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Abstract

Current VOamax assessment methodologies are based on the usage of expensive ergospirometry devices. Available statistical
models neglect the individual’s metabolic characteristics and show low accuracy. We investigated the validity of INSCYD
software to calculate VOomax from the power output at all-out cycling efforts, body weight, fat percentage and VLamax as an
alternative to ergospirometry. Eleven trained male volunteers performed six maximal cycling tests of 20s to ~12 min duration.
INSCYD software was used to model the metabolism during the tested efforts and to calculate VOzmax. The calculated VOamax
was compared with the measured VOimax With ergospirometry during the ramp test and the 3- and 6-min maximal efforts.
Excellent agreement was achieved between the calculated and measured VOzmax (ramp: A-0.21 ml-min! kg, A95%CI: -2.46
to 2.0 mL-min"-kg"!; 3min: A-1.35 ml-min""-kg"!, A95%CI: -3.04 to 0.33 mL-min""-kg™'; 6min: A0.34 mL-min"'-kg"!, A95%CI:
-1.01 to 1.68 mL-min!-kg™!). A valid VOamax can be obtained from the power data of 2 maximal efforts of 3- and 6-min duration
and a sprint test to calculate VLamax. This procedure can be implemented in the normal training regimen of athletes, without
the need for expensive equipment. Future research should focus on testing the validity of the model on larger samples including
females.
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1. Introduction

The maximal oxygen uptake (VOamay) is the highest rate of
oxygen (O,) that can be used by the human body. It represents
the integrated ability of the pulmonary, cardiovascular and
muscle systems to take up, transport and utilize O,. The max-
imal oxygen uptake is widely accepted as an indicator of the
system’s ability to deliver oxygen to the active muscle as well
as a biomarker of health. Maximal oxygen uptake and its clin-
ical correlate cardiorespiratory fitness are key determinants of
both performance in endurance sports [1-3], mortality in the

general population [4, 5] and quality of life at old age [6]. Val-
ues can be as high as ~80 mL-min"!"kg"! in female and ~95
mL-min"'-kg"! in male elite endurance athletes [7, 8] and as
low as 35-45 mL-min'-kg! in healthy, non-trained adults of
similar age and gender [9]. Individuals with a cardiorespira-
tory fitness level <5 METs (1 MET = 3.5 ml-min""kg™') tend
to have a particularly high risk for mortality, whereas many
epidemiological studies have observed that cardiorespiratory
fitness levels >8 to 10 METs are associated with relative pro-
tection [5].
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Increasing V Oamax is an important training objective to im-
prove athletic performance, cardiorespiratory fitness and life
expectancy [10]. For instance, an increase of VOamay With 1
MET increases life expectancy with 10-25% [5]. Overwhelm-
ing scientific data demonstrates that previously untrained hu-
mans will respond to endurance exercise training provided the
stimulus is sufficient. For instance, in the Heritage Family
Study 633 sedentary individuals were assigned to 20 weeks of
exercise training three times a week, 55-75% of VOamax for
30-50 min. The maximal oxygen uptake improved by 17+9%
[11]. Similar training effects are not limited to untrained sub-
jects. Also endurance trained subjects can increase V Ozmax.
Odden et al observed an 844.3% increase in V Oamax after 9
weeks of endurance training in already well-trained cyclists
(VOamax 65.145.3 mL-min'-kg™) [12].

To assess the individual’s training and health status, ade-
quate monitoring should be performed at regular intervals [5].
Gold standard procedures for VOamax assessment include er-
gospirometry during maximal ramp or time trial testing [13-
15]. Such methods require trained personnel, specific and ex-
pensive equipment (e.g. Ergospirometry systems) and are
prone to measurement errors [16, 17], hence limiting its prac-
tical useability. To improve accessibility, self-paced short-du-
ration maximal efforts have been suggested as a valid and
practical alternative for the determination of VOapmax [18]. Alt-
hough such tests show strong correlations to the measured
VOamax (R2=0.71) [18], large errors may occur in the individ-
ual (differences between calculated and measured VOamax up
to 10 ml-min"!-kg™). Such errors exceed the expected changes
in VOamax as a result of e.g. 7-12 weeks high-intensity endur-
ance training [12, 19, 20]. Likely, these errors can be attributed
to the individual differences in the anaerobic energy contribu-
tion for such short-duration maximal efforts. For instance, in
a 5 min maximal effort 10-20% of the energy requirements
may come from anaerobic metabolism [21]. In this reasoning,
accounting for the anaerobic energy contribution might im-
prove VOamax assessments from short-duration maximal ef-
forts. Recently, the maximal lactate production rate (I Lamax)
as a proxy for the maximal glycolytic power has attracted in-
terest in the scientific community [22, 23], although the metric
is not new as it dates back to the work of Mader and Heck [24-
26]. As the glycolytic energy contribution during longer dura-
tions is a function of maximal glycolytic power [25, 27], in-
cluding VLamax in a prediction model for VOamax determina-
tion might improve the accuracy of currently available models
based on power output data. Hence, this study investigates the
validity of a popular commercial algorithm for VOapax calcu-
lation based on cycling power data and the V Lamax. As
VLamax assessments from sprint tests are sensitive to the ap-

plied protocol [28, 29], we investigate the effect of three dif-
ferent sprint protocols on the accuracy of the VOamax predic-
tions.

2. Materials and Methods

2.1. Subjects

Eleven endurance-trained male subjects (mean+SD: age
32.2415.2 y, mass 70.9+6.7 kg, height 180.4+6.6 cm, body fat
14+5.6%, V Omax 4.09+0.5 L-min"!, V Lamax 0.48+0.09
mmol-L!-s!) provided informed written consent to partici-
pate in the study. All subjects were experienced with labora-
tory exercise testing on the cycle ergometer as a part of their
normal training routine. The study protocol was performed ac-
cording to the ethical standards of the Declaration of Helsinki.
The study received ethical approval by the ethics committee
of the Hildesheim University, Germany.

2.2. Test Procedures

The subjects performed three laboratory visits over a two-
week period. They completed a ramp test and six maximal per-
formance tests of 20 sec to 6 min duration (Figure 1). The test
durations were specifically selected to assess VLamax (20s
sprint tests) [30] and VOamax (3 to 12 min maximal endurance
tests) [15]. The day before the experiments exercise was re-
stricted to maximum 1 hour of low-intensity training. Further-
more, the subjects were instructed to consume ~3h before the
experiments a standardized meal (~2700 kJ; 71% carbohydrate,
15% fat, 14% protein). To avoid fluctuations of the subject’s
initial muscle glycogen content, identical training and food
regimen for all subsequent experimental sessions were imple-
mented [31]. To control for potential diurnal variation, sub-
jects completed the experimental exercise sessions at the same
time of the day across trials. All cycling tests were conducted
using each subject’s personal racing bike mounted on a cali-
brated cycle ergometer (Cyclus 2, Leipzig, Germany). The
Cyclus 2 is an electromagnetically braked ergometer. The
Cyclus 2 ergometer measures power output with an accuracy
error  of 2%  according to the manufacturer
(www.cyclus2.com). The gear ratio was fixed at either 53 x 12
or 52 x 12, depending on the front chainring of the subject’s
bicycle. The cycling tests were performed in an air-conditioned
exercise laboratory (19<C, 60% relative humidity) and super-
vised by trained personnel. The subjects received standardized
verbal encouragement to ensure maximal effort during all ex-
ercise tests. During all tests, external airflow was provided to
facilitate thermoregulation [32].
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Figure 1. Study design.

2.2.1. Experimental Session 1

At the first visit to the laboratory, the subject’s body length,
body mass and body composition (Seca, BCA 525, Hamburg
Germany) were measured. After these measurements, the sub-
ject cycled during 10 min at 1.5 W-kg™! at a self-selected ca-
dence. This warm-up phase was extended by 3 min of passive
recovery to reduce the aerobic energy contribution in the sub-
sequent sprint.

The first test consisted of a 20s isokinetic sprint at 120
rev-min’! in a seated position. The initial load of the ergometer
was set at three times the fat free mass of the subjects (in New-
ton) with the isokinetic mode was activated at 60 rev-min’!
(SPR1). Thereafter, the subjects cycled for minimum 15 min
at 1.5 W-kg'!' to promote recovery between the tests. The re-
covery status was monitored by measuring the blood lactate
concentration (BLC) (EKF, Biosen C-line, Barleben, Ger-
many). If Subjeets-with BLC remained above 2 mmol-L"!, the
active recovery was extended by 3 min.

After the sprint-test a ramp protocol was performed to as-
sess VOamax. The test started at 100 W and increased by 20 W
every 30s until volitional exhaustion. The subjects were al-
lowed to use their preferred cadence (9747 rev-min™!). Oxygen
consumption (VO,) and carbon dioxide production (VCO,)
were fully captured in a grander airstream and measured con-
tinuously (Omnical Sport, Maastricht Instruments, The Neth-
erlands) [33]. Heart rate was recorded with a conventional
chest strap (Polar, Kempele, Finland). The highest 30s moving
average VO, was used to establish VOamay [34]. A maximal
effort was achieved when a VO, plateau was observed (VO
increase < 120 mL-min™! despite an increase in workload) or
when 2 or more of the following criteria were met [35]:

1) Maximal heart rate within 10 beats of the age predicted

maximal heart rate (220-age)

2) RER> 1.1

3) BLC > 8.0 mmol-L-!

2.2.2. Experimental Session 2

During the second laboratory visit, the subjects completed
an identical warm-up as described in experimental session 1.
Following the warm-up, the subjects performed a 20s isoki-
netic sprint. The initial resistance was set at the fat free mass
of the subjects (in Newton) with the isokinetic mode activated
at 80 rev'min’! (SPR2). Subsequently, a minimum of 15 min
of active recovery at 1.5 W-kg! was performed to facilitate
recovery between the tests. The recovery status was monitored
via BLC; if-BLC remained above 2 mmol-L"!, the active re-
covery was extended by 3 min. Finally, the subjects performed
a 6 min maximal time trial (TTs), with instructions to maintain
the highest possible average power output throughout the du-
ration of the test. The subjects could adjust the workload in-
tensity (5-W steps) at any time. The subject performed the test
in the seated position. They used the same pedaling frequency
as from the ramp test (experimental session 1). Breathing
gases were analyzed (Omnical Sport, Maastricht Instruments,
The Netherlands) and heart rate recorded (Polar, Kempele,
Finland).

2.2.3. Experimental Session 3

During the third laboratory visit, the subjects performed an
identical warm-up as described in experimental session 1 and
2. Following the warm-up, the-subjects completed a 20s iso-
kinetic sprint and a 3 min maximal time trial: The sprint was
performed in similar experimental conditions as the sprints in
experimental session 1 and 2, although the initial load was set
at five times the fat free mass of the subjects (in Newton) and
the isokinetic mode was activated at 20 rev-min’' (SPR3). The
3 min time trial followed identical procedures as described for
the 6 min time trial (experimental session 2).
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2.3. Calculating VOzmax and VLamax

Based on the measured power data (§Hz) from the isoki-
netic sprints, TT3 and TTe, the VOamax and VLamax were cal-
culated using a commercially available software (INSCYD
physiological performance software, version 3.0, INSCYD
GmbH, Salenstein, Switzerland). The calculations in the soft-
ware are built on evolutions of mechanistic models of muscle
metabolism and cardiopulmonary kinetics which to a great ex-
tend originated from published as well as unpublished work
from Mader [36, 37].

Individual data used to run these calculations were: sex,
body mass, body fat percentage and the power data from TT3,
TTse and the sprint tests. All other settings in the software were
kept at default values as preset in the software. The software’s
algorithm detects the glycolytic energy production from the
sprint power data, accounting for the energy contribution from
phosphocreatine and oxidative phosphorylation and calculates
VLamax from this analysis. The power data from the 3- and
6-min time trial allow for the calculation of the VO, kinetics
of the efforts, including the fast and slow VO, of these efforts.
The average peak VO, from these two efforts is taken as the
calculated VOamax.

2.4. Statistical Analysis

Raw data was processed using Microsoft Excel (version
16.92, Redmond, USA). The Shapiro Wilk test was employed
to assess the normality of the data. Descriptive statistics were
calculated for all variables, with the data presented as mean +
standard deviation (SD). Pearson correlations were deter-
mined between the calculated V Oama and the measured
VOamax from the ramp test, TT3 and TTs. Correlation coeffi-
cients less than 0.5, between 0.5 and 0.75, between 0.75 and

0.9 and greater than 0.9 are indicative of poor, moderate, good
and excellent correlation, respectively [38].

A one-way ANOVA for repeated measures was performed
to test significant differences between the calculated VOamax
and the measured VOamax from the ramp test, TT3 and TTs.
Holm post-hoc analysis was performed where appropriate.

A one-way ANOVA for repeated measures (sprint 1 to 3)
was performed to test significant differences between the
VLamax values calculated from the 3 sprints. Holm post-hoc
analysis was performed where appropriate.

Bland Altman analyses (expressed as the mean+1.96SD)
were used to quantify the bias and the range of agreement be-
tween the calculated VOamax and the measured VOomax from
the ramp test, TT3 and TTe. If the confidence interval
(A95%CI) was less than +2.5 ml'min! kg™, the calculated
V Oamax Was considered in agreement and therefore inter-
changeable [39].

A probability level of p < 0.05 was set as the criterion for
acceptance of statistical significance. Statistical analyses were
performed using JASP statistical software (version 0.95.4 for
Apple Silicon, Amsterdam, The Netherlands).

3. Results

3.1. VLamax Calculations

VLamax and average sprinting power were not affected by
the test condition (ergometer settings) (Table 1). Peak sprint
power was ~11% higher in the sprint condition starting from
a higher cadence (80 rev-min’"), compared to the sprint from
a lower cadence (20 rev-min™).

Table 1. Average power output (PO), BLCpre, BLCpost and V Lamax for the isokinetic sprint tests. Mean=SD.

SPR1
Peak PO (W) 9704188
Average PO (W) 709491
VLamax (mmol L1 s?) 0.4840.09

SPR2 SPR3
1014+81 ¢ 913#79°
696489 730494
0.4840.09 0.4840.09

Repeated measures ANOVA: ? different from SPR1; ® different from SPR2; ¢ different from SPR3 (p<0.05).

3.2. VOamax Calculations

During the ramp test, a VO, plateau was observed in 4 sub-
jects (~36%). All subjects met the criteria for exhaustion. The

measured V Ozmax ranged between 57.2+8.6 and 58.6%9.1
mL-kg!'min”!, without significant differences between the
test conditions. The calculated V Oamax amounted 58.3+9.4
mL-kg'-min’".
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Figure 2. Maximal oxygen consumption (V Ozmax). Measured (Ramp, TT3, TT6) and calculated values (based on the power data from TT3, TT6
and SPR1-3) — (see methods for more details). Open circles represent the individual data; the black bars represent the mean+SD. * Different
from Ramp (p< 0.05 repeated measures ANOVA).

Pearson correlation’s revealed excellent correlations between the measured and the calculated VOamax values (0.93 — 0.98,
p<0.05) (Figure 3).
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Bland Altman analyses between measured and calculated
V Oamax are presented in Table 2. The graphical representation of
this analysis is available in appendix A. The smallest bias was
observed for the comparison with the ramp test (A = —0.21
mL-min""kg'; 95% CI: —2.46 to 2.00 mL-min"-kg™"). The bias

relative to TTe was slightly larger (A= 0.34 mL-min"-kg™; 95%
CI: —1.01 to 1.68 mL-min""-kg"). In contrast, the calculated
V Oamax Overestimated the measured VOamax from TT; by 1.35
mL-min!-kg!.

Table 2. Bland Altman analyses.

Ramp

Calculated versus measured VOzmax (ML mint kg?)

Bias -0.21
SPR1 LoA -6.77, 6.36
A95% CI -2.46,2.0
Bias -0.22
SPR2 LoA -6.77, 6.33
A95% CI -2.46, 2.03
Bias -0.21
SPR3 LoA -6.76, 6.34
A95% ClI -2.46, 2.04

TT; TTe
0.34
-1.35
-6.26, 3.55 igf iég
-3.04,0.33 T
0.33
-1.36
-6.26, 3.54 fgi ‘1“2‘71
-3.04,0.32 R
-1.36 0.34
-6.26, 3.55 -3.59, 4.26
-3.04,0.33 -1.01, 1.68

Bland Altman analyses: Bias, limits of agreement (LoA) and 95% Confidence intervals (A95% CI).

4. Discussion

The purpose of this study was to investigate the accuracy of
the V Oymax assessments from maximal cycling power and
VLamax data. According to our observations, INSCYD soft-
ware provide accurate calculations of the VOama, from these
data sources. To the best of our knowledge, our study was only
the second study to test the validity of INSCYD software for
VOamax assessment. Our data is in line with the observations
of Podlogar et al [40] although they used a different test pro-
tocol including lactate tests, whereas in the current study only
power data has been used. They investigated the validity of
the INSCYD software in a cohort of trained cyclists (V Oamax
61+7.9 mL-min"'-kg™"). Their observations were within the ex-
pected daily variation and thus the calculated VOamax corre-
sponded with the measured value and was considered valid
(A=0.13 mL-kg'-min’!, p=0.885).

In the literature, several models have been developed to es-
timate VOamax from practical performance tests or wearable
technologies. Recently, the validity of V Oymax estimations
from a wearable sportswatch has been investigated in 19
healthy individuals (V Ozmax 48.946.7 mL min kg). The sports-
watch assessed V Oamax in comparison with lab measurements
from a metabolic cart with reasonable accuracy (A = 0.75
mL min?t kg%, A95%CI: -1.3 to 2.8 mL min* kg?), although

the sportswatch overestimated lower values (< 50 mL-min
I-kg'!") and underestimated higher values (> 50 mL-min"!-kg™)
[41]. Sitko et al investigated the utility of a 5-min maximal
power test in trained cyclist (VOamax 61.1£9.1 mL-min™'-kg™)
to estimate VOamax and observed good correlations between
the maximal 5-min power (W-kg™') with the measured VOapmax
(r=0.84, p<0.001) [18]. A similar approach was used to assess
VOamax from a 3 min maximal test in trained subjects and re-
vealed a good correlation (r=0.82, p<0.001) [42]. Noteworthy,
the efforts used to predict VOamax rely on both aerobic and
glycolytic energy contribution [21]. However, these above-
mentioned models do not include a measure of glycolytic en-
ergy production in the regression and as such assume a fixed
glycolytic energy contribution in the tested efforts. In a cohort
of subjects with homogeneous glycolytic capacities, such
models may still provide accurate VOamay assessments. How-
ever, the validity of these linear regression models in subjects
with mixed glycolytic capacities is not yet documented in the
literature. In the current study, we approached the VOapax as-
sessments with a mechanistic model for muscle metabolism.
This model takes the individual glycolytic power (VVLamax)
into account. It can be speculated that this might have contrib-
uted to the high level of accuracy achieved in our study. Note-
worthy, based on VOama and VLamax data, the metabolic
profile of the athlete can be completed with information on the
maximal lactate steady state [43] which can be used to define
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training recommendations, training zones or predict endur-
ance performance [44].

Interestingly from a practical standpoint, our data demon-
strate that accurate VOamax estimations can be derived from
cycling power alone. In recent years, the possibility of as-
sessing the cycling power in the field has been made possible
by the exponential rise in the use of power meters and smart
trainers among professional and amateur cyclists. These user-
friendly tools allow the collection of real-time and accurate
power data in training and racing [45-47] and could reduce the
need for formal exercise testing. It should alse be noted that
in this study a lab-grade ergometer was used. This ensured
high quality input data to feed the mathematical model. This
level of accuracy and measurement frequency is in general not
met by consumer-based ergometers. Although some of these
ergometers produce accurate data in the 200-400W range, they
are less accurate to measure maximal sprinting power [48].
Our data demonstrated that despite some differences in sprint-
ing power, we still obtained valid V Oamsx calculations. We
could speculate that consumer-based ergometers and power
meters provide sufficiently accurate cycling power data to al-
low valid VOamax assessments.

Some limitations in our study should be recognized. We
acknowledge that our sample size was small (n=11) compared
to the recommended sample size for this type of research
(n=~30) [49]. Unfortunately, testing larger samples was not
possible at the time of the data collection due to COVID re-
strictions for laboratory exercise testing. Secondly, no female
subjects volunteered for this study, and this might limit the
generalization of our findings to female athletes. Thirdly, in
our sample VLamax values ranged between and ~0.3-0.65
mmol-1"!-s! typical for endurance trained athletes, whereas
the range in an athletic population can vary between 0.2 and
1.2 mmol-1"'-s [23]. Therefore, generalization of our findings
to other populations with different VLamax values should be
performed with some caution. Future research should focus on
investigating the model on larger samples including female
subjects.

5. Conclusions

Our findings demonstrate that VOamax can be calculated ac-

curately from three maximal cycling tests of 20” to 6° duration.

This technology offers the opportunity to calculate a compre-
hensive metabolic profile from cycling power data. Such data
can be acquired from training data or on the field testing, with-
out the need for expensive laboratory equipment. Whether the

model to calculate VOama Will yield accurate results in fe-
males and in subjects with more extreme V Lamax values
needs further scientific investigation.
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Appendix

Ramp test
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Figure 4. Bland-Altman Analysis: Calculated V Ozmax and the Measured V Oznax, with £1.96SD Range of Agreement (See Methods for More
Details).
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