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I. Introductory overview
From the time of the independent discoveries of oxygen by Carl Wilhelm Scheele in Sweden and
Joseph Priestly in England in the 1770s, there has been an ongoing chain of methodological
developments, from the pioneering ones by Antoine Lavoisier until today, with the aim of measuring
oxygen uptake and metabolic processes of man in motion (Mitchell and Saltin 2003). This historical
development, has, not least during the last decades, also included both automated stationary and
portable open-circuit metabolic measurement systems, which have been thoroughly reviewed
recently (Macfarlane 2017; Ward 2018; Taylor et al. 2018).
When two of the present authors (PS and HR) were trained as exercise physiologists, the golden
standard method in this respect, the Douglas bag method (DBM), was the only, or the predominantly
used method at our laboratory. In the 1990s, automated stationary open-circuit metabolic
measurement systems started to be used, and HR evaluated some of them using DBM. He noted that
it was not apparent that one could rely on the data produced in these “black box” systems. Still they
have been used in many laboratories, and possibly there are a number of scientific articles based on
them which might hold invalid data. One comment along that line was sent in 2001 as an e-mail from
our teacher, professor emeritus Per-Olof Åstrand to an American colleague (Appendix 1). It ended
with: “I have observed many odd data in the literature which can be explained as a consequence of
uncritical use of modern, fancy electronic equipments without serious and competent evaluation of
their accuracy”.
For HR, these kind of experiences during the 1990s became an important impetus to develop a
refined system for the Douglas bag method at the Laboratory for Applied Sport Sciences at the
Swedish School for Sport and Health Sciences, GIH, in Stockholm, Sweden. That process was
undertaken in close collaboration with Lennart Gullstrand at the Elite Sports Centre, The Swedish
Sports Confederation, Bosön, Lidingö, Sweden. This text builds on that system, and many other
developmental steps that have been taken since then. They have been applied to study a number of
issues related to walking and cycle commuting, as part of the multidisciplinary research project on
Physically Active Commuting in Greater Stockholm (PACS) at GIH. For its overall aims, see:
www.gih.se/pacs
One of the aims is to characterize the physiological demands of walking and cycle commuting in
relation to absolute and relative demands of oxygen uptake (VO2). This is of interest in itself for
understanding the nature of the physical activity during active commuting. Combined with other
kinds of data one aim was also to better understand the potential health effects of active
commuting. An important issue in this respect was to scrutinize whether the heart rate method for
estimating VO2 (Berggren & Hohwü Christensen 1950) would be a reliable and valid method during
cycle or walking commuting.
To reach these goals we needed to use an automated mobile metabolic system. However, we had to
work for a much longer time than expected due to a surprising number of diverse methodological
challenges in measurements of both VO2 and heart rate (HR). They had to be considered and
evaluated through a series of validity studies and checks. Some of the issues could be foreseen and
were rather straight forward to handle, whereas others were unexpected, and the strategies to
handle them had to be developed step by step as they appeared during the research process. Here
this process will be first introduced, then described in more or less detail, and in cases of less details,
we instead refer to issues in more depth in original articles. Finally, a synthesis of all studies and their
consequences is elaborated on at the end of this appendix.
Figure 1 illustrates the multiplicity of studies and checks that have been undertaken, the different
forms of instrumentations involved, and their application in laboratory and field settings as well as
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under stationary and mobile conditions. In the figure, there are letters that will be referred to both
when the studies are explained more simply in this introductory overview, and in the more detailed
descriptions of each step that follow.
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Figure 1. An illustration of the involvement of different instrumentations, settings and conditions in the
different validity studies undertaken. These studies are explained in the text below referring to the letters in
the figure.

In the description below we differentiate between quality control issues in the indoor laboratory
measurements and in the outdoor field settings. The indoor measurements include VO2
measurements at submaximal and maximal exercise, as well as basic validity studies of the stationary
(SMS) and mobile metabolic systems (MMS) used.
The Douglas bag method (DBM) is the golden standard for measurements of metabolic demands
during physical exercise (Hodges et al. 2005; Macfarlane 2001), and it is recommended by the
certifying organisation, American Thoracic Society (Casaburi et al. 2003), to be the criterion method
for determining VO2 via respiratory gas exchange. However, automated stationary metabolic gas
analysis systems (SMS) have been developed, and are often used in laboratory measurements. But,
they need to be checked with the criterion method (DBM) or a semi-criterion method, the metabolic
simulator (MS)(see “a” and “d” in Figure 1).
One of these methods (DBM) can be used in field measurements of metabolic demands, but only for
short periods of physical exercise. This is since it depends on collection of expired air in Douglas bags
which, however, are filled quickly. Therefore, automated mobile metabolic systems (MMS) have
been developed. However, before using them they need to be checked with the criterion method
(DBM) or the metabolic simulator (MS) in laboratory conditions (see “b” and “e” in Figure 1). Another
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reason for the need of these kind of checks are exchanges of oxygen and carbon dioxide sensors in
the MMS or SMS. Such needs occurred during our studies.
Given that these indoor validity studies lead to successful results, the next and necessary steps are to
check the function of the system in a variety of outdoor conditions. This is to be able to make use of
the MMS to study man in motion during diverse real-life conditions. Some of them can be short,
others long. They can be performed in dry or humid, and in cold or warm conditions. Furthermore,
the sort of movement can differ from gentle and smooth, to those that include repetitive movements
of a shaking-like character along a more or less vertical axis, such as during walking or running.
Incongruences along cycle route surfaces may likewise induce vertical chocks, and quick direction
changes may induce horizontal loads. To know whether these are measurement conditions in which
the MMS functions, demands studies of each specific instrumentation to be used.
We have as the portable metabolic system used the Oxycon Mobile, which was developed by
Viasys/Carefusion, Hoechberg, Germany and Relitech, Nijkerk, The Netherlands. We were at one
point informed by the producers of Oxycon Mobile that it had technical limitations in the climate
prevailing in Greater Stockholm for large parts of the year (Relitech 2006-11-15a). We therefore
asked them to assist in solving that deficit in the instrumentation. This led to the production of a
unique so-called “drying unit” (Relitech 2006-11-15b), which assisted in drying the expired air before
it was analyzed for gas content (Figure 2). The condensation risk with and without use of the dryer
unit is indicated in Figure 3.

Figure 2. The drying unit for the MMS was developed as a prototype. The bearing principle is to pump chemically dried air
into a spiral tubing. It contains a nafion tube with gas samples from the inspired and expired air passing in it to the sensor
box, and while doing so the humidity in these gas samples are equilibrated with the surrounding air passing in the spiral
tube. Since, through the drying unit, this is dried air, the gas samples in the nafion tube should be effectively dried. Photos
from Salier Eriksson et al. (2012).
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Figure 3. The estimated risk for condensation in air samples with and without use of dryer unit (Relitech 2006-11-15b).

We thereafter initiated a series of validity studies marked as “f” in Figure 1. In the first one we
studied the effect of external wind on the MMS (Salier Eriksson et al. 2012). This was undertaken
during simulated conditions in the laboratory (Figure 4).

Figure 4. The figure shows the experimental setup for testing the effect of introducing strong flows of external air. Photo:
Peter Schantz.

We then compared the MMS with and without the drying unit in stationary field conditions and
ambient conditions in which the drying unit was not supposed to be necessary to avoid condensation
of the air samples (Salier Eriksson et al. 2012).
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That was followed by a stability test in the field (Salier Eriksson et al. 2012). The need for this was to
check for any possible drifts in values over time due to technical reasons. Since there can be drifts in
values over time due to physiological reasons, we also measured the VO2 during exercise with the
criterion method (DBM). These tests were undertaken during stationary conditions in the field
(Figure 5).

Checks of field measurements

Figure 5. Photo from the field stability study in which the metabolic measurements over a prolonged period with a mobile
measurement system were compared with the criterion Douglas bag method. Photo: Peter Schantz.

Step by step this furthered our understanding of the MMS to the extent that we felt that we could
start to undertake the field measurements of real life commuting cycling and walking. After thirteen
of the planned 40 measurements, we started to check the quality of them. We then noted that in a
number of the measurements, the recorded fraction of oxygen in the inspired air was not stable, but
altered in a fashion that had direct implications on the recorded VO2 (Figure 6). We alerted the
producers of the MMS about this problem, and they thereafter modified the software so that this
problem should be solved in the software named JLAB 5.01.
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Figure 6. An example of methodological analyses of a measurement during walking commuting by MMS which showed that
the indicated fraction of inspired oxygen (FiO2) differed from the expected levels of 20.94%, with a direct effect on the
indicated levels of VO2.

Later we also found out that the system for HR recordings used in the software of the MMS was
based on a spot measurement in a time period, rather than averaging of a time period. We signalled
that it was not reasonable from a methodological point of view, and that led the producers to take
another step of software development. We thereafter decided to replay all the original recordings of
raw data in the updated software (JLAB 5.21) for MMS.
All measurement issues that arrived, one after the other, led to prolongation of the field studies. It
thereby became more and more important to check the SMS and MMS with time passing. We had
started out checking them with the DBM method (see “a” and “b” in Figure 1) but this is a laborious
and time demanding test to use over time as a routine. Instead we made use of a semi-criterion
method, a metabolic simulator (see “d” and “e” in Figure 1).
With the history indicated in this Introduction, we were after a while left with experiences that
pointed in the direction of a clear need to develop new pathways for testing whether or not we had
reasons to rely on our field data from the walking and cycle commuting. One such path was to check
whether the alterations in HR were more or less parallel with alterations in the VO2 indicated by the
MMS (see “g” in Figure 1).
Other forms of tests involved gas and ventilation data from the exercise period and calibrations
before and after the exercise. Some of these data were compared with the corresponding data that
we had accumulated during the field stability test of the MMS (Salier Eriksson et al. 2012). Since
these latter tests had shown excellent validity we regarded them as valid reference data (see “h” in
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Figure 1), i.e. if data from the field commuting studies conformed with those from the stability study
(see “f” in Figure 1), then we reasoned that we could rely on the data from the field commuting
studies.
It should be stated that the controls of the MMS described in more detail hereafter are not stated in
instruction manuals for the MMS used, the Oxycon Mobile (cf. Viasys Healthcare GmbH, 2004). The
same holds true for the latest version of it (CareFusion 2014). At the same time, increased demands
for verification and calibration of these type of instrumentations are stated in the literature (Winter
2012; Garcia-Taber et al. 2015). Hopefully this text will support such a development.
With this introductory overview being brought to an end, we now, in more detail, will describe the
steps taken and the results obtained. This will be followed by a synthesis of the different validity
studies. It aims at stating the levels of validity that are connected to the results with regard to the
exercise and maximal levels of VO2 that are presented in papers V-VI in the thesis which includes this
appendix.

Quality control of measurements in laboratory conditions
II. Validation of the stationary metabolic system (SMS) in the mixing chamber mode against the
Douglas bag method (DBM) in laboratory
In Figure 1 this check refers to “a”. For this purpose, 8 subjects (6 males and 2 females) were
measured at three submaximal and one maximal work rate during ergometer cycling. The average
age, height and weight of the subjects was 29.1 ± 9.6 years, 176.9 ± 10.9 cm and 72.1 ± 12.3 kg. The
metabolic variables were simultaneously measured using a serial coupling set-up. Expired air passed
through the mixing chamber of the stationary metabolic system, through a tube attached to the air
outlet of the mixing chamber and into the Douglas bags via a three way valve with a timing counter.
To ensure that the same time period and the same number of breaths were analyzed, markings were
made in the data file generated by the stationary metabolic system each time a Douglas bag was
coupled in and out. The volumes of air in the Douglas bags were adjusted for the sample of air that
was removed for analysis by the stationary metabolic system.
Calculations. To synchronize the analyses of the data collected by the stationary metabolic system
with that of the DBM, it was exported breath by breath. When this method is used, a time balanced
averaging at the level of each breath has to be done instead of simple averaging in order to get the
most accurate results. With simple averaging, the average VO2, VCO2 and VE is calculated directly
from the L/min values from the required time period (see example a).
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Example a. Simple averaging (from personal communication 24.3.2014 with Jan Marten van den Burg, Relitech,
NL)

Time V'O2
V'CO2 V'E
(min) (L/min) (L/min) (L/min)

BF
-

VTex
(L)

0:10
0:15
0:20
0:22
0:31
0:35
0:38
0:46
0:50

17
13
12
10
10
12
13
11
13

0.607
1.324
1.645
1.829
3.020
2.130
2.398
2.446
2.159

BF
12.3

VTex
(L)
1.951

0.4
0.67
0.77
0.76
1.30
1.04
1.25
1.15
1.14

0.36
0.6
0.69
0.67
1.17
0.96
1.16
1.06
1.05

10.3
17.1
19.3
18.7
31.4
25.5
30.6
27.8
27.6

Time V'O2
V'CO2 V'E
(min) (L/min) (L/min) (L/min)
avg* 0.942 0.858 23.1

avg* = simple average = sum/count; BF = breathing frequency; VTex = expiratory tidal volume

For time balanced averaging, the volume of O2, CO2 and VTex per breath is calculated for the
measured time period. Time per breath is calculated by dividing 60 seconds by the breathing
frequency (BF). Then the volumes of O2, CO2 and VTex for the time period are summed and divided
by the total time of the same period. The results are multiplied by 60 to obtain the values per minute
(see example b). The following algorithms summarize this description.
VO2 (L/min) average = ∑(Volume of O2 per breath) / ∑(time per breath (s)) *60
VCO2 (L/min) average = ∑(Volume of CO2 per breath) / ∑(time per breath (s)) *60
VE (L/min) average = ∑(expiratory tidal volume (VTex) per breath) / ∑(time per breath (s)) *60
Example b. Time balanced averaging (from personal communication 24.3.2014 with Jan Marten van den Burg,
Relitech, NL)

sum

VolO2
(L/breath)
0.024
0.052
0.064
0.076
0.130
0.087
0.096
0.105
0.088

VolCO2
(L/breath)
0.021
0.046
0.058
0.067
0.117
0.080
0.089
0.096
0.081

t/breath
(s)
3.53
4.62
5.00
6.00
6.00
5.00
4.62
5.45
4.62

VTex
(L/breath)
0.606
1.315
1.608
1.870
3.140
2.125
2.354
2.527
2.123

0.720

0.655

44.83

17.669

V'O2
(L/min)
avg** 0.964

V'CO2
(L/min)
0.877

V'E
BF
(L/min) 23.6
12.0

VTex
(L/breath)
1.963

avg**= time balanced average; t/breath = time for each breath; BF = breathing frequency; VTex = expiratory tidal volume
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The results from the SMS compared well with the DBM for all measured variables (see Table 1).
Although the statistical analysis in most cases showed significant differences, the percent differences
were small (between 0.95% for VE rate 1 and 4.21% for VCO2 rate 3). The overall results of this
comparison are in good agreement with those of Foss & Hallén (2005).
Table 1. Metabolic measurements of the stationary metabolic system compared with the DBM
Work rate (watt)

DBM

SMS

Absolute diff.

p-value

% diff.

p-value

1.46 ± 0.44
2.12 ± 0.60
2.40 ± 0.34
3.72 ± 1.02

1.47 ± 0.45
2.16 ± 0.60
2.45 ± 0.31
3.77 ± 1.04

0.020 ± 0.026
0.041 ± 0.019
0.048 ± 0.053
0.050 ± 0.029

0.069
0.000
0.053
0.002

1.23 ± 2.00
2.06 ± 1.01
2.19 ± 2.17
1.28 ± 0.59

0.125
0.001
0.037
0.000

VCO2 (L x min )
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

1.28 ± 0.42
1.98 ± 0.60
2.29 ± 0.27
4.30 ± 1.23

1.33 ± 0.44
2.05 ± 0.60
2.38 ± 0.25
4.43 ± 1.26

0.044 ± 0.026
0.072 ± 0.013
0.092 ± 0.043
0.140 ± 0.061

0.002
0.000
0.001
0.000

3.25 ± 2.01
3.87 ± 1.17
4.21 ± 2.17
3.32 ± 1.29

0.003
0.000
0.002
0.000

RER
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

0.88 ± 0.05
0.93 ± 0.05
0.96 ± 0.05
1.15 ± 0.04

0.89 ± 0.05
0.95 ± 0.05
0.98 ± 0.05
1.17 ± 0.04

0.018 ± 0.004
0.017 ± 0.006
0.019 ± 0.007
0.023 ± 0.013

0.000
0.000
0.000
0.001

2.00 ± 0.43
1.77 ± 0.65
1.98 ± 0.71
2.01 ± 1.14

0.000
0.000
0.000
0.002

VE (L x min-1)
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

35.4 ± 9.17
54.1 ± 17.3
65.4 ± 9.92
152 ± 40.2

35.7± 9.25
55.2 ± 17.4
66.9 ± 10.0
153 ± 39.8

0.360 ± 0.644
1.059 ± 0.650
1.548 ± 1.200
1.414 ± 1.143

0.157
0.002
0.014
0.010

0.95 ± 2.07
2.07 ± 1.32
2.42 ± 1.87
1.03 ± 0.93

0.238
0.003
0.014
0.016

-1

VO2 (L x min )
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max
-1

Mean +/- standard deviation. Values are based on 8 subjects (7 subjects for rate 3). Values are shown as means ± SD. The levels of
significance are based on Student’s paired t-tests for the absolute differences and one-sample t-tests for the percent differences. P<0.025
since the same DBM values are used twice (cf. Table 2) in statistical calculations of differences in values obtained from different
instrumentations.

III. Validation of the mobile metabolic system (MMS) against the Douglas bag method (DBM) in
laboratory (Rosdahl et al. 2010)
In Figure 1, this check refers to “b”. The basis for this part is presented in Rosdahl et al. (2010), which
is referred to for details. In brief, they demonstrated a non-validity of an earlier version of the
Oxycon Mobile, whereas a later version met our standards, and was used in our further studies.
In addition to those studies, we performed a test using the same MMS device as we intended to
make use of in the field commuting studies. For the calculations of all data, the software JLAB 5.21
was used. The same eight subjects as mentioned in section II were measured at the same three
submaximal and one maximal work rate during ergometer cycling. The metabolic variables were
measured approximately two weeks after the simultaneous measurements of the SMS with the DBM
as it was not physically and technically possible to perform them simultaneously with the DBM at
that time.
The results from the MMS compared well with the DBM for all measured variables. The statistical
analysis in most cases showed no significant differences. Where there were significant per cent
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differences (VO2 and VE at work rate 1) the absolute differences were about 0.06 L min-1 and 3.0 L
respectively (see Table 2). These results corresponded well to those found by Rosdahl et al. (2010).
Table 2. Metabolic measurements of the MMS compared with the DBM.
Work rate (watt)

DBM

MMS

Absolute diff.

p-value

% diff.

p-value

1.46 ± 0.44
2.12 ± 0.60
2.40 ± 0.34
3.72 ± 1.02

1.52 ± 0.48
2.18 ± 0.68
2.44 ± 0.33
3.83 ± 1.05

0.063 ± 0.054
0.068 ± 0.135
0.043 ± 0.149
0.109 ± 0.153

0.013
0.194
0.473
0.085

4.24 ± 2.49
2.91 ± 6.47
2.01 ± 6.53
3.25 ± 5.15

0.002
0.245
0.446
0.117

VCO2 (L x min )
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

1.28 ± 0.42
1.98 ± 0.60
2.29 ± 0.27
4.30 ± 1.23

1.34 ± 0.41
2.02 ± 0.55
2.35 ± 0.28
4.47 ± 1.17

0.060 ± 0.072
0.044 ± 0.123
0.063 ± 0.202
0.175 ± 0.249

0.051
0.349
0.444
0.087

5.78 ± 7.03
3.06 ± 7.50
3.10 ± 9.05
5.39 ± 9.33

0.053
0.287
0.400
0.146

RER
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

0.88 ± 0.05
0.93 ± 0.05
0.96 ± 0.05
1.15 ± 0.04

0.89 ± 0.04
0.93 ± 0.05
0.97 ± 0.06
1.17 ± 0.04

0.011 ± 0.056
0.001 ± 0.051
0.009 ± 0.044
0.021 ± 0.061

0.595
0.945
0.590
0.358

1.51 ± 6.67
0.23 ± 5.40
1.00 ± 4.65
1.98 ± 5.46

0.543
0.908
0.590
0.339

VE (L x min-1)
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max

35.4 ± 9.17
54.1 ± 17.29
65.4 ± 9.92
152 ± 40.12

38.52 ± 9.67
55.23 ± 13.00
66.37 ± 4.6
145.4 ± 29.4

3.164 ± 3.04
1.079 ± 5.97
1.014 ± 10.89
7.115 ± 15.65

0.022
0.625
0.814
0.239

9.69 ± 10.44
4.17 ± 11.21
3.44 ± 16.17
-2.97 ± 9.21

0.034
0.327
0.594
0.393

-1

VO2 (L x min )
Rate 1 (95 ± 34)
Rate 2 (149 ± 45)
Rate 3 (171 ± 27)
VO2 max
-1

Values are based on 8 subjects (7 subjects for rate 3). Values are shown as means ± SD. The levels of significance are based on Student’s
paired t-tests for the absolute differences and one-sample t-tests for the per cent differences. P<0.025 since the same DBM values are used
twice (cf. Table 1) in statistical calculations of differences in values obtained from different instrumentations.

IV. Control measurements over time of the stationary (SMS) and mobile metabolic systems (MMS)
with the metabolic simulator (MS) in the laboratory
This section refers to “d” and “e” in Figure 1. The value of these tests with the metabolic simulator
(MS) lies in that this semi-criterion method is rather simple to apply, and thereby changes in the
status of SMS and MMS with time passing can be detected. When studies, as in our case, for
different reasons are undertaken during a prolonged period, this becomes a valuable way of
controlling the stability of the instrumentation over time. This was the more needed since we had to
make use of three different Sensor boxes (SBx) in the MMS, which meant that we also made use of
three different pairs of oxygen and carbon dioxide sensors.
When the SMS and MMS were serviced by the manufacturer, it also included a control with a
metabolic simulator (Vacumed 17056, Ventura, CA 93003, USA). The principles of this metabolic
simulator were first described by Huszczuk et al. (1990).
During the period of data collection, the SMS was controlled once by the manufacturer and thrice in
our own laboratory using the same type of metabolic simulator as the manufacturer, and making use
of the mixing chamber system. The MMS was controlled once by the manufacturer and 11 times in
our own laboratory. In all of these cases the comparisons are based on breath by breath
measurements for a period in the range of 2-3 minutes. In four of those 11 cases, we performed
double measurements on single days, so as to obtain an indication of the reproducibility of these
comparisons. On each occasion the metabolic systems were tested using the same settings as the
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manufacturer (VO2 and VCO2 levels of 1, 2, 3, and 4 L/minute, VE at 40, 80, 120 and 160 L/minute, and
tidal volumes of 2 L).
For the SMS, all the parameters measured were within the boundaries of acceptance except for VE at
the levels of 40 and 80 L/min. Here, the minimum levels were 0.4 and 0.6 L/min lower, respectively,
or -1.026% and -0.769% lower, than the accepted level. Student´s paired samples and one-sample ttests showed no significant differences for any of the variables at all the predicted levels except for
VE at 40 l/min (see Table 3).
For the MMS, all the parameters measured were within the boundaries of acceptance except VO2 at
4 L/min at the maximum accepted level. The average absolute difference between the predicted and
actual measurement however was 0,086 L/min. Student´s paired samples and one-sample T tests
showed significant differences for several of the variables but the absolute differences were
considered small (see Table 4).
Table 4 also includes four examples of double measurements on four separate days. The variations in
values thereby obtained give an indication of the levels of reproducibility for different data, and to
what extent it at all is possible to detect minor temporal systematic variations in values.
Based on the overall findings presented here, our conclusion is that, if at all, only very minor
deviations in values occurred with time passing, and that is despite the fact that the sensor boxes in
the MMS were exchanged during the observed time period.
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Table 3. Metabolic measurements of the stationary metabolic system compared with the metabolic simulator.
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Table 4. Metabolic measurements of the MMS compared with the metabolic simulator. Values are based on 12 measurements. The levels of significance are based on
Student’s paired t-tests for the absolute differences and one-sample t-tests for the percent differences. P<0.05

16

17

18

19

Based on the values in Table 4, the secular trend for the VO2 values is plotted in Figure 7 so as to give
an ocular support for the evaluation of the data.

Figure 7. Comparisons in values for VO2 with metabolic simulator and the MMS over time that the
investigations of walking and cycling commuting were undertaken.

Quality control of measurements in field conditions
V. Validation of the mobile metabolic system (MMS) under stationary conditions in the laboratory
simulating external wind conditions in field (Salier Eriksson et al. 2012)
In Figure 1 this test refers to “f”. This study was undertaken to check for any influence of strong
external wind (Figure 3) on the respiratory ventilation measurement system in the MMS. This was
particularly important since we aimed at studying cycling in the field commuting studies. In short, no
effects of external wind were detected. All details are given in Salier Eriksson et al. (2012) which is
referred to for details.
VI. Validation of a prototype of a drying unit for the mobile metabolic system (MMS) under
stationary conditions in field (Salier Eriksson et al. 2012)
In Figure 1 this check refers to “f”. This study was undertaken to test for any influence of introducing
a novel drying unit on the measurements of MMS. This unit was necessary to counteract the possible
influence on the MMS of the ambient humidity and temperature in the study area. In brief, the
drying unit enables the drying of the expired air before it is analyzed for gas content. No negative
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effects of introducing the drying unit were detected. All details are given in Salier Eriksson et al.
(2012), to which is referred to for details.

VII. Validation of the mobile metabolic system (MMS) during prolonged exercise during stationary
field conditions (field stability tests) against the Douglas bag method (Salier Eriksson et al. 2012)
In Figure 1 this check refers to “f”. Normally validation studies of instrumentations for studies of
metabolic demands involve short periods of exercise under indoor stationary laboratory conditions.
This characterized also a part of our validity studies (Rosdahl et al. 2010) and is an initial basis for the
field studies we aimed at. However, two other issues needed also to be controlled for: would the
measurements be stable for about 45 minutes of exercise time under conditions of high humidity
and low temperatures, and taking into consideration any possible physiological drift. For that
purpose we studied those issues under stationary outdoor conditions, and used the criterion method
DBM at the beginning and end of the exercise session to check for a physiological drift in any
respiratory or metabolic variables with time passing. All details are given in Salier Eriksson et al.
(2012), which is referred to for details. In short, the results showed the desired stability over time in
the values obtained by MMS. These measurements have also been used as a reference in the tests of
the field measurements that we later performed (see below at IXc).

VIII. Replaying data from the field commuting studies in an updated software version (JLAB 5.21)
for MMS
This check refers to “f” in Figure 1. When the field commuting studies commenced we made use of a
software version abbreviated as “JLAB 4.67”. After 13 measurement we evaluated them, and noted
that in at least five of them there were fluctuations in the levels of the fraction of oxygen in the
inspired air (FiO2), and that those had direct effects on the level of VO2 (Figure 6). The measurement
principle is that fluctuations in the fraction of inspired oxygen, within limits, should be compensated
for. No errors should thereby be introduced in the VO2 measurements. Thus, the fluctuations in FiO2
with concomitant fluctuations in VO2 that we noted represented an error in the MMS with JLAB 4.67.
According to the producers this error was corrected for in the later versions of the MMS software
termed as JLAB 5.01.
We therefore continued the field commuting experiments using the MMS software (JLAB 5.01). We
later found out that this software made use of only one ECG cycle per 15 seconds to calculate the HR.
We argued in our contacts with the producers that this was not a reasonable technique to be used,
whereby the producers developed a software that based the HR measurements on averaging over a
period of time (JLAB 5.21). This was developed after we had completed the field commuting studies.
However, with these technical developments there was an option to replay the original data from
the different sensors used during the commuting field studies, and for that purpose use JLAB 5.21.
This was done with the HR averaging activated. This was followed by different controls of the data
produced, as is described below at “IX”.

IX. Validation of the mobile metabolic system (MMS) during ambulatory field conditions (field
commuting measurements)
Given that we had been able to check for a number of potential methodological errors, as has been
described above, a basis for the field commuting studies was developed step by step. We have now
arrived at the different quality controls of the field measurements. All of these, indicated as “IX a-c”,
have had to be developed by our research team, since there were, and are, no existing guidelines in
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this respect from the producers of the MMS. For “IX d”, important assistance was obtained from the
software producers, Relitech in Nijkerk, The Netherlands.

(a) Visual checks of parallelism between alterations in HR and VO2
This check refers to “g” in Figure 1. The relationship between the different parameters that
determine VO2 is summarized in Fick´s principle: oxygen uptake = heart rate x stroke volume x
(arterio-venous oxygen difference).
Most of the knowledge regarding the relationship between the ingredients that VO2 depends on, is
based on graded dynamic exercise during steady state conditions. One dimension that we will make
use of here is based on findings from the first half of the 20th century (Boothby 2015; Krogh &
Lindhard 1917; Hohwü Christensen 1931; Berggren & Hohwü Christensen 1950), that there is a linear
relation between HR and VO2, within certain limits, during graded short term dynamic exercise under
steady state conditions, and in laboratory based measurements (Figure 8). Based on this, it could be
expected that alterations in HR in field commuting studies should be followed by, at least more or
less, similar alterations in VO2.

Figure 8. Principal relation between HR and VO2 during short term dynamic exercise under steady state conditions.

Note that we write, more or less, parallel changes. This is reasonable for various reasons. One is that
considerably less is known about the dynamics in the ingredients of the Fick´s principle during
dynamic and varying exercise intensities during free living conditions, such as walking and cycle
commuting. In this form of physical activity we also have possible external influences, such as stress
effects on HR from ambient traffic. It is possible that such factors might affect the HR more at lower
levels. Another uncertainty relates to the relation between HR and VO2 being either stable or
changing during prolonged exercise. This phenomenon is illustrated in Figures 9 and 10, which both
represent recordings from our field stability studies under stationary conditions in a calm and cool
outdoor setting (Salier Eriksson et al. 2012). In Figure 9 we see an example of overall stable average
values in VO2 and HR over 45 minutes of exercise recorded, whereas in Figure 10, we see a stable
VO2, but a gradual increase in average HR from about 157 to 173 beats per minute. This means that
in individual 1 (Figure 9) we have a stable oxygen pulse during the exercise period, whereas in
individual 2 it decreases gradually (Figure 10).
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Figure 9. Illustration of the HR and VO2 measurements with MMS in individual 1 during an exercise period of 45 minutes
with a constant load on a stationary cycle ergometer placed outdoors in cool ambient conditions. This experiment was
undertaken as part of the field stability study reported as Salier Eriksson et al. (2012).

Figure 10. Illustration of the HR and VO2 measurements with MMS in individual 2 during an exercise period of 35 minutes
with a constant load on a stationary cycle ergometer placed outdoors in cool ambient conditions. This experiment was
undertaken as part of the field stability study reported as Salier Eriksson et al. (2012).

23

The consequences of these two principally different developments in HR with time passing and at a
constant exercise rate and VO2 is illustrated in Figure 11. This illustration is based on the assumption
that the oxygen pulse relations with graded exercise at short term steady state conditions at pre and
post exercise levels are constant in individual 1, whereas there is an increased HR independent of
level of VO2 in individual 2.

Figure 11. An illustration of a constant relation between VO2 and HR (Individual 1) and a gradual increase in HR at given
levels of VO2 (Individual 2) with exercise time passing.

Given this background, the examination of the measurements based on visual inspections of both HR
and the VO2 during the field experiments, can, as a qualifying criteria, use at least rough parallelism
between changes in HR and VO2 as an indication that the VO2 measurements mirror what could be
expected based on the HR. This control can thereby be a basis for a measurement being placed in the
categories of “possibly and plausibly valid measurements” or “most likely an invalid measurement”.
In Figure 12 one example of the first category is illustrated. In Figure 13, on the contrary, an example
of a non-parallelism between HR and VO2 send a clear message of that the measurement is non-valid
in terms of VO2.

Figure 12. A representative example of HR and VO2 recordings during a field commuting measurement in which the
alterations in the two variables follow a roughly parallel scheme.
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Figure 13. An example of HR and VO2 recordings during a field commuting measurement in which the alterations in the two
variables are dissociated.

Based on two researchers´ ocular inspections of HR and VO2 recordings from all walking and cycling
commuting field measurements, all, but one, were rated as more or less in parallel, and thus passed
this initial level of scrutiny of the field measurements.
It should be stated that we did not note a single case during the walking and cycle commuting in
which there was a gradual change in the relation between HR and VO2, as for individual 2 in Figure
10. In such a case, it can, in principal, be due to alterations in either HR and/or V02. An analysis of the
possible cause for a change in oxygen pulse can be furthered by establishing the oxygen pulse with
time, and comparing its levels in the beginning and at later parts of the exercise session with the
absolute levels of HR and VO2.

(b) Checks of the influence between alterations in FiO2 and the VO2 with MMS in field
measurements
In section VIII, errors in VO2 measurements were detected concomitantly with fluctuating FiO2 values
as demonstrated in Figure 6. As also stated in section VIII, these errors should, according to the
producers, have been solved with the development from the software JLAB 4.67 to JLAB 5.01. Given
this background, it was, however, important to look for any indications of whether the same
phenomenon as shown in Figure 6 could be noted in the field commuting tests analyzed with JLAB
5.01 or the later developed JLAB 5.21 version. An example of the FiO2 and VO2 variables in such a
measurement with JLAB 5.21 is given in Figure 14.
Three researchers therefore, independently of each other, visually inspected all the field commuting
tests to control for any effect of alterations in FiO2 on VO2. These were seen in only a few
measurements points (based on accumulated values from 15 seconds) but could just as well have
been a matter of chance. One researcher therefore checked the measurements in question in terms
of alterations in VO2 being in accordance with the change in HR, thus indicating that the alteration in
VO2 was a physiological one. This was indeed the case.
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We thereafter interpreted the combined results of these inspections in terms of that alterations in
the indicated FiO2-values, with the software version of the MMS used (Jlab 5.21), do not lead to
alterations in the indicated VO2-values, as also is in accordance with the information we have got
from the producers.

Figure 14. An example of a cycling commuting field measurement with illustration of the FiO2 and the concomitant VO2
values. As can be noted, alterations in FiO2 are seen, but have no apparent connection with the alterations in VO2 values.
This figure can be compared with Figure 6.

(c) Comparing the drift in FiO2 and FiCO2 before and after the field stability tests and the field
commuting tests
Given the experiences stated in section VIII, we still considered that it was important to control for
any systematic changes in both FiO2 and FiCO2 with time passing during the commuting field studies,
and to compare it with any changes in these variables occurring during our stability field test of the
MMS (see Salier Eriksson et al. 2012). Thus, the stability test in the field was used as a reference test.
The rationale for this was that since any change in both FiO2 and FiCO2 during the stability field tests
did not have an effect on the measured VO2, or possible only a very minor effect on the carbon
dioxide production, any corresponding or smaller changes in FiO2 and FiCO2 during field commuting
tests could be viewed as being within an acceptable range.
In Table 5 the total difference in FiO2 and FiCO2, based on the initial and last values, as well as the
difference per minute of exercise for the field stability, cycling and walking commuting tests, are
given. The FiO2 change per minute did not differ significantly between the stability tests compared to
the cyclists, whereas it was significantly lower for the pedestrians compared to both other groups
(p<0.01). The FiCO2 change per minute did not differ significantly between the stability tests, the
cyclists and pedestrians, respectively. We interpret these results as another sign of plausible validity
of the data from the cycling and walking commuting measurements.
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As a guideline for other users of the same MMS, it can be of value to know that the VO2 error caused
by drift in FiO2 follow this formula: dVO2 = 0.32 · dFiO2 (%relative) [dFiO2 in Vol%]; meaning a 1 vol%
drift in FiO2 results in a 0.32% relative error in VO2. The same is valid for VCO2: dVCO2 = 0.32 · dFiCO2
(%relative) [dFiCO2 in Vol%]. Thus, if for example, there is a FiO2 reading of 20.6 instead of 20.9%, this
will lead to an error of 0.32 · 0.3 = 0.096 % relative in VO2. Thus, the error is minimal. That is when
the actual room FiO2 is 20.9 vol%, and the sensor shows 20.6%. If, on the contrary, the actual room
air FiO2 is equal to the measured value of 20.6 vol%, the error will be zero because the MMS uses the
measured FiO2 value of 20.6% in the calculation and compensates in that way for the lower fraction
(personal communication 13.03.2013 with Jan Marten van den Burg, Relitech, Nijkerk, NL).

(d) Comparing the calibration factors of the O2 and CO2 analyzers and volume sensors of MMS
before and after each field commuting measurement
This test refers to “h” in Figure 1. Before and after each measurement, O2 and CO2 analyzers and
volume sensors of the MMS were calibrated. Drifts in these different units can affect the validity of
measurements. The first calibration variable is the offset. When atmospheric air is measured during
inspiration the sensor reading should be 20.9 vol% for O2 and 0.05 vol% for CO2. The difference from
these values is mentioned as the offset. According to the software producers of the MMS used
(personal communication 30.03.2014 with Jan Marten van den Burg, Relitech, Nijkerk, NL), the
influence of changes in the offset values on VO2 and VCO2 is negligible. This is since an offset error in
the inspiratory gas values is handled by the software without affecting the FO2diff and FCO2diff
values, and has thereby a minimal influence on the calculated VO2 and VCO2.
The influence of changes in gain, or the calibrating factor, is on the other hand, directly proportional
to the calibrated difference, e.g. a difference of +2 % from the pre- to post-calibration will give a
corresponding +2 % difference in VO2 and VCO2.
The delay time relates to the time between a gas sample being expired and when it is analyzed.
Alterations in the delay time can lead to a temporal mismatch between the volume and the gas
analyses. The effect of an error in delay time depends on the breathing frequency. For example, a
shift of 20 ms causes an error of about 2% of both VO2 and VCO2 at a breathing frequency of 30
breaths per minute and will increase at higher breathing frequencies. The corresponding error at a
breathing frequency of 20 breaths per minute is 1.33 %, and at breathing frequency of 40 breaths per
minute it is 2.67%. Another example indicating the size of errors that can be introduced with a
change in delay time, is that with a delay time shift of 0.043 s at a breathing frequency of 30/min, an
error of 5% in VO2 and VCO2 is attained (personal communication 03.03.2015 with Jan Marten van
den Burg, Relitech, NL).
For the ventilation measures, the MMS uses the expiratory ventilation and a Haldane transformation
included in the algorithm. A change in the calibration flow factor (i.e. a change in the gain of the
volume sensor) gives a proportional change in the calculated VO2, VCO2 and VE (personal
communication 30.10.2014 with Jan Marten van den Burg, Relitech, NL). In other words, if there is a
difference of +2% from the pre- to post-calibration of flow gain, there will be a corresponding +2%
difference in VO2, VCO2 and VE.
In Table 6, calibration data from the O2 and CO2 analyzers and volume sensor before and after the
field commuting tests are listed. It is notable that in the field commuting studies the values at pre
and post calibration are in general stable. This indicates that changes introduced by differences in
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calibration pre and post the commuting field studies support the validity of the metabolic and
ventilation measurements. At the most there are indications of average errors of up to about one per
cent. Thus, those factors cannot have caused non-validity in the measurements. It is therefore
concluded that the differences in pre and post calibrations of the respective variables per se (offset,
gain and flow), lend support for that the commuting field tests were undertaken with stable and valid
measurements conditions.
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Table 5. Comparisons of FiO2 and FiCO2 alterations with time passing at the stability tests and at the field tests.
Field
measurement
condition

Duration
(min)

Temperature
(oC)

Relative
humidity
(%)

FiO2 %
start

FiO2 %
end

Difference [%] per
minute

FiCO2 %
start

FiCO2 %
end

Difference [%]
per minute

Stationary
stability
(n=12)

44
(3)

5
(4)

69
(16)

20,96
(0,07)

20,54 a
(0,22)

-0,00955 b
(0,00477)

0,041
(0,097)

-0,002
(0,140)

-0,00097
(0,00272)

Walking
commuting
(n=19)

22
(8)

16
(5)

64
(20)

21,01
(0,14)

21,04
(0,14)

0,00105
(0,00973)

0,135
(0,165)

0,093
(0,254)

-0,00223
(0,00998)

Cycling
commuting
(n=20)

28
(7)

11
(4)

73
(19)

21,04
(0,10)

20,74 a
(0,34)

-0,01003 c
(0,00919)

0,252
(0,214)

0,188
(0,327)

-0,00159
(0,00778)

Mean and (standard deviation). a = P<0.001 diff FiO2 % at start vs end as studied using paired t-test. No corresponding diff were noted in diff FiCO2 % at start
vs end. A one-way ANOVA with Tukey HSD and Scheffe post hoc tests indicated significant differences in the FiO2 difference [%] per minute between (b)
stability and pedestrians, and (c) between cyclists and pedestrians (P<0.01). No corresponding differences were noted in the FiCO2 difference [%] per
minute.
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Table 6. Offset, gain and delay time values in pre and post calibrations for O2 and CO2 as well as the expiratory flow during walking and cycling commuting.
Field
measurement
condition

Walking
commuting
Cycling
commuting

Field
measurement
condition

Walking
commuting
Cycling
commuting

Duration
(min)

Offset O2

Before

After

47

-0.69

-0.69

Abs.
diff.
0.01

(19)

(0.12)

(0.14)

(0.05)

66

-0.69

-0.67

0.02

(10)

(0.15)

(0.11)

(0.15)

Duration
(min)

Gain O2

pvalue
0.667

0.502

Before

After

1.10

1.10

Abs.
diff.
0.00

(0.06)

(0.06)

(0.01)

1.04

1.04

0.00

(0.01)

(0.02)

(0.02)

Offset CO2

Before

After

47

-0.80

-0.75

Abs.
diff.
0.05

(19)

(0.95)

(0.75)

(0.31)

66

-0.10

-0.12

-0.02

(10)

(0.33)

(0.41)

(0.48)

Delay time O2

pvalue
0.616

0.869

Before

After

0.70

0.69

Abs.
diff.
0.00

(0.02)

(0.02)

(0.01)

0.70

0.70

0.00

(0.02)

(0.02)

(0.01)

Gain CO2

pvalue
0.528

0.893

Before

After

1.04

1.04

Abs.
diff.
0.00

(0.01)

(0.01)

(0.00)

1.04

1.04

0.00

(0.01)

(0.01)

(0.01)

Flow Exp

pvalue
0.335

0.565

Befor
e
0.99

After
1.00

Abs.
diff.
0.01

(0.01)

(0.01)

(0.02)

0.98

0.96

-0.01

(0.01)

(0.03)

(0.03)

pvalue
0.07

0.002

Delay time CO2

pvalue
0.003

0.144

Before

After

0.58

0.58

Abs.
diff.
-0.00

(0.02)

(0.02)

(0.01)

0.58

0.58

-0.00

(0.02)

(0.02)

(0.01)

p-value

0,080

0.726

Mean values and (standard deviation). N=18 for both cycling and walking commuting in respect to O2 and CO2 offset, gain and delay time and duration.
N=15 for cycling commuting in respect to flow exp. N=12 for walking commuting in respect to flow exp.
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To further this tentative conclusion, we calculated the single and accumulated changes in calibration
factors pre and post the commuting trips and their effects on the VO2 measures. Furthermore, we
tabled the individual times for these calibrations, and the times for the start as well as the stop times
for commuter trips (Table 7 and 8). To calculate a rough estimate of the error in VO2 that can arise
due to differences in delay time from start to end of the field test, it is necessary to know each
individual’s average breath frequency during the field test. The length of each expired breath is
calculated ((60/breath frequency)/2). The absolute difference in delay time is then divided by the
length of expired breath and multiplied by 100 to obtain the relative error in VO 2. An example from
one subject follows: his average breathing frequency was 23.4 min-1 and the absolute delay time was
0.04 s. This will give an expired breath time of (60/23.4)/2 = 1.28 s (≈1.3 s), leading to a relative
estimated error in VO2 of (0.04/1.3) x 100 = 3.1% (personal communication 14.11.2017 with Jan
Marten van den Burg, Relitech, NL).
Table 7. Percent differences of pre- to post-calibrations for gain, delay time and flow for cyclist commuters.
Times

% differences pre- and post-calibration
Cyclists

Accum. % diff
Gain O2

Delay time O2

Flow Exp.

in gain, delay

Start of pre-

Start of

End of

Start of post-

and flow

calibration

cycling

cycling

calibration

Men

0.86

0.58

-4.80

-3.36

07:18

07:32

08:09

08:38

(n=7)

0.29

0.00

-5.12

-4.83

06:47

06:58

07:25

07:39

-1.25

0.00

-1.14

-2.39

07:25

07:46

08:11

08:28

-0.10

0.00

-2.72

-2.82

08:20

08:47

09:12

09:26

0.39

0.82

-2.42

-1.22

16:49

17:00

17:23

17:43

07:56

08:36

08:46

3.64

3.11

-5.30

1.46

07:29

4.13

1.17

-1.10

4.2

07:41

07:54

08:33

08:55

Mean

1.14

0.81

-3.23

-1.28

SD

1.99

1.11

1.83

3.11

p-value

0.182

0.102

0.003

0.318

Women

-2.74

-1.78

-0.61

-5.13

17:00

17:15

17:33

18:14

(n=8)

-4.49

-0.81

1.31

-3.99

08:18

08:43

09:05

09:25

-0.48

0.00

0.77

0.28

06:53

07:20

07:43

07:54

-1.90

-0.37

-2.65

-4.91

08:44

09:25

09:44

10:05

07:07

07:26

07:38

-1.61

-0.44

-2.84

-4.89

06:55

0.20

0.9

-3.00

-1.9

07:44

08:20

08:43

08:53

08:41

09:09

09:27

17:35

17:58

18:27

1.74

0.92

-5.82

-3.15

08:27

0.38

-0.36

0.93

0.95

17:28

Mean

-1.11

-0.24

-1.49

-2.84

SD

1.98

0.88

2.50

2.39

p-value

0.156

0.463

0.136

0.012

All Mean

-0.06

0.25

-2.30

-2.11

SD

2.24

1.1

2.32

2.77

p-value

0.915

0.396

0.002

0.010
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Table 8. Percent differences of pre- to post-calibrations for gain, delay time and flow for pedestrian commuters.

Times

% differences pre- and post-calibration
Pedestrians

Men
(n=8)

Mean
SD
p-value
Women
(n=8)

Mean
SD
p-value
All Mean
SD
p-value

Accum. % diff.
Gain, O2

Delay time, O2

Flow Exp.

-1.37
0.7
2.56
-1.37
0.49
-0.39
0.19
-0.58
0.03
1.28
0.951
0.09
-1.2
0.09
-0.09
-0.58
0.93
0.56
-1.12
-0.17
0.76
0.557
-0.07
1.02
0.794

-0.94
-0.27
3.03
-0.34
-0.87
0.00
1.30
-1.14
0.10
1.41
0.852
-0.41
-0.89
-0.37
-0.42
-1.29
-0.74
0.34
-0.55
-0.54
0.47
0.014
-0.22
1.07
0.418

0.53
0.11
-1.72
-0.56
-0.57
4.88
-3.13
-0.28
-0.09
2.31
0.913
2.6
-1.5
-0.13
2.01
-0.16
1.19
3.94
4.13
1.51
2.03
0.073
0.71
2.26
0.229

in gain, delay

Start of pre-

Start of

End of

Start of post-

and flow

calibration

cycling

cycling

calibration

-1.77
0.54
3.87
-2.27
-0.95
4.49
-1.64
-2.00
0.03
2.71
0.973
2.27
-3.59
-0.42
1.50
-2.03
1.38
4.84
2.46
0.80
2.69
0.428
0.42
2.64
0.536

08:46
09:32
09:03
16:40
08:44
07:14
07:20
09:28

08:53
09:44
09:34
16:47
08:54
07:26
08:01
09:40

09:16
10:03
10:23
17:01
09:07
08:07
08:23
10:01

09:27
10:10
10:40
17:05
09:15
08:15
08:32
10:16

08:03
07:57
16:22
08:03
07:44
07:24
08:58
06:54

08:09
08:07
16:29
08:10
07:51
07:46
09:16
07:25

08:29
08:44
16:54
08:29
08:03
08:05
09:27
07:38

08:42
08:49
17:00
08:34
08:09
08:15
09:37
07:55

For the interpretation of the consequences of Table 7 and 8, it is of value to know that one does not
know when, between pre and post calibration times, the alterations in the calibrations occur.
However, if there is a linear drift with time, then given that there is a certain time delay between the
stop time for the commuting trips, and the post calibration, the effect of the changed calibration
factors on the measures from the commuting trips will be smaller than the total effect. Anyhow, the
total effect is, if any, small, and not more than maximally about 3% for subgroups within the active
commuters.
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X. Synthesis of the validity tests
The objective with this synthesis is related to our overall aims for the PACS studies at GIH
(www.gih.se/pacs) of: (1) evaluating whether the heart rate method (Berggren & Hohwü Christensen
1950) is a relevant indirect method for establishing the VO2 during walking and cycling commuting,
and (2) being able to report valid levels of VO2 during walking and cycle commuting and to be able to
relate them to the maximal VO2.
For these purposes we need to know if a given VO2 results in the same values in laboratory (with
SMS, i.e. Oxycon Pro) and outdoor settings (with MMS, i.e. Oxycon Mobile), and whether those
values are correct. This has to be answered under three conditions: (1) indoor per se, (2) indoor over
the time of the measurement series, and (3) outdoor under relevant ambient and movement
conditions as well as durations. The synthesis will be structured using these issues as questions,
which will be followed by a summary.
1. Does a given VO2 attain the same values when measured with SMS and MMS, respectively, and are
those values correct under indoor conditions?
First of all, a valid relation between levels of VO2 values of the MMS and the golden standard DBM
(the Douglas bag method) has been described in Rosdahl et al. (2010). Data in Table 2 in this
Appendix demonstrate essentially the same findings, but with the particular MMS unit used in the
studies of active commuting.
The relation between VO2 values based on measurements with the SMS and the MMS from the same
measurement series as described in Table 1 and 2 is depicted in Figure 15 Values are gathered closely
around the line of agreement, and the linear regression equation is: y = -0.005 + 1.015x, and R square
value is 0.989. In Table 9, the values for oxygen uptake with MMS and SMS are compared statistically
at three submaximal and a maximal work rate. The results indicate a tendency to a difference of
about 3 % at about 1.5 L x min-1, but no difference at higher levels of VO2.
Table 9. Oxygen uptake measurements of the SMS compared with the MMS.

P<0.025 since the same SMS and MMS values are used twice (cf. Table 1 and 2) in statistical calculations of differences in values obtained
from different instrumentations.

Are then the values of SMS and MMS correct, i.e. are they in agreement with the values obtained
with DBM? As Table 1 and 2 indicate, SMS give about 1-2 % higher VO2 values (p<0.025) at two of
four exercise intensities, and MMS display about 4 % higher values at the lowest exercise rate
(p<0.025), whereas the other differences (2-3 %) are not significant. We regard the deviances
between SMS and MMS vs DBM as small and acceptable.
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Figure 15. Comparison between values obtained at the same work rates with SMS (Oxycon Pro) and MMS (Oxycon Mobile) during indoor
exercise in laboratory conditions. The values are based on the same 8 subjects (7 subjects for rate 3) as in Table 1 and 2.

2. Does a given VO2 attain the same values when measured with SMS and MMS, respectively, and are
those values correct under indoor conditions over the time of the measurement series?
Another way to illuminate whether SMS and MMS measured values of VO2 are equivalent is to
compare the values obtained when compared to a metabolic simulator. Table 3, 4 and 9 summarize
this facet of comparison based on comparisons between 2007 and 2009, i.e. the years when the field
studies of active commuting were undertaken. Furthermore, the secular developments of these
values indicated no apparent change over time for both the SMS and the MMS (cf. Figure 6).
Thus, all the evaluations, so far, point in the direction of that SMS and MMS measure and report
equivalent levels of VO2 over time during measurements in the laboratory, and that those levels,
based on comparisons with DBM VO2 and the metabolic simulator, are valid in terms of being equal
or just deviating some few per cent from the criterion and semi-criterion methods.
Table 9. Levels of VO2 attained with repeated measurements over a two year period using the SMS and MMS in the
metabolic simulator (mean ± standard deviation).

Measurement
unit
Metabolic
simulator
SMS (n=4)
MMS (n=12)

Oxygen uptake, L/min
1.0

2.0

3.0

4.0

0.99 ± 0.03
0.98 ± 0.01

1.99 ± 0.06
2.00 ± 0.03

2.99 ± 0.08
3.04 ± 0.05

3.97 ± 0.10
4.09 ± 0.09
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3. Does MMS report accurate levels of VO2 outdoors under relevant ambient and movement
conditions as well as durations during walking and cycling commuting?
A first and fundamental basis for illuminating this issue was the 45 minute long stability test of the
MMS, with a drying unit for the expired air samples, and under stationary outdoor, cool and humid
conditions, with DBM as a reference (Salier Eriksson et al. 2012). The results demonstrated a stability
over time in measuring VO2. The next step tested the possible effects of high levels of external wind
from different directions and on different levels of VO2 measured with the MMS. No effects on VO2
were seen (Salier Eriksson et al. 2012). The next issue was to check for any signs of stability as well as
non-stability in the data provided from the measurements with the MMS during walking and cycle
commuting. One way was the visual checks of a more or less parallelism between alterations in HR
and VO2. That was the case in all accepted measurements. Another check involved alterations in FiO2
and possible effects on VO2 values in each 15 second measurement period. No signs of such effects
were noted. Thereafter we compared the overall drift in FiO2 and FiCO2 before and after the field
stability tests with those of the commuting measurements in the field. The reasoning was that since
the stability tests had shown good stability, then possible drifts in FiO2 and FiCO2 per minute of
measurements, which were of the same magnitude as during the stability test, would be an
indication of little, if any, drift in measurement values during the active commuting Again, these
checks did not provide any indication of non-valid measurements. The final checks aimed at
understanding the accumulated effect of changes in the calibration factors for O2 in gain and delay
time as well in expiratory flow (Table 10). This was also related to the commuting times and the
calibration times (Table 10).
Table 10. Accumulated errors due to changes in pre- and post-calibration factors of the MMS in conjunction with active
commuting as well as the associated commuting and calibration durations (mean ± standard deviation).

Active commuters

Male
cyclists (n=7)
Female
cyclists (n=8)
All
cyclists (n=15)
Male
pedestrians (n=8)
Female
pedestrians (n=8)
All
pedestrians (n=16)

Accumulated relative errors in oxygen uptake due
to changes in pre- and postcalibration factors
(gain, delay time and expiratory flow) of the MMS
in conjunction with measurements during active
commuting

Commuting
time, min

Time between
pre- and postcalibration, min

Mean ±
standard
deviation
66.6 ± 11.0

Mean ±
standard
deviation
-1.28 ± 3.11

Range

P-value

-4.83 – 4.20

0.318

Mean ±
standard
deviation
30.9 ± 7.45

-2.84 ± 2.39

-5.13 – 0.95

0.012

21.9 ± 3.23

64.2 ± 11.4

-2.11 ± 2.77

-5.13 – 4.20

0.010

26.1 ± 7.11

65.3 ± 10.9

0.03 ± 2.71

-2.27 – 4.49

0.973

25.2 ± 12.9

51.6 ± 23.9

0.80 ± 2.69

-3.59 – 4.84

0.428

19.5 ± 8.52

42.0 ± 11.9

0.42 ± 2.64

-3.59 – 4.84

0.536

22.4 ± 10.9

46.8 ± 18.9
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The interpretation of Table 10 is that on the group level, the accumulated errors in VO2 are small,
although in some groups significant. On the individual level, the errors can be bigger, with an overall
range of -5.13 – 4.84 %. If the changes in calibration factors occur over the whole time, then the
average errors due to changing calibrations should be smaller than the values reported here.
A question is whether these levels can be corrected for in a reasonable way. This appears to be
difficult since we, as indicated above, do not know when the changes in calibration factors occur.
Having the pre- and post-calibrations closer to the start and finish times for the active commuting
could help in isolating the calibration changes to the time period of the physical activity measured.
Particularly in cycle commuting this is, however, difficult to achieve, since the cyclists arrived at the
destinations before the car which had the MMS units for calibration.

Conclusion
Given all the analyses and evaluations undertaken and described in this appendix, there is good
support to conclude that, on the group level, values for VO2 during the field measurements with
MMS, with a dryer unit attached, are valid enough, i.e. deviations from correct values appear to, if
any, be small, and of the magnitude of just some few per cent.
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Appendix 1. E-mail sent from professor emeritus Per-Olof Åstrand to an American colleague.

Figure 15. Facsimile of an e-mail sent from professor emeritus Per-Olof Åstrand March 28, 2001, to
Dr Deuster. It relates to experiences using an automated stationary open-circuit metabolic
measurement system (Sensor Medics 2900) in the 1990s.
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