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Abstract
Background Cardiopulmonary exercise testing (CPET) assesses physiological responses to incremental
exercise and identifies potential causes of exercise limitation. There have been several population-specific
reference equations published, but none that span the human age range. It would be advantageous to have
all-age global reference ranges. This task force aimed to derive Global Lung Function Initiative reference
equations for peak oxygen uptake (V̇O2peak) and peak work rate (Wpeak) in healthy individuals.
Methods CPET data were collected retrospectively. Generalised additive models of location, shape and
scale were used to develop reference ranges, including age, sex, height and weight as explanatory
variables. The influence of geographic region, equipment, testing protocols and averaging methods for
peak exercise data were also examined.
Results Data from 5956 healthy individuals aged between 6 and 83 years across 17 sites in Europe, North
and South America and Asia were analysed. There was substantial between-subject variability in both
V̇O2peak and Wpeak, with wide confidence intervals across age groups. Heterogeneity in V̇O2peak was related
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to geographic region, metabolic cart type, and averaging methods for peak exercise values. Controlling for
these variables improved model fit, but not sufficiently to be reliable predictors for reference ranges.
Conclusion Significant heterogeneity in CPET testing methodology and outcomes between sites precluded
the development of reference ranges for V̇O2peak and Wpeak. This task force has developed a framework for
prospective data collection with strictly standardised protocols and centralised data analysis to reduce
variability and establish robust, clinically meaningful reference ranges for CPET outcomes.

Background
Cardiopulmonary exercise testing (CPET) is a commonly used method to characterise individual
physiological responses to exercise and to assess cardiorespiratory fitness [1–3]. It is used to determine the
potential causes of exercise limitation such as shortness of breath on exertion. CPET is also utilised to risk
stratify individuals who need surgical interventions and to monitor the response to pharmacological,
nonpharmacological and surgical therapies [1, 4–7]. Cardiorespiratory fitness is considered a strong
prognostic indicator of respiratory and all-cause morbidity and mortality, comparable in magnitude to
traditional risk factors such as smoking, hypertension and type 2 diabetes [8].

One aspect of CPET interpretation includes the comparison of measured values to what is expected in an
otherwise healthy population. Numerous different reference equations for both adult and paediatric
populations are available, but none that spans the entire age range [9–21]. To date, the largest data source
providing reference values for submaximal and maximal CPET outcomes for both treadmill and cycle
ergometry is the FRIEND (Fitness Registry and the Importance of Exercise National Database) registry [9].
This United States-based registry contains tests from >20 000 adults with measurements collected between
1960 and 2021. The FRIEND registry is a valuable resource for the interpretation of cardiorespiratory
fitness for the USA population; however, it is probably not applicable to other countries due to differences
in population characteristics, such as the high prevalence of obesity and those with cardiometabolic
disorders in the USA. There are numerous published reference equations for CPET, again with notable
differences between them [12, 16, 18, 20, 22]. Furthermore, there is evidence that clinical interpretation of
measured values differs based on which reference equation is applied [23].

A recent European Respiratory Society (ERS) technical standards document summarised procedures for
CPET as part of clinical and/or research-related investigations as a prerequisite for between-centre
comparisons [1]. The task force report [1] highlighted the need for the collection of globally applicable
reference data for CPET outcomes. The aim of this study was to collate CPET data from healthy
individuals to derive Global Lung Function Initiative (GLI) reference equations for CPET outcomes.

Methods
The ERS approved the application to develop GLI all-age reference values for CPET outcomes and initiated
the task force (ERS TF-2021-09). The task force comprised researchers and healthcare professionals with
expertise in CPET, the development of international standards, lung physiology, epidemiology and
biostatistics, including three early-career members (L. Duggan, L. Chávez, J. De Brandt).

Data sources
We conducted a systematic literature review, supported by an information specialist, to identify published
studies that included CPET in healthy individuals spanning from the year 2000 and beyond. Details of the
search strategy are provided in the supplementary material (supplementary tables S1–S5). We contacted the
authors of studies with ⩾50 healthy participants who had undergone a CPET on either a cycle ergometer
or treadmill, employing either a ramp or minute-by-minute incremental exercise protocol and invited them
to share their data with the task force. This restriction was applied to ensure that data were collected only
from centres with significant experience conducting such assessments. Invitations were also circulated
through international and local respiratory societies including the American Thoracic Society (ATS), Asia
Pacific Society of Respirology, ERS, Latin American Chest Association, Pan African Thoracic Society,
Thoracic Society of Australia and New Zealand to solicit unpublished data.

Data collection, management and processing
Contributors were required to obtain approval from the local ethics committee to contribute data to the GLI
Network. All data were pseudo-anonymised before submission and entered into a standard data template.
Study data were collected and managed using Research Electronic Data Capture (REDCap) hosted at
Dalhousie University, Canada [24]. Prior to submission of individual CPET data, contributors signed a
memorandum of understanding and completed a survey regarding the meta-data including details of the
study population, CPET equipment type and manufacturer (and any modification of commercial
equipment), as well as testing protocols that had been applied (supplementary table S6). Submitted data
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underwent checks for consistency and quality including review of unplausible data (K.P. Sylvester,
L. Chávez, T. Radtke).

All submitted data were reviewed to identify missing data and implausible outliers; contributors were
contacted directly to clarify discrepancies. Suspected outliers were confirmed with the study sites and
corrected as appropriate, if needed. Weight and height values with z-scores <−5 or >5 were classified as
outliers and subsequently excluded from the analysis. If multiple assessments were available for the same
individual (i.e. serial assessments), one CPET assessment was randomly selected.

Minimum data requirements for inclusion in the final analyses included the origin of the data (continent),
CPET testing protocol, participant age, biological sex, year of birth, height, weight, measured peak oxygen
uptake (V̇O2peak), peak work rate (Wpeak), respiratory exchange ratio (RERpeak), and heart rate at peak
exercise (HRpeak).

Maximal effort during CPET was defined using RERpeak and HRpeak. A test was classified as maximal if
RERpeak was ⩾1.1 or if HRpeak exceeded the lower limit of normal for their age predicted maximal heart
rate (LLN HRmax) [3, 25, 26]. Thus, subjects neither reaching a predicted HRpeak greater than the LLN
(HRpeak >LLN HRmax) or a RERpeak ⩾1.1 at peak exercise, were excluded.

Healthy individuals without known cardiopulmonary or cardiometabolic disease were defined as those who
were not current smokers and had smoked ⩽100 cigarettes in their lifetime. This definition includes
individuals with missing information on their smoking or ever-smoking status (n=1729 subjects). Obese
and underweight individuals were excluded from the analysis due to the potential impact on
cardiorespiratory fitness. The Centers for Disease Control and Prevention growth charts were used for
children aged 2–18 years with obesity defined as body mass index (BMI) >95th percentile and
underweight defined as <5th percentile [27]. For adults, obesity was defined as BMI >30 kg·m−2;
underweight was defined as BMI <18.5 kg·m−2. Furthermore, contributors were instructed not to share
data from elite athletes to maintain the study’s focus on the general healthy population. We did not accept
data collected from one site, a sports science institute, due to suspected inclusion of elite athletes. We
cannot be certain that the dataset does not include recreational and or competitive athletes that met all other
conditions of health but were not indicated as being elite athletes.

Statistical analysis
The generalised additive models of location shape and scale (GAMLSS) technique, previously used for other
GLI projects, was used to develop the reference equations for V̇O2peak and Wpeak on cycle ergometer. Briefly,
the GAMLSS technique allows the median value to be summarised as a function of multiple explanatory
variables (e.g. height, age), the spread of values around the median value to be constant or vary by a
function of explanatory variables, and any departure from a normal distribution (skewness, kurtosis) to be
transformed to normal using a Box–Cox transformation. Thus, the resulting model residuals are normally
distributed. The Box–Cox Cole and Green family distribution and a log transformation of the response
variable was applied. All analyses were performed using the GAMLSS package in the statistical programme
R (The R Project for Statistical Computing, www.r-project.org; version 4.4.2).

Two primary CPET outcomes were collected, V̇O2peak and Wpeak. Age, sex, height and weight were
treated as explanatory variables and modelled in a multivariable framework (herein referred to as
operational model). To better understand the contribution of each predictor and to rank factors influencing
variability, we first performed univariable analysis and then applied a stepwise approach to the
multivariable regression models. We did not investigate race and ethnicity as a predictor of either V̇O2peak

or Wpeak because race and ethnicity can be seen as social constructs, without a consistent definition
globally, and recent statements endorsed by both the ATS and the ERS have recommended against its
continued use in reference equations [28–31]. The goodness of fit of each model was assessed using
Akaike Information Criteria (AIC), the coefficient of determination (R2), residual Q–Q plots, and residual
plots. Variables that improved overall model fit were retained in the final model. Differences in V̇O2peak and
Wpeak by site, continent, exercise testing protocol and averaging method of peak exercise data were
investigated after the operational models were derived. To assess the magnitude of between-subject
variability in V̇O2peak, we calculated the coefficient of variation and compared it with existing GLI
reference equations for forced vital capacity [32]. The coefficient of variation is a standardised measure of
dispersion that expresses the standard deviation of a measurement as a percentage of the mean. A lower
coefficient of variation indicates less relative variability, whereas a higher coefficient of variation reflects
greater spread in the data.
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Results
We contacted 320 study authors, of whom 23 accepted our invitation to contribute, resulting in the
submission of 11 966 individual participants’ data. Of these, only three sites submitted CPET data
collected by treadmill assessments (n=1101). We restricted the analysis to cycle ergometry data due to the
relatively low sample size of treadmill data. After exclusions (figure 1), data from 5956 healthy
participants (50.5% female) across 17 sites from Europe (n=8), North and South America (n=7), and Asia
(n=2) were included.

Characteristics of the study population by site are summarised in table 1. Nine sites contributed data from
adults; four sites contributed data from children, adolescents and adults; and four sites contributed data
from children and adolescents. Overall, data were collated from healthy individuals between 6 and 83 years
(supplementary figure S1), with relatively fewer observations in the 20–40-years age range as well as
among individuals aged ⩾70 years. Details regarding metabolic carts, software, cycle ergometers, and
testing protocols are summarised in supplementary table S6. 14 sites used a ramp incremental protocol,
while three sites used a minute-by-minute incremental protocol (supplementary table S6). The number of
participants meeting maximal effort criteria is provided in supplementary table S7. Raw data showing
subjects with maximal versus submaximal effort and the heterogeneity in achieved V̇O2peak and Wpeak are
visualised in supplementary figure S2.

Both V̇O2peak and Wpeak were higher in males compared to females and showed a wide range of values
across age groups (figure 2, supplementary figure S3). Univariable and multivariable analyses of predictors

n=11 966

(23 sites)

n=10 449

(17 sites)

n=10 368

(17 sites)

n=6587

(17 sites)

n=5967

(17 sites)

n=5956

(17 sites)

O
ri

g
in

a
l d

a
ta

se
t

E
xc

lu
si

o
n

 c
ri

te
ri

a
H

e
a

lt
h

y

Excluded 1517 observations (6 sites):

   Treadmill (n=1101, 3 sites)

   Exponential exercise protocol (n=150, 1 site)

   Peak work rate missing (n=216, 1 site)

   Peak heart rate missing (n=50, 1 site)

Excluded 81 observations:

   Missing values in mandatory variables (e.g. age,   

   height, weight)

Excluded 3781 observations:

   Not considered healthy by our definition

  (i.e. current smokers, ever-smokers,         

   underweight and obese subjects)

Excluded 620 observations: 

   Not a maximal exercise test using our definition     

   of maximal effort

Excluded 11 observations:

   Atypical values in height, weight, body mass index,   

   or peak oxygen uptake

FIGURE 1 Exclusions flow chart.
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of V̇O2peak (mL·min−1) and Wpeak (Watts) and their corresponding model goodness of fit are provided in
tables 2 and 3, respectively. The operational models, incorporating age, sex, height and weight as
predictors, explained 68.8% of the variability of V̇O2peak and 67.5% of the variability of Wpeak (tables 2
and 3, supplementary figure S4). In the operational models, the 80% predicted value for V̇O2peak, often
used as a proxy of the LLN, was consistently higher than the LLN across the age range of 20–80 years for
both males and females (figure 3, supplementary table S8). For example, in a 30-year-old male with an
average height (176 cm) and weight (75 kg), the limits of normal for V̇O2peak ranged from 1843 to
3463 mL·min−1 or 24.6 to 46.2 mL·kg−1·min−1, respectively (supplementary table S8). Furthermore, a
substantial proportion of participants, particularly females aged ⩾50 years, had V̇O2peak values <17.5
mL·kg−1·min−1, corresponding to less than five metabolic equivalents of task (METs) (figure 4). This
cut-off crossed the LLN at approximately age 40 years in females and 60 years in males, considering
average height. Moreover, the coefficient of variation, a measure of relative variability between subjects,
V̇O2peak was high and ranged between 16.5% and 26.3%, indicating substantial variability around predicted
values (figure 5).

Differences in V̇O2peak and Wpeak values by site persisted after accounting for age, sex, height and weight
(figure 6). We further investigated if geographical region (i.e. continent), metabolic cart type, exercise
protocol and averaging method for determining V̇O2peak contributed to the between-subject variability in
V̇O2peak (table 2), and whether continent, cycle ergometer type and exercise protocol contributed to the
variability in Wpeak (table 3). Each of the investigated covariates (which were added to the operational
model including age, sex, height and weight) improved model fit (i.e. lower AIC) and increased the
explained between-subject variability (i.e. higher R2 value) in V̇O2peak and Wpeak. The final models
including all covariates explained 75.3% and 77.8% of the variability in V̇O2peak and Wpeak, respectively.
Compared with the operational models, the inclusion of all covariates increased the R2 value by 6.5
percentage points for V̇O2peak and 10 percentage points for Wpeak, with continent and metabolic cart type
contributing most to the additional explained variability (tables 2 and 3). In the final models, residual
differences between geographical region, metabolic cart type, and averaging methods for determining
V̇O2peak remained (figure 7).

Notably, the shape of the curves for both V̇O2peak and Wpeak as a function of age (supplementary figure S4)
and the between-subject variability were probably driven by site-specific effects. These differences in
V̇O2peak values between sites persisted and could not be explained after adjusting for basic demographic

TABLE 1 Summary of data included in final models by study site

ID Country# Subjects¶ Age
years

Female
%

Overweight+

%
Wpeak

W·kg−1
V̇O2peak

mL·kg−1·min−1

#4 Brazil 76 19–69 53.9 28.9 2.4 (2.0–2.7) 28.4 (24.9–32.0)
#6 Brazil 28 19–72 67.9 39.3 2.2 (1.7–2.5) 25.4 (23.6–32.6)
#7 Brazil 7 25–67 71.4 71.4 1.6 (1.4–2.0) 21.7 (20.1–24.1)
#8 Canada 221 12–17 52.5 10.9 3.5 (3.0–4.0) 42.2 (36.5–50.2)
#1 China 831 18–79 40.6 34.3 1.7 (1.5–1.9) 22.3 (20.1–25.4)
#16 Finland 513 58–78 54.0 59.5 2.2 (1.9–2.6) 25.9 (22.1–30.9)
#17 Germany 866 21–83 61.2 58.0 2.1 (1.7–2.5) 25.4 (21.0–31.0)
#14 Greece 112 14–74 45.5 56.2 2.0 (1.6–2.5) 25.9 (21.7–32.4)
#15 Greece 27 16–62 37.0 44.4 2.4 (2.0–3.0) 25.5 (21.1–32.6)
#13 Italy 314 21–77 41.1 29.6 2.3 (1.8–2.8) 29.2 (23.5–35.0)
#3 Mexico 236 9–81 51.7 39.0 2.2 (1.7–2.5) 29.2 (22.8–34.8)
#2 Spain 213 18–83 50.2 36.6 2.5 (2.0–3.1) 33.0 (27.8–39.3)
#5 Switzerland 70 13–16 55.7 5.7 3.6 (3.2–4.2) 46.0 (39.0–53.7)
#10 Thailand 388 21–78 62.4 26.0 1.7 (1.4–2.2) 24.0 (20.2–28.8)
#9 UK 70 7–17 51.4 14.3 2.7 (2.5–3.6) 40.1 (34.1–45.1)
#11 USA 1809 6–18 47.8 18.4 3.1 (2.7–3.5) 39.6 (34.0–45.2)
#12 USA 175 14–65 45.1 57.7 2.2 (1.8–2.6) 25.3 (21.3–30.4)

Data are presented as n, range or median (interquartile range), unless otherwise stated. Wpeak: peak work rate;
V̇O2peak: peak oxygen uptake. #: countries are displayed in alphabetical order; ¶: we requested datasets from
sites with a minimum of 50 healthy subjects. Due to exclusions (figure 1), <50 subjects from three sites could
be included in the final analysis; +: overweight was defined as a body mass index >25 kg·m−2 for adults and
>85th percentile for children aged 2–18 years using the Centers for Disease Control and Prevention growth
charts [27].
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variables (age, sex, height, weight), as shown in figure 6. These unexplained site differences create an
artificial spread in V̇O2peak values, which limits the validity of a single generalised equation. Consequently,
it was not possible to define robust reference ranges and to establish a single reference equation that can be
generalised beyond the sites included in this study.

Finally, we compared predicted values for V̇O2peak with frequently used reference equations (supplementary
figures S5–S9) [9, 16, 20, 22, 47]. Overall, there was considerable heterogeneity in predicted values and
percentiles between the different equations, but the wide range of V̇O2peak values in both males and females
and across age groups was consistent across all equations.

Here, we propose a framework for a prospective collection of CPET outcomes to establish age-specific
reference ranges in healthy individuals, using population-based sampling, strictly standardised testing
protocols, quality control and centralised data analysis (table 4).

Discussion
This ERS task force aimed to establish all age reference equations for multiple CPET parameters utilised
in the assessment of individual’s exercise capacity. The large variability identified in V̇O2peak and Wpeak

from 5956 healthy individuals across 17 sites in Asia, Europe, and North and South America, with the
underrepresentation of certain age groups, precluded generation of generalisable reference ranges. Further
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prospective studies with strict standardisation of CPET protocols are needed to reduce variability and to
establish robust and clinically meaningful interpretation strategies for CPET outcomes [48].

Early in the process, it became evident that significant variability existed in how CPET was conducted
between sites, including differences in ergometers, testing protocols, and data averaging methods, which
might impact the accuracy of submaximal parameters such as anaerobic threshold or important slopes. We
therefore focussed on maximal parameters (V̇O2peak and Wpeak), which are key performance and health
indicators, and would be less likely to be impacted by the variations in how the test was conducted.

TABLE 2 Univariable and multivariable analyses of predictors of peak oxygen uptake (mL·min−1) and
corresponding model goodness of fit

Akaike information criterion R2

Univariable models
Height 90342 0.456
Sex 91990 0.281
Age 92360 0.236
Weight 92468 0.222
Continent# 92905 0.163
Metabolic cart type¶ 93315 0.105
Exercise protocol+ 93887 0.012
Averaging method§ 93922 0.009

Multivariable models
Basic model (age ∼ sex ∼ height) 87422 0.666
Operational model (age ∼ sex ∼ height ∼ weight) 87036 0.688
Operational model plus exercise protocol 86948 0.693
Operational model plus averaging method 86752 0.704
Operational model plus metabolic cart type 86460 0.718
Operational model plus continent 86122 0.733

Final model including all covariates 85720 0.753

#: Asia, Europe, North America, South America. ¶: Cardiovit, Oxycon Pro, Ultima CPX, Vmax Encore, Vyntus CPX,
Quark CPET, miscellaneous; the miscellaneous category contains a mix of different metabolic carts used by
study sites where it was not clear which cart was used for which study participant. +: ramp incremental
protocol, minute-by-minute incremental protocol. §: time averaged 10 s, 20 s or 30 s; breath averaged (mid 5–7
breaths); breath averaged (five rolling averages); three highest peak values averaged (30 s).

TABLE 3 Univariable and multivariable analyses of predictors of peak work rate (Watts) and corresponding
model goodness of fit

Akaike information criterion R2

Univariable models
Height 60595 0.474
Sex 62695 0.251
Age 62715 0.249
Weight 62886 0.227
Continent# 63095 0.200
Cycle ergometer type¶ 63717 0.113
Exercise protocol+ 64394 0.003

Multivariable models
Basic model (age ∼ sex ∼ height) 58023 0.659
Operational model (age ∼ sex ∼ height ∼ weight) 57735 0.675
Operational model plus exercise protocol 57545 0.686
Operational model plus cycle ergometer type 56442 0.740
Operational model plus continent 56151 0.752

Final model including all covariates 55520 0.778

#: Asia, Europe, North America, South America. ¶: cycle ergometer type: Ergometry ERG 911 S Plus, Ergoline 900,
Ergoselect 200, Lode Corival, VIAsprint 150P, miscellaneous; the miscellaneous category contains a mix of
different ergometers used by study sites where it was not clear which ergometer was used for which study
participant. +: ramp incremental protocol, minute-by-minute incremental protocol.
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Cardiorespiratory fitness exhibits substantial variability within a given age and sex group [9, 16, 20, 22]
and this is supported by our data. The range of values observed in otherwise healthy individuals is very
wide and extends beyond traditionally used “fixed cut-offs” (e.g. 80% predicted or 17.5 mL·kg−1·min−1.
Importantly, this wide range is not unique to our dataset; it is also evident in many other commonly used
reference equations (supplementary figures S5–S9), yet rarely acknowledged as a limitation. Such
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variability may lead to misinterpretation at the individual level, particularly in defining low
cardiorespiratory fitness.

Between-subject variability can be expressed using the coefficient of variation, a relative measure of
dispersion, and ranged between 16.5% and 26.3% for V̇O2peak. This exceeds the variability typically
observed in resting pulmonary function tests, such as spirometry or pulmonary diffusing capacity for
carbon monoxide [49]. While forced expiratory manoeuvres primarily depend on an individual’s
cooperation and reflect pulmonary limitations, CPET performance depends on maximal effort (or symptom
limitation in clinical populations), and reflects the integrated function of the lungs, heart and skeletal
muscles. Therefore, greater variability is to be expected but it poses challenges for interpretation at the
individual level.
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Not surprisingly, there was substantial disagreement between the V̇O2peak values predicted from our dataset
and those derived from other reference equations [9, 16, 20, 22, 47]. Global variation in data sources,
sampling strategies, the inclusion of subjects with and without cardiovascular and/or cardiometabolic risk
factors (e.g. obesity), the inclusion or exclusion of current smokers, and the use of different modelling
techniques including predictor variables probably contribute to the observed discrepancies. A major
challenge common to all reference value datasets is the definition of “healthy” and the population to which
the equations are intended to apply. Reference values aim to identify individuals at risk, for example with
low cardiorespiratory fitness. Including people with cardiovascular or cardiometabolic conditions may bias
these ranges and reduce sensitivity for detecting those truly at risk.

Data from the FRIEND registry [9], which includes data from 34 laboratories across the United States of
America, support this observation, as their apparently healthy adults show relatively low V̇O2peak values.
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TABLE 4 Proposed framework for the prospective collection of cardiopulmonary exercise testing (CPET) outcomes to establish all age reference ranges in healthy individuals

Explanation Justification Task force suggestions

CPET-specific
considerations

Competent practitioners# Data contributors to a prospective study should have demonstrated
experience in conducting CPETs to ensure high-quality data.

Practitioners must complete proficiency
testing and certification before participation.

Metabolic cart The measurement accuracy between commercially available devices
varies substantially [33]. The use of devices from the same

manufacturer will not be feasible in a large prospective study and
limits the generalisability of normal references ranges. Measurement
error can be reduced by strict calibration and verification procedures.
Our analysis showed that the type of metabolic cart improved the

explained between-subject variability in V̇O2peak (table 2).

Equipment should be rigorously calibrated
before every test. This task force suggests the
use of devices with a measurement error <5%
for key gas exchange variables, as suggested

previously [33].

Metabolic simulator/biological control# Regular quality control using metabolic simulators or healthy subjects
experienced with CPET is warranted to ensure equipment stability and
detection of system malfunction to generate valid data [2, 33, 34].

This task force suggests monthly quality
control to ensure collection of valid data.

Metabolic simulators are preferable.
Testing protocols# CPET protocols should include the following phases: minimum 3 min

of rest, strictly 3 min of unloaded pedalling¶, 8–12 min of exercise, and
⩾2 min of recovery [1–3, 35].

The use of different exercise protocols may influence submaximal and
maximal CPET outcomes [36]. Minute-by-minute incremental exercise
protocols or ramp incremental protocols yield comparable results for
submaximal and maximal CPET outcomes, provided the exercise phase

duration is similar [37, 38].
This is supported by our analysis, which showed that the explained

between-subject variability of V̇O2peak was unaffected when the type of
testing protocol (i.e. minute-by-minute incremental protocol versus

ramp incremental protocol) was added as a covariate to the
operational model (R2=0.688 versus 0.693; table 2).

To support stricter standardisation of CPET
and harmonise data generation, this task
force suggests the use of continuous ramp
incremental protocols, as they facilitate
clearer interpretation and analysis of

physiological responses during incremental
exercise by minimising the impact of work

rate transitions.

Criteria for defining a maximal test# Numerous criteria are used to define maximal effort including a
plateau in V̇O2peak, peak heart rate relative to age-predicted maximum
values, various thresholds for the peak respiratory exchange ratio,
blood lactate concentration at peak exercise, and the subject’s

perceived exertion. These criteria were applied inconsistently across
published reference value studies, which may influence peak exercise
outcomes and limit comparability between reference value datasets.
This is due to the considerable heterogeneity across standardisation

documents, which must be resolved.
This task force found that neither peak heart rate nor respiratory

exchange ratio discriminate well between people with higher versus
lower cardiorespiratory fitness. This is probably a consequence of sites
using different criteria to judge maximal effort. This is supported by
data from the FRIEND registry showing negligible differences in V̇O2peak

between exercise tests when maximal effort was defined as a
respiratory exchange ratio ⩾1.0 or ⩾1.1 [9].

Tests should be terminated based on
individual symptom limitation or if there are
safety concerns. They must not be stopped

based on a perceived maximal effort.
Criteria to define maximal effort need to be

pre-defined and reported to facilitate
centralised data analysis.

This task force suggests stricter
standardisation in the definition of maximal
exercise tests with the support of future

research. This includes the development of a
standardised encouragement tool [39].

Continued
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TABLE 4 Continued

Explanation Justification Task force suggestions

Sampling strategies for CPET# Previous statements on cardiopulmonary exercise testing suggested
interval averaging of 30–60 s [2, 3], or 10–15 s for tabular data, and

20–60 s for the final CPET report [1].
Different post-test analysis strategies result in differences in peak
exercise values [40–42] and potentially increase between-subject

variability.
This task force found large between-site heterogeneity in analytical

approaches to determine peak exercise values
(supplementary table S6, figure 7).

To improve comparability of CPET outcomes across sites, sampling
strategies to determine peak exercise values must be standardised.

Although previous recommendations have
been to use a 30-s time-based average to
provide peak exercise values, this probably
underestimates true V̇O2peak. This task force
suggests a five-breath rolling average, as this
might represent 5–10 s towards maximal
exercise. Future research is warranted to

determine the impact of data averaging on an
individual’s maximum achieved exercise

capacity.
This task force suggests determining peak

exercise values based on a rolling average of
five breaths in a prospective data collection.

Interpretation of CPET data# Centralised interpretation of submaximal and maximal CPET data is
critical to ensure high-quality data and consistency across study sites.
Subjectivity may explain some of the variability in the interpretation of

CPET between sites and within site practitioners. Automated
interpretation algorithms would support the standardisation of data

interrogation.

This task force suggests use of automated
centralised CPET data interpretation.

Population and
sampling

Representative samples including people
from the general population

Previous reference value studies often include apparently healthy
subjects, where smokers and obese subjects are excluded. This
selection limits the generalisability of the data to the broader

population to whom it is intended to apply.
Representative samples with respect to age and sex distribution,

socioeconomic status, habitual physical activity levels are crucial to
minimise selection bias.

Future research in this area should focus on
the impact of conditions such as obesity and
diseases like diabetes and hypertension on

exercise outcomes.
This would provide clarification on how to
use CPET data to differentiate health from

disease.
Assessment of potential

influencing factors
In addition to basic demographic data
(age, biological sex, height, weight,
smoking status), medical history,

geographical region, and socioeconomic
status, assessment of habitual physical

activity) is needed

Habitual physical activity, in particular of vigorous intensity, is
associated with higher V̇O2peak [18]. The impact of physical activity on

CPET outcomes has not been studied systematically in
population-based studies.

Socioeconomic status [43] is often ignored as an important
influencing factor of cardiorespiratory fitness and should be assessed

in future prospective studies.
Neither physical activity nor socioeconomic status was available due
to the retrospective nature of the study, we could not assess their

impact on cardiorespiratory fitness.
This task force demonstrated that geographical region improved the

explained between-subject variability in V̇O2peak by ∼5%. In univariable
analysis, geographical region explained 16.3% and 20.0% of the

variability in V̇O2peak and Wpeak, respectively. A standardised protocol in
prospective studies is needed to understand the factors that explained

these differences.

This task force suggests assessing physical
activity using validated instruments such as
the short form of the International Physical
Activity Questionnaire or Global Physical

Activity Questionnaire which are feasible for
large-scale studies and allow comparisons
across populations [44–46]. If possible,
accelerometry is preferred to measure

physical activity.
In addition, assessing potential

sociodemographic factors, as suggested, is
essential for understanding population

differences in outcomes.

VO2peak: peak oxygen uptake; FRIEND: Fitness Registry and the Importance of Exercise National Database; Wpeak: peak work rate. #: domains considered critical and compulsory for prospective
data collection; ¶: manufacturers should notify users about the wattage during unloaded pedalling.
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For instance, males and females aged 30–39 years 10th-percentile V̇O2peak values were as low as 19.1 and
15.0 mL·kg−1·min−1, respectively, while 5th percentile (LLN) values would yield even lower values (data
not reported). Such low fitness (∼5 METs, equivalent to ∼17.5 mL·kg−1·min−1) is associated with a high
risk of cardiovascular disease and all-cause mortality [8]. Similarly, in our dataset, a large proportion of
females aged ⩾45 years had V̇O2peak values below this threshold, despite remaining above the LLN.
Furthermore, when using 80% of the predicted value, which is often applied as a proxy for the LLN [48],
we found that corresponding V̇O2peak values were consistently above the LLN in both sexes across the adult
age range.

Altogether, these data demonstrate the limited precision of percentile-based thresholds (LLN) due to wide
interindividual variability in apparently healthy populations, questioning their usefulness for defining low
cardiorespiratory fitness. Novel approaches for estimating cardiorespiratory fitness, such as the first
percentile value for V̇O2peak (V̇O2

Q), show strong associations with all-cause mortality, do not rely on
reference equations, and warrant further investigation across different patient populations [50]. As with
other physiological assessments, CPET results should be interpreted as an adjunct to, rather than a
substitute for, comprehensive clinical evaluation. Clinicians should integrate CPET findings with the
patient’s symptoms, medical history, and other diagnostic information, rather than relying on CPET
outcomes in isolation.

Overall, the operational models that included age, sex, weight and height explained 68.8% and 67.5% of
the variability in V̇O2peak and Wpeak, respectively. Although, this presents a relatively high proportion of
explained variance, significant heterogeneity between sites remained. Geographical region, equipment, and
averaging method for peak exercise values contributed to this variability. Including these variables in the
models improved the overall fit, increasing the explained variability by 6.5% for V̇O2peak and 10% for
Wpeak, respectively. Among these factors, equipment (i.e. metabolic cart for V̇O2peak and ergometer
for Wpeak) and geographical region had the strongest effects. Notably, the influence of different exercise
testing protocols on model fit was negligible, aligning with previous research showing no differences in
peak exercise outcomes between ramp and minute-by-minute incremental cycling protocols [43, 51]. This
suggests that other factors not captured in our analysis contribute to the observed variability. Potential
contributors include differences in participant sampling and recruitment (supplementary table S6),
socioeconomic status [43], habitual physical activity levels [18], environmental factors like air pollution
[51, 52], and genetic influences. Notably, ∼50% of the variance in cardiorespiratory fitness is thought to
be heritable [53], which is challenging to measure.

Our retrospective data collection revealed several limitations and methodological inconsistencies across sites
in Asia, Europe, North and South America despite the availability of CPET standardisation documents
[1–3]. These issues prevented us from combining the different datasets to develop reference equations for
V̇O2peak and Wpeak. Still, our finding of large and not thoroughly explained variability of V̇O2peak and Wpeak

serves to shed light on the inconsistencies of current definitions of low, moderate and high cardiorespiratory
fitness [8]. An in-depth understanding of the factors driving between-subject variability in CPET outcomes
can only be achieved through prospective, multicountry population-based research.

This task force proposes a framework for the prospective collection of CPET outcomes to establish
age-specific reference ranges in healthy individuals. It incorporates population-based sampling, strictly
standardised testing protocols, rigorous quality control, and centralised data overread and analysis to
overcome the limitations of retrospective research, and to minimise between-subject variability in
cardiorespiratory fitness. The extent to which between-subject variability can be reduced through strict
standardisation of testing protocols, equipment, and research methodologies remains unclear.

Limitations
This study has several limitations inherent to its retrospective design. Despite a growing number of CPET
reference datasets, including >80 000 individuals [12], our sample size was restricted to datasets voluntarily
submitted to the GLI task force. Data governance regulations and authorship policies prevented
contributions from several sites, restricting the comprehensiveness and applicability of this dataset; a
common challenge of ERS task forces [29]. However, given the magnitude of between-site variability, we
do not believe a larger sample size would lower the observed variability in cardiorespiratory fitness
outcomes. Substantial between-site variability was probably influenced by differences in participant
recruitment procedures in the original studies, geographical region, and testing equipment. Unmeasured
confounders, as well as residual confounding of the included variable (limited sample size in some age
ranges), may also have influenced the results.
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Furthermore, our goal was to include healthy, nonelite athletes; however, given the retrospective approach
employed, we could not use any validated instruments or criteria to identify or exclude endurance athletes,
nor can we be certain that individuals with chronic conditions were fully excluded. Finally, we did not
have access to the raw CPET data to verify its quality and accuracy. One centre, for instance, provided data
with a high percentage of individuals exhibiting high RERs at peak exercise; however, V̇O2peak values were
within the expected range and appeared unaffected. The elevated RERs may have led to an overestimation
of the number of subjects with maximal effort based on our pre-specified criteria. Finally, as part of the
methods of this task force, we defined maximal effort using the RER and heart rate at peak exercise, which
has resulted in uncertainties about true individual maximal effort from the retrospective data. It appeared
that neither of these criteria effectively discriminates between subjects with higher and lower
cardiorespiratory fitness (supplementary figure S2).

Future directions
Given the substantial variability in CPET data collection practices, further retrospective efforts to establish
universally applicable all-age reference equations for cardiorespiratory fitness are unlikely to succeed.
Therefore, we propose a methodological framework for establishing high-quality, all-age, multicountry
reference ranges for cardiorespiratory fitness. This can only be achieved through prospective data collection
within the general population using strictly standardised CPET protocols, calibration and verification
procedures, that includes other quality assurance methods such as metabolic carts, uniform analytical
approaches and central data overread. Further standardisation of CPET analysis and reporting strategies is
necessary to overcome these limitations [48].

Conclusions
A standardised approach in measuring and interpreting CPET outcomes is needed to facilitate prospective
data collection of representative populations using standardised CPET protocols, rigorous quality control, and
centralised data processing and analysis to generate clinically meaningful reference ranges. Our findings from
this ERS task force suggest that current practices of comparing measured CPET values to general population
norms has significant limitations. Instead, we advocate for clinically driven models of cardiorespiratory
fitness interpretation, focusing on longitudinal tracking and outcome-based risk stratification.
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