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Abstract: The maximal oxygen uptake (VO2max) prediction models established by step tests are
often used for evaluating cardiorespiratory fitness (CRF). However, it is unclear which type of
stepping frequency sequence is more suitable for the public to assess the CRF. Therefore, the main
purpose of this study was to test the effectiveness of two 3-min incremental step-in-place (3MISP)
tests (i.e., 3MISP30s and 3MISP60s) with the same total number of steps but different step-frequency
sequences in predicting VO2max. In this cross-sectional study, a total of 200 healthy adults in Taiwan
completed 3MISP30s and 3MISP60s tests, as well as cardiopulmonary exercise testing. The 3MISP30s

and 3MISP60s models were established through multiple stepwise regression analysis by gender, age,
percent body fat, and 3MISP-heart rate. The statistical analysis included Pearson’s correlations, the
standard errors of estimate, the predicted residual error sum of squares, and the Bland–Altman plot
to compare the measured VO2max values and those estimated. The results of the study showed that
the exercise intensity of the 3MISP30s test was higher than that of the 3MISP60s test (% heart rate
reserve (HRR) during 3MISP30s vs. %HRR during 3MISP60s = 81.00% vs. 76.81%, p < 0.001). Both
the 3MISP30s model and the 3MISP60s model explained 64.4% of VO2max, and the standard errors
of the estimates were 4.2043 and 4.2090 mL·kg−1·min−1, respectively. The cross-validation results
also indicated that the measured VO2max values and those predicted by the 3MISP30s and 3MISP60s

models were highly correlated (3MISP30s model: r = 0.804, 3MISP60s model: r = 0.807, both p < 0.001).
There was no significant difference between the measured VO2max values and those predicted by the
3MISP30s and 3MISP60s models in the testing group (p > 0.05). The results of the study showed that
when the 3MISP60s test was used, the exercise intensity was significantly reduced, but the predictive
effectiveness of VO2max did not change. We concluded that the 3MISP60s test was physiologically
less stressful than the 3MISP30s test, and it could be a better choice for CRF evaluation.

Keywords: maximal oxygen uptake; 3-min incremental step-in-place; step frequency; multiple
regression model

1. Introduction

According to a report from the World Health Organization (WHO), cardiovascular
disease is the world’s leading cause of death. The number of deaths from ischemic heart
disease account for 16% of the total deaths in the world, and strokes account for 11% of
the total deaths [1]. Cardiorespiratory fitness (CRF) is an important indicator of cardio-
vascular health [2–4]. Through CRF assessment, current and future health conditions can
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be objectively predicted. Generally speaking, a higher CRF level indicates a lower risk of
cardiovascular disease, all-cause mortality, and medical costs in later life [5–7]. Therefore,
the evaluation of CRF is very important, even in healthy adults. The most accurate CRF
assessment method for adults is the graded cardiopulmonary exercise testing (CPET) until
volitional exhaustion on a treadmill or cycle ergometer. Oxygen (O2) consumption is the
product of cardiac output and arteriovenous O2 difference (a–vO2 diff) [8–10]. Cardiac
output is strongly related to fat-free body mass, which is higher in overweight than normal-
weight adults [11]. The a–vO2 diff decreases with advancing age [8]. During exercise,
with the increase of intensity, the skeletal muscles need to extract more O2 from the blood,
thus resulting in the increase of a–vO2 diff. The plateau in O2 consumption during CPET
represents the maximum upper limit of CRF [12]. Accordingly, the maximal oxygen uptake
(VO2max) obtained with the gas analyzer is considered by the WHO as the best indicator for
evaluating CRF. The American College of Sports Medicine’s guidelines for exercise testing
and prescription classifies the age-and gender-associated CRF based on VO2max as very
poor, poor, fair, good, excellent, and superior [7], indicating a decline in CRF across the
lifespan. The VO2max of men is significantly higher than that of women; the main reason
for this gender-related difference is physiologic differences, including body composition,
heart size, and lung volume [13–15]. The direct method of measuring VO2max depends on
the availability of laboratory equipment and the professional operation of said equipment
by well-trained staff. For the direct measurement of VO2max, healthy individuals should
perform the maximum stress test; it does not pose a risk for health under the management
of the professional, while low-intensity tests are recommended for individuals with health
problems or physical disabilities [4,7]. For these reasons, it cannot be carried out universally.
Therefore, it is necessary to develop a low-risk, low-cost, and more convenient indirect
measurement program for VO2max to assess CRF levels.

The submaximal exercise-based prediction models to estimate VO2max have moderate
to high levels of accuracy [16], which can explain individual-specific exercise responses
and identify the longitudinal changes in CRF [17]. Many scholars in the past have explored
submaximal exercise protocols. Common test methods include the 6-min walk test [18], the
20-m shuttle run (20MSR) test [19], and step-up tests [20,21]. Those scholars used exercise
parameters such as heart rate, speed, and distance as predictors of VO2max and combined
age, gender, and physiological characteristics to establish a VO2max prediction formula to
evaluate CRF levels. Among them, the 6-min walk test (6MWT) is often used to assess the
CRF level of older adults and clinical patients [13,18]. The American Thoracic Society has
published 6-min walk test procedures and instructions for interpretation [22], requiring
individuals to walk back and forth along a 30-m walkway within 6 min [23]. The CRF could
be differentiated as very low, low, excellent, or superior according to the 6MWT distance,
but which had no ability to identify adults with regular and good CRF [13]. The 20MSR is a
field test widely used to evaluate CRF [19]. This test is simple and easy to manage, requires
less equipment, and can be used to test by multiple people at the same time, but it requires
a 20-m testing space. Although the accuracy of VO2max prediction by submaximal exercise
tests is lower than that of maximal exercise tests, submaximal exercise tests have a lower
risk of accidents and require less time and equipment. When VO2max cannot be measured
directly due to considerations such as safety, the environment, equipment, and personnel
training, submaximal exercise can be used to measure VO2max indirectly to facilitate the
identification and follow-up of adult CRF.

Step-up tests are one of the most widely used submaximal exercise tests for predicting
VO2max. Compared with other submaximal exercise tests, this test has advantages in
terms of time, space, and cost, and it can be performed indoors or outdoors. Step-up
tests mainly include the Astrand-Ryhming [24], Young Men’s Christian Association [20,21],
Queen’s College [25], and Harvard Step [26] tests. Different step-up test protocols have
different stepping frequencies, test durations, and numbers of test phases, but the main
purpose is to evaluate CRF [20]. These tests require participants to continuously step onto
and off a box with a fixed height (20–50 cm) at a stepping frequency of 22–30 steps/min
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for 3–5 min, and the CRF level is finally evaluated according to the heart rate during or
after exercise [7,24,27]. This stepping test requires high balance, coordination, and muscle
strength of the lower extremities. It is not suitable for individuals with poor physical fitness
or balance problems; extreme obesity; and lower extremity injuries [7,28,29]. Therefore, the
choice of a submaximal exercise protocol for predicting VO2max must meet the physical
fitness levels of a variety of adults.

Recent cross-sectional studies have proposed another step test method, namely, the
3-min incremental step-in-place (3MISP) test, for predicting the VO2max of healthy adults,
and the results have been significant [30,31]. The 3MISP test movement is simple, requires
less space and equipment, has a short duration, and does not require the professional
operation of equipment. According to individual differences, the test uses the middle of the
line between the anterior superior iliac spine and the midpoint of the patella as the target of
knee elevation during stepping, and it requires no step-up box, so the safety index is higher
than that of the step-up tests [31]. The VO2max prediction model established by 3MISP can
improve the accuracy of VO2max prediction, and it has the advantages of indoor testing,
convenient management, simplicity, and ease of use [31]. It can also be used for CRF tests
of ordinary people in the homes, at work, or elsewhere. However, it is still unclear which
type of 3MISP stepping frequency sequence is more suitable for CRF measurement by
the general public. Different stepping frequencies may result in different physiological
responses in participants. In the past, few studies have analyzed the effects of different
stepping frequency sequences on individual physiological responses and the effectiveness
of predicting VO2max. Therefore, the purpose of this cross-sectional study was to evaluate
the impact of two 3MISP tests with different step-frequency sequences (i.e., 3MISP30s and
3MISP60s tests) on the individual’s physiological responses and the effectiveness of VO2max
estimation. In this study, we assumed that under the same total number of steps, the
3MISP60s, with fewer changes in stepping frequency, would cause less physiological stress
on participants and have a lower exercise intensity, and that the effectiveness of VO2max
estimation would not be inferior to that of the 3MISP30s test, which has more changes in
stepping frequency.

2. Materials and Methods
2.1. Study Design

This cross-sectional study was approved by the Institutional Review Board (IRB) of
the Industrial Technology Research Institute (IRB No: IRB-APP-F02-106-009). The study
protocol included two 3MISP tests (3MISP30s and 3MISP60s) at a given step count (360 steps)
with different frequency sequences, and a graded CPET. In this study, a Polar H10 Heart
Rate Monitor (Polar Electro Oy, Finland) was used to continuously monitor the heart
rate responses of the participants during the CPET and 3MISP tests. The VO2max of the
participants was directly measured by CPET to exhaustion on an electromagnetic bicycle
ergometer (Excalibur Sport Ergometer, Lode BV, The Netherlands) and cardiopulmonary
exercise testing system (Vmax Encore 29 System, VIASYS Healthcare Inc., Yorba Linda,
CA, USA). Because there is a significant correlation between the directly measured VO2max
value and the heart rate change during the 3MISP tests [30,31], this study used 3MISP-heart
rate (HR) as a predictor of VO2max and combined age, gender, and physical characteristics
to establish two VO2max prediction models (the 3MISP30s and 3MISP60s models). To eval-
uate the reliability and validity of these two VO2max prediction models, this study used
the predicted residual error sum of squares (PRESS) cross-validation procedure to verify
the models.

2.2. Subjects

In this cross-sectional study, 140 adults in Taiwan (i.e., the training group: 70 men,
70 women) were used for developing a VO2max prediction model and another 60 Taiwanese
adults (i.e., the testing group: 30 men, 30 women) were used for cross-verifying the
prediction model. Table 1 shows the basic characteristics of the subjects in the training
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and testing groups. A total of 100 healthy men and 100 healthy women completed the
test. Prior to the implementation of the study, all subjects completed the informed consent
forms. In this study, the body mass index (BMI) was calculated by dividing the weight
(kg) by the square of the height (meters). The participants’ body weight and percent body
fat (PBF) were measured by InBody® 570 Body Composition Analyzer (Biospace, Inc.,
Seoul, Korea) [32]. All participants in this study were randomly and openly recruited,
through social networks and posting advertisements in public spaces. Inclusion criteria
were healthy adults aged 20–64 years, living in Taiwan. Pregnant women; individuals
with lung, cardiovascular, or metabolic diseases; and those with neurological, muscular, or
skeletal diseases were excluded.

Table 1. The basic characteristics of the subjects in the training and testing groups.

Characteristics Training Group
(N = 140)

Testing Group
(N = 60)

Total
(N = 200) Effect Size

Age (years) 44.13 ± 9.63 42.77 ± 11.12 43.72 ± 10.09 0.13

Gender, N (%)
Men 70 (50) 30 (50) 100 (50)

Women 70 (50) 30 (50) 100 (50)

Height (cm) 165.96 ± 7.84 166.48 ± 8.65 166.12 ± 8.07 −0.06
Body mass (kg) 67.30 ± 12.98 68.48 ± 13.29 67.65 ± 13.05 −0.09

PBF (%) 25.66 ± 6.77 26.64 ± 7.49 25.96 ± 6.99 −0.14
BMI (kg/m2) 24.24 ± 3.32 24.58 ± 3.47 24.34 ± 3.36 −0.10

VO2max (mL·kg−1·min−1)
Men 37.35 ± 6.60 36.85 ± 7.11 37.20 ± 6.72 0.07

Women 31.10 ± 5.76 31.06 ± 5.77 31.09 ± 5.74 0.01
Values are presented as the mean ± standard deviation. PBF, percent body fat; BMI, body mass index.

2.3. 3-min Incremental Step-In-Place Tests

In this study, all participants performed two 3MISP tests (i.e., the 3MISP30s and
3MISP60s tests) with the same total number of steps (360 steps) and different step-frequency
sequences (Figure 1). The 3MISP30s test started at 80 SPM and then increased by 16 SPM
every 30 s (Figure 1A), in which there were 6 stages of step frequency. The 3MISP60s test
started at 96 SPM and then increased by 24 SPM every 60 s (Figure 1B), in which there were
3 stages of step frequency. Before the 3MISP test, participants were asked to wear a chest
strap-style Polar H10 heart rate monitor to continuously monitor their heart rate responses
during stepping. Once the heart rate monitor was worn, the middle of the line connecting
the participant’s anterior superior iliac spine and the midpoint of the patella was measured
as the target of their knee elevation when they stepped. After the start of the 3MISP test,
participants needed to follow the rhythm of the metronome to raise their knees and step
for 3 min while ensuring that the knees were raised to the required height each time. If the
participant could not keep up with the rhythm or reach the required knee lift height for
30 s, the test was terminated and removed from the data analysis. In addition, for safety
reasons, participants continued stepping at 80 SPM for 30 s after the 3MISP test and then
completed 30 s of standing rest. The heart rates of each participant at the beginning (HR0)
of the 3MISP exercise, as well as at the 1st (HR1), 2nd (HR2), and 3rd (HR3) minutes of
exercise, and at the 1st minute (HR4) after the end of the 3MISP test, were recorded for
subsequent data analysis.



Int. J. Environ. Res. Public Health 2022, 19, 563 5 of 13
Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 5 of 13 
 

 

 
Figure 1. The step frequencies of the 3MISP30s (A) and 3MISP60s (B) tests. 

2.4. Cardiopulmonary Exercise Testing 
In this study, the VO2max of all participants was measured directly on the electromag-

netic bicycle ergometer with graded CPET until volitional exhaustion and with the cardi-
opulmonary exercise testing system. During the CPET process, participants wore a Polar 
H10 heart rate monitor and a suitable air-gathering mask (Hans-Rudolph), and the Borg 
Rating of Perceived Exertion (RPE, 6–20 scale) was used to evaluate the participants’ de-
gree of fatigue during the test. The heart rate monitor was mainly used to monitor the 
heart rate responses of the participants during the CPET process. The breath-by-breath air 
volume and the contents of O2 and CO2 were measured through the sampling line con-
nected to the mask and the digital flow sensor. The initial load of CPET was 25 W, and 
then the resistance was increased by 15 W every 2 min until the participant could no 
longer maintain the pedaling rate of 70 revolutions per minute. In this study, the criteria 
for VO2max was the participant meeting three of the following conditions: a respiratory 
ratio (CO2/O2) ≥ 1.10, a maximum heart rate of more than 90% of the age-predicted maxi-
mal HR (220—age), and an RPE > 17; even if the exercise load was increased, the oxygen 
uptake still tended to be stable [7,31,33]. 

2.5. Statistical Analysis 
In this study, the statistical software SPSS (version 20, IBM Corp., New York, NY, 

USA) was used for statistical analysis. All values are presented in the form of means ± 
standard deviations. The significance level was set to p < 0.05. The normality assumption 
was checked using Shapiro–Wilk test. The independent samples t-test (normally distrib-
uted data) and Mann–Whitney U test (non-normally distributed data) were used to com-
pare the physical characteristics and heart rate responses between the training and testing 
groups. Cohen’s d effect sizes were calculated to compare the practical difference between 
groups, where the effect sizes < 0.2, 0.2~0.5, 0.5~0.8, and >0.8 were indictive of a trivial, 
small, moderate, and large difference, respectively [34]. Pearson’s correlation coefficients 
were used to analyze the linear relationship between the actual measured value of VO2max 
and gender, age, PBF, and 3MISP-HR in the training group, and the validity of the VO2max 
prediction model. The correlation coefficients were interpreted by Schober et al. (2018), 
with 0.90~1.00 categorized as very strong, 0.70~0.89 as strong, 0.40~0.69 as moderate, and 
0.10~0.39 as weak correlation [35]. Through multiple stepwise regression analysis, two 
VO2max prediction models (i.e., the 3MISP30s and 3MISP60s models) were established by five 
parameters: gender, age, PBF, HR0, and ΔHR3−HR4. The multiple coefficients of determi-
nation (R2), the absolute standard errors of estimate (SEE), and relative SEE (SEE%) were 
used to evaluate and compare the accuracies of the two VO2max prediction models. The 
PRESS statistical method was used to cross-validate the VO2max prediction model [31,36]. 
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2.4. Cardiopulmonary Exercise Testing

In this study, the VO2max of all participants was measured directly on the electro-
magnetic bicycle ergometer with graded CPET until volitional exhaustion and with the
cardiopulmonary exercise testing system. During the CPET process, participants wore a
Polar H10 heart rate monitor and a suitable air-gathering mask (Hans-Rudolph), and the
Borg Rating of Perceived Exertion (RPE, 6–20 scale) was used to evaluate the participants’
degree of fatigue during the test. The heart rate monitor was mainly used to monitor the
heart rate responses of the participants during the CPET process. The breath-by-breath
air volume and the contents of O2 and CO2 were measured through the sampling line
connected to the mask and the digital flow sensor. The initial load of CPET was 25 W,
and then the resistance was increased by 15 W every 2 min until the participant could no
longer maintain the pedaling rate of 70 revolutions per minute. In this study, the criteria for
VO2max was the participant meeting three of the following conditions: a respiratory ratio
(CO2/O2) ≥ 1.10, a maximum heart rate of more than 90% of the age-predicted maximal
HR (220—age), and an RPE > 17; even if the exercise load was increased, the oxygen uptake
still tended to be stable [7,31,33].

2.5. Statistical Analysis

In this study, the statistical software SPSS (version 20, IBM Corp., New York, NY, USA)
was used for statistical analysis. All values are presented in the form of means ± standard
deviations. The significance level was set to p < 0.05. The normality assumption was
checked using Shapiro–Wilk test. The independent samples t-test (normally distributed
data) and Mann–Whitney U test (non-normally distributed data) were used to compare the
physical characteristics and heart rate responses between the training and testing groups.
Cohen’s d effect sizes were calculated to compare the practical difference between groups,
where the effect sizes <0.2, 0.2~0.5, 0.5~0.8, and >0.8 were indictive of a trivial, small,
moderate, and large difference, respectively [34]. Pearson’s correlation coefficients were
used to analyze the linear relationship between the actual measured value of VO2max and
gender, age, PBF, and 3MISP-HR in the training group, and the validity of the VO2max
prediction model. The correlation coefficients were interpreted by Schober et al. (2018),
with 0.90~1.00 categorized as very strong, 0.70~0.89 as strong, 0.40~0.69 as moderate,
and 0.10~0.39 as weak correlation [35]. Through multiple stepwise regression analysis,
two VO2max prediction models (i.e., the 3MISP30s and 3MISP60s models) were established
by five parameters: gender, age, PBF, HR0, and ∆HR3−HR4. The multiple coefficients
of determination (R2), the absolute standard errors of estimate (SEE), and relative SEE
(SEE%) were used to evaluate and compare the accuracies of the two VO2max prediction
models. The PRESS statistical method was used to cross-validate the VO2max prediction
model [31,36]. The PRESS R2 (R2

p) is defined as 1—(PRESS/SStotal), while the PRESS SEE
(SEEp) is calculated as

√
RRESS/N [37]. Bland–Altman plots were used to compare the
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differences between the actual measured and estimated values of VO2max, which allowed
us to visualize the data distribution around the line of zero [17,23,38].

3. Results

Table 2 lists the heart rate responses of the training group and the testing group
during the 3MISP30s and 3MISP60s tests. There was no significant difference in the heart
rate responses during the 3MISP30s or 3MISP60s test between the two groups (p > 0.05).
Figure 2 shows the heart rate responses of all participants in these two 3MISP tests, and
their corresponding exercise intensities. The results of the study showed that the heart rate
of the participants at the third minute during the 3MISP30s test was significantly higher
than the heart rate at the third minute during the 3MISP60s test (3MISP30s: 156 ± 14 bpm,
3MISP60s: 151 ± 15 bpm, p < 0.001). The exercise intensity tested by 3MISP30s was higher
than the exercise intensity tested by 3MISP60s (%heart rate reserve (HRR) during 3MISP30s
vs. %HRR during 3MISP60s = 81.00% vs. 76.81%, p < 0.001).

Figure 3 shows the correlations between the actual measured VO2max and age, PBF,
and 3MISP-HR in the training group. Pearson’s correlation coefficients showed a positive
correlation between gender (women = 0, men = 1) and VO2max (r = 0.453, p < 0.001). There
was a negative correlation between VO2max and age or PBF (age: r =−0.324, PBF: r =−0.671,
both p < 0.001). There was a negative correlation between HR0 and VO2max (3MISP30s:
r = −0.501, 3MISP60s: r = −0.501, both p < 0.001). There was a positive correlation between
∆HR3−HR4 and VO2max (3MISP30s: r = 0.620, 3MISP60s: r = 0.564, both p < 0.001).

Two multiple regression models (i.e., the 3MISP30s and 3MISP60s models) for pre-
dicting VO2max using age, gender, PBF, HR0, and ∆HR3−HR4 are presented in Table 3,
as well as the results of cross-validation. All variables in the 3MISP30s and 3MISP60s
models were independently related to VO2max. In this study, the two VO2max predic-
tion models showed similar multiple correlations and SEE (3MISP30s model: R2 = 0.644,
SEE = 4.2043 mL·kg−1·min−1; 3MISP60s model: R2 = 0.644, SEE = 4.2090 mL·kg−1·min−1).
The cross-validation result of the PRESS statistical method showed that the changes
in R2 and SEE of the 3MISP30s and 3MISP60s models were very small (∆R2 ≤ 0.007,
∆SEE ≤ 0.075 mL·kg−1·min−1).

Table 2. Heart rate responses of the training group and testing group during the 3MISP30s and
3MISP60s tests.

Training Group Testing Group
p Effect SizeTotal

(N =140)
Women
(N = 70)

Men
(N = 70)

Total
(N = 60)

Women
(N = 30)

Men
(N = 30)

3MISP30s
HR0 (bpm) 83 ± 11 84 ± 11 81 ± 12 82 ± 11 85 ± 11 79 ± 12 0.654 0.09
HR1 (bpm) 109 ± 13 113 ± 13 105 ± 11 109 ± 14 113 ± 15 104 ± 11 0.847 0.00
HR2 (bpm) 131 ±14 136 ± 15 127 ± 12 130 ± 15 136 ± 15 125 ± 13 0.649 0.07
HR3 (bpm) 155 ± 14 157 ± 15 152 ±13 157 ± 13 160 ± 12 154 ± 13 0.268 −0.15
HR4 (bpm) 126 ± 17 131 ± 18 121 ± 16 130 ± 16 134 ± 15 126 ± 16 0.088 −0.24

∆HR3−HR4 (bpm) 29 ± 8 27 ± 8 31 ± 8 27 ± 9 26 ± 7 28 ± 10 0.154 0.23

3MISP60s
HR0 (bpm) 83 ± 11 85 ± 11 82 ± 11 82 ± 11 85 ± 11 80 ± 11 0.614 0.09
HR1 (bpm) 109 ± 12 111 ± 13 106 ± 11 109 ± 13 113 ± 13 104 ± 11 0.926 0.00
HR2 (bpm) 128 ± 14 132 ± 15 125 ± 11 128 ± 14 132 ± 14 124 ± 13 0.884 0.00
HR3 (bpm) 150 ± 15 153 ± 16 148 ± 13 153 ± 14 156 ± 15 150 ± 14 0.255 −0.21
HR4 (bpm) 121 ± 18 125 ± 19 118 ± 15 125 ± 18 130 ± 19 120 ± 16 0.171 −0.22

∆HR3−HR4 (bpm) 29 ± 8 28 ± 8 30 ± 7 28 ± 8 26 ± 8 31 ± 8 0.507 0.13

Values are presented as the mean ± standard deviation. HR0, heart rate at the beginning of the 3MISP test; HR1,
heart rate at the first minute during the 3MISP test; HR2, heart rate at the second minute during the 3MISP test;
HR3, heart rate at the third minute during the 3MISP test; HR4, heart rate at the first minute after the end of the
3MISP test; and ∆HR3−HR4, the difference between the heart rate at the 3rd minute during the exercise and the
heart rate at the 1st minute after the end of the 3MISP test.
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Table 3. Multiple regression models for predicting VO2max using independent values in the train-
ing group.

VO2max
(mL·kg−1·min−1)

3MISP30s Model 3MISP60s Model

Unstandardized
Coefficients

Standardized
Coefficients p Unstandardized

Coefficients
Standardized
Coefficients p

Constant 47.534 <0.001 49.357 <0.001
Age (years) −0.131 −0.182 0.001 −0.143 −0.199 <0.001

Gender (women = 0,
men = 1) 2.506 0.182 0.003 3.084 0.224 <0.001

PBF (%) −0.361 −0.353 <0.001 −0.348 −0.340 <0.001
HR0 (bpm) −0.085 −0.139 0.033 −0.107 −0.173 0.007

∆HR3−HR4 (bpm) 0.260 0.318 <0.001 0.259 0.290 <0.001
F 48.571 48.401
P <0.001 <0.001
R2 0.644 0.644

Adjusted R2 0.631 0.630
SEE (mL·kg−1·min−1) 4.2043 4.2090

SEE% 12.283 12.297
R2

p 0.646 0.651
SEEp 4.180 4.134

PBF, percent body fat; HR0, heart rate at the beginning of the 3MISP test; ∆HR3−HR4, the difference between the
heart rate at the 3rd minute during the exercise and the heart rate at the 1st minute after the end of the 3MISP
test; R2

p, PRESS squared multiple correlation coefficient; SEE, standard error of estimate; SEE%, SEE/mean of
measured VO2max × 100; and SEEp, PRESS SEE.
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Figure 4 shows the Pearson’s correlations in the testing group between the measured
VO2max values and those predicted by the 3MISP30s and 3MISP60s models. The results of
this study showed that the VO2max values estimated by both models were highly correlated
with the actual measured values of VO2max (3MISP30s: r = 0.804, 95% confidence interval
(CI) = 0.715–0.872; 3MISP60s model: r = 0.807, 95% CI = 0.720–0.875; both p < 0.001). The
prediction values (R2) from the 3MISP30s and 3MISP60s models were moderate, and the
prediction errors were relatively large (3MISP30s: R2

p = 0.646, SEEp = 4.180 mL·kg−1·min−1,
SEEp% = 12.31%; 3MISP60s: R2

p = 0.651, SEE p = 4.134 mL·kg−1·min−1, and SEEp% = 12.18%).
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Figure 4. Pearson’s correlations between the measured VO2max values and those predicted by the 
3MISP30s (A) and 3MISP60s (B) models in the testing group (N = 60). 
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Figure 5 shows the differences between the predicted VO2max values and those mea-
sured by the 3MISP30s and 3MISP60s models with the 95% limits of agreement (LoAs) in
Bland–Altman Plots. The average differences between the measured VO2max values and
those predicted by the 3MISP30s model (LoAs =−8.60 to 7.86 mL·kg−1·min−1) and 3MISP60s
model (LoAs = −8.16 to 8.19 mL·kg−1·min−1) were −0.37 and 0.02 mL·kg−1·min−1, respec-
tively, and none of them reached the level of significance (p > 0.05). However, the 3MISP30s
and 3MISP60s models seem to underestimate the real VO2max of participants with high
VO2max values, whereas they overestimate it for participants with low VO2max values.
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4. Discussion

CRF is one of the basic elements of healthy physical fitness. For the assessment of
large-scale CRF, the subjects have a large age span and different physical conditions. To
determine which step frequency sequence is more appropriate for healthy adults to use in
CRF evaluation, this cross-sectional study compared the heart rate responses in 3MISP30s
and 3MISP60s tests and the accuracies of VO2max prediction models. The results of this
research show that the 3MISP60s test, which has fewer step-frequency changes, significantly
reduces the exercise intensity while maintaining the same total number of steps (work
amount). The subject’s heart rate responses in the 3MISP60s test are lower than those in
the 3MISP30s test. We also confirmed that the predictive effectiveness of VO2max did not
decrease when the exercise intensity was reduced. Therefore, a simple, safe, and effective
3MISP60s test program may be a better choice as a field test for evaluating CRF across
age groups.

During the progressive stepping test, the ability of the subject to perform incremental
exercise loads, and the physiological response to exercise loads, can be observed [39]. The
heart rate is an important physiological indicator of the function of the heart and the
circulatory system. The heart rate, measured continuously, can simply, objectively, and
directly reflect exercise intensity and the individual’s adaptability to the exercise load,
without the requirement of familiarization trials [3,16]. Therefore, this study analyzed the
individual heart rate responses during the 3MISP30s and 3MISP60s tests using continuous
heart monitoring at different step-frequency sequences. The results of this study show
that under the condition of the same total number of steps, the 3MISP60s test, with fewer
step-frequency changes, significantly reduces the exercise intensity at the second and
third minutes (Figure 2B). The heart rate changes (HR0 and ∆HR3−HR4) during the
3MISP30s and 3MISP60s tests were all significantly correlated with the actual measured
VO2max (Figure 3B,C). This is consistent with the results of other studies using the step-
test scheme to predict VO2max and suggests that the CRF test, the subject’s basal heart
rate, recovery heart rate, and heart rate during exercise are all negatively correlated with
measured VO2max [21,29,30,36,40]. Obviously, the change of heart rate during the 3MISP30s
and 3MISP60s tests is one of the important factors for estimating VO2max. In the case of
maintaining the same total number of steps, decreasing the times of 3MISP step-frequency
changes can reduce the exercise intensity as well as improve safety. Because the subjects
bear relatively low physiological load during the 3MISP60s test, it may help to encourage
more people to complete the CRF test. The relatively low physiological load can also
increase the completion of the test movements and improve the effectiveness of the VO2max
prediction formula.

In this study, age, gender, and PBF were significantly correlated with measured VO2max
(Figure 3A), which is consistent with previous research results. In the past, many studies
have shown that age, gender, and physical characteristics (BMI/PBF/waist circumference
(WC)) are important factors in estimating VO2max. The addition of characteristic variables
to the VO2max prediction models led to decreased error, which may have been caused by the
improvement of individual’s characteristics in personalization [41]. The PBF’s prediction
of VO2max is more accurate than those of BMI and WC, and it is a key factor for estimating
VO2max [21,30,36,42,43]. Therefore, in this study, age, gender, and PBF were used to
establish the VO2max estimation formula. In addition, heart rate is one of the variables most
commonly used to develop the predictive models [16,41]. To further improve the accuracy
of VO2max estimation, this cross-sectional study also used the heart rate changes during the
3MISP30s and 3MISP60s tests as the predictive variable to establish the VO2max estimation
formula. The two VO2max estimated models (i.e., the 3MISP30s and 3MISP60s models) based
on age, gender, PBF, HR0, and ∆HR3−HR4 can explain 64.4% of the measured VO2max. The
SEE values of the two models were also very close (Table 3). This shows that the 3MISP60s
test, despite its lower exercise intensity, is similar to the 3MISP30s test. It can also predict
the VO2max of healthy adults very well (R2 = 0.644, SEE = 4.209 mL·kg−1·min−1). It can be



Int. J. Environ. Res. Public Health 2022, 19, 563 10 of 13

seen that the prediction accuracy of VO2max for submaximal exercises with lower intensity
is not worse than that for submaximal exercises with higher exercise intensity.

In past cross-sectional studies, step-up tests have often been used to estimate adult
VO2max [20,21,29,36,39], with considerable results. According to age, gender, body weight,
height, BMI, and heart rate during step-up tests, the R2 and SEE of the VO2max estimation
formula are 0.56–0.73 and 4.05–5.01 mL·kg−1·min−1, respectively. However, step-up tests
usually require a step box with a height of 20–50 cm. Participants who are overweight or
have knee injuries, abnormal gait, or impaired balance are likely to fall while stepping onto
and off the box [30]. In the step-in-place test, the middle of the line between the anterior
superior iliac spine and the midpoint of the patella is used as the target of knee elevation
during stepping. No step-up box is required, so it is safer than the step-up test [30,31,44].
At present, the step-in-place test is mainly a part of the senior fitness test, which is used
to assess the aerobic endurance of older adults (≥60 years). However, few related studies
have examined the measurement of the CRF level of younger adults by the step-in-place
test. To further improve the safety and universality of adult CRF examination, this study
designed two 3MISP test methods (3MISP30s and 3MISP60s) with different step-frequency
sequences. Compared with previous studies that used the step-up test to predict VO2max,
the R2 (0.644) and SEE (4.2043–4.2090 mL·kg−1·min−1) values of the two VO2max prediction
models established using 3MISP30s and 3MISP60s tests in this study are both acceptable
(Table 3). They can predict the VO2max of healthy adults relatively accurately.

The cross-validation results of this study showed that both the 3MISP30s and 3MISP60s
models had a high level of cross-validity (Table 3). The measured VO2max values and
those predicted by the 3MISP30s and 3MISP60s models were highly correlated in the testing
group (Figure 4). From Bland–Altman Plots, it was also found that the measured and
estimated VO2max obtained from the 3MISP30s and 3MISP60s models had high consistency
(Figure 5). The accuracy of 3MISP-based predictions in this cross-sectional study was
consistent with the previous research reporting that the VO2max models were moderately
to highly accurate [16]. There were significant relationships and agreements between the
measured VO2max and those estimated by submaximal exercise-based prediction mod-
els [16,17]. These results provided evidence for the effectiveness of the 3MISP30s and
3MISP60s models in predicting VO2max. Therefore, the two 3MISP tests with different
step-frequency sequences proposed in this study, and the established VO2max prediction
models, are practicable. However, the exercise intensity of the 3MISP60s test is relatively
low, and the physiological load on the subjects is relatively small. Therefore, it may be a
better choice to measure the adult CRF level in comparison with the 3MISP30s test.

In summary, this study has three features. First, the two self-designed step-in-place
test methods have the advantages of simplicity and ease of use. Second, under the condition
of the same total number of steps (work amount), the 3MISP60s test method, with fewer
step-frequency changes, significantly reduces the exercise intensity and improves safety.
Finally, it was successfully verified that the predictive effectiveness of VO2max did not
decrease when the exercise intensity was reduced.

There are several limitations in this cross-sectional study. A limitation of the study is
that the mean age of all subjects was 43.72 ± 10.09 years, who are representative of healthy
adults living in Taiwan. Thus, we could not verify whether the results may apply to older
individuals, patients, or other racial groups. Another potential limitation is that our study
established VO2max prediction models using the cycle ergometer, a popular exercise mode,
rather than the treadmill ergometry. Finally, although we have developed two 3MISP tests
with different step-frequency sequences, the optimal step frequency is not known in this
study, and further research will be needed to determine it.

5. Conclusions

The 3MISP30s and 3MISP60s tests are simple to operate, take up little time and space,
and do not require expensive equipment or professionals to operate said equipment. This
study has confirmed that the 3MISP tests of these two different step-frequency sequences
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can effectively predict the VO2max of healthy adults. The 3MISP60s test, despite its lower
exercise intensity, is not inferior to the 3MISP60s test in terms of the accuracy of predicting
VO2max. Moreover, the 3MISP60s test places a smaller physiological burden on the subjects
than that of the 3MISP30s test, and it is safer for CRF field tests in adult populations, and
especially in older subjects. In this study, the 3MISP60s test may be a better choice than the
3MISP30s test for measuring the CRF level of healthy adults. However, a safer and more
effective CRF test method for submaximal exercise is still to be pursued by researchers.

Author Contributions: Conceptualization, F.L. and W.-S.C.; Data curation, F.L. and C.-H.C.; Formal
analysis, C.-H.C. and C.-S.H.; Investigation, C.-S.H.; Methodology, F.L., C.-A.H., C.-Y.W., H.-C.Y.,
Y.-S.C. and J.-Y.C.; Software, F.L.; Supervision, C.-S.H.; Writing—review and editing, F.L. and C.-S.H.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Sports Administration, Ministry of Education, Taiwan,
for the H2U Corporation’s Technology Fitness Program: no. A.9.1-110-02-002.

Institutional Review Board Statement: The study was approved and reviewed by the Institutional
Review Board (IRB) of the Industrial Technology Research Institute (IRB No: IRB-APP-F02-106-009).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Before the experiment, the researchers explained the experimental process in detail, and the
experiment began after the subjects signed the consent form.

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

References
1. World Health Organization. Top Ten Causes of Death. 9 December 2020. Available online: https://www.who.int/news-room/

fact-sheets/detail/the-top-10-causes-of-death (accessed on 5 November 2021).
2. Raghuveer, G.; Hartz, J.; Lubans, D.R.; Takken, T.; Wiltz, J.L.; Mietus-Snyder, M. American Heart Association Young Hearts

Athero, Hypertension and Obesity in the Young Committee of the Council on Lifelong Congenital Heart Disease and Heart
Health in the Young. Cardiorespiratory fitness in youth: An important marker of health: A scientific statement from the American
heart association. Circulation 2020, 142, e101–e118. [PubMed]

3. Cheng, J.C.; Chiu, C.Y.; Su, T.J. Training and evaluation of human cardiorespiratory endurance based on a fuzzy algorithm. Int.
J. Environ. Res. Public Health 2019, 16, 2390. [CrossRef]

4. Sartor, F.; Vernillo, G.; De Morree, H.M.; Bonomi, A.G.; La Torre, A.; Kubis, H.P.; Veicsteinas, A. Estimation of maximal oxygen
uptake via submaximal exercise testing in sports, clinical, and home settings. Sports Med. 2013, 43, 865–873. [CrossRef]

5. Willis, B.L.; Gao, A.; Leonard, D.; DeFina, L.F.; Berry, J.D. Midlife fitness and the development of chronic conditions in later life.
Arch. Intern. Med. 2012, 172, 1333–1340. [CrossRef]

6. Bachmann, J.M.; DeFina, L.F.; Franzini, L.; Gao, A.; Leonard, D.S.; Cooper, K.H.; Berry, J.D.; Willis, B.L. Cardiorespiratory fitness
in middle age and health care costs in later life. J. Am. Coll. Cardiol. 2015, 66, 1876–1885. [CrossRef]

7. Riebe, D.; Ehrman, J.K.; Liguori, G.; Magal, M. Clinical exercise testing and interpretation. In ACSM’s Guidelines for Exercise Testing
and Prescription, 10th ed.; Wolters Kluwer: Philadelphia, PA, USA, 2016; pp. 79–142.

8. Fuller, A.; Okwose, N.; Scragg, J.; Eggett, C.; Luke, P.; Bandali, A.; Velicki, R.; Greaves, L.; MacGowan, G.A.; Jakovljevic, D.G. The
effect of age on mechanisms of exercise tolerance: Reduced arteriovenous oxygen difference causes lower oxygen consumption in
older people. Exp. Gerontol. 2021, 149, 111340. [CrossRef]

9. Pandey, A.; Kraus, W.E.; Brubaker, P.H.; Kitzman, D.W. Healthy aging and cardiovascular function: Invasive hemodynamics
during rest and exercise in 104 healthy volunteers. JACC Heart Fail. 2020, 8, 111–121. [CrossRef] [PubMed]

10. Skattebo, Ø.; Calbet, J.A.; Rud, B.; Capelli, C.; Hallén, J. Contribution of oxygen extraction fraction to maximal oxygen uptake in
healthy young men. Acta Physiol. 2020, 230, e13486. [CrossRef] [PubMed]

11. Collis, T.; Devereux, R.B.; Roman, M.J.; de Simone, G.; Yeh, J.L.; Howard, B.V.; Fabsitz, R.R.; Welty, T.K. Relations of stroke volume
and cardiac output to body composition: The strong heart study. Circulation 2001, 103, 820–825. [CrossRef]

12. De Sousa, N.; Bertucci, D.R.; de Sant’Ana, G.M.; Padua, P.; da Rosa, D.M. Incremental and decremental cardiopulmonary exercise
testing protocols produce similar maximum oxygen uptake in athletes. Sci. Rep. 2021, 11, 13118. [CrossRef]

13. Dourado, V.Z.; Nishiaka, R.K.; Simões, M.S.M.P.; Lauria, V.T.; Tanni, S.E.; Godoy, I.; Gagliardi, A.R.T.; Romiti, M.; Arantes, R.L.
Classification of cardiorespiratory fitness using the six-minute walk test in adults: Comparison with cardiopulmonary exercise
testing. Pulmonology 2021, 27, 500–508. [CrossRef]

14. Kaminsky, L.A.; Arena, R.; Myers, J. Reference standards for cardiorespiratory fitness measured with cardiopulmonary exercise
testing: Data from the Fitness Registry and the Importance of Exercise National Database. Mayo Clin. Proc. 2015, 90, 1515–1523.
[CrossRef]

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death
http://www.ncbi.nlm.nih.gov/pubmed/32686505
http://doi.org/10.3390/ijerph16132390
http://doi.org/10.1007/s40279-013-0068-3
http://doi.org/10.1001/archinternmed.2012.3400
http://doi.org/10.1016/j.jacc.2015.08.030
http://doi.org/10.1016/j.exger.2021.111340
http://doi.org/10.1016/j.jchf.2019.08.020
http://www.ncbi.nlm.nih.gov/pubmed/31706837
http://doi.org/10.1111/apha.13486
http://www.ncbi.nlm.nih.gov/pubmed/32365270
http://doi.org/10.1161/01.CIR.103.6.820
http://doi.org/10.1038/s41598-021-92191-2
http://doi.org/10.1016/j.pulmoe.2021.03.006
http://doi.org/10.1016/j.mayocp.2015.07.026


Int. J. Environ. Res. Public Health 2022, 19, 563 12 of 13

15. Al-Mallah, M.H.; Juraschek, S.P.; Whelton, S.; Dardari, Z.A.; Ehrman, J.K.; Michos, E.D.; Blumenthal, R.S.; Nasir, K.; Qureshi, W.T.;
Brawner, C.A. Sex differences in cardiorespiratory fitness and all-cause mortality: The Henry Ford ExercIse Testing (FIT) Project.
Mayo Clin. Proc. 2016, 91, 755–762. [CrossRef]

16. Evans, H.J.; Ferrar, K.E.; Smith, A.E.; Parfitt, G.; Eston, R.G. A systematic review of methods to predict maximal oxygen uptake
from submaximal, open circuit spirometry in healthy adults. J. Sci. Med. Sport 2015, 18, 183–188. [CrossRef] [PubMed]

17. Peterman, J.E.; Harber, M.P.; Imboden, M.T.; Whaley, M.H.; Fleenor, B.S.; Myers, J.; Arena, R.; Kaminsky, L.A. Accuracy of
Exercise-based Equations for Estimating Cardiorespiratory Fitness. Med. Sci. Sports Exerc. 2021, 53, 74–82. [CrossRef] [PubMed]

18. Dexheimer, J.D.; Brinson, S.J.; Pettitt, R.W.; Schroeder, E.T.; Sawyer, B.J.; Jo, E. Predicting Maximal Oxygen Uptake Using the
3-Minute All-Out Test in High-Intensity Functional Training Athletes. Sports 2020, 8, 155. [CrossRef] [PubMed]

19. Mayorga-Vega, D.; Aguilar-Soto, P.; Viciana, J. Criterion-Related Validity of the 20-M Shuttle Run Test for Estimating Cardiorespi-
ratory Fitness: A Meta-Analysis. J. Sports Sci. Med. 2015, 14, 536–547.

20. Van Kieu, N.T.; Jung, S.-J.; Shin, S.-W.; Jung, H.-W.; Jung, E.-S.; Won, Y.H.; Kim, Y.-G.; Chae, S.-W. The Validity of the YMCA
3-Minute Step Test for Estimating Maximal Oxygen Uptake in Healthy Korean and Vietnamese Adults. J. Lifestyle Med. 2020, 10,
21–29. [CrossRef]

21. Lee, O.; Lee, S.; Kang, M.; Mun, J.; Chung, J. Prediction of maximal oxygen consumption using the Young Men’s Christian
Association-step test in Korean adults. Graefe’s Arch. Clin. Exp. Ophthalmol. 2019, 119, 1245–1252. [CrossRef]

22. ATS Committee on Proficiency Standards for Clinical Pulmonary Function Laboratories. ATS statement: Guidelines for the
sixminute walk test. Am. J. Respir. Crit. Care Med. 2002, 166, 111–117. [CrossRef]

23. Dunn, A.; Marsden, D.L.; Barker, D.; van Vliet, P.; Spratt, N.J.; Callister, R. Evaluation of three measures of cardiorespiratory
fitness in independently ambulant stroke survivors. Physiother. Theory Pract. 2019, 35, 622–632. [CrossRef] [PubMed]

24. Cheung, P.P. A Review of Various Step Test Protocols for Use in Assessing Aerobic Fitness in Schools. Asian J. Phys. Educ. Recreat.
2012, 18, 74–81. [CrossRef]

25. Sopalard, M.; Leelarungrayub, J.; Klaphajone, J. Variation of knee angle and leg length for predicting VO2max in healthy male
volunteers using the Queen’s College step test. J. Phys. Educ. Sport 2016, 16, 275–280.

26. Elsaidy, W.S.I.M. Evaluating the validity and reliability of Harvard step test to predict VO2max in terms of the step height
according to the knee joint angle. Theor. Appl. Int. Ed. 2011, 1, 126–132.

27. Yan, L.; Croce, R.; Horvat, M.; Roswal, G.; Fallaize, A.; Love, K. Determination of Cardiovascular Functioning in Chinese Adults
with Intellectual Disabilities using the 3-Minute Step Test. Clin. Kinesiol. 2019, 73, 8–14.

28. Bohannon, R.W.; Bubela, D.J.; Wang, Y.C.; Magasi, S.S.; Gershon, R.C. Six-minute walk test versus three-minute step test for
measuring functional endurance. J. Strength Cond. Res. 2015, 29, 3240–3244. [CrossRef] [PubMed]

29. Beutner, F.; Ubrich, R.; Zachariae, S.; Engel, C.; Sandri, M.; Teren, A.; Gielen, S. Validation of a brief step-test protocol for
estimation of peak oxygen uptake. Eur. J. Prev. Cardiol. 2015, 22, 503–512. [CrossRef]

30. Chung, Y.-C.; Huang, C.-Y.; Wu, H.-J.; Kan, N.-W.; Ho, C.-S.; Huang, C.-C.; Chen, H.-T. Predicting maximal oxygen uptake from a
3-minute progressive knee-ups and step test. PeerJ 2021, 9, e10831. [CrossRef] [PubMed]

31. Li, F.; Chang, C.H.; Chung, Y.C.; Wu, H.J.; Kan, N.W.; ChangChien, W.S.; Ho, C.S.; Huang, C.C. Development and validation of
3 min incremental step-in-place test for predicting maximal oxygen uptake in home settings: A submaximal exercise study to
assess cardiorespiratory fitness. Int. J. Environ. Res. Public Health 2021, 18, 10750. [CrossRef]

32. Miller, R.M.; Chambers, T.L.; Burns, S.P.; Godard, M.P. Validating inbody®570 multi-frequency bioelectrical impedance analyzer
versus DXA for body fat percentage analysis. Med. Sci. Sports Exerc. 2016, 48, 991. [CrossRef]

33. Edvardsen, E.; Hem, E.; Anderssen, S.A. End criteria for reaching maximal oxygen uptake must be strict and adjusted to sex and
age: A cross-sectional study. PLoS ONE 2014, 9, e85276. [CrossRef]

34. Cohen, J. A power primer. Psychol. Bull. 1992, 112, 155–159. [CrossRef]
35. Schober, P.; Boer, C.; Schwarte, L.A. Correlation coefficients: Appropriate use and interpretation. Anesth. Analg. 2018, 126,

1763–1768. [CrossRef]
36. Matsuo, T.; So, R.; Takahashi, M. Estimating cardiorespiratory fitness from heart rates both during and after stepping exercise:

A validated simple and safe procedure for step tests at worksites. Graefe’s Arch. Clin. Exp. Ophthalmol. 2020, 120, 2445–2454.
[CrossRef]

37. Cao, Z.B.; Miyatake, N.; Higuchi, M.; Miyachi, M.; Ishikawa-Takata, K.; Tabata, I. Predicting VO2max with an objectively measured
physical activity in Japanese women. Med. Sci. Sports Exerc. 2010, 42, 179–186. [CrossRef] [PubMed]

38. Giavarina, D. Understanding bland altman analysis. Biochem. Med. 2015, 25, 141–151. [CrossRef] [PubMed]
39. Hong, S.H.; Yang, H.I.; Kim, D.I.; Gonzales, T.I.; Brage, S.; Jeon, J.Y. Validation of Submaximal Step Tests and the 6-Min Walk Test

for Predicting Maximal Oxygen Consumption in Young and Healthy Participants. Int. J. Environ. Res. Public Health 2019, 16, 4858.
[CrossRef] [PubMed]

40. Facioli, T.P.; Philbois, S.V.; Gastaldi, A.C.; Almeida, D.S.; Maida, K.D.; Rodrigues, J.A.; Sánchez-Delgado, J.C.; Souza, H.C. Study
of heart rate recovery and cardiovascular autonomic modulation in healthy participants after submaximal exercise. Sci. Rep. 2021,
11, 3620. [CrossRef]

41. Sartor, F.; Bonato, M.; Papini, G.; Bosio, A.; Mohammed, R.A.; Bonomi, A.G.; Moore, J.P.; Merati, G.; La Torre, A.; Kubis, H.P. A
45-second self-test for cardiorespiratory fitness: Heart rate-based estimation in healthy individuals. PLoS ONE 2016, 11, e0168154.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.mayocp.2016.04.002
http://doi.org/10.1016/j.jsams.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24721146
http://doi.org/10.1249/MSS.0000000000002435
http://www.ncbi.nlm.nih.gov/pubmed/32694370
http://doi.org/10.3390/sports8120155
http://www.ncbi.nlm.nih.gov/pubmed/33266118
http://doi.org/10.15280/jlm.2020.10.1.21
http://doi.org/10.1007/s00421-019-04115-8
http://doi.org/10.1164/ajrccm.166.1.at1102
http://doi.org/10.1080/09593985.2018.1457746
http://www.ncbi.nlm.nih.gov/pubmed/29601228
http://doi.org/10.24112/ajper.181849
http://doi.org/10.1519/JSC.0000000000000253
http://www.ncbi.nlm.nih.gov/pubmed/24077375
http://doi.org/10.1177/2047487314533216
http://doi.org/10.7717/peerj.10831
http://www.ncbi.nlm.nih.gov/pubmed/33777511
http://doi.org/10.3390/ijerph182010750
http://doi.org/10.1249/01.mss.0000487979.68551.d7
http://doi.org/10.1371/journal.pone.0085276
http://doi.org/10.1037/0033-2909.112.1.155
http://doi.org/10.1213/ANE.0000000000002864
http://doi.org/10.1007/s00421-020-04457-8
http://doi.org/10.1249/MSS.0b013e3181af238d
http://www.ncbi.nlm.nih.gov/pubmed/20010115
http://doi.org/10.11613/BM.2015.015
http://www.ncbi.nlm.nih.gov/pubmed/26110027
http://doi.org/10.3390/ijerph16234858
http://www.ncbi.nlm.nih.gov/pubmed/31816834
http://doi.org/10.1038/s41598-021-83071-w
http://doi.org/10.1371/journal.pone.0168154
http://www.ncbi.nlm.nih.gov/pubmed/27959935


Int. J. Environ. Res. Public Health 2022, 19, 563 13 of 13

42. Cao, Z.-B.; Miyatake, N.; Aoyama, T.; Higuchi, M.; Tabata, I. Prediction of maximal oxygen uptake from a 3-minute walk based
on gender, age, and body composition. J. Phys. Act. Health 2013, 10, 280–287. [CrossRef]

43. Matsuo, T.; So, R.; Takahashi, M. Workers’ physical activity data contribute to estimating maximal oxygen consumption: A
questionnaire study to concurrently assess workers’ sedentary behavior and cardiorespiratory fitness. BMC Public Health 2020,
20, 22. [CrossRef] [PubMed]

44. Bohannon, R.W.; Crouch, R.H. Two-minute step test of exercise capacity: Systematic review of procedures, performance, and
clinimetric properties. J. Geriatr. Phys. Ther. 2019, 42, 105–112. [CrossRef] [PubMed]

http://doi.org/10.1123/jpah.10.2.280
http://doi.org/10.1186/s12889-019-8067-4
http://www.ncbi.nlm.nih.gov/pubmed/31914965
http://doi.org/10.1519/JPT.0000000000000164
http://www.ncbi.nlm.nih.gov/pubmed/29210933

	Introduction 
	Materials and Methods 
	Study Design 
	Subjects 
	3-min Incremental Step-In-Place Tests 
	Cardiopulmonary Exercise Testing 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

