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Cardiopulmonary exercise testing (CPET) is an established method for evaluating dyspnea and ventilatory abnormalities.
Ventilatory reserve is typically assessed as the ratio of peak exercise ventilation to maximal voluntary ventilation. Unfortunately,
this crude assessment provides limited data on the factors that limit the normal ventilatory response to exercise. Additional
measurements can provide a more comprehensive evaluation of respiratory mechanical constraints during CPET (e.g., expiratory
flow limitation and operating lung volumes). These measurements are directly dependent on an accurate assessment of
inspiratory capacity (IC) throughout rest and exercise. Despite the valuable insight that the IC provides, there are no established
recommendations on how to perform the maneuver during exercise and how to analyze and interpret the data. Accordingly, the
purpose of this manuscript is to comprehensively examine a number of methodological issues related to the measurement, analysis,
and interpretation of the IC. We will also briefly discuss IC responses to exercise in health and disease and will consider how
various therapeutic interventions influence the IC, particularly in patients with chronic obstructive pulmonary disease. Our main
conclusion is that IC measurements are both reproducible and responsive to therapy and provide important information on the
mechanisms of dyspnea and exercise limitation during CPET.

1. Introduction

Cardiopulmonary exercise testing (CPET) is increasingly
recognized as an important clinical diagnostic tool for assess-
ing exercise intolerance and exertional symptoms, and for
objectively determining functional capacity and impairment
[1]. CPET is particularly well suited for understanding factors
that may limit or oppose (i.e., constrain) ventilation in the
face of increasing ventilatory requirements during exercise
both in research and clinical settings. Traditionally, ventila-
tory reserve has been evaluated by examining the relationship
between peak exercise ventilation (V) and the measured
(or estimated) maximal voluntary ventilation (MVV). Thus,
an increased ratio (e.g., Vz/MVV > ~85%) occurring at

a relatively low work rate, in the setting of an adequate cardio-
vascular reserve, strongly suggests that ventilatory factors are
contributing to exercise limitation [1]. However, MVV may
not accurately reflect sustainable peak Vy; in some individuals
since respiratory muscle recruitment patterns, operating lung
volumes, breathing pattern, and respiratory sensation are
distinctly different during brief bursts of voluntary hyperpnea
compared with the hyperpnea of exercise [2]. Moreover, the
ventilatory reserve provides little information on the factors
that limit or constrain further increases in V [3] or, indeed,
the concomitant sensory implications. It is increasingly clear
that perceived intolerable respiratory discomfort may limit
exercise even before physiological maxima are reached and
needs to be considered in CPET interpretation.
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FIGURE 1: (a) Example of a resting and peak exercise tidal breath superimposed within a maximum flow-volume loop (thick black line).
Modified from [3]. The position of the tidal breaths along the x-axis is based on the measurement of end-expiratory lung volume (determined
from inspiratory capacity maneuvers). (b) Operating lung volume plot versus cycle work rate. Inspiratory capacity maneuvers are performed
at rest (0 W) and every 20 W throughout exercise. TLC, total lung capacity; IRV, inspiratory reserve volume; EILV, end-inspiratory lung
volume; EELV, end-expiratory lung volume; Vi, tidal volume; IC, inspiratory capacity; Vi, volume of the tidal breath that is flow limited
on expiration; %EFL, percentage of expiratory flow limitation; ERV, expiratory reserve volume; MFVL, maximum flow-volume loop; DH,

dynamic hyperinflation.

More detailed assessments during CPET can provide
additional valuable information regarding the presence of
respiratory mechanical constraints to ventilation. For exam-
ple, Johnson et al. [3] have advocated the flow-volume loop
analysis technique for estimation of both inspiratory and
expiratory flow reserves during exercise in health and in
cardiopulmonary disease. This approach has proven clinical
utility: it permits the estimation of expiratory flow limitation,
the extent of dynamic hyperinflation, and tidal volume (V)
constraints [3] (Figure 1(a)). However, it is important to
consider the potential confounding effects of thoracic gas
compression and bronchodilation when using this technique
[4]. Another refinement in the assessment of mechanical
volume constraints is the portrayal of changes in operating
lung volumes (V7,, end-expiratory lung volume (EELV), end-
inspiratory lung volume (EILV), and inspiratory reserve
volume (IRV)) as a function of time, V;, work rate or oxygen
uptake (Vo ) during exercise (Figure 1(b)). This approach has
the advantage of graphically displaying the time course of
change in all of the relevant operating lung volumes through-
out exercise relative to total lung capacity (TLC). This analysis
of operating lung volumes, in conjunction with breathing
pattern and dyspnea intensity ratings, allows a comprehensive
evaluation of ventilatory abnormalities during exercise and
their contribution to exercise limitation in the individual
patient. Both of these approaches are critically dependent on
an accurate measurement of inspiratory capacity (IC) to track

changes in EELV. EELV can also be measured using gas dilu-
tion techniques [5], respiratory inductance plethysmography
[6], or optoelectronic plethysmography [7]. However, these
technically demanding methods are expensive, they require
specialized training, and they are rarely used in clinical
settings. The simplest and most widely accepted method
for measuring EELV during exercise is to have individuals
perform serial IC maneuvers at rest and throughout exercise
[4, 8-12]. A number of software options are now available
on various commercial metabolic measurement systems to
facilitate such measurements during CPET.

The IC, the maximal volume of air that can be inhaled
after a quiet breath out, is a relatively simple measurement
and it does not require any specialized equipment since all
metabolic systems are able to measure lung volume. Despite
the simplicity of this measurement, the IC provides valuable
information on the ventilatory response to exercise; it is often
used as a primary or secondary endpoint in clinical trials
[13-15]; and it correlates well with several important outcome
parameters such as peak Vi [16, 17] and carbon dioxide
retention during exercise [18]. When expressed relative to
TLC, the resting IC is an independent risk factor for mortality
[19] and acute exacerbation [20] in patients with chronic
obstructive pulmonary disease (COPD). Progressive reduc-
tions in the resting IC with increasing COPD severity have
also been shown to be associated with important mechanical
constraints on V- expansion and the development of dyspnea
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TaBLE 1: Consequences of dynamic hyperinflation.

Negative consequences of dynamic hyperinflation

(i) Increased elastic and threshold loading on the inspiratory
muscles

(ii) Increased work and O, cost of breathing

(iii) Functional inspiratory muscle weakness and possible fatigue
(iv) Mechanical constraint on tidal volume expansion

(v) Early ventilatory limitation to exercise

(vi) Increased neuromechanical uncoupling of the respiratory
system

(vii) CO, retention and possibly arterial hypoxemia
(viii) Potential adverse cardiovascular consequences

(ix) Increased dyspnea and exercise intolerance

For a more detailed review on the consequences of dynamic hyperinflation,
see O’Donnell and Laveneziana [21].

during exercise [12]. In addition, dynamic lung hyperin-
flation, defined as the temporary and variable increase of
EELV above the resting value, can contribute importantly
to dyspnea and exercise intolerance in patients with chronic
lung disease [17]. Other important consequences associated
with dynamic hyperinflation include (1) increased elastic
and threshold loading on the inspiratory muscles resulting
in an increased work and O, cost of breathing; (2) Vi
constraints resulting in early mechanical ventilatory limita-
tion; (3) functional inspiratory muscle weakness and possible
fatigue; (4) CO, retention and arterial O, desaturation; (5)
adverse effects on cardiac function (see Table1 and [21]).
Dynamic hyperinflation can be tracked as a progressive
reduction in IC during exercise. Despite the well-known
association between static and dynamic IC and its role in
the genesis of dyspnea and exercise intolerance, there are no
specific guidelines or recommendations on how to adequately
perform, analyze, and interpret the IC, particularly during
exercise. Given the valuable clinical and research insight that
this measurement can provide, a standardized approach to
this method is warranted. Accordingly, the purpose of this
paper is to critically evaluate the method of measuring IC
during exercise. Specifically, we will address issues related
to methodological assumptions and reproducibility of the
IC, how to perform the maneuver, and how to analyze
and interpret IC data. This paper will also briefly address
typical IC responses to exercise in health and disease. We
will evaluate the utility of assessments of dynamic operating
lung volumes and breathing pattern to assess mechanical
constraints to ventilation and discuss the effects of various
therapeutic interventions on the IC at rest and during exercise
in patients with COPD.

2. Assumptions and Reproducibility

Accurate assessment of EELV (calculated as TLC minus IC)
is directly dependent on the stability of TLC throughout
exercise and the ability of the individual to maximally inflate
their lungs during the IC maneuver. Thus, if TLC is constant,

then any change in IC will reflect the inverse change in EELV.
Constancy of TLC has been demonstrated during exercise
in healthy individuals [22] and in patients with COPD [23].
It also appears that individuals with COPD are able to
maximally activate their diaphragm during inspiratory efforts
to TLC [24, 25], even when dyspneic at peak exercise [24].
Yan et al. [26] determined the reliability of IC measurements
in individuals with COPD during incremental cycle exercise
by comparing esophageal pressure at peak inspired plateau
volume during serial IC efforts. These authors demonstrated
consistent peak esophageal pressures throughout exercise
despite changes in IC. They concluded that TLC did not
change and that the IC was reliable for assessing changes
in EELV during exercise. This conclusion is supported by
other studies which have shown high reproducibility of the
IC [10, 27] and its responsiveness to change during exercise
following different forms of therapy [28-32]. O’Donnell et
al. [33] recently extended these observations by examining
reproducibility of the IC at rest and during cycle exercise in
large multicentre clinical trials. These authors demonstrated
high reproducibility of the IC at rest, isotime, and at peak
exercise (intraclass correlation R > 0.87). Reproducibility
data of IC measurements during treadmill exercise or walk
tests have not been published to date.

To our knowledge, no information is available about the
reliability of IC measurements to track operating lung vol-
umes in other clinical populations. For example, reductions
in IC during exercise have been reported in obesity [34],
congestive heart failure [35, 36], pulmonary arterial hyper-
tension [37], and cystic fibrosis [38]. Since inspiratory muscle
weakness may be present to a variable degree in some, if
not all, of these conditions, the assumption that IC reduction
during exercise represents an increase in EELV must be made
with caution. Accurate interpretation of IC behaviour in
these circumstances requires the concomitant assessment of
respiratory muscle function and peak inspiratory pressures
during the IC maneuver.

3. Measurement of IC

3.1. Technical Considerations. The ability to accurately eval-
uate IC during exercise requires the measurement of bidi-
rectional flow using flow sensing devices, which is then inte-
grated to calculate volume. Metabolic carts that only measure
inspiratory flow are inappropriate for measuring IC. This is
because many individuals will alter their breathing pattern
prior to performing an IC maneuver. Specifically, they either
decrease or increase their expired volume immediately prior
to the IC resulting in an underestimation or overestimation of
IC, respectively (Figure 2). Depending on the measurement
tool and method of delivery of instructions, there can also be
anticipatory changes in breathing pattern that can increase
the variability of premaneuver EELV. It is therefore essential
that inspiratory and expiratory volumes be continuously
monitored so that alterations in EELV can be identified and
accounted for (see Section 4).

An important technical consideration when measuring
bidirectional flow/volume is that signal “drift” occurs with
all flow sensing devices. Drift may occur as a result of
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FIGURE 2: Three examples of inspiratory capacity (IC) maneuvers performed during exercise. (a) Correctly performed maneuver where the
individual initiates the IC maneuver at the appropriate end-expiratory lung volume (EELV), denoted by the dashed line. (b) Individual
initiating the IC maneuver prior to reaching the appropriate EELV. The absolute volume of the IC breath will be underestimated if it is
not anchored to the appropriate EELV. (¢) Individual initiating the IC maneuver after surpassing the appropriate EELV. The absolute volume
of the IC breath will be overestimated if it is not anchored to the appropriate EELV.

electrical changes over time, nonlinearities in the flow sensing
device, and physiological changes such as temperature, gas
density, and humidity [39]. Drift must therefore be accounted
for prior to analysis of the IC maneuver [3, 27]. Most
commercially available breath-by-breath metabolic systems
that offer exercise flow-volume analysis software account
for thermodynamic drift by correcting both the inspiratory
and expiratory flow/volume signals to BTPS conditions. The
tester should be able to view the volume-time plot in real-
time during the maneuvers to monitor changes in breathing
pattern and drift. Real-time assessments of changes in EELV
using tidal flow-volume plots are also popular but, in our
experience, may be more difficult than volume-time plot
analysis.

There is limited information regarding standards for
intermaneuver reproducibility of resting IC measurements.
The American Thoracic Society and European Respiratory
Society Task Force [40] simply states that there should be at
least three acceptable maneuvers and that the mean coeffi-
cient of variation for IC is 5 + 3% in patients with chronic
airflow obstruction, based on the work of Pellegrino et al. [41].
Although they suggest that the two largest acceptable values
of other spirometric values (forced vital capacity (FVC) and
forced expiratory volume in 1 second) should be within 0.15L
of each other, or within 0.10L if FVC is <1.0L, they do not
provide specific criteria for IC. The American Association for
Respiratory Care suggests that IC measurements should agree
within 5% or 60 mL of the mean (whichever is larger) [42].
However, the 5% or 60 mL cutoft may be too stringent for
resting IC measurements. If patients are unable to achieve
reasonable reproducibility at rest, then it is unlikely that they
will be able to accurately perform IC measurements during
exercise.

3.2. Exercise Protocols. A wide range of protocols on both
treadmills and cycle ergometers have been used for the
evaluation of IC during exercise, including constant work
rate tests [14, 43, 44] and incremental tests [9, 17, 28, 45].
There does not appear to be a major difference in IC values
when comparing treadmill versus cycle exercise [46, 47], at
least in patients with COPD. The duration of each exercise
stage can vary for incremental exercise tests depending
on the population and the purpose of the study (e.g., 1-
3 minute stages). The main consideration when selecting
exercise protocols, particularly for incremental tests, is to
use stepwise increases in work rates. Ramp tests, where
the work rate incrementally increases every 1-2 seconds, are
probably inappropriate for measuring IC due to the inability
to establish stable ventilations. IC maneuvers are typically
performed during the final 30 seconds of each exercise stage
when V7 is assumed to be reasonably stable.

3.3. Performing the IC Maneuver. The IC maneuver involves
a maximal inspiration from a stable EELV to TLC. Despite
the relative simplicity of this technique, several steps must be
taken to ensure optimal performance by the individual. Like
any volitional test, we have to assume that individuals are able
to give a true maximal effort for the IC value to be accurate.
Careful and consistent instructions are critically important
and testers must be appropriately trained in explaining the
maneuver to the individual. Individuals should be given
sufficient time to practice the maneuvers at rest and during
exercise for familiarization purposes. It is important to first
explain the maneuver in general terms to the individual and
to heavily emphasize the importance of fully inflating their
lungs. It is then recommended that the tester demonstrate
the test with an emphasis on the volitional nature of the
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maneuver. The following is an example of general instruc-
tions: “During the resting period and once during every stage of
exercise, we are going to ask you to take a deep breath in until
you are completely full. To do this, you will finish your normal
breath out and then proceed to fill up your lungs quickly and
without hesitation until you are as full as possible. When you
are certain you can’t get any more air in then you can go back
to normal breathing.”

When the individual is breathing on the mouthpiece at
rest and their breathing pattern is stable, then the following
(or similar) instructions should be given to prompt the
initiation of the IC maneuver: ‘at the end of a normal breath
out, take a deep breath all the way in until you are completely
full” During the IC maneuver, the tester should give verbal
encouragement (e.g., “in in in...”). The tester should also
encourage the individual to avoid holding their breath during
the maneuver. Ideally, the tester should be able to view
the volume-time trace and/or the flow-volume loop tracing
during and after the maneuver. If the individual does not
initiate the IC at a stable EELV then it is recommended
that the tester reexplain what is meant by ‘at the end of
a normal breath out” Doing this during the familiarization
period is most appropriate. There is a natural tendency for
some individuals to “cheat” immediately before performing
the IC maneuver by taking a smaller or larger tidal breath out
than the previous stable breaths as shown in Figure 2. Giving
the individual visual feedback on their test at rest or even
drawing out an example during the familiarization period
may help some individuals better understand what is meant
by ‘at the end of a normal breath out”

It is also important to note that some individuals take
several more breaths before performing the maneuver once
the prompt is given by the tester. Some of these individuals
significantly change their breathing pattern (rate and depth)
as an anticipatory response to performing the IC. In some
cases, individuals will even alter their cadence if they are
on the cycle ergometer. In these instances, it should be
encouraged that the individual not “over-think” the test and
try to perform the IC as soon as they are given the prompt
to do so. The alternative is to tell the individual when to
perform the IC (i.e., ‘at the end of this (the next) breath out,
take a deep breath all the way in until you are completely
full”). In rare instances where individuals struggle with both
of these approaches, the tester may consider telling them
to maximally inspire without any warning. This approach
requires careful monitoring of flow and volume tracings
and/or watching the individual’s breathing rhythm. As soon
as the tester sees that the individual is about to take a breath
in, they can quickly tell them to maximally inflate their
lungs: “all the way in on this breath - in in in...” However,
this approach is extremely difficult if breathing frequency is
very high. The ideal situation is to have the instructions and
method standardized for all individuals. However, alternative
approaches must be used if the individual has difficulty
following instructions or has major alterations in breathing
pattern when given the prompt to perform the IC.

It should be noted, however, that if the breathing pat-
tern alterations immediately prior to the IC maneuver are
relatively minor, then the data can still be used as long as

the baseline EELV is adjusted according to the stable breaths
prior to the IC. It is therefore critical that there is stable
breathing for at least 4 breaths prior to the IC. This is not a
problem for many individuals (particularly during exercise),
but some individuals find the mouthpiece uncomfortable and
they will often cough, swallow, or clear their throat. For these
individuals, it may be appropriate to remind them to avoid
coughing or swallowing when stable breathing patterns are
most important for data collection.

Obtaining a reliable IC at peak exercise can also be
a challenge. The most accurate peak exercise IC is that
obtained immediately prior to exercise cessation. Performing
the peak exercise IC several breaths into recovery is usually
not appropriate given that the breathing pattern typically
changes immediately upon reducing the work rate and since
IC may quickly return to resting levels after exercise cessation.
This can be challenging if the individual terminates exercise
suddenly. Accordingly, we recommend that testers give the
following instructions during the preexercise resting period:
“The goal is for you to exercise as long as you can until you
feel like you can’t go any longer. When you feel like you have
about 10 seconds left, give us a warning wave with your hand
so that we can get you to perform the last breathing maneuver.”
We recommend giving them a reminder when the exercise
test is becoming more difficult using the following (or similar
instructions): ‘as a quick reminder, when you feel like you can’t
go any longer, just give us a 10 second warning wave.” Then
immediately say: “you’re still looking really strong though so
keep going for as long as you can.” This motivational statement
is important because some individuals will use the 10 second
warning reminder as an invitation to stop exercising. As
soon as the individual gives the warning wave, provide verbal
encouragement: “you’re almost there...only a few seconds
left. . .keep going” Once enough tidal breaths are recorded,
have the subject perform the IC and then immediately reduce
the exercise load.

4. Analysis of IC

The first step in analyzing IC data is to ensure that drift in
the volume-time trace has been adequately corrected [3, 27].
The tester then needs to decide if the IC maneuver should be
accepted or rejected. The following general guidelines should
be used to establish if the IC should be rejected.

(i) Number of Premaneuver Tidal Breaths Available for
the Assessment of EELV. It is recommended to have a
minimum of 4 stable breaths prior to the IC maneuver
in order to accurately establish the baseline EELV
(Figure 2). The best approach is to continuously mon-
itor volume so that all breaths are captured. However,
some commercially available systems that offer IC
modules only permit data collection for a defined
time period (e.g., 30 seconds). This 30-second time
limit may be inappropriate, particularly if breathing
frequency is very low.

(ii) Variability of EELV Prior to the IC Maneuver. Too
much variability in EELV could be due to anticipatory
changes in breathing pattern and/or excessive drift



due to moisture accumulation in the flow sensor
and/or air leaks at the mouth/nose. Anticipatory
changes in breathing pattern can be identified during
the test by the tester. With adequate instruction and
practice by the individual, this problem can generally
be avoided. Excessive signal drift due to imperfect
correction of inspiratory and expiratory flow signals
to BTPS conditions, or due to moisture accumulation,
may be difficult to correct and may result in spurious
IC values. Leaks at the mouth can also be avoided by
reminding the individual to ensure that they have a
good seal around the mouthpiece throughout the test.

(iii) Adequacy of Inspiratory Effort. Accurate assessment
of inspiratory effort can be accomplished by simul-
taneously measuring peak inspiratory esophageal
pressure during the IC maneuver [26, 48]. If peak
inspiratory pressures during exercise are similar to
the pressures obtained repeatedly at rest during the
IC maneuver, then it is safe to assume adequate
effort. However, esophageal pressure measurements
are invasive and not necessary for most clinical-
and research-based exercise tests. Quantification of
effort without esophageal pressure can be difficult.
However, providing verbal encouragement during
the IC maneuver and emphasizing the volitional
nature of the test during the instruction period can
be helpful to ensure adequate effort. Finally, simple
observation of the individual during the IC maneuver
will often allow the tester to determine if the effort was
appropriate.

If a test is deemed adequate for analysis (i.e., stable
premaneuver breathing pattern, stable premaneuver EELV,
and good inspiratory effort to TLC), then the tester can
establish the baseline EELV. The volume during the IC breath
minus the baseline EELV value represents the IC volume
(Figure 2). Establishing the baseline EELV can be automated
or manually determined. Manual adjustment is offered on
some commercially available systems (i.e., by dragging a
horizontal line on the volume-time plot or a vertical line on
the flow-volume plot to the appropriate EELV). This approach
is subjective and could be affected by tester bias. Thus, for
research-related testing, it is appropriate for the tester to be
blinded to the experimental conditions in order to avoid
introducing possible bias into the analysis.

4.1. Measurements Derived from IC Maneuvers. Table 2
shows the range of variables that can be derived from IC
measurements collected at rest and during exercise, and the
various ways in which these variables can be expressed. For
example, dynamic hyperinflation can be evaluated as the
difference between the IC at rest and during exercise (AIC).
The same value will be obtained if you take the difference
between EELV at rest and during exercise. These approaches
provide information regarding the magnitude of dynamic
hyperinflation at a single time point during exercise. An alter-
native to evaluating dynamic hyperinflation at one time point
is to examine the slope relating the full range of IC values
to Vg at rest and throughout exercise [10, 49] (Figure 3).
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TABLE 2: Data derived from IC maneuvers.

Variable Formula Units
AIC IC-IC,, L
IC/TLC (IC/TLC) x 100 %
IC/VC (IC/VC) x 100 %
IRV  IC- V; or TLC — EILV L, %TLC, %TLC,,q
V,/IC (V4/IC) x 100 %
EELV TLC - IC L, %TLC, %TLC, e,
Surrogates for EELV:
FVC - IC %EVC, %FVC,,., %VC,
VC - IC %VCppeq
0, 0, 0,

EILV EELV + V. L;A) ;’\T,éfef%&cpi% \f’CFP \ch
EFL (Ve V) % 100 %

IC: inspiratory capacity; AIC: change in inspiratory capacity from rest; TLC:
total lung capacity; VC: vital capacity; IRV: inspiratory reserve volume; Vr:
tidal volume; EILV: end-inspiratory lung volume; TLC,,q: predicted total
lung capacity; EELV: end-expiratory lung volume; FVC: forced vital capacity;
FVCpeq: predicted forced vital capacity; VCpeq: predicted vital capacity;
EFL: expiratory flow limitation; Vgy: volume of tidal breath that is flow
limited on expiration (see Figure 1(a)).

2.5 1
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FIGURE 3: Dynamic hyperinflation can be evaluated as the linear
slope relating inspiratory capacity and minute ventilation [49].
Dynamic hyperinflation is typically assessed at a single time point
during an exercise test. The slope method accounts for all inspiratory
capacity measurements during an exercise test and takes into
account possible changes in ventilation that can occur with vari-
ous interventions (e.g., hyperoxia, heliox, bronchodilators, exercise
training, etc.).

This approach takes into account all data points and any
changes in V; that might occur with different interventions
(e.g., hyperoxia and exercise training). However, the slope
approach to analysis may not be appropriate in all cases since
changes in IC may not always change linearly with V.
Operating lung volumes can provide valuable insight into
the respiratory response to exercise. Similar to the flow-
volume loop approach (Figure 1(a)), operating volume plots
(Figure 1(b)) allow the researcher or clinician to examine
the EELV and EILV, the magnitude of dynamic hyperin-
flation, the presence of Vi constraints, and the inspiratory



Pulmonary Medicine

120 4

100 -

80

IC (% predicted)

60

40 T T T T T T T |

Ventilation (L/min)

(a)
60 -

50

40 A

30

V1 (% predicted VC)

20 A

10 T T T T T T T |

Ventilation (L/min)

(c)

1’ [\ —_
(=] [=} (=)
L L L

IRV (% predicted TLC)

'S
S
L

w
[=}

o
—_
o
[
[=]
w
o
'S
o
w1
o
[o)}
S
~
=
0
S

Ventilation (L/min)

(b)
40 1

35 1

30 1

25 A

F,, (breaths/min)

20 -

15 T T T T T T T ]
0 10 20 30 40 50 60 70 80

Ventilation (L/min)

—— Normal —A— Q2
—o— GOLDI = Q3
—— Ql —— Q4

(d)

FIGURE 4: Inspiratory capacity (IC), inspiratory reserve volume (IRV), tidal volume (V;), and breathing frequency (F,) responses versus
minute ventilation during constant work rate exercise across the continuum of health and COPD severity. The IC at rest and throughout
exercise progressively decreases with advancing disease. Note the clear inflection (plateau) in the Vi .-ventilation relationship, which coincides
with a simultaneous inflection in the IRV-ventilation relationship. After this point, further increases in ventilation are accomplished by
accelerating F,. Data from Normal subjects and GOLD stage I (i.e., mild COPD) are from Ofir et al. [61]. Quartiles (Q) of COPD severity are
based on forced expiratory volume in 1 second (FEV) expressed as percent predicted (ranges: Q1 = 54.5-85.1; Q2 = 43.8-54.1; Q3 = 34.9-
43.6; Q4 = 16.5-34.9) from O’Donnell et al. [12]. VC, vital capacity; TLC, total lung capacity; GOLD, Global Initiative for Obstructive Lung

Disease.

and expiratory reserve volumes. Accurate measurement of
operating volumes in absolute terms (litres) is dependent on
the measurement of TLC. However, some laboratories are
only capable of measuring FVC (or vital capacity (VC)). In
these cases, a surrogate for EELV can be calculated as the
difference between the FVC (or VC) and IC. While this value
is inaccurate in absolute terms, it still allows one to examine
the pattern of change in operating volumes [9, 50, 51]. How
an investigator chooses to express their operating volumes
(litres, %TLC, %TLC,q, etc.) depends on their preference,
the nature of their clinical/research question, and whether or
not there are group comparisons involved. For example, if a
comparison is made between healthy individuals and patients
with lung disease, then expressing the data as a percentage
of predicted TLC may give more insight into the effects

of disease (e.g., static lung hyperinflation) than if the data
are expressed as a percentage of the measured TLC, which
could be abnormal. Regardless of the approach, the pattern
of change in EELV and EILV will be the same. Combining
operating lung volume data with breathing pattern responses
(e.g., V- and breathing frequency) permits a more compre-
hensive evaluation of ventilatory limitation during exercise
(Figure 4).

5. Interpretation of IC Measurements

5.1 Typical Responses in Health and Disease. In the untrained
healthy individual, systemic O, transport, and not the venti-
latory system, is the proximate limiting factor for maximal



Vo,. The majority of studies in health have demonstrated
that EELV decreases (IC increases) during most exercise
intensities [50, 52-54] while a few have shown that it remains
relatively constant [22, 55]. Those studies that demonstrated
a decrease in EELV also showed considerable interindividual
variability with some individuals decreasing EELV only at
the highest exercise levels [54]. However, in most individuals,
the changes are progressive with increasing exercise intensity.
Typically, V- expands to reach its maximal value at ~70%
of the IC (i.e., when dynamic IRV is 0.5-1L below TLC). In
many untrained healthy individuals, this usually occurs near
the limits of tolerance close to peak Vy; a discreet inflection
or plateau in the V;/Vy relation may not be discernible.
In health, expiratory muscle recruitment during exercise
results in reductions of EELV, which allow V. to expand
within the linear portion of the respiratory system’s pressure-
volume relation. Thus, earlier encroachment of EILV on the
upper “stiffer” portion of this relation is avoided. In addition,
vigorous expiratory muscle contraction stores energy in the
chest wall, which is released during early inspiration, thereby
assisting the inspiratory muscles [56, 57]. This strategy,
together with breathing pattern adjustments, allows healthy
individuals to increase Vi during exercise (up to 20 times
resting values) without experiencing significant respiratory
discomfort.

This effective strategy to optimize respiratory muscle
function and respiratory sensation during exercise in health is
undermined in a number of clinical conditions characterized
by airway dysfunction. In these situations, lung emptying
is compromised by mechanical time constant (product of
resistance and compliance) abnormalities in heterogeneously
distributed alveolar units. Under these circumstances, the
time available during spontaneous expiration is insufficient
to allow EELV to decline to its natural relaxation volume,
resulting in gas trapping or dynamic lung hyperinflation.
Thus, a failure to decrease EELV, or an actual increase in EELV
during exercise, has been shown in conditions where there
is a combination of expiratory flow limitation and increased
ventilatory requirements (e.g., natural aging, COPD, and
cystic fibrosis). In healthy elderly individuals, changes in
the lung connective tissue matrix result in increased lung
compliance, which predisposes these individuals to expira-
tory flow limitation and gas trapping at higher ventilations
during exercise [45, 58]. The ability to reduce EELV during
exercise is also limited in individuals with a reduced resting
expiratory reserve volume and EELV; in such patients, resting
pulmonary function tests are otherwise normal (e.g., obesity
[34], pregnancy [59], and in some patients with pulmonary
arterial hypertension [37]). It should be noted that in these
conditions, the resting IC is preserved, or actually increased,
and the negative mechanical and sensory consequences of
dynamic hyperinflation are likely to be less pronounced than
when the resting IC is diminished.

The regulation of EELV in patients with chronic lung
disease can be remarkably different from their healthy coun-
terparts. In COPD, the resting IC, an indirect marker of lung
hyperinflation, is an important predictor of peak V} during
symptom-limited exercise [16, 17, 60]. The lower the IC, the
lower the Vi at which Vi reaches its plateau (or maximal
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value) having reached the minimal dynamic IRV [12]. At
this point, there is a corresponding increase in breathing
frequency. The effect of declining IC on breathing pattern
and ventilatory capacity across the continuum of health
and COPD is illustrated in Figure 4. Note that significant
dynamic hyperinflation is detectable even in patients with
milder COPD [61, 62]. The majority (80%-85%) of patients
with moderate-to-severe COPD increase EELV (decrease IC)
relative to resting values, even during submaximal exercise
intensities [17, 33, 63, 64]. It is unclear why a minority of
patients with COPD do not dynamically hyperinflate during
exercise, but it may be related, at least in part, to having
a lower resting IC [17, 64]. Smaller studies using opto-
electronic plethysmography have identified varied behaviour
of end-expiratory chest wall motion during exercise and
have designated subgroups of COPD as nonhyperinflators
(“euvolumics”) [7], and “early” and “late” hyperinflators [65].
The physiological consequences of dynamic hyperinflation
are briefly summarized in Table 1 [21].

The sensory consequences will vary with the resting IC
as this will determine the V at which the Vi reaches its
maximal value. This V- inflection, or plateau, which occurs
at an IRV of 0.5-1.0 L below TLC (Figure 4), is an important
mechanical event during exercise in COPD. This event marks
the beginning of an ever widening disparity between central
neural drive and the mechanical/muscular response of the
respiratory system (i.e., neuromechanical uncoupling) [66].
At this point, dyspnea intensity escalates sharply towards
intolerable levels and the distressing sensation of “unsatisfied
inspiration” displaces “increased breathing effort” as the
dominant qualitative descriptor [67]. Recent studies have
suggested that dyspnea intensity during exercise in COPD
is more closely associated with the increase in EILV (or the
decrease in dynamic IRV) than with the increase in EELV, per
se [64].

6. Effects of Selected Therapeutic
Interventions on IC

6.1. Bronchodilators. Bronchodilators act to reduce airway
smooth muscle tone, improve airway conductance, and accel-
erate the time constants for lung emptying of heterogeneously
distributed alveolar units. Bronchodilators of all classes have
consistently been shown to increase the resting IC in patients
with COPD by an average of ~0.3L (or 15%) (for review
see [21]). This improvement reflects a decrease in resting
lung hyperinflation and is associated with improvements in
dyspnea and exercise endurance time [10, 14, 43, 68, 69].
Combining a long-acting anticholinergic with a long-acting
B, agonist may also have additive effects on improving IC
[70]. The combination of an inhaled corticosteroid with a
bronchodilator has also shown beneficial effects on resting IC
compared with placebo [71].

The effects of bronchodilators and various forms of
combination therapy also increase IC during exercise
[10, 14, 43, 68, 69]. This increase in IC reflects a recip-
rocal decrease in EELV (Figure5(a)) and, thus, it is
commonly thought that pharmacotherapy reduces dynamic



Pulmonary Medicine

Lung volume (L)

Exercise time (min)

O Placebo
@ Ipratropium bromide

()

TLC

Lung volume (L)

1.8 A
2.1 T T T T r )
0 2 4 6 8 10 12
Exercise time (min)
O Room air
@ Hyperoxia

()

FIGURE 5: Operating lung volume plots during constant work rate cycle exercise in COPD patients following acute high-dose anticholinergic
therapy versus placebo (a) and hyperoxia versus room air (b). The operating lung volumes (i.e., end-expiratory and end-inspiratory lung
volumes) were reduced at rest (0 min) following anticholinergic therapy and resulted in a downward shift in operating lung volumes
throughout exercise. The magnitude of dynamic hyperinflation at peak exercise (calculated as the difference in EELV from resting values) did
not change following bronchodilation. The magnitude of dynamic hyperinflation was also similar at peak exercise (~0.2 L) during hyperoxia
compared with room air in hypoxemic patients with COPD. Data for these graphs are based on previously published studies from our
laboratory [43, 74]. IRV, inspiratory reserve volume; V7, tidal volume; DH, dynamic hyperinflation; TLC, total lung capacity.

hyperinflation. However, bronchodilators, alone or in
combination with inhaled corticosteroids, rarely reduce
the absolute magnitude of dynamic hyperinflation that
occurs acutely during exercise. In fact, the magnitude of
dynamic hyperinflation either remains the same or may
worsen slightly reflecting the higher ventilations that can be
achieved during exercise as a result of the bronchodilation
[43, 69, 72]. The reason for this misconception is based on the
fact that we do not currently have an established operational
definition of dynamic hyperinflation. Traditionally, dynamic
hyperinflation is defined as an increase in EELV (or
decrease in IC) relative to resting values. The reason
pharmacotherapy does not reduce dynamic hyperinflation,
based on this definition, is because the resting EELV (and
IC) also improves with bronchodilation. In other words,
bronchodilator treatment or combination therapy simply
cause a parallel downward shift in the EELV over the
course of the exercise test reflecting the reduction in resting
(static) lung hyperinflation (Figure 5(a)). Regardless of the
terminology, we can confidently say that improving airway
function with pharmacotherapy has beneficial effects on IC at
rest, and therefore during exercise. This increase in IC delays
the onset of critical ventilatory constraints to ventilation.
Improvements in dyspnea and exercise tolerance are
closely related with release of V. restriction and enhanced
neuromechanical coupling of the respiratory system
[66].

6.2. Oxygen. A number of studies have shown improvements
in exercise performance and reductions in exertional dyspnea
in response to hyperoxic breathing in patients with COPD

[31, 73-75]. The underlying mechanisms of dyspnea relief and
enhanced exercise performance with hyperoxia are contro-
versial [73, 76-78] but are likely related, in part, to lower
ventilatory requirements [31, 74, 77] due to reduced chemore-
ceptor drive [73, 75]. Given that dynamic hyperinflation is
largely determined by V7, it seems intuitive that hyperoxic
breathing would improve the IC during exercise and, thus,
reduce the magnitude (or delay the onset) of dynamic hyper-
inflation. However, the interrelationship between possible
reductions in dynamic hyperinflation and improvements in
dyspnea and exercise endurance with hyperoxia has been
difficult to establish. O’'Donnell et al. [74] evaluated the effects
of hyperoxic breathing during exercise in hypoxemic COPD
patients and demonstrated a significant delay in dynamic
hyperinflation during exercise compared with room air.
However, the magnitude of dynamic hyperinflation at peak
exercise was unaffected by hyperoxia (Figure 5(b)), which is
consistent with the recent work of Eves et al. [79]. It should
be noted that the beneficial effects of delaying dynamic
hyperinflation and reducing operating lung volumes during
hyperoxic exercise may be less pronounced in normoxic or
mildly hypoxemic COPD patients [72, 77].

A study by Somfay et al. [31] evaluated the dose-response
effects of hyperoxia on operating lung volumes during exer-
cise in normoxic COPD patients and in healthy controls.
Their study demonstrated consistent increases in IC as the
fraction of inspired O, increased from 0.21 to 0.50 with no
further improvements thereafter in the COPD patients (no
effect was observed in the healthy controls). The improve-
ment in dyspnea with hyperoxia was correlated with changes
in both EELV and EILV. However, this relationship has not
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been found in more recent studies [72, 80]. Collectively,
these studies suggest that hyperoxia consistently reduces V
and dyspnea and improves exercise tolerance in patients
with COPD. Most studies show some favourable effect of
hyperoxia on IC during submaximal exercise but responses
are highly variable and are likely dependent on the baseline
level of respiratory impairment (e.g., resting level of hyper-
inflation, airway obstruction, and hypoxemia; hyperinflator
versus nonhyperinflator during exercise, etc.) [72, 74, 77, 80].

6.3. Exercise Training. Well-designed exercise training inter-
ventions as part of a pulmonary rehabilitation program
can improve exercise performance to a greater extent than
other available treatment interventions for patients with
COPD [81]. One of the primary mechanisms by which
exercise training can improve exercise capacity is through a
reduction in ventilatory stimulation due to lower levels of
lactic acidosis (and V) for any given exercise intensity
[82]. The reduction in ventilation following exercise training
seems to be mediated primarily through a reduced breathing
frequency [83, 84]. This permits greater time for expiration
between breaths, and, like other interventions that reduce
ventilation (e.g., oxygen), this should have some favourable
effects on IC during exercise. However, the impact of exercise
training on IC behaviour during cycle exercise has been
both modest and inconsistent across studies and it is clear
that improvement in IC during exercise is not obligatory
to achieve important improvements in the intensity and
affective domains of dyspnea following exercise training [83-
88].

7. Conclusion

Calculation of the peak exercise V; to MVV ratio has
traditionally been used to evaluate ventilatory reserve during
CPET. This provides an estimate of demand versus capacity
but gives little information on the source or nature of the
ventilatory impairment. The resting IC provides valuable
information on potential ventilatory capacity during exer-
cise. A low IC increases the likelihood of critical dynamic
mechanical constraints at relatively low exercise intensities,
thus limiting further increases in ventilation. Examination
of the IC, IRV, and breathing pattern at a standardized
time or ventilation during exercise gives important insight
into the individual’s prevailing mechanical abnormalities and
the mechanisms underlying dyspnea and exercise limitation.
This detailed approach to CPET interpretation can also
give valuable insight into the mechanisms of dyspnea relief
and exercise performance improvements following various
therapeutic interventions. The wealth of data derived from IC
measurements also allows detection of physiological impair-
ment in dyspneic patients with near-normal spirometry (e.g.,
mild COPD, pulmonary arterial hypertension, obesity, etc.)
and may prompt specific treatment interventions to improve
exercise tolerance. Collectively, the valuable information
gained from the IC and derived physiological parameters
provide a solid rationale for their regular inclusion during
standard CPET for both clinical and research purposes.
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