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Reference values (RV) for cardiopulmonary exercise testing (CPET) provide the comparative
basis for answering important questions concerning the normality of exercise response in
patients and significantly impacts the clinical decision-making process. The aim of this study is
to systematically review the literature on RV for CPET in healthy adults. A secondary aim is to
make appropriate recommendations for the practical use of RV for CPET. Systematic searches
of MEDLINE, EMBASE and PEDro databases up to March 2014 were performed. In the last
30 years, 35 studies with CPET RV were published. There is no single set of ideal RV;
characteristics of each population are too diverse to pool the data in a single equation.
Therefore, each exercise laboratory must select appropriate sets of RV that best reflect the

characteristics of the population/patient tested, and equipment and methodology utilized.

Keyworbs: cardiopulmonary exercise testing e exercise physiology e healthy adults ¢ maximal oxygen consumption
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Physical activity (PA) is a key component of
healthy lifestyle and disease prevention. Health
professionals should stimulate PA and pre-
scribe exercise for health-related fitness in their
patients [1]. Before an exercise regimen is pre-
scribed, it is important to assess the exercise
capacity of a patient. Many different exercise
tests are available for this purpose [2; the gold
standard for exercise testing remains cardiopul-
monary exercise testing (CPET) using respira-
tory gas exchange analysis during incremental
exercise [3].

This form of testing provides a global
assessment  of the integrative exercise
response involving the pulmonary, cardiovas-
cular, hematopoietic, neuropsychological and
skeletal muscle systems, which are not ade-
quately reflected through the measurement of
individual organ system function [4]. This rel-
ative noninvasive, dynamic physiologic over-

of both

submaximal and peak exercise response, pro-

view permits the evaluation
viding the physician relevant information for
clinical decision making [4]. Examples of use-
fulness of CPET for important clinical

decisions are evaluating by lung, heart-lung
transplantation patients, preoperative evalua-
tion, exercise intolerance, or patient with car-
diovascular diseases [s].

Normal reference values (RV) provide the
comparative basis for answering important
questions concerning the normality of exercise
responses in patients, and can significantly
impact the clinical decision-making process [s].
As recommended by the American Thoracic
Society/American College of Chest Physicians
(ATS/ACCP) guideline, each exercise laboratory
must select an appropriate set of RV that
best reflects the characteristics of the population
tested, and the equipment and methodology
utilized [4. Several papers reporting RV
for CPET are available, obtained in different
populations.

From a historical perspective, a review of
available literature for maximal oxygen uptake
(VOyma) 0on population samples was done by
Shephardin in 1966 (6. Shvartz et al. published
in 1990 a meta-analysis of the most important
CPET parameters VO, minute ventilation
(VE), and maximal heart rate (HRcyi0) [7]. These
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Figure 1. Flow scheme of included studies (Prisma 2009 flow diagram).

two reviews were not systematic and were based on older litera-
ture with predominantly small sample sizes.

However, despite increasing use of RV in exercise testing
and increasing importance, there is no systematic review of the
RV for CPET. A systematic review might aid a clinician in
choosing the set of reference value that best reflect the charac-
teristics of the patient tested.

Therefore, the aim of this study is to systematically review
the literature on RV for CPET in healthy adults. Furthermore,
we aim to give appropriate recommendations for the practical

use of RV for CPET.

Methods
This systematic review of existing literature followed the guide-

lines of the PRISMA statement [8].

Data sources & searches

A search strategy was created by the first author (DP) with the sup-
port of a medical librarian and critically reviewed and approved by
an experienced exercise physiologist (TT). After approval, pub-
lished articles in the following databases were searched: MED-
LINE, from 1950; PEDro from 1980; and EMBASE, from
1980 to March 2014. We used the systematic search strategy as
described in Appendix A. The search strategy did not have any lim-
itations on ethnicity. Relevant reference lists were hand-searched.

Selection of studies

é Records identified through Additional records identified Combining Fhe results  of  electronic
3 database searching through other sources searches, duplicates were removed by the
£ (n = 2435) (n=8) first author (DP). All unique records
3 were screened by two individual reviewers
- (DP and TT) for potential relevance
- Records after duplicates removed using the title, abstract or descriptors, or
(n =2313) both. The first author (DP) assessed the
o remaining articles for compliance with
< the eligibility criteria, based on full text.
S Reasons for possible exclusion based on

n Records screened Records excluded full text were noted

(n=2313) (n =2251) ’

. Eligibility criteria
- Studies with the objective to evaluate
Full-text articles Full-text articles excluded, with Wi Jectiv Y
= assessed for eligibility reasons (n = 27) RV of maximal CPET were included.
g (n=62) —n = 8: no full-text available Furthermore, inclusion criteria were:
i0 —n = 5; language exclusion healthy adults from age 18-80 years,
— . —n = 5: before 1985 exclusion studies with CPET using cycle ergome-
- qsutglidtzisvggyrc\itiisl?s —n = 10; no reference VO, ter or treadmill,' cross—sectional. studies
— (n = 35) values or cohort studies and studies that
=N =2; no max measurement reported the outcomes of VOj,,, or
3 or short term max maximal ~ workload =~ (WR,c).  We
S . - —n = 1; only trained luded di ich . ith
= Studlles.lncluded in population excluded studies with participants wit

£ quantitative synthesis a mean age younger than 18 (or 70 and
(met(ar;a_ngl)ySIS) older) years, studies before 1985, studies
— _ that were not published in English,

studies without the availability of full
text and intervention studies.

Data extraction

The first reviewer (DP) extracted data using a standard extrac-
tion form. Data extracted from the included articles are shown
in Tase 1. If data were missing or further information was
required, serious attempts were made to contact the first two
authors to request information.

Methodological quality

The methodological quality of the selected studies was
assessed using a quality list based on the ATS/ACCP guide-
lines (SUPPLEMENTARY ArrenDIX B [supplementary material can be
found online at www.informahealthcare.com/suppl/10.1586/
14779072.2014.985657]) [4]. This list is a combination of the
study requirements for an optimal set of normal RV as described
in the ATS/ACCP guidelines 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 ‘yes’. A study was
considered to be high quality when it scored 210 points (=75%
of maximum score of 14), moderated quality when it scored
7-9 points and low quality when it scored < 6 points.

Two persons performed independently a quality assessment of
each study. Disagreements about the eligibility of a study or dif-
ferences between the two sets of information extracted were
resolved by consensus or by referring to a third person when dis-
agreement persisted. There was no blinding on authors or journal.
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Table 2. Methodological quality.

Neder et al. (2001)
Arstila et al. (1990)
Aspenes et al. (2011)
Blackie et al. (1989)
Blackie et al. (1991)
Bromley et al. (2006)
Brudin et al. (2013)
Davis et al. (1997)
Davis et al. (2002)
Dubowy et al. (2008)
Edvardsen et al. (2013)
Fairbarn et al. (1994)
Farazdaghi et al. (2001)
Habedank et al. (1998)
Hakola et al. (2011)
Herdy et al. (2011)
Hollenberg et al. (1998)
Inbar et al. (1994)

[toh et al. (2013)

John et al. (2011)
Jones et al. (1985)
Jones et al. (1989)
Koch et al. (2009)
Magrani et al. (2010)
Meyer et al. (1994)
Nelson et al. (2010)
Nordenfelt et al. (1985)
Ong et al. (2002)
Singh et al. (1989)
Storer et al. (1990)
Sun et al. (2012)
Tammelin et al. (2004)
Vogel et al. (1986)
Wisen et al. (2004)
Wohlfart et al. (2003)

o O o

=

o O O o o o

O O O O O O O o o o o o o o o

- @l |l e | @

©lvol o|le|e |

@ | @

@ ||| @

Ololo|lo|le|le | @

O O O O O O O O O O O O O O O o o o o o o o o o o o

=

o O o o o

=l lo|leolvo|le|le|lele|e | =

- O O o o - o o o

- O O

© || e |

O O O O O O O O O O O O O O O O o O O o o o o o o o o o o o o o o o o

o O

o O

1 1 9 [9]
0 1 7 (10]
0 0 8 (11]
1 1 8 (39]
0 1 7 [12]
0 0 6 [13]
0 1 3 [14]
1 1 10 [15]
0 1 7 (16]
0 0 6 (17]
0 1 10 (18]
1 1 8 [41]
0 1 6 [19]
0 0 4 (20]
0 1 8 [21]
0 0 5 (22]
0 1 6 [23]
0 1 8 [24]
0 1 11 [25]
0 1 6 [26]
0 1 7 [27]
1 1 6 (28]
0 1 8 [43]
1 1 8 [29]
0 0 3 (30]
1 1 5 (38]
0 0 5 (31]
1 0 8 [42]
0 0 4 [32]
1 1 10 [40]
1 1 5 (33]
1 1 6 (34]
0 1 9 (37]
1 1 9 [35]
0 1 7 (36]
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Table 3. Reference values for cardiopulmonary exercise testing.

Blackie et al. (1989)

Blackie et al. (1989)

Koch et al. (2009)%

Inbar et al. (1994)

Edvardsen et al.
(2013)

Edvardsen et al.
(2013)

Fairbarn et al. (1994)

Fairbarn et al. (1994)

Jones et al. (1985)

Jones et al. (1985)

Nelson et al. (2010)

Magrani et al. (2010)

Ong et al. (2002)

Singh et al. (1989)

Storer et al. (1990)

Storer et al. (1990)

Edvardsen et al.
(2013)

Edvardsen et al.
(2013)

Habedank et al.
(1998)

Habedank et al.
(1998)

Sex, male, 0; female, 1; age,
week; BMI: Body mass index; R

VO, max I'min,
male

VO, max I'min,
female

VO, max ml-min”",

both

VO, max ml-min”",

male

VO, max I'min’,
male

VOy max I'min,
female

VOy max I'min,
male

VO5 max I'min,
female

VO max I'min’,
male

VO35 max I'min”,
female

VO35 max I'min,
male

VO max I'min,
male

VO3 max MI-min™,

both

VO5 max I'min’,
male

VO, max ml-min",

male

VO, max ml-min”",

female

VOZ max

ml-min"-kg’, male

VOZ max
ml-min"-kg™’,
female

VOZ max

ml-min""-kg’, male

VOZ max
ml-min"-kg™’,
female

3.015 + 0.0142 (height) — 0.0494 (age) + 0.00257 (weight)
0.651 + 0.0142 (height) — 0.0115 (age) + 0.00974 (weight)
6107.67 — 502.67 (age) — 8.3333 (age?) — 1124.33 (sex) +
177.6667 (age-sex)

3499.5 — 25.55 (age)

4.97 — 0.033 (age)

3.31 - 0.022 (age)

-0.332 - 0.031 (age) + 0.023 (height) + 0.0117 (weight)
0.207 — 0.027 (age) + 0.0158 (height) + 0.00899 (weight)
-3.76 + 0.034 (height) — 0.028 (age) + 0.022 (weight)
-2.26 + 0.025 (height) — 0.018 (age) + 0.010 (weight)

4.83 — 0.032-(age)

0.518 + (0.01016 WRa) + (0.01482. BMI) — (0.0292 age)
7.6929 — 0.0060 (age) — 0.3522 (sex) + 0.0009 (height) +
0.0052 (weight)

1.99+ 0.035 (weight) — 0.04 (age)

519,3 + 10.51 (WRmax + 6.35 (weight) - 10.49 (age)

136,7 + 9.39 (WRmay) + 7.7 (weight) - 5.88 (age)

60.9 — 0.43 (age)

48.2 - 0.32 (age)

51.5 - 0.36 (age)

44.6 — 0.34 (age)

0.40

0.27

0.46

0.65

0.64

0.70

0.43

0.80

0.66

0.16

0.71

0.66

0.55

0.94

0.93

0.61

0.61

0.59

0.67

0.34

0.31

a477.7

0.483

0.388

0.40

212

147

(39]

(39]

(43]

[24]

(18]

(18]

(41]

(41]

(27]

(27]

(38]

(29]

(42]

(32]

40]

(40]

(18]

(18]

(20]

(20]

\Q/ears; height (ht), centimeters; Weight (kg); HR: Heart rate after step test, beat.min™'; PA: Frequency of brisk physical activity, times per
: Coefficient of determination; SEE: Standard error of the estimate
*Farazdaghi: Height (m); SKoch: body mass index (BMI) was code as 0 for BMI <25 kg.m™ and 1 for BMI >25 kgm™. There were five age groups: 25-34, 35-44, 45—
54,55-64 and 264 yrs of age. The content of each column was multiplied with the code characteristics.
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Table 3. Reference values for cardiopulmonary exercise testing (cont.).

Hollenberg et al.
(1998)

Hollenberg et al.
(1998)

Itoh et al. (2013)
(cycle data)

Itoh et al. (2013)
(treadmill data)
John et al. (2011)

John et al. (2011)

Koch et al. (2009)%

Nelson et al. (2010)
Singh et al. (1989)
Tammelin et al.

(2004)

Tammelin et al.
(2004)

Arstila et al. (1990)
Arstila et al. (1990)
Blackie et al. (1989)
Blackie et al. (1989)
Brudin et al. (2013)
Brudin et al. (2013)
Farazdaghi et al.

(2001)**

[toh et al. (2013)
(cycle data)

Sex, male, 0; female, 1; age,
week; BMI: Body mass index; R

VOZ max
ml-min""kg™', male

VOZ max
ml-min"-kg’,
female

VOZ max
ml-min”"-kg’, both

VOZ max
ml-min""kg™', both

VOZ max
ml-min""kg™', male

VOZ max
ml-min"-kg”,
female

VOZ max
ml-min”"-kg’, both

VOZ max
ml-min""-kg™!, male

VOZ max
ml-min""-kg!, male

VOZmax
ml-min""-kg!, male

VOZmax
ml-min"-kg™’,
female

Work rate, W min™
(Wimaxe), male

Work rate, W-min™
(Wmaxe), female

Work rate, Wmax),
kpm/min male

Work rate, Wmax),
kpm/min female

Work rate,
kpm-min', male
Work rate,
kpm-min™', female

Work rate,
kpm-min™', female

Work rate,
kpm-min™', both

54.19 — 34 (age) + 14.54 (height) — 0.17 (height - age)

58.68 — 43 (age) + 0.97 (height)

42.05 - 0.268 (age) — 7.22 (sex) — 0.0811 (sex age)

61.07 = 0.510 (age) — 20.4 (sex) — 0.301 (sex age)

-531.795 + (13.26. age) + (10.542. height) + (15.503. weight)

-1144.126 + (-7.911. age) + (10.542. height) + (12.436.
weight)

61.3721 — 1.9479 (age) — 0.3053 (age?) — 9.1229 (sex) +
3.8892 (BMI) — 1.9492 (age. BMI) — 6.7455 (sex. BMI) +
0.0716 (age. sex) + 1.6900 (age. sex. BMI)

54.3 - 0.361:(age)

67.7 — 0.77 (age)

76.02 = 0.11 (HR) — 0.79 (BMI) — 1.35 (PA)

61.07 — 0.11 (HR) — 0.56 (BMI)- 1.34 (PA)

-164.7 + 2.222 (height) — 0.2422 (weight) — 1.435 (age)
123.5 - 0.1288 (height) — 0.8984 (weight) — 1.070 (age)
1.704 + 6.1 (height) — 26.1 (age) + 0.04 (weight)

52 + 7.4 (height) — 13 (age) + 3.78 (weight)

(-0.96 [In (age)]* + 6.34 In (age) — 7.73) (1.04 height — 85)
(-0.50 [In (age)]* + 3.17 In (age) — 3.25) (1.02 height — 68)
(137. 7 height — 23. 1)/(1+ exp (0.064. (age — 75.9)))

3.55 — 0.0200 (age) — 0.281 (sex (female)) + 0.00327
(sex age) — 0.465 (protocol (10W/min) ?

0.31

0.29

0.51

0.66

0.13

0.55

0.49

0.43

0.50

0.96

0.96

0.66

4.49

4.42

167

110

[32]

[34]

(10]

(10]

(39]

(14]

(14]

(19]

[25]

years; height (ht), centimeters; Weight (kg); HR: Heart rate after step test, beat.min™'; PA: Frequency of brisk physical activity, times per
: Coefficient of determination; SEE: Standard error of the estimate
*Farazdaghi: Height (m); ®Koch: body mass index (BMI) was code as 0 for BMI <25 kg.m™ and 1 for BMI >25 kgm™. There were five age groups: 25-34, 35-44, 45—
54,55-64 and >64 yrs of age. The content of each column was multiplied with the code characteristics.
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Table 3. Reference values for cardiopulmonary exercise testing (cont.).

Joh et al. (2011) Work rate, 5.05 + (-1.998 age) + (1.056 height) + (1.344 weight) 0.32 ? [26]
kpm-min™', male

John et al. (2011 Work rate, -581.974 + (-1.962 age) + (4.778 height) + (0.492 weight) 0.30 ? [26]
kpm:min™', female

Jones et al. (1985) Work rate, -2759 + 25.3 (height) — 9.06 (age) 0.72 245 [27]
kpm-min™', male

Jones et al. (1985) Work rate, -756 + 9.5 (height) — 9.21 (age) + 6.1 (weight) 0.67 177 [27]
kpm:min™', female

Jones et al. (1989) Work rate, 1506. height®7%-age™®4® 0.78 ? [28]
kpm-min”", male

Jones et al. (1989) Work rate, 969. height?#-age™* 0.77 ? 28]
kpm-min™', female

Ong et al. (2002) Work rate, 4.1394 — 0.0103 (age) — 0.3131 (sex) + 0.0076 (height) + 0.75 ? [42]

kpm-min”", both 0.0058 (weight)

For personal use only.
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Edvardsen et al. HR, beats min™", 220 - 0.88 (age) 0.7 ? [18]

(2013) male

Edvardsen et al. HR, beats min™", 208 — 0.66 (age) 0.7 ? [18]

(2013) female

Farazdaghi et al. HR, beats min™, 190.2/ (1+exp (0.0453. (age-107.5))) ? ? [19]

(2001)* female

Hollenberg et al. HR, beats min™", 220.62 — 1.10 (age) + 4.93 (height) 0.23 ? [23]

(1998) male

Hollenberg et al. HR, beats min™", 207.28 — 0.94 (age) + 4.53 (height) 0.17 ? [23]

(1998) female

Inbar et al. (1994) HR, beats min™", 205.0 - 0.605 (age) 0.60 6.4 [24]
male

[toh et al. (2013) HR, beats min™", 191.7 — 0.743 (age) — 3.88 (sex) + 0.0669 (sex - age) ? ? [25]

(cycle data) both

[toh et al. (2013) HR, beats min™", 202.8 - 0.763 (age) — 11.10 (sex) + 0.209 (sex - age) ? ? [25]

(treadmill data) both

John et al. (2011) HR, beats min™", 194.473 - 0.865 (age) 0.12 ? [26]
male and female

Jones et al. (1985) HR, beats min™", 206 — 0.8 (age) 0.72 11.6 [27]
male

Jones et al. (1985) HR, beats min™", 198 — 0.63 (age) 0.73 8.9 [27]
female

Nelson et al. (2010) HR, beats min™", 220.0 — 0.970 (age) 0.264 ? [38]
male

Ong et al. (2002) HR, beats min™", 5.2183 — 4.7100 10 (age) — 0.0108 (sex) 0.5012 2 [42]
both

Sex, male, 0; female, 1; age, years; height (ht), centimeters; Weight (kg); HR: Heart rate after step test, beat.min™"; PA: Frequency of brisk physical activity, times per
week; BMI: Body mass index; R?: Coefficient of determination; SEE: Standard error of the estimate

*Farazdaghi: Height (m); ®Koch: body mass index (BMI) was code as 0 for BMI <25 kg.m™ and 1 for BMI >25 kgm™. There were five age groups: 25-34, 35-44, 45—
54,55-64 and =64 yrs of age. The content of each column was multiplied with the code characteristics.
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Table 4. The maximal oxygen uptake (VO max L‘min’") of different studies.

Neder et al. 2.621 2.621 2.085 2.085 1.585 1.585 1.679 1679 1319 1319 1.052 1.052 [9]
(2001)

Aspenes etal. 4.3 4.22 4.01 3.62 3.23 2.71 2.77 2.74 2.63 2.35 2.15 1.79 [11]
(2011)

Davis et al. 3.25 3.01 2.68 2.5 1.97 1.94 1.76 1.62 1.39 1.28 [15]
(1997)

Edvardsen 3.91 3.84 3.56 3.14 2.74 2.45 2.66 2.54 2.33 2.14 1.94 1.54 [18]
et al. (2013)

Fairbarn et al. 3.58 3.42 3.33 3.03 2.44 1.88 2.67 2.58 2.20 1.77 1.58 1.35 [41]
(1994)

Inbar et al. 2.88 2.38 1.86 [24]
(1994)

Meyer et al. 3.393 3.061 2.817 2.589 [30]
(1994)

Nelson et al. 3.6 3.4 3.1 2.8 [38]
(2010)

Singh et al. 3 2.6 2.2 1.7 [32]
(1989)

Results 7-9 and 15 studies received a score of <6. Frequently observed
Selected studies weaknesses were a lack of power analysis, quality assurance of

We identified 2313 potential studies. After initial screening,
62 were regarded potendally eligible. After reading the full text,
35 studies were found eligible for inclusion [9-43). A flowchart
displaying exact details of the selection process, including the
reasons of exclusion, is presented in Ficure 1.

Study characteristics

Tasee 1 shows overall study characteristics and reported adherence
to ATS/ACCP guideline [4]. The 35 studies assessed 25,826 adults
in total. A total of 15,550 participants were male and
10,276 female. The age of included subjects were between
20 and 70 years. The recruitment period ranged from 1985 to
2013. CPET was performed in 23 studies using a cycle ergome-
ter, 13 studies using a treadmill and 1 study used both. There
was a wide variety in CPET protocols, 10 studies used 15 or
16 W/min incremental protocol. Other studies used different
incremental protocols or a modified version from an existing pro-
tocol. The studies were performed in 14 different countries, most
represented countries were the US (n = 6), Sweden (n = 5), and
Canada (n = 5). Sample size ranged from 25 to 4631.

Methodological quality assessment

The quality of the included studies varied, and none of the
studies fulfilled all 14 quality criteria. A ‘quality score’ between
10 and 14 was seen in 4 studies, 16 studies received a score of

equipment and methodologies and reference equation
validation. Taste 2 provides a detailed overview of the quality of

the reviewed studies.

Meta-analysis
Each of the included

shortcomings and limitations that are noted in Tasie 2. Meta-

studies has various numbers of
analysis of the data is not meaningful, because of heterogene-
ity of methods and subjects (including sampling bias, uneven

quality of primary data and inadequate statistical treatment

of the data).

Results of individual studies

Tase 3 shows the RV for VO,,00 WRea and HR,. Studies
differed in reporting their RV. Studies that did report the RV
using regression equations are included in Tasiz 3. Another
method to report RV was by presenting mean values in a table.
An overview of different VO, values is presented in Taste 4,
WRpeak is presented in Tamr 5, and HR,. is presented
in Tase 6. The mean values in Tasies 4 to Tasee 6 are separately
reported for male and female in six different age groups.

vo2max
Three different outcomes of VO, were found, VO,
ml-min’; VOsmax, I-min"; and VO,,,,, ml-min™ kg'l. Four
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Table 5. The maximal workload (WRe.k, Watts) of different studies.

Arstila et al. 223 203 195 161 144 134 128 112 [10]
(1990)

Brudin et al. 27395 26835 2564 229.8 201.8 162.1 1755 1686 160.65 1445 1274 1042 [14]
(2013)

Fairbarn et al. 255 241 232 208 175 141 188 177 151 132 109 85 [41]
(1994)

Farazdaghi 200 190 181 168 137 100 [19]
et al. (2001)

Meyer et al. 225 222 215 188 [30]
(1994)

Nordenfelt 223 211 199 172 139 106 135 133 131 120 101 82 31]
et al. (1985)

Singh et al. 195.3 185.5 158.6 1292 [32]
(1989)

Wohlfart 303 288 240 257 192 186 [36]

et al. (2003)

studies used VO, ml-min”' as outcome for the CPET
equations, two equations for a male [2440], one for female [40]
and two for both genders [4243]. There were seven studies
that used VO, I-min’', seven different equations for male
and two females [1827,29,323839.41,44]. The equations coefficient
of determination (R?) ranged between 0.16 and 0.80. Stan-
dard error of the estimate (SEE) varied from 0.31 to 0.483.
Total of nine studies presented their VO,,,,, RV outcome in
VOsmax ml-min"-kg’l [18,20,23,2526,32,34,38,43). Seven studies
reported an equation for male, five female and three both. R*
ranged between the lowest score of 0.13 to highest score of
0.67. Only one study reported the SEE; this was 4.49 for
males and 4.42 for females [34]. VO, values in Tase 4 were
consistently higher in male than in female across age groups.
VOs,max decreased with age. Younger subjects possessed a
higher VO,,,.¢ than older subjects, and males higher than
females.

Workload

Nine studies reported equations for WRpea [1014,19.25-2839.42].
These studies reported six different equations for male, seven for
female and two for both genders. R” ranged between the lowest
score 0.30 to the highest score 0.96. Two studies reported the
SEE ranging between 110 and 245 [2739). Males systematically
scored higher than female in mean WR,, and younger subjects
scored higher WR,c.i values than older subjects (Tasi 5).

Heart rate
Nine studies provided equations for HR,,, [18.1923-27.3842]. These
studies reported five different equations for male, four for female

and four for both genders. The HR,,,, equations R? ranged
between 0.12 and 0.73. Two studies reported the SEE ranging
between 6.4 and 11.6 [2427). HR,,,, decreased with age (Tate 6).
Younger subjects possessed a higher HR,,,., than older subjects.
There were some small differences between males and females.

Discussion

The aim of our study was to review the existing RV for CPET
in healthy adults. We found 35 articles with RV for CPET. In
the studies included, the Caucasians population was by far
most frequently studied. CPET was assessed in 14 different
countries. Despite all recent research on RV, the applicable
populations are small. The appropriate knowledge of normal
range in VOzma WRpeas HRpax and other CPET variables
during the CPET is necessary to interpret the results of a
CPET. Females were relatively understudied compared to
males. As many as 34% fewer female subjects were measured
in the included studies.

Cycle ergometry was the most commonly employed CPET
method. Furthermore, there was a wide variety in CPET proto-
cols, equipment, study population, methodology and measure-
ments reported.

A total of 16 studies reported VO, equations (Tasee 3). There
are similarities and dissimilarities in the equations. However,
they are difficult to compare, because studies have differences in
equations terms, protocols, sample size and VO, might be
determined differently. From the studies included, VO,,,., was
dependent on age, sex and anthropometric properties and could
be affected by training status. The studies used different methods
to normalize VO, by index of body size. However, there was
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Table 6. The maximal heart rate (HR,,., beats-min™") of different studies.

Arstila et al. 177 166 160 149 167 165 159 144 [10]
(1990)

Brudin et al. 184.75 180.95 17295 1645 156 145.1 182.1 173.7 169.95 163.45 154.65 143.58 [14]
(2013)

Edvardsen 193.7 189.4 162.3 170.2 163 151.7 1895 184.7 179.6 172.8 165.9 156.8 (18]
et al. (2013)

Fairbarn 185 181 176 170 152 153 186 180 173 163 156 142 [19]
et al. (1994)

Farazdaghi 186 184 179 174 167 155

et al. (2001)

Hollenberg 161 155.5 1445 159 154 145.5 [23]
et al. (1998)

Inbar et al. 185 172 161 [24]
(1994)

Meyer et al. 177 176 168 157 [30]
(1994)

Nelson et al. 182.9 176.2 1689 158.7 [38]
(2010)

Nordenfelt 177 178 174 159 142 145 176 177 168 163 153 131 [31]
et al. (1985)

Singh et al. 182.6 180.2 177.6 178 [32]
(1989)

Wolhfart 191 182 181 170 154 151 [36]

et al. (2003)

no uniform consensus in the literature on the best method for
adjusting these indices. The most used normalization in the
selected studies was bodyweight in kilograms. However, it may
not be the appropriate method of reference for comparing or
‘normalizing’ the metabolic rate across subjects of different size,
for instance, in underweight and overweight/obese subjects [4s].
More studies are needed to gain consensus on this topic.
Meta-analysis of the data was not meaningful, because of
heterogeneity of methods and subjects. Previous research pool-
ing the large number of reports on predicted values for VO,,0,
demonstrated the limitations of such an approach [46]. More-
over, when in further research more homogeneity in methods
and subjects is performed, meta-analysis is a valuable option.

Strengths & limitations

The quality of the included studies varied and none of the
studies fulfilled all the 14 quality criteria. Most of the studies
had a poor or moderate ‘quality score’. Frequently observed
weaknesses were a lack of power analysis, quality assurance of
equipment and methodologies and reference equation valida-
tion. Almost all studies lack of reporting a sample size calcula-
tion and quality assurance, maybe these criteria are too strict.

However in our opinion this was of vital importance for the
quality of the studies. Furthermore, these criteria points are
consistent with the ATS/ACCP guidelines [4].

It is notable that most of the studies did have a poor
description of the study population. For example, the study of
Neder et al. (2001) did not report which study population they
measured; based on the study description, the population could
be Brazilian or British [9]. Only four studies have an exclusion
of different racial groups. Ideally, studies should report sepa-
rately on different ethnic groups.

The findings of this review are difficult to compare with the
past two reviews done in 1966 and 1990 on this subject [67],
because studies before 1985 were excluded in this study. RV
obtained before 1985 might not be applicable to contemporary
subjects because of population differences (e.g., physical (in)
activity levels, body composition) and the changes in methodol-
ogy of the CPET (e.g., equipment, protocols).

The differences in reported RV emphasize the fact that
each country or region should have its own RV and that RV
may change over time and should be regularly updated. This
is in accordance with the recommendations of the ATS/
ACCP guidelines, each exercise laboratory must select an
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appropriate set of RV that best reflects the characteristics of
the population tested, and equipment and methodology uti-
lized [4]. It is also recommended that tests should include
10 healthy males and 10 healthy females of similar age,
anthropometric characteristics, level of PA and be relative to
the studied patient and that the results should be compared
empirically with different sets of RV. The RV set that better
characterizes the sample of healthy volunteers tested as nor-
mal should be selected. This review might help the clinician
with reference values they should chose. For this purpose, we
devised a flow chart (Fiure 2) to facilitate this process. Fur-
thermore, the identified sets with RV can be used by CPET
equipment manufacturers to program these data into
their software.

Recommendation for future research
A small variety of population norms is a clear lack. Caucasian,
Japanese and Scandinavian populations were most frequently
included, whereby the Caucasian white men were by far the
most measured. Data from other populations from Asia, Mid-
dle-East, Africa and South America are needed. Furthermore,
RV may change over time and should be regularly updated/vali-
dated. Therefore, standardization of normal RV processes/
practice for CPET is necessary to facilitate interpretation and
optimize clinical application [4748]. RV beyond a healthy popula-
tion, such as disease/disability specific RV for CPET, are of
interest for clinical populations. The development of RV for dif-
ferent clinical populations could be used for better understand-
ing of effect of intervention or better understanding of dosage.
Furthermore, additional studies reporting on other (sub)max-
imal CPET parameters, such as ventilatory anaerobic threshold,
VE/VCO, slope and oxygen uptake efficiency slope, are

warranted.

Conclusion

Thirty-five studies of RV for CPET in healthy adults were
identified that were published in the last three decades. In the
most studies, there are significant differences in the population
characteristics, sample size, equipment, methodology and meas-
urements reported. It was concluded that none of these studies
provided an optimal set of CPET RV. Therefore, each exercise
laboratory must select appropriate set of RV that best reflects
the characteristics of the population tested, equipment, and
methodology utilized.

Expert commentary

RV for CPET parameters are important for its interpretation
but are still a challenging area. Consensus on data harmoniza-
tion regarding reporting and determination of CPET parame-
ters is required as well as consensus on the methodology to
generate RV. In addition, more emphasis must be placed on
quality control of CPET data using biological calibration or a
metabolic simulator. More emphasis should be placed on the
reporting of specific software and hardware settings of the
equipment used as well.

Selection of CPET reference values

Representative country/geographical region

Data within age range and same sex

Comparable ergometer used ‘

—{ Comparable protocol used |

—{ CPET parameters of interest reported J

—[ Same methodology and time averaging used ‘

In case of multiple options, chose study with highest
‘Methodological quality’

Figure 2. Flow chart for the selection of cardiopulmonary
exercise testing reference values.

The current ‘reference against the normal range’ approach in
CPET interpretation does not provide a ranking of an individ-
ual patient relative to age, sex, and disease/disability-matched
peers. The development of disease/disability specific RV for
CPET, as has been done for patients with congenital heart dis-
ease, will help to overcome this limitation [49].

Researchers with unidentified datasets of healthy subjects are
encouraged to submit their manuscripts and datasets to the
authors to facilitate a future update of the current review.

Five-year view
Within 5 years, consensus has been reached over the standardi-
zation of normal RV processes as well as the practice for analysis
of CPET data. Consensus has been reached over, for instance,
time averaging, definition of variables measured, protocols used
as well as the reporting of CPET data in scientific publications.
Furthermore, manufacturer-independent open source soft-
ware such as XINT [s0] is increasingly used to standardize the
analysis and interpretation of CPET data. Currently identified
RV are implemented by manufacturers of CPET systems in
their software packages.
Disease/disability specific RV for CPET are being developed

and published for many different conditions.

Financial & competing interests disclosure
The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert tes-
timony, grants or patents received or pending, or royalties.

No writing assistance was utilized in the production of this manuscript.

informahealthcare.com

1451

RIGHTS LI N Kdx


http://informahealthcare.com

Expert Review of Cardiovascular Therapy Downloaded from informahealthcare.com by 62.234.21.135 on 11/22/14
For personal use only.

Paap & Takken

Key issues

There is no single set of ideal reference values (RV); the population characteristics of each population are too diverse to pool the data in
a single equation.

Each exercise laboratory must select appropriate set of RV that best reflect the characteristics of the population/patient tested, and
equipment and methodology utilized.

Normal RV provide the comparative basis for answering important questions concerning the normality of exercise responses in patients
and can significantly impact the clinical decision-making process.

Maximal oxygen uptake is dependent on age, sex and anthropometric properties, and can be affected by training status.

Peak workload decreased with age, and males systematically scored higher than females.

Peak heart rate decreased with age, with some small differences between males and females.

There is a small variety in population in which norms are established; Caucasian, Japanese and Scandinavian populations were most
frequently studies, whereby Caucasian white men were by far the most measured. Data from other populations from Asia, Middle-East,
Africa and South America are needed.

RV may change over time and should be regularly updated/validated.

Standardization of the methodology to generate RV, reporting of cardiopulmonary exercise testing parameters, reporting on specific
software and hardware settings of the equipment and data harmonization are necessary to facilitate interpretation and optimize clinical
application of cardiopulmonary exercise testing.
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