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Abstract

Objective: To provide updated reference standards for cardiorespiratory fitness (CRF) for the United
States derived from cardiopulmonary exercise (CPX) testing when using a treadmill or cycle
ergometer.

Patients and Methods: Thirty-four laboratories in the United States contributed data to the Fitness
Registry and the Importance of Exercise National Database. Analysis included 22,379 tests (16,278
treadmill and 6101 cycle ergometer) conducted between January 1, 1968, through March 31, 2021,
from apparently healthy adults (aged 20 to 89 years). Percentiles of peak oxygen consumption for men
and women were determined for each decade from 20 through 89 years of age for treadmill and cycle
exercise modes, as well as when defining maximal effort as respiratory exchange ratio (RER) greater
than or equal to 1.0 or RER greater than or equal to 1.1.

Results: For both men and women, the 50'" percentile scores for each exercise mode decreased with age
and were higher in men across all age groups and higher for treadmill compared with cycle CPX. The
average rate of decline per decade over a 6-decade period was 13.5%, 4.0 mLO, kg™ -min™" for treadmill
CPX and 16.4%, 4.3 mLO,-kg ' -min for cycle CPX. Observationally, the mean peak oxygen con-
sumption was similar whether using an RER criterion of greater than or equal to 1.0 or greater than or
equal to 1.1 across the different test modes, ages, and for both sexes. The updated reference standards for
treadmill CPX were 1.5 — 4.6 mLO, kg -min"' lower compared with the previous 2015 standards
whereas the updated cycling standards were generally comparable to the original 2017 standards.
Conclusion: These updated cardiorespiratory fitness reference standards improve the representative-
ness of the US population compared with the original standards.

© 2021 Mayo Foundation for Medical Education and Research. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/) ® Mayo Clin Proc. 2022;97(2):285-293

in 1989, evidence has clearly estab-

lished that cardiorespiratory fitness
(CRF) is a powerful predictor of outcomes
across the spectrum of health and disease.””
Indeed, a number of reports have suggested
that CRF is a powerful predictor of risk for
numerous health outcomes.”” In particular,
CRF appears to be a more powerful predictor

S ince the seminal report by Blair et al'

of cardiovascular disease risk than other
traditional risk factors.” Because of the
wealth of evidence demonstrating the impor-
tance of CRF, in 2016 the American Heart
Association (AHA) published a Scientific
Statement suggesting that CRF be consid-
ered a clinical vital sign.®

Cardiorespiratory fitness can be directly
measured as peak oxygen uptake (VOpcak)
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from cardiopulmonary exercise (CPX)
testing, estimated as the exercise or func-
tional capacity (peak work rate) from an ex-
ercise test, or predicted from nonexercise
descriptive characteristics.”' "'
unlike other cardiovascular disease (CVD)
risk factors that have standardized reference
values, the interpretation of CRF was typi-
cally defined specific to the research cohort
for each study, making it difficult to gener-
alize interpretations to populations that
were different from those studied in the
research cohorts. Additionally, many studies
investigating CRF as a key outcome measure
have used estimates of CRF, with a range of
different methods for deriving the estimate.
As there is known error when estimating
CRF, and the error varies depending on the
method, this provided further challenges to
interpreting CRF values.'*”

In response to an AHA Scientific State-
ment, an initiative was undertaken to
develop reference standards for the United
States for directly measured CRF determined
from CPX."” The initial reference standards
for CRF were developed by the Fitness Reg-
istry and the Importance of Exercise Na-
tional Database (FRIEND) for treadmill
tests in 2015'° and for cycle tests in
2017."" Data from the FRIEND database
have also been useful for developing refer-
ence standards for other variables, including
peak exercise minute ventilation,'® ventila-
tory threshold,'” ventilatory efficiency (ie,
minute ventilation/carbon dioxide produc-
tion slope),” peak exercise oxygen pulse,”’
maximal heart rate,” and peak exercise
blood pressure” as well as several age- and
gender-related standards for VOspcak. Addi-
tionally, data from the FRIEND database
have been useful for developing equations
to estimate VO,peu in both healthy and
diseased populations.”***

The FRIEND registry has continued to
acquire data from more laboratories and
clinics as well as from more locations within
the United States, which has led to larger
sample sizes across the age spectrum for
both men and women. Thus, the purpose
of this report was to provide updated CRF
reference values derived from CPX testing

However,

in the United States for apparently healthy
men and women performing treadmill or cy-
cle tests. These updated standards have been
expanded to include reference values for
men and women from 80 to 89 years of
age. Additionally, the original reference stan-
dards were developed using a respiratory ex-
change ratio (RER) value of greater than or
equal to 1.0 for maximal effort for treadmill
tests and an RER value of greater than or
equal to 1.1 for cycle tests. This updated
report provides reference standards for
both treadmill and cycle tests using an RER
value of greater than or equal to 1.0 and pro-
vides a comparative analysis when using an
RER of greater than or equal to 1.1 for
maximal effort.

PATIENTS AND METHODS

The procedures detailing data acquisition
and management of the FRIEND registry
have been previously reported.' Briefly,
the FRIEND registry is composed of data
from high-quality laboratories performing
CPX testing administered by experienced
personnel. Although laboratories varied in
terms of equipment, protocols, and defini-
tions of CRF (eg, VO,peax determined from
time averages between 15 and 60 seconds),
all laboratories conducted testing in accor-
dance with published guidelines.'"” Each
contributing laboratory obtained local
research ethics board approval before sub-
mitting deidentified, coded data to the data
coordinating center at Ball State University,
which has institutional review board
approval for maintaining the database as a
core laboratory. Data from each contributing
laboratory were reviewed to ensure CRF
values were within expected normal ranges
before being added to the FRIEND database.

Cohort

The present analysis includes 22,379 tests
(16,278 treadmill and 6101 cycle ergometer)
from 34 participating laboratories in the
United States (see Acknowledgments) that
were performed from January 1, 1968,
through March 31, 2021. Geographical rep-
resentation included one or more tests
from all 50 states apart from Alaska,
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TABLE 1. Descriptive Characteristics of the FRIEND Cohort for the Treadmill and Cycling Ergometer Analysis Using an Inclusion Criterion of

RER > 1.0°

Age Group (years)

20-29 30-39 40-49 50-59 60-69 70-79 80-89 All
Treadmill

Men n=1278 n=1473 n=2119 n=2082 n=1663 n=776 n=173 n=9564
Age (years) 23.6+3.0 35.0+29 448429 54.6£29 645429 739426 829423 49.0+15.7
Height (cm) 179.6+7.4 178.946.9 178.8+6.8 779471 1769+7.0 |75.8+6.8 1749469 178.1£7.1
Weight (kg) 832+16.6 88.1£18.5 887+£17.1 909+17.7 89.7+16.1 87.7£15.0 84.4+13.0 884+17.2
BMI (kg m'z) 25.74+4.6 275454 277149 287452 28.6+4.7 284+44 27.6+4.0 27.84+5.0

Women n=1142 n=1043 n=1372 n=1457 n=1045 n=549 n=106 n=6714
Age (years) 23.8+ 3.0 34.8+2.8 447429 545429 64.3+29 74.0+2.7 832+23 47.8+16.2
Height (cm) |65.74+6.9 165446.5 |64.74+6.5 [64.1+64 162.74+6.3 [61.74£6.0 158.045.2 164.24+6.6
Weight (kg) 66.6+149 72.3+187 752419.1 76.1+18.1 76.7+184 73.6+150 6394122 734+180
BMI (kg m’z) 24.2+5.1 264+6.6 27.7+68 282+64 28.8+6.3 28.1+£54 25.6+49 272+64

Cycle Ergometer

Men n=367 n=251 n=446 n=601 n = 465 n=257 n=>52 n=2439
Age (years) 23.1+2.7 35.34+3.0 45.14+2.8 542430 64.54+2.7 744+2.8 82.4+25 50.6£16.5
Height (cm) 179.54+7.2 |78.747.2 1779474 |78547.2 | 77.1+7.4 |75.8+6.7 |74.8+7.4 1779473
Weight (kg) 80.8+15.6 92.6+20.3 94.4+18.2 94.0£16.9 91.1£l16.1 88.8+16.5 88.7+163 90.7%17.7
BMI (kg m'z) 250==44 289+5.7 29.8+53 295450 29.0+4.7 287149 29.0+4.6 28.6+5.2

Women n=411 n=377 n=674 n=I115 n=750 n=308 n=27 n=3662
Age (years) 233+29 35.0+28 45.14£29 54.8+2.8 64.0+2.8 735427 83.3+2.6 511147
Height (cm) 166.0+6.6 164.74+6.9 163.9+6.8 162.04+6.7 1616 £ 64 160.946.5 [61.24+64 1629469
Weight (kg) 68.8+17.3 787+19.3 81.5+18.1 81.4+158 783+£14.7 74.1£14.2 705+11.3 784+169
BMI (kg m'z) 249459 29.1+£7.3 30.3+6.5 31.0+£59 30.0+5.5 28.7+£56 27.1£39 29.6+6.3

*BMI, body mass index; FRIEND, Friend Registry and the Importance of Exercise: A National Database; RER, respiratory exchange ratio.

Nebraska, and Wyoming. Inclusion criteria
used to create the present cohort were: (1)
no known pre-existing diagnosis of CVD
(coronary artery disease, myocardial infarc-
tion, heart failure, peripheral arterial disease,
or stroke); (2) no known pre-existing diag-
nosis of chronic obstructive pulmonary
disease; (3) maximal CPX testing performed
on a treadmill or cycle ergometer; (4) men
and women aged 20 to 89 years; and (5)
peak RER of greater than or equal to 1.0 to
indicate a maximal effort.

Statistical Analysis

Analyses were performed in Python version
3.8.5. Reference standards for CRF in men
and women were created for treadmill and
cycle ergometer CPX testing separately.
Additionally, box plots were created to
compare changes in CRF across age deciles.
Means and percentiles for CRF were first
created using the inclusion criterion of RER

greater than or equal to 1.0 and then
repeated with an inclusion criterion of RER
greater than or equal to 1.1. Continuous
data are reported as mean =+ standard devia-
tion, whereas categorical data are reported as
frequencies (percentages).

RESULTS

The FRIEND cohort included 12,003 tests in
men (9564 from treadmill and 2439 from cy-
cle ergometer) and 10,376 tests in women
(6714 from treadmill and 3662 from cycle
ergometer). Descriptive characteristics of the
cohort, by test mode, sex, and in 10-year age
groups, are provided in Table 1. Peak re-
sponses during treadmill and cycle ergometer
CPX testing, including RER for objective indi-
cations of sufficient effort, are provided in
Table 2. Overall, men had a CRF that was
26%, 6.6 mLO,-kg'-min" higher than
women for treadmill CPX and a CRF that
was 37.9%, 7.6 mLOz~l<g'l-min‘1 higher
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than women for cycle ergometer CPX. The
treadmill-determined CRF was an average of
22%, 4.5 mLO, kg ' -min™" higher than the
CRF determined from a cycle ergometer CPX.

The change in CRF with each decade of
age in men and women for treadmill and cy-
cle ergometer CPX is shown in the Figure.
Further, percentiles by age group for CRF
using an inclusion criterion of RER greater
than or equal to 1.0 are presented for tread-
mill and cycle ergometer CPX testing in
Table 3. For both men and women, the
50" percentile scores decreased with age
and were higher in men across all age
groups.

The mean CRF across age groups when
using an inclusion criterion of RER greater
than or equal to 1.0 compared to a criterion
of RER greater than or equal to 1.1 are pre-
sented in Table 4. Observationally, the
means were similar between the two RER
criteria with differences of less than or equal
to 1.0 mLO, kg™ -min™ across the different
test modes, ages, and for both sexes. The
percentiles by age group for CRF when using
an inclusion criterion of RER greater than or
equal to 1.1 are presented in Supplemental
Table 1 (available online at http:/www.
mayoclinicproceedings.org) for treadmill
and cycle ergometer CPX.

DISCUSSION
This report provides updated reference stan-
dards for CRF for the apparently healthy US
population. Since the original reference stan-
dards were published 4 to 6 years ago,' ™' the
FRIEND registry now has more than 22,000
CPX testing assessments in apparently
healthy individuals across the United States.
The representative sample for each age group
has increased and the updated standards now
include values for individuals from 80 to 89
years old. Additionally, this report provides
standards with maximal CPX test criteria of
both RER greater than or equal to 1.0 and
RER greater than or equal to 1.1, which indi-
cates that peak VOypeak values are similar be-
tween the two effort criteria.

In the updated CRF reference standards
for treadmill tests with an effort criterion of
RER greater than or equal to 1.0, the values

for men are notably lower across all age
groups versus the effort criterion of greater
than or equal to 1.1. The mean and 50"
percentile values for each decade ranged
from 2.4 to 4.6 mLO, kg min™" and 1.5-
3.8 mLO,-kg'-min™ lower, respectively.
For women, the updated values were also
lower; however, the differences across all
age groups were much smaller with mean
and 50" percentile declines ranging from
04-14 and 04-19 mLO, kg min™,
respectively. These lower values are unlikely
to be due to decreases in CRF over the years.
Rather, the updated values may more accu-
rately represent the CRF of individuals across
the United States as more data have been
collected.

The updated CRF reference standards for
cycle tests with an effort criterion of RER
greater than or equal to 1.1, which was used
in the original publication, were generally
similar to the values in the original standards
with most mean and 50" percentile values be-
ing within 1.2 mLO, kg ' -min". One excep-
tion is for the 20- to 29-year-old age group for
men, as the mean for the updated standards
and the 50™ percentile values are 3.1 and
2.1 mLO, kg min™ higher, respectively.
This is likely attributable to a contribution
from one site, which included a group of
professional and elite cyclists.

The original reference standards used
effort criteria of RER greater than or equal
to 1.0 for treadmill tests and RER greater
than or equal to 1.1 for cycle tests.'>'" The
present update provides reference standards
for both RER greater than or equal to 1.0
and RER greater than or equal to 1.1 for
both treadmill and cycle CPX testing. The
mean VOyp,c.x between the two effort criteria
were similar. For treadmill tests, the greatest
difference between the mean and 50"
percentile values was 1.1 mLOz-kg'1~min'1,
with all values for age groups 40 years and
older ~within 0.5 mLO, kg min™".
Likewise, for cycle tests, there was little dif-
ference between the mean and 50" percen-
tile values with all values less than 1.0
mLO, kg™ -min™". Because of differences be-
tween labs for data averaging and testing
protocols, it would be inappropriate to
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TABLE 2. CPX Responses at Peak Effort for the Treadmill and Cycling Ergometer Analysis Using an Inclusion Criterion of RER > 1.0°

Age group, years

20—29 30—39 40—49 50—59 60—69 70—79 80—89 All
Treadmill

Men n=1278 n=1473 n=2119 n=2082 n=1663 n=776 n=173 n=9564
VOopeak mLOz-kg’| min” 452+118 400%11.8  358+108 30.24+9.7 254483 21.2+65 79439 332+126
Peak HR, beat-min™' 18584177 17894182 1693+£20.7 158.14£223 14424247 1324+£252 13094215 162.1427.2
Peak RER [.19£0.11 |.19£0.10 |.18+0.10 |.18£0.10 |.17£0.10 |.1540.09 |.134+0.08 |.1840.10

Women n=1142 n=1043 n=1372 n=1457 n=1045 n=549 n=106 n=6714
VOopeak mLOz-kg" -min”" 3634102 29.5+9.0 26.6+8.1 23.8+6.6 20.0+5.5 |7.5+4.2 [59+4.8 262497
Peak HR, beat-min™' 18324189 174.6+£206 168.0+200 15994209 [46.8+234 13534242 12394266 1629+259
Peak RER |.16£0.10 |.1840.10 |.1740.10 |.17£0.10 |.1440.09 |.1340.09 |.1240.08 |.1640.10

Cycle ergometer

Men n=367 n=25I n=446 n=601 n=465 n=257 n=52 n=2439
VOspeaks mLO,-kg'-min" 4514133 3244128 289+9.0 262488 227+£73 189+64 [3.8£5.1 2854125
VOspeaks LO,-min” 361+£1.00 2924086  265+067 2424067 2041058 |.63+0.46 [.194£038  2.51+£093
Peak workload, W 285+70 236+73 220464 |97+64 | 62454 129442 86+34 197+77
Peak HR, beat-min™' 18094167 16554188 1586182 14934202 13944198 12784224 1084+259 15194257
Peak RER [.204+0.10 I.1740.08 I.16+0.08 |.16+0.08 |.16+0.07 |.16+0.09 |.13£0.1'1 |.1740.09

Women n=41| n=377 n=674 n=I115 n=750 n=308 n=27 n=3662
VOspeak mLOz~kg" -min” 320+106 23.0+£85 20.0£6.0 |7.6+4.5 16.14£3.6 [44==310 [1.7+42 [9.6+£7.8
VOypeaks LO,-min”! 2.1 1£0.62 |.74+048 1.57+0.38 |.40+0.30 1.234+0.24 1.05+£023  0.82+0.27 |.48+0.47
Peak workload, W |68+50 [35+37 121433 |05+27 91+21 76420 57421 | 10439
Peak HR, beat-min™' 1780£165 1665+167 15754175 1503178 1416173 1297+174 10294260 15224220
Peak RER |.18£0.10 |.16+0.09 |.154+0.08 |.154£0.07 |.154+0.08 |.154+0.07 I.1140.09 |.154+0.08

“CPX, cardiopulmonary exercise test; HR, heart rate; RER, respiratory exchange ratio; VO,pea., peak oxygen uptake.

suggest whether one RER criterion should be Since the release of the AHA Scientific
used over the other. Nonetheless, the pre-  Statement suggesting that CRF be considered
sent study provides reference standards a clinical vital sign,’ the importance of CRF
that can be used by laboratories or clinics  assessment has grown both within the United

with different test criteria. States and globally.”” > With the increase in
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TABLE 3. CRF Percentiles for the FRIEND Cohort by Age Group for Treadmill and Cycle Ergometer CPX With Directly Measured VOjpcax

(mLO,-kg™'-min™") Using an Inclusion Criterion of RER > 1.0°

Age group, years

Men Women
Percentile 20—29 30—39 40—49 50-59 60—69 70—79 80—89 20—29 30—39 40—49 50-59 60—69 70—79 80—89
Treadmill
90 586 555 50.8 434 37.1 294 22.8 49.0 42.1 37.8 324 273 228 20.8
80 54.5 50.0 452 383 320 259 214 448 37.0 330 284 243 20.8 184
70 519 464 409 343 28.7 238 200 41.8 336 30.0 263 224 19.6 17.3
60 49.0 434 379 31.8 265 222 18.4 39.0 31.0 27.7 24.6 209 183 16.0
50 46.5 39.7 353 292 24.6 20.6 17.6 36.6 283 257 229 19.6 172 154
40 43.6 370 324 269 22.8 19.1 16.6 340 264 239 215 18.3 6.2 14.7
30 40.0 335 29.7 24.5 20.7 173 16.1 30.8 24.2 21.8 20.1 17.0 152 13.7
20 352 298 267 222 18.5 159 14.8 272 219 19.7 18.5 154 14.0 2.6
10 28.6 249 22.1 18.6 15.8 13.6 129 225 18.6 17.2 16.5 134 12.3 I'l.4
Cycle ergometer
90 62.2 50.5 419 37.1 34 262 18.7 46.0 320 27.3 224 20.3 18.0 18.1
80 57.0 39.0 35.1 31.6 27.0 226 17.3 409 27.0 235 204 18.5 6.8 4.3
70 528 355 314 284 24.5 20.6 6.2 375 245 21.8 189 174 159 129
60 483 31.6 29.0 263 233 194 14.6 343 229 20.3 17.8 6.4 15.0 1.3
50 440 30.2 274 24.5 217 183 132 31.6 21.6 18.8 169 15.7 14.5 109
40 40.8 279 254 23.1 20.7 17.1 2.2 289 19.9 179 [6.1 15.0 13.6 [0.1
30 37.4 257 238 220 19.1 16.0 [1.1 256 18.6 16.6 152 [4:2) 129 94
20 34.5 226 219 202 7.5 14.7 9.7 219 17.0 154 4.3 134 120 8.7
10 288 19.1 19.8 172 14.7 1.0 8.4 18.8 15.0 13.7 13.0 122 10.7 7.8

“CRF, cardiorespiratory fitness; CPX, cardiopulmonary exercise test; FRIEND, Fitness Registry and the Importance of Exercise: A National Database; RER, respiratory ex-
change ratio; VO;pea, peak oxygen uptake.

290

interest globally, a report from the FRIEND
database began the process of establishing
the first global CRF reference standards for
treadmill tests.”® Differences in CRF were
found between countries. Thus, the current
report with updated CRF reference standards
should be cautiously applied to individuals
from locations outside of the United States
and there is a need to continue developing
global CRF reference standards.

The strengths of this study include the
additional 10,102 tests used in establishing
reference standards for directly measured
VOypeak for the US population (109.1%
(8495) more treadmill tests, 36% (1607)
more cycle tests). The sample size for both
men and women for all age groups was
increased from the original standards, the
age distribution was expanded to include in-
dividuals 80 to 89 years old, and data were

acquired from more laboratories and clinics
representing more locations in the United
States.

Common to studies using retrospective
data, there are some limitations that should
be considered. As participants with previ-
ously diagnosed CVD and chronic obstructive
pulmonary disease were excluded from this
dataset, these standards would not apply to
individuals with those diseases. Additionally,
the term “apparently healthy” may not be
appropriate for the entire study population
as some had diseases (eg, diabetes and
obesity), musculoskeletal concerns (eg, back
pain and osteoarthritis), and CVD risk fac-
tors. However, objective maximal effort crite-
rion (ie, RER) were used for data inclusion.
Although all tests were performed for func-
tional capacity measurement, the individual
referral for the tests wvaried (clinical
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TABLE 4. Mean (4 Standard Deviation) Reference Values for CRF With Measured VOz;cax (mLOz-kg'1 -min’")

From CPX Tests Using an Inclusion Criterion of Either RER > 1.0 or RER > 1.1%

Age group, years

20—29 30—39 40—49 50—59 60—69 70—=79 80—89
Treadmill
Men
RER > 1.0 n=1278 n=1473 n=2119 n=2082 n=1663 n=776 n=173
4524118 40.0+11.8 35.8+10.8 30249.7 254483 212465 79439
RER > [.I n=1033 n=1215 n=1707 n=1670 n=1296 n=>552 n=108
447+11.5 39.0+114 3544100 30.3+9.2 253179 214+67 182+4.1
Women
RER > 1.0 n=1142 n=1043 n=1372 n=1457 n=1045 n=549 n=106
363+10.2 29.5+9.0 26.6+8.1 238+6.6 20.0+5.5 |7.5+4.2 159+4.8
RER > I.1 n=813 n=818 n=1029 n=1089 n=712 n=343 n=59
353+9.7 29.3+8.6 26.7+78 23.8+64 200455 [7.54+4.1 [5.64+5.3
Cycle ergometer
Men
RER > 1.0 n=367 n=25I n=446 n=601 n=465 n=257 n=52
45.1+13.3 324+128 289+9.0 262488 227473 189+6.4 [3.845.1
RER > [.I n=319 n=221 n=412 n=543 n=414 n=213 n=30
4 s | 240 316111 287483 263£8.0 227170 [9.6+64 144+6.0
Women
RER > 1.0 n=4|| n=377 n=674 n=I115 n=750 n=308 n=27
320£10.6 23.0+85 20.0+6.0 |7.6+4.5 [6.1£3.6 [44=E310 |'1.7+4.2
RER > I.1 n=342 n=317 n=575 n=894 n=624 n=257 n=15
32.0+10.1 22.8+7.7 20.0+5.8 179+4.2 [6.34+3.5 14.64+2.8 [ 1.043.1

*CRF, cardiorespiratory fitness; CPX, cardiopulmonary exercise test; RER, respiratory exchange ratio; VO;pear, peak oxygen uptake.

assessment as part of a comprehensive
physical exam, fitness assessment, and partic-
ipants in research studies) and the choice of
treadmill protocols, measurement equip-
ment, and data collection procedures —
although consistent with published recom-
mendations — was specific to each contrib-
uting laboratory.”"*” Finally, although the
current report added values for individuals
80 to 89 years old, the sample size for this old-
est age group was relatively small (1.6% (358
out of 22379).

CONCLUSION

As the FRIEND database has continued to
grow, it allowed the opportunity to update
the CRF reference values derived from CPX
in the United States. This updated report in-
cludes larger samples for each group for both
men and women. Coupled with data from 34
participating laboratories across the United

States, these updated CRF reference stan-
dards should make these more representa-
tive for the US population.

ACKNOWLEDGMENTS

FRIEND Consortium Contributors are as
follows: Applied Exercise Science Labora-
tory, University of Colorado Boulder (Wil-
liam Byrnes), Ball State University (Leonard
Kaminsky, Matthew Harber, Mitchell
Whaley), Biodynamics and Human Perfor-
mance Center, Georgia Southern University
-Armstrong Campus (Gregory Grosicki,
Andrew Flatt, and Meral Culver), Brigham
and Women’s Hospital (Amil Shah), Brooke
Army Medical Center (Kenneth Leclerc),
Clay Exercise Science Center at the Univer-
sity of Mount Union (Katherine Clark),
Cleveland Clinic (John Kirwan), Cone
Health (Paul Chase), East Carolina Univer-
sity (Joseph Houmard), Fitness Institute of

Mayo Clin Proc. ® February 2022;97(2):285-293 m https://doi.org/10.1016/j.mayocp.2021.08.020

www.mayoclinicproceedings.org


https://doi.org/10.1016/j.mayocp.2021.08.020
http://www.mayoclinicproceedings.org

MAYO CLINIC PROCEEDINGS

Texas in the Department of Kinesiology and
Health Education at the University of Texas
at Austin (Philip Stanford), Goshen Heart
and Vascular Center (Matthew Thomas),
Hartford Hospital (Paul Thompson and
Beth Taylor), John B. Pierce Laboratory,
Yale School of Medicine (Nina Stachenfeld,
Tehreem Pasha, and Medha Illindala), Johns
Hopkins University (Kerry Stewart), Long-
wood University (Jo Morrison), Massachu-
setts General Hospital (Gregory Lewis),
Mayo Clinic (Amanda Bonikowske, Jose
Medina Inojosa, and Ray Squires), MET-
Test (Nick Menasco and Sundeep
Chaudhry), North Carolina Wesleyan Col-
lege (Meir Magal), Pennington Biomedical
Research Center (Timothy Church), Pepper-
dine University, Saint Francis University
(Kristofer Wisniewski), San Francisco State
University (Jimmy Bagley), Southern Con-
necticut State University (Robert Axtell),
Springfield College (Samuel Headley and
Luke Pelton), Taylor University (Erik
Hayes), Translational Research Institute for
Metabolism and Diabetes (Bret Goodpaster),
University of Illinois, Chicago (Jacob Haus),
University of Kansas Medical Center (Sandy
Billinger), University of Massachusetts
(Linda Pescatello), University of Montana
(Charles Dumke and Katherine Christison),
University of Oregon (Andrew Lovering),
University of Tennessee, Knoxville (David
Bassett), University of Vermont Medical
Center (Philip Ades and Patrick Savage).

SUPPLEMENTAL ONLINE MATERIAL
Supplemental material can be found online at
http://www.mayoclinicproceedings.org. Sup-
plemental material attached to journal articles
has not been edited, and the authors take re-
sponsibility for the accuracy of all data.

Abbreviations and Acronyms: AHA, American Heart As-
sociation; CRF, cardiorespiratory fitness; CPX, cardiopul-
monary exercise testingg CVD, cardiovascular disease;
FRIEND, Fitness Registry and the Importance of Exercise:
A National Database; MET, metabolic equivalent; RER,
respiratory exchange ratio; VOapeak, Peak oxygen uptake

Affiliations (Continued from the first page of this
article.): of Health, Ball State University, Muncie, IN, USA
(LAK, MPH); Healthy Living for Pandemic Event

Protection (HL — PIVOT) Network, Chicago, IL, USA
(LAK, RA, JM, JEP); Department of Physical Therapy,
College of Applied Science, University of lllinois at Chicago,
Chicago, IL, USA (RA); Division of Cardiology, Veterans Af-
fairs Palo Alto Healthcare System and Stanford University,
Palo Alto, CA, USA (J.M.); Division of Preventive Cardiology,
Department of Cardiovascular Medicine (ARB., RW.S),
and the Marriott Heart Disease Research Program
(.RM.), Mayo Clinic, Rochester, MN, USA; and the John
Ochsner Heart and Vascular Institute, Ochsner Clinical
School, The University of Queensland School of Medicine,
New Orleans, LA, USA (JRM., CJL).

Potential Competing Interests: The authors report no po-
tential competing interests.

Grant Support: Partial support for this project was provided
by TKC Global to L. Kaminsky (Ball State University) and in
part by a small grant from the Division of Preventive Cardi-
ology, Mayo Clinic Rochester, MN.

Correspondence: Address to Leonard A. Kaminsky, PhD,
Fisher Institute for Health and Well-Being, College of
Health, Ball State University, Muncie, IN 47304
(kaminskyla@bsu.edu).

REFERENCES

1. Blair SN, Kohl HW, Paffenbarger RS, Clark DG, Cooper KH,
Gibbons LW. Physical fitness and all-cause mortality: a prospective
study of healthy men and women. JAMA. 1989;262(17):2395-2401.

2. Imboden MT, Harber MP, Whaley MH, et al. The influence of
change in cardiorespiratory fitness with short-term exercise
training on mortality risk from the Ball State Adult Fitness Lon-
gitudinal Lifestyle study. Mayo Clin Proc. 2019,94(8):1406-1414.

3. Kaminsky LA, Arena R, Ellingsen &, et al. Cardiorespiratory
fitness and cardiovascular disease — the past, present, and
future. Prog Cardiovasc Dis. 2019;62(2):86-93.

4. Harber MP, Kaminsky LA, Arena R, et al. Impact of
cardiorespiratory fitness on all-cause and disease-specific
mortality: advances since 2009. Prog Cardiovasc Dis. 2017;
60(1):11-20.

5. Tari AR, Nauman J, Zisko N, et al. Temporal changes in cardio-
respiratory fitness and risk of dementia incidence and mortality:
a population-based prospective cohort study. Lancet Public
Health. 2019;4(1 1):e565-e574.

6. Ross R, Blair SN, Arena R, et al. Importance of assessing cardio-
respiratory fitness in clinical practice: a case for fitness as a clin-
ical vital sign. Circulation. 2016;134(24):e653-699.

7. Vainshelboim B, Lima RM, Kokkinos P, Myers ]. Cardiorespira-
tory fitness, lung cancer incidence, and cancer mortality in
male smokers. Am | Prev Med. 2019;57(5):659-666.

8. Jae SY, Heffernan KS, Kurl S, et al. Cardiorespiratory fitness,
inflalmmation, and the incident risk of pneumonia.
J Cardiopulm Rehabil Prev. 2021:41(3):199-201.

9. Myers |, Prakash M, Froelicher V, Do D, Partington S,
Atwood JE. Exercise capacity and mortality among men
referred for exercise testing. N Engl | Med. 2002;346(11):
793-801.

10. Myers ), Arena R, Franklin B, et al. Recommendations for clinical
exercise laboratories: a scientific statement from the American
Heart Association. Circulation. 2009;119(24):3144-3161.

11. Fletcher GF, Ades PA, Kligfield P, et al. Exercise standards for
testing and training: a scientific statement from the American
Heart Association. Circulation. 2013;128(8):873-934.

Mayo Clin Proc. ® February 2022;97(2):285-293 ® https://doi.org/10.1016/j.mayocp.2021.08.020

www.mayoclinicproceedings.org


http://www.mayoclinicproceedings.org
mailto:kaminskyla@bsu.edu
https://doi.org/10.1016/j.mayocp.2021.08.020
http://www.mayoclinicproceedings.org

UPDATED REFERENCE STANDARDS FOR CARDIORESPIRATORY FITNESS

20.

21.

22.

23.

Peterman JE, Harber MP, Imboden MT, et al. Accuracy of
nonexercise prediction equations for assessing longitudinal
changes to cardiorespiratory fitness in apparently healthy adults:
BALL ST cohort. | Am Heart Assoc. 20209(11):e015117.
Peterman JE, Harber MP, Imboden MT, et al. Accuracy of
exercise-based equations for estimating cardiorespiratory
fitness. Med Sci Sports Exerc. 2021;53(1):74-82.

Peterman JE, Whaley MH, Harber MP, et al. Comparison of
non-exercise cardiorespiratory fitness prediction equations
in apparently healthy adults. Eur | Prev Cardiol. 2021;28(2):
142-148.

Kaminsky LA, Arena R, Beckie TM, et al. The importance of
cardiorespiratory fitness in the United States: the need for a
national registry: a policy statement from the American Heart
Association. Circulation. 2013;127(5):652-662.

Kaminsky LA, Arena R, Myers J. Reference standards for cardio-
respiratory fitness measured with cardiopulmonary exercise
testing: data from the Fitness Registry and the Importance of
Exercise National Database. Mayo Clin Proc. 201590(1 1):
1515-1523.

Kaminsky LA, Imboden MT, Arena R, Myers ]. Reference
standards for cardiorespiratory fitness measured  with
cardiopulmonary exercise testing using cycle ergometry: data
from the Fitness Registry and the Importance of Exercise Na-
tional Database (FRIEND) registry. Mayo Clin Proc. 2017;
92(2):228-233.

Kaminsky LA, Harber MP, Imboden MT, Arena R, Myers |.
Peak Ventilation reference standards from exercise testing:
from the FRIEND registry. Med Sci Sports Exerc. 2018;50(12):
2603-2608.

. Vainshelboim B, Arena R, Kaminsky LA, Myers . Reference

standards for ventilatory threshold measured with cardiopul-
monary exercise testing: the Fitness Registry and the Impor-
tance of Exercise: A National Database. Chest. 2020;157(6):
1531-1537.

Arena R, Myers J, Harber M, et al. The V-E/V-co2 slope during
maximal treadmill cardiopulmonary exercise testing: reference
standards from FRIEND (Fitness Registry and the Importance
of Exercise: A National Database). | Cardiopulmon Rehab Prev.
2021;41(3):194-198.

Peterman JE, Harber MP, Chaudhry S, Arena R, Kaminsky LA.
Peak oxygen pulse and mortality risk in healthy women and
men: the Ball State Adult Fitness Longitudinal Lifestyle Study
(BALL ST) [Online Ahead of Print]. Prog Cardiovasc Dis. 2021.
50033-0620(21)00069-4.

Arena R, Myers ], Kaminsky LA. Revisiting age-predicted
maximal heart rate: can it be used as a valid measure of effort?
Am Heart |. 2016;173:49-56.

Sabbahi A, Arena R, Kaminsky LA, Myers |, Phillips SA. Peak
blood pressure responses during maximum cardiopulmonary
exercise testing: reference standards from FRIEND (Fitness
Registry and the Importance of Exercise: A National Database).
Hypertension. 2018;71(2):229-236.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

Kokkinos P, Kaminsky LA, Arena R, et al. New equations for
predicting maximum oxygen uptake in patients with heart
failure. Am | Cardiol. 2020;128:7-11.

Nevill AM, Myers J, Kaminsky LA, Arena R. Improving reference
equations for cardiorespiratory fitness using multiplicative allo-
metric rather than additive linear models: data from the Fitness
Registry and the Importance of Exercise National Database
Registry. Prog Cardiovasc Dis. 2019;62(6):515-521.

de Souza ESCG, Kaminsky LA, Arena R, et al. A reference
equation for maximal aerobic power for treadmill and cycle
ergometer exercise testing: analysis from the FRIEND registry.
Eur | Prev Cardiol. 2018;25(7):742-750.

Kokkinos P, Kaminsky LA, Arena R, Zhang J, Myers |. A new gener-
alized cycle ergometry equation for predicting maximal oxygen up-
take: the Fitness Registry and the Importance of Exercise National
Database (FRIEND). Eur | Prev Cardiol. 2018;25(10):1077-1082.
Kokkinos P, Kaminsky LA, Arena R, Zhang J, Myers J. New
generalized equation for predicting maximal oxygen uptake
(from the Fitness Registry and the Importance of Exercise Na-
tional Database). Am | Cardiol. 2017;120(4):688-692.

Dun Y, Olson TP, Li C, et al. Characteristics and reference
values for cardiopulmonary exercise testing in the adult
Chinese population — The Xiangya Hospital Exercise Testing
project (the X-ET project). Int | Cardiol. 2021;332:15-21.
Triantafyllidi H, Benas D, Birba D, Trivilou P, lliodromitis E.
Reference values for aerobic capacity estimated by cardiopul-
monary exercise test on a cycle ergometer in a healthy Greek
population. Hellenic | Cardiol. 202 1;62(2):121-126.

Ingle LA-O, Rigby A, Brodie D, Sandercock G. Normative refer-
ence values for estimated cardiorespiratory fitness in apparently
healthy British men and women. PLoS One. 2020;15(10):
€0240099.

Lewthwaite H, Benedetti A, Stickland MK, et al. Normative peak
cardiopulmonary exercise test responses in canadian adults
aged >40 years. Chest. 2020;158(6):2532-2545.

Mylius CF, Krijnen WP, van der Schans CP, Takken T. Peak ox-
ygen uptake reference values for cycle ergometry for the
healthy Dutch population: data from the Lowlands Fitness
Registry. ER] Open Res. 2019;5(2):00056-2018.

Rapp DA-O, Scharhag ), Wagenpfeil S, Scholl |. Reference
values for peak oxygen uptake: cross-sectional analysis of cycle
ergometry-based cardiopulmonary exercise tests of 10090
adult German volunteers from the Prevention First Registry.
BMJ Open. 2018;8(3):e018697.

Rossi Neto JA-O, Tebexreni AS, Alves ANF, et al. Cardiorespi-
ratory fitness data from 18,189 participants who underwent
treadmill  cardiopulmonary exercise testing in a Brazilian
population. PLoS One. 2019;14(1):e0209897.

Peterman JE, Arena R, Myers |, et al. Development of global
reference standards for directly measured cardiorespiratory
fitness: a report from the Fitness Registry and Importance of
Exercise National Database (FRIEND). Mayo Clin Proc. 2020;
95(2):255-264.

Mayo Clin Proc. ® February 2022;97(2):285-293 m https://doi.org/10.1016/j.mayocp.2021.08.020
www.mayoclinicproceedings.org

293


https://doi.org/10.1016/j.mayocp.2021.08.020
http://www.mayoclinicproceedings.org

	Updated Reference Standards for Cardiorespiratory Fitness Measured with Cardiopulmonary Exercise Testing
	Patients and Methods
	Cohort
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Acknowledgments
	Supplemental Online Material
	References




