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ABSTRACT

Identification of the breathing cycle forms the basis of any breath-by-breath gas exchange analysis.
Classically, the breathing cycle is defined as the time interval between the beginning of two
consecutive inspiration phases. Based on this definition, several research groups have developed
algorithms designed to estimate the volume and rate of gas transferred across the alveolar
membrane (“alveolar gas exchange”); however, most algorithms require measurement of lung
volume at the beginning of the /™ breath (V.; — i.., the end-expiratory lung volume of the
preceding i breath). The main limitation of these algorithms is that direct measurement of V7, ; is
challenging and often unavailable. Two solutions avoid the requirement to measure Vy.; by
redefining the breathing cycle. One method defines the breathing cycle as the time period between

two equal fractional concentrations of lung expired oxygen (Fp,) (or carbon dioxide; F¢o,),
typically in the alveolar phase, whereas the other uses the time period between equal values of the
Fo,/Fy,(or Fgo,/Fy,) ratios. Thus, these methods identify the breathing cycle by analyzing the gas
fraction traces rather than the gas flow signal. In this review, we define the traditional approach and
two alternative definitions of the human breathing cycle and present the rationale for redefining
this term. We also explore the strengths and limitations of the available approaches and provide

implications for future studies.

Keywords: Respiratory cycle, gas exchange, kinetics, exercise, cardiopulmonary exercise testing,

lung gas stores
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Introduction

Identification of the breathing cycle forms the basis of the quantitative analysis of alveolar breath-
by-breath (B-by-B) gas exchange (1, 2). Classically, the breathing cycle is identified by analyzing
the gas flow signal from a flow meter, where the zero-crossing points represent the transition
between inspiratory and expiratory phases, and vice versa. The gas flow, together with the gas
fractions, are generally collected at the mouth and used to estimate alveolar gas exchange on a B-
by-B basis. However, accurate and reliable estimation of gas transfer across the alveolar membrane

(V0,4 and VCO,,) requires changes in B-by-B lung gas stores to be known (2).

Several research groups have developed algorithms and methods to estimate the B-by-B
alveolar gas exchange; however, most algorithms require knowledge of the absolute lung volume at
the beginning of the /™ breath (V,;_;; i.e., the end-expiratory lung volume of the preceding i
breath) (3—8). Due to the technical complexity of measuring V;;_4, it is generally estimated rather
than measured directly (9, 10). However, different values of V;;_; lead to different B-by-B alveolar
gas exchange estimations (11). In addition, V;;_; is not stable during exercise (7, 12) and is affected
by body position (13) and exercise modality (e.g., walking, running, and cycling) (14). Therefore,

the validity of these techniques depends largely on the validity of the V;;_; measurement.

Grenlund (15) conceived an ingenious solution to overcome the issues related to the
determination of V;;_;; however, this solution required redefining the breathing cycle. In
Gronlund’s algorithm a single breathing cycle is identified between two points on successive, but
not necessarily consecutive, breaths with the same fractional concentration (or partial pressure) of
lung O, (or CO,) occurring typically in the alveolar phase (Fy, or F¢p,). Intra-breath integration of
gas flow and concentration fractions is performed between these two points, allowing the estimation
of alveolar gas exchange without the need for V/;;_; measurement (see below). A modification of

this technique has been proposed by Cettolo and Francescato that also eliminates need to measure

3
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V.i_1, but uses a different redefinition of the breathing cycle (16). This algorithm (16) defines the
breathing cycle as the time interval elapsed between two successive, but not necessarily
consecutive, breaths with the same fractional concentration of lung O,/N, (or CO,/N;) ratio,
typically in the alveolar phase (Fo,/Fy,or Fco,/Fy,). Therefore, these two techniques use gas

fractional concentration signals instead of gas flow signals to define the breathing cycle (Table 1).

This review presents the current definitionss of the human breathing cycle and provides the
rationale behind the use of alternative definitions, which arises from the need to estimate alveolar
gas exchange. A brief description of gas exchange measurements at the mouth level is provided to
facilitate the understanding of different alveolar corrections (more in-depth information on mouth
measurements can be found elsewhere (1, 2, 4, 17-19)). Moreover, we summarize the main
limitations of applying one technique over another and present implications for future research. We
have focused our review on definitions of the breathing cycle using B-by-B open-circuit systems
that measure the inspired and expired gas flows and volumes. Historical perspectives of the
development of B-by-B gas exchange analysis, including details of the equipment, measurements,

and volume and gas corrections, are available elsewhere (1, 2, 4, 17-25).

*TABLE 1 NEAR HERE*

The classical definition of the breathing cycle for B-by-B gas exchange analysis

Remarkable developments in real-time B-by-B open-circuit systems during the second half of the
20™ century made it possible to quantify the inspired and expired gas volumes in real-time (1, 18,
20). The breathing cycle was identified based on these techniques and used to quantify external
respiration (i.e., exchange of O, and CO; between the alveoli and pulmonary capillary) on a B-by-B

basis.
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In general, a cycle can be defined as a series of incidences of the same condition that are
repeated over time. Accordingly, the breathing cycle can be defined as the time interval between
two equal incidences (i.e., inspiration or expiration phases). Convention defines “a breath” from the

time interval between the beginning of two consecutive inspiration phases (Figure 1).

*FIGURE 1 NEAR HERE*

The first step in identifying the breathing cycle is to detect the beginning and end of each
inspiration and expiration phase. This requires analysis of the gas flow signal (V) from the flow
meter. Theoretically, zero-crossing points of the flow signals can be used to identify the start and
end of each inspiration and expiration phase, as the sign of the flow signal changes with inhalation
and exhalation (Figure 1). However, the flow signal, being a digitalized signal, rarely presents an
absolute zero value. Therefore, the nearest points to zero in the flow signal are generally used in B-
by-B gas exchange analysis to provide a reasonable estimation of the transition points between

inspiration and expiration, and vice versa (12).

Determining the beginning and end of each inspiration and expiration phase enables the
estimation of the inspiratory and expiratory volumes. The volume of the inspired (V;,,) and expired
(V) gas is determined by integrating the flow signal during the inspiration and expiration phases

of the i™ breath, respectively.

tei; v;

Vini = ftbiil Vin - dt (1)
tee; v

Vexi = ffbeil Vex + dt (2)
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where t,;; and t,;; are the time instants at which the inspiration phase begins and ends of breath i,
respectively, whereas ¢y, and t,,; are the time instants at which the expiration phase begins and

ends for the i breath, respectively. The total time (tror) over the i™ breath can be defined as

tror; = tin; T tex;» Where t,y, and t;,,, are the expiratory and inspiratory times, respectively.

It is then possible to derive other important ventilatory-based variables over a breathing cycle,
such as tidal volume (Vy), breathing rate (Bg), expired flow (V), and inspired flow (V;) from Vex;>
Ving> tex;» and tin,. Vr, By, Vi, and V; (commonly expressed in L-min' for Vz and V;, breaths-min™
for B, and L for V;) for each breath from this flow signal (see (1, 4, 17, 25) for the relevant
equations).

Several commercial automated B-by-B systems do not compute V,, (and the associated V;)
directly. Instead, these variables are estimated using the nitrogen balance approach: Vi, - Fiy, =
Vex * Fgn, (i.€., the so-called Haldane’s correction; reviewed in Ward, 2018)), where Fjy, and Fgy,

are the mean fractions of nitrogen (N,) during the inspiration and expiration phases, respectively.

F
Vin = Vex ° % (3)
2

Since B-by-B systems generally also do not measure the N, fraction directly, and as there is

only a negligible quantity of other inert gases in the inspired air, Fy,is commonly estimated as

follows: Fy, =1— (Fp, + F¢o,). Accordingly, V; for breath i can be determined as follows:

. . l_FEOZ-_ FECOz-
Vli = VEi E e 4)
1= Fj0,,~ FI1coy;
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However, this Haldane correction is intrinsically flawed when applied to B-by-B gas
exchange analysis, as it assumes constancy in the lung N, stores, which, over the duration of a
single breathing cycle, occurs only when the breathing exchange ratio (RER = VCO,/VO, ) is equal
to 1 and consecutive end-expiratory lung volumes are precisely equal (2). Fluctuations in the end-
expiratory lung volume at rest (29) and during exercise (7) cause subsequent changes in the
fractional composition of the lung gas. Therefore, to facilitate accurate alveolar gas exchange

measurement, V; should be measured directly.

Identifying the beginning and end of the inspiration and expiration phases of breath i also
enables quantification of the volumes of the inspired and expired gas. The total volume of O, and
CO, exchanged at the mouth over the i™ breath (VOaiy and VCOniy, respectively) is determined by

the difference between their inspired and expired volumes.

tei; y teei y
VOym = ftbi,l Fio, * Vi - dt - J, Fgo, " Vex - dt Q)

tbei

teei y teii y
VCOym = ftbei Fgco, * Vex - dt - ftbii Fico, " Vin - dt (6)

where Fjo, and Fg(, are the instantaneous O, fractions in the inspired and expired gas of breath 7,
and Fjco, and Fgco, are the instantaneous CO, fractions in the inspired and expired gas over the i"
breath, respectively. Therefore, the intra-breath integration of flow and gas tensions is performed
over the inspiration and expiration phases of breath i, from which the volumes of O, and CO;
exchanged at the mouth during a single breathing cycle are obtained (Figure 1 depicts gas flow
(panel A), and O,, and CO, gas tension traces (panel B and C, respectively) used to perform the

intra-breath integration).
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Some studies have shown that the use of VO, instead of VO,4 amplifies the intrinsic B-by-B
variability in O, exchange (2, 5-7, 10, 12). Similar results were expected for the difference between
the B-by-B variability of V'CO_y and VCO,,, although the B-by-B variability for the alveolar CO,
exchange could be greater than for O, exchange (5). In contrast, the average values of VO, and
VCO,y during steady-state conditions can be considered an unbiased average of the alveolar gas
exchange (i.e., VO, and VCO,,4) (7, 10, 12). However, the differences between external gas
exchange measured at the mouth and that between the alveolar space and pulmonary capillary can
be substantial during the work rate transition phases (4, 30), as neither Equations 5 nor 6 consider
the changes in the volumes of each gas stored in the lung. Therefore, distinguishing between gas

exchange at the mouth and the alveoli under these conditions is of paramount importance.

Several approaches designed to estimate VO,, and VCO,, from measurements of gas volumes
exchanged at the mouth have been proposed (for a complete review, please see Capelli et al. (2)).
Each of these approaches derives from the pioneering work of Auchincloss et al. (3). The alveolar-
capillary gas transfer over breath i differs from the transfer measured at the mouth by the changes in

the lung gas stores over the same breath:

VO34 = VOym — AVOy;s (7

VCOZiA = VCOZ,:M + AVCOZiS (8)

where AVO, s and AVCO, ¢ represent the changes in the volumes of O, and CO; stored in the lung,
respectively. The net transfer of O, or CO; at the alveolar level approaches that value measured at
the mouth only when metabolism is in a steady-state condition and consecutive end-expiratory lung

volumes are precisely equal. However, AVO, s and AVCO, g are rarely zero when considering a
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single breathing cycle, and therefore changes in the lung gas stores must be considered for valid

estimation of alveolar-capillary gas transfer over the i™ breath (i.e., V0z,0 and VCOy 4) (2).

Changes in lung gas stores depend on the changes in the lung volume and alveolar gas

fractions (1-3):

AVOys = Viiq - (FAOZi - FAOZi_l) + FAOZi - AV, ©)

AVCOzis = Vi1 - (FACOZi - FACOZi_l) + FACOZi - AV, (10)

where V;;_, is the end-expiratory lung volume; FAOZ._land FACOZ._l are the alveolar fractions of O,
and CO, of the preceding breath (i.e., i-1), respectively; Fyp, and Fyco, are the alveolar fractions of

O, and CO; in the current breath i, respectively; and AV;; is the change in the lung volume
occurring over breath i. Therefore, the changes in the lung gas stores depend mainly on two factors:
1) changes in the overall alveolar gas fractions of O, and CO; between the beginning and the end of

breath i (i.e., the first term on the right-hand side of Equations 9 and 10, Fuo, — Fao,. ) and
L | Al
Faco,. — Faco,. K respectively), and 2) the changes in lung volume (i.e., the second term on the
L [ Al

right-hand side of Equations 9 and 10, AV};).

AVy; can be determined by assuming no alveolus-to-capillary N, exchange (i.e., VN,, =
VN,y — AVN,s = 0; where VN,, and VN,,, are the amounts of N, exchanged at the alveolus and

mouth levels, respectively, and AVN,s is the change in the volume of N, in the lung over a

breathing cycle). By substituting AVN,s; into Equation 9 (i.e., AVN,g=V;;_4 - (FANZ, -
L

FANzi—l) + FANzi - AVy;), AV, can be determined as follows:



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

VN2m = VL4 (FANZi _FANZi_l)

AV, = (11)

FANZi

where the amount of N, exchanged at the mouth level over the breath i (i.e., VN, ) can be

determined as follows:

Lei; y tee; y
VNym = ftbi,l Fin, " Vip - dt — fthe; Fgn, " Veyx - dt (12)

Beaver et al. (4) proposed an alternative approach to determine AV};:

1-F 1-F
Vin (—229%0) _y  (ER20i)_ o vco, e v [(F -F )+ (F —F )]
in; 1_FAH20i ex; 1_FAH20i ZiM ZiM Li—l AOZi AOzi_l ACOZi ACOZZi—l

AVLi =

1=-Fa0,,~Facoy,
(13)

1-FIH,0; 1-FEgH,o0, . . . .
where (———==L) and (———= | account for the water vapor pressure in the inspired and expired
1-Fan,o0; 1-Fan,0;,

volumes, respectively, and Fyp, and F4¢o, are alveolar fractions of O, and CO, of the breath i and
preceding one (i.e., i-1). This approach presents some advantages. First, AV;; can be expressed in
terms of measured quantities, which is convenient from a computational perspective. Second,
compared to Equation 11, the Beaver et al.’s approach is less prone to estimation errors when the

inspired gas fractions are transiently changed. For instance, when the inspired Fy, changes

significantly, which may occur when manipulating inspired gas fractions (e.g., supplemental

oxygen), the terms VN, and V;, | (FANZ. — Fyp, ,_1) in Equation 11 are large and nearly the same

10
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in magnitude during a transient period. This will expose Equation 11 to a higher error sensitivity

and, in some cases, it cannot be used (4).

The only quantity that remains to be determined is V;;_;, which is not directly measurable
using Equations 9, 10, 11, and 13. Therefore, a pre-determined value for V;;_; must be chosen. In
their pioneering work, Auchincloss et al. (3) proposed setting V;;_; equal to the functional residual
capacity (FRC) of the subject (hereinafter referred to as the A algorithm). Other research groups
made the same assumptions, in which FRC was either directly determined prior to exercise (4, 7,

10) or indirectly estimated using predictive equations (31).
Wessel et al. (32) suggested that, since the quantity Fyp, — FAOZ,_l(and Faco, — FACOz'_l)

is likely to be rather small, the term V;;_; - (FAOzi - FAOzi_l) (and V;;_4 - (FACOzi - FACOZi_l))

can be neglected; thus, V;;_; can be assumed to equal 0 L. However, this approach was
subsequently questioned by di Prampero and Lafortuna (11) who demonstrated that setting V;;_;
equal to 0 changes the alveolar gas exchange measure. Moreover, they also showed that selecting

different values of V;;_; leads to a change in the B-by-B estimation and variability of V0, 4 and

VCOy, 4 (Figure 2) (11).

Swanson (6) proposed an alternative approach based on the assumption that most of the B-by-
B gas exchange variability at the mouth level is the result of B-by-B changes in lung gas stores.
Swanson proposed selecting V;;_; as the lung volume that yields the lowest B-by-B variability in
gas exchange (ref). He defined this volume as the ‘effective lung volume’, which represents the
end-expiratory lung volume that ‘effectively’ participates in alveolar gas exchange (a practical
example of the ‘effective lung volume’ is shown in Figure 2C). Swanson’s approach yields a lower
B-by-B VO0,, and VCO,, variability compared to that of the A algorithm (5), which might be
particularly useful for detecting time-based events in gas exchange (such as the gas exchange

threshold). Nevertheless, this technique has some limitations. Since the effective lung volume can

11
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only be calculated a posteriori, this method does not allow for real-time monitoring of gas
exchange. Moreover, when applied to the rest-exercise transition, this technique assumes a
deterministic variation of FRC as a function of time, which is a questionable assumption (2). In
addition, B-by-B variability in gas exchange are a result of both physiologic events, such as
rhythmic changes in pulmonary capillary blood flow with the breathing and cardiac cycles and the
consequence of computational artifacts. di Prampero and Lafortuna (11) pointed out that it is
difficult to distinguish between these effects, and stressed the notion that a valid alveolar gas

exchange measure largely relies on the validity of V;;_; assessment on a B-by-B basis (11).

Busso and Robbins (5) suggested yet another alternative, which is also based on minimizing
B-by-B variability in gas exchange; data suggest that it provides the lowest B-by-B V0,, and
VCO0,, variability (5). They proposed that V;;_; = FRC and assumed that the ‘true’ change in

alveolar end-expiratory gas fraction (i.e., F40, — Fao,. ) and/or Fyco, — Faco,. 1) lies between 0
i - i i—
and the change in end-tidal gas fraction (i.e., Fgro, — Fgro,. . and/or Fgrco, — Ferco,. 1);
l - i i—

implying that the ‘true’ alveolar O, and CO, exchange is compromised within those obtained using
Wessel’s and Auchincloss’s approach. Using a nine-compartment, non-homogeneous, tidally
ventilated and constantly perfused lung model that reproduces a realistic breathing pattern, Busso
and Robbins elegantly tested the validity of this method. Although appealing, this method presents
similar limitations to that of Swanson — primarily that the requirements for a posteriori processing
prevents real-time monitoring of gas exchange. A detailed review on different Vi ,-based
algorithms designed to estimate B-by-B alveolar gas exchange can be found elsewhere (1, 2).
However a central tenet and limitation of these flow-based approaches is measurement of V;;_;

that, as described above, is methodologically challenging and often unavailable.

*FIGURE 2 NEAR HERE*
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Notably, the development of techniques based on optical reflectance motion analysis (i.e,
optoelectronic plethysmography, OEP) has enabled the accurate estimation of lung volumes at any
point of the breathing cycle and, in turn, the determination of changes in V;;_; for each breath (7,
12, 30, 33, 34). However, when using OEP-based techniques, independent estimation of the vital
capacity (VC) and FRC is still required to estimate V0,, and VCO,, (7). Using this technique,
Aliverti et al. (7) showed that V;;_; changes between the onset and end of exercise, suggesting that
the use of a constant value for V;;_; would likely introduce an estimation error in the alveolar gas
exchange computation. Despite its robustness, this technique is not free from limitations. For
instance, the overall volume changes of the chest wall measured by OEP-based techniques can
include blood volume shifts inside and outside of the thorax compartment, which could introduce an
estimation error when assessing changes in V;;_; (35, 36). This technique is certainly appealing;
however, its application is demanding, time-consuming, and requires measures of V'C and FRC,

which represent the primary limitation of this approach.

Different definitions of the breathing cycle in the B-by-B gas exchange analysis

To circumvent the issues related to measurements of of V;;_;, Grenlund (15) proposed a radically
different solution; however, this requires the breathing cycle to be redefined. Rather than
performing the integration of flow and gas fraction signals within the inspiration and expiration
phases, it is performed between two successive expirations with equal Fy, (or Fgp,) values,
typically in the alveolar phase (Figure 3); the important point to note is that these equal Fp, (or
Fco2) values do not not necessarily occur in consecutive breaths, or necessarily at a common time
or lung volume during a subsequent breathing cycle (Figure 4, panel A). Thus, Grenlund defined a
single breathing cycle as the time interval between two equal points of Fy, (or Fgp,) on successive

expirations, i.e., Fp,t1y = Fp,(t2), where ¢ and ¢2 are the time instants with two equal Fy, values.

By Gronlund’s definition, the time interval between ¢/ and ¢2 represents the total time of a given
13
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breathing cycle, where ¢/ is the start and #2 is the end of a cycle, which can be (and commonly 1is)

different from the time interval between the beginning of two consecutive inspiration phases (i.e.,
the conventional breathing cycle). Gronlund’s astute solution makes the term (F 10,. — Fao,. 1) of
L -

Equation 11 equal to 0; thus, V;;_; can be omitted from the computation. Therefore, according to
Grenlund’s algorithm (hereinafter referred to as the G algorithm), the volume of O, exchanged at

the alveolar level over breath i is reduced to:

VOZiA = ftizii(Vin - Vex) . F02 . dt — f;’il(vln _ Vex) . FN2 . FOZ(tli) . (FNZ (tli))—l . dt _

t3;
ftzi Vex * Fo,(t1p - dt (14)

To note, only the variables marked with (¢/) are constant values for the considered breath i (i.e.,
Fo, (1, and (FN2 (tli))_l, the fraction of O, and N, at the time instant #/), while the others change
over time (i.e., Vi, V.y, Fo,, Fy,, which are variables varying over time). As originally pointed out

by Grenlund (15), Equation 14 is very similar to that proposed earlier by Beaver et al. 1981 (i.e.,

Equation A9 in (4)), with the substantial difference of how a single breathing cicle is identified.

According to Equation 7, Equation 14 can be rewritten as follows:
t2; (o .
VO, = [ty (Vin = Vex) * Fo, - dt = Fo 1 - AV, (15)

t1;

where,

14
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ftB.i(Vin_Vex) 'FN -dt ..
2 P, - dt (16)

Fny(t1)) £2;

AVLi =

The second term on the right-hand side of Equation 15 accounts for the lung gas storage,
where AV,; can be determined from N, balance (Equation 16). Fy, 1, corresponds to the N gas
fraction at 7/ and is used as a reference value for identifying Fy at 3 (Fy,(t3,)), such that Fy, 1, =
Fn,(t3 (Figure 3). Therefore, £3 is identified using the Fy,signal, which satisfies the condition
Fyn, 1) = Fny(e3p- Thus, Equation 11 can be reduced to Equation 16, which represents the changes
in the alveolar volume occurring over the i™ breath. If 3 does not temporally coincide with #2,
volume correction |, ;23; V¢ - dt must be applied (Figures 3 and 6), a correction that assumes gas
exchange from 72; to ¢3; with a RER=I. Notably, straightforward modifications, which are not
described here for simplicity, makes it possibile to obtain VCO»4 (e.g., applying Eq 8, inverting the
subtraction of the inspired and expired volumes from (V; — V) to (Vz — V;) and considering the

F¢o,instead of the Fy, trace).

*FIGURE 3 NEAR HERE*

Therefore, according to the G algorithm (15) the intra-breath interval time of breath i is
defined as the time interval between two points on successive expirations in which the lung O,
fractional concentration is the same, i.e., Fo,t1;) = Fo,(t2;) (Figure 3). Generally, ¢/ is selected
within the second half of the first expiration after the dead space has fully expired (10, 37), where
the condition Fy,1;) = Fo,(t2,) 1s satisfied (Figures 3 and 4) (10, 37). Since the condition
Fo,t1p) = Fo,(t2;) can be met several times within breath i, and selecting different 7/-72 couples

may lead to different VO, and VCO,, (15), it is also necessary to determine which ¢/ and 72
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should be chosen. Capelli et al. (10) proposed a robust technique to identify ¢/-t2-¢3, which enables

the reliable measurement of VO, (see Capelli et al. (10) for further details).

The condition Fy, 1,y = Fp,(t2;) may not be satisfied between two consecutive breaths. In

such cases, the subsequent expiration phase (i.e., following two standard breathing cycles after the
ith breath) can be used to satisfy the condition Fy, 1,y = Fo,(t2;)> Which results in integration over
a longer time interval (Figure 4A) (10, 37). Although unlikely, a given reference value at £/ may not
be attained at 2 over a long series of breaths, which would result in losing the breath considered
(Figure 4B) (see Capelli et al. for further details) (10). This may occur during hyperventilation,
where tachypnea increases the slope of the alveolar partial pressure of expired O, (and CO,) (38)

(see below for further details).

*FIGURE 4 NEAR HERE*

The use of the G algorithm presents some advantages over the use of other V;;_;-dependent
algorithms, especially when attempting to characterize the B-by-B alveolar gas exchange kinetics
during the transition to or from different work rates. For instance, di Prampero and Lafortuna
showed that the A algorithm is likely to be exposed to an estimation error of the duration of VO
Phase I during the rest-exercise transition, and the magnitude of this error is highly dependent on
the accuracy of V;;_; (11). They also showed that assuming V;;_; equal to 0 (i.e., Wessel et al.’s
approach) causes wide variability in the estimation of the duration of phase 1 compared with
assuming V;;_; equals FRC. This instability might be due to the failure of the assumption that
V;i—1= 0 to completely account for changes in lung gas stores (11). Moreover, by comparing the G
and A algorithms at the onset of exercise in the moderate-intensity domain, Cautero et al.
demonstrated that the time constant of phase 2 VO,4 kinetics (t2) obtained when using the A

algorithm was systematically greater than that obtained with the G algorithm (34.3 £ 9.18s vs. 45.0
16
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+ 10.66s, respectively) (37). Notably, the authors found a positive correlation between 1, and V;;_4,
suggesting that choosing greater V;;_; values leads to a systematic increase in VO, 1,. Indeed,

increases in Vj;_, amplifies the contribution of Fyp, — Fap, (see Equation 9) and Fyy, —
L -1 L
Fyn,,_ (see Equation 11) in the VO, computation, which results in VO, kinetic distortions (see
i

Cautero et al. (37) and Capelli et al. (2) for further details). Therefore, the use of the G algorithm
can help prevent distortions caused by inaccuracy in the estimation or measurement of V;;_;.
However, we note that the ‘true’ alveolar VO, (and VCO,) kinetics are unknown. It may be possible
to use simulations of gas flow traces with different kinetic features to elucidate which algorithm

provides the most realistic response kinetic estimation (see below).

Cettolo and Francescato (16) recently proposed an alternative algorithm designed to measure
alveolar gas exchange, which also circumvents the requirement to assess V;;_; by redefining the
breathing cycle. Rather than considering the intra-breath interval time using the condition Fy,;1;) =

F .
Fo,(¢2y)- the start and the end of each breath i are defined by satisfying the condition O2(tn)

Nz(tli)

FOz(tZi) or FCOz(tli) — FCOz(tZi)

), typically in the alveolar phase (Figure 5) (where ¢/ and 12

FNz(fZi) FNz(tli) FNz(tZi)
conceptually have the same meaning as ¢/ and 2 in Equation 14; see below for further details).

Similar to the G algorithm, this condition makes the term (FAOZ. — Fyo, ,_1) of Equation 11 equal

0, allowing V;;_; to be omitted from the computation. Thus, the breathing cycle can be defined as

Fco,

.. F
the time interval between two equal values of Fﬂ (or

) on successive, but not necessarily
N2 Fn,

consecutive, expiration phases.

Cettolo and Francescato (16) reorganized Equation 7, which is essentially the method

proposed by Auchincloss et al. (3).

17



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

FAOZi FAOZi_l' FANzl, _FAOZi' FANzl,_l
VO34 = VOyim — * VNgm + Viioq - (17)

FANzl. FANZL.

FOz(fli) _ FOZ (tZ

) Equation 17 reduces to

Considering the condition
Na(t1)  FNg(ez))

VOy = [0 (Vy = Vi) Fo, - dt — 280 . (24 _y.) . Fy - dt (18)

t1; Fry(er) bl

Equation 18 is a simplified version of Equation 15; straightforward modifications, which will
not be described here, make it possibile to also obtain alveolar CO, exchange. Notably, although ¢/
and #2 in Equation 18 have the same conceptual meanings as ¢/ and #2 in Equations 14 and 15, they

FOz(tli) — FOz(tZi)

are defined differently (i.e., =

) (16) (Figures 3 and 5).

Nz(fli) FNz(tZi)

*FIGURE 5 NEAR HERE*

Equation 18 presents several advantages from a computational perspective. For instance, the
Cettolo and Francescato algorithm (hereinafter referred to as the CF algorithm) does not require the
definition of ¢3, which must be determined when using the G algorithm (Figure 5). Moreover,
identifying the breathing cycle using the FO,/FN; and FCO,/FN, ratio traces may help identify
outlier breaths. The FN, trace generally shows greater noise and signal distortion compared to the
FOy/FN, and FCO,/FN, ratio traces, which may affect the identification of #/-t2-t3 (not present in
the CF algorithm). Furthermore, the FO,/FN, and FCO/FN, ratio traces have signal amplitudes

that are greater than that of £V, alone, which may reduce variability associated with trace detection
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in real time (16, 39). Nevertheless, the advantage of using FO./FN, and/or FCO,/FN; ratio traces,
instead of F'O, and FN, and/or FCO; and FN,, have yet to be determined by independent research

groups under different exercise conditions and/or using different modalities (see below).

There are also limited data directly comparing the G and CF algorithms; thus, whether one
algorithm can outperform the other is unclear. Some data suggest no differences in the alveolar B-
by-B gas exchange estimation between the two algorithms; however, the comparison was
performed over a limited range of VO,, VCO,, and ventilatory rates (16). Notably, the CF algorithm
was only recently introduced; hence, there are limited data showing its validity in assessing B-by-B
alveolar gas exchange compared to the G algorithm (16, 39—-42). Therefore, further investigations
are warrented, to better understand whether substantial differences exist between these algorithms,

and which more accurately measures the true physiologic response.

Limitations, methodological considerations, and future directions

Employing the G or CF algorithms has the undoubted advantage of removing the need to
measure V;_;, which is appealing from a practical perspective. However, redefining the breathing
cycle for the B-by-B gas exchange analysis may present some limitations. First, as previously
highlighted (1, 43), these techniques would benefit from validation conducted by independent
research groups under different conditions. For instance, it would be of great interest to test these
algorithms together, under different environmental conditions (e.g., hypoxia, hyperoxia), exercise
modalities (e.g., running, cycling, walking), with different populations (e.g., patients with
cardiovascular and lung diseases and athletes), body positions (e.g., supine and upright posture) or
work rate protocols (e.g., square-wave, sinusoidal-wave, ramp- and step-incremental tests).
Specifically, comparisons made under conditions where lung volumes, lung gas stores and/or
ventilation-perfusion relationships are expected to vary would help to identify the algorithm that

best characterizes the true physiologic response.
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Second, Whipp et al. (43) pointed out that Grenlund’s approach may provide a different
breath duration under specific conditions, such as during the transition from rest to exercise,
compared with that of the conventional flow-based approach. Since the slope of the alveolar partial
pressure of expired O, (and CO,) increase at the onset of exercise and during continued exercise

(38), a particular intra-breath F,, reference value at #/ might be reached earlier during the

expiration phase at 2, which in turn would result in a shorter estimated breath duration, and
differentially alter the durations of inspiratory and/or expiratory time (such as in ty/tg or tytror), than
with the conventional approach (43). The same concern applies to the CF algorithm (16), although
specific aspects of this algorithm may help mitigate this concern (see below) (39, 41). However, no
study has investigated the potential differences in breath duration among different algorithms;

therefore, further investigations are required.

Whipp et al. (43) also stated that during acute hyperventilation, due to the large increment of
the entire Fyp, (or fall in F4¢p,), a given intra-breath Fy,, reference value at ¢/ (or Fgp,) may not
match any Fy, (or Fgp,) value at £2 in the expired phase, resulting in the potential loss of breath
detection using the G algorithm (Figure 4B). This may negatively affect the analysis of gas
exchange kinetics during the transition phases. Modifications in the CF algorithms may help reduce
the influence of large changes in Fy,/Fy, (or F¢o,/Fy,) on the identification of the breathing cycle
(39, 41). Cettolo and Francescato have recently implemented a technique in which each breathing
cycle is identified without considering the end timepoint of the preceding cycle and the start
timepoint of the following one (i.e., the so-called “independent breath” algorithm) (39, 41).
Therefore, each breathing cycle has its own ¢/ and ¢2, where ¢/ of the breath i+1 does not
necessarily correspond to #2 of the breath i (i.e., non-contiguity in time of the breathing cycles,
Figure 4C). This would increase the possibility of identifying the breathing cycle during outlying
breaths (e.g., atpically large or small breaths such as a sigh or a pant) and reduce the negative

effects of hyperventilation on the identification of the breathing cycle and gas exchange estimation
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(39, 41). Although some promising findings have already been reported (39—42), utlization of this
approach would benefit from further validation by independent research groups under different
exercise conditions. Moreover, the impact of hyperventilation on gas exchange kinetics estimation

when using the G algorithm remains to be systematically determined.

Concerns have been raised regarding how ventilatory-based variables are computed using the
G and CF algorithms (1). Information is lacking regarding the inspired and expired volumes, which
are needed to estimate other important variables such as Vg, Vi, the ventilatory equivalents for O,
and CO; (i.e., VE/VO, and Vg/VCO,, respectively), and inspiratory and expiratory time. However,
it is worth noting that several (if not all) ventilatory-based variables can be determined using these
approaches. The intra-breath integration of the positive flow signal values between ¢/ and #2 can
provide the expired volume (i.e., V), which can be used to derive other variables (such as Vi and
V1) (Figure 6). Likewise, the intra-breath integration of negative values can provide the inspired
volume (i.e., Vi,), which in turn would enable the estimation of Vi (Figure 6). This procedure would
also theoretically enable the estimation of Br, where Tror corresponds to the time period elapsing
between ¢/ and 2 (Figure 6). Inspiratory and expiratory times are also computable in the G and CF
algorithms, although their physiological meaning is questionable, as they do not refer to the start
and end of a conventional inspiration and expiration phase, which are commonly used to gain
insights into the mechanisms involved in the control of the transition phase between inspiration and
expiration, or vice-versa (27, 44, 45). However, although these ventilatory-based variables are
computable using the G and CF algorithms, they have not been reported in published works. It is
currently unclear whether these algorithms would provide a reasonable estimation of ventilatory-
based variables. Evaluation of variability and irregularity of ventilatory-based variables during
CPET has the potential to detect underlying breathing pattern disorders (46, 47). For instance,
Bansal et al. (48) showed that a VE approximate entropy (i.e., a measure of Vg variability) > 0.88

conferred sensitivity and specificity to detect breathing pattern disorder of 70% and 80%,
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respectively. Whether this ventilatory-based information, computed using V;;_;-independent
algorithms, provide the same valuable information is currently unknown. Further study is
recommended to demonstrate that all cardiopulmonary exercise testing (CPET) variables can be

precisely and accurately derived.

*FIGURE 6 NEAR HERE*

Similarly, quantitative analysis of ventilatory and gas exchange kinetics during exercise is
commonly used to understand underlying metabolic and ventilatory control mechanisms (43, 49)
and are modified in patients with chronic disease (50, 51). This is particularly true for the
investigation of the control mechanisms of Vg, where analysis of Vi and VCO,, kinetics can

provide important physiological information (52—56).

Analysis of other ventilatory-based variables can also provide useful information for athletes
and populations with chronic disease (56—58). For instance, V&/VO, and Ve/VCO; responses can be
used to non-invasively identify the gas exchange threshold (59, 60) and for diagnostic and
prognostic stratification (57, 61). Therefore, identifying the most appropriate and reliable way to

quantify ventilatory-based variables is of paramount importance.

The impact of lung gas store changes on B-by-B alveolar O, and CO, exchange rates during
progressive exercise (i.e., step-wise or ramp-incremental work-rate protocols) has received less
attention compared to the responses occurring during square-wave work-rate protocols (reviewed in
(2)). Since progressive exercise is commonly used in research and clinical evaluation, it is of
paramount importance to understand whether the dynamic changes in the alveolar gas stores affect
the B-by-B gas exchange and their derived variables (such as gas exchange threshold and the
ventilatory equivalent for O, and COy;). Indeed, the use of VO, and VCO,, instead of VO, and

VCO,y was shown to increase the B-by-B signal-to-noise ratio and reduce B-by-B variability (4, 7,
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10-12), thereby potentially improving discrimination of time-based events in gas exchange.
However, there are no studies exploring the effect of using different algorithms on threshold

detection.

Mathematical simulations and mechanical gas exchange simulation systems may be used to
assess the validity of different alveolar corrections on the measurements of gas exchange and
kinetics. As previously mentioned, the ‘real’ alveolar gas exchange kinetics is unknown. Although
speculative, simulating gas flow traces with different known kinetics could potentially help to
compare different algorithms to identify the algorithm that provides the most accurate kinetic
estimates. On the other hand, the use of mechanical gas exchange simulation systems could be
employed to assess the validity of alveolar gas exchange measures during steady-state conditions
and in the presence of an aberrant single breath (42). The application of these techniques seems
feasible (5, 42, 62), but the paucity of studies using these approaches means that further

investigation is needed.

Since VO, and VCO,a can be obtained using different reference values at ¢/, 2 or 3
(depending on the algorithm used — G or CF), a given breathing cycle obtained for VO,, is not
temporally aligned with that for VCO,4. Moreover, Ty, Tz and Tror may not necessarily have the
same durations when computed by these difference algorthims. Therefore, a temporal misalignment
on a B-by-B basis between VO,4 and VCO,,, although small, can occur. This issue can be partially
overcome by interpolation and extrapolation. Second-by-second interpolation and extrapolation
(rather than B-by-B) of data are commonly used in post-processing when investigating gas
exchange kinetics of actual (52, 63, 64) and simulated data (53, 65). Although, again, the
implications for altering the standard reporting format for research and clinical gas exchange and
ventilatory variables has yet to be determined. Moreover, interpolation/extrapolation techniques
might alter the data, especially during the rest-exercise transition period, potentially affecting the

physiological interpretation.
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Until recently, G and CF algorithms have typically only been applied to raw gas flow and gas
concentration recordings post-processing. That is, they have not been used to provide a real-time B-
by-B measure of gas exchange. However, the use of the CF algorithm in real-time data analysis is
feasible (39). The CF algorithm can identify 7/ and ¢2 within every single breath in real time as data
are collected (39). Thus, similar to what occurs during the classical real-time analysis of gas
exchange, the integration of flow and gas fractions can be performed independently in a single
breath (the so-called “independent breath”), allowing real-time data visualization (39, 41). Although
not yet tested, this modification could theoretically be implemented in the G algorithm. Further
studies are required to identify the most efficient technical solution to implement these algorithms

in automated real-time B-by-B systems.

A call to action

Data show the clear advantages of using VO,4/VCO,, instead of VO1/VCOzy in B-by-B gas
exchange analysis. However, the requirement for substantial validation work that confirms the
advantage of V;;_;-independent algorithms to determine not only alveolar gas exchange, but also
ventilatory-based variables, is prohibitive to making use of these routines. For example, it is still
unclear which alveolar correction better reflects alveolar-to-capillary gas exchange, especially
under the diverse range of conditions commonly observed in research and clinical CPET
laboratories. In addition, the lack of open access to these algorithms for routine application is a key
barrier limiting the use of alveolar corrections. We are unaware of any automated commercial
system that has implemented an algorithm to measure B-by-B alveolar gas exchange. This is despite
literature that shows the advantages of using VO, 1VCO,, instead of VOsy /VCOsy increases
signal-to-noise and reduces distortions in gas exchange responses during exercise. Therefore, given:
(1) the introduction of the algorithm by Auchincloss et al. in 1966 (3); (ii) the development of

several solutions aimed at optimizing the estimation of alveolar gas exchange (2, 41); and (iii) the
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large number of studies showing the importance of differentiating between VO, /VCO1y and VO,
/VCO,4 (2, 4-6, 10, 16, 30, 37, 40, 41, 66); it is surprising that manufacturers have not progressed
past conventional B-by-B algorithms and developed commercial systems that provide alveolar gas
exchange analysis alongside standard measurements. This would not only increase signal-to-noise
to provide improved characterization of clinically-important variables from an exercise test, but
would also enable implementation of the most suitable algorithm for a given purpose, satisfying a
wide range of different needs in health and chronic disease. Incorporating different algorithms into
commercial systems would advance the reach of these techniques and facilitate the progression of

our knowledge on their validity and applicability under different exercise conditions.

Perspectives and Significance

Although fundamental concerns have been raised in using alternative algorithms that change the
definition of the breathing cycle, their benefit for increasing accuracy and precision of alveolar gas
exchange measurement is appealing and promising. Nevertheless, the paucity of data describing the
physiologic meaning of several ventilatory-based variables when using these alternative algorithms
requires further investigation. In addition, further validation studies are required to assess these
methods and their implementation in real-time for online analysis. This is essential to understand
which algorithm best characterizes the ‘true’ physiological response in both clinical and research

settings.
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Glossary

BTPS

CPET

CO,

Ve, V,

Vin, Vex

FAOZr FACOZr FANZI FAHZO
Fgo,, Feco,s Feny: Fenyo
FETOZa FETCOZ

FIOZa FICOZa FINZa FIHZO
Fn,(¢3)

Fo,t1)> Feo,(e1)s Fr, (1)

Body Temperature, ambient
Pressure, and Saturated water vapor

Cardiopilmonary exercise testing

Carbon dioxide

Expired flow rate, inspired flow rate

Flow rate during inspiration and
expiration, respectively

Alveolar gas concentrations

Fractional gas concentration in
expirate

End-tidal gas fraction

Fractional gas concentration in
inspirate

Fractional N, concentration at the
time instant ¢3

Fractional gas concentration at the
time instant ¢/
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Fo,(t2)> Fco,(t2)s Fr,(t2)
FRC

N»

OEP

0,

RER

STPD
tTOT’ tin, tex

yc
Vi/VO,, VE/VCO;

Vin s Vex

VO:4, VCO:y

VO, VCOopy, VNom
VO, VCOouy

Vr, Br

AV,

AV Oy, AVCO,s, AVN,g

Fractional gas concentration at the
time instant £2

Functional residual capacity
Nitrogen

Optoelectronic plethysmography
Oxygen

Respiratory exchange ratio

Standard Temperature and
barometric Pressure, Dry

Time interval of a breath, inspiratory
time interval, expiratory time
interval

Vital capacity

Ventilatory equivalents for O, and
COy, respecvively

Inspired volume, expired volume

end-expiratory lung volume of the /™
breath

end-expiratory lung volume of the
preceding breath

Alveolar-to-capillary gas exchange
volume

Alveolar-to-capillary gas exchange
rate

Pulmonary gas exchange volume
Pulmonary gas exchange rate

Tidal volume, breathing rate
Changes in lung volume during

breath interval

Changes in lung gas content during
breath interval
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Figure captions

Figure 1. Flow (panel A), partial pressure of oxygen (panel B) and partial pressure of carbon
dioxide (panel C) during a series of breaths peformed at a moderate exercise intensity in healthy-
trained individual. The upper panel also depicts the zero-crossing points (open circle) identified

using the MATLAB function “find_cross.m” (26).

Figure 2. Single breath alveolar VO, (panel A) and VCO, (panel B) exchange as a function of
ventilation computed on the same breath (continuous lines). VOu/VO24 vs Vi (panel A) and
VCOx/VCOz4 vs Vg (panel B). Continuous lines (calculated on 100 breaths) depict differences
from the expected value in alveolar gas exchange when using different Vi ;.| values (from 0 to 5 L)
in Eqs 7 and 7. The dashed line depicts gas exchange at mouth (VO,y in panel A and VCO,y in
panel B). Panel C shows the variability of alveolar VO, (open square) and VCO, (filled square)

expressed as coefficient of variation (c.v., %), as a function of different V., values. The Vi, value
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which gives the lowest computed VO,5 and VCO,4 variability is indicated by vertical arrows and
ELVpin (effective lung volume; i.e., ELVmino2 and ELVin,co2, respectively). FRC (functional
residual capacity) indicates when Vi,.; = FRC. (Used and modified by permission; di Prampero and
Lafortuna Breath-by-breath estimate of alveolar gas transfer variability in man at rest and during

exercise. 1989. J. Physiol. 415, 459-475).

Figure 3. Partial pressure of O, and N, in mmHg (PO, and PNy, respectively) (top panel). The same
data over a single respiratory cycle i.e., between the 5™ and the 13™ second (bottom panel). Exp;;,
Insp;, and Exp; refer to the conventional expiration phase of the breath i-/, inspiration phase of the
breath i and expiration phase breath i. #; indicates the time after which the estimated dead space gas
volume is fully expired. The reference value ¢/ is chosen according to specific criteria (see text and
Capelli et al. 2001 (10) for further details), while ¢2 and ¢3 are chosen to yield PO, and PN, equal to
t1, respectively. The respiratory cycle is defined as the time period elapsing between ¢/ and ¢2.
(Used by permission; Capelli C, Cautero M, di Prampero PE. New perspectives in breath-by-breath

determination of alveolar gas exchange in humans. Pflugers Arch. 2001;441(4):566-77.)

Figure 4. Panel A shows a particular case where a given Fo, reference value at the time instant ¢/
does not meet any Fo, value on the successive expiration to satisty the condition Fo, 1,y = Fo, 2,
but during which a value equal to Fy,1,)is then met during the subsequent expiration. This results
in an integration of gas and flow data over a longer time interval. The horizontal dotted line shows
that the latest Fo, value pertaining to the second expiration that coincides with the first Fo, value
would allow the identification of a respiratory cycle using the G algorithm. Panel B shows the effect
of hyperventilation on FO, (O, fractional concentration in %) during three successive expirations.
There are no Fo, reference values at time instant ¢/ that are met on two consecutive expirations,
making the identification of a respiratory cycle using the G algorithm impossible. Panel C depicts

2

the so-called “independent breath” algorithm, which allows the identification of two respiratory

cycles (¢1-¢2; and t1,;1;-t2;1;) during hyperventilation. FO,/FN; ratio (ratio of O, and N fractions in
35
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%). Here the summed duration of two successive breaths is larger than the summed duration of two
conventional breaths defined by the beginning of two consecutive inspiration phases i.e.

consecutive breaths overalp. See text for further details.

Figure 5. Comparison of Grenlund’s and Cettolo & Francescato’s algorithms. Upper and middle
panels show the method introduced by Grenlund, which is also described in Figure 3. The bottom
panel depicts the method introduced by Cettolo and Francescato (16). For the Cettolo and
Francescato’s method, the reference value ¢/ is chosen accordingly to specific criteria (see text and
Cettolo and Francescato, 2015 (16) for details), while ¢2 is chosen to yield FO,/FN, equal to #/. The
respiratory cycle is defined as the period time elapsing between ¢/ and #2. (Used by permission;
Cettolo V, Francescato MP. Assessment of breath-by-breath alveolar gas exchange: an alternative

view of the respiratory cycle. Eur J Appl Physiol. 2015;115(9):1897-904.)

Figure 6. A single respiratory cycle identified using the Grenlund’s algorithm, where ¢/ and ¢2
represent the beginning and the end of one breath. The upper panel shows the gas flow at the mouth.
The expiration occurs during positive deflections of the flow signal, while the inspiration occurs
during negative deflections of the flow signal. The lower panel shows the fractional O,
concentration. The soft dotted area represents the inspired gas volume, while the heavy dotted area
corresponds to the expired gas volume. The thick line represents the gas flow occurring between 3
and #2 (i.e., the volume correction for Equation 16). Some ventilatory-based variables estimated
over ¢t/ and ¢2 are as following: V= 0.9 L STPD (V= 1.2 L BTPS), V;,=1.03 L STPD, Vg =23 L -
min"' STPD, Vi=24 L - min™' STPD. The alveolar net transfer of oxygen uptake occurring over ¢/
and £2 is equal to VO, = 1.09 L - min™ STPD. The time elapsing between ¢/ and 2 (i.e., Tror,
which is the total time of the considered breath) is equal to 2.54 s. The corresponding breathing

frequency is 24 breaths: min™.
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Table 1. General definition of breathing cycle (in the time domain) when using classic (Vi.;-based
algorithms), Grenland, and Cettolo and Francescato algorithms to estimate alveolar gas transfer.

Classic approach

G algorithm

CF algorithm

Vyi1-based algorithms

Vyi1-independent algorithms

Definition of
breathing cycle
(in time domain)

Time interval between the
beginning of two
consecutive inspiration
phases

Time interval between
two equal values of FO,
(or FCO,) on successive,

but not necessarily
consecutive, expiration
phases, typically in the
alveolar phase

Time interval between
two equal values of
FO,/FN,; (or FCO,/FN,)
on successive, but not
necessarily consecutive,
expiration phases,
typically in the alveolar
phase

Signal(s) used to
identify the
breathing cycle

Flow signal

FOZ, FCOZ’ and FNZ

FOz, FCOZ, and FN2

Variables
required to
obtain alveolar
gas transfer

Flow signal, FO,, FCO,,
FNz, and VLi-l

Flow signal, FO,, FCO,,
and FN,

Flow signal, FO,, FCO,,
and FN,

Abbreviations: Vi, end-expiratory lung volume; G, Grenland algorithm; CF, Cettolo and Francescato
algorithm; FO,, oxygen fraction; FCO,, carbon dioxide fraction; FN,, nitrogen fraction.
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