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EDITOR’S NOTE

Youth Aerobic Fitness
Neil Armstrong
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University of Exeter

Aerobic (or cardiorespiratory or cardiopulmonary) ﬁtness
reﬂects the integrated ability to deliver oxygen from the atmosphere to the skeletal muscles and to utilize it to generate energy to
support muscle activity during exercise. Aerobic ﬁtness is the most
researched physiological variable in the history of pediatric exercise science, but its assessment, interpretation, and relationship
with current and future health remain topics of lively debate as
evidenced by this Special Issue of Pediatric Exercise Science.
Maximal oxygen uptake (V̇O2 max), the highest rate at which
an individual can consume oxygen during exercise, limits the
performance of aerobic exercise and is internationally recognized
as the best single measure of adults’ aerobic ﬁtness. V̇O2 max
serves as a biomarker for the development and severity of various
health outcomes, and a high V̇O2 max is a pre-requisite for elite
performance in many sports. However, V̇O2 max does not deﬁne all
aspects of aerobic ﬁtness. Cardiopulmonary exercise tests (CPETs),
which rely solely on V̇O2 max, may mask clinical insights that can be
gleaned from submaximal data and/or relationships between physiological variables. Similarly, in several sports and in everyday life,
the ability to engage in rapid changes in exercise intensity is at least
as important as V̇O2 max and best described by the transient kinetics
of pulmonary V̇O2 .
The ﬁrst scientist to attempt to measure V̇O2 during exercise
was Antoine-Laurent Lavoisier in the 1770s, but it is the work of
Archibald Vivian Hill in the 1920s, which is generally credited
with introducing the concept of V̇O2 max to exercise science (30).
By the late 1930s, data purporting to describe the V̇O2 max of boys
had been reported (41), and in 1952, Åstrand (10) published his
seminal studies of the “physical work capacity” of both boys and
girls. Åstrand noted that only 70 of the 140 schoolchildren he tested
using a discontinuous, incremental exercise protocol to voluntary
exhaustion satisﬁed the conventional V̇O2 plateau criterion for
conﬁrming achievement of V̇O2 max. This phenomenon was
largely ignored for decades, and when it was addressed and the
term peak V̇O2 introduced, it was often rejected by scientiﬁc
journals as being a reﬂection of failure to elicit maximal values
of V̇O2 in children.
It is challenging to interpret aerobic ﬁtness during childhood
and adolescence as changes in growth and maturation governed by
the running of individual biological clocks must be accounted for.
Typically, pediatric exercise scientists and clinicians have ignored
maturity status and addressed changes in body size by attempting to
“control” for body mass. In the ﬁrst laboratory investigation of
boys’ “physical ﬁtness,” Robinson (41), without a scientiﬁc rationale or statistical justiﬁcation, presented his V̇O2 data in ratio with
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body mass (ie, in mL·kg−1·min−1) and initiated an approach for
“controlling” the children’s body mass that has continued to the
present day. In 1949, Tanner (50) demonstrated the fallacy of 1:1
ratio scaling with body mass and showed how spurious relationships emerge when these data are correlated with other healthrelated variables. Subsequent studies using allometric analyses
revealed how simply dividing peak V̇O2 with body mass has
not only confounded understanding of the development of aerobic
ﬁtness (eg, 6,9,58) but also misinterpreted its relationship with
markers of youth health (eg, 8,31,36). Yet, the vast majority of
published articles still report young people’s peak V̇O2 in ratio with
body mass (15), and the spurious use of these data in subsequent
statistical analyses with other health-related variables persists (36).
In an Invited Symposium at the 1999 Conference of the
American College of Sports Medicine (subsequently published
as a Special Issue of Pediatric Exercise Science), it was argued that
despite over 60 years of intensive investigation, the assessment and
interpretation of youth aerobic ﬁtness is shrouded in controversy
(5). Twenty years later, the topic is still contentious; the vast
majority of published data are cross-sectional and well-designed
longitudinal studies are sparse. Peak V̇O2 is now recognized as the
“gold-standard” measure of young people’s aerobic ﬁtness, but
pediatric exercise scientists continue to wrestle with factors related
to its rigorous determination. By contrast, there is a view that
relying predominantly on maximal values in CPETs obfuscates
clinically useful insights that can be obtained from submaximal
data and innovative data analytics. Some researchers suggest that
the responses of physiological variables at the onset and/or offset of
an exercise challenge may be as (or more) important than peak
effort. Others promote the estimation of peak V̇O2 from ﬁeld test
performance scores as a valid alternative to rigorous determination
of peak V̇O2 . Some writers advocate the use of ﬁxed values of peak
V̇O2 in ratio with body mass to identify “clinical red ﬂags” for 8- to
18-year-olds. On the other hand, some scientists believe that to
elucidate the development of aerobic ﬁtness and its relationship
with present and future health, it must be interpreted in relation to
sex-speciﬁc, concurrent changes in a range of chronological ageand maturity status–driven morphological and physiological variables. These issues are addressed in the reviews, commentaries,
letters, and original research papers presented in this timely Special
Issue of Pediatric Exercise Science.

Peak Oxygen Uptake
In the opening review, Falk and Dotan (24) provide a perceptive
analysis of the principal issues relating to the measurement of peak
V̇O2 . Methodological factors such as treadmill and cycle ergometry, exercise test protocols, and respiratory gas collection and
analysis are critically examined. Potential pitfalls are identiﬁed,
and the need for scientiﬁc rigor in the determination of peak V̇O2 is
137
Unauthenticated | Downloaded 08/13/20 02:38 PM UTC

138

Armstrong

stressed. The distinction between V̇O2 max and peak V̇O2 is
clariﬁed, the widespread use of secondary criteria to conﬁrm a
maximal effort is questioned, and the efﬁcacy of veriﬁcation tests
of peak V̇O2 is discussed. Falk and Dotan (24) cite the research of
Barker et al (14) who proposed that to conﬁrm a maximal value of
V̇O2 , following completion of a ramp test to voluntary exhaustion,
participants should undergo a veriﬁcation test at an exercise
intensity of 105% of the peak power output in the ramp test. In
a research article in this Special Issue, Barker and colleagues (46)
further develop their original work and conclude that the utility of a
veriﬁcation test to conﬁrm that maximal values of V̇O2 attained in a
preceding ramp test is not affected by sex, body mass, or ﬁtness
status. They recommend that use of a veriﬁcation test should
replace secondary criteria (ie, predicted values of heart rate,
respiratory exchange ratio, or blood lactate accumulation) in conﬁrming maximal values of V̇O2 . Interestingly, a proposal to adopt
veriﬁcation tests with adults (39) has recently stimulated a lively
discussion elsewhere (11,20,40).
Falk and Dotan (24) comment that although it makes little
sense, numerous published reviews group together data from
treadmills, cycle ergometers, and ﬁeld test predictions of aerobic
ﬁtness to describe typical values of peak V̇O2 . They reinforce the
view that credible international “norms” for youth aerobic ﬁtness
are not available and emphasize that published norms of peak V̇O2
should be treated with caution, as they do not accommodate
maturity status and related body size differences that directly affect
V̇O2 . The authors note that ratio scaling does not usually account
for body mass and conclude that due to large changes during
maturation properly accounting for body mass is essential.
Welsman and Armstrong (57) take up the challenge of interpreting cross-sectional peak V̇O2 data in relation to body mass.
They demonstrate that although body mass can be appropriately
controlled for using allometric scaling, the current practice of
dividing young people’s peak V̇O2 with body mass is not founded
on a sound scientiﬁc or statistical rationale. They outline the history
of the adoption and use of ratio scaling in pediatric exercise science
and comment that they know of no other scientiﬁc discipline where
a “convenient and traditional” but evidently fallacious statistical
method is recognized by scientiﬁc journals as an acceptable
alternative to rigorous statistical justiﬁcation. They explain the
statistical assumptions on which ratio scaling is based and draw on
∼1000 peak V̇O2 determinations from 20 of their published crosssectional studies to demonstrate empirically that the assumptions
are rarely met in groups of young people. They emphasize that if
the use of ratio scaling cannot be demonstrated to appropriately
describe young people’s aerobic ﬁtness, then any comparisons,
conclusions, or recommendations based on ratio-scaled peak V̇O2
are likely to be spurious. They suggest that children and adolescents with levels of aerobic ﬁtness which raise “clinical red ﬂags”
based on peak V̇O2 divided by body mass should be investigated
not for cardiovascular risk but for what Tanner referred to as “no
more formidable a disease than statistical artefact” (50, p. 3).
In a Letter to the Editor in response to Welsman and Armstrong’s Commentary, Blais et al (16) comment that they too,
“have observed, with some disbelief, the ongoing and widespread
utilization of ratio scaling with body mass, despite overwhelming
scientiﬁc evidence of its many drawbacks.” They outline their
development of equations based on multivariate regression models
that predict means and range of normality that are independent of
sex and body size. Recognizing the critical importance of data
interpretation in clinical practice, Blais et al (16) indicate that they
are currently testing the prediction equations, derived from cycle

ergometer tests with healthy youth, in children with congenital
heart diseases and cardiomyopathies to assess their diagnostic and
prognostic values. Welsman and Armstrong (56) welcome both the
supportive comments and the exploration of new methodology,
which they hope will encourage others to reconsider how they
interpret youth aerobic ﬁtness and avoid spurious correlations with
other health-related variables. Welsman and Armstrong (56) reiterate how they have persistently demonstrated that even with crosssectional studies, there is a need to concurrently control for age,
maturity status, and a range of morphological variables but argue
that longitudinal studies are required to effectively interpret developmental changes in aerobic ﬁtness. They refer readers to their
recent multiplicative allometric modeling articles in this Special
Issue and elsewhere.
In their research article focusing on longitudinal data,
Armstrong and Welsman (7) further develop their Commentary
on cross-sectional data and apply a multiplicative allometric
modeling approach to 1057 determinations of 10- to 18-yearolds’ peak V̇O2 . The multilevel models enable the effects of
age, body mass, fat-free mass, and maturity status to be partitioned
concurrently within an allometric framework to provide a ﬂexible
and sensitive interpretation of the development of peak V̇O2 . The
baseline model shows that body mass and body fatness controlled
for peak V̇O2 is higher in boys than in girls and increases with age
in both sexes with the age effect smaller in girls. Sex-speciﬁc
models illustrate that the ratio-scaled peak V̇O2 interpretation of
age-related aerobic ﬁtness is specious and expose the fallacy of
using ratio-scaled data as “clinical red ﬂags” or age-related norms.
The data demonstrate that, in direct conﬂict with the ratio-scaled
interpretation of aerobic ﬁtness, with body mass controlled for both
age and maturity status, they have positive effects on peak V̇O2 .
Moreover, the modeled data show that it is maturity status–driven
fat-free mass, and not body mass, which is the most powerful
morphological inﬂuence on the development of peak V̇O2 .

Field Performance Tests
In his Editor’s Notes in the ﬁrst volume of Pediatric Exercise
Science, Founding Editor Tom Rowland commented that “there is
little in the ﬁeld of pediatric exercise that has stimulated as much
emotional debate as the components, interpretation, and values of
mass physical ﬁtness testing of children and youth” (42, p. 289). He
initiated a dialog in Pediatric Exercise Science (see 38,48), which
is rekindled in the present issue by Jo Welsman (55). In her
Commentary, she notes that articles predicting aerobic ﬁtness
from ﬁeld performance scores have percolated through Pediatric
Exercise Science for 30 years and argues that it really is time to
move on from mass performance testing and focus on scientiﬁc
rigor, or as Rowland (43) pithily commented in 1995, “The horse is
dead. Let’s dismount.” By contrast, Tomkinson et al (53) have,
through the assembly of large international data sets, stimulated a
resurgence of interest in ﬁeld performance tests, in particular the
20-m shuttle run test (20mSRT). Despite a recent meta-analysis
revealing that over half of published correlation coefﬁcients
between 20mSRT performance scores and children’s peak V̇O2
explain less than 50% of the variance in peak V̇O2 (33), the last 2
years have witnessed a plethora of publications using variants of
the 20mSRT to estimate/predict the ratio-scaled peak V̇O2 of
children and to relate their 20mSRT score to current and future
health (2,23).
In a wide-ranging review, Tomkinson et al (53) acknowledge
“gas-analyzed peak V̇O2 ” as the criterion measure of aerobic
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ﬁtness and note that with children, the 20mSRT has “moderate”
criterion validity against peak V̇O2 . They calculate that the 95%
range for a true peak V̇O2 value estimated from 20mSRT performance is ∼24%, but contend that ﬁeld testing offers a simple,
cheap, practical alternative to gas analysis. They develop a case for
the advantages offered by the 20mSRT over other ﬁeld performance tests and outline the measurement variability, validity,
reliability, and feasibility of 20mSRT performance scores. The
authors promote the interpretation of 20mSRT predictions of peak
V̇O2 ratio scaled with body mass with reference to health-related
criterion-referenced standards and normative-referenced standards.
They state that the best available health-related international
standards are the “clinical red ﬂags to avoid cardiovascular disease
risk” proposed by Ruiz et al (44). These “clinical red ﬂags” classify
prepubertal, pubertal, and postpubertal (8- to 18-y-olds) on the
basis of a single sex-speciﬁc “cut point” and specify that values
of peak V̇O2 below 42 and 35 mL·kg−1·min−1 should raise concern among boys and girls, respectively. As Tomkinson et al (53)
report that the typical international norm value of 9- to 17-yearolds’ peak V̇O2 estimated from 20mSRT performance scores is
40 mL·kg−1·min−1, the review paints a depressing picture of international pediatric health. Published studies offering normative
international and national reference standards for peak V̇O2 predicted from 20mSRT performance are comprehensively tabulated,
and the authors advise using standardized test scores to facilitate
international and national comparisons of norms for healthy children and youth. Tomkinson et al (53) conclude by recommending
that 20mSRT performance scores be considered as an international
population health surveillance measure to help better understand
the impact of health-promoting policies and interventions.
As discussed by Tomkinson et al (53), there are several variants
of 20mSRT protocols and prediction equations with the Progressive
Aerobic Cardiovascular Endurance Run (PACER) test—one of the
most popular, particularly in North America. Scott et al (47) describe
the development and validation of a prediction equation to estimate
peak V̇O2 in the PACER test. Unlike earlier attempts to predict peak
V̇O2 that have generally used treadmill-determined peak V̇O2 as the
criterion measure of aerobic ﬁtness, the authors recorded V̇O2 during
PACER tests. Peak V̇O2 was accepted as the average V̇O2 over the
last 30 seconds of the ﬁnal completed PACER stage. The authors
recognize that 20mSRT performance scores are inﬂuenced by a
variety of factors other than aerobic ﬁtness, and they note that
body mass impacts on estimated peak V̇O2 and that predicted
peak V̇O2 is signiﬁcantly underestimated in individuals with a
high body mass index. They resolve that including a variable
related to body composition in their prediction equation is critical,
and the equation developed includes total number of laps completed during the PACER, body mass index, and the interaction
between sex and age. Scott et al (47) conclude that their prediction
equation can be used with conﬁdence to estimate 10- to 15-yearolds’ V̇O2 in the ﬁnal stage of the PACER test.
Weston et al (59) investigated the physical ﬁtness of 9-year-old
children from a socially deprived area in North East England. They
report data from a battery of physical ﬁtness tests with aerobic
ﬁtness “indirectly assessed via 20mSRT performance using the
British National Coaching Foundation protocol.” The authors
present their 20mSRT performance scores not as estimated peak
V̇O2 but as number of completed shuttles. In accord with the extant
literature, they noted that body mass index was a strong predictor of
20mSRT performance, that children with a higher body mass ran
fewer 20-m shuttles, and that there was a large gender difference in
20mSRT performance. Boys, on average, completed 37% more
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shuttles than girls which is intriguing as, in 9-year-olds, the mean
sex difference in aerobic ﬁtness is ∼10%, the sex difference in mean
sprint speed is ∼3%, and, at the time of writing, the world’s best
recorded sprint performance by a 9-year-old (boy or girl) is by a girl
(3). Why there is such a large gender difference in 20mSRT
performance scores and not similar sex differences in either aerobic
ﬁtness or running speed warrants further investigation. Weston et al
(59) reported their 20mSRT performance scores to be not substantially different from those recorded in other regions of England, but
the authors found scores from other ﬁtness tests in the battery to be
lower than those of children from elsewhere. Overall, they interpret
their data to indicate suboptimal levels of physical ﬁtness and to
support the introduction of longitudinal physical ﬁtness testing
programs within the school setting—a topic that has proved
controversial for decades (eg, 17,18,49).
Welsman (55) emphasizes that scientiﬁc rigor and critical
analysis are essential components of pediatric research and challenges the validity and reliability of predictions of peak V̇O2
from ﬁeld performance tests. She describes some of the interpretations of ﬁeld test scores that have clouded understanding of
children’s aerobic ﬁtness, its development, and its relationship
with current and future health. She asks why, when there is
unequivocal evidence that aerobic ﬁtness varies with age and
maturity status–driven changes in a range of morphological and
physiological covariates and not in direct ratio with body mass,
performance test predictions of age-speciﬁc peak V̇O2 divided by
body mass have been collated into international norms and recommendations for health surveillance. Her most serious concern
in relation to child health and well-being is the promotion of
performance test scores to establish “clinical red ﬂags” designed
to identify individual children and adolescents at risk of cardiovascular disease. She appeals to pediatric exercise scientists that,
“our children deserve better than this.”

Peak Oxygen Uptake and Cardiovascular
Health
The pediatric origins of atherosclerosis were ﬁrst reported at the
beginning of the 20th century (45), but it was the 1970s (29,60)
before aerobic ﬁtness was investigated in relation to cardiovascular
risk factors in children. Since then there has been a plethora of
publications devoted to the association of both directly determined
and predicted peak V̇O2 in childhood and adolescence with present
and future cardiovascular risk (28). The topic is currently an issue
of lively debate with the validity of ﬁeld performance test predictions of peak V̇O2 and the impact of peak V̇O2 ratio scaled with
body mass on purported associations between youth aerobic ﬁtness
and cardiovascular risk factors being challenged (eg, 8,37,51).
Agbaje et al (1) contribute to the ongoing discussion by
investigating, in 329 children (aged 8–11 y), the association of
arterial stiffness and arterial dilatation in response to a bout of
exercise with peak V̇O2 and body fat percentage. The authors
assessed the stiffness index (measure of arterial stiffness) and the
reﬂection index (measure of arterial dilatation capacity) using pulse
contour analysis before and after a maximal exercise test, body fat
content and lean body mass were measured using bioelectrical
impedance, and peak V̇O2 was determined using cycle ergometry
and respiratory gas analysis. Neither peak V̇O2 nor body fat
percentage was associated with arterial stiffness in either girls or
boys. Decreased body fat percentage and increased peak V̇O2 in
ratio with lean body mass were, however, independently associated
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with increased arterial dilatation capacity in response to a bout of
exercise in boys but not in girls. The authors discuss plausible
explanations for the sex difference but clearly more research is
required. Agbaje et al (1) conclude that increasing aerobic ﬁtness
and decreasing adiposity may improve arterial health, particularly
in boys, and may be important in reducing cardiovascular risk in
adulthood.

Peak Oxygen Uptake and High-Intensity
Interval Training
The practice of high-intensity interval training (HIIT) with adults
was developed through the ﬁrst half of the 20th century by
Scandinavian athletes before being popularized by Emil Zatopeck
following the second world war and featuring regularly in the
scientiﬁc literature in the 1950s (3). It is, however, only recently
that a concerted effort has focused on reﬁning HIIT programs as a
means of enhancing young people’s aerobic ﬁtness (52).
Baquet et al (12) have been at the forefront of HIIT research,
and in their current article , they report the effects of recovery
mode on peak V̇O2 , time to exhaustion, and time spent at high
percentages of peak V̇O2 during short, high-intensity intermittent
runs. Peak V̇O2 was determined using respiratory gas analysis
during a graded running test on a coned 150-m track, and the speed
in the last completed stage was considered as the maximal aerobic
speed. In 2 subsequent randomized experimental sessions, the
children performed short, high-intensity exercise bouts consisting
of repeated 15-second runs at 120% of maximal aerobic speed
until exhaustion. In 1 session, the exercise bouts were interspersed
with 15-second active recovery periods set at 50% of maximal
aerobic speed and in the other with 15-second periods of passive
recovery. Peak V̇O2 achieved and time spent above 80% and 90%
of peak V̇O2 were not different with active or passive recovery
modes, whereas the time to reach peak V̇O2 was faster with active
recovery periods and the time to exhaustion was longer with
passive recovery periods. On the basis of their results, the authors
propose that either mode of recovery can be used in programs
designed to improve children’s aerobic ﬁtness with the choice of
recovery mode dependent on the overall objectives of the training
program.

Cardiopulmonary Exercise Testing
Dan Cooper has been an inspirational ﬁgure in pediatric exercise
medicine for over 30 years and his forward looking review focuses
on new pathways necessary to advance pediatric exercise medicine
and health. In an invited contribution which nicely complements
those of van Brussel et al (54) and McNarry (35), Cooper (19)
argues that a major barrier to more accurate and effective clinical
use of CPET in children is that data analytics and testing protocols
have failed to keep pace with enabling techniques and computing
capacities. Controversies surrounding the determination and veriﬁcation of maximal values of V̇O2 in CPETs are addressed, and the
wealth of submaximal data that can be collected during a CPET is
highlighted. He discusses the power of submaximal slope analysis,
outlines the progress of gas analysis techniques, and shows how the
emergence of breath-by-breath analysis has opened up new avenues of research. Novel but sparse research in respiratory gas
kinetics resulting in the enrichment of CPET data from both sick
and healthy children is analyzed, and how the development of
advanced technologies and enhanced computing capacity have

enabled CPET data analysis using biological variability and
machine learning is reviewed. Cooper indicates that although early
research has been promising, further work is required to exploit the
opportunities offered by these techniques. He suggests that the key
challenge facing pediatric exercise scientists and clinicians is the
development of testing strategies that can be used to gauge aerobic
ﬁtness robustly, repeatedly, and cost effectively. He concludes his
contribution with a list of recommendations that have emerged
from an international working group established to identify the
challenges facing optimal utilization of exercise testing in child
health research.
Van Brussel et al (54) draw on 15 years’ experience of working
in one of Europe’s leading pediatric exercise laboratories to
describe an innovative 7-step systematic approach to interpreting
CPET data for diagnostic, prognostic, and evaluative purposes. The
authors address methodological and physiological challenges in
CPETs with pediatric clinical populations. Notably, they not only
discuss the assessment and interpretation of peak V̇O2 but also
recognize that abnormal CPET responses can be caused by multiple
physiological systems. Cardiovascular, respiratory, gas exchange,
and muscle metabolic responses to submaximal and maximal
exercise are reviewed. The clinical importance of understanding
deconditioning in exercise-induced physiological responses during
a CPET is explained, and the relevance of the child’s symptom
perception is acknowledged. The ﬁnal step in their systematic
approach stresses the importance of a comprehensive and standardized CPET report including a clear interpretation of the exercise data. The Commentary is enhanced with a series of clear and
informative tables and ﬁgures, which share the comprehensive
experience of the laboratory team.

Pulmonary Oxygen Uptake Kinetics
Macek and Vavra (32) were probably the ﬁrst to report the halftime of children’s transient responses at the onset of exercise, but
the initial application of breath-by-breath technology to youth
pulmonary V̇O2 kinetics was by Cooper et al (21). Fawkner
et al (25–27) were the ﬁrst to demonstrate that, in conﬂict with
data from adults, there is no signiﬁcant relationship in children
between peak V̇O2 and pulmonary V̇O2 kinetics at the onset of
either moderate- or heavy-intensity exercise. Unique insights into
the development of both aerobic ﬁtness (13) and muscle exercise
metabolism (4) rest in the pulmonary V̇O2 response to the onset of
exercise in well-deﬁned intensity domains but, despite the
advanced technologies and enhanced computing capacity outlined
herein by Cooper (19), rigorous investigations of respiratory gas
kinetics in childhood and adolescence are sparse—reﬂected by the
observation that despite advertising an invited review, there were
no original research submissions on pulmonary V̇O2 kinetics in the
Call for Papers for this Special Issue.
Mel McNarry (35) focuses her invited review on pulmonary
V̇O2 kinetics in youth and emphasizes the need for rigor in the
analysis of data with a low signal to noise ratio. She discusses how
ﬂawed methodology and misinterpretation of rich data sets have
clouded understanding of young people’s transient responses at
the onset and offset of exercise. She discusses the theory underpinning pulmonary V̇O2 response and recovery proﬁles, comments
on their known and potential clinical applications, and discusses the
few secure data on the inﬂuence of age and sex on youth V̇O2
kinetics. She points out that only 2 longitudinal studies have been
published, and there are no data on the effects of maturity status on
pulmonary V̇O2 kinetics. Much of what we know of the trainability
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of young people’s V̇O2 kinetics is founded on McNarry’s own
research. She outlines the principal ﬁndings but stresses that they are
predominately reliant on cross-sectional comparisons of trained and
untrained youth athletes with only 1 intervention study (with obese
children) in the extant literature. One of the strengths of the review is
a discussion of the potential mechanistic bases of age-, sex-, and
training-induced changes in pulmonary V̇O2 kinetics. McNarry (35)
concludes that more methodologically rigorous studies are required
to resolve the inﬂuence of and interactions between sex, age,
maturity status, and external stimuli (eg, training) on the development of the dynamic pulmonary V̇O2 responses at the onset and
offset of exercise.
In a Letter to the Editor, Dotan (22) argues that children are
more limited than adults in their capacity to recruit and utilize
higher threshold type II motor units and reviews the role of
the child–adult differential muscle-activation hypothesis in explaining why children have faster V̇O2 kinetics than adults. He
suggests that the hypothesis is able to account, as a sole or major
underlying factor, for all the mechanisms, proposed by McNarry
(35), as partial explanations for adult–child differences. In her
response, McNarry (34) acknowledges that different child–adult
ﬁber-type distribution and recruitment may contribute to an
exploration of child–adult differences but contends that there is
insufﬁcient evidence to support the view that the differential
muscle-activation hypothesis provides the sole or major explanation. She takes the opportunity to expand her analysis of the sparse
research, critically examines the evidence supporting the existence of child–adult differences, questions aspects of the differential muscle-activation hypothesis, and identiﬁes areas for
further research. Taken together, the thought-provoking contributions of Dotan (22) and McNarry (34,35) remind us that much
remains to be learned about the mechanisms underpinning the
development of pulmonary V̇O2 dynamics in childhood and
adolescence.

Future Directions
It is readily apparent from contributions to this Special Issue that,
despite 80 years of intensive investigation of young people’s peak
V̇O2 and its relationship with current and future health, controversies persist. Recent research using sophisticated mathematical
modeling techniques and evolving technologies has begun to
elucidate the development of pulmonary V̇O2 kinetics but rigorously determined data are sparse. A major research challenge is to
explain the mechanisms underlying peak V̇O2 and pulmonary V̇O2
kinetics and how they develop in childhood and adolescence. The
reviews, commentaries, research papers, and letters in this Special
Issue of Pediatric Exercise Science address several of the most
contentious issues, present new data, scrutinize the evidence base,
and express opinions that will hopefully generate further discussion
in Pediatric Exercise Science and pediatrics generally. Collectively, the articles emphasize the fundamental requirement for
scientiﬁc and statistical rigor when assessing and interpreting youth
aerobic ﬁtness and invite future studies to
1. incorporate advanced technologies, innovative statistical
modeling, and increased computing capacity into CPETs
and rigorously analyze integrated submaximal, maximal,
and kinetic responses from multiple physiological systems;
2. interpret aerobic ﬁtness in relation to sex-speciﬁc concurrent
changes in age- and maturity status–driven morphological and
physiological variables;
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3. elucidate the mechanisms underpinning sexual dimorphism
and age- and maturity status–driven changes in aerobic ﬁtness
during growth and maturation;
4. verify and evaluate purported relationships between aerobic
ﬁtness and indicators of health and well-being; and
5. ensure that aerobic ﬁtness recommendations designed to promote young people’s present and future health and well-being
are based on sound scientiﬁc evidence.
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