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ABSTRACT
Purpose To identify criterion-referenced standards for 
cardiorespiratory fitness (CRF); to estimate the percent-
age of children and youth that met each standard; and to 
discuss strategies to help improve the utility of criteri-
on-referenced standards for population health research.
Methods A search of four databases was undertaken 
to identify papers that reported criterion-referenced 
CRF standards for children and youth generated using 
the receiver operating characteristic curve technique. A 
pseudo-dataset representing the 20-m shuttle run test 
performance of 1 142 026 children and youth aged 9–17 
years from 50 countries was generated using Monte 
Carlo simulation. Pseudo-data were used to estimate the 
international percentage of children and youth that met 
published criterion-referenced standards for CRF.
Results Ten studies reported criterion-referenced 
standards for healthy CRF in children and youth. The 
mean percentage (±95% CI) of children and youth that 
met the standards varied substantially across age groups 
from 36%±13% to 95%±4% among girls, and from 
51%±7% to 96%±16% among boys. There was an age 
gradient across all criterion-referenced standards where 
younger children were more likely to meet the standards 
compared with older children, regardless of sex. Within 
age groups, mean percentages were more precise 
(smaller CI) for younger girls and older boys.
Conclusion There are several CRF criterion-referenced 
standards for children and youth producing widely 
varying results. This study encourages using the interim 
international criterion-referenced standards of 35 and 
42 mL/kg/min for girls and boys, respectively, to identify 
children and youth at risk of poor health—raising a 
clinical red flag.

INTRODUCTION
Cardiorespiratory fitness (CRF) is often measured as 
peak oxygen uptake (V

.
O2peak) in children and youth, 

which is described as the highest rate of consumed 
oxygen during a bout of exercise.1 CRF in children 
and youth is a good determinant of sporting success1 
and is meaningfully associated with health.2 In chil-
dren and youth, CRF is moderately to strongly 
associated with cardiometabolic,3 4 mental5 and 
physical6 health markers. Being a trait, CRF levels in 
adolescence track moderately well into adulthood.7 
Furthermore, recent cohort studies of over 700 000 
Swedish adolescents with a median follow-up of 
29–34 years have identified that individuals with 

low CRF in late adolescence have an increased risk 
of myocardial infarction8 and early mortality9 in 
adulthood. Together, these findings suggest that the 
measurement and surveillance of CRF in childhood 
and adolescence can help describe the current and 
future health of populations.

The 20-m shuttle run test (20mSRT), originally 
published in 1984 by Léger and colleagues,10 is 
the most widely reported field-based assessment 
of CRF with published normative data available 
on over 1.1 million children from 50 countries.11 12 
This test displays moderate-to-high criterion 
related validity13 and high reliability,14 suggesting 
that the 20mSRT is a good field-based measure of 
V
.
O2peak. It is also considered an excellent population 

health surveillance tool because of its simplicity, 
low cost, flexibility (eg, indoor/outdoor), minimal 
equipment and ability to test large groups of chil-
dren and youth simultaneously.14 As a result, the 
20mSRT is included as part of several national and 
international physical fitness test batteries, such as 
the Eurofit,15 FITNESSGRAM,16 Canadian Assess-
ment of Physical Literacy,17 Australian Council 
for Health, Physical Education and Recreation,18 
Assessing Levels of Physical Activity and Fitness,19 
and Assessing FITness in PREschoolers.20–22

There are two distinct approaches to interpret 
20mSRT performance results. Individual results 
can be compared with a normative-referenced stan-
dard—described as a relative comparison with the 
performance of peers, and expressed as a percen-
tile rank. Normative-referenced standards for 
the 20mSRT exist for international23 and various 
national populations.24–29 Alternatively, results 
can be converted to predicted V

.
O2peak using one 

of several equations23 to compare with a criteri-
on-referenced standard—described as an absolute 
measure of the minimum performance required to 
‘achieve’ the criterion-referenced (eg, healthy meta-
bolic or cardiovascular profile) standard. These data 
are often expressed as the percentage (prevalence) 
of the sample meeting the criterion-referenced 
standard. Several of these standards have recently 
emerged applying a receiver operating character-
istic (ROC) curve analysis—a diagnostic evaluation 
that identifies the optimal standards to distinguish 
a health outcome in a population.30 The recent 
emergence of multiple criterion-referenced stan-
dards may potentially create confusion regarding 
the healthy CRF status of children and youth. 
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Furthermore, international percentages of children and youth 
meeting these criterion-referenced standards do not exist. These 
referenced percentages would provide utility for international 
surveillance, screening and CRF comparisons across popula-
tions.

Therefore, the purpose of this study was threefold: (a) to 
identify all published ROC curve-generated criterion- referenced 
standards for CRF in children and youth; (b) to estimate the 
percentage of children and youth that met each criterion- 
referenced standard using an international sample of 20mSRT 
performance scores from 1 142 026 children and youth aged 9–17 
years; and (c) to discuss strategies to improve the utility of CRF 
criterion- referenced standards for population health research.

METHODS
Search strategy
A literature search was conducted to identify all studies that 
reported health-related criterion-referenced standards for CRF 
in children and youth. A single author (JL) searched MEDLINE, 
PsycINFO, EMBASE and SPORTDiscus (1980–2016) using a 
combination of three separate search strategies: (a) child* OR 
adoles* OR paediatric* OR schoolchild; (b) cardiorespiratory* 
OR cardiovascular* OR aerobic* OR VO2* OR criterion*; and 
(c) cardiovascular OR metabolic OR insulin OR blood pressure 
OR cardiometabolic OR psychosocial OR well-being OR self- 
efficacy. All search strategies were combined using the Boolean 
operator ‘AND.’ No restrictions were placed on language. Further-
more, the reference lists of all relevant studies were reviewed for 
additional studies not included in the original search.

Inclusion criteria
One author (JL) assessed titles and abstracts for those likely to report 
criterion-referenced standards for children and youth. Studies 
were included if they reported: (a) CRF standards (V

.
O2peak/max,  

mL/kg/min) associated with cardiovascular, metabolic and/or 
psychosocial health markers; (b) standards generated using ROC 
curve statistics; and (c) standards generated for children and 
youth. No restrictions were placed on study design (eg, cohort, 
cross-sectional).

Data extraction
One author (JL) independently reviewed all the included studies 
and extracted the following information: authors, year of 
publication, country, health criterion, CRF assessment, V

.
O2peak 

prediction equation, sex, age (years), sample size, criterion-ref-
erenced standards (mL/kg/min), area under the ROC curve and 
95% CI. A second author (GT) reviewed the data for transcrip-
tion errors.

International sample and percentage analysis
To achieve the second objective of this study, international 
normative values for the 20mSRT performance were obtained 
from Tomkinson and colleagues (table 1).23 In brief, the interna-
tional norms were developed using a systematic review protocol 
to identify 177 studies that reported 20mSRT performance 
scores for apparently healthy (eg, free from known disease) chil-
dren and youth aged between 9 and 17 years. A total of 1 142 026 
20mSRT performances were extracted and standardised to 
running speed (km/hour) at the last completed stage using 
the data treatment procedure reported by Tomkinson et al.23 
Sample-weighted means and SD at the sex by age by country 
level were corrected for oversampling and/or undersampling 
using a poststratification population-weighted procedure.31 The 

corrected means and SD at the sex by age level were imported 
into LMSchartmaker32 to generate the international 20mSRT 
normative-referenced values using the Lambda Mu Sigma (LMS) 
method.

International normative running speed values were used to 
randomly generate pseudo-data points for each sex by age group 
using Monte Carlo simulation, a technique described in detail 
elsewhere.12 33 This technique assumes that data are normally 
distributed, which is true for 20mSRT running speed at the last 
completed stage. Pseudo-data were repeatedly generated until the 
calculated mean differed from the reported mean by less than 
0.5%, and the calculated SD differed from the reported SD by less 
than 2.5%. These international running speed pseudo-data were 
then converted to V

.
O2peak using the Léger prediction equation:

V
.
O2peak (mL/kg/min) =   31.025 + 3.238•X1 – 3.248•X2  

+ 0.1536•X1•X2

where X1 is the running speed at the last completed stage (km/
hour) and X2 is the age at the last birthday.34

The Léger equation was applied to help compare outcomes 
across different criterion-referenced standards. This equation 
was developed using the 20mSRT, a wide range of age groups 
and two inputs that were readily available and similar to the 
pseudo-data used in this study.34 In addition, the Léger equation 
is the most widely used equation to predict V

.
O2peak in children 

and youth.
The international 20mSRT pseudo-dataset was then applied 

to each reported CRF criterion-referenced standard:

Healthy CRF (%) = 

In addition, these sex by age by study percentages were used 
to calculate the overall smoothed population-weighted mean 
percentages and 95% CIs using the poststratification popula-
tion-weighted procedure described by Levy and Lemeshow.31 
These percentages represent the gross estimate of the international 
percentage of children and youth with apparently healthy CRF.

RESULTS
Criterion-referenced standards
Ten studies reported CRF criterion-referenced standards for chil-
dren and youth between 8 and 19 years of age. These studies were 
published over a 10-year period from 2006 to 2016 (table 2). 

number of participants that attained  
the criterion – referenced standard 
total number of participants

Table 1 International 20mSRT norms for predicted V
.
O2peak (mL/kg/

min) obtained by converting Tomkinson et al's23 normative centile 
values using the Léger equation34

Girls Boys

Age (years) n 50th percentile SD n 50th percentile SD

9 98 166 46.7 3.2 101 532 48.1 4.0

10 81 415 45.1 3.7 81 538 46.9 4.3

11 78 029 43.5 4.1 79 660 45.8 5.0

12 69 497 42.0 4.4 70 266 45.2 5.7

13 62 491 40.4 4.7 72 913 45.0 6.2

14 55 035 38.8 5.0 65 317 44.6 6.8

15 43 730 37.2 5.3 53 287 44.0 7.3

16 34 978 35.6 5.4 35 490 43.2 7.7

17 29 559 34.1 5.6 29 123 42.6 8.2

Total 552 900 589 126

20mSRT, 20-m shuttle run test.
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The criterion-referenced standards for girls and boys ranged 
from 32.6 to 43.9 mL/kg/min and from 40.0 to 47.0 mL/kg/min, 
respectively. Standards were developed using European, North 
American or South American samples of children and youth. 
The health criteria were largely based on summative markers of 
metabolic and/or cardiovascular health (eg, triglycerides, choles-
terol, glucose, body composition, etc). In general, each study 
estimated V

.
O2peak using a combination of various CRF assess-

ment protocols, exercise modes (eg, walk/run field tests, graded 
treadmill test, cycle ergometry) and V

.
O2peak prediction equations. 

Only one study included a direct measure of V
.
O2peak for a portion 

of the study participants.35 Five studies assessed CRF using the 
20mSRT, representing half of the included studies.

Figure 1 illustrates the variability of reported criterion-refer-
enced standards for each sex by age by study group across the 
international 20mSRT normative values reported by Tomkinson 
and colleagues.23 For both girls and boys, this figure follows a 
similar pattern where the criterion-referenced standards consis-
tently fall below the international 20mSRT 50th percentile for 
younger children, indicating that the standards are attained 
at lower 20mSRT performance percentile ranks. However, 
for both sexes, there are age gradients where older children 
must attain a higher 20mSRT performance percentile rank to 
attain the criterion-referenced standards when compared with 
younger children. For girls, the variability across age-matched 

criterion-referenced standards spanned ~25 to 50 percentile 
points using Tomkinson and colleagues’ normative-referenced 
standards.23 The variability across age-matched standards was 
slightly smaller for boys, spanning ~20 to 45 percentile points.

Percentage estimates for ‘healthy’ CRF
Table 3 displays 105 sex by age by study percentages (%) of 
children and youth that achieved each reported criterion-refer-
enced standard. These represent the study-specific international 
percentage estimates of apparently ‘healthy’ children and youth 
calculated using the international 20mSRT norms. In general, 
younger children were more likely to meet the standards than 
older children, and mean percentages were more precise (smaller 
CI) for younger girls and older boys. More specifically, the 
percentage pattern across all studies was such that girls aged 
9–11 years were apparently healthier than age-matched boys, 
girls and boys aged between 12 and 15 years were similarly 
healthy, and older boys aged between 16 and 17 years were 
apparently healthier than girls of the same age. This pattern was 
true for all studies, except for the Welk (FITNESSGRAM) crite-
rion-referenced standards,36 where boys were considered to be 
healthier than girls at every age group.

In addition, the smoothed population-weighted mean 
percentage (±95% CI) of girls and boys meeting the 

Table 2 Descriptive characteristics of included studies

Study Year Country Criterion CRF test Sex
Age
(years)

Sample 
size
(n)

Healthy CRF
(mL/kg/min) AUC (95% CI)

Mesa et al39 2006 Spain TC, HDLc, LDLc, Lp(a) 20-m shuttle run test with 
estimated V

.
O2peak

Boys 13–18.5 248 45–47 0.72 (0.65 to 0.78)

Ruiz et al41 2007 Estonia and 
Sweden

Insulin, glucose, 
HDLc, TG, sum of five 
skinfolds, BP

Maximal cycle ergometer 
test with estimated 
V
.
O2peak

Girls
Boys

9–10
9–10

444
429

37
42

0.68 (0.62 to 0.73)
0.67 (0.61 to 0.73)

Lobelo et al53 2009 USA SBP, triceps and 
subscapular skinfolds, 
HOMA, TG, TC/HDLc

Submaximal treadmill 
walking test with 
estimated V

.
O2peak

Girls
Boys

12–15
16–19
12–15
16–19

315
255
308
369

36
36
44
40

0.54 (0.42 to 0.66)
0.54 (0.38 to 0.70)
0.77 (0.68 to 0.86)
0.72 (0.64 to 0.79)

Adegboye et al35 2011 Denmark, 
Estonia, Portugal 
and Norway

SBP, TG, TC/HDLc, 
HOMA, sum of four 
skinfolds

Maximal cycle ergometer 
test with direct 
measurement of V

.
O2peak

Girls
Boys

8–11
14–17
8–11
14–17

1 181
1 051
1 219
1 049

37.4
33
43.6
46

0.67
0.69
0.68
0.55

Moreira et al50 2011 Portugal TG, HDLc, LDLc, 
waist to hip ratio, TC, 
glucose, BP

20-m shuttle run test with 
estimated V

.
O2peak

Girls
Boys

10–18
10–18

255
195

39.5
41.8

0.65 (0.59 to 0.71)
0.65 (0.58 to 0.72)

Welk et al36 2011 USA Waist circumference, 
SBP/DBP, HDLc, TG, 
glucose

Submaximal treadmill 
walking test with 
estimated V

.
O2peak

Girls
Boys

12–18
12–18

591
649

38–40
40–44

0.77
0.83

Boddy et al54 2012 England BMI, waist 
circumference, %BF

20-m shuttle run test with 
estimated V

.
O2peak

Girls
Boys

9–10
9–10

8 237
8 382

41.9
46.6

0.58 to 0.77
0.74 to 0.80

Silva et al55 2012 Portugal Waist circumference, 
HDLc, TG, glucose, 
MAP

20-m shuttle run test with 
estimated V

.
O2peak

Girls
Boys

10–18
10–18

2 789
2 770

32.6–43.9
43.1–46.3

NA

Ruiz et al47 2014 Greece, Germany, 
Belgium, France, 
Hungary, Italy, 
Sweden, Austria 
and Spain

Smoking, BMI, 
physical activity, diet, 
TC, BP, glucose

20-m shuttle run test with 
estimated V

.
O2peak

Girls
Boys

12.5–17.5
12.5–17.5

259
251

34.6
43.8

0.69 (0.61 to 0.78)
0.81 (0.73 to 0.88)

Silva et al40 2016 Brazil BP Modified Canadian 
Aerobic Fitness Test with 
estimated V

.
O2max

Girls
Boys

14–19
14–19

464
411

32
40

0.70 (0.65 to 0.74)
0.63 (0.58 to 0.67)

AUC, area under the curve; BMI, body mass index; BP, blood pressure; CRF, cardiorespiratory fitness; DBP, diastolic blood pressure; HDLc, high-density lipoprotein cholesterol; 
HOMA, homeostasis model assessment; Lp(a), Lipoprotein(a); LCLc, low-density lipoprotein cholesterol; MAP, mean arterial pressure; NA, not applicable; SBP, systolic blood 
pressure; TC, total cholesterol; TG, triglycerides; %BF, per cent body fat.
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criterion-referenced CRF standards ranged from 36%±13% 
to 95%±4% and from 51%±7% to 96%±16%, respectively 
(figure 2). These smoothed population-weighted mean percent-
ages represent our best estimate of the international mean 
percentage of children and youth aged 9–17 years old with 
apparently healthy CRF.

DISCUSSION
The main objectives of this paper were to identify all criterion- 
referenced standards for CRF generated using ROC curve 

Figure 1 Study of criterion-referenced standards minus international normative 20-m shuttle run test (20mSRT) performance as a function of age 
for girls (A) and boys (B). The dash line, centred at 0, represents the international 20mSRT 50th percentile (predicted V

.
O2peak) for 9- to 17-year-old 

children and youth.23 Lines below the dash line indicate that the criterion-referenced standards are below the international 50th percentile of 20mSRT 
performance, and lines above represent standards above the 50th percentile for each age group.

Table 3 Percentage of the 1 142 026 international 20mSRT 
performance pseudo-datasets that met each CRF criterion-referenced 
standard

Age (years) 9 10 11 12 13 14 15 16 17

Girls
n=552 900

Ruiz, 200741 99.9 98.6

Lobelo, 200953 90.8 82.9 71.7 59.7 49.3 40.0

Welk, 201136 91.3 77.0 67.8 55.6 47.1 37.8 24.7 19.8

Adegboye, 2011 35 99.9 93.5 93.5 87.7 78.8 68.9 57.3

Moreira, 2012 93.3 82.5 72.0 56.6 46.6 34.5 21.8 16.6

Silva, 201255 64.5 61.0 65.8 45.1 47.1 47.9 45.6 48.5

Boddy, 201254 93.7 81.3

Ruiz, 2015 89.2 80.7 70.1 57.8 46.6

Silva, 201640 92.3 85.2 74.8 64.5

Boys
n=589 126

Mesa, 200639 36.7 34.3 32.2 32.5 36.9

Ruiz, 200741 92.9 87.0

Lobelo, 200953 59.4 58.8 52.4 51.9 65.2 59.2

Welk, 201136 94.8 87.6 81.5 73.7 60.4 53.9 45.8 41.6

Adegboye, 201135 88.3 79.0 67.4 41.4 40.8 35.5 32.9

Moreira, 2012 88.8 79.7 73.0 71.2 64.0 63.1 57.2 53.3

Silva, 201255 56.8 60.6 66.9 59.8 48.6 55.5 44.0 47.6

Boddy, 201254 66.1 53.4

Ruiz, 2015 59.8 54.3 53.0 47.3 43.7

Silva, 201640 73.8 71.8 67.0 60.2

20mSRT, 20-m shuttle run test; CRF, cardiorespiratory fitness.

Figure 2 Overall smoothed population-weighted mean percentages 
and 95% CIs for healthy CRF in girls and boys. Calculated across age-
specific percentage estimates for each criterion-referenced standard 
(V

.
O2peak) available in table 3. CRF, cardiorespiratory fitness.

technique; to estimate the international percentage of children 
and youth that achieved each CRF standard; and to discuss 
strategies to enhance the utility of CRF criterion-referenced 
standards for population health research.

Criterion-referenced standards
Our paper identified 10 studies that reported CRF criterion-ref-
erenced standards using samples of children and youth from 
Europe, North America or South America. The reported criteri-
on-referenced standards for CRF were developed using a variety 
of methods and protocols, and as a result, the standards vary 
considerably across sex by age groups. Recent research suggests 
that temporal trends exist in CRF33 and body composition in 
children,37 and metabolic health markers in adults.38 These 
trends suggest that the relationship between CRF and health is 
not static, which may also help describe the different sex by age 
specific standards across studies given our 10-year time period 
between the first39 and last40 reported standards. For these 
reasons, comparisons of percentages of healthy CRF while using 
different standards should be interpreted with caution.

4 Lang JJ, et al. Br J Sports Med 2017;0:1–7. doi:10.1136/bjsports-2016-096955
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Percentage estimates for ‘healthy’ CRF
Our study also provides percentage estimates for each reported 
criterion-referenced standard using international data that 
represent 1 142 026 children and youth aged 9–17 years. These 
data demonstrate that a high percentage of young children (9–10 
years old) are apparently healthy. In some cases (Ruiz41 and Adeg-
boye35), girls aged 9 and 10 years would only need to achieve a 
20mSRT performance below the 5th percentile to achieve the 
criterion-referenced standard when using the Léger prediction 
equation, equivalent to completing the first stage (1 min) of the 
20mSRT. Comparatively, boys aged 9–10 years would have to 
perform above the 5th percentile to achieve most criterion-refer-
enced standards, suggesting that a relatively better performance 
is required from younger boys than younger girls. Furthermore, 
these data illustrate an age gradient where older children must 
achieve a higher 20mSRT percentile than younger children to 
achieve the criterion-referenced standards. This translates into 
a higher overall percentage of healthy CRF in younger children 
than older children. For example, data in table 3 indicate that 
young children (9–10 years old) are apparently healthy with 
72% of all cases having a success rate over 80%, in comparison 
with only 7% of older children (14–17 years old).

The FITNESSGRAM criterion-referenced standards (Welk 
et al36) for CRF are probably the most widely used standards to 
date. National percentages of children and youth who met these 
standards exist for USA,42 Chile43 and Hungary.44 In USA and 
Hungary, a sex gradient existed where boys met the standards 
more often than girls at every age group. In addition, an age 
gradient existed for these countries where younger children met 
the standards more often than older children, supporting the 
pattern observed in Welk’s percentages in table 3. The US-based 
percentages42 indicated that 26%–49% of girls and 38%–62% of 
boys had healthy CRF, which was lower than our international 
percentages (using the Welk standards). This result is expected 
given that US children and youth have low CRF relative to inter-
national norms.11 12 Our international percentage estimates are 
more similar to the Chilean estimates43 which reported healthy 
CRF percentages in grade 8 children (13- and 14-year-olds) 
for 45% and 74% of girls and boys, respectively. Furthermore, 
percentage estimates for Hungarian children and youth aged 
11–18 years44 are between 32% to 86% for girls and between 
45% to 86% for boys. These percentage estimates fall above 
our international percentage estimates, being consistent with 
previous findings showing that Hungarian (central European) 
children have better CRF relative to international norms.11 12

In addition, the Welk standards for boys are among the easiest 
to achieve and resulted in a higher percentage of boys with 
healthy CRF than girls. In comparison, most other reported 
criterion-referenced standards identified higher percentages of 
girls with healthy CRF than boys (table 3). This highlights the 
fact that using standards other than the Welk standards would 
have most likely resulted in a higher percentage of girls than 
boys with healthy CRF in USA, Chile and Hungary. Thus, the 
criterion-referenced standard applied to the sample makes a 
difference in the overall interpretation of results.

International percentages of healthy children and youth
Figure 2 displays the international percentages of children and 
youth with apparently healthy CRF. However, these percentages 
should be interpreted with caution because of the variability 
across all 10 criterion-referenced standards, resulting in large 
95% CIs. In addition, this study applied the Léger predic-
tion equation which may yield systematically different V

.
O2peak 

values in comparison with other prediction equations. This may 
impact the published criterion-referenced standards as well as 
the percentage estimates of healthy CRF across each sex by 
age group, indicating that the prediction equation used may 
artificially increase or decrease the percentage estimates in a 
systematic way.

Strategies for population health research
The availability of different criterion-referenced standards for 
CRF across the same sex by age groups may create confusion. 
A recent meta-analysis by Ruiz et al45 combines seven published 
criterion-referenced standards35 36 39 41 47 50 53 on 9280 children and 
youth aged 8–19 years from 14 countries and provides the first 
international criterion-referenced standards for this age group. 
Their meta-analysis determined that fitness levels below 35 and 
42 mL/kg/min for girls and boys, respectively, should raise a red 
flag. Internationally, 80% (95% CI 66% to 94%) of girls and 
68% (95% CI 60% to 76%) of boys meet the international crite-
rion-referenced standards, with younger children meeting the 
standards more often than older children. See online supplement 
1 that provides an unweighted sex by age percentage for the Ruiz 
standards using the Tomkinson international pseudo-dataset. 
The Ruiz standards could be used as the interim overarching 
international standards to help compare percentages of appar-
ently healthy children and youth across studies, countries and 
continents, providing clear international comparisons in this 
area of research. International standards could also be applied 
in a clinical and/or school setting by clinicians and practitioners, 
similar to the international body mass index growth curves48 for 
children and youth, providing an effective screening instrument 
to help identify children and youth who need to increase their 
physical activity levels to improve overall health.

Our study also reports international referenced percentages 
for CRF in children and youth aged 9–17 years. These data are 
the first of their kind and carry specific utility for national and 
international population health research. These international 
referenced percentages can help researchers and practitioners 
(eg, physical educators, public health workers, health promo-
tion practitioners, etc) interpret their percentage estimates 
by providing a reference to indicate whether their sample 
percentage is above or below the international percentage for a 
given sex by age group. This can help provide researchers and 
practitioners with context to their respective results. These inter-
national referenced percentages can also provide the first step 
towards establishing CRF and the 20mSRT as a tool for popula-
tion health screening and surveillance.

Strengths and limitations
Our study compared 10 reported CRF criterion-referenced stan-
dards for children and youth, all of which were developed using 
the ROC curve method. We also describe percentages of appar-
ently healthy children and youth using international normative 
centile values developed from a sample of over 1.1 million chil-
dren and youth from 500 different countries.23 These normative 
values were developed using rigorous data standardisation, post-
stratification population weighting and LMS techniques.

A limitation of our study may be comparing criterion-ref-
erenced standards across different studies. For instance, 
study-specific standards were generated using different combi-
nations of CRF field-based or laboratory-based assessment 
protocols, submaximal-effort or maximal-effort protocols, 
different exercise modes and V

.
O2peak prediction equations. This is 

of particular concern given that treadmill protocols tend to elicit 
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a V
.
O2peak roughly 9% higher than cycle ergometer protocols,49 

and the 20mSRT uses prediction equations to estimate V
.
O2peak 

that may introduce unintended error causing varying results.50 
Thus, each method used to estimate V

.
O2peak may yield different 

results due to different underlying levels of construct validity. 
Furthermore, each criterion-referenced standard used a different 
combination of clustered cardiometabolic health markers to 
establish the criterion domain. As a result, it is plausible that an 
individual is healthy given one set of cardiometabolic criteria, 
but unhealthy given a different set of criteria. This could explain 
some of the variability in our population percentage estimates. 
The existing criterion-referenced standards also fail to identify 
psychosocial health outcomes in children and youth, which 
remains an essential area of research given the importance of 
mental health.51 Furthermore, these standards do not incorpo-
rate a measure of maturation and the use of ratio scaling means 
that body size differences may not have been appropriately 
partitioned out, both of which may have an impact on identi-
fying developmentally appropriate age-specific and sex-specific 
 standards.52

CONCLUSION
Our study provides a review of criterion-referenced standards 
for CRF and demonstrates the inconsistencies among different 
standards using pseudo-data derived from a large international 
sample of 20mSRT performances. This study also provides inter-
national referenced percentages of children and youth meeting 
each criterion-referenced standard. Although there are several 
limitations to ROC-generated criterion-referenced standards, 
these represent the best available data, and percentage estimates 
should be interpreted with caution. Nonetheless, these stan-
dards are the first step towards generating clinically relevant 
standards that are comparable with body mass index standards. 
Researchers, clinicians and the general public are encouraged to 
use the interim international criterion-referenced standards of 35 
and 42 mL/kg/min for girls and boys, respectively, to identify chil-
dren and youth at risk of poor health—raising a clinical red flag.
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