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Abstract

Background: Active commuting (walking and cycling to work) can contribute to population health, but we need more objective knowledge concerning the oxygen uptake
(VO2) and exercise intensity of this free-living activity. To attain this, valid and reliable
instruments and methods are a requirement. The focus of this thesis is on evaluating if
the heart rate method can be used to estimate VO2 and exercise intensity in habitual
walking and cycle commuters in a metropolitan area (Greater Stockholm). To accomplish this the reproducibility of the heart rate method had to be evaluated and a portable
metabolic system tested for validity and reliability in laboratory and field conditions.
Methods: In the first study, two versions of a mobile metabolic system, Oxycon Mobile
(MMS), were evaluated against the criterion Douglas bag method in a wide range of
VO2 in the laboratory on a cycle ergometer. Low to moderately trained individuals and
athletes participated. Reproducibility was also evaluated with one version of the MMS.
The second study evaluated metabolic variables using the first version of the MMS
during moderate exercise on a cycle ergometer in controlled laboratory- and outdoor environments, but in conditions similar to those found during active commuting. Comparisons were made 1) between no wind and wind from different directions; 2) with and
without a system for drying the ambient air around the air sampling tube; and 3) at low
temperatures and high humidity outdoors for 45 minutes (5 ± 4°C; 69 ± 16.5% RH)
with the Douglas bag method as the criterion method.
Studies three and four evaluated the reproducibility of the heart rate method in the
laboratory on a cycle ergometer. VO2 and heart rate (HR) measurements were made on
two different occasions using two models (model 1 - three submaximal exercise intensities; model 2 - three submaximal plus a maximal exercise intensity). Walking and cycle
commuters participated. The reproducibility of the estimated VO2, based on three levels
of HR from the walking and cycle commutes were analyzed. The regression equations
from the two occasions were also analyzed as well as differences between the two models.
In studies five and six, VO2 and HR measurements were made during three submaximal exercise intensities on a cycle ergometer in the laboratory, as well as during a normal cycle and walking commute. 40 active commuters were recruited. Comparisons
were made between the laboratory and field conditions of the HR-VO2 relationship at
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five different HR intensities as well as the mean field HR. This was to evaluate if measurements in the laboratory can be used to estimate VO 2 from HR in this population during their normal cycle or walking commuting.
Results: Studies 1 and 2: The 2nd version of the MMS showed good agreement of VO2
and VE at submaximal work rates (between -1.4% and 2.6% compared to the criterion
method), while VCO2 was overestimated by 3–7%. Reliability of the first version of the
MMS showed coefficients of variation between 3 and 6% for VO2 at submaximal work
rates. Strong wind from the front and side compared to no wind did not affect metabolic
measurements, while wind from behind resulted in a lower RER and VE (-2 and -3% respectively). No effect on measurements were seen when using the system for drying
ambient air around the air sampling tube for up to 45 minutes moderate physical exercise outdoors at low temperatures and high relative humidity. However, a small increase
in VCO2 drift was seen for the MMS compared to the DBM (1.5 ml min-1 for every minute of the test duration) in the outdoor stability measurements.
Studies 3 and 4: There were no systematic differences between test and retest for either model in the estimated absolute levels of VO2 based on three different levels of HR
representative of walking and cycling commuting. Neither were significant relative differences seen between test and retest, except for among the cyclists at the highest HR
level for model 1 (3.57 ± 6.24 % (p < 0.05). Some large individual differences (between
-21.3 and 28.7% for cyclists, and -25.4 and 21.5% for pedestrians; coefficient of variation between 6.7 to 4.4% and 8.5 to 4.8% for cyclists and pedestrians respectively) were
seen in both models for both cyclists and pedestrians. No variations were seen between
the two models in the slopes and intercepts of the regression equations or the r-values.
Studies 5 and 6: Based on the average HR, the measured VO2 in the field for the cyclists was comparable to the estimated levels based on the steady state HR-VO2 relationships in the laboratory. For the pedestrians, VO2 was 16.6 ± 15.2% and 13.3 ±
14.5% higher (p < .05) in the field compared to the estimated values for the males and
females respectively.
Conclusions: Metabolic variables measured in a wide range of VO2 were shown to
have a high degree of validity with the 2nd version of the MMS. The first version of the
MMS showed that metabolic variables could be measured reliably. MMS measurements
of VO2 were not affected by strong external winds from the front and side, and with the
use of a drying system, valid measurements of VO2, VE or RER outdoors were noted for
up to 45 minutes of moderate exercise at low temperatures and high humidity.
The heart rate method showed good reproducibility of VO2 from HR-VO2 relationship in the laboratory, when evaluations were based on three levels of HR which are
representative for active commuting. There were however, some large individual differences.
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The HR-method can estimate VO2 in the field for cycling commuters from the HRVO2 relationship in the laboratory on a group level. For the pedestrians however, systematic differences between the ergometer cycling in the laboratory and walking in field
conditions were found. This is interpreted as a difference between two forms of ambulation rather than being an effect of the field conditions. Relatively large individual differences were seen for both cyclists and walkers.
Keywords: Heart rate, Oxygen consumption, Validity, Reproducibility, Oxycon Mobile, Douglas Bag Method, Cycle commuting, Walking commuting
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Introduction

This thesis is a part of a larger multi-disciplinary project at the Swedish School of Sport
and Health Sciences (GIH), studying physically active commuting in Greater Stockholm
(PACS). My focus is on evaluating whether monitoring heart rate (HR) measured in laboratory conditions - the HR-method - can be used to estimate oxygen uptake (VO2) and
thereby calculate metabolic demands and exercise intensities in people who actively
commute to work through cycling or walking. For that purpose, it is also necessary to
evaluate a direct metabolic method to monitor the same variables. The following background will first capture the context of the importance of walking and cycling to work
and the value of having objective knowledge about its physical demands.

Physical activity and recommendations in relation to
health outcomes
The human being is designed to move and yet in the last century we have built into our
lives a physically inactive life style which is paving the way to public health concerns.
There is evidence of the many health benefits that regular physical activity (PA) can bestow on humans (Lee et al. 2012; Morris et al. 1953; Paffenbarger et al. 1986). Diseases
such as type 2 diabetes, cardiovascular diseases, certain types of cancer, hypertension,
obesity, and even mild forms of depression can be prevented or delayed (Celis-Morales
et al. 2017; Lee et al. 2012; Paffenbarger et al. 1986; Yusuf et al. 2004).
Lower premature mortality rates are also consistently shown (Lee et al. 2012;
Manson et al. 1999; Morris et al. 1953; Paffenbarger et al. 1986). For example, a large
cohort study undertaken in Denmark, where data was pooled from three large epidemiological studies and questions asked about work, leisure and sports activities, smoking,
education and cycling to work, showed that PA was inversely associated with all-cause
mortality in both sexes (Andersen et al. 2000). The benefits came from even moderate
amounts of PA. Similar results are apparent from previous and later cohort studies from
America and China (Matthews et al. 2007; Paffenbarger et al. 1986). Increasing levels
of PA in the general population is consequently an important public health goal.
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Physical activity is defined as “any bodily movement produced by skeletal muscle
that results in energy expenditure higher than the basal level” (Caspersen et al. 1985).
PA recommendations in 2010 from the World Health Organisation (WHO) and also
adapted in Sweden (Haskell et al. 2007; WHO 2010) are that:
“adults aged 18-64 should do at least 150 minutes of moderate-intensity aerobic
PA throughout the week or do at least 75 minutes of vigorous-intensity aerobic
PA throughout the week or an equivalent combination of moderate- and vigorousintensity activity. Aerobic activity should be performed in bouts of at least 10
minutes duration. Muscle-strengthening activities should be done involving major
muscle groups on 2 or more days a week”.
…and yet even with quite specific guidelines a large number of adults worldwide do not
reach the recommended amount of physical exercise (Dunn et al. 1998). In Sweden a report shows that only 7.1% of a middle-aged population reaches the national recommendations for physical exercise (Ekblom-Bak et al. 2015).
The main reasons for people in Europe not undertaking regular exercise are lack of
time, followed by lack of motivation or interest, having a disability or illness or it being
too expensive (Eurobarometer 2013). Forms of exercise that are easily accessible and
relatively cheap are bicycling and walking and consequently they have great potential to
be incorporated into a daily routine such as commuting to work. For example, Shaw et
al (2017) reported that in New Zealand, people who commute to work by walking or cycling are 76% more likely to meet PA guidelines while Audrey et al. (2014) found that
commuter walkers had activity levels that were 44% higher than car users and that they
accumulated 57% more moderate to vigorous PA in spite of there being no differences
in PA during actual working hours and at the week-end.

Health perspectives of cycling and walking to work
From a health perspective, there is ever growing evidence that active transport per se
has a positive role in a number of PA-related outcomes such as diabetes, cardiovascular
disease, hypertension, BMI and psychological well-being (Furie and Desai 2012; Hu et
al. 2003; Laverty et al. 2013; Martin et al. 2014; Mytton et al. 2018; Pucher et al. 2010).
Separating the two modes of active transport, cycling to work has been shown to
have an association with a reduction of some forms of morbidity such as diabetes, coronary heart disease and cancer (Andersen et al. 2018; Hu et al. 2007; Hu et al. 2003;
Pucher et al. 2010) and there is evidence that it is inversely associated with all-cause
mortality in men and women of all ages (Andersen et al. 2000; Matthews et al. 2007;
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Celis Moralis et al. 2017). A systematic review of 16 studies (cycling-specific)(Oja et
al. 2011) found consistency in a positive relationship between cycling and health.
Walking has been described as near perfect exercise by Morris (1997). Not only is it
free and can be incorporated into everyday life but it is also sustainable in older age.
The health effects of walking to work have been less studied than commuter cycling but
even here there is growing evidence that it is associated with a lower risk of cardiovascular disease (Celis-Morales et al. 2017; Manson et al. 2002) and lower mortality in
adults with diabetes (Gregg et al. 2003), with brisk walking showing larger effects in relation to all-cause mortality compared to slow walking (Schnohr et al. 2007).
The advantage of active commuting is that it can be integrated into daily life routine
and so become a habit. This type of routine physical exercise is more likely to be adhered to (Dunn et al. 1998) and as most people have to travel to and from work or a
place of study, it is easy for it to become habitual. Thus this type of PA may have substantial potential in increasing population health. However, to evaluate the real impact
that walking and cycling commuting may have on population health we need more precise knowledge about the physiological aspects of the population who already participate in the phenomena using objective measures (Shephard 2008).

Physical work profile during active commuting and
work capacity of active commuters
To describe different types of work one has to know the physiological requirements
of the specific work in question as well as the physical capacity of the individual who is
performing the activity. To understand PA in relation to health and well-being one has
to know its duration, intensity of aerobic yield and energy requirements and also how
frequently the activity is performed over the week and for different seasons over the
year.
Most of the information concerning PA and energy expenditure in the studies discussed above, is based on results from questionnaires in epidemiological studies.
Although easier to apply to large populations, they tend to produce less reliable data and
generally overestimate levels of PA (Hagströmer et al. 2010; Troiano et al. 2008). More
reliable data can be obtained in controlled laboratory studies of PA but this kind of information is not entirely indicative of PA in free living conditions. Measuring PA in
such conditions demands field studies and historically these have been difficult to accomplish because of lack of measurement techniques.
Three studies have looked specifically at intensity of cycle commuting in the field,
with one of the three also evaluating intensities of walking (Hendriksen et al. 2000;
Kukkonen-Harjula et al. 1988; Oja et al. 1991). In two of these studies, intensity of the
17

cycle or walking commuting was estimated from the individual HR-VO2 relationship
established in the laboratory. None of the studies considered or even discussed that, for
various reasons, the relationship of HR and VO2 in the laboratory may differ in a cycle
or walking commuting environment and that consequently the extrapolating results indicating intensity of the commutes in these studies might be incorrect. Another study (de
Geus et al. 2007) actually measured the intensity of commuter cycling in the field using
a portable metabolic gas system, but unfortunately it was not validated. Furthermore,
none of these studies used a regular active commuter population.

Indirect measurements of work intensity
Decisions concerning methods of measurements of PA must take into account not only
validity and reliability of instruments but also how practical the measurements are for
both the researcher and participants, and the feasibility of applying them in the appropriate environment. These decisions will entail some sort of compromise, which the researcher needs to weigh up and report honestly. For example using questionnaires or
measuring with direct calorimetry entails, at one end of the scale, less accurate measurements concerning PA but simple to use and reaching a larger population. At the other
end of the scale, direct physiological measurements can be more accurate and objective,
but the instruments used are often both complicated and expensive, and fewer subjects
can be tested. In between these two extremes are other indirect methods such as pedometry, accelerometry and the HR-method.
Heart rate monitoring is seen as an objective method for measuring PA in the field
based on the assumption that there is a linear relationship between HR and VO2, and in
turn HR and energy expenditure (EE) over a wide range of submaximal intensities
(Booyens and Hervey 1960; Hohwü Christensen 1931; Krogh and Lindhard 1917;
Åstrand et al. 2003).
The ability to measure HR was originally possible only by listening to a person’s
chest and counting the beats. The development of the stethoscope in 1816 made this
method more accurate and less intimate, but “listening” to HR during exercise was not
possible until the Nobel Prize winning invention of the electrocardiograph in 1903 by
Einthoven. The subsequent electrocardiographic portable tape recorders made field testing possible. In the 1980’s wireless heart rate monitors were developed which made recording HR in the field even easier. The development of valid and reliable portable HR
monitors (Laukkanen and Virtanen 1998; Leonard 2003) and, in recent years, the possibility to measure minute-by-minute data for several hours provides information about
the intensity, frequency and duration of PA. The method is also discreet and unobtrusive
for test participants and relatively inexpensive.
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Boothby (1915) and Krogh and Lindhard (1917) provided early indications of a linear relationship between HR and VO2 with increasing work rates. Hohwü Christensen
(1931) and Berggren and Hohwü Christensen (1950) further studied this relationship
and suggested that the HR-method could be used for eliciting information about VO2
and metabolic rate during work . The relationship between VO2 and HR is often established with sub-maximal and maximal work rates in laboratory conditions using direct
methods (i.e. indirect calorimetry; DBM or on-line metabolic gas systems) to measure
VO2, and a regression equation established for each individual. HR is then monitored in
field activities and used to predict VO2 and energy expenditure from the regression
equations (Hiilloskorpi et al. 1999; Hiilloskorpi et al. 2003; Keytel et al. 2005). This is
of course dependent on reliable measurements in the laboratory providing a good reference for the field measurements.
It is, however, by no means evident that the relation between heart rate and oxygen
consumption in the laboratory is the same while bicycling or walking to work. Several
factors need to be considered that could influence this relationship and that could have
implications for the accuracy and interpretation of data (Achten and Jeukendrup 2003;
Hohwü Christensen 1931).

1.4.1 Factors that can influence heart rate during exercise
Intermittent versus steady-state exercise
The HR-VO2 relationship is determined in the laboratory and usually based on graded
dynamic exercise in steady-state conditions, while free-living exercise has ingredients
of intermittent work. Quick changes in intensity found in intermittent work can result in
a HR lagging behind VO2. In other words as the work rate increases or decreases in an
intermittent fashion, the HR might not reflect the HR that would be observed at the
same work rate at steady-state (Achten and Jeukendrup 2003). Nevertheless, free-living
conditions is what we want to measure in PA, so it would be convenient if the HR-VO2
relationship could be used accurately in these environments and types of exercise.
Gilbert and Auchincloss (1971) compared the relationship of HR to VO2 during
steady- and non-steady-state exercise and found that, at a given VO2, there was a significantly higher HR during non-steady-state exercise compared to steady-state. Lothian
and Farrally (1995) found similar results when using HR from a steady-state treadmill
protocol to estimate VO2 during intermittent exercise. Even though the differences were
statistically significant, absolute differences were small (0.09 L•min), so Lothian and
Farrally concluded that it was viable to use HR from steady-state measurements to estimate intermittent exercise.
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“Learning effect” and day to day variability
The HR-VO2 relationship may also be influenced by a learning effect and day-to-day
variability (Achten and Jeukendrup 2003; Ekblom-Bak et al. 2014; Åstrand 1952).
Learning effects can be minimized by familiarizing participants with either a pre-visit to
the laboratory or a pre-test, but day-to-day variations in HR are harder to avoid and can
jeopardize the reproducibility of measurements based on the HR-VO2 relation. Thus,
calibration measurements of the HR-VO2 relationship performed in the laboratory and
then in the field on another day will possibly be subject to larger reproducibility problems because, as well as the day-to-day variability, one adds the potential laboratory to
field variability.
In the literature not much has been done to compare the day-to-day reproducibility of
individual HR-VO2 regression equations as described above in 1.4 to estimate VO2 from
different levels of HR. Christensen et al. (1983) found that the individual slopes and intercepts varied considerably giving poor reproducibility of estimated VO2, even though
correlation coefficients were high for the relationship between VO2 and HR. McCrory et
al. (1997) found better reproducibility at slightly higher HR levels than Christensen.
Calculations in both studies were, however, based on a single individual HR level so
would have been very dependent on which HR level was used to estimate VO2 from the
regression line. For example, if the slopes of the day-to-day regression lines vary so that
they cross one another then, depending on what range of HR the PA is in, values in estimated VO2 will be augmented at each end of the regression lines in different directions
and have good reproducibility only where the lines cross (see Fig. 1). So using only one
HR level for such evaluations could be deceiving.
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Fig. 1. An illustration of how variability in HR-VO2 relations at test and retest can affect measures of reproducibility. Based on different HR, estimated levels of VO2 can be higher, equal or lower at test compared to
retest.

Cardiovascular drift affecting HR-VO2 relationship
Cardiovascular drift is the term used to describe changes in cardiovascular responses
characterized by a decrease in stroke volume (SV) and an increase in HR which may
start about 10 minutes after moderate intensity exercise of approximately 50-75%
VO2max, (Ekblom 1970; Ekelund 1967; Saltin and Stenberg 1964) and which can influence the HR-VO2 relationship from the beginning to the end of exercise. For example,
between 10 and 45 to 60 minutes of constant rate sub-maximal exercise in temperatures
between 18°C and 22°C, one can find 2% – 11% significant increases of HR (Ekelund
1967; Fritzsche et al. 1999; Lafrenz et al. 2008; Saltin and Stenberg 1964; Wingo et al.
2012). It is important to note that VO2 also increased (0.4% - 7%; significant in 3 of the
5 studies), but that there were larger increases for HR than VO2 in each study, thus affecting the HR-VO2 relationship over time. This can be expressed as O2-pulse, i.e. the
ratio between O2 and HR, to facilitate understanding of the changes in HR-VO2 relationship.
Increases of HR are related to increases in body temperature occurring with exercise.
This will be exacerbated by hot ambient temperatures and humidity. One study examining the effect of ambient temperature on cardiovascular drift, as reflected by changes in
HR found a greater drift at temperatures of 35°C than in 22°C. HR increased by 11% in
35°C and 2% in 22°C (Lafrenz et al. 2008). Galloway and Maughan (1997) found increasing drifts in HR during exercise performed at 4°C, 11°C, 21°C and 31°C ranging
from approx. 3% at 4°C to 11.5% at 31°C between 15 to 75 min of exercise. At 11°C
and 21°C the HR drifts were similar at approx. 9%.
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The effects of cold on cardiovascular drift have been less studied and are inconsistent. Hurley et al. (1982) found that HR was lower and VO2 higher during low intensity exercise in the cold compared to warmer ambient conditions while Fink et al.
(1975) observed higher VO2 at temperatures of 44°C compared to 9°C. Galloway and
Maughan (1997) found 3% drifts of HR and 18,5% drifts of VO2 during exercise at 70%
VO2max in 4°C Achten and Jeukendrup (2003) described similar HR in cold and thermoneutral environments but increased VO2 which means that monitoring by HR will underestimate exercise intensity.
Stressful situations or perception of the environment
Stressful situations or perception of the environment could potentially have an influence
on the HR-VO2 relationship. Observations in the 1970’s showed that the HR and VO2
measured in helicopter pilots during difficult flight manoeuvers and then during dynamic exercise showed an abnormal increase of HR in comparison to VO2 during the
flight manoeuvers (Blix et al. 1974). Further studies pursued this with psychological
stress tasks. For example, Carroll et al. (2009) showed that while a graded sub-maximal
cycle test gave the expected relationship between HR and VO2, a stress test brought
about significant increases in HR (approx. 7 to 20%) which were difficult to account for
in terms of the metabolic demands of the stressful task in hand. Lambiase et al. (2012)
found similar results but in youths.
The above factors influencing the HR-VO2 relationship could have implications for
the interpretation of data estimated from laboratory data to active commuting in the
field. Some of them are difficult to evaluate. However, if the HR-VO2 relationship of
habitual active commuters is established in the laboratory at sub-maximal levels on the
ergometer cycle as well as during cycle and walking commuting one could compare the
differing conditions.
First, however, one needs to tackle the potential problem of day-to-day variations in
regression equations of the HR-VO2 relationship. Performing two tests in the laboratory
on different days would provide the opportunity to examine day-to-day differences in a
controlled environment allowing evaluation of their potential effect on the interpretation
of laboratory to field data.

Methodological demands for performing metabolic
measurements on active commuters
Measuring VO2 within the entire spectrum of PA in exercising humans has long intrigued scientists and physicians. Historically, to enable this, the oxygen transport sys-
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tem had to be understood, and fundamental discoveries in the 1770’s led to the first attempt to measure pulmonary gas exchanges being made by Antoine Lavoisier in 1789 in
Paris (Saltin and Mitchell 2003). It was not until 140 years later that technical advances
made by J. Tissot, J.S. Haldane and C.G. Douglas, from the Oxford school of respiratory physiology, culminated in the development of the “Douglas bag” in 1911 for the
Anglo-American expedition to Pike’s Peak in Colorado (Douglas 1911). The “Douglas
bag” method (DBM) involves collection of expired air in large, non-porous bags and
analysis of gas fractions and expired volumes. The DBM has been used extensively
since then in both laboratory settings and in the field giving rise to the knowledge and
understanding we have today concerning oxygen-uptake demands in exercising humans.
It has enabled, for example, the analyses of VO2 of athletes, helping us to understand
the different demands of different sports (Åstrand and Rodahl 1986); it has been indispensable in examining clinical metabolic disorders.
Today, the DBM has a given place as the golden standard for measuring VO2 and
carbon-dioxide elimination (VCO2) because of its high accuracy and reliability (Hodges
et al. 2005; Shephard 2017) and the fact that the operator has good control over data
collection (Macfarlane 2001). However, the DBM has its limitations. It is dependent on
the skill and care of the operator and is time-consuming because of the requirement of
sampling and analysis occurring after collection. Short term changes in VO2 cannot be
detected as expired air is collected in bags for a minimum of one minute at lower exercise levels with lower respiration and at least 30 seconds at higher exercise levels with
higher respiration. The length of collection time is limited and, most importantly, it is
cumbersome and movement confining which limits its use in activities and sports in real
life settings (Carter and Jeukendrup 2002).
The need for less time-consuming techniques and smaller, less cumbersome equipment than the DBM has fuelled the technological development of a wide range of automated metabolic gas analysis systems over the past 50 years both stationary and portable (Macfarlane 2001; Macfarlane 2017; Meyer et al. 2005; Ward 2018). These have
vastly facilitated measurements in sports and PA field trials and their use has proliferated. But before new instruments can be used in field studies, their validity and reliability must be determined against a criterion method, first in controlled laboratory conditions and then in relevant field conditions.
Several reviews discuss the validity and reliability issues of automated metabolic
systems (Atkinson et al. 2005; Hodges et al. 2005; Macfarlane 2001; Meyer et al. 2005).
Macfarlane (2001) remarked that little is known about the validity and reliability of
portable systems and emphasized the need for standardized guidelines for such studies.
Hodges et al. (2005) noted that the golden standard DBM had only been used in a few
of the studies and that the devices tested varied considerably compared to this criterion
method. In contrast Meyer et al. (2005) proposed that at least two portable systems
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could be regarded as valid; however they were compared to automated stationary metabolic systems rather than to the DBM. In addition, potential sources of error in any
measurement study on gas analysis systems were discussed together with guidelines
given for future method-comparison studies (Atkinson et al. 2005). In recommendations
from the certifying organisation, the American Thoracic Society (Casaburi et al. 2003)
and lately in a review by Shephard (2017) the DBM is still considered to be the criterion
method for determining VO2 via respiratory gas exchange.
A breath-by-breath-based portable system, the Oxycon Mobile (MMS) was used in
some field studies. Information about this system was, at the time, limited to three reports (Attinger et al. 2006; Perret and Mueller 2006; Verges et al. 2006) which showed
inconsistent results regarding validity, while reliability was not examined. Most importantly, the DBM was not used as the reference method in any of these studies, and in
two of them (Perret and Mueller 2006; Verges et al. 2006) it is unclear which versions
of the MMS system were used.

1.5.1 Field-related aspects of validation
PA taking place in the field is more challenging for metabolic gas analyzing systems
with respect to ambient conditions such as wind, temperature and humidity. For example, to measure the metabolic characteristics of active commuters in realistic conditions
in Stockholm, we need to know whether MMS measurements are accurate with potentially strong external wind, and stable for durations of up to at least 45 minutes (Stigell
and Schantz 2015) with low temperatures and high humidity, i.e. the ambient conditions
during substantial parts of the year in Stockholm (The Stockholm-Uppsala Air Quality
Management Association Stockholm 2011).
1.5.1.1

External Wind

The individual is often going to have, at the least, a headwind opposing his or her speed,
and at the most, external winds from any direction. It is, therefore, of great importance
that wind from any direction is not going to affect the accuracy of VO2 measurements.
The manufacturers of the MMS tested the effects of external wind using a mechanical
pump (van den Burg 2003). They used a ventilation (VE) of 60 L minˉ¹ (tidal volume of
2 L; breathing frequency of 30 breaths minˉ¹) which corresponds to the flow one expects with an VO2 of approximately 2 – 3 L minˉ¹ (Åstrand and Rodahl 1986). Winds
from 0 – 21 m sˉ¹ (approx. 75 km/hr) were tested with and without the wind shield. The
winds were applied from the front, and 45° and 90° from the side. Their results showed
that a windshield was necessary. However, the windshield has neither been tested independently, nor with humans or with normal wind situations. Winds coming from behind
a subject have not been examined.
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1.5.1.2

Water vapour

To calculate VO2, correct measurements of VE, the fractions of oxygen (FO2) and carbon dioxide (FCO2), gas temperatures, water vapour, pressure of the gas and barometric
pressure are essential. Calculations of VO2 will be incorrect if the water vapour content
of the expired gas is neglected. Correction factors are introduced into the software of a
programme to compensate for water vapour in expired air (Beaver 1973; Beaver et al.
1973). In high humidity conditions, there is also a risk of water vapour condensation.
The condensation leads to a risk of altered delay times for gas samples reaching the gas
analysis unit. In such a case, there will be a mismatch between the data on VE and the
corresponding gas fractions, with the consequence that more or less false metabolic values will be obtained (Macfarlane 2001). Condensation also introduces a risk of occlusion of the gas sampling tube, leading to termination of the gas analysis.
The gas sampling tubes are made of Nafion tubing (Perma Pure LLC, Toms River,
NJ, USA) and are designed to establish a balance between water vapour from the samples of inspired and expired air inside the tube and the surrounding ambient air. If the
ambient air is more humid than the sample gas, the Nafion will cause the humidity of
the sample gas inside the tube to increase until equilibrium of the water vapour outside
and inside the tube is reached. This increases the risk of condensation and even occlusion of the tubing. If the Nafion tube can be surrounded by a current of dry air, almost
all water vapour can, in principal, be removed from the gas sample (Macfarlane 2001;
Atkinson et al. 2005). At our request, a special dryer unit (Relitech, Nijkerk, The Netherlands) was developed for use with the MMS, to facilitate removal of water vapour.
Condensation risks were stipulated in relation to different temperatures and relative humidity (RH) with and without this unit (see appendix 1). However, it had not been determined whether introducing the dryer unit has any effect on the measured levels of the
metabolic variables. Furthermore, will exercise in humidity and temperature conditions
within the risk zone for condensation (e.g. at 8° C with 90% RH) be possible using the
drying unit?
1.5.1.3

Stability of outdoor measurements over time

Another dimension of validity is stability of measurements over time. Most forms of
PA have long durations; a football match lasts for a minimum of 90 minutes; a 50 km
ski race takes approximately 150 min (Holmberg 2005); a day of hiking can last for 8
hours (Schantz 1980); a physically active commuting session can have an average
length of 30 minutes (Stigell and Schantz 2015). Atkinson et al. (2005) pointed out that
there was no published information on how long a gas analyzing system would remain
accurate over a longer period of exercise. Since then, Perret and Mueller (2006) reported stabile measurements using the MMS during 45 minutes of incremental cycling
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indoors but their study design does not permit that conclusion as they used a non-criterion method for comparisons (cf. Rosdahl et al. 2010). Although Attinger et al. (2006)
executed walking and running tests outdoors with an Oxycon Mobile for 6 bouts of 12
minutes, they were done during the summer with temperatures of 28-30º C.
To our knowledge, there was no published information on the stability of portable
metabolic gas analyzing systems over time in conditions with cold temperatures and
high humidity.

Validity and reliability, and measurement errors
Before using methods of measurement, it is vital that validity and reliability are established. Validity describes whether a measure (i.e. an instrument or method) actually
measures what it is intended to. There are several ways to assess validity; here we are
concerned with criterion validity that evaluates the agreement between a golden standard measurement value or reference/criterion measure and a new unproven one. In such
studies, the basic assumption is that the “true value” is constant between assessments.
This means that the value of interest remains the same between measurements using different instruments (validity) or between repeated measurements (reliability).
Reliability refers to whether a measurement can be repeated with consistent results.
There are many statistical methods for assessing reliability of which, in Hopkin’s opinion (2000), the three most important are within-subject variation, change in the mean
and retest correlation. A reliable instrument or test is not necessarily valid, but to be
valid, an instrument or method must be reliable.
There is going to be a certain degree of discrepancy in any measurement, i.e. the observed measurement value will differ from the true value. This is known as the measurement error, of which there are two sources; systematic variation and unsystematic or
random error. Systematic variation is the variation in measurements in a particular direction created by a specific (known or unknown) manipulation in the measurements.
Examples of these are learning effect or training effect. In test-retest measurements this
type of variation should be controlled for, i.e. minimize learning effect by having a pretest.
Random error is the variation in measurements that arises from random factors. Examples of these are biological factors, measurements “noise” from equipment, poorly
designed or controlled test protocols, operator competence and time of day. Some of
these are more difficult to control than others but as random error is an important measurement error when studying reliability, it is essential that as many variables as possible
are controlled. For example, equipment can be carefully calibrated; tests executed by the
same investigator; test protocols replicated with precision. When the measurements are
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completed, it is the role of statistics to determine how much variation there is, and how
much of the variation is systematic or random. Some of these sources of random error
may be detected as systematic, for example a poorly calibrated instrument may show a
higher value in one test but lower in another. It is therefore not completely correct to assign one source of error to one type. The correct statistical approach is not entirely obvious and because of this, there are also many different “statistical philosophies” in the research community (Atkinson and Nevill 1998; Bland and Altman 1986; Hopkins 2000).
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Aims of the thesis

The overall aim of this thesis was to evaluate if the heart rate method is relevant for estimating oxygen uptake in walking and cycle commuting. To accomplish this the reproducibility of the heart rate method had to be evaluated, and a portable metabolic system
(MMS) had to be tested for validity and reliability in laboratory and field conditions.

Specific research questions
1. Does the MMS give accurate and reliable measurements of VO 2, VCO2, VE and
RER in the laboratory?
2. Is it possible to measure VO2, VCO2, VE and RER accurately with the MMS (with a
special unit for drying expired gas samples) in field conditions over 45 minutes,
where ambient conditions may stress the system in regard to external wind, high humidity and low temperatures?
3. Are two different models (model 1 based on three submaximal work rates; model 2
based on three submaximal and a maximal work rate) of HR-VO2 relationships reproducible on a day-to-day basis in the laboratory using different levels of HR from
active commuting to estimate VO2?
4. Are these two different models of the HR-method comparable in their estimation of
VO2 from different levels of HR from active commuting?
5. Can the HR-VO2 relationship measured on an ergometer cycle at three submaximal
work rates in the laboratory be used together with HR during typical cycle and
walking commuting in males and females to estimate VO2?

Relevance of the thesis
Walking and cycling to work may have valuable potential for contributing to population
health but is an area requiring more objective information and understanding about the
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VO2, exercise intensity and metabolic demands before that assumption can be made
(Shephard 2008; Shephard 2012).
The designed studies will contribute to increasing methodological knowledge in order to study the physiological demands in terms of VO2 during cycle and walking commuting. It will allow for better interpretations of future epidemiological studies and,
from the perspective of PA and health education and promotion, it will allow for more
accurate advice being given concerning exercise during cycle and walking commuting.
Monitoring VO2 in free living activities is of great value both educationally and in
research. As direct methods are difficult and expensive to use on a large scale, the HR
method is valuable as a substitute. Thus evaluating the methodology is highly relevant.
Another potential implication of these studies is that an increase in cycling and walking commuting could have a positive effect on the environment. Theoretically, an increase in active commuting could lead to a decrease in car use thus sparing the environment from, for example, air pollution (Johansson et al. 2017).
The methodological considerations and quality controls described here will increase
knowledge about the complexity of portable metabolic gas systems and hopefully increase awareness and respect of the possible sources of error in measurements made
with these systems. Being able to reproduce data is an important issue for any laboratory in order to maintain high standards of quality measurements, so critically evaluating the reproducibility of HR-VO2 measurements is of value for future research using
such methods.
The studies are unique in that no-one yet has measured these physiological aspects of
habitual active commuters during their daily commute using a validated portable metabolic system.

Ethics
The project has been approved by the Research Ethics Committee of the Karolinska Institute, Stockholm (Dnr 2003/03 637) and the studies executed according to the principles outlined in the Declaration of Helsinki. Complete information was given to all the
participants before they agreed to partake in each part of the project, and it was made
clear that they could discontinue at any time and for whatever reason. They filled in a
health declaration before the physical tests were undertaken and all data from the tests
were made anonymous. Personal communication with each person was kept throughout
the time span of all the tests.
The methods involved in the described studies are common work physiological
methods and considered to be of minimal risk for our participants. Risks of complication during the tests were also considered to be minimal. During the field tests a blood
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sample was taken from a finger to enable analysis of lactate; there is minimal pain involved with this. Strict hygienic precautions were taken both for the participant and the
test assistant. There were no questions asked which might have been considered offensive. The advantages of knowledge attained from these studies are considered to outweigh any potential risks.
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Material and Methods

Participants
3.1.1 Study 1
Participants were divided into four groups: 12 low to moderately physically active individuals formed group 1, and 16 well-trained, national or international-level athletes
formed group 2. 15 low to moderately physically active individuals were included in
group 3, and 15 well to moderately trained athletes in group 4. Further descriptive characteristics are specified in Table 1. The high VO2 values in two of the groups enabled us
to also evaluate the MMS at high absolute levels of VO2.

3.1.2 Study 2
The subjects were recruited from staff, friends or among students at GIH and were all
low to moderately, or highly physically active. Their descriptive characteristics are
specified in Table 1.
Table 1. Characteristics of subjects in studies 1 and 2
Gender
(m/f)

Age (yr)

12 m

(group 2)

14 m; 2 f

(group 3)
(group 4)

Study 1 (group 1)

Study 2 (wind)
(drying syst.)
(outdoor stability)

Weight
(kg)

Height
(cm)

35 ± 10

85 ± 11

180 ± 7

27 ± 5

80 ± 12

183 ± 9

4.86 ± 0.77

61.1 ± 6.3

15 m

29 ± 5

83 ± 7

184 ± 7

-

-

15 m

30 ± 4

82 ± 6

186 ± 5

5.10 ± 0.37

62.3 ± 6.2

4m

38 ± 7

77 ± 5

179 ± 7

-

-

3 m; 2 f

39 ± 11

69 ± 14

172 ± 11

-

-

7 m; 6 f

30 ± 9

68 ± 11

172 ± 9

-

-

VO₂peak
(L·min-1)

VO₂peak
(mL·kg-1·min-1)

-

-

3.1.3 Recruitment of commuting participants
The process of selecting participants was divided into several steps. It started with recruitment through advertisements in two large morning newspapers in Stockholm in
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May and June of 2004 requesting participants. The inclusion criteria required being at
least 20 years old; living in the county of Stockholm, (excluding the municipality of
Norrtälje); and walking or cycling the whole way to one’s work or place of study at
least once a year. It was emphasized that even people with short commuting distances
were invited to participate. Answers could be sent in cost-free by post, fax, e-mail or by
phone. These advertisements resulted in 2148 people volunteering to take part.
A questionnaire (The Physically Active Commuting in Greater Stockholm Questionnaire 1 (PACS Q1) was sent home to these volunteers; 2010 were returned after three
reminders. The questionnaire consisted of 35 questions but, only the questions relevant
for selecting our population were used (see Appendices 2 and 3). These included gender, age, how physically strenuous their professional jobs were as well as commuting
frequencies per week for each month of the year and commuting time. The commuting
distance of each individual was also used for selecting the study group. These were
measured on routes drawn in maps by each respondent. These maps were sent, together
with instructions on how to draw the routes, with the questionnaire (see Appendices 4
and 5). The map measuring method is described in detail in Schantz and Stigell (2009).
From the answers from PACS Q1, the respondents were divided into categories based
on their reported mode of either cycling or walking or combining both modes.
Our samples were selected from the cyclist and walking categories, i.e. those subjects who only cycled or only walked to work. Other criteria were that they had ages
and route distances close to the median values of the male and female cyclists and walkers, respectively. They also rated their daily professional jobs as light or very light physically. Letters describing the physiological studies and test procedures were sent to all
who fulfilled the criteria (see Appendices 6 and 7).
The recipients of the letter were first asked if their previously described route was
still valid, or of a comparable distance time-wise (comparable defined as plus/minus 5
to 10 minutes). Thereafter they answered a health declaration concerning: 1) medication
and for which kind of illness, 2) if they had any palpitations, chest pain or abnormally
heavy breathing during exercise, 3) if they had high blood pressure, 4) if they had recently avoided or discontinued exercise for reasons of injury or health. The letter emphasized the right to terminate the tests at any time and without having to stipulate a
reason. A signed informed consent of participation was returned.

3.1.4 Commuting participants in studies 3 to 6
Based on the above information, individuals with invalid route distances as well as with
high blood pressure or on medication that could affect normal heart rate were excluded.
We contacted the remaining active commuters by telephone to answer any potential
question, and to book test times. Telephone contacts continued until we had 20 cyclists
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(10 women and 10 men) and 20 pedestrians (10 women and 10 men) who fulfilled the
criteria to participate. The cyclists’ ages were 44 ± 4 (mean ± standard deviation) and 44
± 3 years for the men and women respectively. Their heights were 185 ± 7 and 170 ± 5
cm, and weights 85 ± 13 and 66 ± 7 kg. They commuter cycled 353 ± 147 and 348 ±
110 times per year. The pedestrians’ ages were 46 ± 10 (mean ± standard deviation) and
44 ± 5 years for the men and women respectively. Their heights were 179 ± 7 and 168 ±
2 cm, and weights 80 ± 12 and 61 ± 8 kg. They commuter walked 356 ± 137 and 409 ±
74 times a year.
For studies 3 and 4, 14 pedestrians (7 men and 7 women) and 19 cyclists (9 men and
10 women) were used in the analyses due to missing values in the data for the remaining seven participants.

Equipment and preparation
3.2.1 Douglas Bag Method
The DBM was used in studies 1 and 2, as well as to validate a stationary metabolic system (SMS) prior to it being used in sub-maximal and maximal measurements in the laboratory for studies 3 to 6. All the different parts of the Douglas Bag equipment were
carefully checked prior to the study. The Douglas bags were custom made in gastight
polyurethane, coated with polyamide fabric in sizes to hold 120- and 160-L volumes
(Trelleborg Protective Industries AB, Ystad, Sweden). They were fitted with custommodified and gastight stopcocks (355 pvc-epdm ball valves, from Georg Fischer Piping
Systems Ltd., Shaffhausen, Switzerland) with an inner diameter of 37 mm, to which the
breathing tubing was connected. All the bags were checked for leaks (no leaking after 2
hours with 0.1 kg weight load) and gas diffusion (no change in O2% or CO2% after two
hours at room temperature with gradients 2.0–3.6% for O2 and 2.1–3.3% for CO2). During collection of the expired air, the bags were placed in a bag stand (Fabri AB, Spånga,
Sweden) and connected to a 3-way valve with timers for leading the expired air to either
one or the other of two bags in the stand or out in the room. The 3-way valve for the
DBM was designed to have a minimal amount of room air trapped (97 mL) which was
mixed with expired air in the Douglas bags. Since the minimal volume collected with
the Douglas bags was 50 L, the dilution effect of the trapped room air was negligible. A
1.8 m breathing tube with a 35 mm inner diameter (Hans Rudolph Inc., Kansas City,
MO, USA) was connected between the 3-way valve and the breathing valve.
The volumes of air collected in the Douglas bags were measured with a custommade and balanced spirometer tank with a maximal volume capacity of 160 L (an en-
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larged copy of a Collins Tissot tank, with an adjusted balance, Fabri AB, Spånga, Sweden). At each determination of volume, the temperature in the tank was measured by a
fast-responding temperature sensor attached on top of the inner cylinder (certified accuracy ±0.5°C, GMH 3230)( Greisinger electronic GmbH, Regenstauf, Germany). Volume determination accuracy was ensured by cross-validating the volumes in the Douglas bags against an original balanced Tissot spirometer tank (Warren E Collins, Inc,
Braintree, MA, USA), as well as by analyzing volumes (30, 60, 90 and 120 L) from
Douglas bags filled with known amounts of room air through various numbers of
strokes with a Hans Rudolph 3 L precision syringe (Hans Rudolph Inc. Shawnee, Kansas, USA).
The analyzers for O2 and CO2 (Mod. 17518A and 17515A, VacuMed, Ventura, CA,
USA) were used with a drying agent (Anhydrous calcium sulphate, Drierite, W.A. Hammond Drierite Company LTD. OH, USA) to permit analysis of dry gases. Before the
studies the following procedures were carried out to ensure analysis precision: (1) a
check of the effect of using different amounts of drying agent on the response time of
the analyzers and adjustment to reach stable readings within 60 s; (2) a check for accuracy, linearity and stability over time with different high-precision gases covering the
range of measurements (O2 = 0.00, 15.05, 16.00 and 20.94%; CO2 = 0.03, 4.00, 5.00
and 5.85%); (3) the gas volumes drained from the bags to the O2 and CO2 analyzers (a
total of 555 mL min-1 for both) were precisely determined with a certified flow meter
(Bios DCL-M, Bios International Corporation, Butler, NJ, USA).
The function of the entire system was controlled with a certified high-precision metabolic simulator and by comparing our data at submaximal work rates with data from
studies where the same type of cycle ergometer and work rates were used with male
subjects. The metabolic simulator (JQM 2000, Erich Jaeger GmbH, Hoechberg, Germany) generated a VO2 of 1.0, 2.0, 3.0 and 4.0 L min-1 within an error of ±1.0%. These
levels of VO2 were attained at VE of 40, 60, 120 and 160 L min-1, respectively. The VO2
values attained with the DBM confirmed the expected values and were 0.99 ± 0.01, 2.01
± 0.02, 3.01 ± 0.03 and 4.02 ± 0.04 L min-1, respectively (n = 7). Moreover, the VO2 results attained at submaximal work rates (cf. Tables 3 and 4, Rosdahl et al. 2010) corresponded with previous data from our own laboratory (0.95 L min-1 at 50 W, 1.54 L min-1
at 100 W, and 2.12 L min-1 at 150 W (Åstrand and Rodahl 1986), as well as with data
from other research groups: 1.02 L min-1 at 50 W, 1.58 L min-1 at 100 W and 2.23 L
min-1 at 150 W (Bassett et al. 2001); 0.94 L min-1 at 50 W, 1.53 L min-1 at 100 W and
2.14 L min-1 at 150 W (McLaughlin et al. 2001).
A face mask (Combitox, Dräger Safety, Lubeck, Germany) was used in combination
with a Radia-x valve (Carefusion Germany 234 GmbH, Hoechberg, Germany) in the
tests with group 1 in study 1. The total dead space of the face mask and the Radia-x
valve was approximately 110 mL depending on the face shape of the participants. With
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group 2 in study 1 and both groups in study 2, a Hans Rudolph non-rebreathing 2-way
valve (model 2700, dead space 103 mL) was used with a mouthpiece and head support
(model 2726, Hans Rudolph Inc. Shawnee, Kansas, USA).
The ambient conditions were measured with certified accurate equipment (atmospheric pressure 0.2% rel. full scale, GMH 3160; room temperature, ±0.5°C and relative
humidity ±2% abs. GMH 3330) (Griesinger electronic GmbH, Regenstauf, Germany).
3.2.1.1

Preparation of the Douglas Bag Method

Before each experiment, the bags were ”rinsed”. This was done by rolling up one bag to
expel any residual air and blowing it up with respiratory air. The bag was then emptied
into the empty spirometer tank and each consecutive bag filled from and emptied into
the tank. Two of the prepared bags were attached to two of the three valves on the bag
stand and the gastight tube attached to the third one. The head support with the non-rebreathing two-way valve was placed on the subject and connected to the other end of
the gas-tight tube. A nose clip ensured no air leakage. Fig. 2 and Fig. 3 show the prepared Douglas bags attached to the 3-way valve and the head support with the non-rebreathing two-way valve.
Gas analysis took place within 1.5 hours after each test. Gas volumes and contents
are known to be stable for up to 2 hours in the bags used (Rosdahl et al. 2010). Before

Fig. 2. Douglas bags on bag stand attached to 3-way
valve

Fig. 3. Non-rebreathing two-way valve with head support and nose clip

analysis, the drying agent in the gas analysers (Anhydrous calcium sulphate, Drierite,
W.A. Hammond Drierite Company Ltd, Xenia, OH, USA) was checked and changed if
necessary. The oxygen and carbon dioxide analysers were calibrated by a three point
calibration procedure using two high precision gases and ambient air (20.94% O2 and
0.03% CO2). The high precision gases contained 0.00% O2, 5.00% CO2, and 15.00%
O2, 6.00% CO2, respectively (accuracy; O2 ± 0.04% rel. and CO2 ± 0.1% rel.; Air
Liquide AB, Kungsängen, Sweden) for all the studies except for group 2 in the first
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study where the gases contained 15.25% O2 and 5.95% CO2 2 (accuracy; O2 and CO2 ±
2% rel.; Carefusion Germany 234 GmbH, Hoechberg, Germany).

3.2.2 Stationary metabolic system (SMS)
A stationary metabolic gas analysis system (SMS), the Oxycon Pro® (Carefusion
GmbH, Hoechberg, Germany) was used in the mixing chamber mode for all metabolic
measurements in the laboratory. In this system the concentration of oxygen was analyzed by a paramagnetic analyzer and carbon dioxide concentration by an infra-red analyzer. The expired air is sampled continuously from the mixing chamber through an
outer nafion tubing that connects to a nafion tubing on the inside of the equipment and
that terminates at the analyzer inlets. VE is measured through a digital volume transducer (DVT) which is attached to the outlet of the mixing chamber. In addition, HR is
also recorded via a polar transmitter and averaged every 15 s. The equipment was
switched on 30 minutes before data collection and calibrated before and after each test
using the built-in automated procedures and according to the manufacturer’s recommendations. The ambient conditions were first recorded, followed by calibration of the volume sensor and the gas analyzers. A high precision gas of 15.00% O2, and 6.00% CO2
(accuracy: O2 ± 0.04 % rel. and CO2 ± 0.1 % rel.; Air Liquid AB, Kungsängen, Sweden) was used for calibration.
A face mask with non-rebreathing air inlet valves (Combitox, Dräger Safety,
Lübeck, Germany) was used. It was carefully fitted on the subject and checked for air
leakage immediately prior to the measurements by the investigator and adjusted until no
leakage occurred. For several subjects, a rubber insert was taped inside the top of the
mask to prevent air leakage from the bridge of the nose. A tube (inner diameter of 35
mm) attached to the mask led the expired air into the mixing chamber. Measurement
variables were exported to Excel for further processing.
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3.2.3 Mobile metabolic system
(MMS)
A mobile metabolic system (Oxycon Mobile®
with 2 versions of software; version JLAB
4.61.1 and JLAB 5.01, (Carefusion GmbH,
Hoechberg, Germany) was used for studies 1,
2, 5 and 6. An adaption of JLAB 5.01 (JLAB
5.21) incorporated a changed method of HR
analyses. All raw data were analyzed with
JLAB 5.21.
The main components of MMS consist of a
sensor box (SBx) for analysis of O2 and CO2
and retrieval of the signal from a digital volume
transducer (DVT), a box for data storage, wireless transmission and battery power supply
(DEx) and a base station unit (PCa) for calibraFig. 4. The MMS facemask with the digital
tion, wireless transmission (receiver to DEx)
volume transducer (DVT) and a wind shield
and cabled transmission to a computer. The total weight of the equipment which is carried by the subject is 950g (SBx, DVT and
DEx). The DVT is connected to a face mask (Fig. 4 and Fig. 5) and the gas volume is
determined by measuring the flow of gas through a lightweight, low resistance impeller
inside the DVT. A sampling tube (nafion tubing) is connected to the DVT and expired
air samples are transported through this tube to the O2 and CO2 gas analyzers in the
SBx. O2 concentration is analyzed in the SBx in a microfuel cell using electrochemical
principles. CO2 concentration is analyzed on thermal conductivity principals. The DEx
box retreives data from the SBx (VE, O2, CO2 and heart rate via polar belt) and transfers
it wirelessly (range 1000 m in an open space area) to a base station (PCa unit) connected
to a computer. An integrated back-up memory (flash card) stores the measurements in
the DEx for replay if the DEx is out of range for telemetric transmitting (Fig. 5).
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Fig. 5. Schematic drawing of the mobile metabolic system (including drying unit). SBx = sensor unit; DEx =
data storing unit; PCa = power calibration unit

Gas exchange and VE variables are measured breath by breath and averaged over 15
second periods for data analysis. During exercise, the battery operated MMS is strapped
to the chest or the back of a subject using a specially designed backpack. Continuous
data sampling for up to four hours is possible (Oxycon Mobile Instruction manual, version 4.6, art. No. 781023, Healthcare GmbH, Würzburg, Germany).
Face masks (Dräger Safety, Lübeck, Germany) were used with the DVT inserted into
the mask. The same care was taken in fitting them as with the SMS masks (see 3.2.2).
3.2.3.1

Dryer Unit

A dryer unit (prototype) developed by Relitech (Nijkerk, The Netherlands) was used in
studies 2, 5 and 6. The reason for this development is described in Appendix 1. The drying unit was developed based on the theoretical behaviour of nafion material which is
that it is very highly permeable to water but not to O2 and CO2. Nafion is used to selectively dry or to humidify gases (Perma Pure LLC, Toms River, NJ, USA). This is done
by equilibrium of the gases on either side of the nafion tubing. (PermaPure Inc. New
Jersey, USA). The unit consists of a spiral 1cm diameter tube attached, via a thinner
tube, to an absorbent container with a pump (Fig. 6). The nafion sampling tube is inserted into the spiral tube and then attached to the DVT and the sensor box as described
in 3.2.3.
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When the pump is switched on, air is drawn through the absorbent container which is
filled with a chemical drying agent (silacagel drying beads; Sorbead Orange Chameleon, Engelhard Process Chemicals
GmbH, Nienburg, Germany). Water vapour in the air is removed and the dried air
is then pumped into and through the spiral
tube at a rate of 150-180 mL/min thus creating a flow of dry air around the nafion
tube which increases its humidity removal
capacity through equilibrium of the water
vapour condensation.
3.2.3.2 Preparation of the MMS prior
to field measurements
As recommended by the manufacturers, the
MMS equipment with the dryer unit was
assembled and switched on at a minimum
Fig. 6. The drying system with the inlet for dried of 30 minutes before each test (Viasys
air attached to the spiral tube where the Nafion
Healthcare GmbH 2004). The DVT and gas
air sampling tube connects to the sensor box
analysers were calibrated immediately before and after each experiment via the integrated automatic calibration procedures. The
‘‘after-calibration’’ was to control for potential dysfunction (see Appendix 1). Twopoint calibrations using atmospheric air and one high precision calibration gas (15.00%
O2 and 6.00% CO2 Air Liquide AB, Kungsängen, Sweden) were performed. The MMS
units were then placed in the back-pack on the subject and the DVT and sampling sensor attached to the fitted mask. An initial check phase of approximately two minutes
confirmed recording after which the measurement was started.
3.2.3.3

Wind simulation system

Wind was produced using a gym mat pump (eurogymnastic equipment AB, Goteborg,
Sweden) This was used for procedure 1 in the second study. The wind simulation system was able to blow out air at 18–20 m·s¯¹.
3.2.3.4

Wind meter

A hand held wind meter (ADC wind, Silva Sweden AB, Sollentuna, Sweden) was used
to measure the strength of the wind. This was used for procedure 1 in the second study.
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3.2.3.5

Wind shield

A wind shield was used with the MMS at all times (Viasys Healthcare GmbH. Hoechberg, Germany). This is positioned close to the DVT (Fig. 4).

3.2.4 Ergometer cycle
A manually braked pendulum ergometer cycle (828E Monark Exercise AB, Varberg,
Sweden) was used. The calibration of the ergometer was checked prior to the studies using high-accuracy weights (1, 2, 3, 4 and 5 kg) to check the scale for the pendulum balance. Re-calibration is not necessary as long as the pendulum weight is unchanged recalibration is not necessary (von Döbeln 1954). Ergometer calibration was further
checked with a certified Ergocal 601 calibrator (HBS Sondergerate und Steuerungsbau
GmbH, Rudolstadt, Germany). High accuracy of the specific ergometer was confirmed
since the maximal difference detected between the ergometer and the calibrator was
2.8% at power outputs of 50, 100, 150, 200 W and cadences of 50, 60, 70 and 80 revolutions per minute (rpm).
Before each experiment, the scale was zero adjusted while each subject sat on the
saddle with their feet resting on the frame between the pedals, hands on the handle bars.
The saddle height was adjusted so that each subject reached the pedals in their lowest
position with their knees slightly flexed. The handle bars were adjusted so that each
subject sat upright and felt comfortable. These positions were noted in the protocol to
keep identical conditions where the same subject participated in several of the studies.
A digital metronome (DM70 Seiko S-Yard Co.Ltd, Tokyo, Japan) was used to help
the subjects keep to the correct chosen cadence while cycling. It was always placed on
the cowl of the ergometer cycle. One investigator stood close to the cycle and had the
responsibility of setting the braking force and to make sure that the cadence was within
the range of ±1 rpm of the target value. As braking force may change slightly over time
due to increased temperature of the friction surface, the position of the pendulum was
checked every minute and the braking force adjusted if necessary.

3.2.5 Heart rate monitor
A Polar electro S610i heart rate monitor (Polar Electro Oy, Kempele, Finland) with a
Polar Wearlink 31 transmitter (Polar Electro Oy, Kempele, Finland) was worn by each
participant. Ultra-sound gel was applied to the transmitter to ensure adequate contact
with the subject’s chest.
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Measurement procedures – study 1
Two versions of the MMS (MMS1 and MMS2) were evaluated during cycle ergometer
exercise over a wide range of VO2 (approximately 1–5 L min-1) in laboratory conditions. The validity and reliability of MMS1 was investigated in the first part of the
study, and validity of MMS2 was investigated in the second part. Two groups of subjects were used in each part of the study to avoid excessive exercise before the VO2 max
test. For the groups performing at higher absolute work rates (groups 2 and 4) submaximal intensities of approximately 40 and 60% of VO2 max were chosen to avoid lactate
accumulation and a concomitant drift in the metabolic variables. The corresponding
work rates were calculated either from recent previous tests or from a pre-test of
VO2max. All tests were carried out at temperatures between 20 and 23°C, in a well-ventilated laboratory.

3.3.1 Evaluation of MMS1
The participants in group 1 began the protocol by sitting still on the bike for 16 min.
They then cycled at a cadence of 50 rpm for 14, 12, 10 and 9 min at 25, 50, 100 and 150
W respectively. At each work rate, the metabolic variables were measured and averaged
with both the DBM and MMS1 for 3 min at 25 and 50 W, for 2 min at 100 W, and for
90 s at 150 W. It took two minutes to swop the systems. The tests were carried out twice
in random order.
The participants in group 2 cycled at submaximal work rates of 152 ± 39 W for 10
min and 226 ± 40 W for 8 min at a cadence of 70 rpm, which corresponded to approximately 40 and 60% of their VO2max. The maximal test began at the 19th minute with the
cadence increased to 90 or 100 rpm, and the braking force on the ergometer lowered to
maintain the previous work rate of ̴60% of VO2max. After 1 min, the work rate was increased by 45 W and 22.5 W for males and females, respectively, and thereafter by 22.5
W every min for both genders until exhaustion. The metabolic variables were measured
and averaged for both the DBM and the MMS1 for 2 x 90 s at 152 ± 39 W and for 2 x
60 s at 226 ± 40 W. The values for VO2 max were calculated by averaging the highest
consecutive VO2 values over 60 s at maximal exercise. This was based on sampling periods of 30 s with Douglas bags and 15 s averaging periods with the MMS1. Each subject was measured twice with the DBM and twice with the MMS1 over 4 days. Measurement order was randomised.
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3.3.2 Evaluation of MMS2
Group 3 cycled at a cadence of 50 rpm for 15, 11, 9 and 8 min at 50, 100, 150 and 200
W, respectively. Data were averaged for 4, 3 and 2 min and for 90 s with each system
at each of the four workloads. The MMS2 tests were performed on one occasion, with
the test order being determined randomly for each system.
Group 4 cycled at 149 ± 23 W for 8 min followed by 219 ± 23 W for 5 min at a cadence of 70 rpm. These work rates corresponded to approximately 40 and 60% of
VO2max. From the 14th min, the work rate was increased by 22.5 W every minute until
exhaustion. During the submaximal exercise both DBM and MMS2 metabolic variables
were measured and averaged for 90 or 120 s at 149 ± 23 W and for 60 or 90 s at 219 ±
23 W. VO2 max values were calculated as described in 3.3.1. Each participant was
measured once with the DBM and once with the MMS2 on two different days with the
order of measurement being randomized.

Measurement procedures – study 2
3.4.1 Effect of external wind
The wind procedure was designed to investigate whether external wind produced differences in measurements with the MMS of VO2, VCO2, RER and VE compared to without
wind. Four male participants cycled on the manually braked cycle ergometer indoors at
work rates of 75, 150 and 200 W. The pedal cadence was 50 rpm. Three different, randomized wind directions were chosen; from ahead, from the side and approximately 45°
diagonally from behind.
The participants cycled at 75 W for 4 min, or until a steady state was reached. Then
2-minute measurements were initiated, first with no wind, then with the three different
wind directions and finally, again, with no wind. The work rate was then increased to
150 and 200 W, respectively, and the procedure repeated. Between 150 and 200 W, the
participants actively rested for 2 minutes by cycling at a self-chosen cadence with a resistance of 5 N (see Fig. 7). In this fashion we could make use of 12 paired comparisons
between each of the three combinations of no wind and external wind.
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Fig. 7. Example of wind procedure test protocol

The wind speed was chosen to simulate the minimum wind one could expect while
commuter bicycling. This was discerned by adding two standard deviations to the average speed of male cyclists, i.e. about 17.2 ± 7.5 km h-1 or 4.77 ± 2.08 m s-1 (Stigell and
Schantz 2006, 2015), and compensating for an active and passive headwind of 18 – 25.2
km h-1 (5-7 m s-1) which gives 50.2 – 57.4 km h-1 (13.9 – 15.9 m s-1). This is classed as a
strong to near gale wind as measured on the Beaufort scale table. The wind simulation
system was able to blow out air at 18-20 m s-1 so, to overcompensate the winds required, that speed was chosen for head- and side winds. The chosen speed of the wind
from behind was 13-15 m s-1 as one has no headwind in this situation. External wind
was applied for each work load. Two investigators carried out the tests, one taking care
of the MMS, ergometer cycle settings and wind meter, the other controlling the wind
simulator.

3.4.2 Effect of a drying unit
The drying unit procedure was designed to check the effect of using a drying unit with
the MMS. VO2, VCO2, RER and VE were therefore measured with and without the drying system at two different workloads. Five subjects cycled on the manually braked cycle ergometer outdoors in temperatures and relative humidities of between 10.6 –
14.4ºC (12 ± 2 º C) and 76 - 93% RH (86 ± 7% RH) respectively. Information about
ambient conditions was obtained from the web site (The Stockholm—Uppsala Air
Quality Management Association 2011) in conjunction with the tests.
Two consecutive 6-minute work rates were performed twice; once with and once
without the drying system. The order of using the drying system was randomized. The
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two workloads were 50 W and 100 W for the women, and 100 W and 150 W for the
men. The cadence was 50 rpm.
While changing the system, which took approximately 10 minutes, the participant continued cycling in a relaxed fashion with a resistance of 5 N and at a self-chosen low cadence. The turbine flow meters and gas analyzers were recalibrated after the change, before the 2 work rates were repeated. They were also calibrated at termination of the test.
Two different investigators carried out the tests and one investigator analyzed all the results.

3.4.3 Stability measurements
The stability measurements were designed to assess the stability of the MMS using the
drying unit and during challenging ambient conditions outdoors. Measurements of VO2,
VCO2, RER and VE were therefore made during exercise outdoors at low temperatures
and high humidity in a shady setting (see Fig. 2). Thirteen participants exercised on the
cycle ergometer outdoors in temperatures and relative humidities of between 0º C and
13º C, (5 ± 4º C) and 43 and 93% RH, (69 ± 16% RH) respectively. Information about
ambient conditions was taken from the web site (The Stockholm—Uppsala Air Quality
Management Association 2011) in conjunction with the tests. The participants were
asked to choose a work rate that they felt they could maintain for approximately one
hour. The work-rates varied from 50 to 150 W at 50 rpm (n=8), and 120 to 240 W at 60
– 90 rpm (n=5). The mean work-rate was 115 ± 53 W.
After an initial six minutes cycling to reach steady state, gas samples were collected
in two Douglas bags for two minutes in each bag (1.5 minutes in each bag for one participant because of greater VE). The DBM was then exchanged for the MMS and the
measurements continued via the MMS system for 45 minutes. The systems were then
switched back and gas samples again collected in two Douglas bags for another 2
minutes. The length of the tests varied between 67 and 90 minutes depending on the
amount of time it took to switch the systems. The average changing time from the DBM
to the MMS was about 10 minutes. It took three minutes to change from the MMS back
to the DBM. The participants cycled throughout the system changes. One investigator
carried out and analyzed all the tests.
To evaluate if there were any differences between no wind in the wind trials with the
stability trials (where there was also no wind), we made use of data from the stability
procedure. One minute after initiating the MMS measurements, a 4-minute-long period
(corresponding to the pair of 2-minute no wind periods at the beginning and end of the
wind procedure) was compared with a 2-minute-long period from the stability procedure (n = 12).
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Absolute measurement values from the stability procedure were also used for comparisons with corresponding values from study one (Rosdahl et al. 2010) i.e. comparing
measurements in outdoor conditions using the drying unit with indoor laboratory measurements without the drying unit.

Pre- measurement tests – studies 3 to 6
3.5.1 Pilot testing of two exercise protocols (A and B) for VO2max
Prior to the laboratory tests an evaluation of two exercise protocols was undertaken to
find the most suitable one for reaching VO2max in normal healthy people.
4 female and 9 male volunteers cycled on the Monark ergometer on two different occasions using the two different protocols. The order of the pilot test protocols was randomly chosen. The level of physical fitness varied between the subjects; some were
high level athletes, others exercised to keep fit. The average age, height and weight for
the males were 39.3 ± 11.9 years, 182.7 ± 9.0 cm and 82.6 ± 7.5 kg, and for the females
37.8 ± 11.1 years, 174.4 ± 6.8 cm and 65.4 ± 10.4 kg, respectively.
Gas exchange and VE variables and HR were measured using the SMS. Heart rate
was also recorded using the Polar Electro S610 heart rate recorder.
The participants cycled at three different sub-maximal work rates followed by an incremental maximal test, as described in 3.6.1.1. The difference between the 2 protocols
was that the work rate during the maximal part of the test was increased every 60 s for
protocol A, and every 30 s for protocol B. To assess the RPE the Borg scale was used
(Borg 1998, p.30). The subjects were instructed on how to use the scale as described in
3.6.1.1. No significant differences were found between the two protocols for both
VO2max and HRmax but as there were tendencies for higher VO2max in the 60 s protocol
(3.54 L·minˉ¹ vs. 3.45 L·minˉ¹), this one was chosen.

Measurement Procedures – studies 3 to 6
The 40 participants were tested at submaximal and maximal loads on three different occasions; twice on an ergometer cycle followed by once on a treadmill (data not used)
while respiratory variables and HR were measured by the SMS. The three tests were all
done on different days. Measurements were then made during normal daily commutes
using the validated MMS.
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Two trained investigators carried out the laboratory tests, each participant having the
same one for each test. Three investigators carried out the field tests; the same one always being in charge of the respiratory and HR measurements. The participants were
not able to drink during any of the tests because of the mask covering their mouths.

3.6.1 Laboratory tests
Before the laboratory tests, the participants were asked to follow the same standard procedures before each test occasion. These were: 1) not to engage in any vigorous exercise
for 24 hours beforehand, 2) not to cycle to the laboratory, 3) to refrain from eating,
drinking, smoking and taking snuff for at least one hour before arrival at the laboratory,
4) not to eat a large meal at least three hours before the tests, 5) to avoid stress and 6) to
cancel the test if they had fever, an infection or a cold.
On arrival at the laboratory a check list was ticked off to determine if the participants
had followed the standard procedures named above. They were then weighed and measured. A Polar heart rate watch and wearlink were then placed on a wrist and around the
chest respectively. This was followed by 10 minutes of quiet rest on a treatment table.
Resting heart rate was determined from the average of the five minutes between the 6th
and 10th minutes.
3.6.1.1

Cycle ergometer exercise protocol

The cycle ergometer was adjusted according to the description under “equipment and
preparations”.
Three different work rates were used; 50, 100 and 150 watt (W) for the women, and
100, 150 and 200 W for the men. A cadence of 50 revolutions per minute (rpm) was
chosen (Åstrand 1952). At each work rate the participant cycled until steady-state, (approximately 6 minutes), after which the resistance was increased. The third work rate
was increased to only 125 W or 175 W for women and men respectively if, after the
second work rate, the subject’s HR was higher than 150 beats/minute and their perceived rate of exertion (RPE) exceeded 15 (Borg 1998). The HR from the Polar watch
and RPE were noted in the protocol after every minute.
Between the second and third work rates the test person continued cycling for 1 minute at a self-chosen low cadence with a resistance of 5 N. The subject was asked to resume the cadence of 50 rpm while the investigator slowly increased the work rate until,
after one minute, the third work rate was reached (resistance was increased to 50 W during the first 15 seconds, to 100 W the second 15 seconds and successively to the required work rate during the last 30 seconds). After the sub-maximal test, the subject
continued cycling for two minutes at a self-chosen low cadence at 5 N.
During the maximal phase, the subjects cycled at a cadence of 80 rpm as this is associated with the longest time to exhaustion for maximal efforts (Foss and Hallén 2004).
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For the first three minutes, the work rates were 60, 100, and 120 or 140 W for one minute each. The latter alternatives (120 or 140 W) depended on which third work rate the
subjects had during the sub-maximal work: 120 W if the third submaximal work rate
had been 125 W or 175 W for women and men respectively; 140 W if it had been 150
W or 200 W for women and men, respectively. The work rate increased thereafter by 20
W every 60 seconds. The test continued until exhaustion. HR was noted before each increase of the resistance and also at the moment when the participant terminated the test
because of exhaustion.
To assess the RPE, an early version of the Borg scale was used (Borg 1998). The
subjects were instructed on how to use the scale before commencing the tests. They
were asked to point to a number on the scale that corresponded to their feeling of exertion for breathing and in their legs respectively before every increase of resistance during the sub-maximal test and directly after the maximal test. During the maximal phase
they continued until exhaustion. To ensure that each subject achieved maximal exertion,
at least two of the following three criteria were met by each subject: 1) a plateau in VO2
despite increasing exercise intensity (defined as a VO2 increment of <150ml), 2) an
RER of ≥ 1.1, and 3) a rating of RPE of ≥ 17 on the Borg scale (Borg 1970; Howley et
al. 1995; Midgley et al. 2007).
The laboratory tests for the bicyclists were completed within an average of 6 ± 7
days. The corresponding time for the pedestrians was 19 ± 18 days. Due to problems
with the MMS which had to be solved and the equipment re-evaluated, 7-12 months
lapsed before 14 of the cycle- and four of the walking field tests took place. Therefore
one more sub-maximal and maximal cycle test in the laboratory was performed by the
concerned participants and those values used as the reference value for the field tests.
Otherwise the values of the 2nd laboratory test were used as the reference for the field
test except for two cyclists and three walkers where the 1st laboratory test was used.
This was due to technical problems with their second test and was deemed feasible as
comparisons between the two tests showed no significant differences (see Results). The
average ± SD time between the reference laboratory cycle ergometer test and the cycle
field tests was 15 ± 10 days. For the pedestrians the time-lapse was 23 ± 19 days.

3.6.2 Field tests
The participants commuted either to or from their work-place choosing themselves
which time was most convenient. 18 of the cyclists (10 men; 8 women) were tested in
the morning (start times between 06:58h and 09:36h) and the remaining two women
were tested after work (start times 17:15h and 17:37h). 18 of the pedestrians (9 men; 9
women) chose to be tested in the morning (start times between 07:26h and 10:15h) and
the remaining two (1 man; 1 woman) after work (start times 16:47h and 16:48h).
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The field trips took place in the inner urban and suburban areas of Stockholm, Sweden. A detailed description of these areas can be found in Wahlgren and Schantz (2011).
The majority of the cyclists commuted from suburban to inner urban areas while the
majority of the pedestrians walked within inner urban areas (see manus. 5 and 6 for
more detail).
They were met at the designated address by one of the investigators while the other
transported the equipment there by car. The investigator checked that the standard procedures as described above had been followed. The MMS equipment (see preparation of
MMS 3.2.3.2) was placed in a specially designed backpack on the participant and the
gas sampling sensors attached to a previously fitted mask. An initial check phase of approximately two minutes confirmed that recording was taking place after which the
measurement was started. Heart rate was also measured using the Polar electro heart
rate recorder. A GPS was placed in the backpack to track the route. The starting time of
the trip was synchronized with the second investigator waiting at the destination. The
participants were not able to drink during their active commute because of the mask
covering their mouths.
On arrival at the destination, the total trip time was noted and the participants were
asked to rate their perceived rate of exertion for both breathing and legs. Then the commuters stated how many stops were made at traffic lights as well as other stops, and
marked them on maps with their routes. They were also asked to confirm whether that
route had been taken the whole way, and if not, any deviation from the originally
marked route was added in the map. The cyclists’ bicycles were weighed and the type of
bike noted.
The average ambient conditions (temperature, relative humidity and wind strength
and direction) during the trips were obtained from the website: The Stockholm-Uppsala
Air Quality Management Association (2011). These are shown in Table 2.
Table 2. Ambient conditions during cycling and walking commuting

Cyclists
Women (n = 10)
Men (n = 10)
All (n = 20)
Range All
Pedestrians
Women (n = 10)
Men (n = 10)
All (n = 20)
Range All
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Temperature

Relative Humidity

Wind speed

(°C)
12 ± 4
10 ± 4
11 ± 4
3 - 19

(%)
70 ± 24
77 ± 12
73 ± 19
31 - 94

(m·s-1)
4.4 ± 1.9
4.0 ± 2.0
4.2 ± 1.9
1.3 - 8.1

16 ± 5
15 ± 7
15 ± 6
5 - 23

64 ± 22
68 ± 21
66 ± 21
34 - 99

3.6 ± 1.6
3.4 ± 1.0
3.5 ± 1.3
1.2 - 6.0

The heart rate from the MMS was used in all cases except where values were missing
due to technical problems. In those cases (three cyclists and three pedestrians), the Polar
heart rate recorder values replaced the missing values. To confirm that this was viable,
all the polar HR values were matched against the MMS-HR in each individual to check
for differences between the two methods. No significant differences were found (see
manus. 5 and 6 for more detail).

3.6.3 Choice of statistical methods in validity and reliability
studies
The Student’s paired t-test (normally distributed, ratio or interval data) or Wilcoxon
signed-rank test (non-normally distributed or ordinal data) are used to compare repeated
measurements, while the Student’s independent t-test or Mann-Whitney U-test are used
to compare data from between-groups or between-instruments testing. However the ttest is not designed to assess random variation between tests, although the results from
the tests partly rely upon variation between and within individuals. For example, a
paired t-test might show a non-significant difference between tests and thus good reproducibility could be considered and also concluded, when in fact there are large variations on the individual level, which means that reproducibility is actually quite poor,
with low (or limited) systematic difference and large random error. Consequently the ttest should be complimented with other statistical tests when assessing reliability as
well as a logical analysis on the part of the researcher interpreting the results (Atkinson
and Neville 1998).
Correlation, described by the Pearson’s correlation coefficient, studies the relationship between one variable and another. It does not describe the differences, and consequently is not appropriate for assessing the comparability between methods or test-retest
measurements (Atkinson and Nevill 1998; Giavarina 2015). The intra class correlation
(ICC) has an advantage over the Pearson’s correlation in that it can be used when there
are several retests being compared. Both ICC and Pearson’s correlation coefficient are
affected by sample heterogeneity however. In other words you could have a high correlation but still an unacceptable measurement error as your logical interpretation. Atkinson and Neville, (1998) suggested not using the ICC as the sole statistic in a reliability
study until more work is done to define acceptable ICCs.
Absolute reliability, where measurement error is expressed in the unit at hand rather
than in percent or as a ratio, can be analyzed using the standard error of the mean (SEM)
or standard error of the estimate (SEE). An important relative measure of reliability is
the coefficient of variation (CV) when expressed as a percentage. Both have the advantage that they can be used to compare reliability between different studies irrespective of calibration or scaling (Hopkins 2000, Atkinson and Neville 1998). If the CV is
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expressed as a percentage, it takes into account if an error increases in magnitude as the
value of the measurement becomes larger (heteroscedasticity). The limitations of using
CV is that there is no agreement of an acceptable level of CV (Atkinson and Neville
1998).
There are arguments for not using SEM instead of SD. (Atkinson and Nevill 1998;
Hopkins et al. 2009) . One is that it is still unclear in the literature which SEM statistic
indicates adequate reliability (Atkinson and Neville 1998). However, it gives a measure
of how much variation can be expected when expressed in the units of interest. Confidence intervals are probably more relevant to use instead of SEM according to Hopkins
et al. (2009) thus making SEM “redundant and inferior”.
Another measure of reliability is the limits of agreement (LoA). It is based on quantifying the agreement between two tests by examining the mean difference and constructing 95% limits of agreements (Atkinson and Neville 1998; Giavarina 2015). The LoAmeasure is interpreted as being the interval between which a new, individual observation will appear, with a given probability (usually 95%). A graphical approach can be
used - the Bland Altman plot (1999) - to give a visual understanding of systematic and
random error by examining how the values (direction and size) are scattered around the
zero line (Atkinson and Neville 1998). As LoA is dependent on the sample size, Hopkins, and Atkinson and Neville (2000; 1998) advise against using it in reliability studies
with small sample sizes (8-40 participants) as the bias is greater than for example CV.
A final comment is that all statistical analyses should be supplemented with logical
interpretations from the researcher of what the statistical outcomes actually mean from a
practical or clinical aspect.

Statistical analyses
All data were entered into the Statistical Package for the Social Sciences (SPSS, 17.0,
Chicago, IL, USA). Statistical analyses were thereafter performed in the SPSS. All values are presented as mean ± SD unless otherwise stated. Data were first checked for
normality of distribution using all the normal exploratory data analyses. The significance level was set at P < 0.05. With two comparisons making use of the same data
(study 2), the statistical level of p < 0.025 was used making a Bonferroni correction.
For the rationale of the choice of statistical analyses see 3.6.3.
The Student’s paired t-test was used to evaluate the validity of the MMS against the
DBM. Bland Altman plots were used for visualization of agreement between instruments (Bland and Altman 1999). Analyses of absolute and percent differences between
groups were performed using Student’s paired and one-sample t-tests.
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Reliability was also analyzed with the CV. The CV was calculated by dividing the
standard deviation of the difference between the test–retest values by √2. This value
(typical error) was then divided with the average of the test–retest values and multiplied
by 100 (Hopkins 2000).
One-way ANOVA with Tukey HSD and Scheffe post hoc tests was used to compare
differences between more than two groups.
For the submaximal tests in the laboratory, the mean of the four 15 s periods of consecutive values for VO2 and HR for the last minute of each load were analyzed. The values for the maximal tests were calculated by averaging the highest four 15 s periods of
consecutive values for VO2 and HR at maximal exercise, i.e. a collection period of 60 s
(Howley et al. 1995). The same corresponding values were used for both VO2 and HR.
Linear regression analysis and Pearson’s correlation coefficient (r) were used to describe the HR-VO2 relationship at test-retest for each individual in the reproducibility
studies (studies 3 and 4).
To capture the nuances of the active commuting, all the field values of HR were
sorted from lowest to highest (VO2 remaining attached to its corresponding HR) and divided into five HR levels from the lowest to the highest (0-20%, 21-40%, 41-60%, 6180%, 81-100% of the highest HR during the field test). The average HR and VO2 was
calculated for each of the five groups. The average VO2 and HR of the whole field trip
was also calculated.
The three submaximal steady-state VO2 and HR values of the reference cycle ergometer test from the laboratory for each individual, were plotted in a diagramme and linear
regression equations were calculated to determine the individual HR-VO2 linear relationships. The averages of each of the five HR groups from the field data were plotted
in the same way (Fig. 8).
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Fig. 8. Example of one individual's HR-VO2 relationship for the submaximal laboratory ergometer cycle test
and the field measurements during commuting

VO2 (x) from the regression equation from the reference laboratory submaximal cycle
test was isolated for each individual. HR (y) in the equation was then replaced with the
HR from the field to calculate the expected VO2 in the field according to the laboratory
tests. This was done for each of the 5 intensity groups and for the whole field trip. (Table 3).
Table 3. Example of expected VO2 for a cycle commuter estimated from ergometer cycle

Group

Actual values in
field
HR (y) VO₂ (x)

Expected VO₂ in field
estimated from lab tests
VO₂ (x)

HR(y) = 31.53x + 65.87

0-20%

115

1.44

1.56

VO₂(x) = (y - 65.87)/31.53

21-40%

130

1.87

2.03

or VO₂ = (HR - 65.87)/31.53

41-60%

138

2.13

2.29

61-80%

141

2.21

2.38

81-100%

147

2.32

2.57

field mean

134

2.00

2.16

Example: HR of 138 in the field gives a corresponding VO₂ of 2.13 L•min¯¹. HR of 138 is put
into the laboratory regression equation x = (y-65.87)/31.53 giving x = (138-65.87)/31.53 resulting
in x = 2.29 L•min¯¹. So the VO₂ one would expect in the field would be 2.29 L•min¯¹ which is a
7% over-estimation of the actual field measurement in this case.
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Additional methodological considerations
related to field measurements

Quality control of metabolic gas systems in
laboratory prior to field measurements
It is important to demonstrate that, once validated, a metabolic gas system will remain
stable not only over the data acquisition measurement but also over time (i.e. over
months or years).Two approaches can be used – 1) comparisons with a criterion
method, and 2) comparisons with a metabolic simulator. The advantages of using a metabolic simulator are that gas exchange parameters can be controlled, and they are less
time-consuming to use (Huszczuk et al. 1990). Their disadvantage is that they do not
precisely reproduce the real biological conditions of human exercise. However, in conjunction with the first approach an overall view of the accuracy of the systems can be
obtained over time. Consequently, immediately prior to the field measurements, we controlled both the SMS and the MMS using the DBS as the criterion method. After that,
control measurements were made using the metabolic simulator during the period of
data collection - a period of three years. For more detail, see Appendix 1.

4.1.1 Validation of the SMS against the Douglas bag method
For this purpose, 8 subjects (6 males and 2 females) were measured at 3 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.
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To synchronize the analyses of the data collected by the stationary metabolic system
with that of the DBM, it was exported as 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. In this way each breath is valued by
its actual length of time rather than each being valued as having the same length and averaged with this as the criteria.
The results from the SMS compared well with the DBM for all measured variables
(see Appendix 1). Although the statistical analysis in most cases showed significant differences, the percent differences were small (between 0,95% for VE work rate 1 and
4,21% for VCO2 work rate 3). The size of the differences in the VO2 measurements
were comparable with Foss and Hallén (2005) although in the opposite direction (see
Table 2 in Appendix 1).

4.1.2 Validation of the MMS against the Douglas bag method
The same 8 subjects as above were measured at the same 3 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
(see Appendix 1). The statistical analysis in most cases showed no significant differences except for VO2 and VE at the lowest submaximal rate (95 ± 34 W) with absolute
and percent differences of 0.06 L min-1 or 4.2% for VO2, and 3.2 L min-1 or 9.7% for
VE. These results were slightly higher than Rosdahl et al. (2010) where VO2 and VE
were 0.0 and 1.2 L min-1 or 0.2 and 3.4% higher with the MMS than with the DBM at a
similar work rate.

4.1.3 Control measurements over time using the metabolic
simulator
The value of using a metabolic simulator to control measurements with the SMS and the
MMS over time is that this semi-criterion method is simple to use. When studies, as in
our case, are undertaken during a prolonged period, this becomes a valuable way of controlling the stability of the instrumentation with time passing. This was even more important as we had to make use of three different Sensor boxes (SBx) with the MMS,
which meant that we also made use of three different pairs of oxygen and carbon dioxide sensors.
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During the period of data collection, the SMS was controlled thrice by the manufacturer and thrice in our own laboratory using the same type of metabolic simulator (Vacumed 17056, Ventura CA 93003, USA). The MMS was controlled once by the manufacturer and 11 times in our own laboratory. On each occasion the metabolic systems
were tested using the same settings as the manufacturer (VO2 and VCO2 levels of 1, 2,
3, and 4 L min-1 , VE at 40, 80, 120 and 160 L 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-1. Here, the minimum levels were 0.4 and
0.6 L min-1 lower respectively than the accepted level. Student´s paired samples and
one-sample t-tests showed no significant differences for any of the variables at all the
predicted levels except for VE at 40 L min-1 (see Appendix 1).
For the MMS, all the parameters measured were within the boundaries of acceptance
except VO2 at 4 L min-1 at the maximum accepted level. The average absolute difference between the predicted and actual measurement however was 0.086 L min-1. 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 Appendix 1)

Quality control during field measurements
The results of the second study (Salier Eriksson et al. 2012) furthered our understanding
of the MMS to the extent that we felt we could begin the field measurements of real life
cycling and walking commuting (studies 5 and 6). This was also strengthened by the results of the checks of the MMS described above. After thirteen of the planned 40 measurements we observed that, in a number of them, the recorded fraction of oxygen (FiO2)
in the inspired air was unstable. This is normally compensated for in the software to
give the correct VO2 measurements but we noted that the fluctuating FiO2 had direct implications on the recorded VO2 (Fig. 9).
We contacted the manufacturers of the MMS, and they modified the software (version JLAB 5.01) to solve the problem. We subsequently found out that the system for
heart rate recordings used in the new software was based on spot measurements in a
time period, rather than averaging of a time period. Another software development was
made (version JLAB 5.21) and because of this, we decided to replay all the original signal recordings in the newest software.
This experience led us to the conclusion that we needed to develop new pathways to
check if we could rely on our field commuting data. One such path was to check
whether alterations in HR coincided more or less with alterations in VO2 indicated by
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the MMS. Other forms of controls involved gas and VE data from the field measurements and calibrations made before and after each test. Equipped with the cyclists and
pedestrian data as well as the stability data from study 2, the following controls were

Fig. 9. Example of fluctuations in FiO2 with concomitant VO2 fluctuations. x-axis = minutes; y-axis for FiO2
= %; y-axis for VO2 = L min-1

made: 1) a visual check to see if the alterations in HR coincided with alterations in VO2,
2) comparisons of drift in FiO2 and FiCO2 before and after the outdoor stability and
field tests, 3) measurements of calibration of the O2 and CO2 analyzers before and after
the field tests and 4) measurements of calibration of the volume sensors before and after
the field tests (for more detail see Appendix 1).

4.2.1 Visual check of parallelism between alterations in heart rate
and VO2
After the replaying of all the original signal recordings in the new software (JLAB
5.21), we made visual checks of FiO2 versus VO2 for each participant and found several
cases of fluctuations in FiO2 with concomitant fluctuations of VO2 such as seen in Fig. 9
but with a much smaller magnitude. These could have occurred purely by chance. To
see if this was the case, we visually checked each individual’s HR versus VO2, expecting that alterations in HR in the field tests should have more or less similar alterations in
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VO2 (see Appendix 1 for more detail). This was indeed the case and thus these tests
were deemed valid from that perspective.

4.2.2 Controlling pre and post FiO2 and FiCO2 drift in outdoor
stability and field tests
Given the experience we had with fluctuating FiO2 we considered it important to control
for any systemic changes in both FiO2 and FiCO2 during the commuting studies and to
compare it with any changes in these variables occurring in our stability field tests – in
other words, using the stability tests as a reference. Since the latter tests had shown validity, we regarded them as valid reference data; i.e. if data concerning drift from the
field commuting studies conformed to those from the stability study, we reasoned that
we could rely on the data from the field commuting studies.
FiO2 and FiCO2 are measured continuously with the MMS rather than assumed to be
constant. Table 4 shows average differences between FiO2 and FiCO2 pre and post for
each group (See Appendix 1 for details).
Table 4. Pre- and post-values of FiO2 and FiCO2 and differences/minute in outdoor stability and field tests

Pre-values

Post-values

% diff/min

p-value

FiO2
Outdoor stability (n=12)

20.96 ± 0.07

20.54 ± 0.22

0.010 ± 0.005

0.00

Pedestrians (n=19)

21.04 ± 0.13

21.04 ± 0.14

0.000 ± 0.008

0.99

Cyclists (n=20)

21.04 ± 0.10

20.74 ± 0.34

0.010 ± 0.009

0.00

FiCO2
Outdoor stability (n=12)

0.04 ± 0.10

-0.002 ± 0.14

0.001 ± 0.003

0.25

Pedestrians (n=19)

0.14 ± 0.17

0.09 ± 0.25

0.002 ± 0.010

0.28

Cyclists (n=20)

0.25 ± 0.21

0.19 ± 0.33

0.002 ± 0.008

0.23

Values are shown as % means ± SD. The levels of significance are based on Student’s paired ttests of pre- to post-values

We compared the differences per minute of FiO2 and FiCO2 between the outdoor stability and cycle or pedestrian tests using a one-way ANOVA with Tukey HSD and
Scheffe post hoc tests. 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.
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4.2.3 Controlling calibration factors of the gas analyzers and
volume sensors pre and post the field tests
To calibrate an instrument means to check and, if necessary, to adjust its response so
that the digital output corresponds to the analogue input – analogue being in this case
gases. This is done by subjecting the instrument to a precisely known input stimulus
(calibration gas) and comparing the response of the instrument. The instrument is adjusted using algorithms incorporated into the system to ensure that it responds accurately. In the perfect world the measurements should be linear but practically this does
not occur. The adjustments are made using offset and calibrating (gain) factors. One can
consider offset and gain as the intercept and slope of a regression equation, y = mx+b,
where offset (b) is the intercept and gain (m) is the slope.
Before and after each test, the gas analyzers and volume sensors were calibrated. We
found that there were differences between the pre- and post-calibrations of offset, gain
and also delay time and, with help from the manufacturers of the software for the MMS
(Relitech, Nijkerk, NL), analyzed what these differences could mean to our VO2 values.
The influence of changes in offset on VO2 and VCO2 is negligible (personal communication with Jan Marten van den Burg, Relitech, Nijkerk, NL, October 30, 2014) as an
offset error in the inspiratory gas values is compensated by the software so will not affect measurements.
The influence of changes in gain (or calibrating factor) is directly proportional to the
calibrated difference e.g. a difference of 2 % from the pre- to post-calibration of gain
will give a corresponding 2 % difference in VO2 and VCO2.
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 gas analyses and, if it is not compensated for, an error in the calculation of
VO2 will be the result. The effect of an error in delay time depends on the breathing frequency. We consequently calculated the estimated error in VO 2 taking into account
breath frequency (see Appendix 1 for more detail). The average estimated error for O2
was 0.25 ± 1.1% for the 15 cyclists and -0.22 ± 1.07% for the 16 pedestrians who had
the necessary data for the calculations (Table 5 and Table 6).
A change in the calibration flow factor (i.e. a change in the gain of the volume sensor) gives a proportional change to the calculated VO2, VCO2 and VE (from personal
communication with Jan-Marten van den Burg, Relitech, Nijkerk, 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 the flow calibrations there
was a decrease of 0.7 ± 2.7 % for all the tests together but a significant decrease of 2.3 ±
2.32 % for the cyclists (Table 5).
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Knowing what each of gain, delay time and flow differences can contribute to potential error in VO2, it is possible to calculate the potential accumulated effect for each individual as this could explain any large individual differences. The accumulated percent
error in VO2 for gain, delay time and expired flow showed potential individual errors of
VO2 ranging from -5.13% to 4.20% for the cyclists and -3.59 to 4.84% for the pedestrians (mean -2.11 ± 2.77% and 0.42 ± 2.64% for the 15 cyclists and 16 pedestrians respectively who had all three values to add up (Table 5 and Table 6). However, note that
these changes could occur over a longer time than the active commuting, since calibration times did not match the commuting times. In other words, if changes in the calibration factors occur over the whole time and not just during the measurements, then this
means that the errors are smaller during the active commuting. For further details, see
Appendix 1.
Table 5. Percent differences of pre- to post-calibrations of the MMS for gain, delay time and flow for cyclist
commuters

% differences pre- and post-calibration for O2
Cyclists

Men
(n = 7)

Women
(n = 8)

mean
SD
p-values

Calibrating
factor (gain)
0.86
0.29
-1.25
-0.10
0.39
3.64
4.13
-2.74
-4.49
-0.48
-1.90
-1.61
0.20
1.74
0.38

Est. % error
from delay time
0.58
0,00
0,00
0,00
0.82
3.11
1.17
-1.78
-0.81
0,00
-0.37
-0.44
0.9
0.92
-0.36

Flow C Exp.
-4.80
-5.12
-1.14
-2.72
-2.42
-5.30
-1.10
-0.61
1.31
0.77
-2.65
-2.84
-3.00
-5.82
0.93

Accum. % diff
in gain, delay
and flow
-3.36
-4.83
-2.39
-2.82
-1.22
1.46
4.2
-5.13
-3.99
0.28
-4.91
-4.89
-1.9
-3.15
0.95

-0.06
2.24
0.915

0.25
1.1
0.396

-2.30
2.32
0.002

-2.11
2.77
0.010
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Table 6. Percent differences of pre- to post-calibrations of the MMS for gain, delay time and flow for pedestrian commuters

% differences pre- and post-calibration for O2
Pedestrians

Men
(n = 8)

Women
(n = 8)

mean
SD
P values

Calibrating
factor (gain)
-1.37
0.7
2.56
-1.37
0.49
-0.39
0.19
-0.58
0.09
-1.2
0.09
-0.09
-0.58
0.93
0.56
-1.12

Est. % error
from delay time
-0.94
-0.27
3.03
-0.34
-0.87
0.00
1.30
-1.14
-0.41
-0.89
-0.37
-0.42
-1.29
-0.74
0.34
-0.55

Flow C Exp.
0.53
0.11
-1.72
-0.56
-0.57
4.88
-3.13
-0.28
2.6
-1.5
-0.13
2.01
-0.16
1.19
3.94
4.13

Accum. % diff
in gain, delay
and flow
-1.77
0.54
3.87
-2.27
-0.95
4.49
-1.64
-2.00
2.27
-3.59
-0.42
1.50
-2.03
1.38
4.84
2.46

-0.07
1.02
0.794

-0.22
1.07
0.418

0.71
2.26
0.229

0.42
2.64
0.536

Summary of the methodological considerations
The SMS and MMS compared well with the DBM. The statistical analysis in most cases
showed no significant differences and in the cases where there were significant differences, the percent and absolute differences were small. This is in line with Carter and
Jeukendrup (2002) who found that the mean absolute values of VO2, VCO2 and RER
for a similar SMS achieved from steady-state cycle testing at 100 and 150W were comparable to the golden standard DBM. Rietjens et al. (2001) also compared the SMS with
the DBM and found good agreement between the two for VE, VO2 and VCO2 during
low (95W) up to maximal exercise intensities.
Similar agreement can be seen in study 1 (Rosdahl et al 2010) for the results of the
MMS although slightly smaller % differences for VO2 and larger % differences for RER
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are seen as compared to this pre-field test control (see Appendix 1). No other studies to
date are available that validate the MMS against the criterion method DBM.
Comparisons of the SMS and the MMS with the metabolic simulator gave acceptable values. As all the field tests, for different reasons, took approximately 3 years to
complete, the metabolic simulator controls were a valuable way of controlling the stability of the instruments over time. Only very minor deviations in values occurred, and
this, in spite of changes in the sensor boxes. Based on the overall findings presented
here, our conclusion is that using the metabolic simulator is a feasible method of controlling the accuracy of the SMS and MMS during a period of testing. However, because metabolic simulators do not generate humidified fractional gases, it is probably
best not to use them as the only validation method but in conjunction with the DBM.
Although some statistically significant differences were detected, differences in FiO2
and FiCO2 per minute from pre- to post-calibration were small (see Table 4) as well as
differences between the tests. As changes in FiO2 and FiCO2 should be corrected for in
the software of the MMS to prevent errors in VO2 and VCO2 values occurring, it is
probably more relevant and quicker to visually determine possible discrepancies, both in
the FiO2 versus VO2, and VO2 versus HR patterns, which is how we originally detected
a problem. We interpreted our controls as a good way to assess the accuracy of data and
as another sign of plausible internal validity of the data from the cycling and walking
commuting measurements.
Any differences seen in gain (or calibrating factor) from pre- to post-calibration of
the gas analyzers are reflected in directly proportional errors in VO2 and VCO2 values.
In the field commuting studies the pre- and post-calibration values are seen to be rather
stable, which lends support to the metabolic measurements being valid.
Understanding the potential for error in changes in delay time is complex as the size
of the errors depends on the breathing frequency in combination with the delay time
(see 4.2.3). Proctor and Beck (1996) describe this well when testing subjects during exercise, and systematically varying the delay times and breathing frequency. They found
30% errors in VO2 measurements at high breath frequencies (ca 70 bpm) whereas the
same error in delay time at lower breath frequencies (15 – 30 bpm) gave acceptable VO2
measurements. In other words, there is a greater chance of error in VO2 measurements
with incorrect delay times at higher breathing frequencies. Errors of this magnitude are
of course unlikely if equipment is calibrated properly (Winter 2012). The breath frequency rates of both cycling and walking commuters were relatively low (ranging between 23.47 to 26.98 bpm) and this is reflected in the small % estimated error in delay
time that we saw (Table 5 and Table 6).
The accumulative potential for errors in measurement (i.e. the sum of the % differences from each of gain, delay time and flow) in the cycling and pedestrian commuting
tests were small. At most, there are indications of average accumulative errors of up to
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about 2.1%. This indicates that changes introduced by differences in calibration pre and
post the commuting field studies cannot have caused non-validity in the measurements
and that the commuting field tests were undertaken with stable and valid measurement
conditions. We recommend using these controls of pre- and post-calibration when using
portable gas metabolic systems to ensure stable and valid measurements and to enable
early detection of potential problems (Garcia-Tabar et al. 2015; Winter 2012). For further details, see Appendix 1.
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Results

Validity and reliability of the MMS in laboratory
conditions (study 1)
The validity of the MMS1 showed systematic errors in VO2 and VCO2 measurements at
low sub-maximal and maximal work rates (Rosdahl et al 2010). Because of this, we did
not continue using this instrument.
Generally, the mean VO2 values for the MMS2 agreed well with the DBM (see Table
7). VCO2 values, however, were significantly higher for the MMS2 at all but one work
rate (range 3.4 – 6.6%) which meant that the RER was concomitantly higher (range 3.7
– 6.9%). VE was significantly lower at VO2max (-4.1%) while at 150W, values were significantly higher (7.7%).
The reproducibility of measurements with the DBM and the MMS1 is given as the
coefficient of variation (see table 2 in Rosdahl et al. 2010). There were no significant
differences between test 1 and 2 except for the DBM at VO2max for VO2 (1.6 ± 2.5%, p
< 0.05), VCO2 (3.0 ± 3.3%, p < 0.01), and RER (1.4 ± 1.7%, P < 0.01). The CVs were
generally smaller at higher work rates.

63

Table 7. Validity of metabolic variables measured with the MMS2 (from Rosdahl et al. 2010)
DBM

OMPS2

Absolute diff.

Relative diff. (%)

Work rate

Mean

SD

Mean

SD

Mean

SD

P

Mean

SD

P

50 W

1.04

±

0.06

1.07

±

0.08

0.03

±

0.04

*

2.6

±

3.7

*

100 W

1.63

±

0.19

1.63

±

0.18

0.00

±

0.07

n.s.

0.2

±

4.6

n.s.

150 W

2.18

±

0.10

2.20

±

0.08

0.01

±

0.06

n.s.

0.7

±

2.8

n.s.

200 W

2.86

±

0.10

2.83

±

0.13

-0.04 ±

0.09

n.s.

-1.2

±

3.2

n.s.

149±23 W

2.21

±

0.30

2.18

±

0.30

-0.03 ±

0.04

*

-1.3

±

1.8

*

219±23 W

3.04

±

0.31

3.01

±

0.31

-0.03 ±

0.07

n.s.

-1.1

±

2.2

n.s.

VO2 max

5.10

±

0.37

5.03

±

0.39

-0.07 ±

0.14

n.s.

-1.4

±

2.9

n.s.

50 W

0.92

±

0.07

0.96

±

0.05

0.04

±

0.07

*

5.3

±

7.7

*

100 W

1.44

±

0.19

1.50

±

0.19

0.06

±

0.09

*

4.3

±

7.2

*

150 W

1.98

±

0.09

2.11

±

0.08

0.13

±

0.07

***

6.6

±

3.5

***

200 W

2.69

±

0.14

2.79

±

0.18

0.10

±

0.10

**

3.6

±

3.5

**

149±23 W

1.98

±

0.25

2.02

±

0.27

0.05

±

0.09

n.s.

2.3

±

4.6

n.s.

219±23 W

2.77

±

0.32

2.86

±

0.30

0.09

±

0.11

**

3.4

±

4.1

**

VO2 max

5.90

±

0.41

6.22

±

0.45

0.31

±

0.16

***

5.3

±

2.8

***

50 W

0.88

±

0.07

0.90

±

0.05

0.02

±

0.05

n.s.

2.5

±

5.1

n.s.

100 W

0.88

±

0.05

0.92

±

0.04

0.03

±

0.02

***

4.0

±

2.9

***

150 W

0.91

±

0.04

0.96

±

0.04

0.05

±

0.03

***

5.9

±

3.5

***

200 W

0.94

±

0.05

0.99

±

0.05

0.05

±

0.02

***

4.9

±

1.9

***

149±23 W

0.90

±

0.03

0.93

±

0.04

0.03

±

0.04

*

3.7

±

4.7

**

219±23 W

0.91

±

0.02

0.95

±

0.04

0.04

±

0.03

***

4.6

±

3.4

***

VO2 max

1.16

±

0.03

1.24

±

0.05

0.08

±

0.03

***

6.9

±

2.9

***

50 W

27.1

±

5.1

28.0

±

2.3

0.90

±

4.81

n.s.

5.6

±

15.4

n.s.

100 W

38.1

±

4.6

39.3

±

4.7

1.20

±

2.74

n.s.

3.4

±

7.6

n.s.

150 W

49.8

±

5.4

53.2

±

2.8

3.41

±

4.53

*

7.7

±

9.9

**

200 W

67.6

±

8.5

69.3

±

7.8

1.65

±

5.26

n.s.

2.9

±

7.2

n.s.

149±23 W

51.2

±

8.4

50.9

±

9.1

-0.32 ±

3.70

n.s.

-0.5

±

7.0

n.s.

219±23 W

69.2

±

13.0

69.0

±

10.8

-0.19 ±

5.25

n.s.

0.7

±

7.5

n.s.

VO2 max

196.4 ±

29.6

187.6 ±

24.1

-8.85 ±

9.75

**

-4.1

±

4.8

**

VO2
(L·min-1)

VCO2
(L·min-1)

RER

VE
(L·min-1)

Values for work rates 50-200 W are based on one group with 15 subjects. Values for work rates
149 W- VO2 max are based on another group of 15 subjects. The levels of significance are based
on Student´s paired t tests, in which the absolute and the relative differences, respectively, between the DBM and the second-generation MMS (MMS2) were used. *P<0.05, **P<0.01,
***P<0.001. VE is given as BTPS, while VO2 and VCO2 are given as STPD.
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Validity of the MMS in field conditions (study 2)
5.2.1 Effect of external wind
No significant relative differences were seen for VO2 and VCO2 at the three work rates
and the three conditions of wind compared to no wind. Small, but significant differences
(about -2 to -3%) were noted in RER and VE with rear wind as compared with no wind
(Table 8).
The “no wind” values in Table 8 are based on data from the stability measurements
in study 2 which were all without wind (see Methods 3.4.3 for further description). No
significant relative differences were seen for any of the measured variables.

5.2.2 Effect of a drying unit
No significant differences were observed with or without the drying system being used.
The mean relative differences and 95% confidence intervals (CIs) with the drying unit,
compared to without it, was for VO2 2.30 ± 6.26% (-2.18 to 6.78%; 95% CI), VCO2 3.06 ± 4.66% (-6.39 to 0.28%) (p < 0.1), RER 1.61 ± 3.67% (-1.01 to 4.24%) and VE
3.35 ± 4.95% (-0.19 to 6.89%) (p < 0.1), respectively. (For absolute values of with and
without the drying system, see Table 3 in Salier Eriksson et al. 2012).
As the drying system was also applied in the stability test, the levels of the physiological variables measured by the DBM and MMS at the beginning and at the end of the
stability test were compared. The relative differences and 95% confidence intervals
were for VO2 12.7 ± 8.87% (8.72–16.6%; 95% CI), VCO2 7.53 ± 8.11% (3.93–11.1%),
RER -6.38 ± 5.18% (-8.68 to -4.08%) and VE 5.69 ± 11.3% (0.67–10.7%), respectively.
All differences were significant (p<0.05).
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Table 8. Relative differences during three external wind conditions compared to with no wind, as well as variations in values from two consecutive measuring periods without wind

Measurement conditions for a period
of 2 minutes

Relative differences in values with a 2 minute measurement period
compared to a 4 minute measurement period with no wind,
mean values ± 1 standard deviation and (95% confidence limits)
VO2

VCO2

RER

VE

Front wind
(18-20 m·s-1)

-0.13 ± 3.42
(-2.31 – 2.04)

0.29 ± 4.78
(-2.74 – 3.33)

0.29 ± 2.54
(-1.33 – 1.90)

-1.49 ± 8.07
(-6.62 – 3.64)

Side wind
(13-15 m·s-1)

0.82 ± 3.83
(-1.62 – 3.25%)

0.64 ± 4.08
(-1.95 – 3.24)

-0.14 ± 1.77
(-1.27 – 0.98)

-0.57 ± 6.00
(-4.38 – 3.24)

Back wind
(13-15 m·s-1)

0.37 ± 3.28
(-1.71 – 2.45)

-1.65 ± 4.12
(-4.27 – 0.97)

-2.11 ± 1.92
(-3.33 – -0.89)*

-3.28 ± 3.75
(-5.66 – -0.90)*

No wind

0.69 ± 2.42
(-0.85 – 2.23)

0.11 ± 3.83
(-2.32 – 2.54)

-0.67 ± 2.82
(-2.46 – 1.12)

-1.51 ± 3.78
(-3.91 – 0.89)

* = significant difference (p<0.05) compared to a 4 minute period of no wind. The metabolic values at front, side and back wind using three different work rates, performed by four participants,
were combined to form twelve paired comparisons, and each of the external wind directions were
compared with the average condition without wind. The “no wind” values in this table are based
on the stability measurements with two consecutive measurement periods with twelve participants
compared to without wind.

5.2.3 Measurement stability
The absolute values of the DBM and the MMS during the stability test are shown in Table 9. Significant increases were noted in VO2 and VE when comparing the values of the
two initial measuring periods with the two final ones, using the DBM and MMS respectively, (i.e. drift over time for each system) With the MMS there was also a significant
increase in VCO2, which meant that mean RER values were stable, whereas the RER for
DBM decreased significantly (see Table 10).
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Table 9. Mean values and SD for metabolic variables during stability tests of MMS using DBM as reference
Typical time span
7-10 min

~ 20-65 min

~ 68-71 min

DBM measurement 1 MMS
(min)
(min)

DBM measurement 2
(min)

1-2

3-4

1-5

6-10

11-15

16-20

21-25

26-30

31-35

36-40

41-45

1-2

3-4

1.54
0.69

1.57
0.70

1.77
0.68

1.77
0.67

1.81
0.68

1.84
0.68

1.82
0.67

1.82
0.67

1.83
0.66

1.82
0.65

1.83*
0.65

1.61
0.69

1.64*
0.71

VCO2 (L·min-1) 1.44
SD
0.67

1.48
0.67

1.55
0.65

1.56
0.63

1.59
0.64

1.64
0.65

1.60
0.64

1.61
0.65

1.62
0.65

1.61
0.63

1.61*
0.64

1.48
0.68

1.47
0.67

RER
SD

0.92
0.95

0.93
0.03

0.87
0.05

0.88
0.05

0.87
0.05

0.89
0.05

0.87
0.05

0.88
0.06

0.88
0.06

0.87
0.06

0.86
0.06

0.91
0.06

0.89*
0.05

VE (L·min-1)
SD

43.3
20.2

44.4
20.1

46.8
19.6

47.4
19.8

48.2
19.8

50.8
20.8

50.2
20.4

50.4
20.6

50.8
21.0

50.9
21.0

49.9*
20.5

47.9
23.1

47.8*
22.7

-1

VO2 (L·min )
SD

* denotes significant difference (p<0.05) in comparisons between the average values of the first two and the last two periods of DBM and OM measurements, respectively (n=11). Note that the time passing in between the two DBM measurements points (about 61 minutes) was longer than the corresponding
time with MMS (35 minutes). For further explanations of the calculations, see Statistics in Salier Eriksson 2012.

67

Table 10. Absolute and relative differences between first and last periods of DBM and MMS measurements

Absol. Differences
VO2 (mL)

Rel. Differences (%)

DBM

MMS

DBM

MMS

66.5 ± 62.3

57.2 ± 77.4

4.45 ± 4.12

4.04 ± 5.21

55.8 ± 57.6

1.01 ± 5.36n.s.

3.99 ± 3.86

-3.37 ± 2.51

-0.26 ± 2.80n.s

8.30 ± 6.63

6.79 ± 6.72

VCO2 (mL) 18.0 ± 68.5n.s

n.s

RER

-0.03 ± 0.02

-0.00 ± 0.02

VE (L)

3.96 ±4.18

3.26 ± 2.47

Based on the mean values of the first and last 4 minutes of the DBM and the first and last 10
minutes of the MMS. Comparisons made with student paired t-tests. n.s. = non-significant

There were no significant differences in the size of drift of VO2, RER and VE between the DBM and the MMS over the time lapse of the testing. These are shown in Table 11 as the ratios of Δ values/Δ time, i.e. the regression coefficients. The average
VCO2 drift was 0.00258 mL min-2 for the DBM and 1.5064 mL min-2 for the MMS, resulting in an average difference in drift of 1.51 mL min-2 which was statistically significant (p < 0.05).
The data from one participant was not included in the analysis due to occlusion in
the MMS sampling tube. This was discerned from an error text from the MMS. The reason for the occlusion was probably due to excess saliva collecting in the DVT or excess
water vapour condensation in the nafion tube. For another participant, the values of the
last ten minutes of the MMS measurements were not recorded for unknown reasons.
Consequently, the calculations in tables 9 and 11 are based on 11 and 12 participants respectively.
Table 11. Changes in values for physiological variables per unit of time during the exercise period

Δ values · Δ time -1
VO2 (mL·min-1)
VCO2 (mL·min-1)
RER (units·10-3·min-1)
VE (mL·min-1)

DBM
1.00 ± 1.13
-0.00 ± 1.13
-0.42 ± 0.51
62.8 ± 73.2

MMS
1.43 ± 2.01
1.51 ± 1.62
0.00 ± 0.85
97.1 ± 74.6

DBM - MMS
-0.42 ± 2.02
-1.51 ± 1.45*
-0.42 ± 1.00
-34.3 ± 88.3

Values correspond to regression cooefficients. For calculations of the effect of drift with time, the
following baseline values from the initial 4 min of DBM values can be used: VO 2 = 1.59 ± 0.66 L
min-1; VCO2 = 1.49 ± 0.64 L min-1; RER = 0.93 ± 0.39; VE = 44.7 ± 19.0 L min-1. (n = 12)
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Reproducibility of the HR-method in the laboratory
(studies 3 and 4)
The reproducibility of levels of VO2 estimated from heart rate levels and HR-VO2 regression equations were based on three submaximal work rates (model 1), and three
submaximal and a maximal work rate (model 2). Three levels of HR were used in the
estimations. The comparisons for studies 3 and 4 are based on 19 cyclists and 14 pedestrians.
Cyclists
For all cyclists there were no systematic differences in estimated absolute levels of VO2,
based on the three difference levels of HR, between test and retest for either model 1 or
2. The relative differences between test and retest in model 1 were 0.99 ± 11.0 (n.s.),
2.67 ± 6.48 (n.s.) and 3.57 ± 6.24 % (p < 0.05) (Table 12). In model 2 the corresponding
values were 1.09 ± 10.6, 1.75 ± 6.43 and 2.12 ± 5.92 % (all n.s.). The CVs’ ranged from
6.67 to 4.44 with lower CVs’ at the higher HR levels and in model 2.
There were no significant differences in the slopes, intercepts or r-values for test-retest for either model 1 or model 2 although there was a tendency to a significant difference (p =.053) in the slope for model 1 (Table 14).
The differences between the two regression models in the y-intercept, slope, r-value
as well as in the three levels of estimated VO2 at test and retest were compared for all
subjects. All differences between the models were small and non-significant. The differences in the % diffs between the models becomes larger at HR 5 (1.46%; p = 0.071)
(Table 15 and Table 16).
Pedestrians
There were no significant differences in the reproducibility of VO2 based on HR calculated from regression equations in the three different HR zones for either model 1 or
model 2. The relative differences between test and retest in model 1 were 1.91, 1.71 and
1.57% (all n.s) and in model 2 the corresponding values were 3.12, 3.13 and 2.81% (all
n.s.). The CVs’ ranged from 8.54 to 4.75 with lower CVs’ at the higher HR levels and
in model 2. (Table 13)
There were no significant differences in the slopes, intercepts or r-values for test-retest
for either model 1 or model 2 (see Table 14).
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Table 12. Cyclists: Lowest, middle and highest fifth of HR from the field, and estimations of VO2 based on these HR levels on day 1 and 2 for each model

Lowest fifth of HR
HR
*F1
Cyclists (n =19)
(model 1)
Mean
116
SD
10.0
p-values
CV
95% CI lower
95% CI upper
(model 2)
Mean
116
SD
10.0
p-values.
CV
95% CI lower
95% CI upper
*F = field
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Middle fifth of HR

VO2:1 VO2:2 Abs diff % diff

1.63
0.54

1.62
0.57

1.64
0.57

1.63
0.60

0.01
0.15
.749
6.67
-0.06
0.09
0.01
0.14
.769
6.25
-0.06
0.08

0.99
11.0
.699

HR
*F3

VO2:1

138
8.49

2.19
0.76

VO2:2 Abs diff % diff

2.25
0.82

-4.29
6.27
1.09
10.6
.661
-4.04
6.22

138
8.49

2.21
0.83

Highest fifth of HR

2.24
0.88

0.06
0.17
.153
5.39
-0.02
0.14
0.03
0.15
.321
4.72
-0.04
0.11

2.67
6.48
.089

HR
*F5

151
8.27

VO2:1 VO2:2 Abs diff

2.53
0.83

2.61
0.88

-0.45
5.79
1.75
6.43
.252
-1.35
4.85

151
8.27

2.55
0.90

2.60
0.94

% diff

0.08
0.20
.079
5.45
-0.01
0.18

3.57*
6.24
.022

0.05
0.16
.219
4.44
-0.03
0.13

2.12
5.92
.136

0.57
6.58

-0.74
4.97

Table 13. Pedestrians: Lowest, middle and highest fifth of HR from the field, and estimations of VO2 based on these HR levels on day 1 and 2 for each model

Lowest fifth of HR
HR
*F1
Pedestrians (n = 14)
(model 1)
Mean
103
SD
12.9
p-values
CV
95% CI lower
95% CI upper
(model 2)
Mean
103
SD
12.9
p-values.
CV
95% CI lower
95% CI upper

Middle fifth of HR

VO2:1 VO2:2 Abs diff % diff

1.10
0.28

1.11
0.31

1.12
0.27

1.14
0.29

0.01
0.13
.723
8.54
-0.06
0.09
0.03
0.09
.291
5.44
-0.02
0.08

1.91
11.1
.529

HR
*F3

VO2:1

115
15.2

1.36
0.38

VO2:2 Abs diff % diff

1.37
0.37

-4.47
8.29
3.12
8.25
.180
-1.64
7.88

115
15.2

1.35
0.38

Highest fifth of HR

1.39
0.37

0.02
0.12
.618
6.01
-0.05
0.08
0.03
0.09
.198
4.84
-0.02
0.09

1.71
8.36
.457

HR
*F5

126
15.0

VO2:1 VO2:2 Abs diff

1.58
0.38

1.60
0.37

-3.12
6.54
3.13
7.60
.147
-1.26
7.52

126
15.0

1.57
0.37

1.61
0.36

0.02
0.11
.566
5.02
-0.05
0.08
0.04
0.11
.226
4.75
-0.03
0.10

% diff

1.57
7.34
.437
-2.66
5.81
2.81
7.47
.182
-1.50
7.13

*F = field
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Table 14. Components of regression equations for test - retest for each model for cyclists and pedestrians

y-intercept
Cyclists (n = 19)
Model 1
Mean
SD
p-values
Model 2
Mean
SD
p-value

Day 1
slope

r

y-intercept

Day 2
slope

r

-1.33
0.59

0.0255
0.0080

0.996
0.005

-1.58
0.74
.085

0.0277
0.0089
.053

0.997
0.004
.560

-1.44
0.68

0.0263
0.0089

0.993
0.013

-1.55
0.83
.375

0.0273
0.0098
.277

0.996
0.009
.472

0.0214
0.0069

0.994
0.010

-1.20
0.86
.683

0.0221
0.0078
.465

0.993
0.009
.541

0.0207
0.0047

0.986
0.030

-1.07
0.58
.751

0.0211
0.0051
.376

0.993
0.009
.386

Pedestrians (n = 14)
Model 1
Mean
-1.15
SD
0.79
p-values
Model 2
Mean
-1.06
SD
0.56
p-value

No significant differences were seen between the two models on a group level. The
differences in the absolute and relative differences ranged between 0.01 ± 0.08 L·min to
0.02 ± 0.05 L·min and 1.21 ± 6.89% to 1.42 ± 3.91% respectively (Table 15). No significant differences were seen between model 1 and model 2 in the intercepts and slopes of
the regression equations (Table 16).
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Table 15. Differences between HR-VO2 regression equations in model 1 and model 2 and the estimated VO2

Differences between model 1 and model 2 with regard to outcomes based on HR-VO2 regression equations in
estimations of VO2 based on these levels of HR, and the HR-VO2 regression equations at day 1 and day 2 and
the absolute and relative differences between those outcomes
Lowest fifth of HR
VO2: VO2: Abs % diff
Cyclists (n = 19)
Mean
SD
p-value abs.
and % diff
95% CI lower
95% CI upper

1

2

diff

0.00
0.07
.790

-0.01
0.04
.532

0.00
0.04
.866

-0.04
0.03

-0.03
0.01

0.01
0.09
.728
-0.04
0.06

Middle fifth of HR
VO2: VO2: Abs % diff
1

2

diff

0.10
3.39
.900

0,02
0,12
.553

-0,01
0,10
.759

-0,02
0,07
.160

-0.02
0.02

-1.54
1.74

-0.04
0.07

-0.05
0.04

0.02
0.10
.466

0.01
0.08
.577

1.21
6.89
.522

-0.01
0.06
.738

-0.04
0.08

-0.03
0.06

-2.77
5.19

-0.04
0.03

Highest fifth of HR
VO2: VO2: Abs % diff
1

2

diff

-0,92
2,82
.171

0.03
0.15
.449

-0.01
0.13
.723

-0.04
0.10
.125

-1.46
3.30
.071

-0.06
0.01

-2.28
0.44

-0.05
0.10

-0.07
0.05

-0.09
0.01

-3.05
0.14

0.01
0.07
.529

0.02
0.05
.237

1.42
3.91
.198

-0.01
0.05
.496

0.01
0.05
.511

0.02
0.05
.159

1.24
2.95
.139

-0.03
0.05

-0.01
0.05

-0.84
3.68

-0.04
0.02

-0.02
0.04

-0.01
0.05

-0.46
2.94

Pedestrians (n = 14)
Mean
SD
p-value abs.
and % diff
95% CI lower
95% CI upper
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Table 16. Differences between model 1 and model 2 with regard to the regression line constituents and correlation outcomes (r)

Differences between model 1 and model 2 with regard to
the constituents (y-intercepts and slope)
and correlation outcomes (r)
Day 1
y-intercept
Cyclists (n = 19)
Mean
-0.10
SD
0.42
p-value abs.
.297
diff.
95% CI lower
-0.30
95% CI upper
0.10
Pedestrians (n = 14)
Mean
0.09
SD
0.40
p-value abs.
.412
diff.
95% CI lower
-0.14
95% CI upper
0.32

Day 2

slope

r

y-intercept

slope

r

0.0008
0.0037
.327

-0.003
0.012
.244

0.03
0.35
.672

-0.0003
0.0032
.647

0.002
0.009
.403

-0.001
0.003

-0.009
0.002

-0.13
0.20

-0.0018
0.0012

-0.006
0.003

0.0007
0.0029
.371

-0.008
0.024
.216

0.13
0.50
.367

-0.0010
0.0039
.367

0.001
0.010
.777

-0.002
0.001

-0.02
0.01

-0.16
0.41

-0.003
0.001

-0.01
0.01

Field tests (studies 5 and 6)
The average length, duration and speed of the cycle commutes was 9.6 ± 2.2 km, 29.1 ±
7.2 minutes and 20.1 ± 2.7 km•h-1 for the men and 6.5 ± 1.5 km, 22.2 ± 3.5 minutes and
17.5 ± 2.8 km•h-1 for the women. The average length, duration and speed of the walking
commutes was 2.4 ± 1.0 km, 25.6 ± 12.01 minutes and 5.7 ± 0.3 km•h-1 for the men and
2.1 ± 0.8 km, 20.8 ± 8.3 minutes and 5.9 ± 0.4 km•h-1 for the women.
The measured levels of VO2 at the different HR levels during the cycle commute
were 11.9 ± 16.6% lower to 1.61 ± 9.14% higher than those estimated from the HRVO₂ relationship in the laboratory (Table 17 and Table 18). The corresponding absolute
differences were between 0.18 ± 0.37 L·min-1 lower and 0.02 ± 0.19 L·min-1 higher.
None of these differences were significant. However, there was a tendency to significance for the women at the lowest HR intensity for both absolute and relative differences.
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The measured levels of VO2 at the different HR levels during the walking commute
were 10.3 ± 13.5% to 20.9 ± 20.8% higher than those estimated from the HR-VO2 relationship in the laboratory (see Table 19 and Table 20). The corresponding absolute differences were 0.11 ± 0.15 L·min-1 to 0.24 ± 0.15 L·min-1 higher. The differences at all
the HR levels were significant. As there were significant differences of VO2 between
the women and men (p < 0.05), they are all shown separately.
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Table 17. Females: HR and VO2 during cycling commuting, as well as estimated VO2 for each intensity level (mean % of highest HR during field test) and whole commute

0-20%

21-40%

41-60%

61-80%

81-100%

Whole field

Field HR

118 ± 10

132 ± 8

139 ± 6

145 ± 6

153 ± 7

137 ± 7

Field HR as % HRR

50.4 ± 7.1

62.9 ± 5.4

68.5 ± 4.6

73.3 ± 4.4

81.0 ± 4.6

66.7 ± 4.9

Field HR as % HRmax

67.2 ± 5.6

75.5 ± 4.4

79.2 ± 3.8

82.3 ± 3.5

87.4 ± 3.4

78.0 ± 4.0

1.15 ± 0.25

1.57 ± 0.21

1.77 ± 0.21

1.91 ± 0.21

2.14 ± 0.21

1.70 ± 0.21

1.33 ± 0.25

1.65 ± 0.23

1.79 ± 0.22

1.92 ± 0.23

2.12 ± 0.25

1.75 ± 0.23

-0.17 ± 0.25

-0.08 ± 0.17

-0.03 ± 0.16

-0.01 ± 0.19

0.02 ± 0.19

-0.05 ± 0.17

-0.35 – 0.01

-0.21 – 0.04

-0.14 – 0.09

-0.14 – 0.13

-0.11 – 0.16

-0.17 – 0.07

0.056

0.158

0.625

0.898

0.729

0.385

Relative differences (%)

-11.9 ± 16.6

-4.58 ± 9.92

-1.13 ± 8.84

0.14 ± 10.10

1.61 ± 9.14

-2.35 ± 9.43

Confidence intervals of % diff.

-23.8 – 0.03
0.051

-11.7 – 2.52
0.179

-7.45 – 5.20
0.697

-7.08 – 7.37
0.966

-4.93 – 8.14
0.592

-9.09 – 4.40
0.451

Females ( n = 10)

Field VO₂

(L·min-¹)

Estimated VO₂ (L·min-¹) for the field*
Absolute differences in VO₂

(L·min-¹)

Confidence intervals of absol. diff.
p-values for absolute differences

p-values for relative differences

* The estimated VO2 (L·min-1) for the field is calculated from HR-VO2 relationship on the cycle ergometer in the laboratory
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Table 18. Males: HR and VO2 during cycling commuting, as well as estimated VO2 for each intensity level (mean % of highest HR during field test) and whole commute.

0-20%

21-40%

41-60%

61-80%

81-100%

Whole field

116 ± 13

132 ± 14

139 ± 14

144 ± 13

151 ± 12

134 ± 17

Field HR as % HRR

49.5 ± 11.4

63.4 ± 13.0

69.4 ± 13.1

73.5 ± 12.8

80.1 ± 12.3

67.2 ± 12.3

Field HR as % HRmax

66.8 ± 7.5

75.8 ± 8.7

79.8 ± 8.7

82.5 ± 8.5

86.8 ± 8.2

78.3 ± 8.2

1.84 ± 0.41

2.45 ± 0.56

2.70 ± 0.61

2.89 ± 0.63

3.11 ± 0.67

2.55 ± 0.70

2.02 ± 0.50

2.53 ± 0.67

2.75 ± 0.70

2.90 ± 0.71

3.13 ± 0.71

2.62 ± 0.74

-0.18 ± 0.37

-0.08 ± 0.31

-0.05 ± 0.25

-0.01 ± 0.24

-0.02 ± 0.24

-0.07 ± 0.28

-0.45 – 0.09

-0.31 – 0.14

-0.22 – 0.13

-0.18 – 0.16

-0.20 – 0.15

-0.27 – 0.13

Males (n = 10)
Field HR (mean ± SD)

Field VO₂

(L·min-¹)

Estimated VO₂ (L·min-¹) for the field*
Absolute differences in VO₂

(L·min-¹)

Confidence intervals of absol. diff.

0.162

0.434

0.575

0.925

0.782

0.449

Relative differences (%)

-6.85 ± 21.01

-2.09 ± 13.67

-1.02 ± 9.27

0.27 ± 8.42

-0.43 ± 8.28

-2.63 ± 12.8

Confidence intervals of % diff.

-21.9 – 8.19

-11.87 – 7.69

-7.65 – 5.62

-5.75 – 6.29

-6.36 – 5.49

-11.77 – 6.51

p-values for relative differences

0.330

0.641

0.737

0.921

0.872

0.532

p-values for absolute differences

* The estimated VO2 (L·min-1) for the field is calculated from HR-VO2 relationship on the cycle ergometer in the laboratory
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Table 19. Females: HR and VO2 during walking commuting, as well as estimated VO2 for each intensity level (mean % of highest HR during field test) and whole commute

Females ( n = 10)
Field HR
Field HR as %HRR
Field HR as %HRmax
Field VO₂ (L·min-¹)
Estimated VO₂ (L·min-¹) for the field*
Absolute differences in VO₂ (L·min-¹)
Confidence intervals of absol. diff.
p-values for absolute differences
Relative differences (%)
Confidence intervals of % diff.
p-values for relative differences

0-20%

21-40%

41-60%

61-80%

81-100%

Whole field

99 ± 10
33.6 ± 8.4
56.9 ± 6.2
0.95 ± 0.19
0.84 ± 0.27
0.11 ± 0.15
0.004 – 0.21
0.043
18.7 ± 23.2
2.13 – 35.3
0.031

106 ± 10
39.5 ± 7.8
60.7 ± 5.9
1.10 ± 0.16
0.97 ± 0.28
0.13 ± 0.13
0.03 – 0.22
0.013
17.9 ± 19.8
3.74 – 32.1
0.019

111 ± 10
43.9 ± 8.2
63.5 ± 6.2
1.19 ± 0.17
1.07 ± 0.25
0.12 ± 0.12
0.03 – 0.21
0.014
13.8 ± 14.7
3.31 – 24.3
0.016

116 ± 10
48.1 ± 8.5
66.2 ± 6.2
1.27 ± 0.15
1.15 ± 0.25
0.11 ± 0.13
0.02 – 0.21
0.021
12.4 ± 13.8
2.53 – 22.2
0.019

124 ± 11
55.8 ± 11.3
71.3 ± 7.8
1.43 ± 0.17
1.32 ± 0.24
0.11 ± 0.14
0.01 – 0.21
0.033
10.3 ± 13.5
0.67 – 20.0
0.039

111 ± 10
44.1 ± 8.2
63.7 ± 6.1
1.18 ± 0.16
1.07 ± 0.25
0.11 ± 0.12
0.03 – 0.20
0.016
13.3 ± 14.5
2.97 – 23.7
0.017

* The estimated VO2 (L·min-1) for the field is calculated from HR-VO2 relationship on the cycle ergometer in the laboratory
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Table 20. Males: HR and VO2 during walking commuting, as well as estimated VO2 for each intensity level (mean % of highest HR during field test) and whole commute

Males (n = 10)
Field HR (mean ± SD)
Field HR as %HRR
Field HR as %HRmax
Field VO₂ (L·min-¹)
Estimated VO₂ (L·min-¹) for the field*
Absolute differences in VO₂ (L·min-¹)
Confidence intervals of absol. diff.
p-values for absolute differences
Relative differences (%)
Confidence intervals of % diff.
p-values for relative differences

0-20%

21-40%

41-60%

61-80%

81-100%

Whole field

103 ± 14
26.6 ± 11.8
56.0 ± 7.6
1.23 ± 0.28
1.06 ± 0.32
0.18 ± 0.15
0.07 – 0.28
0.005
20.9 ± 20.8
5.99 – 35.7
0.011

111 ± 17
33.8 ± 13.3
60.2 ± 8.6
1.44 ± 0.36
1.26 ± 0.42
0.18 ± 0.14
0.07 – 0.28
0.004
17.1 ± 15.8
5.82 – 28.4
0.008

114 ± 17
36.7 ± 13.2
62.0 ± 8.7
1.51 ± 0.34
1.35 ± 0.43
0.16 ± 0.18
0.03 – 0.29
0.024
14.9 ± 16.8
2.92 – 26.9
0.020

117 ± 17
39.5 ± 13.1
63.7 ± 8.6
1.60 ± 0.33
1.43 ± 0.44
0.17 ± 0.20
0.03 – 0.31
0.025
15.0 ± 16.8
3.00 – 27.0
0.020

122 ± 16
44.0 ± 12.8
66.3 ± 8.4
1.80 ± 0.38
1.56 ± 0.45
0.24 ± 0.15
0.14 – 0.35
0.001
18.0 ± 11.9
9.48 – 26.5
0.001

113 ± 15
35.6 ± 12.2
61.4 ± 8.0
1.50 ± 0.32
1.32 ± 0.40
0.18 ± 0.15
0.07 – 0.29
0.004
16.6 ± 15.2
5.69 – 27.5
0.007

* The estimated VO2 (L·min-1) for the field is calculated from HR-VO2 relationship on the cycle ergometer in the laboratory
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Discussion and Conclusion

The main findings of this thesis were that: (1) the HR-method was reproducible in estimating VO2 from the HR-VO2 relationship in laboratory conditions, and based on three
different levels of HR that are representative for cycle and walking commuting, (2) a
portable metabolic system (MMS) was shown to be valid and reliable in the laboratory,
and valid in field conditions, (3) the measured VO2 in the field was found to be comparable to that estimated from the heart rate method for male and female cycle commuters
on the group level, and (4) systematic differences in estimated and measured VO 2 were,
however, seen for the pedestrians, where VO2 when measured per HR was approx. 15%
higher when commuter walking.

Validity of MMS in laboratory and field conditions
(studies 1 and 2)
Two versions of the MMS were evaluated against the DBM in the laboratory and the 2nd
version was also evaluated in field conditions stressing the system with external wind,
cold and humid conditions over a period of 45 minutes.
Because of the high accuracy of the DBM, it is considered the criterion method for
measuring metabolic gas exchange (Shephard 2017; Åstrand and Rodahl 1986) and thus
the most appropriate system to use when validating other metabolic systems. It has,
however, its potential source of error in that extremely skillful handling is required to
obtain accurate results. Information regarding validity of the DBM is sparse and indeed
there is no one method recommended to check its validity. We therefore used three approaches to secure the validity of the DBM-data collection; 1) carefully controlling the
different parts of the system regularly, 2) using a metabolic simulator, as well as 3)
cross-examining results from other studies. Accurate results were achieved through all
the three approaches giving confidence that the DBM used in these studies was valid.
With the version of the MMS, which was subsequently used for all measurements
(version 2), VO2 values did not differ generally with the DBM except at two levels of
exercise (VO2 levels of 1.07 ± 0.08 and 2.18 ± 0.30 L min-1), where small but statistically significant differences (2.6 and 1.3%) were seen. Five reports comparing different
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breath-by-breath based portable systems with the DBM are available (Brehm et al.
2004; Crouter et al. 2006; Macfarlane and Wong 2012; McLaughlin et al. 2001; Vogler
et al. 2010). They all demonstrate overestimations of VO2 of varying magnitudes (between 3 and 10% at VO2 levels of 1.4 to 3.5 L min-1) so the differences for VO2 seen in
our study are smaller.
Validating the MMS at higher VO2 levels (ca. 5 L min-1) - one of the aims of this
first validation study - showed no significant differences between the MMS and the
DBM.
VCO2 was generally higher with the MMS (version 2) than with the DBM (3.4 –
6.6%), an error apparently caused by a faulty setting in the calculation of VCO2 in the
software. According to the manufacturers, this error was purported to be only in the device we used (personal communication, Dr. Hermann Eschenbacher, Carefusion Germany 234 GmbH, Hoechberg, Germany). Previous investigations of the validity of
VCO2 measured with different breath-by-breath based portable metabolic systems
against the DBM reported no significant differences in VCO2 at rest and submaximal
values (Brehm et al. 2004, Crouter et al. 2006, McLaughlin et al. 2001), as well as significant overestimations at ca. 75 and 150 W (Macfarlane and Wong 2012). Both lower
and higher (ca. 7%) differences have been reported at 200 and 250 W (McLaughlin et
al. 2001, Crouter et al. 2006, Vogler et al. 2010). The RER values were higher than the
DBM (3.7 – 6.9%) in accordance to the higher values found for VCO2.
At submaximal exercise intensities VE measurements (ca. 22 to 75 L min-1) with the
MMS were similar to the DBM, and corresponded well to other studies using different
breath-by-breath based portable metabolic systems (Brehm et al. 2004, McLaughlin et
al. 2001, Crouter et al. 2006, Vogler et al. 2010, Macfarlane and Wong 2012).
At high ventilations, VE was slightly lower compared to the DBM (ca 4%). Also, the
temperature of the expired air could have been different to the fixed value of 31° C used
in the algorithm of the MMS to calculate VE. This information was elicited as personal
communication from the manufacturers (personal communication, Dr. Hermann Eschenbacher, Carefusion Germany 234 GmbH, Hoechberg, Germany), and emphasizes the
dependence of users on algorithms programmed into the software over which one has
little control. It contrasts with the DBM where each procedure can be evaluated separately and sources of error identified more easily.

6.1.1 Effect of external wind
Strong external wind generally did not affect the physiological measurements, as compared with no wind. A small but statistically significant effect was noted, however, in
RER and VE with external wind from behind, which suggests that it might be appropri-
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ate to avoid such measuring conditions during, at least, longer periods of time. We considered that the external wind speeds applied from the front, side and back of the MMS
were high enough to stress the system (13–20 m s-1, or equivalent to strong to near gale
forces as measured on the Beaufort scale), and thus cover the span that might be encountered in a wide spectrum of physical activities outdoors.
The range of 95% CI for the relative differences with the external wind compared to
no wind are of the same order of magnitude as the variability found between consecutive measurement periods from the stability procedure, which was with no wind (see Table 2 from Study 2). This strengthens our interpretation that the external wind had very
little effect on the measurements of the physiological variables.

6.1.2 Effect of a drying unit
No significant differences were seen in any of the measured variables irrespective of
whether the system to enhance drying of inspired and expired air samples for gas analysis was used or not. Using the drying unit, it was possible to undertake a 45-min-long
submaximal exercise session outdoors at low ambient temperatures and high humidity.
Comparisons of the measurement levels during outdoor stability cycling (i.e. with
the drying system) with the corresponding conditions in the laboratory from study 1 (i.e.
without the drying system) showed that the relative differences found between the
MMS and DBM in the outdoor studies were consistent with our findings in the laboratory with the same version of the MMS (VO2, 12.7 vs. 11.2%; VCO2, 7.5 vs. 9.3%; VE,
5.7 vs. 8.2%; RER is not compared as experimental conditions of the stability tests prevented this). The comparison is based on the absolute VO2 levels of 1.56 ± 0.69 L min-1
at minutes 7 – 10 of the prolonged exercise in the outdoor stability tests and corresponding levels from study 1. This shows that applying the drying system to the MMS and
performing outdoor measurements in the cold and humid conditions employed in this
study, does not change the findings from the previous validity studies using the same instrumentation (without the drying system), but performed indoors.
The ambient conditions during the drying system test (12 ± 2°C; 86 ± 7% RH) only
partly stressed the system in respect to the risk of forming condensation. However, in
the stability tests they were in the risk zone for condensation (5 ± 4°C; 69 ± 16% RH)
but occlusion only occurred in one subject (see ‘‘Materials and methods’’), the cause
being either condensation, saliva or sweat.
In the commuter cycle and walking trials the average ambient conditions were 11 ±
4°C, 73 ± 19% RH and 15 ± 7°C; 65 ± 20% RH respectively; i.e. similar temperatures
but varying RH to the validity tests and not in the risk zone for condensation. Some individuals however were in the risk zone but no occlusion was apparent. Attinger et al.
(2006) encountered problems with occlusion of, as they claimed, the MMS sensor in 1
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out of 132 exercise sessions outdoors lasting 12 min in 28–30°C. No relative humidity
values are available from their study, so it is difficult to know the cause for the occlusion.
Even though we found no differences in measurements with or without the drying
system, it might be recommendable to standardize measurements and use the drying
system at all times so that the ambient air is as dry as possible around the nafion sampling tubing thus minimizing the chance of water vapour condensation in the nafion
tube or entering the gas analyzing unit. The fact that occlusion rarely occurred is a good
sign of the usefulness of the drying system.

6.1.3 Measurement stability outdoors
Prolonged exercise can be associated with a physiological drift in VO2 and VE (Saltin
and Stenberg 1964).We saw the same phenomenon with both the DBM and the MMS in
the stability procedure. However, our calculations suggest a similar linearity in the drift
between the DBM and the MMS for VO2, VE and RER during the measurement period.
There was, however, evidence of a non-physiological drift in VCO2 of 1.51 mL min-2
with the MMS. This translates into a 2.2% accumulated error which can be considered
negligible. During a longer period of exercise this will of course be increased. For example if the measurement period here was prolonged to 90 minutes the accumulated error would be 6.6% during minutes 46-90.

Reliability of MMS and the DBM (study 1)
Atkinson and Nevill (1998) defined reliability as “the amount of (test-retest) measurement error that has been deemed acceptable for the effective practical use of a measurement tool”. Without an instrument that can give consistent measurements, it is impossible to evaluate what variations in measurements can mean.
Using CV to evaluate reliability is one measure that is recommended for investigating test-retest measurements (Hopkins 2000) as it is possible to make comparisons between similar studies.
Generally, the CV seemed to be smaller for both the MMS (version 1) and the DBM
for all the metabolic variables at higher work rates than at lower, but being more pronounced with the DBM. Macfarlane (2001) pointed out in his review that intra-individual CV was generally higher (ca. 10-15%) at rest and low work rates and progressively
lower (ca. 3-10%) at higher work rates for the DBM which relates well to our DBM re-
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liability results. Hopker et al. (2012) also found high reliability of gas sampling at moderate to high work rates (CV < 0.5). For portable metabolic systems, there is a paucity
of studies examining reliability which makes comparisons between studies difficult.
Reliability of the MMS2, which was the instrument used for studies 5 and 6, was not
evaluated but the levels of reliability are probably similar to the MMS1 (at least at the
comparable work rate levels of 50, 100 and 150 W) as the standard deviations of the
mean values of the metabolic variables were similar.

Reproducibility of the HR-method (Studies 3 and 4)
The main finding in the reproducibility of the HR method was that, on a group level,
there were no significant differences between the two different days as regards to the estimations of VO2 based on the HR-VO2 regression equations for model 2, (formed by
three submaximal and a maximal work rate). This was the case for both cyclists and pedestrians. The findings for model 1 (formed by only three submaximal work rates) were
similar except for at the highest HR level for the cyclists where the relative difference in
estimated VO2 was 3.57% (p<0.05) higher on the second occasion (Table 12). However,
large individual day-to-day variations were seen as indicated by the range of standard
deviations for the relative differences seen in both models 1 and 2 (between 5.92 –
11.0% for cyclists; 7.34 – 11.1% for the pedestrians), (see Table 12 and Table 13). The
95% confidence intervals for the mean values showed variations of between 6 – 10% for
the three different estimations of relative differences in VO 2 between test and retest for
the cyclists and 8 – 13% for the pedestrians.
No significant differences between model 1 and 2 were seen when comparing the
components of the regression equations or in any of the outcome variables. This was the
case for both the cyclists and the pedestrians.
Our results were more favourable than those reported by Christensen et al. (1983).
They used activities with lower EE demands than in our studies – lying, sitting, three
low to intermediate work rates on an ergometer cycle (8-100 W) and three different
speeds of walking on a treadmill (speed not stipulated). At low levels of activity, it is
well known that the HR will have large variations independent of VO 2 resulting in variations in regression equations (Booyens and Hervey 1960; McCrory et al. 1997). Also at
lower HRs, the HR-VO2 linear relationship will have a different slope than at higher HR
levels (Booyens and Hervey 1960; Luke et al. 1997; Spurr et al. 1988). As Christensen
et al. (1983) used low levels of activity, these could have been reasons for their poor reproducibility.
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The calculations of VO2 from HR in Christensen et al.’s (1983) study were based on
a single individual 24-hour average HR which resulted in a mean value of 86 beats/minute being used. Revisiting figure 1 in the introduction (see 1.4.1), using only one HR
level and, moreover, a HR level at one end of the span of measurement points forming
the regression equation will most likely produce poorer reproducibility. The population
that Christensen et al. (1983) used consisted of a mixture of patients with metabolic disorders, as well as healthy subjects. Ages were also diverse.
Our results are more in line with McCrory et al. (1997) who also noted a non-systematic variability in HR. The calibration activities in their study – lying, sitting, standing and shifting weight from side-to-side, walking at 4 different speeds and gradients on
a treadmill (3.2 km/h at 0% gradient to 4.8 km/h at 6% gradient) were fairly similar to
Christensen et al. (1983) but, unlike them, McCrory et al.(1997) made use of two linear
regressions when calculating VO2, one for the sedentary and one for the active range of
HR (Spurr et al. 1988). Similar to Christensen et al. (1983), McCrory et al. only used
one HR level to estimate VO2 but based on individual day time values (mean 15 h) rather than 24-hour values.
As the linear relationship can change when reaching VO2max levels, with greater increases in VO2 than in HR (Davies 1968; Hohwü Christensen 1931; Åstrand and Rodahl
1970), one could question the inclusion of VO2max and HRmax values in the regression
equation that we did in model 2. However, we saw no differences in the regression
equations or their outcomes between the two models. Possibly the extra measuring point
in the regression line stabilized effects of day-to-day variability. One reason for this stabilizing effect in HR values from maximal work rate is its low CV (Table 3 in Study 3
and Table 2 in Study 4) in comparison with the CVs at the submaximal work rates.
From a clinical or educational aspect, this is interesting as usually in these environments
it is not possible to perform maximal tests thus having to rely on sub-maximal values.
In general, as intensity levels became higher, the CVs’ decreased for both the cyclists and the pedestrians. For the cyclists the range was from 6.67% to 4.44%, while for
the pedestrians they ranged from 8.54 to 4.75%. There were slightly lower CVs’ in
model 2 - i.e. where maximal values were included in the regression equations - for both
groups of commuters (Table 12 and Table 13). Interestingly the same pattern of higher
CVs’ at lower work rates was seen in Rosdahl et al. (2010) and they were also of similar
magnitudes. This has also been noted previously and may be a general pattern with increasing metabolic demands (Macfarlane 2001; McCrory et al. 1997).
The individual variability seen for both cyclists and pedestrians may be an intrinsic feature of repeated HR-VO2 measurements. As VO2 is a product of HR, SV and the difference between the arterial and venous O2 content, this would make sense: VO2 is dependent on four other different variables each of which can change and the resulting
VO2 still be the same.
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HR-VO2 relationship between laboratory and field
(Studies 5 and 6)
The purpose of these two studies was to explore the HR-VO2 relationship between
steady-state sub-maximal intensities on an ergometer cycle in the laboratory as well as
in field conditions in regular cycle and walking commuters so as to clarify whether
measurements in the laboratory can be used to estimate VO2 from HR in these populations during their normal cycle and walking commutes.
The main findings show that for the cycle commuters, the HR-VO2 relationship for
women and men does not differ significantly to that measured on the cycle ergometer in
the laboratory, both when calculated as an average of the whole trip and at five different
intensity levels. For the pedestrians, however, systematic differences were found. For
both sexes, VO2 measured during walking commuting was significantly higher than that
estimated from the HR-VO2 relationship in the laboratory when calculated at five HR
intensity levels as well as the mean of the whole trip. This suggests that one could possibly use HR measured on a cycle ergometer indoors to estimate an appropriate level of
VO2 when cycle commuting, but for walking commuting a correction factor would need
to be applied. There was however evidence of large individual variations.
Using submaximal HR and VO2 values measured on an ergometer cycle as a reference to commuter walking could be questioned. As walking is an ambulatory activity it
might have been more appropriate to use a treadmill for the laboratory tests as it has
been shown that different modes of exercise can give different HR-VO2 relationships
(Hermansen et al. 1970). McArdle and Magel (1970) however, showed no significant
differences in VO2 at two distinct submaximal HRs’ on both the ergometer cycle and
walking on the treadmill while Lafortuna et al. (2008) found a higher HR for a given
VO2 when cycling on a cycle ergometer than on walking on a treadmill. Our results are
more in line with the findings of Lafortuna et al. (2008). They showed about 17% differences for their female subjects whereas we found a value of about 13%. The corresponding value for our males was about 17%.
We did actually perform sub-maximal tests on the treadmill for the pedestrians but
unfortunately chose too low work rates so that the regression lines did not overlap with
the regression lines from the field measurements. Ideally, there should be an overlap
since the HR-VO2 relation, although being linear for a great part of the spectrum of HR
between rest and at maximal efforts, can on an individual level diverge from linearity at
both low and high levels of HR (Booyens and Hervey 1960; Davies 1968; Åstrand and
Rodahl1970; Achten and Jeukendrup 2003; Luke et al. 1997; Spurr et al. 1988; HohwüChristensen 1931). In interpreting the results, it is important that the studied HR levels
in the walking commuting and in the laboratory match each other. Because of this we
felt that we could not use the treadmill values in our analyses. The ranges of HR from
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the cycle ergometer in the laboratory and walking in the field were better matched and
therefore we expected the linearity in the HR-VO₂ relation from the laboratory to fulfill
the needs of the study.
A practical reason for using a cycle ergometer instead of a treadmill is that in Sweden it is more common with ergometer cycle testing than treadmill testing in clinical situations. It is easy to control the work rate on the cycle ergometer and it can be expressed in physical units (watts) thus securing the accuracy of VO2 at a given load
(Åstrand et al. 2003). Accurate measurements depend, of course, on the preparation and
handling of the cycle ergometer, the competence of the operator and the compliance of
the participant. In contrast, it is difficult to quantify the work rate of a participant on a
treadmill as the relationship between speed and gradient of the treadmill and VO2 is
complicated, making it more difficult to assess VO2 accurately (Gibbons et al. 1997).
The calculations are based on the HR-VO2 regression equation built on values from
three submaximal work rates from the laboratory, i.e. similar to model 1 in the reproducibility evaluations from studies 3 and 4. Based on the mean HR from the cycle commuting for the females, 137 beats/minute, the estimated VO2 from the HR-VO2 regression equations was 1.75 L min-1, whereas the measured value was 1.70 L min-1. The
mean relative difference was -2.35%, but the standard deviation was 9.43%, while the
mean difference for test-retest for model 1 for females was 3.22% with a standard deviation of 6.45% (see Table 6b in study 3). So the results are reasonably comparable.
Based on the mean HR for the males, 134 beats/minute, the estimated VO2 from the
HR-VO2 regression equations was 2.62 L min-1, while the measured value was 2.55 L
min-1. Here the mean relative difference was -2.63%, but the standard deviation was
12.8% while for model 1, test and retest, the mean difference was 2.06%, and the standard deviation was 6.84%. Thus, these results are also reasonably comparable. So the
sometimes large individual differences between the HR-method results in the lab and in
the field for the cyclists could to a great extent be explained by day-to-day variations
that are intrinsic to the HR-method as such, and as applied by us in this context with
three submaximal work rates.
Corresponding comparisons for the pedestrians show that, for the mean HR of 111
beats/minute seen for the females, the estimated VO2 was 1.07 L min-1 while the measured value was 1.18 L min-1. The mean relative difference was 13.3%, but the standard
deviation was 14.5%. Comparing test and retest with the same model for the females,
the mean difference was 1.58% and the standard deviation was 5.68% (see Table 5 in
study 4). Based on the mean HR for the male pedestrians, 113 beats/minute, the estimated VO2 from the HR-VO2 regression equations was 1.32 L min-1, whereas the measured value was 1.50 L min-1. The mean relative difference was 16.6 %, but the standard
deviation was 15.2% while the mean difference when comparing test to retest was
1.85% and the standard deviation was 10.9%. Thus the individual variations for the
87

male pedestrians are, similar to the cyclists, also reasonably comparable to the individual variations in the reproducibility tests so could be explained by day-to day variations
that are intrinsic to the HR-method. For the females, the difference in the standard deviations appears to be greater, which leaves a greater portion of the individual variability
to be explained by other factors than the day to day variability in HR.

6.4.1 Other possible sources of individual variations
Additional individual variability can be due to other factors influencing the HR-VO2 relationship. We used steady-state measurements in the laboratory to compare the HRVO2 relationship during cycling and walking commuting in the field. It is necessary to
question the plausibility of using the HR-VO2 relationship in non-steady-state and intermittent exercise as would be the case for the cyclists. Quick changes in intensity found
in intermittent work can result in a HR lagging behind VO2. In other words as the work
rate increases or decreases in an intermittent fashion, the HR might not reflect the HR
that would be observed at the same work rate at steady state (Achten and Jeukendrup
2003). Gilbert and Auchincloss (1971) compared the relationship of HR to VO2 during
steady- and non-steady-state exercise and concluded that, at a given VO2, there was a
significantly higher HR during non-steady-state exercise (ramp protocol) compared to
steady-state. Lothian and Farrally (1995) found that using HR from a steady-state treadmill protocol to estimate VO2 during intermittent exercise (the simulated intensity of a
hockey match on a treadmill for 15 minutes) overestimated the measured values by 0.09
L·min or 4.3 ± 5.3%. Even though the differences between estimated and measured VO2
were statistically significant, Lothian and Farrally (1995) concluded that it was viable to
use HR from steady-state measurements to estimate intermittent exercise. These two
studies (Gilbert and Auchincloss 1971; Lothian and Farrally 1995) are comparable in
that HR was higher at a given VO2 in the intermittent tests compared to the steady-state
tests. We saw this for the cyclists with mean relative differences of a similar (statistically insignificant) magnitude (2.35 ± 9.43% and 2.63 ± 12.8% for women and men respectively). This was contrary to the pedestrians. However, there is probably more of a
steady-state component to commuter walking as one walks at a regular speed, although
stops for traffic lights or other reasons could influence this.
Stops for traffic lights and other reasons were including in the data for analyses
which means that the mean HR and VO2 shown here are lower than if they had been removed. The reason for not removing them was that the amount of time for each stop
was subjectively calculated and reported by the participants. We also regarded it more
active commuter “authentic” to include the stops.
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The duration of the active commuting (29 ± 7 and 22 ± 4 min. for men and women
cyclists respectively; 26 ± 12 and 21 ± 8 min. for the male and female pedestrians respectively) could give rise to a drift in HR and VO2, this being associated with prolonged exercise (Achten and Jeukendrup 2003; Coyle and Gonzalez-Alonso 2001;
Ekblom 1970; Ekelund 1967; Mattsson et al. 2010; Saltin and Stenberg 1964). For example, between 10 and 45 to 60 minutes of constant rate sub-maximal exercise in temperatures between 18 and 22°C, one can find 6.6 – 11% and 5 – 7% significant increases of HR and VO2 respectively (Ekelund 1967; Fritzsche et al. 1999; Saltin and
Stenberg 1964). The concomitant decreases of oxygen pulse (i.e. a larger drift in HR
than in VO2 leading to a decrease in oxygen pulse) in these three studies were small and
insignificant (between 0.8 and 3.4%). In two other studies (Lafrenz et al. 2008; Wingo
et al. 2012), insignificant differences were found during similar time lapses for VO2 and
significant increases for HR, showing a similar pattern of larger increases for HR than
VO2 and thus a decrease in oxygen-pulse (significant in Wingo et al.’s study). Altogether these five studies show that there is a potential of a small and non-significant decrease in oxygen pulse of between 0.8 and 3.4% with about 50 minutes of exercise. In
other words this drift could have influenced the HR-VO2 relationship during the measurements in the field. However, if there is also a drift in oxygen pulse during the laboratory ergometer tests, which were approximately 19 minutes, then this potential error
would be diminished.
Increases of HR are related to increases in body temperature occurring with exercise.
This will be exacerbated by ambient temperatures and humidity. One study examining
the effect of ambient temperature on cardiovascular drift, as reflected by changes in HR
found that HR increased by 11% in 35°C and 2% in 22°C (Lafrenz et al. 2008). In other
studies, at temperatures around 22°C, HR drifts varied between 2% and 9% (Ekelund
1967; Galloway and Maughan 1997; Lafrenz et al. 2008; Wingo et al. 2012). Galloway
and Maughan (1997) trials of prolonged exercise (between 15 and 75 minutes of exercise) in temperatures at 31°C, 21°C, 11°C and 4°C showed no significant differences in
HR drift between the three lower temperatures, these being comparable with the temperatures found in our studies (between 3°C and 23°C). Variations in the drift in HR at
similar temperatures reported in these studies could be attributed to methodological differences in exercise intensity, humidity and hydration status.
Stressful situations or perception of the environment could potentially have a profound influence on the HR-VO2 relationship. For example Carroll et al. (2009) showed
significantly higher HR (approx. 7 to 20%) in a group of young men (21 ± 1 yrs.) during
a psychological stress task than that predicted by the HR-VO2 relationship procured by
a graded sub-maximal cycle test. Lambiase et al. (2012) found similar results in youths.
However, it would seem that the potential stress of the field environment of the cycle
commuters in our study had little influence on the HR-VO2 relationship. One reason for
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this could be that the cyclists were habitual active commuters and thus totally at ease
with their surrounding environment. This might not be the case with novice cyclists.
If the pedestrians were influenced by the environment it would seem that they reacted positively to it as their measured VO2 in the field was higher than that estimated
from the HR-VO2 relationship in the laboratory. Unlike the cyclists, the pedestrians
walk in a calmer environment as they are normally secluded from other traffic, which
could be considered a less stressful environment.
Another possible source of error is that the tests in the laboratory that were used as
the reference for estimating VO2 in the field were, in almost half the cases, performed at
a different time of day than the field commuting tests. Two reviews (Thun et al. 2015;
Winget et al. 1985) discuss how the time of day can influence physical performance
with both HR and VO2 showing variations between the peak and trough of their circadian rhythm. However, McCrory et al. (1997) found that within-day variations in the
HR-method were not significantly different at the higher activity levels in their study,
i.e. normal to fast walking. Thus our sample probably had levels of intensity that were
high enough to minimize the circadian influences.

Limitations
In hindsight most study designs and analyses have their limitations but highlighting
them will lead to improved design in future studies. The small sample of participants in
our studies is possibly the greatest limitation. It limits the possibility of detecting small
errors in the data which in turn limits the potential of drawing firm conclusions. A reflection of this can be seen in the confidence intervals in studies 3 to 6.
Another potential limitation in our design is the use of the SMS for the laboratory
tests and the MMS for the field tests. However in accordance with suggested good practice, we also checked the SMS with the DBM at three submaximal (95 W to 171 W) and
a maximal work rate and found only small percent differences between the systems (see
Appendix 1). Other studies that have performed controls of the MMS and the SMS had
similar conclusions (Akkermans et al. 2012; Foss and Hallén 2005; Perret and Mueller
2006; Rietjens et al. 2001). Comparisons of VO₂ measurements between the SMS and
the MMS were also made (Schantz et al. 2018b). At a range of four work rates demanding VO2 varying between 1.5–3.7 L min-1, the relative differences between the mean
values were on average 1.38 % (range -0.4 to 3.4%). Thus it is possible that there might
be small differences between SMS and MMS.
The active commuting participants were representative of a larger group (Stigell and
Schantz 2015) that was recruited by advertisements rather than randomly. It is possible
that there was a selection bias in the original group although Stigell and Schantz (2015)
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checked for this in the cycling group and found that sample to be reasonably representative of cycle commuters in Greater Stockholm.

Future Perspectives
The ability to correctly predict VO2 and intensity of PA from HR is important both for
improved fitness and health benefits especially as HR continues to be used by trainers
and health workers as a reflection of VO2 and PA intensity. It is therefore necessary to
evaluate and re-evaluate methods that are used for this purpose so as to enable correct
interpretation of PA intensity and energy expenditure.
The prerequisite for this to be possible is to have measuring tools that are both valid
and reliable for the specific type of exercise and in the correct environment. We scrutinized the metabolic systems used in our studies and feel confident that they gave valid
and reliable measurements. However, further methodological studies are required to understand the complexity of using these systems in field environments. This complexity
also shows the value of having simpler methods that can be applied in field studies.
Our evaluation of the HR-method could be seen as a further step in understanding a
method that is useful in the field. It would be interesting to develop the method by, for
example, seeing if adding more measurements points to the regression equations would
increase its robustness. Studies are also needed to investigate validity of the HR-method
in field conditions where non-steady state exercise can effect HR-VO2 relationship. Further studies should also include more participants.
There is still a problem of not having full control over the individual components of
on-line equipment, and being dependent on the algorithms in the software produced by
the manufacturers. It would therefore be positive if all manufacturers were more transparent with their information to enable scientists to have full control of their measurements. It is also important that scientists are very aware, not only the possibilities but
also the pitfalls of new methodological developments so as to ensure accuracy in their
interpretation of data.

Conclusions
The main conclusions of this thesis are as follows:
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With the MMS (version 2), a wide range of VO2 can be determined with a high
degree of accuracy compared to the criterion DBM in laboratory conditions.
Metabolic variables are reliably measured within a large range of exercise intensities as indicated by CVs between 2 and 7%.



Strong external wind from the front and side compared to no wind does not affect measurements of VO2, VCO2, VE and RER with the MMS, whereas minor
effects were noted in RER and VE with winds from behind.



Applying a system for drying expired gas samples, the MMS provides valid
measurements of VO2, RER and VE for 45 minutes of moderate physical exercise undertaken outdoors on an ergometer cycle at low temperatures and high
humidity. A small increased drift (p < 0.05) was noted in VCO2 with the MMS
compared to the DBM.



The HR-method shows good reproducibility on the group level in estimating
VO2 from HR-VO2 relations in the laboratory, and based on three levels of HR
which are representative for cycle and walking commuting. However, on the
individual level, some large variations were seen.



The HR-method is reasonably valid for estimating VO2 for habitual cycle commuters on a group level. However, relatively large individual differences were
found which were comparable to the individual differences seen in the reproducibility studies.



When applying the HR-method, based on ergometer cycling, on walking commuting, it is necessary to take into account that the VO₂ per HR is about 15%
higher when walking. Given that correction, the heart rate method is valid
enough to estimate VO2 during commuter walking when used on habitual commuter pedestrians and on a group level.

Sammanfattning

Att kunna mäta syreupptagningen (VO2) vid olika vardagliga aktiviteter, såsom gång
och cykel vid arbetspendling, är viktigt ur såväl pedagogiska som forsknings- och folkhälsoperspektiv. Många av de metoder som mäter VO2 är komplicerade och kostsamma
att använda i stor skala, och därför finns det ett behov av enklare mätmetoder med god
validitet och reliabilitet. Dessa metoder bör även vara praktiskt tillämpbara för såväl lärare och forskare som de som deltar i mätningar. De måste även vara ändamålsenliga i
de miljöer som mätningar sker.
Hjärtfrekvensmetoden är en förhållandevis enkel metod, och den behöver inte vara
förknippad med stora kostnader. Den baseras i denna studie på att varje individs förhållande mellan hjärtfrekvens (HF) och VO2 kartläggs under standardiserade betingelser
inomhus under arbete på en cykelergometer. Detta förhållande används sedan för att utifrån HF vid en fysisk aktivitet beräkna dess VO2.
Det är dock inte studerat om förhållandet mellan HF och VO 2 vid laboratorieförhållanden är detsamma som när man cyklar eller går till jobbet i utomhusmiljöer, och om
denna metod därmed kan ge en valid estimering av VO 2 vid dessa förhållanden. Faktorer såsom vind, temperatur, luftfuktighet och olika trafikmiljöer skulle kunna påverka
detta förhållande. Likaså skulle det kunna påverkas av hur van man är vid aktiv arbetspendling, träningsgrad, ålder, kön och durationen av det fysiska arbetet.
Det övergripande syftet med avhandlingen var att utvärdera hjärtfrekvensmetoden
för att estimera VO2 under gång- och cykelpendling under fältförhållanden. För att
uppnå det behövde vissa aspekter av hjärtfrekvensmetodens reliabilitet utvärderas. Likaså behövde ett mobilt metaboliskt system (MMS) testas under laboratorie- (validitet
och reliabilitet) och fältförhållanden (validitet).
De specifika syftena med avhandlingen var att: (i) testa ett bärbart metaboliskt
systems validitet och reliabilitet under både laboratorie- och fältförhållanden, (ii) utvärdera reproducerbarheten för sambandet mellan HF och VO2 vid arbete på cykelergometer under laboratorieförhållanden, och (iii) utvärdera om sambandet mellan HF och VO 2
från laboratoriemätningar kan användas för att med hjälp av HF under cykel- och gångpendling på ett valitt sätt estimera VO2 under aktiv arbetspendling vid fältmässiga förhållanden.
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I studie 1 validerades två olika versioner av MMS i ett brett spektrum av VO 2 (1.0 –
5.5 L min-1) vid ergometercykling i laboratoriet. Otränade och måttligt tränade individer testades, och Douglas säck-metoden användes som kriteriemetod. Resultaten visade
att VO2 kunde mätas med hög noggrannhet med den andra versionen av MMS (i snitt 1.4 till 2.6% skillnad jämfört med kriteriemetoden). Samma version av MMS användes
därför i studie 5 och 6. Reproducerbarheten utvärderades med den första versionen av
MMS, och visade på en variationskoefficient mellan 3-6% för VO2 vid de olika arbetsintensiteterna.
I studie 2 utvärderades metabola parametrar mätta med MMS i kontrollerade laboratorie- och utomhusmiljöer, med, i det senare fallet, fältliknande förhållanden, och med
måttligt tränade individer som cyklade på en cykelergometer. Jämförelser gjordes: (1)
mellan ingen vind och vind applicerad från olika håll, (2) mellan med eller utan ett system för att torka den omgivande luften runt ett rör med provtagning av in- och utandningsluft, och (3) mellan detta torkningssystem vid låga lufttemperaturer och hög luftfuktighet utomhus under 45 minuter och med Douglas säck-metoden som kriteriemetod.
Stark vind framifrån och från sidan, jämfört med ingen vind, påverkade inte mätningarna av de metabola variablerna, medan vind bakifrån ledde till att den respiratoriska
kvoten och ventilationen var 2 respektive 3% lägre jämfört med utan vind. Vid användning av systemet för lufttorkning under upp till 45 minuters måttlig fysisk aktivitet utomhus vid låga lufttemperaturer och hög luftfuktighet noterades endast en något ökad
stegring av koldioxidvärdena med MMS jämfört med Douglas säck-metoden.
I studie 3 (cyklister) och 4 (fotgängare) utvärderades reproducerbarheten för HF och
VO2 i laboratoriemiljö vid ergometercykling vid två olika tillfällen, och med två olika
protokoll (protokoll 1: tre submaximala arbetsintensiteter; protokoll 2: tre submaximala
plus en maximal arbetsintensitet). Försökspersoner var gång- och cykelpendlare. Skillnaden i regressionsekvationer vid de båda tillfällena samt i estimerad VO 2 analyserades.
Det senare baserades på tre för cykel- respektive gångpendlingen representativa nivåer
av HF. Därtill analyserades skillnaden i dessa variabler mellan de två olika protokollen.
Inga systematiska skillnader i estimerade absoluta nivåer av VO 2 noterades mellan de
två testen för varken protokoll 1 eller 2. Inte heller noterades några signifikanta relativa
skillnader, förutom bland cyklisterna på den högsta HF-nivån, och för protokoll 1
(+3.57 ± 6.24%, p <0.05). Vissa stora individuella skillnader (en spridning mellan -21.3
och 28.7% för cyklister, samt -25.4 och 21.5% för fotgängare) noterades vid båda protokollen. Inga variationer noterades mellan de två protokollen angående regressionsekvationernas komponenter eller estimerad VO2.
I studie 5 och 6 jämfördes sambanden mellan HF och VO 2 under laboratorie- respektive fältförhållanden hos 20 regelbundna cykel- respektive 20 gångpendlare, varav hälften var kvinnor i båda grupperna. Syftet var att klargöra om mätningar i laboratoriet kan
användas för att på ett valitt sätt estimera VO2 från HF i dessa populationer under deras
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normala cykel- respektive gångpendling. Jämförelser gjordes mellan laboratorie- och
fältförhållanden vid fem olika nivåer av HF under arbetspendlingen, samt vid medel HF.
Vid medel HF var medelvärdena för uppmätt VO2 hos cyklisterna i fält jämförbara med
de beräknade nivåerna av VO2 från laboratoriemätningarna. För fotgängarna var däremot VO2 signifikant högre för både män och kvinnor (16.6±15.2% respektive
13.3±14.5%) i fält jämfört med de estimerade värdena baserade på mätningarna vid ergometercykling i laboratoriet.
De huvudsakliga resultaten av denna avhandling var att:
• ett bärbart metaboliskt system var valitt både vid laboratorie- och fältförhållanden
under arbetspendling genom gång och cykling, vilket möjliggjorde fältmätningarna,
• hjärtfrekvensmetoden vad avser HR-VO2 relationen i laboratoriemiljö vid upprepade mätningar, på ett reliabelt sätt kan estimera VO2 vid tre nivåer av HF som speglar
gång- respektive och cykelpendling,
• hjärtfrekvensmetoden på ett valitt sätt kan estimera medelvärdesnivån för VO 2
hos cykelpendlare vid fältbetingelser, medan medelvärdena för gångpendlare i fält var
13-17% högre än de som beräknades från sambandet mellan HF och VO 2 vid mätningar
i laboratoriet,
• samtidigt noterades att de individuella spridningarna i resultaten med hjärtfrekvensmetoden är stora för både cykel- och gångpendlare, vilket gör att konfidensintervallen för medelvärdena blir relativa vida.
Sammanfattningsvis innebär detta att hjärtfrekvensmetodens medelvärdesnivåer av
syreupptagning speglar de verkliga nivåerna väl och kan användas för cykelpendlare vid
deras normala pendlingsförhållanden, medan man för gångpendlare måste ta hänsyn till
att VO2 per HR är högre vid gångpendling än under ergometercykling i laboratoriet.
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