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ABSTRACT ARTICLE HISTORY
Introduction: Reference values for cardiopulmonary exercise testing (CPET) parameters provide the Received 25 April 2019
comparative basis for answering important questions concerning the normalcy of exercise responses in Accepted 3 June 2019
patients, and significantly impacts the clinical decision-making process.

Areas covered: The aim of this study was to provide an updated systematic review of the literature on E:L‘i’g;?uﬁZnary exercise
reference values for CPET parameters in healthy subjects across the life span. testing; healthy adults;

A systematic search in MEDLINE, Embase, and PEDro databases were performed for articles describ- healthy children; exercise
ing reference values for CPET published between March 2014 and February 2019. physiology; reference values;

Expert opinion: Compared to the review published in 2014, more data have been published in the last maximal oxygen
five years compared to the 35 years before. However, there is still a lot of progress to be made. Quality consumption; aerobic
can be further improved by performing a power analysis, a good quality assurance of equipment and capacity; VOamax
methodologies, and by validating the developed reference equation in an independent (sub)sample.

Methodological quality of future studies can be further improved by measuring and reporting the level

of physical activity, by reporting values for different racial groups within a cohort as well as by the

exclusion of smokers in the sample studied. Normal reference ranges should be well defined in

consensus statements.

1. Introduction making process [6,7]. As recommended by the American Thoracic
Society/American College of Chest Physicians (ATS/ACCP) guide-
line, each exercise laboratory must select an appropriate set of
reference values that best reflects the characteristics of the popu-
lation tested, and the equipment, protocol, and methodology
utilized to collect the reference values [4]. Many reference values
for different CPET parameters obtained in different populations are
available in the literature. We have previously published
a systematic review of reference values for CPET parameters pub-
lished up to 2014 [8]. The current article is an update of our
previous publication, including recent papers, as well as an exten-
sion towards the pediatric population. Reference values for pedia-
tric CPET published up to 2014 were previously reviewed by Blais
et al. [9]. The aim of this study was to provide an updated systema-
tic review of the literature on reference values for CPET parameters
in healthy subjects across the life span.

Cardiopulmonary exercise testing (CPET) is an important diagnos-
tic tool for assessing aerobic fitness of individuals [1]. Although
many different exercise testing protocols are employed to estimate
aerobic fitness [2], the gold standard for objectively assessing
aerobic fitness remains cardiopulmonary exercise testing (CPET)
during which respiratory gas exchange, ventilatory, and heart
rhythm measurements are continuously performed throughout
an incremental exercise intensity until voluntary exhaustion [3].
As such, CPET provides an evaluation of the integrative exercise
response of the cardiovascular, respiratory, and metabolic systems
to an incremental work rate [4]. This relatively non-invasive,
dynamic physiologic test permits the evaluation of resting, sub-
maximal, and peak exercise responses, as well as recovery
responses, providing the clinician relevant information for clinical
decision-making [4]. Examples concerning the usefulness of CPET
for clinical decisions are the evaluation of exercise intolerance [4],
eligibility for organ transplantation, and preoperative risk stratifica- 2. Methods
tion [5].

Adequate reference values provide the comparative basis for
answering important questions concerning the normality of exer-
cise responses, and can significantly impact the clinical decision-

This systematic review of the literature followed the guidelines
of the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement [10].
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Article highlights

e There is no single set of ideal reference values; population character-
istics of each population are too diverse to pool data in a single
equation.

o Each exercise laboratory must select an appropriate set of reference
values that best reflect the characteristics of the (patient) population
tested, and equipment and methodology utilized.

» Adequate reference values provide the comparative basis for answer-
ing important questions concerning the normalcy of exercise
responses in patients, and can significantly impact the clinical deci-
sion-making process.

e Researchers, end-users, and industry should collaborate to establish
a continuous development and update of reference values for CPET
parameters using an open source database technology. There is
a growing number of geographic regions in which reference values
are established: Europe, Japan, South America, and Scandinavia were
most frequently studied regions. Data from other regions such as
other Asian countries, Middle East, and Africa are needed.

o Reference values for CPET parameters may change over time and
should be regularly updated and/or validated.

¢ Standardization of the methodology to generate reference values,
reporting of CPET parameters, reporting on specific software and
hardware settings of the equipment, and data harmonization are
necessary to facilitate interpretation and to optimize the clinical
applications of CPET.

2.1. Data sources and search strategy

A search strategy was created and critically reviewed and
approved by experienced exercise physiologists with the sup-
port of a medical librarian. After approval, published articles in
the electronic databases MEDLINE, Embase, and PEDro were
searched up to February 2019 (articles published from
March 2014). We used the systematic search strategy as
described in Appendix A. The search strategy did not have
any limitations on ethnicity and language. Relevant reference
lists were hand-searched as a method to supplement electro-
nic searching.

2.2. Selection of studies

Results of the searches in different electronic databases were
combined, where after duplicates were removed by two
reviewers (CM and DP). The same two reviewers screened all
unique records for potential relevance using the title, abstract
or descriptors, or both. Hereafter, remaining articles were
screened by the two reviewers on compliance with the elig-
ibility criteria based on the full-text of the articles. Reasons for
possible article exclusion based on its full-text were recorded.

2.3. Eligibility criteria

Studies with the objective to evaluate reference values for
maximal CPET were included. Furthermore, inclusion criteria
were: studies that included healthy subjects (no age restric-
tion), studies using cycle or treadmill ergometry for CPET,
cross-sectional studies or cohort studies, and studies that
reported CPET parameters. Exclusion criteria were: studies
published before March 2014, studies of which the full-text
was not available, intervention studies, studies in which no

maximal exercise protocol was used, and studies that exclu-
sively included elite athletes.

2.4. Data extraction

All authors extracted data using a standard data extraction
form. Data extraction was performed in pairs of reviewers (TT
and MB, CM and DP, EH and WB), and discrepancies in
extracted data were discussed with an independent reviewer
(BB) till consensus was reached. If data were missing or further
information was required, serious attempts were made to
contact the corresponding authors to request for further
information.

2.5. Methodological quality

Methodological quality of the selected studies was assessed
using a quality list as provided in the ATS/ACCP guideline (see
Appendix B) [4]. This list is a combination of study require-
ments to obtain an optimal set of reference values as
described in the ATS/ACCP guideline and the code number
scheme of shortcomings and limitations. Each criterion was
scored as ‘yes’, ‘no’, or ‘don’t know’, with one point for each
‘yves'. A study was considered to be of high quality when it
scored =10 points (=75% of the maximum score of 14), of
moderate quality when it scored 7 to 9 points, and of low
quality when it scored <6 points. Quality assessment of all
studies was performed in pairs of reviewers as well, and dis-
crepancies in the scoring of criterions were discussed till con-
sensus was reached. There was no blinding on authors or
journal.

3. Results
3.1. Selected studies

We identified 578 potential studies published between
March 2014 and February 2019. After initial screening, 125
studies were regarded potentially eligible. After reading the
full-text, 29 studies were considered eligible for inclusion.
A flowchart displaying exact details of the selection process,
including the reasons for exclusion, is presented in Figure 1.

3.2. Study characteristics

Table 1 depicts the overall study characteristics. The 29
included studies assessed 87.256 subjects in total, of which
were 54.214 males and 33.042 females. Age of included sub-
jects ranged between 6 and 90 years. CPET was performed
using a cycle ergometer in 14 studies (48.3%) and using
a treadmill in 14 studies (48.3%), whereas one study (3.4%)
used both modalities. There was a wide variety in the used
CPET protocols, in which all studies used a continuous step-
wise or ramp incremental protocol. Included studies included
data from three different continents, of which most repre-
sented countries were European (n = 16), North-American (n
=9), and South-American (n = 5). Sample size ranged from 38
to 18.189 subjects. Sixteen studies (55.2%) were performed in
adults, eight studies (27.6%) in children, and five studies



EXPERT REVIEW OF CARDIOVASCULAR THERAPY 415

Records identified through Additional records identified
c database searching through other sources
i (n=524) (n=93)
=
e
5 y
2 Records after duplicates removed
(n=578)
—
> L
£
c Records screened o Records excluded
8 (n=578) y (n=453)
— Full-text articles excluded,
with reasons:
v - Published before 2014 (n=71)
2 : - No CPET (n=9)
= Full-text articles assessed for - No exercise protocol up to
L0 T o
) ellgnbullly *|  maximal exertion (n=3)
i (n=125) - No healthy subjects (n=6)
- Systematic review or namative
report (n=5)
—— - No reference values (n=2)
Studies included in qualitative
synthesis
b4 (n=29)
°
3
3 }
£
Studies included in quantitative
synthesis (meta-analysis)

Figure 1. The PRISMA flow diagram displaying the selection of studies and reasons for exclusion.

(17.2%) in a combined sample. Some of the publications
included CPET data from the same core database (e.g.
FRIEND database, LowLands Fitness Registry).

3.3. Methodological quality assessment

Quality of the included studies varied, and none of the studies
fulfilled all 14 quality criteria. A ‘quality score’ =10 was seen in
4 studies, 15 studies received a score of 7 to 9, and 11 studies
received a score of <6. Frequently observed weaknesses were
a lack of power analysis, quality assurance of equipment and
methodologies, and reference equation validation. Table 2
provides a detailed overview of the methodological score of
the included studies on the ATS/ACCP quality list [4].

3.4. Meta-analysis

Each of the included studies has various numbers of short-
comings and limitations, which are noted in Table 2. Meta-
analysis of the data was not meaningful, as a large hetero-
geneity of methods and subjects (including sampling bias,
uneven quality of primary data, and inadequate statistical
treatment of the data) was observed.

3.5. Results of individual studies

Table 3 shows reference values for cardiovascular, ventilatory,
and ventilatory efficiency parameters. Studies differed in the
way of reporting reference values. Studies that did report
reference values using regression equations are included in
Table 3. Several studies reported their reference values in
tables. We refer to these specific tables of the respective
study for further details.

3.6. Cardiovascular parameters

3.6.1. Oxygen uptake at peak exercise

Twenty-six studies reported oxygen uptake at peak exercise
(VOyzpeak) in L/min, mL/min, or in mL/kg/min [11-28], but not
all studies provided reference values. Several different para-
meters were used to predict VO peak. Body height, body mass,
age, and sex were often included in prediction equations.
VO,peak (@absolute values) increased with body height and
body mass, was lower in females, decreased with age during
adulthood, but increased with age during childhood.

3.6.2. Ventilatory anaerobic threshold
Only one study in children reported ventilatory anaerobic
threshold (VAT) values [29], no study reported VAT values in
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Table 2. Methodological quality of the included studies list based on the ATS/ACCP guidelineappendi.

Reference A/P 2 3 4 6

8 9 10

—_
_
—_
N
—_
w
—_

4 Total score

Aadland 2016

Abella 2016

Agostini 2017

Almeida 2014 A
Blanchard 2018
Bongers 2016
Buys 2014
Dilber 2015
Duff 2017
Genberg 2016
Herdy 2016
Hossri 2018
Kaafarani 2017
Kaminsky 2015
Kaminsky 2017
Kaminsky 2018
Kokkinos 2018
Lintu 2015

Loe 2014
Myers 2017
Mylius 2019
Neto 2019
Ozemek 2017
Pistea 2016
Rapp 2018
Sabbahi 2017
Stensvold 2017
Tompuri 2017
van de Poppe 2018
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See appendix B for the methodological quality list based on the ATS/ACCP guideline.
A=adult subjects; P=pediatric subjects, 0= criterion is not met, 1= criterion is not met.

adult subjects. Reference values for VAT (mL/min) increased
with body height and body mass in children and were pro-
vided for male and female subjects separately.

3.6.3. Heart rate at peak exercise

One study in children [29] and one study performed in adults
[30] provided prediction equations for heart rate at peak
exercise (HRpea). The pediatric study reported four different
equations, two for males, and two for females. Body height,
body mass, and age were predictors of HRpeax [29]. Six predic-
tion equations for HRyeax in adults were reported using both
cross-sectional and longitudinal data. Males had a higher
HRpeak during young adulthood compared to females; how-
ever, males showed a somewhat faster decline in HRpeax values
with age compared to females [30].

3.6.4. Oxygen pulse

One study [29] performed in children provided four different
equations for peak oxygen pulse (O,-pulse), two for males,
and two for females. No study reported O,-pulse reference
values in adults.

3.6.5. Blood pressure

One study [31] performed in children provided two prediction
equations for systolic blood pressure at peak exercise. Systolic
blood pressure increased with attained work rate at peak
exercise (WRpeai), and the increment in systolic blood pressure
was independent of age and sex. There was no study that
provided reference values in adults for systolic blood pressure
at peak exercise.

3.6.6. Work rate at peak exercise

Two studies [29,32] reported equations for the attained WRpeax
during CPET. These studies reported 18 different equations for
the prediction of WRpeak. In adults, WRpe,« increased with body
height, body mass, and was significantly higher in male sub-
jects. In children, WRye.k increased with the development of
body height and body mass (Table 3).

3.7. Ventilatory parameters

3.7.1. Minute ventilation at peak exercise

Ten studies [29,33-41] reported data for minute ventilation at
peak exercise (VEpeak). Almost all studies reported VEqe.« data
using tabulated data. Two sex-specific prediction equations
were provided for children [29]. One prediction equation was
provided for adults [37], in which VE,e. values were lower in
females and declined with age throughout adulthood.

3.7.2. Tidal volume at peak exercise

Four studies [29,35,39,41] reported reference values for tidal
volume at peak exercise (TVpeak). TWO studies were performed
in children [29,35] and two in adults [39,41]. One study [29],
performed in children, provided a prediction equation for TV,
the other studies provided tabulated data.

3.7.3. Breathing frequency at peak exercise

Two studies [35,41] reported breathing frequency at peak
exercise (BFpeak). One study [35] was performed in children
and one in older adults (70-77 years of age) [35]. Results were
only provided in tabulated data.
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3.7.4. Ventilatory efficiency parameters

3.7.4.1. Oxygen uptake efficiency plateau and oxygen
uptake efficiency slope. One study [34] in children reported
a reference equation for oxygen uptake efficiency plateau
(OUEP). No results in adults were found. Five studies reported
oxygen uptake efficiency slope (OUES) values, two in adults
[42,43], two in a pediatric population [29,34], and one study
reporting up to young adulthood (21 years of age) [44].
Results were reported for males and females separately.
Other commonly used predictors were age, body height,
body mass, or body surface area. OUES values were deter-
mined using data from 10% to 100% of the exercise test and
normalized for body surface area or body mass.

3.7.5. Minute ventilation to carbon dioxide production
Minute ventilation (VE) to carbon dioxide production (VCO,)
coupling was reported in eight studies, of which four studies
were performed in children [29,35,38,45] and four studies in
adults [39-41,46]. VE to VCO, coupling was expressed in many
different ways: VE/VCO,-slope, VE/VCO, ratio at the VAT, the
lowest VE/VCO, ratio during the test, or VE/VCO, ratio at peak
exercise (see Table 3).

4. Discussion

The aim of our study was to review recently published studies
in the last five years on reference values for CPET parameters
in healthy children and adults. In this update of the literature,
29 studies with reference values for CPET parameters were
included, in which data of 87.256 subjects (54.214 males and
33.042 females) were reported. This number is more than
three times the number of subjects included in our original
systematic review of the literature (25.826 subjects) [8]. This
increase in number shows that the sample size of the studies
is increasing over time. For an adequate interpretation of
CPET, the normal range of a variety of CPET parameters (e.g.
VOjpeaks VAT, HRpeaks VE/VCO,-slope) is essential. In many
studies, however, only the mean or median value for the
population is provided. We recommend that studies should
also report the lower and upper limit of normal. As shown in
the study of Blanchard et al. [29], the use of the 80% of
predicted as lower limit of normal should be abandoned.
Instead, a Z-score should be used with a lower and upper
limit of normal of —1.96 SD and +1.96 SD, respectively.
Moreover, authors should try to statistically model their data
instead of merely providing tabulated data. In addition,
authors are encouraged to publish multiple different CPET
parameters in one publication, such as, for example, in
Bongers et al. [47]. This will help clinicians to select the opti-
mal set of reference values for their tests. The use of reference
values from different sources to interpretation one CPET will
provide additional noise in its interpretation.

4.1. Comparison with previous review

Compared to our original review, more data from South
America are available. In the original protocol, one study in
120 adult subjects from Brazil was available. In the last five
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years, four new studies from Brazil and one from Argentina
were added to the literature, including the study by Neto et al.
[48] among 18.189 healthy subjects between 13 and 69 years
of age. These studies significantly added to the available
reference values for CPET in this geographic region.

Cycle ergometry was still more commonly employed as
CPET method compared to treadmill ergometry. The large
variety in CPET protocols, equipment, study methodology,
and parameters reported indicates the need for standardiza-
tion of CPET as a clinical outcome tool. Without a robust
standardization of the CPET methodology, data pooling and
multi-center studies are very hard to perform.

5. Conclusion

In the last five years, 29 studies with CPET reference values of
87.256 subjects were published. We found no single set of
ideal reference values, as characteristics of each population
are too diverse to pool data in a single equation for each CPET
parameter. Harmonization of CPET data is still urgently needed
to facilitate pooling of data from different sources.

6. Expert opinion

Strength of this updated review is the inclusion of many
studies from around the world with large databases.
However, harmonization for CPET data is still urgently needed.
Without harmonization, pooling of CPET data from different
sources is hardly possible. This is well illustrated by the various
parameters used for the coupling of VE and VCO,. Many
different metrics such as the ratio of the two at the VAT, at
peak, or the slope are used to describe this relationship. These
different metrics give all different values and thus cannot be
used interchangeably.

Another limitation identified in the current review is that
only a limited amount of CPET parameters are reported in the
literature. An international database like the FRIEND database
[49] with raw breath-by-breath data will help to report refer-
ence values for a large number of CPET parameters in
a standardized manner. Using novel big data analytic meth-
ods, this database enables the continuous generation of up-to
-date reference values.

The reporting of CPET reference values is still in its infancy.
For instance, we recommend that in the future researchers are
not only reporting the mean or median value of a population
or tabulated data but obtained data should be modeled and
reference ranges including upper and lower limits of normal
should be provided.

Compared to the review published in 2014, more data have
been published in the last five years compared to the 35 years
before. However, there is still a lot of progress to be made.
Quality can be further improved by performing a power ana-
lysis, a good quality assurance of equipment and methodolo-
gies, and by validating the developed reference equation in an
independent (sub)sample. Methodological quality of future
studies can be further improved by measuring and reporting
the level of physical activity, by reporting values for different
racial groups within a cohort as well as by the exclusion of
smokers in the sample studied. Normal reference ranges
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should be well defined in consensus statements. For example,
should we use the 5™ to 95 percentile or the 2.5 to 97.5"
percentile as normative range? Moreover, advanced data mod-
eling techniques should be used. Tabulated data and simple
linear regression techniques should be abandoned, since they
have quite large prediction errors. For example, Z-scores will
provide a more qualitative analysis of the performance of
a CPET parameter instead of a binary normal/abnormal.

We expect that in the near future more CPET data harmoniza-
tion initiatives are undertaken to establish robust reference values
for CPET. Researchers, end-users, and industry should collaborate
to establish a continuous development and update of adequate
reference values using an open source database technology. This
database should also include longitudinal data. Using big data
techniques such as curve matching, a prediction for the future
development of CPET outcomes in a subject can be made.
Furthermore, we expect that open source platforms for the inter-
pretation and reporting of CPET data are developed for the har-
monization of interpretation and reporting of CPET results.
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Appendix A

Search strategy

MEDLINE: (((((((((exercise test[MeSH Terms]) OR exercise test[Title/
Abstract]) OR ergometry test[Title/Abstract]) OR ergometry tests[Title/
Abstract]) OR Treadmill test[Title/Abstract]) OR Treadmill tests[Title/
Abstract]) OR bicycle test[Title/Abstract]) OR bicycle tests[Title/
Abstract])) AND ((((((((((reference values[MeSH Terms]) OR reference
values[Title/Abstract]) OR normal range[Title/Abstract]) OR normal
ranges[Title/Abstract]) OR norms[Title/Abstract]) OR normative value
[Title/Abstract]) OR normal value[Title/Abstract]) OR normal values
[Title/Abstract]) OR reference ranges[Title/Abstract]) OR reference
range[Title/Abstract]).

Embase: (‘exercise test:ab,ti OR ‘ergometryab,ti OR ‘exercise testsab,ti
OR ‘cardiopulmonary exercise test:ab,ti OR ‘cardiopulmonary exercise
tests"ab,ti OR ‘cardiopulmonary exercise testingab,ti OR ‘cycle ergome-
try"ab,ti OR ‘incremental exerciseab,ti AND ('values, referenceab,ti OR
‘normal range”:ab,ti OR ‘normal ranges’ab,ti OR ‘reference valuesab,ti OR
‘reference ranges”ab,ti OR ‘reference range”ab,ti OR ‘normal responses’ab,
ti).

PEDro: ‘cardiopulmonary exercise test’ AND ‘reference values'.

Appendix B

Modified methodological quality list according to the ATS/ACCP
guidelines

Population characteristics:

(1) Subjects are community based. (The subjects studied preferably be
community bases rather than hospital based).

Level of physical activity is reported.

Exclusion of different racial groups.

Exclusion of smokers in the sample studied.

No lack of definition of de confidence limits for individual or specified
characteristics. (Include age, sex, and anthropomorphic considerations).

Sample size:

(6) The number of subjects tested is sufficiently equal or larger than the
appropriately powered sample size, with a uniform distribution of
subjects for sex and groups.

(Specific attention is given to include women and older individuals, given

the changing demographics and paucity of reliable population-based
CPET data for these groups).

Randomization:

(7) Randomization was applied.
(The study design includes a randomization process to avoid the potential
bias seen when more physically active subjects volunteer for the study).

Design:
(8) A prospective study design
Quality assurance of equipment and methodologies:

(9) Quality control was applied.
(Quality was achieved using recommendations contained in the ATS/
ACCP guidelines and the CPET protocols in accordance with recommen-
dations specified in the ATS/ACCP guidelines).
(10) Exercise testing protocol and procedures are described.
(11) Results are obtained by either breath-by-breath analysis or mixing cham-
ber treated in accordance with recommendation contained in the ATS/
ACCP guidelines.

Treatment of data:

(12) CPET result in interval averaged, preferably every 30-60 s (to
avoid the noise of shorter interval), and the peak value reported
represents the mean of the last-completed stage or of all the
data collected during the final stage, but preferably for no less
than 30 s.

Validation:

(13) Reference equations are validated in population other than those used
to generate the existing data.

Statistical treatment of data:

(14)The function that most accurately describes the distribution of the
data are used. For example, curvilinear (power) functions may more
accurately describe the distribution of the data. Furthermore, the
precision of the individual and population predicted values are
reported.
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