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1  |   INTRODUCTION

Cardiovascular fitness is an important health parameter. It 
is usually measured by maximal oxygen uptake (VO2max), 
which is considered the gold standard.1 High VO2max levels 
have been shown to be inversely related to cardiovascular dis-
ease and mortality 2,3 Professional athletes use the VO2max as 
a key parameter to assess their training status and progress.4 
The definition of VO2max is the maximal rate of pulmonary 
oxygen uptake during exercise engaging a sufficient muscle 

mass.5 Using an incremental exercise protocol, usually on a 
bicycle ergometer or treadmill, VO2max can be accurately 
measured under laboratory conditions.6-8

For precise measurement of oxygen consumption, so-
phisticated gas analysis equipment is required.9 Both in-
haled and exhaled air analyses, and airflow through the 
system are required to accurately assess oxygen consump-
tion. Several methods are available to achieve this. The first 
sports gas analysis system captured all exhaled air undi-
luted by using a breathing valve, analyzing the resulting 
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The aim of this study was to investigate whether VO2max can be accurately measured 
in a respiration chamber. Thirty participants aged 23.4 ± 3.9 years with a wide range 
in VO2max were included. Participants performed four incremental cycle ergometer 
tests (VO2max) with a minimum of 5 days between tests. These tests consisted of one 
familiarization test with face mask, followed by two VO2max tests in the respiration 
chamber and one test with face mask in randomized order. Oxygen consumption and 
CO2 production were measured continuously using Omnical (Maastricht University, 
the Netherlands) gas analysis system. The mean VO2max was 3634 ± 766 ml, which 
resulted in mean VO2max per lean body mass of 60.8 ± 8.0 ml/kg. Repeated res-
piration chamber tests showed a high concordance, and no significant differences 
were detected between tests (Lin's concordance correlation coefficient (Rc) = 0.99; 
∆70 ± 302 ml/min; p = .38). There was high concordance between the mean VO2max 
from both respiration chamber tests and the mean face mask tests, and no significant 
difference (Rc = 0.99; ∆41 ± 173 ml/min; p = .22) was observed. The Bland-Altman 
plots showed no proportional bias between different tests. In conclusion, the respira-
tion chamber has been found to be a valid and reproducible method for measuring 
VO2max. New research opportunities are possible in the respiration chamber, such as 
maximal exercise testing during 24-hour measurements.
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volume and gas fractions.10,11 These gas analysis systems 
have for the greater part been replaced with breath-by-
breath analysis systems.12-14 The breath-by-breath method 
uses a face mask or mouthpiece (combined with nose clip) 
to breathe through a bi-directional flow sensor and evalu-
ate synchronized gas samples and flows for sequential in-
halation and exhalation (eg, Oxycon Pro, Jaeger Oxycon 
Pro, VIASYS Healthcare, the Netherlands).12 An alterna-
tive method is the Omnical system (Omnical, Maastricht 
University) where a face mask is connected without valves 
or flow sensors by large bore (50 mm in diameter) tubing to 
the gas analysis system. For breathing, a continuous flow 
of air passes the face mask, capturing all exhaled air in di-
luted mode, and the total airstream is analyzed for oxygen 
and CO2 concentrations.9,15 The Omnical system and the 
breath-by-breath system depend on a mouthpiece or face 
mask to connect the exercising participant to the gas anal-
ysis system.9,12

Testing for the maximal cardiorespiratory capacity in a 
respiration chamber (ie, gas analysis in a chamber) could 
provide new opportunities for maximal or high-intensity 
intermittent sub-maximal exercise testing. For example, en-
vironmental testing conditions can be strictly regulated and 
modulated, since these respiration chambers are also strictly 
controlled and programmable climate chambers (ie, tem-
perature and humidity).9,16 Additionally, participants do not 
have to leave the respiration chamber anymore to perform 
exercise testing, instead exercise testing could be incorpo-
rated in 24-hour studies. Besides, post-exercise thermogen-
esis (also called excess post-exercise oxygen consumption; 
EPOC) could be investigated inside the respiration chamber. 
Also, exercise testing including gas analysis could be per-
formed on clinical populations (eg, patients who underwent 
a tracheotomy). Measuring the VO2max in a respiration 
chamber is technically challenging, because of the enor-
mous difference between a participant breathing into the 
volume of a face mask (±0.2  L) compared to the volume 
of the whole chamber (18 000 L).9,15,17 However, with the 
current technological advancements of the Omnical system 
and whole chamber gas analysis ventilation systems, it may 
be possible to accurately measure VO2max in a respiration 
chamber. Despite the current relative rarity and the costs of 
a respiration chamber, this could also add to the increased 
demand for respiration chambers due to the increased 
versatility.

The purpose of this study was to investigate whether 
VO2max can be accurately measured in a respiration cham-
ber. More specifically, first the test-retest variability (re-
producibility) of a VO2max test performed in a respiration 
chamber was investigated. Secondly, the validity of the res-
piration chamber was tested by comparing the results of the 
VO2max test in the respiration chamber with the test using 
a face mask. The third objective was to assess the physical 

comfort of the participant for a test in the respiration chamber 
compared to the test with face mask, using a preferred test 
questionnaire.

2  |   METHODS

2.1  |  Participants

Thirty healthy participants consisting of twenty-one males 
and nine females with a mean age of 23.4 ± 3.9 were included 
in the study. The anthropometric measurements resulted in 
a mean BMI of 22.0  ±  1.8  kg/m2, mean fat percentage of 
15.1 ± 6.2, and a fat-free mass (FFM) of 59.5 ± 8.7 kg. Based 
on the screening by a medical questionnaire and blood pres-
sure measurements, it was determined whether participants 
were healthy and eligible to participate safely in four maxi-
mal exercise tests. All participants signed informed consent. 
The study was approved by the Medical Ethics Committee of 
the Maastricht University Medical Centre + and monitored 
by the Clinical Trial Centre Maastricht.

2.2  |  Protocol

Participants' presence was required five times. On the first day, 
the medical screening was performed. The second visit (test day 
1), body composition was assessed and thereafter participants 
received breakfast and had 45 minutes to relax before conduct-
ing the first physical fitness test. The first (familiarization) test 
was conducted in the examination laboratory with face mask 
(FM1). The following test days (at least 5 days apart), three 
more VO2max tests were performed. Two tests (RM1 and 
RM2) were performed in the respiration chamber and one more 
test in the examination laboratory with face mask (FM2). The 
test location of these three successive physical fitness tests was 
assigned randomly, generated by rando​mizer.org.

2.3  |  Body composition (including 
anthropometry)

On test day 1, underwater weighing was performed in the 
morning after an overnight fast to determine body density. 
First dry weight was measured to the nearest 0.01 kg (Mettler 
Toledo IDT+). Thereafter, underwater weight was measured 
to the nearest 0.01 kg (Mettler Toledo EC240), while breath-
ing through a tube and functional residual capacity (FRC) 
was measured to the nearest 0.1 L using the helium dilution 
technique (Mijnhardt Volugraph VG-2000). From body den-
sity, fat percentage was calculated using Siri's equation,18 
and fat-free mass was then calculated and used to determine 
the VO2max relative to lean body mass.

http://randomizer.org
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2.4  |  Fitness testing

Physical fitness was assessed using an incremental test 
on a calibrated bicycle ergometer (Lode Excalibur Sport 
1000 W/1.5 V, Groningen, the Netherlands) with the proto-
col adopted from Kuipers et al.,8 while oxygen consumption 
(VO2) and CO2 production were fully captured in a grander 
airstream and measured continuously (Omnical, Maastricht 
University, the Netherlands). At the same time, the heart rate 
(HR) was monitored using a chest strap (Sport-tester Polar 
RS800CX).

The VO2max test started with a 5-minute warm-up at a 
load of 75  W for women and 100  W for men. Afterward, 
workload was increased with 50 W every 2.5 minutes. When 
the respiratory exchange ratio (RER  =  VCO

2

VO
2

) reached 1 or 
above, workload was increased with 25 W every 2.5 minutes 
until exhaustion.8 The maximal workload achieved (Pmax) 
was calculated as the workload completed (Pcompleted) 
plus time (t) in the last stage divided by 150 and multi-
plied with the load increment of the final stage (ΔW): 
Pmax  =  Pcompleted  +  t/150  ×  ΔW. Pedal frequency was 
free of choice, but when dropping below a pedal frequency 
of 70RPM for 10 seconds because of fatigue the test was 
stopped. Throughout the whole test, participants were ver-
bally encouraged and energetic music was played.

The abovementioned protocol was used for all VO2max 
tests. The exact same cycle ergometer and same type of gas 
analysis system (Omnical) were used for all tests. The climate 
setting in the respiration chamber and in the laboratory was 
conducted at a room temperature of 18°C without extra fan. 
In the respiration chamber, the ergometer was facing the win-
dow in the door. The researches were outside, in front of the 
window, with continuous visual and auditory contact to the 
participant (hands-free intercom). The ergometer controller 
for adjusting workload was positioned with the researchers 
outside the chamber. Before each test in the respiration cham-
ber, participants were asked to sit and rest in the chamber 
for about 30 minutes before starting the physical fitness test, 
allowing to start the exertion test from a stable level for both 
energy expenditure (resting levels) and chamber conditions 
(climate, mixing). Subsequently, the participant started the 
test, while the gasses in the chamber were analyzed contin-
uously (Omnical, Maastricht University, the Netherlands). 
After the cycling test, the participant remained inside the 
chamber for approximately 20 more minutes to allow O2 and 
CO2 concentrations to return to resting levels. A comfortable 
chair was available for the participant to sit during rest.

2.5  |  Whole chamber gas analysis

The whole chamber gas analysis has been described be-
fore19,20 and was upgraded since.9,16 The gas analysis system 

has been named “Omnical” and is used in Maastricht from 
the mid-80 s with its automated frequent calibration sample 
scheme, which is described in more detail in the Appendix S1. 
The climate control compartment creates a recirculation air-
flow that is filtered, pressurized, dampened for sound, and 
adjusted in temperature and relative humidity for correction 
of climate at the position of the participant. In brief, a di-
agonal downward flow passes the participant, and main flow 
at floor level is divided into a direct return path and a sam-
pling flow taken at the floor all around the walls. The latter 
flushes walls and ceiling, and this flow feeds the outflow of 
the chamber and sample points, optimized for a representa-
tive sample. The inlet flow to the chamber joins the direct 
return path and the sampling flow at the inlet of the climate 
control compartment. Effectively, this setup for airflow was 
designed to allow for fast and representative sampling which 
is deemed a requirement for the achieved fast response.

The airstreams inlet, outlet, and chamber are sampled and 
prepared for analysis as described before,19 and the upgraded 
analysis now determines gas fractions in a continuous path 
alongside the pre-existing system. Output of continuous an-
alyzers (1 sample·sec−1) was continuously normalized with 
data from the frequently calibrated (96  day−1) pre-existing 
analyzers (1 sample·min−1); this method is described in more 
detail in the Appendix S1. Data were evaluated using recently 
deployed molar balance equations,16 allowing evaluation at 
5-sec intervals. The molar equations were derived to allow 
exact physics and decrease assumptions. The results of the 
continuous analysis are in summary identical to the results of 
the pre-existing and validated minute evaluation.19

2.6  |  Preferred test questionnaire

After completing all VO2max tests, participants were asked 
to fill in a preferred test questionnaire, representing the fol-
lowing six experiences: dry mouth, movement restriction, 
claustrophobic feeling, possibility to communicate, ability 
to perform, and general rating. The subjective rating of the 
participant's preference for the fitness test with face mask or 
in the respiration chamber was re-coded in a way that a lower 
scoring indicated a preference for the respiration chamber 
and a high score a preference for the face mask test (scale: 
1–5; neutral score = 3).

2.7  |  Statistics

Calculations were done using the following software: 
Microsoft Office Excel 2016, IBM SPSS statistics 23, 
GraphPad Prism 6, and Mac labview. All variables are 
expressed as mean  ±  SD. VO2max was defined as the 
mean maximum oxygen consumption over 30 seconds 
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based on 5-second data expressed in absolute values (ml/
min). Variables were checked for normal distribution 
and were transformed if necessary. For statistical signifi-
cance, alpha was set at .05. To determine reproducibility 
of the respiration chamber, VO2max as measured during 
the two tests in the respiration chamber was compared 
by a paired-samples t test and linear regression to obtain 
the correlation, intercept, and slope. Furthermore, Lin's 
concordance coefficient was calculated to test concord-
ance by taking into account the variation from the line 
of identity. Also, a Bland-Altman plot was used to quan-
tify systematic and random error. To determine within-
participant reproducibility, the coefficient of variation 
(CoV; ratio of the standard deviation to the mean) was 
calculated. By comparing the VO2max consumption from 
the respiration chamber with that of the test with face 
mask the validity was determined. This was done using 
the same statistical analyses as was used for reproduc-
ibility. For statistical analyses of the respiration chamber 
in comparison with the face mask test, we averaged the 
data from both VO2max tests in the respiration chamber; 
if only one measurement was available for a participant, 
this was used. To investigate which test environment par-
ticipants favored, non-parametric one-sample Wilcoxon's 
signed-rank test was used with hypothesized median of 3 
(neutral answer).

3  |   RESULTS

3.1  |  Participants

The mean VO2max of the participants was 3634 ml ± 766 
(ranging from 2415 to 4946  ml), which resulted in mean 
VO2max per lean body mass of 60.8 ml/kg ± 8.0 (ranging 
from 45.4 to 78.1 ml/kg). VO2max per total body mass was 
51.9 ml/kg ± 9.1 (ranging from 36.5 to 70.3 ml/kg). All par-
ticipants reached their VO2max based on the requirement 
that RER exceeded 1.15 (mean RER 1.18  ±  0.05) except 
for three tests in the respiration chamber. Seven respiration 
chamber measurements were excluded prior to perform-
ing statistical analyses. Four measurements were excluded 

because of protocol violation; during one measurement, the 
door of the respiration chamber was opened too soon, result-
ing in absence of data at the end of the maximal exercise 
phase. Three consecutively performed tests were excluded 
because of wrong flow settings, which did not become ap-
parent during the measurements. Additionally, three meas-
urements were excluded due to problems arising from the 
fact that subjects entered the chamber shortly after another 
subject from a different experiment had left. The other ex-
periment used temperature settings above 30°C, whereas the 
current experiment needed a cool environment. Cooling the 
metal chamber content instantly to 18°C revealed a periodic 
cycle of the air-conditioning as it was working to keep the 
air temperature at the constant level of 18°C, while also cor-
recting for the heat still being radiated by the metal mass 
(±2 metric tons) that had been warmed up to 30°C. The 
cycling is an effect of the control system that regulates the 
temperature inside the chamber. This cyclic working of the 
air-conditioning was deemed to affect short-term shrink-
ing and expanding of enclosed air-mass and posed an un-
intended confounder on time resolution. Given this lack of 
correct preparation before the start of the experiment, these 
three tests were excluded before further statistical analysis 
took place. Therefore, for the reproducibility analysis the in-
cluded number of participants was 23 and for validity analy-
sis of the respiration chamber versus face mask n = 30. On 
request of the reviewer, we performed the reproducibility 
and validity analysis of VO2max in the respiration chamber 
including all measurements, and these results are described 
in the Appendix S1 and are shown in red in Figures S2 and 
S3. All data were normally distributed, mean, standard 
deviation (SD), minimum, and maximum were calculated 
(Table 1). Table S1 shows these measures of the data includ-
ing all measurements.

3.2  |  Reproducibility VO2max 
respiration chamber

The correlation between the two maximal exertion tests 
performed in the respiration chamber was 0.94 (p < .001) 
for VO2max and 0.99 (p < .001) for Pmax (Figure 1). Both 

T A B L E  1   Descriptive statistics of VO2max and Pmax values

VO2max 1 (ml/min) VO2max 2 (ml/min) Mean VO2max (ml/min)

Face mask 3607 ± 773 (2330–4915) 3660 ± 763 (2471–4976) 3634 ± 766 (2415–4946)

Respiration chamber 3620 ± 844 (2238–4937) 3690 ± 827 (2348–5520) 3593 ± 805 (2310–5229)

Pmax 1 (W) Pmax 2 (W) Mean Pmax (W)

Face mask 293 ± 63 (185–401) 297 ± 63 (182–406) 294 ± 62 (184–404)

Respiration chamber 297 ± 65 (166–400) 308 ± 61 (191–400) 299 ± 61 (179–400)

Note: Data are presented as mean ± SD (range).
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VO2max (p  =  .38) and Pmax (p  =  .06) did not signifi-
cantly differ from each other in both respiration chamber 
tests (Table  1). For VO2max, the slope of the regression 
line was not significantly different from 1 (0.92; 95% CI 
0.77 to 1.08) and the intercept was not significantly differ-
ent from 0 (345; 95% CI −243 to 934) (Figure  1A). For 
Pmax, the slope was not significantly different from 1 (0.95; 
95% CI 0.88 to 1.02), and the intercept was not significantly 
different from 0 (21; 95% CI −1 to 42) (Figure 1B). Lin's 
concordance correlation coefficient (Rc) for VO2max be-
tween the two tests in the respiration chamber was 0.99. The 
Bland-Altman plots did not show a systematic bias propor-
tional to the measured value (Figure  1C,D). Furthermore, 
the results showed high within-participant reproducibility 
with a CoV of 4.2% ± 3.4.

3.3  |  Validity respiration chamber versus 
face mask VO2max (Omnical 4)

There was no significant difference between the first 
VO2max test with face mask in comparison with the other 
three VO2max tests (p = .77). Besides, the within-participant 
reproducibility was high for the face mask tests with a CoV 
of 2.1%  ±  1.6, indicating there was no learning effect be-
tween the first face mask test and the consecutive tests; there-
fore, also the mean VO2max values of the two face mask tests 
were used.

The correlation between the VO2max values as mea-
sured in the respiration chamber and with face mask was 
0.98 (p  <  .001) (Figure  2A). The slope (0.93; 95% CI 
0.85 to 1.01) was not significantly different from 1, but 

F I G U R E  1   Reproducibility plots. (A) Scatterplot showing the test-retest of VO2max as measured in the respiration chamber; (B) the Pmax as 
calculated for the respiration chamber tests. The solid line represents the regression line and the dotted line the line of identity. Bland-Altman plots 
of (C) the VO2max as measured during the respiration chamber tests, mean bias 56 ml and 95% limit 647–535 ml; (D) the Pmax as calculated for 
the respiration chamber, mean bias 4 W and 95% limits 25–16 W. Mean bias and 95% limits of agreement are indicated with dotted lines. RM1: 
first test performed in the respiration chamber, RM2: second test performed in the respiration chamber
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the intercept (298; 95% CI 4 to 592) was significantly 
different from 0 (Figure 2A). Lin's concordance correla-
tion coefficient (Rc) was 0.99. There was no significant 
difference between the mean VO2max of the tests in the 
respiration chamber and with face mask (p  =  .22). The 
same was found for the Pmax (p = .23). The correlation 
of the Pmax between the mean of the tests in the respi-
ration chamber and with face mask was 0.99 (p <  .001) 
(Figure 2B). The slope (1.00; 95% CI 0.96 to 1.04) and 
intercept (1; 95% CI −13 to 12) were not significantly 
different from 1 and 0 (Figure  2B), respectively. Just 
as with the reproducibility, the Bland-Altman plots did 
not show a systematic bias proportional to the measured 
value (Figure 2C,D).

3.4  |  Preferred test questionnaire

After recoding, the results of the preferred test questionnaire 
were tested with the one sample Wilcoxon's signed-rank test 
equaled 3. Overall participants favored the respiration cham-
ber on all tested parameters (combined score: 2.4; p < .001). 
Only Q4, representing the possibility to communicate, was 
rated equal to the face mask test (Table 2).

4  |   DISCUSSION

This study was designed for testing validation and repro-
ducibility of VO2max testing in a respiration chamber. 

F I G U R E  2   Validity plots. (A) Scatterplot showing the test-retest of VO2max as measured in the respiration chamber versus with face mask; 
(B) the mean Pmax as calculated for the respiration chamber versus with face mask tests. The solid line represents the regression line and the dotted 
line the line of identity. Bland-Altman plots showing the mean (C) VO2max of the respiration chamber versus test with face mask, mean bias 40 ml 
and 95% limits 305–385 ml; (D) Pmax as calculated for the respiration chamber tests versus the test with face mask, mean bias 1 W and 95% limits 
14–12 W. Mean bias and 95% limits of agreement are indicated with dotted lines. FM, face mask; RM, respiration chamber
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Results show that the respiration chamber achieved a high 
degree of reproducibility over the full range of oxygen con-
sumption. There was no significant difference between the 
tests in the respiration chamber (p = .38; Lin's concordance 
correlation coefficient [Rc] = 0.99) and between the tests 
in the respiration chamber compared and the face mask 
tests for VO2max (p = .22; Lin's concordance correlation 
coefficient [Rc] = 0.99). This suggests that the respiration 
chamber is a reproducible and valid method for determin-
ing VO2max.

Several studies have examined different VO2max testing 
instruments for reproducibility.21-26 Typically found repro-
ducibility for VO2max is consistently mentioned as less than 
five percent (CoV < 5%). In the study by Crouter et al.,22 three 
methods have been compared. The MedGraphics VO2000 
showed the highest within-participant variability (CV 14.2–
15.8%). The Douglas bag method (CV 5.3–6.0%) and the Parvo 
Medics TrueOne 2400 (CV 4.7–5.7%) showed a similar within-
participant reproducibility. In comparison with these methods, 
the respiration chamber showed a lower within-participant vari-
ability (CV ~4.2%) indicating a high reproducibility.

In a recent study, the Omnical 4 was technically validated 
and tested for reproducibility as well as compared to an Oxycon 
Pro system.9 Results revealed a linear relation for Pmax and 
VO2max for the Omnical 4 with better reproducibility than the 
Oxycon Pro system. The Oxycon Pro tended to underestimate 
the VO2max at higher levels of oxygen consumption. Besides, 
the Oxycon Pro showed a non-linear relation between Pmax and 
VO2max. This particular Oxycon Pro system underestimated 
the VO2max with 10.4% relative to the Omnical. In previous 
studies with various breath-by-breath systems, this non-linearity 
was also found, with an underestimation range of −1 to −30%.9 
This broad range of underestimation challenged the reality of 
underestimation, that is, of the non-linearity between Pmax and 
VO2max. The Omnical 4 system furthermore showed a high 
degree of technically validated accuracy over the full range of 
human energy expenditure (EE), as well as a near-identical re-
sult for VO2peak and VO2max illustrating correct timing at the 
end stage of exertion.9 Additionally, the accuracy and reliability 

of the used Omnical system performed best compared with 
eleven other gas analysis systems.27 Hence, the Omnical with 
face mask was a reliable method for validating VO2max results 
against those obtained from the respiration chamber. The reli-
ability of the methods applied using Omnical can be envisioned 
by looking at a classic Douglas bag application: All gasses are 
collected and analyzed by accurate flow measurement and gas 
analysis. The Omnical does exactly the same yet volume and 
gas analyses are performed in real-time. Distinctive aspect is the 
fact the accuracy of whole chamber gas analyzers allows for a 
dilution flow where a breathing valve becomes obsolete. Hence, 
the Omnical simply captures all exhalation diluted in a grander 
airstream or for gas diluted in a whole chamber.

The respiration chambers were ultimately designed for mea-
suring intervals longer than 30 minutes, typically 24 hours, at 
relatively low energy expenditure levels (typical physical ac-
tivity levels between 1.35 and 1.45 metabolic equivalent of 
task).15 With the technological advancements of the system, the 
question arose whether it was possible to accurately measure 
and reproduce the same results within participants during a 
maximal exertion test that takes on average 15 minutes. The fact 
that similar results were achieved for VO2max in the respiration 
chamber versus face mask with relatively constant Pmax once 
more confirmed the finding of a linear relation between Pmax 
and VO2max.9 Besides, it validated the respiration chambers as 
being able to follow the step protocol correctly as otherwise the 
typical slow response (low-pass mechanical filter) of a whole 
chamber gas analysis 28 would have caused underestimation. 
Instead, it was able to follow the slope correctly to the peak-
value. Additionally, the correlation and concordance between 
the respiration chamber and face mask test were substantial. 
Therefore, it can be concluded that the respiration chamber is a 
valid alternative for performing a maximal exertion test and can 
be used to evaluate gas analysis during sports.

Maximal exertion testing in the respiration chamber offers 
additional opportunities, such as measuring the influence of 
a different climate, lighting, or oxygen concentration on ox-
ygen consumption during exercise. The respiration chambers 
are strictly controlled climate chambers, as a wide range of 
temperatures and humidity can be pre-set. Even oxygen pres-
sure could be modified if necessary to simulate high altitude. 
Additionally, studies investigating circadian rhythm incorpo-
rating exercise testing within the respiration chamber could 
be designed. As a result, EPOC could be investigated in a 
habitual environment. Also, even though sub-maximal test-
ing in a chamber is a known application,29,30 the influence 
of eating and drinking during high-intensity exercise, while 
measuring oxygen consumption would be possible. The res-
piration chamber assures not only more comfort this way, but 
also allows for measuring the influence of free movement 
biological aspects like drinking or sputum removal (spit) 
during maximum exertion exercise, while oxygen consump-
tion is still being measured continuously.

T A B L E  2   Descriptive statistics of preferred test questionnaire 
including resulting p-value of one sample Wilcoxon's signed-rank test 
(scale: 1–5; neutral score = 3)

Mean score p-Value

Q1 dry mouth 2.5 ± 0.9 .005

Q2 movement restriction 2.0 ± 0.6 <.001

Q3 claustrophobic 2.7 ± 0.6 .021

Q4 communication 2.9 ± 1.2 .524

Q5 performance experience 2.5 ± 1.2 .019

Q6 general rating 2.2 ± 0.8 <.001

Combined score 2.4 ± 0.5 <.001

Note: Data are presented as mean ± SD.
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The preferred test questionnaire showed clear preference 
for the respiration chamber in terms of dry mouth, movement 
restriction, claustrophobic feeling, ability to performance, and 
general rating. The possibility to communicate was rated equal 
for the respiration chamber and test with face mask. While 
communication was possible with help of an intercom, the vol-
ume of the sound was not always sufficient for communication 
during a maximal cycling exertion test with loud music. This 
could have led to a decrease in motivation, because they could 
not hear our oral motivation although this was not visible in the 
Pmax.31 The respiration chamber was designed to measure peo-
ple over a broad range of temperature and level of EE, though 
for future maximal exertion measurements, the humidification 
should be increased in capacity. The system was set to 55% hu-
midity and a temperature of 18°C, but due to low-temperature 
cooling capacity, the humidity dropped below 50%. For maxi-
mal exertion tests, a higher humidity is preferred in combina-
tion with the lower temperature, although it should not hinder 
VO2max performance.32,33 This deficit in humidification has 
since been remedied in the design of the respiration chamber.

Unfortunately, we had to exclude seven respiration chamber 
measurements prior to performing statistical analyses. These 
measurements were excluded because of protocol violation, ei-
ther the flow settings were wrong or the door of the chamber 
was opened too soon. Three were excluded because our study 
required a temperature of 18°C, while another study preced-
ing required high-temperature settings (32°C) and conforming 
to protocol should have been cooled down hours in advance. 
Although the room air temperature was 18°C after waiting an 
hour between experiments, remaining warmth contained in the 
dense walls resulted in increased cooling by the air-conditioning, 
which was expected to be detrimental for data in the subsequent 
VO2max protocol and its time resolution. This can easily be 
solved by allowing more time between experiments. Some lim-
itations should be taken into account when measuring VO2max 
inside the respiration chamber. Firstly, ventilatory threshold 
cannot be measured without an additional validated spirometer. 
Ventilatory data are necessary to perform several analysis sug-
gested by Wasserman et al. There is, however, a method avail-
able to determine ventilatory threshold which is based on the 
infliction point of plotting VCO2 against VO2.

34 Second, due 
to availability constraints the experiments ended after reaching 
maximal exertion, ascertaining elevated resting metabolic rate 
(RMR) after exertion would have increased protocol time with 
approximately a full hour for reaching stable results, as the par-
ticipant would have to become rested for determining RMR.

4.1  |  Perspectives

This study provides information about the reproducibility and 
validity of the respiration chamber for measuring maximum 
human oxygen consumption as a response to a stepwise protocol 

to maximal exertion. Respiration chambers have earlier been 
validated as the gold standard for measuring human EE from 
sleeping metabolic rate 35 up to high levels of exercise,29 yet not 
for VO2max. Despite the short-term character of this study as 
proof of principle, the employability of exercise testing during, 
for example, circadian rhythm studies opens new opportunities 
for innovative study designs using full size respiration/environ-
mental chambers. As a consequence, new possibilities for meas-
uring the cardiorespiratory system during exercise in different 
climatic condition and room-normal living conditions will arise. 
Finally, the respiration chamber holds advantages for partici-
pants regarding movement restriction, feeding, talking, spitting, 
among others. We surmise that the formerly well-known role 
of whole chamber gas analysis as a gold standard for testing 
smaller devices will resurface with the advent of more, smaller 
yet hard to validate devices. This is also reflected by the increas-
ing number of chamber gas analysis systems around the world.
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