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Abstract

Purpose Accurate interpretation of cardiorespiratory fitness (CRF) requires reference values that account for sex, age, and
body composition. Existing reference values often lack these distinctions or exclude older adults. This study aimed to establish
sex- and age-specific reference values for absolute and relative (body mass-corrected and lean body mass-corrected) CRF
parameters derived from cardiopulmonary exercise testing (CPET) in Dutch community-dwelling 55- to 75-year-old adults.
Methods Cross-sectional data from 611 participants of the AMCOHF study were analyzed. CRF was assessed via cycle
ergometer CPET evaluating oxygen uptake (VO,,,,,) and work rate (WR ,.,,) at peak exercise, oxygen uptake at the ventila-
tory anaerobic threshold (VO,y,r), and oxygen uptake efficiency slope (OUES). Body mass and lean body mass were meas-
ured using dual-energy X-ray absorptiometry. Reference values stratified by sex and age were developed using generalized
additive models. Prediction equations were generated using multiple linear regression. Correlations with VO, assessed
the usefulness of VO,y,r and OUES as submaximal and effort-independent alternatives for CRF.

Results All CRF variables declined with age. VO,,.,, (L/min) declined quasi-linearly (females: 1.3%/year; males: 2.5%/year).
Significant sex differences were observed between all CRF variables (absolute and body mass-corrected values: p <0.001;
lean body mass-corrected values: p <0.05). Significant correlations were found between VO, and WR ., (p=0.90),
VO,yar (p=0.78), and OUES (p=0.87).

Conclusion This study provides reference values for VOyc., WR s VO,yar, and OUES in Dutch older adults aged
55-75 years during cycle ergometer CPET, offering a unique dataset for assessing CRF and monitoring intervention effects.

Keywords Cardiopulmonary exercise test - Reference values - Aging - Oxygen consumption - Anaerobic threshold -
Physical fitness

Abbreviations O,-pulse,cy Oxygen pulse at peak exercise
AMCOHF AMersfoort COhort study on functional OUES Oxygen uptake efficiency slope
decline, Healthy aging, and Frailty RCP Respiratory compensation point

BF ek Breathing frequency at peak exercise RER Respiratory exchange ratio

BMI Body mass index RER .« Respiratory exchange ratio at peak

CPET Cardiopulmonary exercise testing exercise

CRF Cardiorespiratory fitness SBP Systolic blood pressure

DBP Diastolic blood pressure VvCO, Carbon dioxide production

DXA Dual-energy X-ray absorptiometry VE/VCO, slope Slope between the minute ventilation

GAM Generalized additive models and carbon dioxide production up to the

HR Heart rate respiratory compensation point

HR .k Heart rate at peak exercise VE eax Minute ventilation at peak exercise
VO, Oxygen uptake
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VT ea Tidal volume at peak exercise
WR ek Work rate at peak exercise
Introduction

Low cardiorespiratory fitness (CRF) is a key predictor of
adverse health outcomes in numerous chronic diseases,
such as type 2 diabetes and cardiovascular disease, and all-
cause mortality (Lang et al. 2024; Myers et al. 2024). CRF
reflects the body's ability to transport oxygen from the lungs
to muscle mitochondria to perform large muscle physical
activity, thereby representing the integrated function of the
cardiovascular, pulmonary, and musculoskeletal systems as a
clinical vital sign (Ross et al. 2016). Moderate-to-high CRF
levels are associated with lower chronic disease and mortal-
ity risks and the most significant health gains are observed
when moving from the lowest fitness group to a higher level
(McKinney et al. 2016; Sui et al. 2022). Identifying low
CRF in older adults is especially important, as measuring a
low CREF at an early stage can predict the risk of developing
chronic diseases later in life (Myers et al. 2024). Moreover, a
low CRF has been associated with reduced tolerance to med-
ical treatment (e.g., perioperative risk, chemotherapy and/
or radiation intolerance) (Levett et al. 2018). Therefore, if
identified at an early stage, preventive strategies may be
timely initiated to mitigate the risk of a low CREF, thereby
preventing negative health outcomes.

Cardiopulmonary exercise testing (CPET) is the gold
standard for measuring CRF, assessing oxygen uptake (VO,)
at peak exercise (VO,,,) (Mezzani et al. 2009). Although
VO,,eq is the primary indicator of CRF, many older adults
fail to reach a true VO, due to motivation and age-related
limitations (Sanada et al. 2007; Wagner et al. 2020). There-
fore, submaximal measures, such as the VO, at the ventila-
tory anaerobic threshold (VO,y,r) that marks the onset of
a significant contribution of anaerobic metabolism, and the
effort-independent oxygen uptake efficiency slope (OUES),
which assesses ventilatory efficiency, seem to be good alter-
native CRF indicators for older adults. Both VO,y,r and
OUES have demonstrated to be valid surrogates for VO, .,
in older adults and can therefore be used when VO, is
unattainable (Albouaini et al. 2007; Bongers et al. 2017).

To interpret an individual’s CRF correctly, adequate
sex- and age-specific reference values for CRF, corrected
for anthropometric characteristics (e.g., body height, body
mass, lean body mass), are required (Ross 2003). Specifi-
cally, it has been shown that VO, corrected for lean body
mass is the most accurate expression of CRF when avail-
able (Imboden et al. 2020). Despite its importance, valid
reference values for VOy;c.; WR o, VO,yar, and OUES
in older adults remain limited, often due to a sample without
older adults (Buys et al. 2015; Van de Poppe et al. 2018;
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Van der Steeg and Takken 2021) or studies using an estima-
tion for CRF, rather than measuring respiratory gas analysis
directly, which has shown to provide errors in interpretation
of CRF (Peterman et al. 2021). Finally, criteria for a maxi-
mal effort are often set too low (i.e., respiratory exchange
ratio at peak exercise (RER ) >1.00), or not in line with
recent suggestions to evaluate maximal effort based on age-
dependent cut-off points (Wagner et al. 2020).

This study aimed to establish reference values for abso-
lute VO,,.,, Work rate at peak exercise (WR ¢;), VOoyar,
and OUES in Dutch adults aged 55-75 years, as well as
corrected for body mass and lean body mass. Reference
values will be provided separately for females and males
across the whole age range to examine the effects of sex
and age on CRF. Males are expected to show higher val-
ues than females, and younger participants are expected to
have higher values than older participants (van der Steeg and
Takken 2021). Correlations between VO, and other CRF
measures (i.e., WR.,i, VOyyur, and OUES) will also be
analyzed to assess their usefulness as alternatives to VO, q.
High correlations are expected between all CRF variables.

Methods
Experimental design

This cross-sectional study utilized data from the AMers-
foort COhort Study on functional decline, Healthy aging,
and Frailty (AMCOHF). Ethical approval was granted by
the Medical Ethical Committee Zuyderland (Heerlen, The
Netherlands) under reference number NL70141.096.19 (19
September 2019) and patient inclusion and data collection
started in June 2022. The trial protocol has been published
elsewhere (Houtkamp et al. 2025) and is registered on
Open Science Framework (https://doi.org/10.17605/OSF.
IO/RMBQV).

Participants

Participants were Dutch community-dwelling older adults
aged 55-75 years from the city of Amersfoort, The Neth-
erlands. Inclusion required informed consent, followed by
a physician-led medical screening to rule out contraindica-
tions for maximal exercise testing. This screening included
medical history and medication review, auscultation, base-
line measures of blood pressure, and resting electrocardiog-
raphy. Comorbidities were documented using the Rockwood
Frailty Index as operationalized by Collerton et al. (2012).
Participants were excluded for the current study if they
reported comorbidities to the physician that are likely to
limit exercise capacity, including severe cardiovascular dis-
ease (e.g., ischemic heart disease, cerebrovascular disease,
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peripheral vascular disease, or heart failure). Participants
who reported to suffer from chronic lung disease (e.g.,
chronic obstructive pulmonary disease or asthma) were
excluded if the ratio between the forced expiratory volume
in 1 s and forced vital capacity (Tiffeneau index) was <0.70
(Mannino et al. 2007). Additionally, exclusion criteria for
the AMCOHF cohort study involved active cancer, signifi-
cant physical or cognitive impairment (i.e., mini mental state
examination score < 23) according to previously described
recommendations (Folstein et al. 1975), and having under-
gone surgery, cancer, chemotherapy, or radiotherapy in the
last 6 months.

Procedures
Cardiorespiratory fitness assessment

CRF was assessed using incremental CPET on a cycle
ergometer (Lode Corival Rehab, Lode BV, Groningen, The
Netherlands). Participants wore a facemask (Hans Rudolph,
Kansas City, MO, USA) connected to an ergospirometry sys-
tem (Metalyzer 3B, Cortex, Leipzig, Germany), calibrated
for respiratory gas analysis and volume measurements. The
Cortex Metalyzer 3B exhibited a measurement error of
2.85+2.22% (Van Hooren et al. 2024). Forced vital capacity
and forced expiratory volume in 1 s were measured before
testing. Baseline cardiopulmonary values were recorded over
a 3-min rest period, followed by a 3-min unloaded cycling
warm-up. The work rate was then incrementally increased
by 15-30 W/min according to a ramp protocol, tailored to
each participant’s estimated fitness level to achieve maximal
effort within 8—12 min (Glaab and Taube 2022). Partici-
pants maintained a pedaling frequency between 60 and 80
rotations/min until they reached exhaustion despite verbal
encouragement or until they reached criteria for termination
based on the American Thoracic Society/American College
of Chest Physicians guidelines (2003). After termination of
the incremental protocol, participants proceeded in a 1-min
cooldown period consisting of a constant load of 50 W.
Breath-by-breath VO,, carbon dioxide production (VCO,),
and respiratory exchange ratio (RER) were calculated and
averaged over 10-s intervals. Heart rate (HR) was continu-
ously monitored by 12-lead electrocardiography. Our study
protocol aimed to collect CRF reference data using the qual-
ity criteria for CPET standards as defined previously (Tak-
ken et al. 2019).

Body composition assessment

Body height and body mass were measured to the nearest
0.1 cm and 0.1 kg, respectively, and body mass index (BMI)
was calculated subsequently. Lean body mass was evaluated
using a fan beam dual-energy X-ray absorptiometry (DXA)

device (GE Medical Systems Lunar Prodigy, Madison,
Wisconsin, USA). This enables the determination of lean
body mass and whole-body fat percentage and is considered
highly accurate (Shepherd et al. 2017). Waist circumference
was measured to compare body composition with previous
studies.

Data analysis

For descriptive analyses, participants were divided in 5-year
age groups except for the last age group (i.e., 7075 years) to
ensure enough samples. A maximal cardiorespiratory effort
during CPET was defined as reaching the age-dependent
cut-off points for RER . (i.e.,>1.10 for age group 55-59
or> 1.06 for age group 60-75) or peak heart rate (>92% of
208 — 0.7 x age for age group 55-59 or > 89% for age group
60-75) (Tanaka et al. 2001; Wagner et al. 2020). The work
rate at peak exercise (WR ) was the highest attained value.
Data from other outcome variables were averaged over 30 s
of exercise. Non-maximal efforts were excluded from the
analysis of VO, and WR.,, but were used for analysis
of submaximal or effort-independent CRF parameters (i.e.,
respectively VO,yap and OUES). The VO, r was deter-
mined primarily using the modified V-slope method (i.e., the
point at which the linear relationship between the VCO, and
VO, changed). This point was verified using the ventilatory
equivalents method (i.e., the point at which the ventilatory
equivalent for oxygen and the partial end-tidal oxygen ten-
sion reached its lowest point after which it began to increase
in a consistent manner, although the ventilatory equivalent
for carbon dioxide and partial end-tidal carbon dioxide ten-
sion remained constant). Detailed description of the methods
can be found in previously described guidelines (Franssen
et al. 2022). Cases with ambiguous VO,yr were resolved
by consensus with two experts (BB and DH). The oxygen
uptake efficiency slope (OUES) was calculated using previ-
ously described formula (i.e., axlog,, VE+b, where “a”
represents the OUES and “b” represents the intercept) (Baba
et al. 1996). Data from 1 min after the start of the test up
(i.e., to prevent the noisy VO, at the start from influencing
the OUES) to VO,,,,,. When a plateau in VO, was detected,
data up to the onset of the VO, plateau were used to deter-
mine the OUES, in accordance with prior recommendations
(Niemeijer et al. 2014).

Several other cardiorespiratory parameters were deter-
mined (i.e., RER, heart rate, oxygen pulse, minute ventila-
tion, tidal volume, and breathing frequency at peak exercise,
and the slope between the minute ventilation and VCO,).
The slope between the minute ventilation and VCO, (VE/
VCO,-slope) was calculated up to the respiratory compensa-
tion point (RCP) which was determined using the interpreta-
tive guidelines as described before (Franssen et al. 2022).
Cases with ambiguous RCP were resolved by consensus of
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the same two experts (BB and DH). When the RCP was not
visible, the VE/VCO, slope was calculated using data up to
peak exercise.

CPETs with insufficient data quality or implausible
response patterns were independently evaluated by two
experts (BB and DH) and excluded from the analysis if con-
sensus was reached that the test was inaccurate.

Statistical analysis

Statistical analyses were conducted using R version 4.4.2.
(R Foundation for Statistical Computing, Vienna, Austria).
Data are presented as mean (SD) and statistical signifi-
cance was set at p <0.05. Independent t tests assessed sex
differences, while age effects were evaluated using one-
way ANOVA with Bonferroni post hoc adjustments when
needed. To assess the relationships between CPET-derived
CREF variables (i.e., VOypears WR ok, VOsyar, and OUES),
Pearson’s correlation coefficients were calculated. In cases
where the assumptions of normality were not met, Spear-
man’s rank coefficients were used. Correlation strength was
interpreted as follows: r < 0.30 =weak, 0.30-0.59 =moder-
ate, and > 0.60 =strong (Cohen 2013). Reference centiles
(P3, P10, P25, P50, P75, P90, P97) were derived using
generalized additive models (GAM) which has previously
shown to be the best fitting with highest predictive accu-
racy compared to linear or polynomial model (Mylius et al.
2019). Model performance of the GAM was assessed using
adjusted R, All body mass- and lean body mass-corrected
CRF parameters were obtained by dividing absolute val-
ues by body mass and lean body mass. This was done to
facilitate comparisons across differences in body size and
body composition, respectively. Descriptive statistics were
calculated by 5-year age groups and sex.

Results

A total of 661 subjects were included in the final analysis
(336 females and 325 males). Participants were equally dis-
tributed across 5-year intervals from 55 to 75 years, with at
least 50 participants representing each age group. A flow
diagram of the study is shown in Fig. 1. Participant char-
acteristics, stratified by sex and age group and including
experimental CPET results (i.e., VOypeu; WReoi, VOoyar,
and OUES), are presented in Table 1.

Cardiopulmonary exercise testing-derived
parameters of cardiorespiratory fitness

Reference values for CPET-derived CRF parameters, cor-

rected for body mass and estimated using GAM by sex and
5-year age groups, are presented in Table 2 for maximal CRF

@ Springer

Included participants (n = 684)

|

Insufficient data quality or implausible response patterns
(e.g., air leakage) (n = 23)

}

Included CPETs (n=661)

l

Was a maximal effort delivered during CPET?

When aged 55-59 years:
RER,¢o= 1.10 and/or
HR,cak (beats/min) = 92% of 208-0.7xage (years)

When aged > 60 years:
RER,c. 2 1.06 and/or
HRcok (beats/min) 2 92% of 208-0.7xage (years)

! |

Yes (n = 632) \ | No (n = 29)

} |

Included for VO WR Included for VO,,,,; and

5 2peak? peak?
VO, and OUES analyses OUES analyses

Fig. 1 Flowchart depicting the study’s data analysis process. CPET
cardiopulmonary exercise testing, HR,,,, heart rate at peak exercise,
OUES oxygen uptake efficiency slope, RER,, . respiratory exchange

pea
ratio at peak exercise, VO,y,r oxygen uptake at the ventilatory anaer-

obic threshold, VO, oxygen uptake at peak exercise, WR,,,, work
rate at peak exercise

variables (i.e., VO, and WR ;) and in Table 3 for sub-
maximal (i.e., VO,y,r) and effort-independent (i.e., OUES)
variables. Reference values with age as continuous variable
are shown in Fig. 2. Similar analyses indexed for absolute
reference values and values corrected for lean body mass are
available in Online Resource 1.

Effects of sex and age on cardiorespiratory fitness

All absolute and body mass-corrected CPET-derived CRF
variables were significantly higher in males compared to
females across all age groups (p <0.001), but not when cor-
rected for lean body mass except for WR ., (p=0.027).
Additionally, increasing age was associated with a decline
in all CRF variables (p =0.048 for VO, corrected for lean
body mass; all other p values: p <0.001).

Correlations between variables of cardiorespiratory
fitness

Spearman correlation coefficients were calculated between
all absolute CRF variables. The analyses revealed signifi-
cant positive correlations between VO, and, respec-
tively, WR ;i (p=0.90, p<0.001), VO,yar (p=0.78,
p<0.001), and OUES (p=0.87, p<0.001), indicating strong
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Table 1 Participant characteristics and experimental CPET results of the study population

Variable Total Females Males
(n=661) (n=336) (n=325)

55-59 60-64 65-69 70-75 55-59 60-64 65-69 70-75

(n=173) (n=98) n=107) (n=58) (n=50) (n=177) (n=103) (n=95)
Body height (cm) 174 (9) 169 (5) 169 (5) 167 (6) 165 (6) 182 (7) 183 (7) 180 (7) 180 (6)
Body mass (kg) 78 (14) 74 (12) 72 (13) 69 (11) 67 (8) 89 (13) 86 (11) 85 (13) 83 (10)
BMI (kg/m?) 2553.6) 259(4.1) 253@4.3) 247@.0) 24327 267(3.6) 259(3.5) 259@3.4) 25827
Lean body mass (kg) 51 (10) 44 (5) 43 4) 42 (4) 41 (3) 62 (7) 61 (6) 59 (6) 59 (7)
% Body fat 30.3(8.8) 36.4(8.7) 359(7.5) 344(83) 351(6.5) 246(7.1) 250(5.6) 253(64) 253(6.2)
Waist circumference (cm) 94 (10) 91 (11) 92 (11) 92 (11) 90 (9) 98 (12) 97 (8) 97 (9) 97 (7)
DBP (mmHg) 80 (7) 79 (7) 79 (7) 80 (9) 80 (6) 80 (5) 80 (7) 80 (8) 81 (7)
SBP (mmHg) 131 (17) 126 (14) 126 (16) 133 (19) 132 (15) 128 (13) 128 (14) 133 (16) 140 (18)
# Higher education (%) 64 61 49 60 48 84 76 75 65
# Smoking (%) 4.6 2.9 2.1 2.0 1.7 4.3 5.6 6.2 4.4
WR ok (W)? 200 (51) 184 (29) 171 (27) 162 (23) 146 (23) 280 (48) 249 (32) 229 (35) 208 (36)
VO,peu (L/min)* 2.29 (0.6) 2.10(0.38) 1.96 (0.36) 1.86(0.29) 1.69 (0.27) 3.14(0.58) 2.89(0.43) 2.62(0.43) 2.38(0.47)
VO,yar (L/min) 1.33(0.34) 1.22(0.31) 1.20(0.24) 1.16(0.22) 1.10(0.2) 1.58(0.41) 1.55(0.29) 1.50(0.33) 1.40(0.35)
VO,ya1/VOspea (%)* 59 (10) 59 (8) 61 (7) 64 (9) 66 (9) 51 (9) 54 (7) 58 (10) 59 (9)
OUES 2.63 (0.69) 2.39(0.57) 2.26 (0.46) 2.19(0.38) 2.02(0.39) 3.35(0.75) 3.27(0.54) 2.96 (0.53) 2.80(0.61)
VE/VCO,-slope 29.1(45) 275(4.00 28347 288@4.1) 302047 29440 28.143) 294@4.6) 30947
RER .k 1.10 (0.08) 1.11(0.07) 1.10(0.07) 1.09 (0.08) 1.07 (0.07) 1.13(0.08) 1.12(0.07) 1.12(0.07) 1.09 (0.08)
HR,,,x (beats/min) 158 (14) 162 (14) 160 (13) 157 (13) 151 (13) 163 (15) 161 (15) 158 (14) 153 (16)
O,-pulse e, (mL/beat) 16.0(39) 13.6(34) 127(24) 12.1(23) 11520 193@3.8) 184(2.8) 17.02.7) 16.2(3.3)
VE, 5 (L/min) 88 (28) 75 (16) 72 (19) 68 (16) 64 (15) 124 (27) 112 (26) 103 (22) 94 (23)
VT e (L) 2.4 (0.7) 2.1(0.4) 2.0(0.4) 1.9 (0.4) 1.8 (0.4) 3.3(0.5) 3.0 (0.5) 2.9 (0.5) 2.7(0.5)
BF,.; (breaths/min) 36 (7) 36 (7) 36 (7) 36 (7) 35(7) 38 (8) 38 (8) 36 (6) 36 (8)

Results are quantified as mean (SD)

BF,,,. breathing frequency at peak exercise; BMI body mass index; DBP diastolic blood pressure; HR,,, heart rate at peak exercise; RER-
peak TESPIratory exchange ratio at peak exercise; O,-pulse,,, oxygen pulse at peak exercise; SBP systolic blood pressure; VE/VCO, slope slope
between the minute ventilation and carbon dioxide production up to the respiratory compensation point; VE,,,, minute ventilation at peak exer-
cise; VO, Oxygen uptake at peak exercise; VO, oxygen uptake at the ventilatory anaerobic threshold; OUES oxygen uptake efficiency

slope; VT, tidal volume at peak exercise; WR,,,, work rate at peak exercise

pea
*n=632 for VOyes WReuks ad VO,y01/VOypesy, as 29 participants did not perform a maximal cardiorespiratory effort

associations between these CPET-derived variables in older  results also show robust relationships between VO, and

adults. surrogate measures of CRF (i.e., WR.;i, VO,yar, and
OUES), highlighting their potential to evaluate CRF in
Reference values older adults when respiratory gas analysis is unavailable

(i.e., WR,) or when a participant is not able to deliver
a maximal effort (i.e., VO,y,r and OUES). Furthermore,
results showed that sex differences between all CRF vari-

Prediction equations to calculate absolute and body mass-
corrected CRF parameters were developed using multiple

linear regression models and can be found in Table 4. Covar-
iates include sex (0 =female, 1 =male) and three continuous
variables (i.e., age, body height, and body mass).

Discussion
This study provides reference values for maximal and sub-

maximal CPET-derived parameters of CRF in Dutch com-
munity-dwelling older adults aged 55-75 years. In addition,

ables could mainly be attributed to differences in lean body
mass, as indicated by far greater differences in absolute val-
ues or values corrected for body mass compared to CRF
parameters corrected for lean body mass (Online Resource
1). Therefore, it is recommended to correct CPET-derived
CRF outcomes for lean body mass if resources allow.

To the authors’ knowledge, this is the first study to pro-
vide sex- and age-specific reference values for maximal
(i.e., VOypeq and WR, i) and submaximal (i.e., VO,yar
and OUES) CPET-derived parameters of CRF in absolute
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Table 2 Additive models of

; Age Body height Body mass Percentiles

maximal CRF parameters

(VOspeax and WR ) corrected (cm) (kg) 3 10 25 50 75 90 97

for body mass for females

(n=323)* and males (n=309)* VO,peq (mL/kg/min)

in the different age groups Females
55-59 169 73.3 20.2 23.1 26.0 29.3 325 354 383
60-64 168 69.9 19.3 222 25.1 28.4 32.6 345 374
65-69 166 67.6 18.3 21.1 24.1 27.3 30.5 335 36.3
70-75 165 66.6 16.9 19.7 22.7 259 29.1 32.1 349
Males
55-59 183 87.4 27.2 30.0 33.0 36.2 39.4 424 452
60-64 182 85.4 24.8 27.7 30.6 33.8 37.1 40.0 429
65-69 180 83.9 22.3 25.1 28.1 313 345 375 40.3
70-75 180 83.2 19.7 22.6 25.5 28.8 32.0 349 38.8
WR, (W/kg)
Females
55-59 169 73.3 1.87 2.10 2.33 2.59 2.84 3.07 3.30
60-64 168 69.9 1.79 2.01 2.25 2.50 2.76 2.99 322
65-69 166 67.6 1.67 1.90 2.13 2.38 2.64 2.87 3.10
70-75 165 66.6 1.50 1.73 1.96 222 2.47 2.70 3.93
Males
55-59 183 87.4 2.53 2.76 3.99 3.25 3.50 3.73 3.96
60-64 182 85.4 2.25 2.48 2.71 2.96 322 3.45 3.68
65-69 180 83.9 2.01 224 2.47 2.73 2.98 321 3.44
70-75 180 83.2 1.82 2.04 2.28 2.53 2.79 3.02 3.25

CRF cardiorespiratory fitness; VO, 0xygen uptake at peak exercise; WR

peak WOTK rate at peak exercise

*For VO, and WR, . n=632, because 29 participants did not perform a maximal cardiorespiratory

effort

terms, as well as corrected for body mass and lean body
mass in older adults. Currently utilized Dutch reference
values do not include participants up to an age of 75 years
and are not based on such a large and well-characterized
cohort, nor have they been developed using GAM, which has
shown to outperform linear or polynomial models (Mylius
et al. 2019). Additionally, including submaximal reference
data are important for assessing CRF in older adults who
are unable to perform a cardiorespiratory maximal effort
during CPET.

VO, declined on average by 1.3% (0.02 L/min) per
year for females and 2.5% (0.07 L/min) per year for males.
This decline can partly be attributed to changes in body
composition, as the decline in VO,,.,, was lower when cor-
rected for body mass (females: 0.8% or 0.2 mL/kg/min per
year; males: 1.5% or 0.5 mL/kg/min per year) or lean body
mass (females: 0.9% or 0.4 mL/kg lean body mass/min per
year; males: 1.5% or 0.7 mL/kg lean body mass/min per
year). This illustrates that the decline in VO, in older
adults is comparable to the decline of approximately one
percent per year over the course of a lifetime, as has been
typically described (Kenney et al. 2022). Additionally, the
decline in VO, per year observed within the youngest age
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group was comparable with the decline observed in the old-
est age group for females (55-60 years: 0.02 L/min or 1.1%;
70-75 years: 0.02 L/min or 1.2%) and in absolute terms for
males (55-60 years: 0.08 L/min or 2.5%; 70-75 years: 0.09
L/min or 4.2%), although the relative decline (in percentage)
was slightly higher in the oldest age group, highlighting a
quasi-linear trend of decline.

Comparison with other maximal reference data

Compared with previous Dutch references values, VO, .,
from the AMCOHF cohort was slightly lower (p <0.05)
than the previously reported Lowlands Fitness Registry
data (males: — 1.4 mL/kg/min; females: — 1.6 mL/kg/min)
for individuals around 55 years of age (van der Steeg and
Takken 2021). These small differences support the poten-
tial integration of our data into the Lowlands Fitness Reg-
istry to extend the age range up to 75 years. Among adults
aged 55-64 years, VO, in the current study was slightly
higher than in the German SHIP study (males: + 1.3 mL/
kg/min; females: + 3.1 mL/kg/min; Koch et al. 2009), but
slightly lower than in the Swiss COmPLETE study (males:
— 1.7 mL/kg/min; females: — 0.4 mL/kg/min; Wagner et al.



European Journal of Applied Physiology

Table 3 Additive models of
submaximal CRF parameters
(VO,yar and OUES) corrected (cm) (kg)

Age Body height

Body mass

Percentiles

3 10 25 50 75 90 97

for body mass for females

(n=336) and males (n=325)in  VO,yar (mL/kg/min)

the different age groups Females
55-59 169 73.3
60-64 168 69.9
65-69 166 67.6
70-75 165 66.6
Males
55-59 183 87.4
60-64 182 85.4
65-69 180 83.9
70-75 180 83.2
OUES/kg
Females
55-59 169 73.3
60-64 168 69.9
65-69 166 67.6
70-75 165 66.6
Males
55-59 183 87.4
60-64 182 85.4
65-69 180 83.9
70-75 180 83.2

12.6 15.2 17.9 19.9 23.7 26.4 29.0
10.8 13.4 16.0 18.0 219 24.5 272
8.7 11.3 13.9 16.6 19.8 22.4 25.0
6.8 9.4 12.1 15.0 17.9 20.1 232

18.9 21.5 24.1 27.0 30.0 32.6 352
15.2 17.8 20.5 23.2 26.3 29.0 31.6
12.8 154 18.0 20.8 239 26.5 29.1

9.8 12.4 15.0 17.9 20.9 23.5 26.9

254 30.0 34.7 39.9 45.1 49.8 54.4
21.6 26.3 30.9 36.18 41.3 45.0 50.6
17.0 21.6 26.3 31.5 36.7 41.3 46.0
12.7 17.3 22.0 272 324 37.0 41.7

43.5 48.1 52.8 56.3 63.2 67.9 72.5
36.2 40.9 45.5 50.7 55.9 60.6 72.9
29.3 339 38.6 43.8 49.0 53.7 583
235 28.1 32.8 38.0 432 479 52.5

CRF cardiorespiratory fitness; OUES oxygen uptake efficiency slope; VO,y, oxygen uptake at the ventila-

tory anaerobic threshold

2021). Both SHIP and COmPLETE cohorts consisted of
healthy older adults, allowing a fair comparison with the
AMCOHF cohort. Compared to reference values from the
United States (Kaminsky et al. 2022), the current study
reported substantially higher VO, (males: +10.9 mL/kg/
min; females: +11.7 mL/kg/min) and WR,., (males: +96
W; females: + 82 W) values in healthy adults around
55 years of age (p <0.001 for all values). These differences
may be explained by variations in CPET protocols, by a
low RER criterion to indicate a maximal effort (> 1.0),
potentially resulting in submaximal VO, values, as well
as by the inclusion of participants with conditions, such as
obesity, diabetes, and cardiovascular risk factors that could
limit their tolerance to exercise.

In accordance to these findings, GAM-predicted WR
in this study was also significantly higher (p <0.001) com-
pared to previously described Dutch reference data by Van
de Poppe et al. (2018), for age groups 55 (females: 187 vs
165 W; males: 293 vs 251 W) and 60 (females: 177 vs 148
W; males: 263 vs 221 W). However, data collection in that
study was also not uniform across all measurements, which
might explain part of these differences. The presented
GAM-predicted OUES values in this study were slightly

higher for females (AOUES: 243, p <0.05), but not for
males (AOUES: 158, p=0.14) aged 55 and 60 years com-
pared to previous reference values from Belgium (Buys
et al. 2015). Although it has been well documented that
VOypear and VO,y a7 decline with age, reference values in
especially the highest age categories and in females are
currently still lacking (van der Steeg and Takken 2021).

Our findings align with the previous literature dem-
onstrating that the age-related CRF decline is partly
mitigated when corrected for lean body mass (Kim et al.
2016). Furthermore, the recommendation of correcting
VOypeqx for lean body mass when possible is in accord-
ance to previous suggestions (Imboden et al. 2020; Kohler
et al. 2018). Nevertheless, the decline in cardiovascular
capacity has been described as one of the prominent fac-
tors to contribute to a decline in CRF (Kenney et al. 2022).
In contrast to the correction for body mass, sex differences
between all four CRF variables seem to disappear almost
completely when looking at the CRF variables corrected
for lean body mass. This in accordance with the previ-
ous literature demonstrating a higher fat percentage per
given amount of body mass in females compared to males
(Schorr et al. 2018).
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Fig.2 Age-dependent transformation of a oxygen uptake at peak
exercise, b work rate at peak exercise, ¢ oxygen uptake at the venti-
latory threshold, and d oxygen uptake efficiency slope corrected for
body mass in females (red) and males (blue) using generalized addi-

Strength and limitations

Our study protocol met 11 out of 14 quality criteria for
CPET standards (Takken et al. 2019). Another strength is
that this study used recently developed cut-off points for
RER . to determine whether a maximal effort was reached
(Wagner et al. 2020). These cut-off points were age-depend-
ent, compared to a large number of studies using a RER .
cut-off of >1.00, potentially leading to inclusion of sub-
maximal cardiorespiratory efforts. Furthermore, these data
were collected at one laboratory setting preventing hetero-
geneity between multiple testing facilities done in the previ-
ous studies. However, this study also has some limitations.
Physical activity was not measured in this cohort, which
limits direct comparison with other studies. Although people
were randomly invited to participate in this study, a potential
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tive models. Shading represents 95% confidence interval. OUES oxy-
gen uptake efficiency slope, VO,,,r oxygen uptake at the ventilatory
anaerobic threshold, VO,,,,, oxygen uptake at peak exercise, WR,,,
work rate at peak exercise

selection bias of healthy physically active people could have
led to an overestimation of the CRF level of the participants.
This may be substantiated by the relatively few smokers in
our sample compared to the average Dutch population (van
Aerde et al. 2024).

Practical implications

Reference values for CRF are of pivotal importance, because
they provide a benchmark to assess an individual’s health
status, detect functional decline at an early stage, and guide
personalized interventions for healthy aging. With the aging
Dutch population, establishing adequate reference values
for older adults is essential for clinical decision-making, for
example in geriatric, cardiac, and pulmonary settings. Addi-
tionally, in sports medicine, reference data for apparently
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Table 4 Prediction equations for CRF parameters (VOypeu WReqpo
VO,yar» and OUES), developed using multiple linear regression anal-
ysis to express CPET performance as a percentage of predicted, cor-

rected for sex (0=female; 1 =male), age (years), body height (cm),
and body mass (kg)

CREF variable Prediction equation

Adjusted R?

VOypeqr (L/min)

1.538 4+ (0.292 x sex) — (0.022 X age) + (0.009 X body height) + (0.003 X body mass) — (0.023 X sex X age) + (

0.608

0.009 X sex X body height) + (0.002 X sex X body mass)

VO, (mL/kg/min)  48.721 4(2.539 X sex) — (0.322 X age) +(0.126 X body height) — (0.308 X body mass- (0.204 X sex X age)+(0  0.428
.077 x sex X body height)+(0.056 X sex X body mass)

WRpeak (W) 89.371 4 (72.772 X sex) — (2.281 X age) + (1.428 X body height) — (0.236 X body mass) — (1.994 X sexxX age)  0.666
+(0.611 X sex X body height) + (0.059 X sex X body mass)

105.279 — 24.247 x Sex — 0.498 x Age — 0.123 X Height — 0.111 X Body mass — 0.186 X Sex X Age +0.23 X Se

xX Height — 0.012 X Sex X Body mass

WR o (W/kg) 3.747+(0.908 x sex) — (0.034 X age) + (0.019 X body height) — (0.034 X body mass) — (0.016 X sexx age)+( 0.551
0.002 x sex X body height)+(0.005 X sex X body mass)

VO,yar (L/min) 0.668 — (1.44 x sex) — (0.006 X age) + (0.004 X body height) +(0.002 X body mass) — (0.003 X sexx age)+(0 0.303
.011 X sexx body height)

VO,yar (mL/kg/min)  27.829 — (16.141 X sex) — (0.363 X age) + (0.066 X body height) + (0.038 X body mass) — (0.124 X sexxX age)  0.396
+(0.16 X sex X body height) — (0.012 X sex X body mass)

OUES 0.91 — (0.726 X sex) — (0.017 X age) + (0.013 X body height) +(0.004 X body mass) — (0.015 X sexxX age) + (0. 0.485
01 x sexXx body height)+ (0.005 X sex X body mass)

OUES/kg 47.724 +(4.211 X sex) — (0.789 x age) + (0.197 X body height) + (0.066 X body mass) — (0.43 X sexx age)+( 0.566

0.145 x sex X body height) + (0.085 X sex X body mass)

CRF cardiorespiratory fitness; OUES oxygen uptake efficiency slope; VO, 0xygen uptake at peak exercise; VO, 0Xygen uptake at the ven-

tilatory anaerobic threshold; WR

peak WOTK rate at peak exercise
healthy older individuals are necessary, as the growing
participation of master athletes in endurance events often
requires medical evaluations, such as CPET, as part of the
entry requirement to ensure safe participation. Applications
include for example preoperative evaluations, helping to
identify individuals at risk of postoperative complications,
enabling targeted prehabilitation interventions to optimize
surgical outcomes (Levett and Grocott 2025). Addition-
ally, CPET-based assessments allow for early detection of a
declining intrinsic capacity as proposed by the WHO. With-
out appropriate norm values, distinguishing between physi-
ological aging and pathological declines in CRF remains
challenging, potentially leading to inadequate risk assess-
ment and suboptimal clinical decision-making.

The prediction equations for CRF presented in Table 4 are
not intended as a substitute for direct objective measurement of
CREF, but rather as a tool to express an individual’s CPET per-
formance relative to expected values after accounting for sex,
age, body height, and body mass. Future studies are warranted
to validate these prediction equations in independent datasets.

The inclusion of corrections for both body mass and
lean body mass enhances the applicability of this dataset
by reducing misclassification due to age-related changes
in body composition. Additionally, establishing reference
values for submaximal parameters also enhances the appli-
cability in older populations by providing benchmarks for
a good, average, or poor CRF based on sex and age. Future
studies presenting reference values should provide these
based on longitudinal data. By monitoring the trajectory of

an individual’s CRF, potential risk factors for a declining
CRF may be discovered. In addition, physical activity data
should be considered to make sure that no selection bias
occurs. Finally, larger databases would allow for computa-
tion of body height- and body mass-specific reference values
within sex- and age-specific groups.

Conclusion

This study provides reference values for CRF in Dutch older
adults aged between 55 and 75 years during cycle ergometer
CPET. All CREF variables declined with age, with an average
VO,peqk decline of 1.3% per year for females and 2.5% for
males. Sex differences were present between all absolute and
body mass-corrected CRF variables, but not when corrected for
lean body mass. Furthermore, WR .., VO,y,r, and OUES can
be used as practical alternative measures for VO,,,,.. Together,
these reference values can be used to estimate an individual’s
CREF for decision-making in different clinical settings.
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