Development of Youth Aerobic-Capacity
Standards Using Receiver Operating
Characteristic Curves

Gregory J. Welk, PhD, Kelly R. Laurson, PhD, Joey C. Eisenmann, PhD, Kirk J. Cureton, PhD

Background: Cardiovascular fitness has important implications for current and future health in
children.

Purpose: In this paper, criterion-referenced standards are developed for aerobic capacity (an
indicator of cardiovascular fitness) based on receiver operating characteristic (ROC) curves.

Methods: The sample was drawn from participants aged 12-18 years in the National Health and
Nutrition Examination Survey (1999 -2002, N=1966). Subjects completed a treadmill exercise test
from which maximal oxygen uptake (VO,max) was estimated from heart rate response. Metabolic
syndrome was classified using previously published standards based on the National Cholesterol
Education Program/Adult Treatment Panel III adult values at age 20 years. Using aerobic fitness
z-scores as the test and metabolic syndrome as the criterion, ROC curve analysis was used to identify
aerobic-capacity thresholds.

Results: The area under the curve (AUC) value for boys (83.1%) was high, indicating good utility
for detecting risk of metabolic syndrome with aerobic fitness values. The AUC for girls (77.2%) was
slightly below the recommended value of 80%. Although the ROC plots identified a defensible point
for classifying levels of fitness, the approach in the present study was to establish two independent
thresholds, one aimed at high specificity and one aimed at high sensitivity. The resulting z values for
the low- and higher-risk threshold lines were then converted back to VO,max estimates using
published LMS (L=skewness, M=median, and S=coefficient of variation) parameters. Values at the
low-risk threshold ranged from 40 to 44 mL/kg/min for boys and from 38 to 40 mL/kg/min for girls.

Conclusions: In summary, aerobic fitness can be used with moderate accuracy to differentiate
between adolescents with and without metabolic syndrome. Age- and gender-specific aerobic-
capacity thresholds for creating separate risk groups were identified using nationally representative

growth percentiles.

(Am J Prev Med 2011;41(4S2):S111-S116) © 2011 American Journal of Preventive Medicine

Introduction

erobic capacity, also referred to as cardiorespira-
A tory or cardiovascular fitness, is considered to be
the most important dimension of health-related
fitness. Numerous studies have documented the importance

of an adequate aerobic capacity for good health in adults,'
and the evidence appears equally compelling in children and
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adolescents. Aerobic capacity in youth is associated with
cardiovascular disease risk factors,*~® and prospective stud-
ies have demonstrated that aerobic capacity tracks reason-
ably well from childhood/adolescence into adulthood.” De-
clines in aerobic capacity from childhood to adolescence are
also associated with an increased risk of overweight and
metabolic syndrome in adults.®* ~'° Recent reports have indi-
cated that approximately one third of U.S. adolescents pos-
sess inadequate levels of aerobic capacity.'"'* Collectively,
these studies provide strong evidence to support the impor-
tance of focused efforts to monitor and promote aerobic
capacity in youth.

Youth fitness testing is a common part of most physical
education programs, and aerobic capacity is perhaps the
most commonly assessed component. Field tests of aero-
bic capacity (e.g., 1-mile run) are typically administered

Am ] Prev Med 2011;41(4S2):S111-S116  S111


mailto:gwelk@iastate.edu

S112

by physical education teachers with the goal of providing
personalized information to children and/or parents. A
unique advantage of the FITNESSGRAM® program is
that fitness levels are evaluated using criterion-referenced
standards that indicate how much fitness is needed for
good health.”> The standards were established initially
using a metabolic model to account for developmental
changes and then modified by expert opinion.'* Later,
these standards were linked to health by extrapolating
adult standards backwards to values appropriate for
youth."> The standards have been well supported, and
recent studies have demonstrated that they have good
utility for detecting health risks.'® However, it is impor-
tant to evaluate new approaches to improve the accuracy
and clinical utility of youth fitness standards.

A challenge in setting criterion-referenced standards
in youth is the need to link fitness to clinical health out-
comes. Although morbidity and mortality are commonly
used in adults, these are not appropriate indicators for
establishing risk in youth. The availability of nationally
representative data on aerobic capacity and clinical risk in
the National Health and Nutrition Examination Survey
(NHANES) provides the opportunity to develop stan-
dards that reflect potential health risk in youth. In this
paper, new criterion-referenced standards are developed
for aerobic capacity based on receiver operating charac-
teristic (ROC) curves, an established procedure for estab-
lishing clinical thresholds.'” Although recent studies have
used a similar methodology,'®'® the present study also uti-
lizes recently developed LMS (L=skewness, M=median,
and S=coefficient of variation) growth curves" to better
characterize the developmental changes in aerobic capacity
during adolescence.

Methods

Subjects

Data for the present study were obtained from the NHANES
(1999 -2000 and 2001-2002), conducted by the National Center for
Health Statistics (NCHS), CDC. The NHANES is designed to as-
sess the health and nutritional status of adults and children in the
U.S. through interviews and direct physical examinations. For this
project, a combination of data was used: aerobic-capacity data,
anthropometric data, and metabolic examination data of children
aged 12-18 years across two cross-sectional waves of NHANES
testing (1999 -2000 and 2001-2002). The unweighted sample sizes
for each 2-year wave of NHANES (1999 -2000 and 2001-2002) is
approximately 2000 school-aged children and adolescents aged
8-18 years (note: aerobic-capacity data are not available for chil-
dren aged <12 years). Thus, a total of 1240 children and adoles-
cents who completed the treadmill test were included in the current
analysis (591 boys and 649 girls).

The NHANES uses a nationally representative sample so results can
be generalized to U.S. children and adolescents. IRB approval was not
obtained since the data are publicly available and de-identified. Doc-
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umentation on the NHANES (1999 -2000 and 2001-2002) data set
can be obtained online at www.cdc.gov/nchs/nhanes.htm.

Measures

Aerobic capacity. Aerobic capacity was operationally defined as
the estimated maximal oxygen uptake (VO,max). The assessments of
aerobic capacity in NHANES (1999 -2000 and 2001-2002) were con-
ducted by trained health technicians using a submaximal treadmill
exercise test. Based on gender, age, BMI, and self-reported level of
physical activity, participants were assigned to one of eight treadmill
test protocols.

The goal of each protocol was to elicit a heart rate that is approx-
imately 75% of the age-predicted maximum (220 - age) by the end
of the test. Each protocol included a 2-minute warm-up, two
3-minute exercise stages, and a 2-minute cool-down period. Heart
rate was monitored continuously using an automated monitor
with four electrodes connected to the thorax and abdomen of the
participant and was recorded at the end of warm-up, at the end of
each exercise stage, and after each minute of recovery. VO, max was
estimated by extrapolation of heart rate from the two 3-minute
exercise stages to the age-specific maximal heart rate. Because
adolescents with a true VO,max greater than 75 mL/kg/min are
uncommon, VO,max values greater than this value were set equal
to 75 mL/kg/min (<1% of subjects).

Cardiovascular disease risk factors/metabolic syn-
drome. Metabolic syndrome was used as the outcome variable in
the ROC analyses. The clinical examination included detailed an-
thropometric measures as well as a variety of clinical data. Stature
and body mass were measured according to standard procedures,
with stature measured to the nearest 0.1 cm and body mass mea-
sured to the nearest 0.1 kg. Waist circumference was measured to
the nearest 0.1 cm using a steel measuring tape, just above the
uppermost lateral border of the ileum at the end of a normal
expiration. Systolic and diastolic blood pressures were recorded as
the average of three or four consecutive measurements with a
mercury sphygmomanometer after the participant sat and rested
quietly for 5 minutes. High-density lipoprotein cholesterol
(HDL-C) and fasting triglycerides (TG) were analyzed at the Johns
Hopkins Lipoprotein Analytical Laboratory, and fasting glucose
was analyzed at the University of Missouri-Columbia. All mea-
surements described in the preceding text were taken by trained
health technicians in the Mobile Examination Center, and detailed
quality control checks are included to ensure high-quality data
across the survey. The training, examination protocol, and quality
control procedures are outlined in the NHANES procedures man-
uals available at www.cdc.gov/nchs/nhanes.htm.

Presence of individual metabolic syndrome risk factors (waist
circumference, systolic blood pressure/diastolic blood pressure,
HDL-C, TG, and fasting glucose) was evaluated using age- and
gender-specific threshold values derived with LMS techniques
linked to the National Cholesterol Education Program/Adult
Treatment Panel I11 adult values at age 20 years.*® These thresholds
were used to identify subjects in the current study whose data were
above each threshold. Subjects with three or more of the five
metabolic components were identified as having metabolic syn-
drome. The standards were also based on the same NHANES
(1999-2000 and 2001-2002) data set so the parameters can be
considered to be based on nationally representative samples of the
U.S. population.

www.ajpmonline.org


http://www.cdc.gov/nchs/nhanes.htm
http://www.cdc.gov/nchs/nhanes.htm

Welk et al / Am ] Prev Med 2011;41(4S2):S111-S116

Data Processing and Analyses

The aerobic-capacity standards in this study were developed using
ROC analysis, which provide an empirical basis for selecting an
optimal threshold value. To employ ROC analyses for establishing
health standards, it is necessary to have a single binary variable
denoting the presence or absence of disease or disease risk. In the
context of this study, the diagnostic accuracy of the “test” then
refers to the ability of aerobic capacity to discriminate adverse
metabolic health, as assessed by the metabolic syndrome (yes/no).

Youth with the metabolic syndrome who are classified correctly
represent the true-positive cases, whereas metabolic syndrome
subjects classified as normal metabolic health represent false-
negative cases. The sensitivity (Se) of the diagnosis is the proba-
bility that the aerobic-capacity value will classify a subject with
metabolic syndrome when the subject is truly with metabolic
syndrome; the specificity (Sp) is the probability that the aerobic-
capacity value will classify a subject without metabolic syn-
drome when the subject is truly metabolically healthy (true
negative).

A unique challenge in establishing aerobic-capacity standards in
youth is to account for normal physical growth and maturation. In
the present study, growth and maturation were partially accounted
for by converting the aerobic-capacity values into z-scores using
previously derived LMS parameters.'® Readers are encouraged to
consult this article in this supplement to the American Journal of
Preventive Medicine for technical details, but a brief summary is
provided. The LMS parameters summarize the changing distribu-
tion from three curves representing the median (M), coefficient of
variation (S), and skewness (L).*" The availability of LMS values
allows the age-related distribution of aerobic capacity across this
age range to be summarized with the three associated variables (L,
M, and S).

The z-score was computed relative to the LMS distribution using
the following formula:

z=((Y/M)*—1)/(L X 8S).

This z-score was then used in the ROC analyses to evaluate
whether aerobic capacity can detect the metabolic syndrome with
reasonable accuracy. The ROC analyses in the present study were
conducted using customized routines in SAS that adjusted for
weight, cluster, and strata variables provided with the NHANES
(1999 -2000 and 2001-2002) data sets (Dr. Mithat Gonen, Memo-
rial Sloan-Kettering Cancer Center, personal communication,
2008). The macro made it possible to apply the NHANES (1999 -
2000 and 2001-2002) sample weights to the data and to calculate
ROC statistics (such as Se and Sp) for each possible threshold value.
Separate ROC curves were created for boys and girls since there are
established gender differences in aerobic capacity and metabolic
syndrome.

The ROC plots were generated within a customized SAS macro,
and supplemental output yielded values reflecting the total AUC,
the key diagnostic indicator in ROC curve analyses. Associated
output files were examined to determine the relative changes in
sensitivity and specificity for different z-score values. The point
generally selected as the optimal threshold is the point that is
closest to the upper-left part of the ROC plot. This point maximizes
the sum of Se and Sp and can be considered to produce the best
overall classification agreement.

The approach in the present study, however, was to determine
two threshold values, one emphasizing Se and the other emphasiz-
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Table 1. Physical characteristics of the study sample

Boys Girls
(n=649) (n=591)
Characteristic, M (SE)
Age (years) 15.1(0.1) 14.9(0.1)
Height (cm) 171.0(0.6) 161.3(0.4)
Mass (kg) 66.97 (0.9) 58.9(0.9)
BMI 22.6(0.3) 22.5(0.3)
VO,max (mL/kg/min) 47.3(0.6) 39.6 (0.4)
Prevalence of risk factors, % (SE)
High WC 8.2(1.1) 23.8(3.2)
High BP 12.1(2.8) 4.2 (1.2)
High TG 11.7 (1.8) 9.4 (2.1)
Low HDL-C 30.7(2.4) 49.0(2.9)
High fasting glucose 11.3(1.8) 3.4(1.2)
Metabolic syndrome 6.3(1.2) 5.9 (1.6)

Note: Risks based on established standards are developed from the
NHANES.

BP, blood pressure; HDL-C, high-density lipoprotein cholesterol;
NHANES, National Health and Nutrition Examination Survey; SF,
skinfold; TG, triglycerides; VO,max, maximal oxygen consumption;
WC, waist circumference

ing Sp. A variety of thresholds were evaluated to find an appropri-
ate balance between Se and Sp for each threshold. The VO,max
values associated with these thresholds were determined by insert-
ing the z values into Equation 1 and solving for Y (Equation 1: Y =
M(1 + LSz)"™). The equation is solved for each age and gender
combination, resulting in unique threshold values for each
subgroup.

Results

The descriptive statistics for the sample population are
summarized in Table 1. The average VO,max values
(mL/kg/min) for the sample ranged from 39.1 to 41.1 in
girls and from 43.5 to 49.4 in boys. However, there were
no appreciable age-related trends evident in the cross-
sectional analyses. The prevalence of individual risk
factors varied between boys and girls, but the preva-
lence of metabolic syndrome (based on the present
calculations) was 6.3% (1.2%) in boys and 5.9% (1.6%)
in girls.

The resulting ROC plots demonstrated good utility for
detecting risk of metabolic syndrome based on aerobic
capacity. The AUC value for boys was high (AUC=83.1)
but slightly lower in girls (AUC=77.2). For boys, the
optimal classification threshold (z= -0.60) resulted in a
Se=92.3% (95% CI=79, 100) and Sp=64.0% (95%
CI=59, 69). For girls, the optimal classification threshold
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(z=0.13) resulted in a Se=92.8% (95% CI=81, 108) and a
Sp=62.7% (95% CI=56, 68).

The VO,max z-scores identified in the ROC curve
analyses denote the value that maximizes classification
agreement (i.e., point that yields the maximum value for
the sum of Se and Sp). Although the optimized threshold
is defensible from a statistical perspective, it is also impor-
tant to consider the relative importance of Se and Sp for
youth fitness reporting. Thus, an alternative threshold
was derived by identifying the point that yielded more-
equivalent values of Se and Sp. The resulting thresholds
yielded equated values of Se and Sp (~0.70 for girls and
for boys). This approach yields similar types of errors
(e.g., similar rates of false positives and false negatives).

Although this approach also is defensible, Se and Sp
guard against different types of errors and therefore may
not need to be weighted equally. Rather than identifyinga
single value, two independent thresholds were developed
(one characterized as a low-risk threshold, and the other
characterized as a higher-risk threshold). The advantage
of this approach is that it makes it possible to categorize
levels of aerobic capacity into three zones rather than two
(moderate-risk zone is defined as values between the low-
and higher-risk threshold values). The low-risk (high-fit)
threshold was established by emphasizing Se over Sp. The
high sensitivity of this threshold would ensure that most
children with metabolic syndrome would have aerobic-
capacity levels below this threshold. A child above this
threshold would have a low risk of metabolic syndrome
and can be considered as possessing a good level of aero-
bic capacity.

The Se threshold was set at a higher value for boys
(Se ~0.85) than girls (Se ~0.75) because of the stronger
link between aerobic capacity and metabolic syndrome in
boys. Achieving the same level of diagnostic classification
accuracy in girls would have necessitated setting stan-
dards at an exceptionally high level (values higher than
boys for most age groups). The higher-risk (low-fit)
threshold was established by emphasizing Sp over Se. The
high Sp of this threshold (>95%) would ensure that
youth with low levels of aerobic capacity get appropriate
feedback about potential risk. The diagnostics suggest
that 95% of children without metabolic syndrome would
have aerobic-capacity levels above this threshold. It is
possible that children with metabolic syndrome could fall
above this threshold (due to lowered Se), but there is clear
evidence of increased risk (high Sp) for youth scoring
below this threshold.

The resulting z-scores for the two thresholds and the
associated L, M, and S values were then used to create
corresponding VO, max estimates. The resulting values
are shown in Table 2. As is apparent, the values for boys
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increase with age whereas the values for girls decrease
with age.

Discussion

This study describes the diagnostic characteristics of newly
developed aerobic-capacity standards that could be used
in school and sport programs or clinical settings to eval-
uate adolescents’ level of aerobic capacity. The generally
high AUC values and high Se/Sp values demonstrate that
the aerobic-capacity thresholds have good utility for dis-
criminating youth who may have metabolic syndrome.

The newly developed thresholds follow the same age-
related patterns as the previous FITNESSGRAM stan-
dards; however, there are some key differences. In boys,
the ROC-derived higher-risk (low-fit) threshold is lower
than the previous healthy fitness zone (HFZ) for young
children but gradually increases with age to approximate
the previous standard of 42 mL/kg/min. It is noteworthy
that the low-risk zone approaches the accepted adult stan-
dard of 42 mL/kg/min by age 18 years— corroborating the
utility of this adult standard. The previous standards were
set at this constant value of 42 mL/kg/min across the ages,
but the new standards developed in this study vary with age.
The ROC-derived low-risk (healthy) zone starts below the
value of 42 mL/kg/min for young boys but increases above
this value for older boys. These standards would result in
more boys achieving the HFZ at young ages but fewer
achieving it at older ages.

In girls, the ROC-derived higher-risk (low-fit) thresh-
old is lower than the previous standard at young ages but
increases with age to approximate the previous HFZ. The
ROC-derived low-risk (high-fit) threshold is slightly
higher than the previous HFZ but declines with age—at a
rate slightly slower than the previous standards. This
change would result in fewer girls achieving the HFZ, but
differences may be more apparent with older girls.

A unique aspect of the revised standards is that they are
equivalent for boys and girls who are aged 10 and 11 years.
From a developmental perspective, young boys and girls are
more similar than different in physical skills and fitness.>*
During adolescence, boys and girls follow different develop-
mental trends,'® and the use of LMS parameters enables
these changes to be taken into account. The proposed stan-
dards tend to start diverging at age 14 years, with values
decreasing for girls and increasing for boys. It is important to
emphasize that these differences do not imply higher expec-
tations for boys and lower expectations for girls. The gender
differences are merely reflective of normal growth and matura-
tion. It is important therefore to recognize that the proposed
threshold values reflect the same percentile score across the
developmental transition. This is a substantial advance from
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specificity in youth
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Another recent
study'® used data from
boys and girls aged 9

Boys Girls years and 15 years of the

At risk HFZ At risk HFZ European Youth Heart

Pp— Study to establish aerobic-
e (years .

g capacity standards. The
10.0-10.9 37.3 40.2 37.3 40.2 study indicated that the
11.0-11.9 37.3 40.2 37.3 40.2 optimal thresholds for
12.0-12.9 37.6 40.3 37.0 40.1 detecting elevated car-

diovascular disease risk

13.0-13.9 38.6 41.4 36.6 39.7 were 43.6 mL/min/kg in
14.0-14.9 39.6 42.5 36.3 39.4 boys aged 9 years and
15.0-15.9 40.6 43.6 36.0 39.1 46.0 mL/min/kg for
16.0-16.9 41.1 44.1 35.8 38.9 boys aged 15 years. In
girls, the thresholds

17.0-17.9 41.2 44.2 35.7 38.8 for detecting risk were
18.0-18.9 41.2 44.3 35.3 38.6 37.4 mL/min/kg for
Sensitivity 59 (55.1,64.7) 85(80.8,88.7) 50.9 (43.2,58.6.0) 72.2(49.3,95.1) those aged 9 years and
(95% Cl) 33.0 mL/min/kg in those
Specificity 92.3(79.1,100) 59 (33.4,84.7) 92.8(81.3,100) 71.7 (65.8, 77.6) aged 15 years. They re-
(95% CI) ported that specificity

HFZ, healthy fitness zone

previous thresholds since it enables the standards to take
normal growth and development into account.

The proposed ROC-derived standards provide some
clear advantages over the established values that have been
used in FITNESSGRAM. The standards also offer advan-
tages over recently proposed standards developed using
similar ROC methodology.'*'® Using the same NHANES
(1999 -2000 and 2001-2002) data, Lobelo et al.'® used raw
VO,max values rather than LMS z-scores, and a standard-
ized continuous metabolic risk factor score rather than di-
chotomous metabolic syndrome. For boys, they reported
that the threshold values that best discriminated risk for
metabolic risk were 44.1 mL/kg/min for those aged 12-15
years and 40.3 mL/kg/min for those aged 16-19 years. For
girls, the parallel values were 36.0 and 35.5 mL/kg/min for
those aged 12-15 years and 16-19 years, respectively. Since
their ROC-derived thresholds were similar to the current
FITNESSGRAM values, the authors concluded that the cur-
rent standards have reasonable utility.

A limitation is that youth were grouped by age bands
(12-15 years and 16-19 years). This was necessary to
have sufficient samples for the statistical analyses, but it
imposed artificial age groups that limited power for the
analyses. In the present study, the LMS-derived z-scores
were used as the predictor variable, which allowed all of
the data to be pooled for ROC analyses. More impor-
tantly, the use of LMS allowed the derived thresholds to
be redistributed along the designated centiles to establish
gender- and age-specific standards.
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(range: 79.3%-86.4%)
was higher than sensi-
tivity (range: 29.7%-
55.6%) for all threshold values. The thresholds reported
in the previous two studies are similar to those proposed
here, but the advantage of the current values is that the
results provide age-specific values rather than clustered
standards for specific age ranges.

Another advantage of the proposed standards is that
they have clear diagnostic utility for identifying youth
who may be at risk of metabolic syndrome—an indicator
that captures risks related to cardiovascular disease, dia-
betes, and other chronic conditions, including some types
of cancer.”>** Historically, it has been assumed that
youth were not susceptible to these “adult” health condi-
tions, but given the current pediatric obesity epidemic,
the prevalence of the metabolic syndrome has increased
in the past decade.”® In addition, the metabolic syndrome
tracks reasonably well from adolescence into adult-
hood.?® The results herein demonstrate that aerobic ca-
pacity has reasonable diagnostic utility for detecting risk
of metabolic syndrome.

A second advantage is that the standards were derived
using nationally representative data (NHANES [1999 -
2000 and 2001-2002]) and can be considered to be rep-
resentative of the population aged 12-18 years in the U.S.
Some consideration was given to the possible differences
in standards for different ethnic groups, but comparisons
of LMS curves did not reveal differences for blacks or
Hispanics.'” A final advantage of the proposed ROC-
derived standards is that the sensitivity and specificity are
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equivalent for boys and girls and across the full age range
tested in the analyses (12-18 years). This was accom-
plished by using LMS-derived z-scores as the predictor
variable in the ROC analyses. The use of LMS to control
for growth and maturation was the primary distinguish-
ing feature from the two previous studies.'®'® Although
the previous studies reported similar findings, the pro-
posed standards offer advantages for characterizing levels
of aerobic capacity in youth.

There are some limitations of the NHANES (1999 -
2000 and 2001-2002) design and data used to establish
these standards. One limitation is that only about 6% of
the sample was diagnosed with metabolic syndrome. The
relatively small size of this group reduces the stability of
the cut-point determinations. A second limitation is that
the aerobic-capacity assessment uses a submaximal pro-
tocol. Therefore, it is possible that the data do not equate
with actual aerobic-capacity values. Another limitation is
that the indicator of metabolic syndrome used here re-
flects health risk. There are clearly other, alternative
health indicators that could be used, as well as different
definitions or criteria for evaluating metabolic syndrome.

In summary, aerobic capacity can be used with moder-
ate accuracy to differentiate between adolescents with
and without metabolic syndrome. Age- and gender-
specific aerobic-capacity thresholds for creating sepa-
rate risk groups were identified using nationally repre-
sentative growth percentiles. These values could be
useful in school and sport programs or clinical settings.
The new FITNESSGRAM standards were based on the
values developed in this paper.?”

Publication of this article was supported by The Cooper Insti-
tute through a philanthropic gift from Lyda Hill.
No financial disclosures were reported by the authors of this
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