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Study group
aFaculty of Medicine, Utrecht University, UMC Utrecht, Utrecht, The Netherlands; bChild Development & Exercise, Wilhelmina
Children's Hospital, University Medical Center, Utrecht, The Netherlands; cThe Physiology Academy, Alphen aan den Rijn,
The Netherlands

ABSTRACT
Background: The peak oxygen uptake (VO2peak) test is the gold standard for cardiorespiratory
fitness. However, the test is demanding, requiring sophisticated apparatus for measuring the
oxygen uptake. Peak work rate (WRpeak) testing is a promising substitute for peak VO2peak test-
ing. However, there is a paucity of research conducted to determine reference values (RVs)
for WRpeak.
Methods: The database from the LowLands fitness registry was used, containing data from
health checks from apparently healthy subjects among various professions. Exercise tests were
performed using a cycle ergometer and a calibrated metabolic cart. Analysis was executed on
3463 subjects, 2868 male and 595 female. Reference values with corresponding centiles were
developed using the LMS method.
Results: VO2peak and WRpeak where highly associated with Pearson’s correlation of 0.9
(p¼ .001). Weight, height, maximum heart rate, and the respiratory exchange ratio had a positive
significant effect (p< .001) on WRpeak, and age a negative significant effect, in both males and
females. The following formulas were computed for RVs:

WRpeak ¼ �102þ ð1:5 �weight½kg�Þ þ ð1:9 � height½cm�Þ � ð2:0 � ageÞ
� ðsex � 60½M : 0; V : 1�Þ

WRpeak=kg ¼ 2:45� ð0:026 �weight½kg�Þ þ ð0:024 � height½cm�Þ � ð0:024 � ageÞ
� ðsex � 0:84 ½M : 0; V : 1�Þ

Conclusions: WRpeak can be used as a substitute for VO2peak when a respiratory gas-analysis
system is not available. This study provides RVs for WRpeak and WRpeak/kg in a healthy Dutch/
Flemish adult population using cycle ergometry. Further research is needed to obtain RVs for
elderly subjects, specific diseases, ethnicities and ergometers.
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Introduction

Recently, there has been growing interest in the deter-
mination of cardiorespiratory fitness for health pur-
poses. With the current sedentary lifestyle of many
people, the relevance of cardiorespiratory fitness is
important because it has a predictive role in the pre-
vention of illnesses, such as cardiovascular diseases
[1,2]. In a recent American Heart Association state-
ment, cardiorespiratory fitness has been proposed as a
new vital sign [3].

The gold standard for measuring the cardiorespira-
tory fitness is cardiopulmonary exercise testing (CPET)
with incremental exercise and the measurement of the
peak oxygen uptake (VO2peak). This test gives in-
depth insight in the function of the cardiorespiratory
system, and can also be used to monitor the cardio-
respiratory fitness over time. Several reference values
(RVs) for VO2peak for specific age groups, weight,
height, gender and ethnicity have been developed, in
order to assist in the decision-making process [4].
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For screening purposes, however, VO2peak testing
has its drawbacks. VO2peak testing is demanding,
because the use of a sophisticated and expensive
respiratory gas-analysis system is required. Therefore, for
regular screening other tests, methods are considered.
An often used test procedure is the exercise stress test
in which only the peak workload (WRpeak) is used as a
metric for exercise performance [5]. Although research
has been devoted to the testing of both WRpeak and
VO2peak with RV for VO2peak, rather less attention has
been paid to the correlation and RV for WRpeak as a
substitute for the VO2peak RV. Brudin et al. [6] provided
normal values for WRpeak, but fails to provide RVs, due
to the study design, where it includes exercise tests
from unhealthy participants, considered to be normal by
a trained examiner. Bovens et al. [7] also provide Dutch
normal values, but these are only applicable for an
active middle-aged population.

Hakola et al. [8] published RV, but these are only
applicable for the elderly. Farazdaghi and Wohlfart [9]
also provided RVs for WRpeak, but with a relatively
high estimation error, as a result of containing data
from just 87 females. The study of Wohlfart and
Farazdaghi [10] has the same shortcoming with males.
Arstila et al. [11] provided RV for maximum workload
using 4minute stages, but did not compute RV for the
exact WRpeak. Itoh et al. [12], finally, published RV for
WRpeak, amongst other metrics. However, these RVs
are computed in a Japanese study group, and are
likely to have discrepancy with western RVs. RVs have
to be updated regularly, in order to remain relevant
for clinical decision making.

The purpose of this paper [1] is to analyse the
association between WRpeak and VO2peak and [2] to
develop RV for WRpeak and WRpeak/kg in a
large cohort of apparently health Dutch/Flemish
adult subjects.

Methods

Study design

This study was conducted using data from the
LowLands Fitness Registry. This database contains cur-
rently ‘open source’ exercise testing data from 11
centres, in the Netherlands and Belgium (Isala Hospital
Zwolle, Diving Medical Center Den Helder, In2Motion
Sports Bureau, Erasmus Medical Center Rotterdam,
Ministry of Defense Testing Center, Soesterberg,
University of Applied Science Utrecht, St Anna Hospital
Geldrop, InspanningLoont Center Utrecht, Maxima
Medical Center Veldhoven, Hospital Jan Portaels
Vilvoorde, Radboud UMC Nijmegen). All centres

provided de-identified exercise testing data to the
LowLands Fitness Registry. The study was approved by
the Medical Ethics Committee of the UMC Utrecht, the
Netherlands (protocol 16/167).

Subjects

Apparently, healthy Dutch/Flemish subjects aged
20–60 were included in this study. To be included,
subjects [1] had no known physically impairing dis-
ease. Excluded were (1) known elite athletes, (2) smok-
ers, (3) participants with BMI exceeding 30 and (4)
participants who did not perform a maximum effort
(computed as a minimum of 85% of the predicted
maximum heart rate (208� (0.7� age)) [13] and a
respiratory exchange ratio (RERpeak) of >1.0) [14]. A
summary of the subject characteristics is given in
Table 1 and data inclusion in Table 2.

Testing protocol

Only tests performed on an electromagnetically braked
cycle ergometer were used for this analysis. Cycle
ergometers were from different manufacturers (Lode
BV, Groningen, Netherlands, and Ergoline, Bitz,
Germany). Treadmill tests were excluded, since they
give no valid estimate of WRpeak [15,16].

Individually adjusted incremental ramp protocols
were used to achieve the maximum WRpeak and cor-
responding VO2peak as measured with a calibrated
respiratory gas-analysis system. Respiratory gas-analysis
systems were from different manufacturers (Cortex
Metalyzer, Leipzig, Germany; Carefusion, Hoghberg,
Germany; Geratherm, Bad Kissingen, Germany;
Cosmed, Rome, Italy; Medisoft, Sorrines, Belgium). All
centres calibrated their equipment before every test.

Table 1. Characteristics of the study group.
Total Men Women

Subjects (no.) 3463 2868 595
Age (years) 34.8 (10.0) 34.8 (10.0) 35.0 (9.8)
Weight (kg) 80.6 (11.0) 83.3 (9.4) 67.6 (8.6)
Height (cm) 180.5 (8.0) 182.6 (6.6) 170.0 (6.4)
BMI (kg/m2) 24.7 (2.5) 25.0 (2.3) 23.3 (2.7)

Table 2. Summary of peak exercise data in men and woman.
Total Males Females

WRpeak (W) 293.9 (67.0) 312.5 (55.3) 204.2 (41.3)
WRpeak/kg (W/kg) 3.6 (0.7) 3.8 (0.7) 3.0 (0.6)
VO2peak (ml/min) 3409.7 (801.3) 3646.8 (635.4) 2267.1 (463.0)
VO2peak/kg (ml/min/kg) 42.3 (8.5) 44.0 (7.7) 33.8 (6.8)
Peak Heart Rate (bpm) 181.2 (12.6) 182.4 (12.5) 175.5 (11.9)
RERpeak (VCO2/VO2) 1.16 (0.09) 1.17 (0.09) 1.13 (0.08)

WRpeak: peak work rate; VO2peak: peak oxygen uptake; RER: respiratory
exchange ratio.
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Comparison with other RV studies

Although study characteristics and subject groups dif-
fer, a comparison with other studies is useful to put
our data in international context. A comparison was
made using optimum height–weight values as pro-
vided by Wasserman et al. [17].

Statistical analysis

Statistical analysis was performed using SPSS version
24 (IBM Corp., Released 2016, IBM SPSS Statistics for
Windows, Version 24.0, Armonk, NY). The correlation
between WRpeak and VO2peak was analysed using
univariate linear regression analysis. Determinants of
WRpeak were identified using a univariate regression
analysis. p Values below .05 were considered to be sig-
nificant. Significant values were used in a multivariate
regression analysis.

Reference values were generated using the LMS
method (LMS Chartmaker Pro programTM). This
method summarises the distribution of the data as it
changes via three curves representing the Box–Cox
power (L), median (M), and coefficient of variation (S).
The curves were fitted as cubic splines by non-linear
regression using the penalised likelihood method.
Each percentile graph was represented in function of
Wpeak. Curves representing the percentiles of P3, P10,
P25, P50, P75, P90 and P97 are used to show the
mean and the upper and lower bounds normal range
of the RVs.

Results

Subject characteristics

Data from 2868 apparently healthy males and 595
apparently healthy females were included (Figure 1).
As expected, men had a significantly higher body
weight, height and BMI. A summary of peak data
recorded from the exercise tests is given in Table 2.

Rpeak and VO2peak

VO2peak and WRpeak were highly associated. For
males, Pearson’s correlation was 0.9 (p¼ .001), and the
adjusted R2 obtained through simple linear regression
analysis was 0.82, with a standard error of the estimate
(SEE) of 23.4, and a F value of 13,167. For females,
Pearson’s correlation was also 0.9 (p¼ .001), and the
adjusted R2 0.83, SEE 17.3, F-value 2787. WRpeak/kg
and VO2peak/kg were identically associated.

Effect of age, weight, height, HRmax, RER on
WRpeak and WRpeak/kg

Univariate linear regression analysis showed a positive
significant effect (p¼ .001) of weight, height, HRpeak,
RERpeak and a negative significant effect of age, in
both males and females. The effect of age, weight,
height on WRpeak and WRpeak/kg with corresponding
centiles are depicted in Figures 2 and 3.

Reference values

Gender, age, weight and height were highly predictive
for WRpeak. These biometrical data are easy to obtain
in clinical practice, and therefore very useful for RV.
Multiple regression analysis gives for WRpeak an
adjusted R2 of 0.57 (SEE 44.2, F value 1121.7). For

Figure 1. Flowchart of included subjects.

ACTA CARDIOLOGICA 3



Figure 2. Reference values for WRpeak and WRpeak/kg for male subjects.
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Figure 3. Reference values for WRpeak and WRpeak/kg for female subject.
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WRpeak/kg, an adjusted R2 of 0.40 (SEE 0.54, F value
583.2) was observed.

The following formulas were developed:

WRpeak ¼ �102þ 1:5 �weight þ 1:9 � height
� 2:0 � age� sex � 60

WRpeak=kg ¼ 2:45� 0:026 �weight þ 0:024 � height
� 0:024 � age� sex � 0:84

(WRpeak: W, weight: kg, height: cm, age: years,
sex: female: 1, male: 0).

Intern validation

A Bland–Altman plot [18] was made to validate the
formula for predicted WRpeak. The result of the one
sample t-test of the difference and the logarithmic dif-
ference is significant, which points out the lower pre-
dictive values at the extremes of WRpeak.

Cross validation

Additional data not included in the primary analysis
from National Diving Center in the Netherlands were
used to perform a cross validation. The sample con-
sisted of 3323 test in 3218 males and 105 females.
Paired samples t-test of the predicted WRpeak and the
measured WRpeak shows a mean difference of 28.2 W
and a correlation of 0.65 (p< .001).

Comparison with other RV studies

Figure 4 gives an overview of RV studies containing
>100 participants each gender [6,7,11,12,19].

Discussion

The aim of this study was to investigate the potential
of measuring WRpeak as substitute for VO2peak in
determining cardiorespiratory fitness in apparently
healthy Dutch/Flemish subjects. The second aim was
to provide RV for WRpeak and WRpeak/kg in an appar-
ently health Dutch/Flemish working population.

Data from a large cohort apparently healthy individ-
uals aged 20–60, separated by gender were included.
VO2peak and WRpeak were highly associated (adjusted
R2>0.82). This indicates that WRpeak is an attractive
alternative for VO2peak in this population, since
WRpeak needs less sophisticated equipment as needed
for the measurement of VO2peak. However, one
should be careful to apply this method in clinical pop-
ulations, since the relationship between WR and VO2

might be altered in for example patients with

heart failure [20]. In these clinical populations, cardio-
respiratory fitness might then be overestimated
from WRpeak.

In the multiple regression analysis, height, weight
and age contributed roughly equally to the final model.
However, this may vary between different ethnicities
and study populations. Cross-validation of the model in
a separate population gave a correlation of 0.65, and
the mean predicted WRpeak was 28 W beyond the
measured WRpeak, which is less than 10% difference.
This equation can be used in the clinic to predict the
WRpeak of a subject before the start of a test. As a rule
of the thumb, we recommend to divide the number by
10, giving the increments per minute.

Our results are comparable with the results of Itoh
et al. and Arstila et al. [11,12]. As expected, the RV of
Bovens et al. [7] exceed our RV, since they included ath-
letes in their study. The values of Brudin et al. [6] are
also higher, likely due to the study design, where tests
from unhealthy participants with data considered nor-
mal by a trained physiologist are included. Furthermore,
it is known that Scandinavians are one of the most
highly fit populations in the world. Therefore, it is rea-
sonable to assume that there is a selection bias in their
group towards more fit subjects.

To our knowledge, the current study is the largest
study to generate RVs for cycle ergometry. The large
population makes it possible to provide robust RV for
WRpeak values in a Dutch healthy adult population.
Data collected from mandatory health checks among
different professions are used, which gives a good rep-
resentation of the Dutch population, without the
selection bias where healthier participants are more
likely to take part in health checks. Furthermore, cross-
validation confirmed the reliability of the reverence
values in the Dutch population.

This study has some limitations. At first, data are
used from people of different professions which pre-
sumably may have a different cardiorespiratory fitness
than the general Dutch population (e.g. police officers,
divers, military persons). This may have influenced the
results. Furthermore, data from only 595 women are
used to compute RV for females, which may give less
accurate RV. Finally, the participating centres have
used different incremental protocols, which may have
altered the WRpeak.

However, the developed formulas and charts with
corresponding centiles provide RV values for clinical
decision making. Predicted WRpeak values are useful
to adjust the increment rates of watts, to optimise the
test to the preferable length of 10minutes. Our RV can
be used to interpret the result of a maximum ergom-
eter test.
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Conclusions

WRpeak can be used as a substitute for VO2peak
when a respiratory gas-analysis system is not available.
The current RV for WRpeak provides the necessary
standard for clinical interpretation of the WRpeak
results in the Dutch/Flemish working-age population.

Further research is needed to obtain RV values for dif-
ferent ethnicities and elderly subjects.
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