

12.0-129 years 162 —-1.60 150 0142 123 128 134 140 145 150 156 162 171 186 201
13.0-139 years 212 -0.10 152 0132 123 129 136 142 147 152 157 163 170 180 1.89
14.0-149 years 144 —-199 159 0131 133 138 144 149 154 159 165 171 180 195 211
15.0-159 years 117 144 160 0093 139 143 149 153 156 160 164 168 174 1.82 1.90
16.0-169 years 131 —-0.80 1.65 0.108 140 145 151 156 161 165 170 175 181 191 2.00
17.0-17.9 years 71 -078 166 0126 137 143 150 156 161 166 171 178 185 197 2.08
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Table 4. Cont.

BSA (m?) Percentiles

Age N L M S Ps Py Py Py Py Pso Pgp Py Pgp Po Pos
WHIR (ratio) Percentiles

Age N L M S Ps  Pig Py P Py Psgp Pg Prp Pgg Po Pos

Boys (N =976)

12.0-12.9 years 125 1.01 045 0128 036 038 040 042 044 045 046 048 050 052 054
13.0-13.9 years =~ 223 025 045 0130 036 038 040 042 044 045 046 048 050 053 0.55
14.0-149 years 172 021 045 0128 036 038 040 042 044 045 046 048 050 053 0.55
15.0-15.9 years 206 070 046 0128 037 039 041 043 045 046 047 049 051 054 0.56
16.0-16.9 years 156 —0.60 047 0128 039 040 042 044 046 047 049 050 053 056 0.59
17.0-179 years 93 159 048 0.146 035 038 042 044 046 048 050 052 054 057 0.59

Girls (N = 833)

12.0-12.9 years 160 001 047 0128 038 040 042 044 046 047 049 050 052 055 0.58
13.0-139 years 211 —-031 047 0146 038 040 042 044 046 047 049 050 052 056 0.58
14.0-149 years 144 071 048 0128 037 039 042 044 046 048 050 052 054 057 0.60
15.0-159 years 116 1.01 046 0104 036 038 041 043 045 046 047 049 051 054 0.56
16.0-16.9 years 130 —0.80 048 0.122 041 042 044 046 047 048 049 051 053 055 058
17.0-17.9 years 72 1.01 048 0128 038 040 043 045 047 048 049 051 053 056 0.58
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Figure 3. Secular trend for waist circumference (WC) between the current study (Blue) and adjusted
data from the 1981 Canadian Fitness Survey (CFS; Red)). Boys (A) and girls (B).

Despite data normalization aiming to minimize differences between the two studies,
statistically significant disparities persist between the two-time frames for each age group
(p = 0.0001) in both boys and girls (Table 5). Compared to their 1981 counterparts, boys in
2017 exhibited a notable increase in WC (5.8 cm), and the same trend held true for girls
(7.4 cm increase). Interestingly, the Canadian Fitness Survey (CFS) curves from 1981 suggest
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a plateau in WC around age 16 for both sexes (55). In contrast, the current study reveals a
continued rise in WC beyond this age.

Table 5. Secular trend for waist circumference (WC) between the 1981 Canadian Fitness Survey (CFS)
and 2017 current study in adolescents.

Age N CFS 1981 N Current Study 2017 Values Cohen’s d AWC
(Years) (cm) (cm) p Effect Size (cm)
Boys
12 187 66.7 £7.1 125 732 £10.6 0.0001 0.75 6.5
13 218 675+ 54 223 74.8 £10.3 0.0001 0.89 7.3
14 189 70.8 £ 6.5 170 76.4 £ 10.6 0.0001 0.65 5.6
15 191 73.7 £ 6.6 206 78.3 £10.3 0.0001 0.55 4.6
16 204 749 + 6.3 157 80.2 +10.2 0.0001 0.64 5.3
17 187 76.7 +9.0 92 82.3 +10.1 0.0001 0.60 5.6
Mean X =538
Girls
12 208 645 +79 161 73.5 +£10.1 0.0001 1.01 9.0
13 184 67.0 £ 6.9 211 745 £10.1 0.0001 0.86 7.5
14 181 682 +73 143 75.7 +£9.8 0.0001 0.88 7.5
15 200 708 +7.7 117 76.6 + 10.1 0.0001 0.67 5.8
16 185 705 +79 128 77.7 £10.0 0.0001 0.82 7.2
17 195 71.5+9.0 71 78.6 +10.0 0.0001 0.77 7.1
Mean x=74

N = number of participants; CFS = Canadian Fitness Survey; WC = waist circumference; p values = signifi-
cant < 0.05; Cohen’s d effect size: <0.2 = trivial; 0.2-0.5 = small; 0.5-0.8 = moderate; >0.8 = high; X = mean.

Risk Stratification

Beyond presenting anthropometric measurements, this paper also provides insightful
tools to assess health risks associated with these values. Figures 4—6 provide a convenient
and efficient way to visualize the health risk zones for each anthropometric and CRF marker,
categorized by age and sex (A for boys and B for girls). The inclusion of the yellow area,
denoting a warning zone, suggests a potential trajectory towards higher risk zones. It is
useful to interpret it as a warning sign, even in the absence of immediate threat.

Table 6 provides a clear and concise summary of health risks associated with each
of the six markers, categorized into three distinct zones: low-risk, high-risk, and very-
high-risk. This allows clinicians to quickly identify their patients” risk level based on
raw marker values. Importantly, BMI risk zones were established using age- and sex-
specific recommendations from the WHO. For the remaining markers, the risk zones were
determined using Z-scores derived from our sample population, as there is currently no
international consensus on the specific values for risk zones.

Table 7 compares the measured and predicted percentile values of the composite
scores. Due to collinearity issues among some variables, we selected an optimal model that
utilizes only four markers: WC, BMI, VO;peak, and FMAP. This model is pragmatic as it
integrates some of the most cited markers found in the relevant literature. To enhance the
model’s versatility and accommodate situations where CRF assessment might not involve
the 20 m shuttle run test, a second comparison was performed excluding FMAP (number of
1 min stage). Both equations boast coefficients of determination exceeding 90%, indicating
that each model effectively explains a high proportion of the shared variance. Notably, the
four-marker equation exhibits no statistically significant discrepancies between measured
and predicted values. While the equation omitting FMAP shows a significant difference
(p = 0.016), Cohen’s d coefficient reveals this difference to be clinically insignificant (less
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than 0.5 percentile point). Consequently, we can confidently conclude that the two models
perform equivalently.

(A) (B)

BODY MASS INDEX BODY MASS INDEX

VERY HIGH RISK VERY HIGH RISK
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I l l 23.0 r23.0
220 r22.0
21.0 r21.0
LOW RISK
- g . 20.0 LOW RISK 20.0
19.0 r19.0
18.0 r18.0
T T T T T T
12 13 14 15 16 17
Age (years) Age (years)
© (D)

WAIST CIRCUMFERENCE

LOW RISK - . LOW RISK

T T
14 15
Age (years) Age (years)

Figure 4. Age-dependent determination of health risk zones for body mass index and waist circum-
ference in boys (A,C) and girls (B,D).
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Figure 5. Age-dependent determination of health risk zones for waist-to-height ratio and body

surface area in boys (A,C) and girls (B,D).
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Figure 6. Age-dependent determination of health risk zones for VO,peak and the number of stages
completed in the 20 m shuttle run test in boys (A,C) and girls (B,D).

Along the same lines, Table 8 presents two models, one with and one without the
FMAP marker. Although the model with four markers appears slightly more precise, the
two equations are completely compatible with the objective of early detection of individuals
at risk. Firstly, the high coefficients of determination (r>~0.89) indicate that the independent
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variables account for nearly 90% of the explained variance. This result is particularly
interesting, suggesting a strong explanatory power of the model. Secondly, the VIF values
indicate that the two equations are unlikely to contain collinearity bias since each of the
markers included in these two models display values well below the critical threshold of 10.
Finally, based on RMSE values and more particularly the MAE, it can be concluded that the
two models are valid and display satisfactory precision in determining the cardiometabolic
risk of adolescents.

Table 6. Classification of individual health markers based on age and gender-specific risk zones.

* BMI (kg-m~—2)

Boys Girls
Age Low-Risk High-Risk Very-High-Risk Low-Risk High-Risk Very-High-Risk
12 <215 21.6-26.4 >26.5 <22.0 22.1-27.2 >27.3
13 <222 22.3-27.2 >27.3 <229 23.0-28.1 >28.2
14 <229 23.0-27.9 >28.0 <23.6 23.7-28.8 >28.9
15 <235 23.6-28.5 >28.6 <24.1 24.2-29.2 >29.3
16 <241 24.1-29.1 >29.2 <245 24.6-29.5 >29.6
17 <24.6 24.7-29.6 >29.7 <248 24.9-29.7 >29.8
WC
12 <81.6 81.7-90.0 >90.1 <815 81.6-90.2 >90.3
13 <81.9 82.0-90.1 >90.2 <829 83.0-91.7 >91.8
14 <84.6 84.7-93.1 >93.2 <82.8 82.9-91.7 >91.8
15 <87.0 87.1-95.5 >95.6 <84.1 84.2-92.6 >92.7
16 <87.9 88.0-96.3 >96.4 <85.2 85.3-93.2 >93.3
17 <913 91.4-99.8 >99.9 <86.8 86.9-94.8 >94.9
WHItR (Ratio)
12 <0.49 0.50-0.53 >0.54 <0.51 0.52-0.57 >0.58
13 <0.49 0.50-0.54 >0.55 <0.51 0.52-0.57 >0.58
14 <0.49 0.50-0.54 >0.55 <0.53 0.54-0.59 >0.60
15 <0.50 0.51-0.55 >0.56 <0.50 0.51-0.55 >0.56
16 <0.52 0.53-0.58 >0.59 <0.52 0.53-0.57 >0.58
17 <0.53 0.54-0.58 >0.59 <0.52 0.53-0.57 >0.58
BSA (m?)
12 <1.68 1.69-1.92 >1.93 <1.70 1.71-2.00 >2.01
13 <1.76 1.77-1.96 >1.97 <1.69 1.70-1.89 >1.90
14 <1.84 1.85-2.09 >2.10 <1.79 1.80-2.10 >2.11
15 <191 1.92-2.12 >2.13 <1.73 1.74-1.90 >191
16 <1.97 1.98-2.20 >2.21 <1.80 1.81-2.00 >2.01
17 <2.04 2.05-2.40 >2.41 <1.84 1.85-2.07 >2.08
VO,max (ml-kg~!-min~1)
12 >44.6 44.5-36.6 <36.5 >414 41.3-34.7 <34.6
13 >43.7 43.6-36.3 <36.2 >39.4 39.3-32.2 <32.1
14 >443 442-34.1 <34.0 >37.2 37.1-30.7 <30.6
15 >429 42.8-32.2 <321 >38.2 38.1-29.7 <29.6
16 >42.7 42.6-31.5 <31.4 >35.9 35.8-26.8 <26.7
17 >42.0 41.9-29.5 <294 >34.7 34.6-25.3 <252
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Table 6. Cont.

* BMI (kg-m~—2)

Boys Girls
Age Low-Risk High-Risk Very-High-Risk Low-Risk High-Risk Very-High-Risk
Stages (number)
12 >5.1 5.0-2.1 <2.0 >3.7 3.6-1.1 <1.0
13 >5.3 52-24 <23 >3.7 3.6-1.0 <09
14 >6.1 6.0-2.4 <23 >34 3.3-1.0 <0.9
15 >6.1 6.0-2.4 <23 >4.5 4.4-1.5 <14
16 >6.6 6.5-2.8 <27 >4.3 42-12 <11
17 >6.6 6.5-2.8 <27 >41 4.0-1.3 <12

Age = years; * based on WHO cut off points for age and sex.

Table 7. Paired-t-test comparison of measured and predicted percentile values for composite scores.

N Mean + (SD) CI SEM p Value Cohen’s d R?

Percentile Based on Four Markers
Y.(BMI, WC, VO,peak, Stages)/4

Measured composite score

. 1791 49.8 £23.0 48.7-50.8 0.542
(Percentile)
Prodicted - 0.783 0.000 0.891
redicted composite score 1791 498+£218 488508 0512
(Percentile)
Percentile based on three markers
Y.(BMIL, WC, VO,peak)/3
Measured composite score 1798 498+233  487-509  0.550
(Percentile)
Prodicted - 0.016 0.018 0.881
redictect composite score 1798 4944219  483-504 0515
(Percentile)
N = number of participants; SD = standard deviation; CI = confidence interval; SEM = standard error of the mean;
p = significant at p < 0.05; Cohen’s d = effect size; R? = coefficient of determination.
Table 8. Comparison of two models for early detection of cardiometabolic risk in adolescents.
R? RMSE MAE SEE Mean VIF
Equation (1)
Composite score estimation with the average percentile
of four markers
Composite score = —15.54 + (WC x 0.91) + (BMI x 1.45) 0.891 75 6.0 75 3.3
+ (Stage x —4.62) + (VOypeak x —0.298) Range: 2.5-4.1
Equation (2)
Composite score estimation with the average percentile
of three markers (without stage)
Composite score = —23.26 + (WC x 1.00) + (BMI x 2.09) 2.0
+ (VOypeak x —1.20) 0.881 8.1 65 8.1 Range: 1.1-2.5

R? = coefficient of determination; RMSE = root mean square error; MAE = mean absolute error; SEE = standard
error of estimate; VIF = variance inflation factor.

Table 9 reveals that, based on individual analysis of the four anthropometric markers,
nearly 25% of the adolescents in this study exhibit a high or very-high risk of developing
cardiometabolic problems in the short or long term. Considering CRF markers alongside
anthropometric markers (composite score) increases this percentage to nearly 33%. This



Int. J. Environ. Res. Public Health 2024, 21, 408 19 of 26

increase is primarily attributed to the significant contribution of CRF markers, which exceed
50% in both boys and girls who fall within the high- or very-high-risk zones for VO,peak
and for FMAP. This percentage reaches its peak at 17 years old, with boys facing a risk of
around 55% and girls exceeding 60%.

Table 9. Percentage of adolescents who present a health risk according to anthropometric and CRF
markers according to age and sex.

Age BMI WC WHIitR BSA VO;peak Stages Composite Score
Boys
12 32.8% 22.4% 32.0% 15.6% 49.2% 54.7% 34.5%
13 30.5% 25.9% 27.8% 15.7% 45.8% 48.4% 32.4%
14 23.3% 21.1% 22.8% 14.0% 45.3% 54.1% 30.1%
15 24.5% 21.4% 22.3% 16.7% 47.0% 52.1% 30.7%
16 24.9% 23.6% 13.4% 18.6% 50.3% 52.8% 30.6%
17 28.3% 21.5% 16.1% 16.1% 57.3% 52.1% 31.9%
Mean 27.4% 22.7% 22.4% 16.1% 49.2% 52.4% 31.7%
Girls
12 29.6% 28.8% 27.5% 13.0% 51.8% 51.2% 33.7%
13 24.9% 21.3% 21.3% 17.9% 53.0% 57.0% 32.6%
14 34.7% 29.2% 21.5% 19.4% 55.2% 53.1% 35.5%
15 22.9% 21.6% 23.3% 21.2% 55.7% 53.2% 33.0%
16 22.1% 20.8% 18.5% 16.0% 48.9% 52.6% 29.8%
17 22.5% 20.8% 26.4% 16.9% 65.8% 56.9% 34.9%
Mean 26.1% 23.8% 23.1% 17.4% 55.1% 54.0% 33.3%

Age = years; BMI = body mass index; WC = waist circumference; WHtR = waist-to-height ratio; BSA = body
surface area; VO, peak = estimated by the 20 m shuttle run test; Stages = number of 1 min stages completed during
the 20 m shuttle run test: Composite score = mean of % all markers.

4. Discussion

This study provided a valuable opportunity to revisit and document various under-
studied anthropometric markers in the Canadian adolescent population. One such marker
is WC, which has only recently received attention, with the first publication of normative
values in Canada occurring in 2004. Notably, the data used to establish these norms origi-
nated from a survey conducted much earlier, in 1981 [55]. Consequently, considering the
observed changes in obesity rates over the past few decades, the 2004 normative values
likely underestimate current WC in Canadian adolescents. This is further supported by a
2010 study, which compared data from 1981 with 2007-2009, documenting increases in WC
of 4.2 cm and 6.7 cm for boys and girls, respectively [18]. Conversely, the present study
reveals an even greater increase, with values reaching 5.8 cm in boys and 7.4 cm in girls,
suggesting a sustained secular trend. Remarkably, the observed trend in WC appears to
exhibit a distinct trajectory compared to that of BML

Indeed, a recent investigation conducted by our research team within the same de-
mographic population reported a plateau in overweight and obesity rates between 2004
and 2017 based on BMI assessment [51]. These contrasting trends in the phenotypic evo-
lution of central and general obesity markers highlight the significance of considering
both dimensions in assessing obesity. Furthermore, this study used a composite score to
identify cardiometabolic health risk in young individuals. This approach helps alleviate the
constraints associated with relying on a single marker. Furthermore, the establishment of a
“warning zone” enables clinicians to prioritize specific markers that, while not indicative of
immediate danger, warrant more frequent and vigilant monitoring. Finally, the inclusion of
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CRF markers into our model enhances the likelihood of early detection of adolescents who
may be at risk of developing cardiometabolic issues.

4.1. WHtR and BSA as Cardiometabolic Risk Markers

While BMI and WC are widely used to assess current and future possibility of devel-
oping cardiometabolic conditions, it is important to acknowledge the relevance of other
anthropometric markers as well. Specifically, WHtR and BSA are markers that also have
been associated with cardiometabolic risk [24-26,33,34]. Including these markers can en-
hance the reliability of the information provided by BMI and WC alone. Notably, retrieving
this supplementary information is straightforward since WHtR and BSA are derived from
the same measured variables, namely BM, BH, and WC. To our knowledge, only one
Canadian study has provided normative values for WHtR, and this research was conducted
nearly a decade ago [52]. In addition, the present study is the first to provide normative
values for BSA in a large sample of Canadian adolescents. Therefore, publishing new (BSA)
or updated normative values (WHtR) will likely benefit public health leaders and clinicians.

4.2. Inclusion of CRF Markers

The inclusion of physiological markers represents a significant advancement in car-
diometabolic risk assessment. The addition of markers such as VO,peak or the number
of 1 min stages completed (FMAP) in the 20 m shuttle run test provides independent
insights into adolescents” health, leading to a more comprehensive characterization of their
risk profile. Moreover, integrating this physiological dimension aligns directly with the
American Heart Association’s recommendation, as outlined in their scientific statement,
which promotes cardiorespiratory fitness (CRF) as a “vital sign” that should be routinely
monitored in clinical practice [36]. In this model, low CRF assumes a central role in the
estimation of cardiometabolic risk. In our study, CRF could either be determined using
VO,peak or the number of stages completed. The choice between the two markers is left to
the user, and this was chosen for pragmatic reasons. While diverse methods exist to mea-
sure VO, peak, many are resource-intensive. Treadmills, bicycle ergometers, and expired
gas analyzers can be costly, time-consuming, and require specialized expertise. Fortunately,
simpler and more cost-effective field tests still yield valid results. Therefore, our model
accepts VO, peak values obtained through diverse methodologies (not necessarily the 20 m
shuttle run test), promoting both versatility and accessibility.

Unlike anthropometric markers readily calculated from BM, BH, and WC and easily
included in the proposed model, the number of 1 min stages completed, serving as an
indicator of an individual’s FMAP, can only be obtained through the 20 m shuttle run test.
Consequently, the obligatory inclusion of both CRF markers would restrict the possibility
of obtaining a composite score, leading to the option of including only one of these two
markers. In fact, the current study demonstrates the feasibility of developing an accurate
and reliable model using a limited number of markers to predict the cardiometabolic risk
among adolescents. While we advocate for the use of both CRF markers (Equation (1)),
employing solely the VO,peak value offers a viable alternative for overall risk assessment
with a marginal impact of only ~—6%.

4.3. Individual and Composite Scores as Cardiometabolic Risk Markers

The current study provides a more complete assessment of cardiometabolic risk
as opposed to studies using individual markers. However, establishing an overall risk
classification that encompasses all markers simultaneously presents a challenge. The
composite score offers the benefit of summarizing the risk when analyzing all markers
concurrently. It is important to acknowledge that both the individual risk zones and the
final composite score have inherent limitations due to their arbitrary nature. However,
the delineation of the various risk zones largely mirrors the rationale used by the WHO
to determine the BMI risk zones. Consequently, each risk zone was established using
corresponding BMI values. For instance, to determine WC risk, we first identified the
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raw values corresponding to the 85th percentile for BMI. Subsequently, the raw score
was compared with the corresponding Z-score. Thus, for anthropometric variables, it
has been determined that the risk zone corresponding to the 85th percentile for BMI
aligns with the 80th percentile for WC, WHtR, and BSA. Moreover, previous studies have
already recognized the value aligned with the 80th percentile as the most appropriate for
adolescents concerning WC [10], which is consistent with our findings. This approach,
adopted in previous studies [4,29], acknowledges the unique characteristics of the target
population instead of applying a universal cutoff point. In this context, we have forsaken
the “conventional” cutoffs for WC, WHtR, and BSA in favor of thresholds more tailored to
the Canadian population. Nonetheless, our model can be adapted for other populations
based on the same rationale. This more stringent 80th percentile cutoff enhances the
sensitivity of the screening tool by minimizing the likelihood of overlooking adolescents
who may be at risk of health issues.

Our regression analysis revealed collinearity issues among the anthropometric mark-
ers, particularly between WC and WHtR. We prioritized retaining WC due to its wider
use and more extensive research base. Following the same rationale, BSA was excluded
in favor of BMI. However, excluding WHtR and BSA from the model does not diminish
their clinical value. From an individual analysis, the BSA and WHtR indices can bolster
the clinician’s evaluation by confirming the trends observed through BMI or WC measure-
ments. Consequently, these two parameters can supplement the clinician’s assessment
in addition to BMI or WC values. For instance, when both BMI and BSA categorize an
adolescent into the same risk group, it indicates that the risk linked with general obesity
is supported by two indicators rather than solely one. In essence, the incorporation of
BSA and WHIR significantly enhances the clinical evaluation, facilitating a more precise
diagnosis and personalized patient management, while providing a more complete vision
of their cardiometabolic status and the associated risk of obesity-related complications.

CRF markers represent a distinct facet of cardiometabolic risk that needs to be
considered. While a consensus on risk values for adolescent health remains elusive,
some researchers have proposed cutoff value below 42 mL-kg !-min~! for boys and
35 rnLkg_1 -min~! for girls, albeit with certain variations [36,38,43]. While these values
account for sex differences, no studies have specifically addressed age-related cutoff values.
Interestingly, during the 1980s, a single cutoff point was established for children and adoles-
cents aged 6 to 17, particularly among boys, due to the remarkable consistency of relative
VO,peak, around 50 mL-kg~!-min~!, throughout this period of physical growth [40]. How-
ever, current evidence clearly demonstrates that relative VO, peak values tend to decline
with age in both boys and girls [41-43]. This growing trend, spanning several decades, is
indicative of the shift observed in today’s adolescents who are forsaking physical activities
in favor of adopting more sedentary behaviors, such as engaging in activities like playing
video games, for instance. Thus, this age-related decline in VO,peak must be considered
when estimating health risk. For instance, if the cutoff point is set at 42 mL-kg~!-min~!
for 12-year-old boys, considering their subsequent decline in VO, peak, these same boys
are likely to fall below this threshold at the age of 13. Thus, in this particular case, the
cutoff point of 42 mL-kg~!-min~! may provide a false sense of security for an individual of
this age.

Given the observed decline, a higher cutoff threshold would be more appropriate
for 12-year-olds compared to 13-year-olds, considering their inherently higher median
VO,peak. Based on this model, we note that more than 50% of adolescents in our sample
are at high CRF risk. It is worth highlighting that this risk reaches its peak at the age
of 17, with a value of 57.3% for boys and 65.8% for girls, corroborating recent published
data [43]. These findings are undoubtedly concerning and warrant public health attention.
It is crucial to take immediate measures to motivate adolescents to embrace a more active
lifestyle, particularly older individuals who are already at a heightened risk of imminent
cardiometabolic problems. One potential solution involves reevaluating the allocation of
physical education (PE) within school curriculums. The significant reduction in PE minutes
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observed in Québec over the past three decades coincides with the decline in VO, peak and
FMAP values, suggesting a potential link that merits further investigation [43].

Regarding the number of 1 min stages completed (FMAP), as far as we know, only
one prior study has investigated its association with cardiometabolic risk [38]. In general,
the reported values align with the results of the present study, showing similar magnitudes
when considering values per year of chronological age. Even though the data originates
from different populations, which could account for certain variations, it is worth noting
that both studies were conducted during the same timeframe (2016 vs. 2017 for the present
study), thereby minimizing the potential impact of the secular trend.

Therefore, the inclusion of a marker directly focusing on adolescents’ functional capac-
ity, like FMAP, undoubtedly constitutes a significant contribution to their cardiometabolic
risk assessment. While the data primarily originates from the province of Québec, which
accounts for slightly less than 25% of the Canadian population, the proposed model can
serve as a valuable reference for other regions within Canada and potentially worldwide.
In the absence of regional data, the values from this study can serve as a provisional risk
assessment tool until region-specific values becomes available. FMAP represents a car-
diometabolic risk marker that is equally, if not more, significant compared to VO,peak.
It holds the advantage of being less influenced by anthropometric characteristics in com-
parison to relative VO,peak. Consequently, FMAP’s interpretation is simpler, both for
adolescents and for healthcare professionals. Particularly during growth spurts, when
considering available data, FMAP should take precedence over VO,peak as the primary
marker for assessing cardiometabolic risk. Nonetheless, for cardiometabolic composite risk
assessment, regression Equation (2) demonstrates the feasibility of using VO,peak alone
when FMAP data is unavailable. Despite the absence of FMAP data, VO,peak alone can be
a sufficient metric for assessing composite cardiometabolic risk (regression Equation (2))
without compromising on validation and accuracy, which remain excellent.

4.4. The Relative Contribution of Marker Categories to Cardiometabolic Risk: A Nuanced Analysis

Based on both the existing literature and our study’s findings, it remains challenging
to ascertain whether anthropometric markers (BMI, WC, BSA, and WHItR) or characteristics
related to cardiorespiratory fitness markers (VO,peak and FMAP) exert a more significant
influence on the development of cardiometabolic issues. In the absence of a clear consensus,
we assigned equal weight to both of these marker categories. Nonetheless, our findings
highlight a significant disparity in the risk distribution across marker categories among
Canadian adolescents. Specifically, approximately 25% of adolescents displayed an ele-
vated risk solely based on anthropometric markers, contrasting with a roughly 50% risk
for CRF markers. The composite score emerges as an important tool in contextualizing
these results by adjusting the overall risk assessment to account for the interaction between
the two marker groups. A low risk in one group can mitigate the overall risk, particularly
when another group presents a high risk. In fact, when considered in isolation, anthro-
pometric markers likely tend to minimize cardiometabolic risk, while CRF markers may
tend to overestimate it. Therefore, the composite score offers a more refined and holistic
approach to evaluating cardiometabolic risk in adolescents by incorporating the synergistic
effects between anthropometric and CRF markers. Thus, rather than having to interpret
each marker individually to decipher an overall cardiometabolic profile, the composite
score streamlines the process by enabling interpretation based on only three values: low
risk < 69th percentile; high risk 70-84th percentile; very-high risk > 85th percentile. This
comprehensive approach ultimately leads to a more nuanced interpretation of individual
risk profiles (see Supplementary Materials).

4.5. Limitations and Strengths

This study has several limitations. First, the cross-sectional design restricts the ability
to draw causal inferences. Second, the estimation of VO,peak values instead of direct
measurement introduces inherent uncertainties. Third, the analysis employs anthropomet-
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ric markers derived from field measurements. These measurements may not consistently
achieve the optimal level of precision required for drawing robust inferences, compared
to those obtained from direct measures. Fourth, while the sample represents Canadian
adolescents living in Québec, generalizing the findings to other regions requires caution.
Furthermore, the associations between cardiometabolic risks and the measured markers
are primarily based on existing literature, limiting the study’s ability to establish causal-
ity. However, this study also boasts notable strengths. The substantial participant size
(N = 1864) provides a valid representation of Québec adolescents. Additionally, the stratifi-
cation of several criteria, including age groups, sex, ethnicity, and socio-economic status,
enhances the representativeness of the evaluated population. Beyond its user-friendly
characteristics, the proposed model provides a level of validity and precision that ensures
reliable data interpretation. Finally, despite the weaknesses mentioned above, all em-
ployed markers in this study are well established as valid and reliable measures, displaying
acknowledged associations with cardiometabolic risks.

5. Conclusions

This study stands out as one of the few that has highlighted the association between a
combination of anthropometric and CRF markers and their relationship with the probability
of developing cardiometabolic conditions. Notably, data on WC and WHIR is particularly
limited in the Canadian context. Furthermore, to our knowledge, this study is the first in
Canada to incorporate BSA and present its standardized normative values, offering an addi-
tional tool for identifying adolescents at risk of cardiometabolic pathologies. Furthermore,
the establishment of risk categories across multiple domains is also a novel contribution.
Not only do these zones enable the measurement of risk on a marker-by-marker basis,
our model also facilitates an overall evaluation of cardiometabolic risk by simultaneously
considering anthropometric and CRF markers through a composite score. Over one-third of
Canadian adolescents in Québec, as evidenced by this study, exhibit risk profiles indicating
a high to very-high likelihood of developing cardiometabolic problems in the short or
long term. This highlights a significant public health concern that requires immediate
attention. Therefore, we believe that this model holds significant potential for public health
surveillance purposes as well as in clinical settings for individual assessment.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijerph21040408/s1, File S1: Excel spreadsheet to assess the risk
associated for each specific marker and the overall composite risk.
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