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AbSTrAcT
Purpose. The purpose of this investigation was to determine the effect of body movement on the ability of a portable telemetric 
gas analysis device, the cosmed K4b2, to produce a reliable measure of walking oxygen consumption (VO2). Methods. Thirteen 
adults were asked to report to a laboratory for three test sessions. During Session 1, participants were familiarized with the 
data collection procedures and completed a 15-min treadmill accommodation. In Sessions 2 and 3, each participant completed 
four 5-min treadmill walking trials at 1.8 m · sec–1 under different experimental conditions while VO2 was collected using the 
portable system. The four conditions were used to manipulate the portable metabolic system to mimic different types of movement. 
Results. Data analysis revealed no significant differences (p = 0.070) amongst VO2 values across all four experimental conditions 
during Sessions 2 and 3. between-day coefficients of variation for the mean VO2 values of the four conditions ranged from 
2.7% to 3.8%, with the highest level of variation occurring whilst the unit was strapped to the participant’s chest. Conclusions. 
Viewed collectively, the cosmed K4b2 may produce reliable measures of VO2 in adult participants during treadmill walking 
who exhibit little vertical oscillation. However, future research is necessary to determine if the K4b2 is a valid instrument for 
collecting VO2 data if excessive body movement in the vertical direction can affect the data collection instrumentation.
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Introduction

The measurement of oxygen consumption (VO2) is 
a valuable tool used to determine the amount of energy 
produced by an individual during physical activity. 
The ‘gold standard’ in determining VO2 is the Douglas 
bag method and has been used to determine the validity 
of other VO2 data collection systems [1]. Within the 
confines of this technique, expired air is collected into 
a Douglas bag and subsequently analyzed for O2 and 
cO2 content as well as the volume of air, which is then 
used to determine VO2. However, analyzing expired air 
for VO2 by this method is cumbersome and requires 
a researcher to undergo a lengthy training period. A sim-
pler method for determining VO2 has been developed 
by using a computerized system (metabolic cart) to de-
termine VO2. Nonetheless, because of its large size and 
immobility, the metabolic cart is a tool relegated to  
a laboratory setting. Portable versions of the metabolic 
cart were developed to allow researchers to determine 
the VO2 (a measure of energy expenditure) of any indi-
vidual during all types of activities in any kind of setting.

These portable metabolic systems were shown to pro-
duce valid measurements of oxygen consumption com-
pared to a metabolic cart by several researchers during 
treadmill locomotion [2–4] and cycle ergometry [1, 5, 6] 
in an adult population. Yet, these two forms of physical 
activity were conducted in a laboratory setting and 
involve motion that is quite stable, in which the body is 
largely immobile other than the legs. However, there 

is evidence within the research literature that shows 
the validity and reliability of portable gas analyzers can 
be questioned during more unstable movement patterns. 
For example, Duffield et al. [7] tested the validity of a 
portable gas analyzer against a computerized meta-
bolic cart as well as the reliability of the portable sys-
tem in different testing sessions conducted over a two 
day period for a 10-min jog, 3-min run and 1-min 
sprint using adult participants. The results found sig-
nificant differences in VO2 measurements between 
the two metabolic collection systems during the 10-
min jog, 3-min run and 1-min sprint (p < 0.05) [7]. 
Furthermore, the authors did not find a significant 
between-day correlation when using the portable sys-
tem with the 1-min sprint, which was the physical ac-
tivity that involved the greatest level of effort [7]. 

In addition to the aforementioned validity studies, 
the questionable use of these portable metabolic sys-
tems during unstable movement can also be found in 
studies investigating children with cerebral palsy (cP). 
In many studies investigating the energy expenditure 
of children with cP during ambulation, researchers 
asked participants to walk around a course of a cer-
tain distance (i.e. overground walking) while VO2 was 
collected using a portable gas exchange system. How-
ever, no studies to date have tested the validity of us-
ing a portable metabolic system in children with a dis-
ability or even healthy children. In 1996, corry et al. 
[8] assessed the repeatability (not validity) of a porta-
ble metabolic cart to be 13% of the mean VO2 values 
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produced across three speeds in a group of ten chil-
dren with a disability. Similarly, bowen et al. [9] dem-
onstrated a 17.5% variability rate in VO2 for children 
with cP between measurements taken on different days 
using a portable metabolic system. However, a study 
by Keefer et al. [10] showed only an 8% variability rate 
in between-day VO2 when using the ‘gold standard’ 
Douglas bag method in children with cP. An explana-
tion for this large difference between bowen et al. [9] 
and Keefer et al. [10] could be that the instrumenta-
tion of the portable metabolic system is affected by the 
irregular gait performance [11] seen in the walking 
pattern of children with cP. Viewed in concert, there is 
data to show that portable metabolic systems may not 
be able to measure VO2 on a consistent basis during am-
bulation that involves more pronounced body move-
ment. Therefore, the purpose of this investigation was 
to determine the effect of body movement on the ability 
of a portable gas exchange device to produce a reliable 
measure of walking oxygen consumption.

Material and methods

Thirteen able-bodied adults (ten males, three females; 
mean age 35.0 ± 9.5 yrs; mean weight 79.1 ± 11.5 kg; 
mean height 178.2 ± 6.3 cm) participated in this inves-
tigation. Adult participants were used because the port-
able gas exchange device has only been validated in an 
adult population [1–5]. Prior to participation, all volun-
teers signed an informed consent form that was approved 
by the University’s Institutional review board for the 
use of human subjects. All procedures were followed in 
accordance to the Helsinki Declaration [12]. Each par-
ticipant reported to the laboratory on three separate 
occasions and was instructed to not eat or drink at least 
two hours prior to testing as well as not ingest caffeine on 
that day. During their initial visit (Session 1), the partici-
pants were familiarized with the data collection tools and 
completed a 15-min treadmill accommodation period 
at 1.8 m · sec–1 while wearing a facemask and portable 
metabolic system, the cosmed K4b2 (cosmed, Italy).

The subsequent two testing sessions (Sessions 2 and 3) 
were identical and involved each participant complet-
ing four 5-min treadmill walking trials at 1.8 m · sec–1 
under different experimental conditions. The order of 
each trial was randomly selected in each session and 
the walking trials were interspersed with five min of rest. 
The four experimental trials included (a) walking with 
the portable device worn on the body using a harness; 
(b) walking with the portable device off the body and 
set aside on a stable surface; (c) walking with the port-
able device off the body and placed in a specially con-
structed mechanism designed to tilt the device between 
90° (simulating the upright, vertical position when 
walking) and 60° (simulating the forward bending ac-
tion when walking); and (d) walking with the portable 

device off the body and placed in a specially constructed 
mechanism designed to vertically oscillate the device 
between 0 and 6.25 cm in height (simulating the vertical 
oscillation that occurs to an individual’s center of gravity 
when walking). When the cosmed unit was not worn, 
a weight equal to the device was used as a substitute 
on the harness. For conditions (c) and (d), the portable 
unit was moved in the respective direction using a ca-
dence equivalent to the participant’s step frequency. 
In addition, when securing the K4b2 to the devices to 
complete the movements under conditions (c) and (d), 
care was taken to ensure that the unit was not impeded 
from functioning. The range of movement in condi-
tions (c) and (d) were chosen to exacerbate the possible 
movements of the body during crouch gait, as observed 
in children with cP when walking [13, 14].

During all the test conditions in Sessions 2 and 3, 
gross VO2 was measured using the portable system over 
each 5-min trial. Prior to each session, the cosmed sys-
tem was calibrated for gas composition using primary 
standard gases (16.00% O2 and 4.00% cO2) and for vol-
ume using a three liter syringe. before the walking con-
ditions were started, participants were first weighed 
on a Health-o-meter balance scale. The participants 
were then fitted with the cosmed facemask as per the 
manufacturer’s instructions, which was secured to the 
participant using a head-cap assembly. The straps on the 
side of the head-cap assembly were pulled tight and 
the mask was subsequently tested for leaks to ensure that 
all expired air was measured by the cosmed system. 
Once each trial began, a researcher initiated the meas-
urement system to begin collecting VO2 data. However, 
only the final two minutes of VO2 data for each walking 
trial was used for statistical analysis to allow for a steady-
state VO2 value to be achieved.

The stability of VO2 was quantified by performing 
repeated-measures three-factor analyses of variance 
(ANOVA) on the metabolic data obtained during the four 
trials of Session 2 and again using the VO2 values from 
Session 3. The three factors were condition (on the body, 
off the body, tilted and vertically oscillated), Trial Order 
(one thru four), and Day (Sessions 2 and 3). To deter-
mine between-day stability in energy cost, between-day 
coefficient of variation (cV) values were derived for 
measures of VO2 with each experimental condition. For 
each participant, cV values were calculated from the 
average VO2 value for each of the experimental condi-
tions from Sessions 2 and 3. These individual cV values 
were then averaged across the participants to yield a mean 
group between-day cV value for each experimental 
condition. To further characterize between-day vari-
ability, a measure of daily variability was determined 
for each experimental condition using the calculation 
provided by bowen et al. [9]. Statistical significance 
was established at p < 0.05.
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Results

repeated measures analysis revealed no significant 
differences (p > 0.05) amongst VO2 values for the three 
factors of Day (p = 0.371), Trial Order (p = 0.901) and 
condition (p = 0.070). Table 1 displays the VO2 data from 
the four different conditions in Sessions 2 and 3. between-
day coefficients of variation (cV) for the mean VO2 
values of the four conditions ranged from 2.7% to 3.8% 
(Tab. 2). Moreover, no significant differences were de-
termined between the measures of daily variability in 
VO2 values for the four conditions, which ranged from 
3.8% to 5.3% (Tab. 3). 

Discussion

The results from this investigation demonstrate that 
no significant difference (p = 0.07) could be detected 
when using the portable gas analysis system under 
different experimental conditions designed to mimic 
excessive body movements. However, a possible trend 
does appear to exist for these conditions, wherein the 
VO2 values for the vertically oscillating condition (d) 
were higher in both Session 2 and 3 compared to the 

other conditions. For this experiment, a higher level of 
significance may have been achieved with either more 
participants or a greater vertical movement of the cos-
med unit. Power analysis of the current data revealed 
that in order to achieve a p = 0.05 significance level 
when comparing the stationary to the vertically oscil-
lating condition, 37 participants would be necessary 
with a beta error level at 50%. Evidence in the avail-
able literature may already exist in demonstrating that 
moving the K4b2 to a greater degree in the vertical 
position could also affect the measurement capability of 
the portable unit. In the previously mentioned study by 
Duffield et al. [7], the sprint trial was the only activity 
that did not produce a significant between-day corre-
lation, whereas the walking and jogging trials did. This 
could have been a result of a higher level of vertical 
oscillation of the center of mass during sprinting when 
compared to the other modalities. In an investigation 
by Williams and cavanagh [15], trained runners were 
found to elevate their center of mass by 9.2 cm in the 
vertical direction while running at 3.6 m · sec–1. This 
value is greater than the 6.25 cm used in this study to 
vertically move the K4b2. Therefore, more research is 
warranted in order to determine if the cosmed unit is 
affected by more pronounced vertical movement.

Within the pediatric literature, a paucity of data exist 
detailing the average amount of vertical oscillation pro-
duced by a child with cP during walking. One study by 
bennett et al. [16] stated that children with cP (mean 
age 9.7 yrs) had a 60% higher level of vertical oscillation 
of their center of mass compared to able-bodied con-
trols. However, the authors did not provide any raw data 
for the vertical movement measures. According to Dierick 
et al. [17], the average vertical movement of the center of 
mass for able-bodied children at a slightly younger age 
(7–9 yrs) than in bennett et al.’s study was 3.5 cm during 
walking [16]. Therefore, a value that is 60% greater 
than the vertical displacement measured by Dierick et al. 
[17] would be 5.6 cm, which is less than the 6.25 cm 
used in this investigation. With this in mind, the K4b2 
could be used to determine oxygen consumption values 
during walking in children with cP if the cosmed device 
was validated for children. However, if an intervention 
aimed at improving the gait function of children with 
cP produces different post-intervention vertical move-
ment during walking compared to the pre-intervention 
session, then any difference in oxygen consumption 
could be attributed to the data collection device. There-
fore, to eliminate this possibility, the K4b2 needs to be 
scrutinized by further research.

In the current investigation, low between-day cV 
(3.8%) and daily variability (5.3%) values suggest that, 
when worn on the body, this portable gas analysis unit 
can provide a reliable measure of VO2 in an adult popu-
lation while walking on a treadmill. Fairly low daily 
variability values in VO2 (8.8%) have also been obtained 

Table 1. Average (± SD) walking  
VO2 values (ml · kg–1 · min–1) for the four experimental 

conditions tested in Sessions 2 and 3

Session
condition

a b c d

2 18.9 (1.1) 18.7 (1.2) 18.7 (1.3) 19.3 (2.3)
3 18.7 (1.5) 18.5 (1.4) 18.8 (1.5) 19.1 (1.6)

a – on the body; b – off the body; c – tilted;  
d – vertically oscillated
four experimental conditions not statistically different  
(p > 0.05) from each other across each session and for each 
condition between sessions

Table 2. between-day coefficients of variation (%)  
for the mean VO2 values of the four conditions

condition

a b c d

3.8 2.7 3.0 3.2

a – on the body; b – off the body; c – tilted;  
d – vertically oscillated

Table 3. Daily variability (%) for the mean VO2 values  
of the four conditions

condition

a b c d

5.3 3.8 4.2 4.5

a – on the body; b – resting off the body; c – tilted;  
d – vertically oscillated
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from children with hemiplegic cP while walking on  
a treadmill using the Douglas bag method [10]. How-
ever, higher values of daily variability in VO2 (17.5%) 
were determined by bowen et al. [9] in children with 
cP (four with diplegia and one with hemiplegia) when 
walking around a course of a certain distance using  
a portable metabolic system by cosmed. One explana-
tion for the high variability rate determined by bowen 
et al. [9] could be that four of the five children had diple-
gic cP. Keefer et al. [10] believes that children with two 
affected limbs during walking may have a greater level 
of daily variability compared to those with only one 
affected limb. Notwithstanding, another explanation 
for the higher daily variability level measured by bowen 
et al. [9] could be attributed to the fact that the portable 
metabolic device has not yet been validated in youth, 
as was mentioned previously. In a another study by 
Keefer et al. [18], three children with hemiplegic cP and 
one with diplegia were found to have a daily variability 
value of 8% in oxygen consumption during overground 
walking using the Douglas bag method. This fairly low 
daily variability value was obtained even though a child 
with diplegic cP was included in the analysis and the 
mean value during overground walking was similar to 
the level obtained (8.8%) when treadmill walking in  
a population that had only hemiplegic cP [10]. These 
results suggest that the portable metabolic unit could 
be a limiting factor when trying to obtain oxygen con-
sumption measures from children with cP.

Conclusion

Viewed in concert, reliable measures of VO2 can be 
obtained from adult participants during treadmill 
walking by the cosmed K4b2 if the vertical oscillation 
of the portable unit is kept to a minimum. However, 
future research is necessary to determine if excessive 
body movement in the vertical direction can affect data 
collection in this portable metabolic system and if the 
K4b2 can be used to determine oxygen consumption 
in both able-bodied children and children with a dis-
ability. Knowing if this portable device is valid and reli-
able is crucial to therapists, orthopedists and research-
ers who wish to determine if an intervention, aimed at 
improving gait function through lower oxygen cost 
during walking, is successful.
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