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Abstract: This study aimed to investigate the test–retest reliability, mean, and individual responses
in the measurement of maximal oxygen consumption (

.
VO2max) during a cardiopulmonary ex-

ercise test (CPET) and the verification phase during cycle ergometry in women. Nine women
(22 ± 2 yrs, 166.0 ± 4.5 cm, 58.6 ± 7.7 kg) completed a CPET, passively rested for 5 min, and then
completed a verification phase at 90% of peak power output to determine the highest

.
VO2 from

the CPET (
.

VO2CPET) and verification phase (
.

VO2verification) on 2 separate days. Analyses included
a two-way repeated measures ANOVA, intraclass correlation coefficients (ICC2,1), standard errors
of the measurement (SEM), minimal differences (MD), and coefficients of variation (CoV). There
was no test (test 1 versus test 2) ×method (CPET vs. verification phase) interaction (p = 0.896) and
no main effect for method (p = 0.459). However, test 1 (39.2 mL·kg−1·min−1) was significantly
higher than test 2 (38.3 mL·kg−1·min−1) (p = 0.043). The

.
VO2CPET (ICC = 0.984; CoV = 1.98%;

SEM = 0.77 mL·kg−1·min−1; MD = 2.14 mL·kg−1·min−1) and
.

VO2verification (ICC = 0.964;
CoV = 3.30%; SEM = 1.27 mL·kg−1·min−1; MD = 3.52 mL·kg−1·min−1) demonstrated “excellent”
reliability. Two subjects demonstrated a test 1

.
VO2CPET that exceeded the test 2

.
VO2CPET, and

one subject demonstrated a test 1
.

VO2verification that exceeded the test 2
.

VO2verification by more
than the respective CPET and verification phase MD. One subject demonstrated a

.
VO2CPET that

exceeded the
.

VO2verification, and one subject demonstrated a
.

VO2verification that exceeded the
.

VO2CPET by more than the MD. These results demonstrate the importance of examining the
individual responses in the measurement of the

.
VO2max and suggest that the MD may be a useful

threshold to quantify real individual changes in
.

VO2.

Keywords: exercise test; women; verification phase; oxygen consumption

1. Introduction

The examination of individual responses to an exercise or nutritional intervention has
gained increasing interest with the development of individualized exercise prescription,
medicine, and genetic testing [1–4]. Despite this increased focus on individual responses,
most primary research continues to base conclusions on group or mean effects. For exam-
ple, training interventions that have examined changes in the volume of maximal oxygen
consumption (

.
VO2max) utilized the mean response alone as justification for or against the ef-

ficacy of the given training protocol, despite high variability in the individual responses [4].
Therefore, the main effect and overall conclusion about the efficacy of the intervention may
be driven by a few individuals that demonstrated exaggerated responses [5]. The misstep
of drawing conclusions based primarily on the mean responses has also been observed in
the examination of the methodologies used for the determination of the primary outcomes
such as the

.
VO2max. Specifically, the call to perform a verification phase upon completion

of an initial cardiopulmonary exercise test (CPET) to verify that the
.

VO2max was achieved

J. Funct. Morphol. Kinesiol. 2023, 8, 124. https://doi.org/10.3390/jfmk8030124 https://www.mdpi.com/journal/jfmk

https://doi.org/10.3390/jfmk8030124
https://doi.org/10.3390/jfmk8030124
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jfmk
https://www.mdpi.com
https://orcid.org/0000-0002-6214-8188
https://doi.org/10.3390/jfmk8030124
https://www.mdpi.com/journal/jfmk
https://www.mdpi.com/article/10.3390/jfmk8030124?type=check_update&version=1


J. Funct. Morphol. Kinesiol. 2023, 8, 124 2 of 12

has been made primarily based on the mean responses [6–11]. However, the determination
of the

.
VO2max should be made using individual thresholds, since the mean responses do

not identify those who have or have not attained a ‘true’
.

VO2max. The few studies that have
examined the individual responses have used a threshold based solely on the measurement
error of the respective metabolic analyzer used, corresponding to a 2–3% difference, to
determine significance among the individual responses [4,7,12–14]. Thus, there is a need
for a method to compare individual responses that is based on the combined biological
variability in addition to the error of the measurement being examined.

Previous work [15–17] has called for a test–retest approach to the quantification of
individual responses. In particular, Weir [17] advocated for the use of the minimal difference
(MD) to be considered real, which represents a 95% confidence interval around the standard
error of the measurement (SEM), as a more statistically grounded threshold to determine
‘real’ individual differences test–retest. The MD is derived from test and subsequent retest
values of the measure of interest, each with a true component and an error component [17].
By using the test and retest values, the MD thereby contains the error from the biological
variability in addition to the measurement error of the given test [17]. Thus, the MD can
be used to examine whether an individual difference from one test to another is the result
of a ‘real’ difference, or if it is just the result of the day-to-day variability associated with
the measure [17]. By quantifying the MD in a given population for the measurement of a
primary outcome, such as the

.
VO2max, future researchers may be able to use the MD as a

threshold to examine individual differences during a training or interventional study.
The measurement of the

.
VO2max is a prevalent primary outcome in the examination

of endurance exercise; yet, debate exists surrounding its measurement [18]. Traditional
definitions of the

.
VO2max use the presence of a plateau in the

.
VO2 (<150 mL·min−1) with

increasing work rate as the primary criterion or secondary criteria, such as the attainment
of a percentage of the age-predicted maximal heart rate (HR), a respiratory exchange ratio
(RER) of 1.1 or greater, and a rating of perceived exertion (RPE) greater than or equal
to 17 [18–21]. These criteria have come under criticism [18] due to the low incidence
of a plateau in

.
VO2, and the inability of the secondary criteria to distinguish between

the individual variation in responses for those who truly did attain a
.

VO2 and those
who did not [18,21,22]. To address these criticisms, there has been an increased call to
perform a verification phase upon the completion of a CPET to verify the attainment of
the

.
VO2max [18]. However, there is no consensus for a universal methodology for the

administration of a verification phase to confirm the attainment of
.

VO2max. A recent
review and meta-analysis with 54 studies found no difference between the highest

.
VO2max

attained in the CPET and that from the verification phase [23]. While the authors concluded
the verification phase appears to be a robust procedure to confirm a ‘true’

.
VO2max has

been attained, they also questioned its necessity in all populations based on the lack
of mean differences between the

.
VO2max from the CPET (

.
VO2CPET) and the verification

phase (
.

VO2verification). The purpose of a verification phase is to, on an individual basis,
examine the

.
VO2 responses to verify the individual attainment of the

.
VO2max [24]. Thus, to

fully examine the necessity of the verification phase in the measurement of
.

VO2max, the
individual

.
VO2 responses should be examined during the CPET and verification phase.

Similar to the lack of consensus on the verification phase methodology, there is a
lack of consensus on the specific magnitude of the difference between the

.
VO2CPET and

.
VO2verification needed to detect a real change or indicate whether the result is a conse-
quence of measurement error or biological variability [17]. To compound this issue, the
specific number of subjects in a given sample that demonstrate a difference in the

.
VO2

responses is often not reported [10,11]. Previous works that have attempted to examine
individual differences have used a 2–3% threshold to define an individual difference as
real [4,7,12,14]. Using this threshold, Weatherwax et al. [4] demonstrated 2.6% of subjects
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(4 out of 156 tests) demonstrated a 3% difference between the
.

VO2CPET and
.

VO2verification.
Other more recent work [25] has extrapolated the

.
VO2 versus work rate relationship to

predict the
.

VO2verification and used the predicted value as a method to confirm the indi-
vidual attainment of the

.
VO2max following the recommendation of Midgley et al. [26].

These authors [25] demonstrated that the
.

VO2verification was on average 5% lower than the
.

VO2CPET, but that on an individual basis, the
.

VO2max was ‘confirmed’ in all participants
since the difference between the predicted and actual

.
VO2max was less than half the regres-

sion slope [25,26]. While this method represents an improvement upon the 3% threshold,
this may not serve as a threshold for future studies to use to examine individual responses.
Thus, the need still exists for a threshold that encapsulates the biological variability and
the error associated with the measurement that can be potentially used as a threshold for
future studies.

Previous work [27–29] has used the MD to examine the individual differences in the
.

VO2CPET and
.

VO2verification in treadmill running in men and women and in cycle ergometry
in men. These works, in addition to others [4,25,30], demonstrated that young healthy
subjects accustomed to exhaustive exercise seldom demonstrate differences between the
.

VO2CPET and
.

VO2verification, and in some cases, they demonstrate no differences at all. The
lack of individual subjects who demonstrate

.
VO2verification values that are either equivalent

or are significantly less than the
.

VO2CPET [4,25,27–29] support previous work [23] that has
questioned the need for the verification phase in measuring the

.
VO2max in all populations

and settings. The additional benefit of the quantification of the MD in specific populations
and in different modalities is that future works, such as training or nutritional interventions,
are able to use the MD as a threshold by which individual responses can be examined
without the need to perform verification phases. However, no study has quantified the MD
during cycle ergometry in women. Thus, the purpose of this study was to use a test–retest
approach to examine the reliability, mean, and individual differences between the

.
VO2CPET

and
.

VO2verification in healthy, recreationally trained, and well-motivated women during
cycle ergometry. Based on previous examinations of the verification phase using similar
methodologies [27–29], it was hypothesized that (1) both the

.
VO2CPET and

.
VO2verification

would have ‘excellent’ test–retest reliabilities; (2) there would be no mean differences be-
tween the

.
VO2CPET and

.
VO2verification; (3) no individual would exceed the MD between the

test and retest difference for the
.

VO2CPET or
.

VO2verification; and (4) based on the previously
reported incidence of individual differences [4,13], two or fewer subjects would exhibit a
difference between the

.
VO2CPET and

.
VO2verification that exceeded the MD.

2. Materials and Methods
2.1. Experimental Approach

This study used a test–retest design to determine the reliability and validity of the
determination of

.
VO2max with a verification phase. The study consisted of 3 visits total

with each visit being separated by at least 48 h. The first visit consisted of a familiarization
trial where subjects performed a cardiopulmonary exercise test (CPET) followed by a
verification phase on an electronically braked cycle ergometer to familiarize themselves
with the protocol and the effort required to determine the

.
VO2CPET and

.
VO2verification. The

second and third visits followed the same procedures as the familiarization visit and were
used to determine the mean and individual differences in the measurement of the

.
VO2CPET

and the
.

VO2verification.

2.2. Subjects

Ten moderately trained recreationally active women were recruited from university
students and from the general public in the surrounding area. One subject withdrew due
to scheduling conflicts. Therefore, 9 women were included in the analyses (mean ± SD,
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22 ± 2 years, 166.0 ± 4.5 cm, 58.6 ± 7.7 kg). The subjects’ physical activities included
a combination of running (n = 7), cycling (n = 2), resistance training (n = 5), and yoga
(n = 2). Individuals were eligible for inclusion if they had been endurance training 30 min a
day, 5 days a week, for the past 6 months and had no known cardiovascular, metabolic, or
musculoskeletal diseases or disorders. The subjects were asked to maintain their current
level of physical activity, but to abstain from high intensity exercise at least 24 h prior to their
testing session and abstain from caffeine consumption 4 h before their testing session. All
subjects completed a health history form and signed a written informed consent document
approved by the University Institutional Review Board for Human Subjects (IRB#64999)
prior to beginning the study.

2.3. Graded Exercise Test with Verification Phase

Each subject performed 3 CPET’s on a calibrated cycle ergometer (Lode, Corival,
Groningen, The Netherlands) on different days each separated by at least 48 h. The first
visit served as a familiarization trial so that subjects understood the effort required for
each visit. The second and third trials were used for the test–retest determination of the.
VO2CPET and

.
VO2verification. Each subject was fitted with a nose clip, mouthpiece mounted

to a headset (Hans Rudolph 2700 breathing valve, Kansas City, MO, USA), and heart rate
monitor (Polar Heart Watch system, Polar Electro Inc., Lake Success, NY, USA) during
all visits. Expired gas samples were collected and analyzed using a calibrated TrueMax
2400 metabolic cart (Parvo Medics, Sandy, UT, USA). Prior to testing, the gas analyzers
were calibrated to room air and gases of known concentrations, and the flow meter was
calibrated using a 3L syringe. The oxygen (

.
VO2) and carbon dioxide (

.
VCO2) parameters

were expressed as 20 s averages [31]. Each subject performed a 4-min warmup at 50 W at
70 rev·min−1 cadence, followed by one minute of passive rest. The CPET started at 50 W,
and the power output was increased 30 W every two minutes until the subjects could no
longer maintain the 70 rev·min−1 cadence despite strong verbal encouragement. After the
subject signaled for exhaustion, the subject was given 5 min of passive recovery, then the
power output was increased to 90% of their peak power from the CPET. This intensity was
maintained until the subject could no longer maintain the 70 rev·min−1 cadence despite
strong verbal encouragement. The protocol for the current study was based on the work
of Sawyer et al. [11], which indicated that a 90% verification phase was the ideal intensity
to elicit the highest

.
VO2verification values compared to 80, 100, and 105% of peak power in

moderately trained individuals. The greater
.

VO2 response at 90% peak power, relative to
the other submaximal, maximal, or supramaximal intensities, likely resulted because there
was sufficient time for the development of the

.
VO2 slow component phenomenon causing

the
.

VO2 to increase to the
.

VO2max [32]. The
.

VO2CPET and
.

VO2verificaiton were defined as
the highest 20 s

.
VO2 value obtained from the step protocol and the verification phase,

respectively. The rating of perceived exertion (RPE) was recorded using the Borg 6–20 scale
at the end of each stage during the CPET and after each minute during the verification
phase [33]. The respiratory exchange ratio (RER) was defined as the highest 20 s value
obtained from the step protocol and verification phase, respectively.

2.4. Statistical Analyses

Separate, 2 (Test [Test 1 vs. Test 2]) × 2 (Method [CPET vs Verification]) repeated
measures analyses of variance (ANOVA) were used to examine the interaction and main
effects for the mean responses for the highest

.
VO2 demonstrated from the CPET and

verification phase (
.

VO2CPET and
.

VO2verification), as well as for the time to exhaustion (TLim),
heart rate (HR), respiratory exchange ratio (RER), rating of perceived exertion (RPE), and
power output for the CPET and the verification phase with appropriate follow-up pairwise
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comparisons. The test–retest reliability of each variable was calculated using an intraclass
correlation coefficient (ICC, relative reliability) (2,1) model [17,34–36] using the equation:

ICC2,1 =
MSS −MSE

MSS + (k− 1)MSE +
(

k(MST−MSE
n

) , (1)

where the MSS is the mean square error of the between-subjects effects, MSE is the mean
square error of the within-subjects effects, and MST is the mean square factor of the within-
subjects effects from separate one-way repeated measures ANOVA for each method (CPET,
verification phase). Additionally, k is the number of tests (k = 2), and n represents the
sample size. A 2,1 ICC model was selected so that the ICC values could be generalized to
outside testers [17,34–36]. The ICC values were classified as “excellent” (0.80–1.0), “good”
(0.60–0.80), or “poor” (<0.60) [37]. A 95% confidence interval (CI) was calculated around
each ICC value to confirm the rejection of the null hypothesis that each ICC was statistically
different from zero. The standard error of the measurement (SEM, absolute reliability) was
calculated using the equation:

SEM =
√

MSE. (2)

Additionally, the minimal difference to be considered real (MD) was calculated using
the equation:

MD = SEM ∗ 1.96 ∗
√

2 (3)

to examine the individual differences for each variable from test 1 to test 2. The coefficient
of variation (CoV) was also calculated to display a normalized measure of the SEM using
the equation:

CoV =
SEM

GrandMean
∗ 100. (4)

Based on previous recommendations [38], a CoV of <10% was used as an indication
of sufficient absolute reliability. However, the overall reliability of the measures was
characterized by taking into account the ICC value, in conjunction with the CoV, SEM, and
the MD. The effect size for each variable of the ANOVAs was expressed as the partial eta
squared (pn2). An a priori alpha level was set at 0.05, and all of the data were analyzed
using IBM SPSS Statistical Software Version 28 (IBM SPSS Inc., Chicago, IL, USA).

3. Results

The individual responses and the mean ± SD for each variable (test 1
.

VO2CPET,
test 2

.
VO2CPET, test 1

.
VO2verification, and test 2

.
VO2verification) are listed in Table 1 and

shown in Figures 1 and 2. The results of the two-way repeated measures ANOVA for
peak

.
VO2 demonstrated no significant test x method interaction (F = 0.018, p = 0.896,

pη2 = 0.002) and no main effect for the method (F = 0.605, p = 0.459, pη2 = 0.070), but
there was a significant main effect for the test (F = 8.465, p = 0.043, pη2 = 0.419). Followup
comparisons indicated that collapsed across the method (i.e., the average of both the
CPET and verification phase), test 1 (39.2 ± 7.2 mL·kg−1·min−1) was significantly higher
than test 2 (38.3 ± 7.7 mL·kg−1·min−1). The mean ± SD TLim for test 1 and test 2 for the
CPET and verification phase, as well as the peak power output (PPO) from the CPET, the
verification phase power output, and the maximal HR, RER, and RPE for the CPET and
verification phase are listed in Table 2. There were no significant interactions, but there
was a main effect for the method that indicated the TLim for the CPET was longer than the
verification phase (p < 0.001), and the peak power output (p < 0.001) and RER (p < 0.001)
during the CPET were greater than the verification phase. There were no interactions or
main effects for the test or method for the maximal HR or RPE (p = 0.062–0.512).
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Table 1. Mean ± SD and individual responses for the highest
.

VO2 values from the cardiopulmonary
exercise test (

.
VO2CPET) and the verification phase (

.
VO2erification) for test 1 (T1) and test 2 (T2).

Subject T1
.

VO2CPET T2
.

VO2CPET T1
.

VO2verification T2
.

VO2verification

1 45.5 * 43.1 44.1 43.9
2 31.0 30.5 31.9 30.6
3 40.6 39.5 ‡ 41.7 † 36.8
4 40.8 40.1 41.1 41.9
5 35.1 * 32.8 35.4 34.0
6 35.6 34.0 38.0 ‡ 35.4
7 56.4 57.3 55.5 56.2
8 33.6 33.6 34.6 34.3
9 39.5 38.8 38.4 38.5

Mean 39.8 38.9 40.1 39.1
SD 7.6 8.1 6.9 7.6

* indicates test 1 versus test 2 for the CPET exceeded the minimal difference to be considered real (MD)
(2.14 mL·kg−1·min−1). † indicates test 1 versus test 2 for the verification phase exceeded the MD
(3.52 mL·kg−1·min−1). ‡ indicates the CPET versus the verification phase exceeded the MD (2.14 mL·kg−1·min−1).

Figure 1. Individual (solid line and closed circles) and mean (dashed line)
.

VO2 responses from
the cardiopulmonary exercise test (CPET) and the verification phase for test 1 (A) and test 2 (B).
* indicates an individual (solid line open circles) exceeded the minimal difference to be considered
real (2.14 mL·kg−1·min−1) between the CPET and verification phase.
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Figure 2. Individual (solid line and closed circles) and mean (dashed line)
.

VO2 responses from
the cardiopulmonary exercise test (CPET) 1 compared to test 2 (A), and the verification phase
test 1 compared to test 2 (B). * indicates an individual (solid line and open circles) exceeded the
minimal difference to be considered real for the CPET (2.14 mL·kg−1·min−1) or the verification phase
(3.52 mL·kg−1·min−1).

Table 2. Mean ± SD for time to exhaustion (TLim), peak power output, heart rate (HR), respira-
tory exchange ratio (RER), and rating of perceived exertion (RPE) for test 1 (T1) and test 2 (T2)
cardiopulmonary exercise test (CPET) and verification phase.

T1 CPET T2 CPET T1 Verification T2 Verification

TLim (min) * 11.25 ± 1.27 11.43 ± 1.23 3.01 ± 0.98 3.14 ± 0.88
Power Output (W) * 203 ± 23 203 ± 23 183 ± 21 183 ± 21

HR (b·min−1) 182 ± 6 180 ± 8 181 ± 8 180 ± 8
RER * 1.18 ± 0.05 1.20 ± 0.06 1.08 ± 0.07 1.11 ± 0.05
RPE 19 ± 1 19 ± 1 19 ± 1 19 ± 1

Power output for the CPET represents the peak power output (PPO), and for the verification phase represents
90% of the peak power output from the CPET. * TLim, power output, and RER during the CPET was greater than
verification phase, collapsed across test (p < 0.001).

The reliability statistics are presented in Table 3. The test 1
.

VO2CPET was significantly
higher than the test 2

.
VO2CPET (F = 6.563, p = 0.034, pη2 = 0.451), but there was no dif-

ference between the test 1
.

VO2verification and the test 2 (F = 2.833, p = 0.131, pη2 = 0.261).
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The ICC values of the
.

VO2CPET (R = 0.984) and the
.

VO2verification (R = 0.964) indicated both
methods demonstrated ‘excellent’ test–retest reliabilities [37]. The CoV for the

.
VO2CPET

(1.98%) and
.

VO2verification (3.30%) were both below the 10% threshold used to be consid-
ered reliable [38]. Two subjects exceeded the MD (2.14 mL·kg−1·min−1; 0.12 L·min−1) for
the

.
VO2CPET test–retest. In addition, one subject exceeded the MD (3.30 mL·kg−1·min−1;

0.22 L·min−1) for the
.

VO2verification test–retest. Lastly, one subject demonstrated a
.

VO2CPET

that was greater than the
.

VO2verification by a value that exceeded the MD (2.14 mL·kg−1·min−1),
and one subject demonstrated a

.
VO2verification that was greater than the

.
VO2CPET by a value

that was greater than the MD (Table 1).

Table 3. Reliability analyses including the mean ± SD, intraclass correlation coefficient (ICC), stan-
dard error of the measure (SEM), minimal difference (MD) to be considered real, and the coefficient
of variation (CoV) for the

.
VO2 from the cardiopulmonary exercise test (

.
VO2CPET) and the verification

phase (
.

VO2verification).

.
VO2 (Mean ± SD) Test 1 Test 2 p ICC

(95% CI)
SEM

(mL·kg−1·min−1)
MD

(mL·kg−1·min−1) CoV (%)

.
VO2CPET 39.8 ± 7.6 38.9 ± 8.1 0.034 0.984

(0.879–0.997) 0.77 2.14 1.98

.
VO2verification 40.1 ± 6.9 39.1 ± 7.6 0.131 0.964

(0.841–0.992) 1.27 3.53 3.30

4. Discussion

The purpose of this study was to use a test–retest approach to examine the reliability,
mean, and individual differences between the

.
VO2CPET and

.
VO2verification in healthy, recre-

ationally trained, and well-motivated women during cycle ergometry. The recommendation
for researchers to perform verification phase testing when determining the

.
VO2max in all

populations has become more prevalent [18]. It is of note that the verification phase may be
necessary in novice, unmotivated, older, or especially diseased populations [39]. However,
it has been suggested that the verification phase may not be necessary in young healthy
subjects that are accustomed to exhaustive exercise [18]. In addition, previous studies in
this population have demonstrated highly reproducible

.
VO2max values based on the group

mean responses [18,23,27–29]. The findings of the current study provide additional support
to this notion as both the

.
VO2CPET and

.
VO2verification demonstrated “excellent” reliabilities

based on the ICC along with the MD, SEM, and CoV (Table 3). Although the test–retest
mean responses for the

.
VO2CPET indicated systematic variability (test 1 > test 2), this mean

difference reflected a real difference, based on the MD, for only two of the nine subjects.
The use of several indices of reliability allows for the determination of the absolute and
relative reliability, which enables an individual to compare across studies [17,40]. The ICC,
MD, SEM, and CoV for the

.
VO2CPET and

.
VO2verification in this study were consistent with

previous work examining the CPET and verification phase protocols (ICCs = 0.89–0.99,
MDs = 0.17–0.21 L·min−1, SEMs = 0.06–0.16 L·min−1, and CoVs = 2.1–3.8%) [6,11,12,27–29].
Thus, the current findings further supported that the

.
VO2CPET and

.
VO2verification can be

reliably determined in younger, healthy, and well-motivated subjects.
Previous work investigating the need for a verification phase in the determination

of the
.

VO2max has examined the mean responses of the
.

VO2 determined from the CPET
compared to the

.
VO2 determined from the verification phase. Other works have demon-

strated no mean difference in the
.

VO2max between the CPET and verification phase, yet
still recommend its use in all populations [8,25]. However, as has been previously pointed
out [23,24], the examination of the individual responses is more important than the mean
responses in regard to the attainment of the highest

.
VO2 (

.
VO2max). In the current study,

there was no main effect for method (i.e., no difference for the
.

VO2 determined from the
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CPET vs. the verification phase). This lack of difference between the CPET and the verifi-
cation phase is consistent with previous studies [4,6–8,11] but is also in contrast to other
works [27–29,41] that demonstrated that the CPET

.
VO2max was significantly greater than

the verification phase. However, in contrast to other works [4,6–8,11,12,27–29], the
.

VO2
from test 1 in this study was significantly greater than test 2, collapsed across the
CPET and verification phase. It is important to note that the mean difference be-
tween test 1 (39.2 ± 7.2 mL·kg−1·min−1) and test 2 (38.3 ± 7.7 mL·kg−1·min−1) was
0.9 ± 1.2 mL·kg−1·min−1 (~2.2%), and there were no differences in the time to exhaus-
tion, power output, or maximal HR between test 1 and test 2. On an individual basis,
only two of the nine subjects for the CPET and one of the nine subjects for the verifi-
cation phase test–retest exceeded the MD for the test–retest responses. These findings
demonstrate a potential pitfall of using the mean responses alone to evaluate the changes
in the

.
VO2max across time or as the result of a training or dietary intervention. That

is, evaluation of the mean response alone would suggest a significant change across
time; however, this reflected a real difference for only three out eighteen total test–retest
responses. Thus, these findings illustrate that using the mean responses may not be
sufficient to fully examine the proper methodology for the measurement of the

.
VO2max

and highlight the potential usefulness in examining changes across time and the need
for the examination of individual responses.

The utility of the verification phase is to determine on an individual basis whether
the

.
VO2 obtained from the CPET is truly the maximal

.
VO2 that an individual is capable of

producing. However, in past works, the threshold that has been used to determine whether
there were individual differences was set at 2–3% between measures [4,7,12,14]. Using
this threshold presents a flawed approach as it does not consider the standard error of
the measurement of the

.
VO2 in addition to the biological variability associated with the

measurement. The use of the minimal difference (MD) to be considered real provides a
threshold with increased statistical backing to determine whether the differences between
the CPET and the verification phase are real differences or are just due to the error of the
measure [17]. The MD for the measurement of the

.
VO2 from the CPET and verification

phase has previously been quantified in men and women during treadmill running [27,28]
and in men during cycle ergometry [29], but it has yet to be determined for women during
cycle ergometry. Therefore, the quantification of the MD in women during cycle ergometry
(2.14 mL·kg−1·min−1) may allow future researchers to examine the individual responses
in the

.
VO2max to potential changes in interventional studies. Using this approach, one

individual demonstrated a
.

VO2verification that exceeded the
.

VO2CPET by more than the MD,
while one individual demonstrated a

.
VO2CPET that was greater than the

.
VO2verification by

more than the MD. These data suggest that a verification phase is not necessary in the
measurement of the

.
VO2max in healthy well-motivated women on a cycle ergometer. In

addition, the MD may provide a valuable tool to examine individual differences in the
.

VO2max across time or as the result of an intervention.

Limitations

The variation in the
.

VO2max for those subjects who exceeded the MD for the test–retest
responses may be a result of the increased variation in the

.
VO2 due to biological factors

and may highlight ‘responders’ vs. ‘non-responders’ [42] due to factors that may influence
the maximal performance, such as the time of day [43] or the menstrual cycle phase [44],
in addition to other factors such as diet, hydration, or sleep [42]. However, additional
work is needed to explore the magnitude of the effect that these factors may have on
individual performance measures. While the time of day of testing was kept consistent
in the current study (±2 h), Knaier et al. [43] demonstrated that individual

.
VO2 values

can vary even when there are minor variations (<3 h) in the time of day that the testing is
repeated. Furthermore, Lebrun et al. [44] demonstrated that the

.
VO2max can vary across
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the menstrual cycle phases. The individual menstrual cycle phase was not tracked in the
current study; however, all test–retest responses were recorded within 48–72 h. Although it
is possible that menstrual cycle phase transitions introduced sufficient variability to alter
the

.
VO2max, based on the timing of the testing protocol and the lack of effect for these same

subjects on the verification phase
.

VO2 responses, this seems unlikely to be the primary
driver of the variations in the

.
VO2max. Future researchers should examine factors that may

impact maximal day-to-day performance to determine the possible magnitude of these
effects. In addition, future studies should quantify the MD using a larger sample size.

5. Conclusions

The results of the current study suggested that its use in healthy well-motivated
women who are accustomed to maximal exhaustive exercise may not be necessary. The
performance of additional maximal tests increases the demand on subjects to push
themselves to their limit more than may be necessary and increases the burden on
researchers to perform these additional tests. Day et al. [30], and more recently Poole
and Jones [18] have previously made this claim; however, there were no specific data
as support. The current study has shown that there were no mean differences between
the

.
VO2CPET and

.
VO2verification, and both measures demonstrated ‘excellent’ test–retest

reliabilities. Therefore, these data support the claims made in previous work [18,30],
which suggested young, healthy, and well-motivated subjects may not need to perform
additional tests in the measurement of the

.
VO2max. In addition, this study has added to

the quantification of the MD that has previously been determined for men in running
and cycling and in women in running but had not been derived for women in cycling.
There were two individuals who demonstrated differences in the

.
VO2CPET test–retest

and one individual who demonstrated differences in the
.

VO2verification test–retest. Thus,
the few individual differences in combination with the lack of mean difference between
the CPET and verification phase responses, suggested that the verification phase may
not be necessary in healthy motivated women. The MD allows for the examination of
individual responses with a threshold that is based on the standard error of the measure
and presents an improvement on the 2–3% threshold, which has previously been used.
Thus, the MD may prove useful for other researchers to examine the individual

.
VO2max

responses to potential training or nutritional intervention studies.

Author Contributions: P.J.S. and H.C.B. conceived and designed the study. P.J.S., B.B. and M.K.
conducted the experiments and collected the data. P.J.S. and H.C.B. analyzed the data. P.J.S., B.B.,
M.K. and H.C.B. all contributed to the interpretation of the findings and the manuscript preparation.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by the University of Kentucky
Institutional Review Board for Human Subjects (IRB#64999, approved 5 May 2021) meeting the ethical
standards of the Declaration of Helsinki.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available upon request to the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dionne, F.T.; Turcotte, L.; Thibault, M.C.; Boulay, M.R.; Skinner, J.S.; Bouchard, C. Mitochondrial DNA Sequence Polymorphism,

VO2max, and Response to Endurance Training. Med. Sci. Sports Exerc. 1991, 23, 177–185. [CrossRef] [PubMed]
2. Dipla, K. The FITT Principle in Individuals with Type 2 Diabetes: From Cellular Adaptations to Individualized Exercise

Prescription. J. Adv. Med. Med. Res. 2017, 22, 1–18. [CrossRef]

https://doi.org/10.1249/00005768-199102000-00006
https://www.ncbi.nlm.nih.gov/pubmed/1673216
https://doi.org/10.9734/JAMMR/2017/34927


J. Funct. Morphol. Kinesiol. 2023, 8, 124 11 of 12

3. Marks, P.; Witten, C. Toward a New Framework for the Development of Individualized Therapies. Gene Ther. 2021, 28, 615–617.
[CrossRef]

4. Weatherwax, R.M.; Harris, N.K.; Kilding, A.E.; Dalleck, L.C. Incidence of VO2max Responders to Personalized versus Standardized
Exercise Prescription. Med. Sci. Sports Exerc. 2019, 51, 681–691. [CrossRef] [PubMed]

5. Pollet, T.V.; Stulp, G.; Henzi, S.P.; Barrett, L. Taking the Aggravation out of Data Aggregation: A Conceptual Guide to Dealing
with Statistical Issues Related to the Pooling of Individual-Level Observational Data. Am. J. Primatol. 2015, 77, 727–740. [CrossRef]
[PubMed]

6. Kirkeberg, J.M.; Dalleck, L.C.; Kamphoff, C.S.; Pettitt, R.W. Validity of 3 Protocols for Verifying VO2max. Int. J. Sports Med. 2011,
32, 266–270. [CrossRef]

7. Midgley, A.W.; McNaughton, L.R.; Carroll, S. Verification Phase as a Useful Tool in the Determination of the Maximal Oxygen
Uptake of Distance Runners. Appl. Physiol. Nutr. Metab. 2006, 31, 541–548. [CrossRef]

8. Midgley, A.W.; Carroll, S. Emergence of the Verification Phase Procedure for Confirming “true” VO(2max). Scand. J. Med. Sci.
Sports 2009, 19, 313–322. [CrossRef]

9. Murias, J.M.; Pogliaghi, S.; Paterson, D.H. Measurement of a True VO2max during a Ramp Incremental Test Is not Confirmed by a
Verification Phase. Front. Physiol. 2018, 9, 143. [CrossRef]

10. Rossiter, H.B.; Kowalchuk, J.M.; Whipp, B.J. A Test to Establish Maximum O2 Uptake despite No Plateau in the O2 Uptake
Response to Ramp Incremental Exercise. J. Appl. Physiol. 2006, 100, 764–770. [CrossRef]

11. Sawyer, B.J.; McMahon, N.; Thornhill, K.L.; Baughman, B.R.; Mahoney, J.M.; Pattison, K.L.; Freeberg, K.A.; Botts, R.T. Supra-Versus
Submaximal Cycle Ergometer Verification of VO2max in Males and Females. Sports 2020, 8, 163. [CrossRef] [PubMed]

12. Astorino, T.A.; DE LA Rosa, A.B.; Clark, A.; DE Revere, J.L. Verification Testing to Confirm VO2max Attainment in Inactive
Women with Obesity. Int. J. Exerc. Sci. 2020, 13, 1448–1458. [PubMed]

13. Iannetta, D.; de Almeida Azevedo, R.; Ingram, C.P.; Keir, D.A.; Murias, J.M. Evaluating the Suitability of Supra-POpeak
Verification Trials after Ramp-Incremental Exercise to Confirm the Attainment of Maximum O2 Uptake. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2020, 319, R315–R322. [CrossRef] [PubMed]

14. Dalleck, L.C.; Astorino, T.A.; Erickson, R.M.; McCarthy, C.M.; Beadell, A.A.; Botten, B.H. Suitability of Verification Testing to
Confirm Attainment of VO2max in Middle-Aged and Older Adults. Res. Sports Med. 2012, 20, 118–128. [CrossRef] [PubMed]

15. Hecksteden, A.; Kraushaar, J.; Scharhag-Rosenberger, F.; Theisen, D.; Senn, S.; Meyer, T. Individual Response to Exercise
Training—A Statistical Perspective. J. Appl. Physiol. 2015, 118, 1450–1459. [CrossRef]

16. Hopkins, W.G. Individual Responses Made Easy. J. Appl. Physiol. 2015, 118, 1444–1446. [CrossRef]
17. Weir, J.P. Quantifying Test-Retest Reliability Using the Intraclass Correlation Coefficient and the SEM. J. Strength Cond. Res. 2005,

19, 231–240. [CrossRef]
18. Poole, D.C.; Jones, A.M. Measurement of the Maximum Oxygen Uptake VO2max: VO2peak Is No Longer Acceptable. J. Appl.

Physiol. 2017, 122, 997–1002. [CrossRef]
19. Taylor, H.L.; Buskirk, E.; Henschel, A. Maximal Oxygen Intake as an Objective Measure of Cardio-Respiratory Performance.

J. Appl. Physiol. 1955, 8, 73–80. [CrossRef]
20. Howley, E.T.; Bassett, D.R.; Welch, H.G. Criteria for Maximal Oxygen Uptake: Review and Commentary. Med. Sci. Sports Exerc.

1995, 27, 1292–1301. [CrossRef]
21. Poole, D.C.; Wilkerson, D.P.; Jones, A.M. Validity of Criteria for Establishing Maximal O2 Uptake during Ramp Exercise Tests.

Eur. J. Appl. Physiol. 2008, 102, 403–410. [CrossRef] [PubMed]
22. Robergs, R.A.; Landwehr, R. The Surprising History of the “HRmax=220-Age” Equation. J. Exerc. Physiol. 2002, 5, 1–10.
23. Costa, V.A.B.; Midgley, A.W.; Carroll, S.; Astorino, T.A.; de Paula, T.; Farinatti, P.; Cunha, F.A. Is a Verification Phase Useful for

Confirming Maximal Oxygen Uptake in Apparently Healthy Adults? A Systematic Review and Meta-Analysis. PLoS ONE 2021,
16, e0247057. [CrossRef]

24. Noakes, T.D. Maximal Oxygen Uptake as a Parametric Measure of Cardiorespiratory Capacity: Comment. Med. Sci. Sports Exerc.
2008, 40, 585. [CrossRef] [PubMed]

25. Pryor, J.L.; Lao, P.; Leija, R.G.; Perez, S.; Morales, J.; Looney, D.P.; Cochrane-Snyman, K.C. Verification Phase Confirms VO2max in
a Hot Environment in Sedentary Untrained Males. Med. Sci. Sports Exerc. 2023, 55, 1069–1075. [CrossRef] [PubMed]

26. Midgley, A.W.; Carroll, S.; Marchant, D.; McNaughton, L.R.; Siegler, J. Evaluation of True Maximal Oxygen Uptake Based on a
Novel Set of Standardized Criteria. Appl. Physiol. Nutr. Metab. 2009, 34, 115–123. [CrossRef]

27. Succi, P.J.; Benitez, B.; Kwak, M.; Bergstrom, H.C. VO2max Is Reliably Measured from a Stand-Alone Graded Exercise Test in
Healthy Women. J. Exerc. Physiol. Online 2022, 25, 14–25.

28. Succi, P.J.; Benitez, B.; Kwak, M.; Bergstrom, H.C. Methodological Considerations for the Determination of VO2max in Healthy
Men. Eur. J. Appl. Physiol. 2023, 123, 191–199. [CrossRef]

29. Succi, P.J.; Benitez, B.; Kwak, M.; Bergstrom, H.C. The Minimal Difference as an Individual Threshold to Examine the Utility of a
Verification Bout in Determining VO2max. Med. Sci. Sports Exerc. 2023, 55, 1063–1068. [CrossRef]

30. Day, J.R.; Rossiter, H.B.; Coats, E.M.; Skasick, A.; Whipp, B.J. The Maximally Attainable VO2 during Exercise in Humans: The
Peak vs. Maximum Issue. J. Appl. Physiol. 2003, 95, 1901–1907. [CrossRef]

31. Robergs, R.A.; Dwyer, D.; Astorino, T. Recommendations for Improved Data Processing from Expired Gas Analysis Indirect
Calorimetry. Sports Med. 2010, 40, 95–111. [CrossRef] [PubMed]

https://doi.org/10.1038/s41434-020-0143-y
https://doi.org/10.1249/MSS.0000000000001842
https://www.ncbi.nlm.nih.gov/pubmed/30673687
https://doi.org/10.1002/ajp.22405
https://www.ncbi.nlm.nih.gov/pubmed/25810242
https://doi.org/10.1055/s-0030-1269914
https://doi.org/10.1139/h06-023
https://doi.org/10.1111/j.1600-0838.2009.00898.x
https://doi.org/10.3389/fphys.2018.00143
https://doi.org/10.1152/japplphysiol.00932.2005
https://doi.org/10.3390/sports8120163
https://www.ncbi.nlm.nih.gov/pubmed/33322835
https://www.ncbi.nlm.nih.gov/pubmed/33042376
https://doi.org/10.1152/ajpregu.00126.2020
https://www.ncbi.nlm.nih.gov/pubmed/32697652
https://doi.org/10.1080/15438627.2012.660825
https://www.ncbi.nlm.nih.gov/pubmed/22458828
https://doi.org/10.1152/japplphysiol.00714.2014
https://doi.org/10.1152/japplphysiol.00098.2015
https://doi.org/10.1519/15184.1
https://doi.org/10.1152/japplphysiol.01063.2016
https://doi.org/10.1152/jappl.1955.8.1.73
https://doi.org/10.1249/00005768-199509000-00009
https://doi.org/10.1007/s00421-007-0596-3
https://www.ncbi.nlm.nih.gov/pubmed/17968581
https://doi.org/10.1371/journal.pone.0247057
https://doi.org/10.1249/MSS.0b013e3181617350
https://www.ncbi.nlm.nih.gov/pubmed/18287930
https://doi.org/10.1249/MSS.0000000000003126
https://www.ncbi.nlm.nih.gov/pubmed/36719655
https://doi.org/10.1139/H08-146
https://doi.org/10.1007/s00421-022-05033-y
https://doi.org/10.1249/MSS.0000000000003127
https://doi.org/10.1152/japplphysiol.00024.2003
https://doi.org/10.2165/11319670-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/20092364


J. Funct. Morphol. Kinesiol. 2023, 8, 124 12 of 12

32. Jones, A.M.; Grassi, B.; Christensen, P.M.; Krustrup, P.; Bangsbo, J.; Poole, D.C. Slow Component of VO2 Kinetics: Mechanistic
Bases and Practical Applications. Med. Sci. Sports Exerc. 2011, 43, 2046–2062. [CrossRef] [PubMed]

33. Borg, G. Perceived Exertion as an Indicator of Somatic Stress. Scand. J. Rehabil. Med. 1970, 2, 92–98. [CrossRef] [PubMed]
34. Hopkins, W.G. Measures of Reliability in Sports Medicine and Science. Sports Med. 2000, 30, 1–15. [CrossRef] [PubMed]
35. Shrout, P.E.; Fleiss, J.L. Intraclass Correlations: Uses in Assessing Rater Reliability. Psychol. Bull. 1979, 86, 420–428. [CrossRef]
36. Vincent, W.J.; Weir, J.P. Statistics in Kinesiology, 4th ed.; Human Kinetics: Champaign, IL, USA, 2012.
37. Buckthorpe, M.W.; Hannah, R.; Pain, T.G.; Folland, J.P. Reliability of Neuromuscular Measurements during Explosive Isometric

Contractions, with Special Reference to Electromyography Normalization Techniques. Muscle Nerve 2012, 46, 566–576. [CrossRef]
38. Atkinson, G.; Nevill, A.M. Statistical Methods for Assessing Measurement Error (Reliability) in Variables Relevant to Sports

Medicine. Sports Med. 1998, 26, 217–238. [CrossRef]
39. Rose, G.A.; Davies, R.G.; Appadurai, I.R.; Williams, I.M.; Bashir, M.; Berg, R.M.G.; Poole, D.C.; Bailey, D.M. “Fit for Surgery”:

The Relationship between Cardiorespiratory Fitness and Postoperative Outcomes. Exp. Physiol. 2022, 107, 787–799. [CrossRef]
40. Succi, P.J.; Dinyer, T.K.; Byrd, M.T.; Soucie, E.P.; Voskuil, C.C.; Bergstrom, H.C. Test-Retest Reliability of Critical Power, Critical

Heart Rate, Time to Exhaustion, and Average Heart Rate during Cycle Ergometry. J. Exerc. Physiol. Online 2021, 24, 33–52.
41. Astorino, T.A.; DeRevere, J. Efficacy of Constant Load Verification Testing to Confirm VO2max Attainment. Clin. Physiol. Funct.

Imaging 2018, 38, 703–709. [CrossRef]
42. Pickering, C.; Kiely, J. Do Non-Responders to Exercise Exist-and If So, What Should We Do about Them? Sports Med. 2019, 49, 1–7.

[CrossRef] [PubMed]
43. Knaier, R.; Infanger, D.; Niemeyer, M.; Cajochen, C.; Schmidt-Trucksäss, A. In Athletes, the Diurnal Variations in Maximum

Oxygen Uptake Are More than Twice as Large as the Day-to-Day Variations. Front. Physiol. 2019, 10, 219. [CrossRef] [PubMed]
44. Lebrun, C.M.; McKenzie, D.C.; Prior, J.C.; Taunton, J.E. Effects of Menstrual Cycle Phase on Athletic Performance. Med. Sci. Sports

Exerc. 1995, 27, 437–444. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1249/MSS.0b013e31821fcfc1
https://www.ncbi.nlm.nih.gov/pubmed/21552162
https://doi.org/10.2340/1650197719702239298
https://www.ncbi.nlm.nih.gov/pubmed/5523831
https://doi.org/10.2165/00007256-200030010-00001
https://www.ncbi.nlm.nih.gov/pubmed/10907753
https://doi.org/10.1037/0033-2909.86.2.420
https://doi.org/10.1002/mus.23322
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.1113/EP090156
https://doi.org/10.1111/cpf.12474
https://doi.org/10.1007/s40279-018-01041-1
https://www.ncbi.nlm.nih.gov/pubmed/30560423
https://doi.org/10.3389/fphys.2019.00219
https://www.ncbi.nlm.nih.gov/pubmed/30936835
https://doi.org/10.1249/00005768-199503000-00022
https://www.ncbi.nlm.nih.gov/pubmed/7752873

	Introduction 
	Materials and Methods 
	Experimental Approach 
	Subjects 
	Graded Exercise Test with Verification Phase 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

