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Abstract

Purpose Resting measures of ventilation and gas exchange are impacted by a variety of physiological stressors, such as those
resulting from a research intervention or an extreme environment. However, the biological variation of these parameters, an
important statistical consideration for identifying a meaningful physiological change, has not been quantified.

Methods We performed a retrospective analysis of 21 studies completed by the U.S. Army Research Institute of Environ-
mental Medicine (USARIEM) from 1985 to present, totaling 411 healthy volunteers. First, we determined the intraindividual,
interindividual, and analytic coefficients of variation (CV, CVg, and CV,, respectively) and subsequently the index of indi-
viduality and heterogeneity (II and IH, respectively). Second, when deemed appropriate via these outcomes, we defined the
accompanying static and dynamic thresholds, beyond which a significant deviation from normal is indicated.

Results End-tidal partial pressure of oxygen (PgrO,) and the respiratory exchange ratio (RER) approached the II threshold
required to be considered useful in the static assessment of physiological deviations from normal. Pg;O, and peripheral
oxygen saturation (SpO,) approached the IH threshold required to be considered useful in the dynamic assessment of physi-
ological deviations from normal.

Conclusions This analysis identifies RER and PO, as parameters that might be most useful when aiming to identify a
meaningful ventilatory change following a research intervention or stressor. Alternatively, other parameters of ventilation
and gas exchange, such as PgCO, and Vi, may be less useful for observing an anticipated physiological change.

Keywords Coefficient of variation - Reference change value - Decision level - Index of individuality - Index of
heterogeneity

Abbreviations HR Heart rate
AMS Acute mountain sickness H Index of heterogeneity
BMI Body mass index I Index of individuality
BSA Body surface area PrrCO, End-tidal partial pressure of carbon dioxide
CV, Analytic coefficient of variation PzrO,  End-tidal partial pressure of oxygen
CVg Interindividual coefficient of variation RCV Reference change value
CV; Intraindividual coefficient of variation RER Respiratory exchange ratio
DL Decision level SpO, Peripheral oxygen saturation
VCO, Carbon dioxide production
Ve Minute ventilation
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P< Roy M. Salgado
roy.m.salgado.civ@mail.mil

Introduction
! Thermal and Mountain Medicine Division, U.S. Army
Research Institute of Environmental Medicine, 10 General Understanding the biological variation of various physi-
Greene Ave, Building 42, Natick, MA 01760, USA ological parameters is a crucial first step in determining
*  Biophysics and Biomedical Modeling Division, U.S. Army which of those parameters might be useful in identifying a

Research Institute of Environmental Medicine, 10 General

o X meaningful physiological alteration. For example, during a
Greene Ave, Building 42, Natick, MA 01760, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-019-04190-x&domain=pdf

2034

European Journal of Applied Physiology (2019) 119:2033-2040

research intervention or under an environmental stressor,
the physiological response of interest can be best observed
by focusing on those variables that are most promising
from a statistical perspective. Biological variation analysis
also provides specific information about typical between-
person and within-person variation, which can inform
between- and within-group a priori power analyses. Stud-
ies of biological variation are used routinely to understand
normal biochemical ranges in clinical medicine (Fraser
and Harris 1989). The application of biological variation
has been used to better understand the most useful bio-
markers of dehydration, sweating, breast cancer, and dia-
betes mellitus (Cheuvront et al. 2010; Kenefick et al. 2012;
Lenters-Westra et al. 2014; Soletormos et al. 1993), as well
as in sports training (Bagger et al. 2003; Koutedakis 1995;
Nunes et al. 2010).

While predictive equations and clinical thresholds have
been established and refined for measures of ventilation and
gas exchange (Quanjer et al. 2012), a complete analysis of
biological variation has only been investigated minimally
within a broad and basic context (Consolazio et al. 1963).
Nevertheless, measurement of ventilation and gas exchange
is remarkably affordable, easy to perform, and relatively
portable, making this testing an advantageous data source
to investigate physiological changes in a variety of scenar-
ios, particularly in research settings. With the addition of
biological variation data, it would be possible to identify
the specific ventilatory parameters that should be collected
and analyzed whenever ventilation and gas exchange are of
interest.

In healthy humans, ventilatory homeostasis is accom-
plished via detection of blood gases, neural integration, and
autonomic control of respiratory rate and depth. However,
ventilatory homeostasis is not achieved identically in all
humans or identically in all circumstances; thus, there is a
normal biological variation in ventilation and gas exchange
among healthy adults. This biological variation is likely
dependent on numerous factors including basal metabolic
rate, hydration status, body temperature, acid—base bal-
ance, and emotional influences, as well as various inter-
actions with the cardiovascular system (van den Aardweg
and Karemaker 1991). External stressors can also yield
changes in measures of ventilation and gas exchange. For
example, previous research has demonstrated changes in
minute ventilation (Vi) and P CO, in healthy individuals
who develop acute mountain sickness (AMS) during high-
altitude exposure (Hackett et al. 1982; Moore et al. 1986).
Further, the combination of PgCO,, heart rate (HR), and
oxygen consumption (VO,) has been explored for the estima-
tion of pulmonary vascular resistance during noninvasive
exercise studies of heart failure patients (Taylor et al. 2013).
Nevertheless, no study has systematically investigated the
biological variation of these and other ventilation and gas
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exchange parameters, and thus the relative usefulness of
various measures in a research setting is uncertain.

The present study aimed to determine the biological
variation inherent to resting measures of ventilation and gas
exchange, such that the statistical usefulness of these meas-
ures for identifying a meaningful physiological change fol-
lowing a stressor could be established. We hypothesized that
analysis of biological variation would reveal at least one sta-
tistically useful candidate. This approach for establishing the
usefulness of a given physiological parameter has been used
successfully in closely related fields (Cheuvront et al. 2010;
Slate and Turnbull 2000). These results will guide the use of
ventilation and gas exchange parameters, providing insight
into which measures, if any, have potential for identifying
meaningful responses to various research interventions.

Methods
Retrospective data collection

This study was a retrospective analysis of data obtained
from the U.S. Army Research Institute of Environmental
Medicine (USARIEM) Mountain Medicine Database which
includes studies starting in 1985. All studies included in
this investigation were approved by the Institutional Review
Board at USARIEM and volunteers provided their free and
informed written and verbal voluntary consent before partic-
ipating in the study. Investigators adhered to the policies for
protection of human subjects as prescribed in DOD Instruc-
tion 3216.02 and the research was conducted in adherence
with the provisions of 32 CFR Part 219.

Resting measures of ventilation and gas exchange

All studies included in the present analysis utilized a similar
protocol for collecting and analyzing resting measures of
ventilation and gas exchange (Vmax Encore 29 and similar,
Vyaire Medical, Mettawa, IL, USA). This system utilizes
a mass flow sensor alongside an electrochemical fuel cell
for analysis of O, and a non-dispersed infrared thermopile
analyzer for CO,. The majority of measurements occurred
in the morning following an overnight fast, and all data were
collected in a thermoneutral, sea level environment (~ 20 °C,
~760 mmHg). The volunteer was seated in a comfortable
position in a quiet space and instructed to relax with the
mouthpiece in place for 10 or more min until at least 5 min
of stable data was obtained. Outliers arising from cough-
ing, swallowing, etc., were removed and the remaining data
points averaged. In determining certain aspects of biologi-
cal variation, analysis of ventilation and gas exchange data
required that two or more measurements were collected in
the same individual over 2 or more days.
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Breath-by-breath ventilation and gas exchange variables
collected included Vi, oxygen consumption (VO,), carbon
dioxide production (VCO,), end-tidal partial pressure of oxy-
gen (PgrO,), and P CO,. Additional variables were also cal-
culated from the average values of these measures, including
ventilatory efficiency for oxygen and carbon dioxide (Vg/VO,
and V/VCO,, respectively) as well as the respiratory exchange
ratio (RER; VCO,/VO,). Furthermore, several variables were
also normalized to body surface area (BSA) (Vgnorm; Vg/
BSA) or body mass (VO,norm and VCO,norm; VO,/mass and
VCO,/mass). During the measurement of ventilation and gas
exchange, SpO, and heart rate (HR) were also collected via a
pulse oximeter (Nonin Medical Inc., Plymouth, MN, USA).

Biological variation

All analyses were performed in MATLAB R2017b (The
Mathworks, Inc., Natick, MA, USA). Prior to performing any
analysis, outliers within each resting measure of ventilation or
gas exchange, defined as a value that was outside two standard
deviations of the grand mean, were removed from the dataset.
Then, the biological variation of each measure was investi-
gated by taking into account the intraindividual (CVy), inter-
individual or group (CV), and analytic (CV,) components
of variation (Fraser and Harris 1989). First, the total variation
within an individual (CV y;pin), Which is a combination of
CV; and CV,, was determined by analyzing all repeat trials
available for each individual (in only those individuals who
had at least two trials; n=245):

SD,.
within > % 100. (1)

CVi i =<
T,within
Meani,

The CV 1 imin for €ach volunteer was then averaged among
all volunteers to determine the group CV

CV1 = Mean(CVr yihin)- @

Next, CV,, a single value for each ventilation or gas
exchange measure, was assumed to account for half of the total
intraindividual variation (CV) (Fraser 1983), such that CV,,
and by extension CVy, could be calculated for each parameter:

V, = -1
CA 2’ (3)

CV,=4/CVi-CV3. 4

The total group variation among volunteers (CV o ;yono)
which is a combination of CV and CV,, was then calculated
for each measure (including all individuals, whether or not
they had repeat trials; n=411):

SD
CVT,among = <ﬂ> x 100. )

Meanamong

CV,; was then determined by accounting for the impact of
CV,:

CV = 4/CV2

2
T,among - CVA' (6)
Diagnostic value of ventilation and gas exchange
measures

By assessing CV,, CV|, and CV; in concert, the potential
usefulness of a given ventilation or gas exchange measure in
determining deviations from ‘normal’, both as a static value
that can be compared to population-based reference intervals
and as a dynamic change from baseline within an individual,
can be investigated. First, the index of individuality (II), a
measure of the parameter’s ability to identify a static value as
abnormal, can be calculated as follows (Harris 1974):

\/CV2 +CV?
A 1 . (7)

II= ove

A low II (<0.6) signifies high individuality, meaning that
the measure is quite variable among subjects and thus less use-
ful in identifying a deviation from population-based reference
intervals within a given individual (i.e., abnormal). On the
other hand, a high IT (> 1.4) indicates a low individuality, such
that the measure is relatively uniform among individuals and
thus more powerful for identifying a deviation from normal
within a given individual (Harris 1974).

The dynamic change from baseline (within an individual)
that signifies a statistically significant difference, termed the
reference change value (RCV), can also be calculated (Fraser
et al. 1990):

RCV (%) = V2 x 1.65 x 1/CVZ +CV?, 8)

RCV(%) x Mean

among
. 9
100 ©

RCV (Units) =

In the RCV equation, 1.65 is the unidirectional z score for
a one-sided test with a 95% probability level, where a signifi-
cant finding suggests that the dynamic change in the resting
measure of ventilation or gas exchange is abnormally increased
or decreased (Fraser et al. 1990). However, the RCV is only
valid if the CV| is not heterogeneous within volunteers. There-
fore, the index of heterogeneity (IH) is also calculated for each
measure (Fraser and Harris 1989; Harris 1970):

2 2
CV of 1/SD? + SD]

IH= .
> (10)

n—1
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where SD, and SD; are the average SD of the repeat trials
used to calculated CV, and CV/, respectively. However, the
numerator of IH can be approximated to CV:

2 an

n—1

where 7 is the average number of repeat trials among vol-
unteers, or 2.6 in the present study. In order for the RCV to
be valid and thus useful in identifying a significant dynamic
change in a ventilation or gas exchange measure, the IH must
be below a certain threshold (less than 1.88 in the present
study) (Fraser and Harris 1989; Harris 1970):

1
2n

IH<|1+2x (12)

Finally, a decision level, or threshold beyond which a
static measure is considered abnormal (independent of a
baseline value), can be determined. Importantly, whether
the decision level is useful is dependent on II. Specifically,
the parameter must demonstrate sufficiently low individual-
ity and thus a sufficiently high II value, as discussed previ-
ously. For resting measures of ventilation and gas exchange
that met or approached this II threshold criteria, the deci-
sion level (DL) for that parameter was calculated by adding
the RCV to, or subtracting the RCV from, the grand mean,
yielding a decision level for either an abnormal increase
or decrease in the variable, respectively. For example, if
an individual is hyperventilating, RER and PO, would
increase. However, the directionality of the change may dif-
fer based on the specific intervention or stressor (see “Direc-
tion of change in variable following a stressor”). Importantly,
if a change in the variable is anticipated in both directions
(or the directionality is unknown), a bidirectional z score of
1.96 must be used in Eq. 8 (instead of 1.65). Finally, a SD
for the DL was also determined:

SDp, = V2 x SD. (13)

Results
Resting measures of ventilation and gas exchange

Twenty-one of thirty available studies fulfilled the inclu-
sion criteria, resulting in 411 young healthy volunteers
(123 females; mean + SD; age: 24 +5 years, height:
174 +9 cm, weight: 74+ 12 kg, BMI: 1.89+0.19 kg m~2,
BSA: 24.5+2.9 m?). The grand mean and range of values
among subjects for each resting measure of ventilation and
gas exchange included in the present analysis are shown
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in Table 1; all volunteers were included in these averages,
regardless of whether or not the individual had repeat trials
(n=411). Outliers, defined as a value outside two standard
deviations of the grand mean, were removed. In general,
all parameters were within the anticipated range for young
healthy adults in the resting condition.

Biological variation

The three components of biological variation, including
CV,, CV,, and CVg, are shown in Table 2. For all com-
ponents, a smaller value signifies that the parameter is less
variable in that component. For each resting measure of ven-
tilation and gas exchange, the CV; is less than the CV, dem-
onstrating that the variation within an individual is smaller
than the variation among individuals—this is typical of most
physiological parameters (Consolazio et al. 1963; Fraser
2001; Fraser and Harris 1989).

Diagnostic value of ventilation and gas exchange
measures

By assessing the components of biological variation in con-
cert, the individuality and heterogeneity of each parameter,

Table 1 Estimates for all potential resting measures of ventilation and
gas exchange

Measured (n=411%) Range

Vg (Umin) 9.7+1.8 5.5-14.2
Vg norm (I/min/m?) 5.1+09 3.1-7.3
VO, (ml/min) 286 +67 147-452
VCO, (ml/min) 242 +60 111-398
VO,norm (ml/min/kg) 3.86+0.73 2.25-5.78
VCO,norm (ml/min/kg) 3.26+0.70 1.78-5.05
Pp1O, (mmHg) 105.2+4.1 95.3-115.9
PprCO, (mmHg) 38.7+2.7 32.1-44.7
Ve/VO, 33.6+5.9 19.3-49.4
Ve/VCO, 39.5+6.6 23.2-57.7
RER 0.85+0.07 0.68-1.03
HR (bpm) 65+9 45-87
SpO, (%) 98+ 1 96-100

V¢ minute ventilation, Vnorm minute ventilation normalized to body
surface area, VO, oxygen consumption, VCO, carbon dioxide pro-
duction, VO,norm oxygen consumption normalized to body mass,
VCO,norm carbon dioxide production normalized to body mass,
Pz;0, end-tidal partial pressure of oxygen, P;CO, end-tidal partial
pressure of carbon dioxide, V/VO, ventilatory efficiency for oxygen
(unitless), V/VCO, ventilatory efficiency for carbon dioxide (unit-
less), RER respiratory exchange ratio (VCO,/VO,, unitless), HR heart
rate, SpO, peripheral blood oxygen saturation

Measured values are expressed as mean +SD

#Prior to outlier removal, defined uniquely for each measure as
+2xSD, thus resulting in variable sample sizes among parameters
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Table 2 Components of analytic variation (CV,) and biological vari-
ation

Quantity CV, CV{(n=245") CVg5(n=411%
Vg (Umin) 3.7 6.4 17.9
Vgnorm (I/min/m?) 3.8 6.6 16.5
VO, (ml/min) 34 5.8 23.2
VCO, (ml/min) 44 7.7 24.5
VO,norm (ml/min/kg) 34 5.8 18.7
VCO,norm (ml/min/kg) 4.3 15 20.9
PgrO, (mmHg) 1.1 1.9 3.8
PprCO, (mmHg) 14 2.4 6.7
V/VO, 34 5.8 17.2
Ve/VCO, 2.7 4.8 16.6
RER 23 3.9 7.5
HR (bpm) 2.8 4.9 13.5
SpO, (%) 0.2 0.4 1.0

All values are percentages

CV, intraindividual variation, CV,; interindividual variation, Vj
minute ventilation, Vznorm minute ventilation normalized to body
surface area, VO, oxygen consumption, VCO, carbon dioxide pro-
duction, VO,norm oxygen consumption normalized to body mass,
VCO,norm carbon dioxide production normalized to body mass,
Pz;0, end-tidal partial pressure of oxygen, P.CO, end-tidal partial
pressure of carbon dioxide, V/VO, ventilatory efficiency for oxygen
(unitless), V/VCO, ventilatory efficiency for carbon dioxide (unit-
less), RER respiratory exchange ratio (VCO,/VO,, unitless), HR heart
rate, SpO, peripheral blood oxygen saturation

*Prior to outlier removal, defined uniquely for each measure as
+2 X SD, thus resulting in variable sample sizes among parameters

and by extension the usefulness of each parameter in identi-
fying both static and dynamic deviations from normal, was
determined (Table 3). Two parameters met or approached
an II above 0.6, including Pz;O, and RER. However, no
parameter demonstrated low individuality (I > 1.40), or a
strong ability to identify a static value as different from a
population-based reference interval. However, for param-
eters that neared the threshold for II, the decision level for
static assessment of a deviation from normal is included in
Table 3. Similarly, two parameters met or approached an
IH below 1.88, including PO, and SpO,. Therefore, these
variables may be useful in identifying a deviation from base-
line within an individual, i.e., the dynamic change.

Sex differences

To investigate potential sex differences, all analyses were
repeated separately for males and females and compared to
the present results. While there were some numerical dif-
ferences, the variables identified as statistically promising
with males and females combined remained so when males
and females were studied separately. Therefore, the results

for males and females have been combined in the present
analysis.

Discussion
Key findings

Differential responses in resting measures of ventilation and
gas exchange have previously been reported in individu-
als who are exposed to a variety of physiological stressors
(Hackett et al. 1982; Moore et al. 1986; Taylor et al. 2013).
This is the first study to determine the biological variation of
these measures in a large cohort of young, healthy subjects,
thus providing insight into which parameters demonstrate
the most statistical usefulness for potential identification of a
meaningful physiologic change. The major findings were as
follows: (1) PgyO, and RER met or approached the statisti-
cal threshold required to be considered useful in the static
assessment of physiological changes; and (2) Pg;O, and
SpO, met or approached the statistical threshold required
to be considered useful in the dynamic assessment of physi-
ological changes. These findings suggest that other ventila-
tion and gas exchange parameters, such as Vi or P;CO,,
may be less sensitive to relatively small physiological per-
turbations given the substantial intraindividual variation in
day-to-day values and the relatively large interindividual dif-
ferences among healthy individuals. Nevertheless, the data
presented here suggest novel potential for PO, and RER,
two parameters which are generally less utilized and should
be investigated in future studies.

This is the first study to carefully and completely quan-
tify the biological variation inherent to numerous resting
measures of ventilation and gas exchange in young, healthy
adults, thus providing insight as to whether a given param-
eter shows promise for detecting abnormal static and/or
dynamic change values following a stressor. Similar quanti-
fication of biological variation and the accompanying diag-
nostic potential of a given parameter have been utilized in
clinical practice, including hemoglobin Alc for the diag-
nosis of diabetes mellitus, blood markers used to monitor
breast cancer, and dehydration assessment (Cheuvront et al.
2010; Fraser and Harris 1989; Lenters-Westra et al. 2014,
Slate and Turnbull 2000; Soletormos et al. 1993), as well
as in professional athletics (Lobigs et al. 2016) and sports
training (Bagger et al. 2003; Koutedakis 1995; Nunes et al.
2010). The measurement of ventilation and gas exchange can
be a semi-portable, affordable, and easy-to-perform method
for use in various research capacities; thus, the present anal-
ysis aims to support future studies that hope to utilize these
easily obtained parameters for understanding a physiological
change.
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Table 3 Indexes derived from

; . . o Quantity 11 IH RCV (%)  RCV (units)  Decision level (95%)
analytic and biological variation
data Increase Decrease
expected expected
(units) (units)
Vg (I/min) 0.42 6.58 17.4 1.7
Vgnorm (I/min/m?) 0.46 6.70 17.7 0.9
VO, (ml/min) 0.29 597 15.8 45
VCO, (ml/min) 0.36 7.84 20.7 50
VO,norm (ml/min/kg) 0.36 5.95 15.7 0.61
VCO,norm (ml/min/kg) 041 7.63 20.1 0.66
PO, (mmHg) 0.57*  191° 5.0 5.3° 110.5+3.2¢  99.9+3.2¢
Pg1CO, (mmHg) 0.42 2.48 6.5 2.5
Ve/VO, 0.39 5.96 15.7 53
Ve/VCO, 0.33 4.85 12.8 5.1
RER 0.60*  3.98 10.5 0.09 0.94+0.05¢ 0.76+0.05¢
HR (bpm) 0.42 5.02 13.2 9
SpO, (%) 0.48 0.41° 1.1 1°

Il index of individuality, /H index of heterogeneity, RCV reference change value, V; minute ventilation,
Vgnorm minute ventilation normalized to body surface area, VO, oxygen consumption, VCO, carbon diox-
ide production, VO,norm oxygen consumption normalized to body mass, VCO,norm carbon dioxide pro-
duction normalized to body mass, Py;O, end-tidal partial pressure of oxygen, P, CO, end-tidal partial
pressure of carbon dioxide, V,/VO, ventilatory efficiency for oxygen (unitless), V/VCO, ventilatory effi-
ciency for carbon dioxide (unitless), RER respiratory exchange ratio (VCO,/VO,, unitless), HR heart rate,
SpO, peripheral blood oxygen saturation

*Met or approached an II between 0.6 and 1.4

®Met or approached an TH less than 1.88

“Potentially useful for dynamic assessment

dPotentially useful for static assessment

Our analysis of biological variation identified several
potentially useful ventilation or gas exchange variables. RER
was identified as being useful for the static assessment of a
physiological change. Therefore, an RER threshold can be
defined, above or below which (depending on the stressor) is
considered ‘abnormal’ in the resting state. RER is the ratio
of VCO, to VO, and is considered indicative of metabolic
substrate utilization. Thus, it is perhaps not surprising that a
variable that encompasses energy utilization could be helpful
in identifying deviations from normal; nevertheless, RER is
rarely utilized to diagnose or predict physiological changes.
This potential of RER is a novel and interesting finding, and
future studies should incorporate measures of RER to further
explore its diagnostic and predictive potential.

P10, was also identified as potentially useful in both
the static and dynamic assessments of a physiological
change. This finding was particularly surprising given that
this variable’s ‘counterpart’, Pg1CO,, is generally utilized
more extensively from a clinical perspective. Furthermore,
it should be noted that PO, was the only variable that
demonstrated potential statistical usefulness for both abso-
lute and change values, suggesting that both its set point as
well as its dynamic response to a stressor may be indicative
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of a meaningful physiological perturbation. To our knowl-
edge, PprO, is not recognized as a meaningful respiratory
parameter, and therefore should also be investigated in future
studies.

Direction of change in variable following a stressor

Defining a decision level, beyond which a static measure-
ment can be considered ‘abnormal’, requires knowledge of
whether the variable will increase or decrease in response to
the physiological stressor of interest; thus, Table 3 provides
a decision level for both scenarios. However, a research
intervention or environmental stressor is likely expected to
alter a given parameter in a specific direction. Therefore, it
is important to keep in mind during analysis of biological
variation that the RCV must be added or subtracted to the
grand mean, depending on the direction of change, to best
represent the dataset. If an increase or decrease in the value
are both possible (or the directionality is unknown), a bidi-
rectional z score of 1.96 (instead of 1.65 in Eq. 8) should be
implemented in the calculation of the RCV, and the RCV
must then be added to and subtracted from the grand mean
to establish the ‘normal’ range.



European Journal of Applied Physiology (2019) 119:2033-2040

2039

The core measures of gas exchange included in this analy-
sis were collected via a breath-by-breath system which uti-
lizes the Auchincloss algorithm to estimate values of VO,
and VCO, (Auchincloss et al. 1966). These estimations intro-
duce an intrinsic error due to the inability to measure the
alveolar volume (V,) at the beginning of each breath (Cau-
tero et al. 2003; di Prampero and Lafortuna 1989). While
utilizing such software is standard practice in these systems,
true breath-by-breath values are hard to measure precisely.
Nevertheless, the present study of biological variation incor-
porated an analytical coefficient of variation (CV,) term
which can help account for the intrinsic error introduced by
the system (Fraser and Harris 1989). More importantly, the
reported value for each measured variable was calculated as
an average over at least 5 min (at least ~ 50 breaths, but often
many more). Additionally, RER, a crucial parameter given
the present findings, was calculated directly from the 5-min
average of VO, and VCO, (see “Resting measures of venti-
lation and gas exchange”), as opposed to breath-by-breath,
such that we anticipate its value is very stable and can be
considered steady state (Ferretti et al. 2017).

Limitations

This study included only young, healthy individuals, thus,
it is possible that the resting ventilation and gas exchange
measures reported presently, or the calculated coefficients
of variation, may vary slightly in disease or with healthy
aging. Nevertheless, a previous report regarding the meth-
odology of biological variation calculations suggests that the
CV, remains valid even in chronic illness (Fraser and Harris
1989). Another limitation of the present investigation is the
assumption that CV, is half that of CV,. Previous work has
estimated the CV, of RER as 2.9% (about 75% that of the
CV; reported presently), however, this previous report was
also not able to directly calculate CV, (Cooper et al. 2009).
Finally, resting ventilation and gas exchange (particularly
RER) can be greatly altered by factors such as time of day,
stress, recent physical activity, and type as well as timing of
prior food consumption. While the present study controlled
for these variables, it may not always be possible to ensure
these ideal conditions, particularly in extreme environmental
settings.

Conclusions

In conclusion, Pg1O, and RER were identified as having
potential usefulness in the static, and PO, and SpO, in the
dynamic assessment of deviations from normal. Therefore,
future studies interested in ventilatory alterations should
focus on the potential for PgO, and RER to identify a

meaningful physiological change in response to an interven-
tion or stressor. Alternatively, other measures such as Vi and
PrCO, may not be ideal when assessing a relatively small
physiological change, as these commonly cited parameters
demonstrated substantial biological variation within and
among individuals.
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