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ABSTRACT

Objective This study aims to construct quantile reference
values for peak oxygen uptake (\'/Ozpeak) measured by
cycle ergometry-based incremental cardiopulmonary
exercise tests.

Design Cross-sectional study using quantile regressions
to fit sex-specific and age-specific quantile curves.
Exercise tests were conducted using cycle ergometry.
Maximal effort in the exercise tests was assumed when
respiratory exchange ratio >1.1 or lactate >8 mmol/L or
maximal heart rate >90% of the age-predicted maximal
heart rate. This was assessed retrospectively for a random
subsample with an a priori calculated sample size of
n=252 participants.

Setting A network of private outpatient clinics in three
German cities recorded the results of cycle ergometry-
based cardiopulmonary exercise tests to a central
database (Prevention First Registry) from 2001 to 2015.
Participants 10090 participants (6462 men,

3628 women) from more than 100 local companies
volunteered in workplace health promotion programmes.
Participants were aged 21 to 83 years, were free of
acute complaints and had primarily sedentary working
environments.

Main outcome measure Peak oxygen uptake was
measured as absolut_e \'/O2 peck in litres of oxygen per
minute and relative VO, in millilitres of oxygen per
kilogram of body mass per minute.

Results The mean age for both men and women was 46
years. Median relative \'/O2 veai WAS 36 and 30 mL/kg/min
at 40 to 49 years, as well as 32 and 26 mL/kg/min at 50 to
59 years for men and women, respectively. An estimated
proportion of 97% of the participants performed the
exercise test until exertion.

Conclusions Reference values and nomograms for

\'/O2 peak WEre derived from a large sample of preventive
healthcare examinations of healthy white-collar workers.
The presented results can be applied to participants of
exercise tests using cycle ergometry who are part of a
population that is comparable to this study.

Strengths and limitations of this study

» This study is based on more than 10000 partici-
pants which is one of the largest samples in its field.

» Reference values were plotted as nomograms using
quantile curves, and an interactive web application
(www.uks.eu/vo2peak) was created to facilitate the
interpretation.

» Subgroup analyses can be performed interactively,
and Cls are given for the reference values.

» Criteria for maximal effort were recorded in med-
ical records but not in the main study data base.
Therefore, maximal effort was validated only in a
random sample of n=252 participants.

» As in other reference values, differences between
the present sample and its population might indicate
selection bias.

INTRODUCTION

A comprehensive body of evidence shows
that a low cardiorespiratory fitness (CRF)
is a strong, independent and modifiable
risk factor for a plethora of health threats
such as premature death, cardiovascular
disease,' * diabetes mellitus® and neoplasia.*
On the other hand, CRF can be improved
by physical activity and exercise, which
makes it a crucial target for health inter-
ventions.’ Hence, the assessment of CRF
should be a key component of clinical prac-
tice in preventive healthcare check-ups.’
Despite its high predictive power, CRF has
not been included in widely used cardio-
vascular risk models such as Framingham,7
European Systematic Coronary Risk Eval-
uation (SCORE),® Joint British Society
3 (JBS3)? or Prospective Cardiovascular
Munster Score (PROCAM).' Therefore, it
is particularly important to incorporate the
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measurement of CRF in preventive medicine beyond
commonly used risk factors such as tobacco smoking or
diabetes mellitus.

CRF is typically represented by the peak oxygen
uptake (\'/02peak) during incremental exercise tests. The
participant is exposed to an incremental work rate until
exhaustion is reached at the point of maximal volitional
work rate. \./Ozpwk can then be estimated by prediction
equations.’ ' Still, the gold standard remains cardiopul-
monary exercise testing using respiratory gas exchange
measurement.’ '* ¥

CRF has been shown to be strongly dependent on sex
and age."” For this reason, the exercise test result of an
individual is not meaningful per se but must be inter-
preted using sex-specific and age-specific reference
values.

The goal of the present analysis was to generate sex-spe-
cific and age-specific reference values for cycle ergom-
etry-based \'/O2peak, based on a sample of more than
10000 participants from primary preventive healthcare
check-ups in three German cities. We constructed nomo-
grams and created an interactive web application for
visualisation.

METHODS

Study design and participants

A network of private outpatient clinics (Prevention First)
recorded the results of preventive healthcare check-ups
for participants aged 21-83 years old in three German
cities (Riidesheim, Frankfurt, Munich) from 2001 to 2015.
A proportion of 95% of the participants were acquired in
the course of workplace health promotion programmes.
These programmes were performed in cooperation with
more than 100 local companies from the private sector
such as mid-sized companies, banks, insurance compa-
nies or business consulting. No participants in this group
were civil servants or worked in the public sector. The
other 5% comprised direct payers or persons with private
health insurance. Overall, the majority of this study popu-
lation consisted of white-collar workers and employees
with office jobs and a primarily sedentary working
environment.

Exercise tests were performed according to guide-
lines."*™ All participants were evaluated prior to exer-
cise by an experienced physician. Pre-exercise evaluation
included anamnesis, physical examination, resting ECG
and laboratory tests. If a participant had no contraindica-
tions such as hypertensive crisis, acute infections or ortho-
paedic impairments,"” the exercise test was performed
with the goal of reaching exhaustion.

Pseudonymised data were recorded in a central data-
base (Prevention First Registry). Participants were only
included if they provided informed consent to use their
data for scientific purposes. For the present cross-sec-
tional analysis, only the first contact of a participant
was considered. Follow-up examinations have not been
included in the data.

Measurement of peak oxygen uptake

We performed incremental maximal exercise tests to
assess \'/O2Pmk using calibrated, electronically broke cycle
ergometers. Gas exchange measurement was conducted
through breath-by-breath analysis using the Ganshorn
PowerCube system (Ganshorn Medizin Electronic, Nied-
erlauer, Germany). We analysed and recorded the results
with Ganshorn LF8 V.8.5 and the previous versions of this
software. All three study sites performed daily calibration
of their gas exchange measurement systems according to
the manufacturer’s instructions. Cycle ergometers were
calibrated once a year and met the German directives
for medical devices. Three to four exercise tests were
performed each day using the same calibrated system.
The calibration process was certified by a DIN EN ISO
9001 quality management standard.

\'/O2peak was defined as the mean VO, over the last 10s of
the exercise test. Absolute VO2peak was measured in litres
of oxygen per minute and relative VO2peak in millilitres of
oxygen per kilogram of body mass per minute.

We used ramp protocols and multistage exercise
protocols depending on the request for capillary lactate
measurement. Multistage protocols were used if the
assessment of blood lactate levels was needed and ramp
protocols were used if there was no assessment of lactate
levels. The cycle ergometers’ work load was independent
from pedalling frequency in a range between 60 and
100/min. The participants were therefore instructed to
maintain a pedalling frequency higher than 70/min. The
increments of work rate were adjusted to the participant’s
estimated level of fitness. When ramp protocols were
applied, participants typically reached exhaustion after
12-18 min of incremental work rate. In multistage proto-
cols, we aimed for 4-6 stages lasting 3 min each. Prior to
each exercise test, participants completed a low-pedalling
phase lasting 3min. It was aimed to continue the exer-
cise test until exhaustion at the maximal volitional work
rate, unless there were medical indications for termina-
tion." Yet, we did not verify a maximal effort using any
end criteria in the main sample.

Criteria for maximal effort were recorded in medical
records but not in the main study database. Therefore, a
subsequent data acquisition was performed for a random
sample of n=252 participants. The sample size of this
random sample was estimated based on Cls for a single
proportion of 80% reaching exhaustion using a two-sided
alpha level of 0.05 and 1-B of 0.8. The result was then
adjusted for the proportion of missing cases in the vari-
ables of interest. The random sample was used to acquire
(1) end criteria for maximal effort, (2) type of exercise
protocol and (3) maximal heart rate during the exercise
test.

Maximal effort of the participant was defined when one
of the following criteria was met: (1) capillary lactate levels
were =28 mmol/L; (2) respiratory exchange ratio =21.1; (3)
maximal heart rate 290% of the age-predicted maximal
heart rate.'® ! Age-predicted maximal heart rate was esti-
mated using the equation 208-0.7*age of the participant
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in years."® Participants who did not continue the exercise
test until exhaustion were not excluded from the anal-
ysis. Therefore, we used the random sample to estimate
if the inclusion of those cases significantly altered the
reference values. We fitted median regression models in
the random sample for both, absolute and relative \'/O2lDeak
as dependent variables and age, a binary variable for
exhaustion (yes/no) and an interaction term of both as
independent variables.

Measurement of sample characteristics

Body weight and body fat were measured using the
body composition analysers Tanita TBF 410 (Tanita,
Tokyo, Japan) and Lange Skinfold Calipers (Beta Tech-
nology, Cambridge, Maryland, USA). Skinfold thick-
ness was assessed at three sites (males: chest, abdomen,
thigh; females: triceps, suprailium, thigh) according to
Jackson and Pollock (1985)." After at least 5 min of rest,

Male
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5.9
5.0+
45-  °
4.0-

3.5-
3.0-

2.5+ |

blood pressure was assessed in a sitting position by aver-
aging two measurements at the upper right arm using
certified manometric blood pressure devices (BOSO,
Jungingen, Germany) and measuring to the nearest
2mm Hg. Following an overnight fast, blood samples
were drawn in the morning prior to the exercise test
and were analysed by an accredited laboratory (study
centres Riudesheim and Frankfurt: Labor Dr. Riegel,
Wiesbaden, Germany; study centre Munich: Synlab,
Augsburg, Germany).

Statistical methods

All statistical analyses were performed using R software
V.3.4.0.* We used the package compareGroups for
analysing descriptive statistics.”’ Continuous variables
were described by mean (SD) and categorical variables by
absolute and relative frequencies. Comparisons between
two groups were performed using Student’s t-test for
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Table 1 Characteristics of maximal exercise test
participants

Male, Female,
n=6462 n=3628 P value

Age (years) 46.0 (7.09) 46.1 (6.87) 0.620
VOZpeak

Relative (mL/ 35.4 (7.68) 28.9 (6.66) <0.001

kg/min/)

Absolute (L/ 3.00 (0.60) 1.96 (0.43) <0.001

min)
Weight (kg) 85.9 (13.2) 69.1 (13.5) <0.001
Height (cm) 181 (7.14) 168 (6.87) <0.001
BMI (kg/m?) 26.2 (3.63) 24.6 (4.67) <0.001
Body fat (calliper) 23.1(6.27) 30.8 (7.50) <0.001
(%)
Blood pressure

Systolic 128 (15.4) 120 (16.6) <0.001

(mm Hg)

Diastolic 83.1 (8.95) 78.3 (9.28) <0.001

(mm Hg)
Blood glucose 97.1 (14.5) 92.2 (14.5) <0.001
(mg/dL)
HbA1c (%) 5.42 (1.43) 5.41 (1.52) 0.756
Total cholesterol 216 (39.1) 211 (38.4) <0.001
(mg/dL)
HDL cholesterol  54.1 (12.4) 67.6 (15.1) <0.001
(mg/dL)
LDL cholesterol 136 (35.9) 124 (41.6) <0.001
(mg/dL)
Triglycerides (mg/ 135 (88.1) 100 (63.7) <0.001
dL)
No (%) of smoker 867 (13.5) 522 (14.5) 0.182
No (%) of former 1634 (29.6) 910 (29.7) 0.928

smoker

Values are mean (SD) unless stated otherwise. P values were
calculated using Student’s t-test for two independent samples or
xz test as appropriate.

BMI, body mass index; HbA1c, glycated haemoglobin; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; \'/O2peak , peak
oxygen uptake.

means and Pearson’s % test for proportions. All 95% CIs
were calculated using 10000 bootstrap samples.

To describe the generalisability of our sample, we
compared eligible characteristics of our population
with the results of a study which represents the German
population (DEGS1).2™ To ascertain comparability of
the present study and the DEGS1, we performed direct
age standardisation of our variables using the R package
epitools.”® The German population from 2011 was
selected as the standard population.?”

We computed quantile curves for nomograms by fitting
quantile regressions using the R package quantreg. =
Absolute or relative VO spear. Was used as the dependent
variable and the age in years of the participant was used

8

as the independent variable. Quantile regression was
selected because it allows the estimation of conditional
quantiles. In comparison to ordinary least square regres-
sion, which estimates conditional means, it was possible
to provide detailed information about the distribution of
peak oxygen uptake for a given age and to calculate Cls
for the predicted values. Another approach would have
been to calculate sample quantiles, but in this case, age
would have to be aggregated into classes.

We also created an interactive web application to visu-
alise the reference values with the use of the R package
shiny.*

Our analyses were stratified for sex and adjusted for
age, if appropriate. Statistical significance was assumed
for p values of less than 0.05 or if 95% CIs did not overlap
using a two-sided significance level of 0=5%. In this epide-
miological, explorative analysis, there was no correction
of p values for multiple testing.

RESULTS

Description of study population

Opverall, the results of 10090 (6462 men, 3628 women)
healthy participants from preventive healthcare examina-
tions were eligible for the analysis and provided plausible,
non-missing values for age and peak oxygen uptake.

The mean age was 46 years for both men and women.
There were large differences between numbers of cases
of different age classes (figure 1, online supplementary
table 1). High numbers were observed in the age classes
from 30 to 59 years and lower numbers in the marginal
age classes. The highest number of cases was in the age
group 40-49 years. In this particular age group, 3878 and
2402 participants were recorded for men and women,
respectively. For the age group 21-29 years, there were
comparatively few cases.

Peak oxygen uptake was significantly higher in men.
Mean relative \./ngeuk was 35 and 29mL/kg/min for
men and women, respectively (table 1). Furthermore, a
decline in peak oxygen uptake among older participants
was observed (figure 1).

There were also significant differences between our
study population and the German population. In men,
the proportions of smokers, overweight and obese partic-
ipants were significantly lower compared with the DEGS1
study (table 2). Likewise, in women, the proportions of
smokers, overweight, obese and hypertensive participants
were significantly lower compared with the DEGSI study.

The bivariate distributions of absolute as well as rela-
tive \'/OQPHk and age class are displayed in figure 1 and
online supplementary tables 1 and 2. Figures 2 and 3 are
nomograms including percentile curves. The nomograms
can also be accessed as an interactive web application at
www.uks.eu/vo2peak.

Description of exercise test modalities from random sample
Within our entire study population, we also drew a
random sample of n=252. These participants did not

4
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Table 2 Comparing characteristics of present study to results representing German population (DEGS1)

Males

Females

PF Registry

DEGS1

PF Registry

DEGS1

Smoker
Former smoker

14.5 (12.5 to 16.5)
29.3 (26.9 to 31.9)

Overweight 60.5 (57.9 to 63.0)
Obese 13.7 (12.0 to 15.6)
Hypertension 35.7 (33.2 to 38.3)

26.1 (24.0 to 28.2)
33.7 (31.9 to 35.5)
67.1 (65.0 to 69.2)
23.3 (21.2 to 25.4)
33.3 (31.1 to 35.6)

15.1 (12.6 to 17.9)
26.9 (23.9 to 30.2)
37.9 (34.6 to 41.3)
12.5 (10.3 to 15.0)
20.9 (18.2 to 23.8)

21.4 (19.7 to 23.1)
22.8 (21.4 to 24.2)
53.0 (50.8 to 55.1)
23.9 (22.0 to 25.9)
29.9 (28.1 to 31.9)

Values are in per cent (95% CI). Results were directly age standardised using German population of 2011 to ascertain comparability.
Characteristics were defined according to DEGS1: Overweight, BMI >25 kg/m?, obesity=BMI =30 kg/m?, hypertension=systolic blood pressure

>140mm Hg or diastolic blood pressure >90 mm Hg.

BMI, body mass index; DEGS1, Studie zur Gesundheit Erwachsener in Deutschland®?%; PF Registry, Prevention First Registry.

Significant results are printed bold.

differ significantly from the entire study population for
the variables sex, age, peak oxygen uptake, body mass
index (BMI) and smoking status.

In the random sample, exercise tests were performed
using the multistage protocols in 130,/243 (54%, 95% CI
47% to 60%) cases, and using the ramp protocols in
113/243 (47%, 95% CI 40% to 53%). Nine cases did
not provide any information about the protocol that
was used. Mean maximal heart rate was 172 (15)/min
in both men and women.

Maximal exhaustion was reached in 239/247 (97%,
95% CI 94% to 99%) participants. This proportion
was 150/155 (97%, 95% CI 94% to 99%) in men and
89/92 (97%, 95% CI 93% to 100%) in women. Reasons
for termination prior to exhaustion were mainly ortho-
paedic impairments, anxiety from wearing the mask for
gas exchange measurement or muscular exhaustion due
to a low level of fitness. We also tested whether median
regressions were significantly altered by inclusion or
exclusion of participants who did not meet the criteria
for exhaustion. However, these median regressions
could not be calculated for women due to low numbers
of observations with no exhaustion. In men, all p values
for the variable exhaustion (yes/no) were higher than
0.05. This means that inclusion of participants with
poor effort did not alter the regression significantly in
the random sample. The results of this regression have
to be interpreted with caution because only five men
met the criterion ‘no exhaustion’.

Quantile regressions and nomograms

We fitted quantile regressions to our data to derive quan-
tile reference curves. Peak oxygen uptake served as the
dependent variable while age in years was the indepen-
dent variable. Second-degree polynomial quantile regres-
sions showed a better goodness of fit compared with age
as a linear predictor. Therefore, quantile regressions were
formulated as:

VOspeak i, = Bo(7) + B1(T) xage, + Po(T) xage? +e; ;

where 1T denotes the 7T-quantile, i=1,...,10090
the i-th participant, age the age in years of the

participant, Bo» B, Bg regression coefficients to be esti-
mated and e the error term, respectively.

DISCUSSION

The presented quantile reference values for \'/O2pmk were
derived from a sample of more than 10000 participants
who volunteered in preventive healthcare check-ups,
primarily in the course of workplace health promotion
programmes. To our knowledge, this currently constitutes
the largest sample for \'/OZpeak reference values using cycle
ergometry-based exercise tests. Data were acquired in
three different German cities. All study centres adhered to
predefined quality standards and performed daily calibra-
tion of the exercise test devices. The goal was to continue
each exercise test until exhaustion, and this criterion
was met by 97% of the men and 97% of the women in
the subgroup (n=252). The mean maximal heart rate in
this sample was 172 /min for men and women. This value
appears to be high in light of the mean age calculated
in the whole sample (46 years) and might support the
assumption that participants in this study exerted partic-
ularly high effort.

Other reference values
The reference values published by the Cooper Clinic
(Dallas, Texas, USA)' are among the most commonly
used and comprehensive reference values for \'/Ozpmk.
The exercise tests to acquire those reference values were
performed using treadmill ergometers and an indirect
measurement of \'/OQPM using prediction equations based
on the achieved treadmill time.” Earlier publications by
Hansen et al’' as well as Jones et al® were based on rather
low numbers of observations, which led to imprecise esti-
mations.'? Furthermore, Hansen et al used a sample of
shipyard workers, which is a highly selected population.31
An early systematic review collected and arranged normal
standards that were published before 1990.% However,
those results are now only relevant from a historical
perspective.'?

The above-mentioned shortcomings have been raised
by the American Thoracic Society and by the American
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2peak’
College of Chest Physicians in their comprehensive
statement on exercise tests in 2003." They emphasised
that valid and representative reference values were crit-
ical for the interpretation of CRF, but reliable reference
values were lacking at that time in the USA. This issue
has recently been addressed by an initiative that recorded
data from several laboratories in the USA to a registry
(Fitness Registry and the Importance of Exercise National
Database  (FRIEND)).* * Reference quantiles were
obtained for treadmill ergometry-based® as well as cycle
ergometry-based”™ exercise tests using the results of 7783
and 4494 participants, respectively. The exercise tests that
were recorded by the FRIEND study were performed in
the course of exercise programmes or research studies.

Reference values for a German population were
published in 2009 using data from a prospective, popu-
lation-based study (SHIP (Study of Health in Pomer-
ania) study).”® A representative sample of 7008 adults was
drawn from a north-eastern region of Germany. Due to
non-responders and rigorous exclusion of smokers, obese
participants and other factors, the final sample yielded
534 participants (253 men, 281 women) who were eligible
for the exercise tests. Measures of exhaustion were not
published in the described study.

A comprehensive systematic review that summarises past
reference values for \'/O2 . Was conducted in 2014."* The
authors established a grading system for critical evaluation

of the quality of reference values. They emphasised that
only 4/35 (11%) studies reached high quality, and only two
of these were conducted after the year 2000.

Comparison of reference values
The exercise tests in our study were performed using cycle
ergometers. Cycle and treadmill ergometers were also the
most common choices in past studies. However, to select
appropriate reference values, it has to be considered
that the choice of ergometer has a large impact on the
obtained reference values. Peak oxygen uptake measured
by treadmill ergometers was assumed to be 5% to 10%
higher compared with cycle ergometers as a larger muscle
mass is involved in treadmill ergometry and cycle ergom-
etry is often terminated due to localised muscle fatigue.'”
This effect appears to be even stronger when compared
with the results of the FRIEND study. A 35-year-old man
showed a median relative \'/O2pcak of 42mL/kg/min using
treadmill ergometer and 30 mL/kg/min using cycle
ergometer.34 % Therefore, reference values should only
be considered for interpretation if the type of ergometer
in the performed exercise test is identical to those used
for calculating the reference values.

Exercise test protocols of past studies were diverse or were
not described.!* % 3¢ However, the choice of exercise test

protocol does not seem to have a strong effect on V02pcak.37 %
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2peak’

Considering the methodological differences, our refer-
ence values were slightly higher compared with other
cycle ergometry-based studies. The median relative
\-/O2pcak of a 35-year-old man measured in mL/kg/min was
38 in our study, 36 in the SHIP studySh (using BMI <25kg/
m?) and 30 in the FRIEND study.35 The value presented
by the Cooper Institute was 42, but this was obtained
using treadmill ergometers and indirect measurement of
\-/O2mk.14 All mentioned studies treated age as a categor-
ical predictor using 10-year age classes,14 396 hut \./02pcak
changed distinctly within 10 years in other studies. This
effect might be even stronger in higher age classes and
can be observed in a Japanese sample in which relative
\-/O2pcak of men between 50 and 59 years measured in
mL/kg/min showed to be 29 and 26, respectively.37 This
effect was also observed in our study, where the estimated
medians of men aged 50 and 59 years old were 34 and
30mL/kg/min. Due to the differences within 10-year
age groups, we considered age as a quantitative predictor
measured in years. The reference values of the SHIP
study, the cycle ergometry-based FRIEND study and our
results are compared in figures 4 and 5.

Generalisability of the study sample

Our results were based on a sample of German white-
collar workers with a predominantly sedentary working
environment. This economic sector describes a large and

increasing proportion of the population in Germany and
in other industrialised countries.*

However, our study sample had significantly lower propor-
tions of smokers, overweight and obese persons compared
with the overall German population. These differences are
likely due to our sample including primarily white-collar
workers and also due to a selection of participants with a
healthier lifestyle than the German population. A selection
of healthy participants might yield reference values that are
higher than in the whole population. As selection bias is
hard to challenge and has also been observed in past popu-
lation-based studies,36 40t is critical to quantify the extent
of the selection. This might also be considered in future
studies. In our study, a selection of individuals with normal
weight and lower prevalence of smoking was addressed by
conducting subgroup analyses with exclusion of smokers
and obese subjects (www.uks.eu/vo2peak) and by reporting
peak oxygen uptake standardised for body weight in mL/
kg/min.

Strengths and weaknesses of the study

Strengths of the present study include the high number
of observations from three different German cities. Based
on this sample, it was possible to obtain reference values
with high precision and narrow Cls. Exercise tests were
performed by experienced personnel according to guide-
lines and predefined quality standards which yielded
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reliable test results. In contrast to earlier studies that
commonly used age in 10-year age classes, we used quan-
tile regressions to create nomograms with age in years
as an independent variable. Based on that, the exercise
test results of an individual at a certain age can be inter-
preted more precisely and in light of the interindividual
variability. Furthermore, nomograms and an interactive
web application may help clinicians and participants of
exercise tests to better understand the results.

A weakness of our study is that participants who termi-
nated the exercise test prior to exhaustion were not
excluded . This might decrease our reference values. It
should also be acknowledged that \'/O2peak was defined
as the average over the last 10s of the exercise test,
which is lower than some recommendations for exercise
testing.'” "? This might be a source of inaccuracy in the
assessment of \'/O2peak.

Furthermore, this study shares the limitations of earlier
studies sourced from databases. Despite large numbers
of observations, overall, the distribution of age was not
uniform, as the majority of cases were in the age class of
30 to 59 years. Only 16% and 10% of the male and female
participants, respectively, were <30 years or =260 years old.
Consequently, these age groups showed lower precision
and wider Cls.

Our sample was a selection of a homogenous group of
workers and therefore was significantly different from the
German population in some respects. It is likely that this
sample was a selection of volunteers with a particularly
healthy lifestyle, which perhaps increased the reference
values. The question of how well the underlying sample
represents a population has not been discussed exten-
sively in the literature. However, this should be empha-
sised in future reference values.

CONCLUSIONS AND IMPLICATIONS FOR CLINICIANS

The reference values for peak oxygen uptake presented
by this study may be used in populations that are compa-
rable to our sample. Laboratories using cycle ergome-
try-based cardiopulmonary exercise tests can interpret
their results precisely and with background information.
The reference values have also been embedded into an
interactive web application (www.uks.eu/vo2peak) with
the goal of facilitating the interpretation of exercise tests
in clinical practice and improving the communication of
exercise test results to the participant.
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