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1. Introduction

Indirect calorimetry is commonly used in military research to examine the energetic
cost of exercise during various perturbations and as a risk factor for injury/illness.
The US Army has used indirect calorimetry to determine the metabolic cost of using
functional exoskeletons (Gregorczyk et al. 2006) and when comparing rucksack
design (LaFiandra et al. 2003). Indirect calorimetry has also been used to
understand how military personnel acclimatize to high altitude (Amann et al. 2013)
and hypoxia (Self et al. 2013). The Army has recognized the importance of
understanding oxygen consumption in the field and is developing models to aid in
operational decision making (Weyand 2013). Decreasing the energetic cost, or
caloric expenditure, of a task is important since it results in a decreased need to
carry food as well as a lower likelihood of fatigue and injury (Mair et al. 1996;
Gefen 2002; Borotikar et al. 2008).

Caloric expenditure was originally quantified via direct calorimetry where a subject
exists within a room-sized module insulated by a water current. The heat given off
by the body heats the water current and is measured to determine the energy
expended by the body (Atwater and Benedict 1983). The cumbersome direct
calorimetry method was later updated so that volumes of expired oxygen (VO.) and
carbon dioxide (VCO.) can be measured to determine the caloric expenditure while
subjects are engaged in activities outside a singular room (Weir 1949). These
volumes are calculated by determining the total gas ventilation (VE), assuming a
standard inspired gas ratio (20.95% O and 0.03% CO.) and assuming that gaseous
nitrogen is inert (inspired N2 = expired N2); the expired fractions of O, and CO>
determined by a metabolic system are then used to calculate VO, and VCOa. This
indirect calorimetry method has been further refined by advances in Oz and CO-
sensors and resulted in the present generation of mobile metabolic devices from a
variety of manufacturers.

The most commonly used fully portable indirect calorimetry device is the Cosmed
K4b2. This is the device presently in use at the US Army Research Laboratory’s
Human Research and Engineering Directorate. A common study design within the
Army and in other exercise applications is a test—retest design. In this design, a
Soldier will be tested under normal or control conditions and then tested again
during experimental conditions. The difference observed between the control and
experimental conditions is theoretically a direct result of the experimental
perturbation. However, testing session variability at the individual physiologic
level (e.g., dietary changes, diurnal hormonal oscillations) and at the level of the
measuring device (e.g., O2/CO, sensor variability, ambient air temperature,



barometric pressure) may obscure any minor changes due to the experimental
intervention. Therefore, it is important to account for the variability expected
between 2 identical “control” testing sessions when examining the result of an
experimental trial. Failure to control for expected variability in testing may lead
researchers to conclude that an intervention is effective when their results are only
a product of chance variability within the human or machine system.

The author developed a computer program, VO2sim, to address the concern that
nonuniform results in experimental trials may be a product of natural measurement
variability. VO2sim 0.1 is a simulation tool to determine if the experimental
calorimetry measurement is outside the range that would be expected for normal
session-to-session variability (e.g., 100% chance experimental condition is higher
than control condition). If the experimental measure is determined to be within
session-to-session variability, a probability measure is returned, indicating the
probability that the experimental value is higher or lower than the control measure
(e.g., 60% chance that experimental value is lower than control value). The general
purpose of VO2sim is to provide a probabilistic context for VE, VO, and VCO:
measures that are commonly made within a test—retest study methodology.

2. Methodology

VO2sim 0.1 is written in R 3.1.2 (R Core Team 2014), which is a free programming
language for statistics and data science. The present iteration of VO2sim is valid
only for the Cosmed K4b? system and uses previously published reliability data to
determine the distribution of measurement error (Duffield et al. 2004; Darter et al.
2013). VO2sim is an umbrella term for 3 functions: VO2sim.repeat,
VCO2sim.repeat, and VEsim.repeat, which assess the probability of real
differences between the control and experimental conditions for VO, VCO2, and
VE, respectively (raw code for functions is available in Appendix A). The
operational flow for each function is the same; VO2sim.repeat will be used as an
example.

The control and experimental VO, measures (liters/minute) obtained at the same
exercise workload are put into the function with the “cosmed_k4b2” indicated as
the system that collected the data. The control volume and system are used as the
means to create a random uniform distribution of 100,000 observations, where the
maximum and minimum of the distribution are calculated based upon the intraclass
correlation (ICC) for that volume. The formula for calculating the maximum and
minimum of the distribution is Distribution max/min = volume = [(1 - ICC) x
volume].



For example, a VO2 measurement of 1.5 L/min has a repeatability ICC of 0.85
(Darter et al. 2013); therefore, a random uniform distribution between 1.275 and
1.725 is created from a control measurement of 1.5 L/min (Fig. 1). ICCs for session-
to-session reliability differ depending upon the total volume of gas flow; therefore,
the ICC differs for each system depending upon on the volume of gas measured.
The random uniform distribution was selected in lieu of other distributions because
previous research has demonstrated that session-to-session agreement follows a
random uniform distribution (Crouter et al. 2006).
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Fig. 1 Random uniform distribution with a mean of 1.5 L/min



The simulated distribution of expected values for a second control condition is then
compared against the measured experimental session VO,. If the experimental
value falls outside of the distribution on the high end, it will return an output that
there is a 100% probability that the experimental value is higher than the control
value (Fig. 2). If the experimental value falls within the expected control
distribution, it is determined whether the greatest number of samples in the
distribution are higher (Fig. 3), lower (Fig. 4), or identical to the experimental
value. The highest number of samples is calculated in ratio with the total samples
in the distribution to determine the probability that the experimental value is higher,
lower, or identical to the control value.
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Fig. 2 Comparison of random uniform distribution to an experimental value falling outside
the control distribution
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Fig. 3 Comparison of the random uniform distribution to a value that falls within the control
distribution and where 60% of the control distribution is lower than the experimental value
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Fig. 4 Comparison of the random uniform distribution to a value that falls within the control
distribution and where 75% of the control distribution is greater than the experimental value

2.1 Calling VO2sim 0.1 Functions

VO2sim.repeat is called with up to 3 arguments:
VO2sim.repeat(a, b, system = ‘cosmed_k4b2”)

Variable “a” is the control value and variable “b” is the experimental value. The
default system is “cosmed_k4b2”. In the current version of VO2sim, there is not
presently support for other indirect calorimetry systems, so any other input will
result in a system message indicating that the data are unable to be processed.
Future versions of VO2sim will support other popular indirect calorimetry systems
that have appropriate repeatability data available.



2.2 VO2sim 0.1 Results

The VO2sim.repeat function returns an object with 3 respective values:

« Probability that the measures are the same
« Probability that “b” is greater than “a”
« Probability that “b” is less than “a”

A string is also returned explaining which probability in the previous object is the
largest. The string is designed to explain the primary findings of VO2sim for a
single subject. The data in the object allow the researcher to aggregate VO2sim
results from multiple subjects and return a “net probability difference” based upon
the mean of the data from the column appropriate to their a priori hypothesis.

2.3 Calculating Difference Probability Curves

The benefit of having VO2sim functions contained within R allows for entire
vectors of data to be analyzed with ease. Using simulated sequential data, curves
can be constructed to demonstrate how a 3% (Fig. 5), 6% (Fig. 6), 10% (Fig. 7),
and 15% (Fig. 8) measured increase in experimental VO2 result in the probability
that it is actually greater than the control session. The implementation of these
functions on simulated vectors for the creation of Figs. 5-8 is contained within
Appendix B.
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Fig. 5 VO2sim probabilities that experimental value is different from control when the
experimental value is 3% higher than control
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Fig. 8 VO2sim probabilities that experimental value is different from control when the
experimental value is 15% higher than control

3. Discussion and Conclusions

VO2sim is designed to test the hypothesis that VO2, VCO2, and VE values from
an experimental trial are either lower or higher than the control trial. To that end, it
can be used in lieu of a standard statistical test for a single subject analysis. When
data from more than one subject are obtained, best practice is to first use a repeated-
measures t-test. If statistical significance of a 2-tailed test is obtained, a directional
hypothesis should be made; the individual data for all subjects should be analyzed
with VO2sim and a “net probability difference” can be calculated. Instances where
statistical differences are achieved but the net probability of VO2sim difference is
less than 85% should lead the researcher to interpret their results with heavy
skepticism. The most conservative interpretation of the VO2sim output is that any
difference probability less than 100% is not different between the 2 conditions.
Proposed conventions for applying VO2sim are as follows:

. Experimental value definitely different from Control: 100%

. Experimental value probably different from Control: 85%-99%

11



« Experimental value unlikely to be different from Control: 70%—-84%
« Experimental value not different from Control: Below 69%

The probability curves (Figs. 5-8) can also be used during study design. With the
goal of maximizing group differences, investigators may want to consider a certain
workload where measurements are less likely to be obscured by measurement error.
Similarly, if there is a standard exercise protocol, they may want to purchase a
system that has high test-retest reliability in their typical range of workloads.

The current iteration of VO2sim is only able to assess the measurement error for
one device, the Cosmed K4b?. The reliability data for the Cosmed K4b? are reported
for discrete volume measurements (e.g., VE = 45 L/min) and not as a continuous
regression line (Duffield et al. 2004; Darter et al. 2013). This accounts for the visual
grouping of results based upon the volume of gas measured (see Figs. 5-8). Future
versions will support the assessment of other indirect calorimetry systems and will
incorporate a continuous estimation of test—retest agreement. Future versions will
also implement a graphical user interface to facilitate the use of VO2sim for
researchers/clinicians not familiar with the R language.

12
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Appendix A. VO2sim Functions

This appendix appears in its original form, without editorial change.
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VO2sim.repeat
#a' is the base condition, 'b" is experimental.

VO2sim.repeat<- function(a, b, system="cosmed_k4b2"){
a.round <- round(a, digits=2)
b.round <- round(b, digits=2)
if (system=="cosmed_k4b2"){
if (a.round <= 0.5
a.min <- a.round*0.43
a.max <- a.round*1.57
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else if (a.round>0.5 & a.round<1.0){
a.min <- a.round*0.90
a.max <- a.round*1.10
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else if (a.round>=1.0 & a.round<3.5){
a.min <- a.round*0.85
a.max <- a.round*1.15
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else if (a.round>= 3.5){
a.min <- a.round*0.87
a.max <- a.round*1.13
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else{
print('l can not process data from systems other than Cosmed k4b2
at this time")
}
if (system =='cosmed_k4b2"){
probsame <- (sum(a.dist == b.round)/100000)*100
probhigh <- (sum(a.dist < b.round)/100000)*100
problow <- (sum(a.dist > b.round)/1200000)*100
probs <- c(probsame, probhigh, problow)
highest.prob <- probs[probs==max(probs)]
if (highest.prob == probsame){
print(pasteO("There is a ", highest.prob, " probability that these
measures are the same VO2"))
} else if (highest.prob == probhigh){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
greater than VO2 a"))
} else if (highest.prob == problow){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
less than VO2 a"))
}
return(probs)
}
}
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VCO2sim.repeat
# a is the base condition, 'b' is experimental.
VCO2sim.repeat<- function(a, b, system="'cosmed_k4b2"){
a.round <- round(a, digits=2)
b.round <- round(b, digits=2)
if (system=="cosmed_k4b2"){
if (a.round < 3.25){
a.min <- a.round*0.81
a.max <- a.round*1.19
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else if (a.round>= 3.25){
a.min <- a.round*0.72
a.max <- a.round*1.28
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
}
else{
print('l can not process data from systems other than Cosmed k4b2 at
this time")

}

if (system =='cosmed_k4b2"){
probsame <- (sum(a.dist == b.round)/100000)*100
probhigh <- (sum(a.dist < b.round)/100000)*100
problow <- (sum(a.dist > b.round)/100000)*100
probs <- c(probsame, probhigh, problow)
highest.prob <- probs[probs==max(probs)]
if (highest.prob == probsame){
print(pasteO("There is a ", highest.prob, " probability that these
measures are the same VCO2"))
} else if (highest.prob == probhigh){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
greater than VCO2 a"))
} else if (highest.prob == problow){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
less than VCO2 a"))
}
return(probs)
}
}
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VEsim.repeat
# a is the base condition, 'b' is experimental.
VEsim.repeat<- function(a, b, system='cosmed_k4b2"{
a.round <- round(a, digits=2)
b.round <- round(b, digits=2)
if (system=="cosmed_k4b2"){
if (a.round < 80.00){
a.min <- a.round*0.88
a.max <- a.round*1.12
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
} else if (a.round>= 80.00){
a.min <- a.round*0.78
a.max <- a.round*1.22
a.dist <- round(runif(100000,min= a.min, max= a.max), digits=2)
}
else{
print('l can not process data from systems other than Cosmed k4b2 at
this time")

}

if (system =='cosmed_k4b2"){
probsame <- (sum(a.dist == b.round)/100000)*100
probhigh <- (sum(a.dist < b.round)/100000)*100
problow <- (sum(a.dist > b.round)/100000)*100
probs <- c(probsame, probhigh, problow)
highest.prob <- probs[probs==max(probs)]
if (highest.prob == probsame){
print(pasteO("There is a ", highest.prob, " probability that these
measures are the same VE"))
} else if (highest.prob == probhigh){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
greater than VE a"))
} else if (highest.prob == problow){
print(pasteO("There is a ", highest.prob, " probability that VO2 b is
less than VE a"))

}

return(probs)

}
}
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Appendix B. R Markdown File

This appendix appears in its original form, without editorial change.
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FIELD ELEMENT

RDRL HRM AF C HERNANDEZ
3040 NW AUSTIN RD RM 221
FORT SILL OK 73503-9043

ARMY RSCH LAB - HRED

RDRL HRM AV W CULBERTSON
91012 STATION AVE

FORT HOOD TX 76544-5073

ARMY RSCH LAB - HRED
RDRL HRM DE A MARES
1733 PLEASONTON RD BOX 3
FORT BLISS TX 79916-6816

ARMY RSCH LAB - HRED
SIMULATION & TRAINING
TECHNOLOGY CENTER
RDRL HRT COL G LAASE
RDRL HRT | MARTINEZ
RDRLHRTT RSOTTILARE
RDRLHRT B N FINKELSTEIN
RDRLHRT G A RODRIGUEZ
RDRLHRT I JHART
RDRLHRT M C METEVIER
RDRLHRTS BPETTIT
12423 RESEARCH PARKWAY
ORLANDO FL 32826



(PDF)

(PDF)

ARMY RSCH LAB - HRED

HQ USASOC

RDRL HRM CN R SPENCER
BLDG E2929 DESERT STORM DR
FORT BRAGG NC 28310

ARMY G1

DAPE MR B KNAPP

300 ARMY PENTAGON

RM 2C489

WASHINGTON DC 20310-0300

ABERDEEN PROVING GROUND

12
(PDF)

DIR USARL
RDRL HR

L ALLENDER

P FRANASZCZUK

K MCDOWELL
RDRL HRM

P SAVAGE-KNEPSHIELD
RDRL HRM AL

C PAULILLO
RDRL HRM B

J GRYNOVICKI
RDRLHRM C

L GARRETT
RDRL HRS

JLOCKETT
RDRL HRS B

M LAFIANDRA

M TENAN
RDRLHRS D

A SCHARINE
RDRL HRS E

D HEADLEY

36



