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Abstract

Incremental exercise testing is frequently used as a tool for evaluating determinants of endurance performance. The
available reference values for the peak oxygen uptake (\/O2peak), % of\/Ozpeak, running speed at the lactate threshold
(vi7), running economy (RE), and maximal running speed (vpeak) for different age, gender, and disciplines are not suf-
ficient for the elite athletic population. The key variables of 491 young athletes (age range 12-21 years; 250 males,
241 females) assessed during a running step test protocol (2.4 m s increase 04 ms~' 5 min~") were analysed in
five subgroups, which were related to combat-, team-, endurance-, sprint- and power-, and racquet-related disci-
plines. Compared with female athletes, male athletes achieved a higher Vpeak (P = 0.004). The body mass, lean body
mass, height, abs. VO, (ml min™", rel. VO, ey (M kg~ min™"), rel. VO, e (M min~' kg=%7°), and RE were higher
in the male participants compared with the females (P < 0.01). The % of VO, at v ; was lower in the males compared
with the females (P < 0.01). No differences between gender were detected for the v;; (P = 0.17) and % of VO, at v|;
(P =0.42). This study is one of the first to provide a broad spectrum of data to classify nearly 500 elite athletes aged

12-21 years of both gender and different disciplines.
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Background
Cardiopulmonary exercise testing is frequently used as a
tool for evaluating endurance performance and cardio-
pulmonary fitness in elite athletes. During graded exer-
cise testing performed to voluntary maximal exertion,
several sub-maximal and maximal physiological variables
are assessed, which enables to: (1) assess the cardiopul-
monary capacity; (2) explain the possible mechanisms of
reduced exercise tolerance; and (3) to compare inter- or
intra-individual differences among various disciplines,
ages, and different genders.

Five major variables have been described to explain
the inter-individual variance in aerobic endurance
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and indicate if changes were made.

performance (Midgley et al. 2007). The VO, repre-
sents one of the most important parameters for endur-
ance performance and has been extensively assessed
among individuals of different age, gender, and perfor-
mance levels. VO, is directly influenced by maximal
cardiac output and arterio-venous oxygen difference, and
therefore has become a standard in cardiopulmonary
exercise testing (Bassett and Howley 2000).

During graded exercise testing, some variables demon-
strate intensity-dependent benchmarks, such as the level
of blood lactate, which have led to the development of
numerous lactate threshold (LT) concepts (Faude et al.
2009). In endurance athletes, previous studies have dem-
onstrated that the velocity at the lactate threshold (v;)
is closely linked to endurance performance (Bassett and
Howley 2000; Midgley et al. 2007). As a result, the v;
and fractional utilisation of VO, at vi1 (% VOy,e,) are
regarded as good indicators of endurance performance
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between individuals of different age, gender, and dis-
ciplines (Midgley et al. 2007; Ziogas et al. 2011). Run-
ning economy [RE; defined as the steady state VO,
expressed in ml kg™! min~! at a standard velocity (Costill
et al. 1973), or as the energy cost of running per meter
(ml min~! m™!) (di Prampero et al. 1986)] differentiate
among athletes of different performance levels (Conley
and Krahenbuhl 1980). Finally, peak treadmill running
velocity (Vi) has been previously described as a good
predictor of endurance performance (Noakes et al. 1990).
Thus, it can be assumed that the VO, % 0f VOy,e010
vir, RE, and v, are important in the comparison of
endurance performance amongst well-trained individu-
als, and the characteristics of these variables are of par-
ticular interest for elite athletes of different age, gender,
and performance levels. From a practical point of view,
information about the aforementioned determinants of
endurance performance may aid in distinguishing indi-
vidual differences in cardiopulmonary fitness, as well as
designing proper conditioning programs for athletes of
different age, gender, and disciplines. Therefore, the aims
of this study in elite athletes of different disciplines, age,
and gender were: (1) to investigate the absolute and rela-
tive VOypeqi0 % Of VO, 00 Vi RE, and vy, and (2) to
classify selected cardiopulmonary variables.

Methods

Participants and design

A total of 550 athletes participating in the health and
physical fitness monitoring program of the German
Research Centre of Elite Sport between September 2006
and December 2011 were examined with an incremental
test to exhaustion. All participants and/or their guard-
ians gave their written informed consent to participate
in this study. All procedures were approved by the Ethi-
cal Committee of the German Sport University Cologne
and conducted in accordance with the Declaration of
Helsinki. All participants were fully familiarised with the
laboratory exercise procedures prior to data collection.
None of the participants demonstrated any pathological
pulmonary or cardiac findings during the pre-medical
examination.

The inclusion criterion for participation in this pro-
gram was to have an active status within the elite A, B,
and C squad system of the German Olympic Federation.
In Germany, this squad system is used to define the per-
formance level of an athlete. Depending on the discipline,
A-level athletes have achieved top-level positions at
Olympic Games or World Championships, B-level ath-
letes displayed considerable performance development
and are prospective candidates for A-level status, and
C-level included the highest national level for prospective
young athletes who exhibit the potential to perform at
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the top international level or who competed successfully
in international junior competitions.

A total of 491 athletes (250 males and 241 females)
were included into the analyses since the others did not
meet the criteria for maximal exhaustion. According to
the general physiological characteristics of their disci-
plines, all athletes were grouped into five subgroups,
which were related either to combat, team, endurance,
sprint and power, or racquet sports, as described by pre-
vious researchers (Koehler et al. 2012). Please refer to
Table 1 for the number of participants in each group, dis-
cipline, gender, age, and anthropometric data.

Procedures

Prior to performance testing, the subject’s body mass and
lean body mass were measured using a four-electrode bio
impedance body scale (BC 418 MA, Tanita Corp., Tokyo,
Japan). Thereafter, participants performed a step pro-
tocol to physical exhaustion beginning at 2.4 m s™! and
increasing 0.4 m s™* every 5 min on a motorised running
treadmill (Woodway PPS 55, Lorrach, Germany).

During the testing, all respiratory data were collected
with an open breath-by-breath spirograph (ZAN600,
nSpire Health, Oberthulba, Germany) using standard
algorithms to dynamically account for the time delay
between the gas consumption and the volume signal. The
system was calibrated before each test with a calibration
gas (15.8 % O,, 5 % CO, in N; Praxair, Germany) and a
precision 3-1 syringe (nSpire Health, Oberthulba, Ger-
many). The respiratory variables were averaged every
30 s. The highest 30-s value of VO, during the test was
considered to be VO, ¢,

The heart rate of each participant was recorded every
5 s during testing using short-range telemetry (Polar S
810, Kempele, Finland). All respiratory and heart rate
data were averaged every 30 s and used for further analy-
ses. A 20-pl blood sample from the right ear lobe was col-
lected immediately after each step as well as immediately
following the termination of the test. All samples were
analysed amperometric-enzymatically (Ebio Plus, Eppen-
dorf AG, Hamburg, Germany).

The RE was calculated using the average oxygen uptake
of the last 30 s at 3.2 m s~'. This speed was chosen as it
was below 85 % of the VO, for all subjects, which is
required to assess RE (Saunders et al. 2004). The v, was
identified as the first significant elevation of blood lactate
above baseline levels (at 2 mmol 17?), as described previ-
ously (Skinner and McLellan 1980).

For classification of each variable, five levels
were selected according to Heyward (2010): supe-
rior > mean value + 2 standard deviation (SD);
excellent > mean + SD; good > mean + 0.5 SD;
fair > mean — 0.5 SD; poor < mean — SD.
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Statistical analysis

All data were calculated with conventional procedures
and are presented as mean values and standard devia-
tions or as odds ratios with 95 % confidence intervals
(CI). All data were checked for normality, with no data
necessary for further transformation. For the comparison
of the different variables between age, sport, and gender,
a multiple-measures ANOVA with Tukey post hoc test
was used. An alpha of p < 0.05 was used for statistical sig-
nificance. Where required, the effect size Cohen’s d was
calculated to compare the variables. The thresholds for
small, moderate, and large effects were defined as 0.20,
0.50 and 0.80, respectively (Cohen 1988). All calculations
were processed using the Statistica (version 7.1, StatSoft
Inc., Tulsa, OK, USA) software package for Windows®.
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Results

The exercise duration for all athletes averaged
22:36 £+ 0:25 min. The male athletes achieved a higher
Vpeak (¢ = 0.004) in comparison with the females. The body
mass, lean body mass, height, absolute VO, (ml min?),
relative VO, ., (ml kg™' min™!), relative VOypeak
(ml min~! kg®”®), and RE were higher in the male partici-
pants compared with the female participants (p < 0.01).
The % of VO, at v was lower in the males compared
with the females (p < 0.01). No differences between the
gender were detected for v, (p = 0.17) (Fig. 1).

Peak values for blood lactate, heart rate, and respira-
tory exchange ratio did not differ between gender. All
data from the maximal incremental test are presented in
Table 2.
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Table 2 Peak values for maximum running speed, blood lactate, heart rate, and respiratory exchange ratio (2 n =241, 3

n=250)

Peak variable Q 3 P
Mean £ SD 95%ClI Mean £ SD 95%ClI

Vpeak (M s 3.86 + 041 3.81-392 398 + 045 3.92-4.04 0.004*

Peak blood lactate (mmol 171 587 4+193 5.62-6.12 5824202 5.57-6.07 0.79

Peak heart rate (beats min~") 194 4+ 8 193-195 19349 192-194 045

Peak respiratory exchange ratio 1.09 £+ 0.07 1.08-1.10 1.08 £+ 0.07 1.08-1.09 0.68

Data are expressed as mean =+ SD and 95 % Cl

A summarised overview of all mean + SD and range
data for all variables and disciplines are presented in
Figs. 2 and 3. Significantly higher values of % VO, at v,
(%) were found in the female combat, endurance, sprint
& power, and racquet group when compared to males.

The body mass and lean body mass were lowest in
the endurance group and highest in the team group for
the males (p < 0.01; best d = 0.68). The relative VO,

(ml min~! kg™!), relative VO,peak (ml min~! kg=%7%),

vir, and V., were the highest in the endurance
group for both gender (p < 0.01; best d = 2.1). The RE
(ml min~!) measured at a speed of 3.2 m s~ was high-
est for both gender in the team-related disciplines com-
pared with the other groups, with no differences for the
RE (ml kg™! min~?!). The % of VO, at v,y was lowest in
the female team group and the male endurance group
(p < 0.01).

Discussion

The primary aim of this study was to classify selected
cardiopulmonary variables in elite athletes of different
disciplines, age, and gender. The mean absolute VO,
(ml min~!) in this study increased steadily from age 12
to 21 years in both gender, with overall higher values in
the male athletes. Similar results were observed in 175
healthy school children (8-18 vyears), with increased
VO, OVer age in boys, though this was not found in
girls (Ten Harkel et al. 2011). A lower VO, relative to
body mass (ml min~' kg™') in girls in the 8- to 16-year
age group has usually been attributed to an increase in
body fat mass (Mota et al. 2002) and a lower relative
amount of lean body mass. Therefore, the higher amount
of fat-free mass during standard running treadmill testing
would account for the higher need for oxygen utilisation
and would explain the higher VO, in boys compared
with girls. Differences in VO, between the gender
have been reported to range from 8 to 63 %, with higher
values for male athletes (Sandbakk et al. 2012; Seiler et al.
2007). In the current cross-sectional investigation, we
measured 33 % higher mean absolute VO, (ml min~)

values in male athletes compared with females. Previous
investigations have attributed the main gender-related
differences in the VO, to lower body fat and higher
haemoglobin concentrations in male athletes in compari-
son with the females (Sandbakk et al. 2012).

Numerous studies have investigated VO, in dif-
ferent disciplines. The relative VO,,, in sub-elite male
runners has been shown to be 58.0 & 8.3 ml kg™! min™%,
declining from 20 to 81 years (Kusy and Zielinski 2014).
The young athletes in our endurance group had slightly
higher values (60.8 + 9.5 ml kg™! min™'), indicating
that they are quite well trained in their endurance-
related disciplines. The elite kayakers (17.9 £ 2.7 years;
61.4 £ 4.4 mlkg™! min™") and canoeists (22.4 %+ 5.5 years;
61.8 & 4.0 ml kg~ min™!) in the study by Buglione et al.
(2011) possessed similar VO, values compared with
our athletes.

The VO, in the sprint- and power-related athletes
in the age group of 20-90 years (Kusy and Zielinski
2014) ranged from 30 to 60 ml kg~* min~! (mean + SD:
47.0 £+ 8.2 ml kg~! min~?), with the highest values in
the youngest athletes, which are similar to the val-
ues in our athletes (52.1 £ 7.7 ml kg™! min™! in males;
46.1 + 7.2 ml kg™! min~! in females). In combat disci-
plines, aerobic capacity has been reported to be one of
the most important physical factors for achieving good
results. The VO, of the junior combat athletes in this
study are comparable with those from earlier investiga-
tions (male VO, 55.6 £ 9.5 ml kg™ min~!; female:
464 + 52 ml kg™' min'). Wrestlers competing at
national and international level have been shown to reach
VO, values of approximately 53-56 ml kg™ min~!
(Yoon 2002). Several investigators found VO,,, values
in junior judo athletes as well as boxers of approximately
53-66 ml kg~* min~! (Franchini et al. 2011; Arseneau
et al. 2011).

The VO, values of our 12- to 13-year-old male
and female tennis players were similar to the range
documented by Fargeas-Gluck and Léger (2011)
(54.2 + 5.9 ml min~" kg~ ; recreational; 12.9 & 0.3 years).
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When comparing with older racquet players higher
and lower values of VO, respectively, have been
reported. Male adolescent badminton players (age:
21.3 &+ 1.7 years) have been reported to have VO,
values that range from 50 to 70 ml kg~! min~! (Faude
et al. 2007; Ferrauti et al. 2001; Kovacs 2007). Alto-
gether, the VO, values of our young racquet
players (male: 54.9 £+ 6.7 ml kg™' min™'; female:
44.0 £+ 4.8 ml kg™! min™') are in the same range as
reported by previous studies involving elite adult racquet
players.

In team sports such as basketball, field hockey and
soccer, the assessment of physical fitness, including the
VO,,,x measurement gained scientific interest because
success in matches may be explained by the higher
physical fitness levels of the players (Wisloff et al. 1998).
VO, values of three different Greek soccer divisions
(~26 years) as well as Belgian soccer players ranged from
56 to 59 ml kg~! min~! (Ziogas et al. 2011; Boone et al.
2012). Younger soccer players (age: 13.5 + 0.4 years)

achieve VO, values in a range of 55-59 ml kg™! min™!

(Sperlich et al. 2011a). Lower VO, values have been
reported for volleyball (46.9-51.1 ml kg™! min~%
17.5 £ 0.5 years) (Duncan et al. 2006) and basketball
(51.6 + 5.7 ml kg~! min~!, age: 15.8 + 0.8 years and
50.3 + 4.0 ml kg™! min~', 16.7 & 1.2 years) players (Ign-
jatovic et al. 2011; Castagna et al. 2009).

In endurance-related events, athletes need to be able
to perform for a long period of time at a high fraction of
VO, (Costill et al. 1973). In the past, several “thresh-
olds” have been used to determine the link to the frac-
tional utilisation of VO, (Faude et al. 2009). In our
opinion, the assessment of blood lactate at its first sig-
nificant elevation above resting levels during the step
test protocol (v;) (Kindermann et al. 1979) and its cor-
responding % of VO,,, are important key variables for
determining the submaximal performance level of an
athlete (Costill et al. 1973). During the incremental test
protocol, the lactate-based threshold typically occurs
between 50 and 70 % of VO,,,,, while it is common for
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endurance athletes to have values of 80-85 % of VO,
(Sjodin and Svedenhag 1985). Based on our data, the v,
and % of VO, remain stable with increasing age in
boys but decrease with age in girls. This occurrence can
be attributed to the following two points: (1) children’s
reduced glycolytic capacity (Eriksson 1972) and (2) their
increased oxidative capacity (Eriksson 1972; Haralambie
1982).

In the past, the RE has been assessed to discriminate
amongst athletes with respect to their endurance levels
(Costill et al. 1973). Data regarding RE in different age,
gender, and disciplines have not been collected exten-
sively in the past. In elite distance runners, the RE has
been shown to range between 45 and 60 ml kg~ min™"
at a given speed (Davies and Thompson 1979). The RE
ranged from 23 to 49 ml kg~! min™' in our male endur-
ance athletes and from 21 to 62 ml kg™ min~! in the
female athletes. Furthermore, running economy exhib-
ited only slight differences between the different disci-
plines and remained constant across age.

Finally, a comparison of the v, values between stud-
ies is impossible due to the numerous different protocols
used for the evaluation of cardiopulmonary tolerance
testing.

Limitations of the study

Although we were able to classify different important var-
iables related to endurance in youth elite athletes some
limitations are noteworthy. First, some of the measured
parameters (i.e. maximal running speed and VO,,,;) are
protocol-dependent. In the present study the duration of
each increment was 5 min to assure steady state condi-
tions for oxygen uptake, blood lactate and heart rate dur-
ing submaximal stages. This protocol has been applied
in several other studies (Sperlich et al. 2010, 2011b; Abe
et al. 2015) and a recent study confirmed that heart rate,
end-exercise blood levels of lactate and RER do not differ
between different incremental protocols, and maximum
oxygen uptake is approx. 4.2 % lower compared to ramp
testing (Sperlich et al. 2015). Based on the latter study we
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believe the present protocol reflects (1) a good compro-
mise to determine several important endurance variables
(at least VO, Virs % Of VO,,,1); (2) reduces the stress
of frequent testing and (3) can be applied by coaches and
athletes to quantify the (youth) athletes’ level of endur-
ance performance (superior, excellent, poor, fair etc.).
However we must accept that the data provided here are
based on treadmill running and the values derived from
incremental cycling or other type of exercise testing may
vary.

Conclusions

The current data classifies selected cardiopulmonary
values of top-level athletes of different age, gender, and
disciplines during a graded exercise running tread-
mill protocol. We could show that v;1 and % of VO,,¢,
remain stable over age in boys but decrease over age
in girls in young elite athletes. Further, the running
economy exhibited only slight differences between dif-
ferent disciplines and remained constant with age in
youth elite athletes. The present classification may aid
to assess cardiopulmonary tolerance during this type of
exercise.
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