
Contents lists available at ScienceDirect

Respiratory Physiology & Neurobiology

journal homepage: www.elsevier.com/locate/resphysiol

Comparison of different breath-by-breath gas exchange algorithms using a
gas exchange simulation system
Maria Pia Francescatoa,⁎, Lutz Thieschäferb, Valentina Cettoloa, Uwe Hoffmannb
a Department of Medicine, University of Udine, p.le Kolbe 4, Udine, Italy
b Institute of Physiology and Anatomy, German Sport University Cologne, Am Sportpark Müngersdorf 6, Cologne, Germany

A R T I C L E I N F O

Keywords:
Gas exchange
Breath-by-breath calculation algorithms
Gas stores
Thermodynamic conversions

A B S T R A C T

Background: Mechanical Gas Exchange Simulation Systems (GESS) have never been used to compare different
breath-by-breath oxygen uptake calculation algorithms.
Methods: Oxygen uptakes were calculated for each GESS cycle by the "Expiration-only" algorithm (estimating
inspiratory volume from the expiratory one), and by two "alveolar" algorithms (both processing inspiratory and
expiratory flows and designed to account for the changes in lung gas stores). The volume of oxygen stored in the
GESS from one cycle to the subsequent one was either maintained constant or increased/decreased by changing
the pumped gas volumes.
Results: Overlapping oxygen uptakes were obtained maintaining constant the volume of oxygen stored (grand
average: 0.420 ± 0.019 L/min, p= ns). The "Expiration-only" algorithm overestimated the decreases of the
stored oxygen by 34%, whereas the "alveolar" algorithms underestimated the increases by 25%; in the other
conditions, the changes of the stored oxygen were appropriately accounted for.
Conclusions: The use of "alveolar" algorithms is recommended, particularly so when abrupt changes in the stored
oxygen volume occur.

1. Introduction

Measurement of breath-by-breath gas exchange in humans is be-
coming increasingly common in research laboratories and medical
centers. Automatic metabolic units are frequently used, with the un-
derlying assumption that their measurement errors fall within accep-
table limits. Variations of precision can be suitably detected by a me-
chanical device that simulates metabolic gas exchange (Ward, 2018),
i.e. using a Gas Exchange Simulation System (GESS). Indeed, this kind
of devices generates respiratory cycles having predetermined and
known characteristics, while guaranteeing reproducibility. So far, these
devices have been used to evaluate hardware components of the gas
exchange measurement devices (Prieur et al., 2003; Rodriguez et al.,
2008), while a GESS can be appropriately used also to compare the
performance of different gas exchange calculation algorithms.

The simplest algorithm for the determination of breath-by-breath
gas exchange on the basis of flow and gas traces acquired at the mouth,
is the computation of the difference between the inspired and the ex-
pired gas volumes within the same breath. To avoid the extreme erratic
results obtained with this method (Auchincloss et al., 1966), different
algorithms have been developed to calculate breath-by-breath gas

exchange (Auchincloss et al., 1966; Beaver et al., 1973; Busso and
Robbins, 1997; Cettolo and Francescato, 2018; Grønlund, 1984;
Swanson, 1980; Wessel et al., 1979). All of them share the concept that
only oxygen and carbon dioxide are exchanged and that there is no net
exchange of the remaining gases (overall defined as nitrogen), although
the volume of the latter does not have to be null for the data processing
with the algorithms. In addition, most of the algorithms were designed,
theoretically, to take account of the changes in the volume of gas stored
in the lungs and, since they are believed to estimate the gas exchange at
the alveolar-to-capillary membrane, they often are defined as "alveolar"
algorithms (Golja et al., 2018). All the above algorithms have been
tested essentially under moderate intensity exercise. Nevertheless, a
validation under conditions of well-known breathing patterns, as those
that can be created with a GESS, can provide useful information con-
cerning the specific characteristics of each algorithm, in particular
when the "alveolar" algorithms are to be compared with the remaining
ones; differences in the O2 uptake values yielded by the various algo-
rithms should emerge when accounting for the changes in gas stores,
induced by changes in volume and/or end-expiratory gas fractions from
one cycle to the subsequent one.

The aim of the present work was the comparison of the performance
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of gas exchange algorithms that provide data in real-time, namely, the
"Expiration-only" (EXP) (Beaver et al., 1973; Ward, 2018), the "Wessel"
(WES) (Wessel et al., 1979), and the "Independent breath" (IND)
(Cettolo and Francescato, 2018) algorithms, respectively. Comparison
was also performed with data obtained by simply integrating flow and
gas fractions ("Mouth" algorithm) (Wessel et al., 1979). A regular
breathing pattern was simulated, as well as different abrupt changes of
the gas volumes stored in the system were inserted, in order to provide
proof of concept of the effectiveness of the algorithms under in-
vestigation. A GESS with the advanced feature allowing to heat and
humidify the gas of the expired flow, so far not implemented in other
devices, was used.

2. Methods

2.1. The gas exchange simulation system

The GESS used in this investigation (Fig. 1) was an enhanced ver-
sion of a previously used device (Rodriguez et al., 2008). It is composed
of two parallel syringes (of 3 L volume each; 1a, 1b), whose pistons
were moved synchronically along a gantry module by a servomotor (2),
in turn controlled by a computer (3). The nozzles of the syringes were
connected, by means of a system of tubes and one-way valves (to pre-
determine the direction of flow), to the support (4) of the sensors as-
sessing flow and gas fractions.

The sensors of the metabolic unit (5) measured a) a simulated in-
spiratory flow of ambient air during the filling of the syringes, b) a
simulated expiratory flow of gas with known composition during the
emptying of the syringes. The desired volume of the gas with known
composition was drawn from a gas container (60 liters non-diffusing
gas bag; 6), continuously filled from a gas cylinder (7). A thermostatic
water bath (8) was positioned between the syringe 1b and the support
of the metabolic unit sensors (4), allowing the heating (37 °C) and water
vapor saturation of the gas.

The supply cylinder contained a gas mixture with 16.00% O2, 4.99%
CO2 and N2 as balance; the chosen gas mixture allowed us to have equal
N2 fractions in the moved gases from both syringes.

The experimental protocol was performed at least twice to check for
the overall stability of the experimental instrumentation, composed of
the GESS and of the metabolic unit; the pertinent coefficient of varia-
tions (CV) were evaluated. The volumes of gas measured by the flow
sensor of the metabolic unit during the filling or emptying of the syr-
inges showed a CV < 0.8%. The overall CV of the N2 fraction (over

both the filling and the emptying of the syringes) was< 0.2% and the
end-expiratory gas fractions showed a CV < 0.5% for both O2 and CO2.

2.2. Experimental protocol

The breathing pattern was simulated in the GESS imposing sinu-
soidal changes in the position of the pistons of the syringes as a function
of time.

Series of identical cycles (composed of one filling and the sub-
sequent emptying stroke) were generated yielding a moved volume of
1.0 L per stroke with a frequency of 12 cycles per minute ("regular"
cycles). Interspersed among the "regular" cycles, maintaining constant
the frequency, "aberrant" strokes were introduced by changing the
moved volume so as to obtain a change of the volume of gas contained
in the syringes from one cycle to the subsequent one. Four different
kinds of "aberrant" strokes were generated, namely, increases of +0.5 L,
+1.0 L, or +1.5 L, and a decrease of −0.3 L from the regular volume of
1.0 L. The "aberrant" strokes were inserted:

a) in the filling stroke only;
b) in the emptying stroke only;
c) in both strokes, consecutively, in the filling/emptying sequence;
d) in both strokes, consecutively, in the emptying/filling sequence; this

is tantamount saying that the "aberrant" stroke was inserted in the
emptying stroke only of the cycle and inserted in the filling stroke
only of the subsequent cycle.

2.3. Assessment of ventilatory parameters

Flow, O2 and CO2 fractions (FO2 and FCO2, respectively) were
continuously recorded using a Metalyzer 3B metabolic unit (Cortex,
Leipzig, Germany). Before each measurement session, according to the
instructions of the manufacturer, the turbine was calibrated by means
of a 3 liters syringe (Cortex, Leipzig, Germany) and the analyzers were
calibrated with a gas mixture of known composition (FO2=16.0%;
FCO2= 4.0%; FN2 as balance) and ambient air. The software operating
the metabolic unit allowed the recording of gas fractions and flow
signals as text files with a sampling frequency of 50 Hz. Traces of gas
fractions and flow were synchronized by the firmware of the metabolic
unit, which also converted flow to BTPS conditions. Fig. 2, panel A,
illustrates an example of the recorded traces during a few "regular"
cycles.

For each stroke throughout the acquisitions, inspired (VI) and/or

Fig. 1. Schematic representation of the Gas Exchange
Simulation System (GESS) used in the present investigation
together with the signals acquisition system.
1. syringes (a and b);
2. servomotor generating the synchronous movements of the
pistons along the gantry module;
3. computer controlling the motor;
4. support and sensors of the metabolic unit for assessment of
flow and gas fractions;
5. metabolic unit;
6. polyethylene bag;
7. supply cylinder, containing gas with known composition;
8. thermostatic water bath.
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expired (VE) gas volumes were calculated from the original flow trace
as integrals between two successive changes in flow direction; cycle
frequency (bf) was calculated as the reciprocal of the time elapsed be-
tween two subsequent starts of inspiration; ventilation (VE) was calcu-
lated as VE x bf.

Breath-by-breath oxygen uptake (V O2) was calculated from the
same original gas fractions and flow traces, as yielded by the metabolic
unit, by means of all the algorithms under investigation, i.e., the
"Independent breath" (VO IND

2 ;(Cettolo and Francescato, 2018)), as well
as the "Wessel" (VO WES

2 ; (Wessel et al., 1979)), and the "Expiration only"
(VO EXP

2 ; (Ward, 2018)) algorithms, respectively; in addition, oxygen
uptake data were calculated also by simple integration of flow and gas
fractions ("Mouth" algorithm; VO M

2 ; (Wessel et al., 1979)). Computer-
ized procedures were specifically developed in C language under the
Unix-like Cygwin environment (Red Hat Cygwin, version 4.3.39). See
the Appendix A for the mathematical description of the algorithms
under investigation.

The value of one minus the sum of measured O2 and CO2 fractions
was labeled FN2 being essentially composed of nitrogen.

All the calculated oxygen volumes and uptakes were expressed in
STPD conditions; flow and ventilation were in BTPS conditions.

2.4. Data analysis

The effectiveness of the algorithms under investigation to account
for the changes in gas volume stored in the GESS from one cycle to the
following one was evaluated as follows. The changes in the stored vo-
lume of O2 (ΔVO2st) induced by the "aberrant" strokes were calculated
theoretically and compared to the changes estimated through the V O2
yielded by the different algorithms for the corresponding "aberrant"
cycles.

The "theoretical" ΔVO2st were calculated on the basis of the changes
of the moved gas volumes in the "aberrant" cycles as follows:

"theoretical" VO

("aberrant"stroke volume -V̄ )
expiratory FO

for Expiration

("aberrant"stroke volume -V̄ )
ambient O fraction

for Inspiration
2st

E

2

I

2

=

where V̄E and V̄I are the average expiratory and inspiratory volumes of
the regular strokes, expressed in STPD conditions; the ambient O2

fraction was set to 0.2095 and the expiratory O2 fraction was set to the
average value of the corresponding simulated expiration. Of note, the
"theoretical" ΔVO2st has a meaning only if at least one "aberrant" stroke
occurred within the cycle.

The changes in the amounts of O2 accounted for by a specific al-
gorithm, as estimated through its VO2, have been calculated for each
"aberrant" cycle as follows:

"accounted" VO "theoretical" VO VO
b

VO b2st 2st
2

f "aberrant"cycle
2 f=

where bf and VO2 are the averages, over all the "regular" cycles, of
breath frequency and of the VO2 obtained using the specific algorithm.

2.5. Statistical analysis

Statistical analyses were performed using the SPSS software
(Chicago, Ill., USA); results were expressed as means ± SD and sig-
nificance level was set to p < 0.05.

Normal distribution of the VO2 data yielded by the different algo-
rithms for the "regular" cycles was confirmed by the Shapiro-Wilk test.
A repeated measure Multivariate Analysis of Variance (MANOVA) was
used to detect differences among the 4 investigated algorithms
(Algorithm effect). The Mauchly's test was used to check if the spheri-
city assumption appeared to be violated; if the Mauchly's test was sig-
nificant, the Huynh-Feldt ε was used to adjust the degrees of freedom.
Post-hoc difference contrast was used to detect significant differences
inside the within subjects effects.

Correlation between variables was assessed by means of the
Pearson’s correlation coefficient and the least-squares method was ap-
plied to calculate the slopes and intercepts of the regression lines, to-
gether with the corresponding widths of the 95% confidence intervals
and statistical significance levels against the identity line (i.e. slope=1
and intercept= 0).

3. Results

The complete flow trace of one acquisition is illustrated in Fig. 3.
The "aberrant" strokes, corresponding to the changes of +1.0 L, +0.5 L,
+1.5 L, −0.3 L, compared to the regular moved volume, respectively,
are clearly visible as spikes of deeper/shallower inspiratory (positive)
or expiratory (negative) flow. The corresponding ventilation, according
to its classical definition, showed spikes where the cycles were per-
formed with an "aberrant" expiratory stroke; conversely, ventilation

Fig. 2. Examples of the flow and O2 and CO2 fraction traces recorded by means
of the metabolic unit from the GESS during "regular" cycles (panel a) and during
light intensity exercise in a volunteer (panel b).
Despite the striking similarities between the simulated breathing and the
human data, the figure shows that human inspiration and expiration show an
asymmetry either in the duration and in the behaviour of the waveform, and
that the human fraction traces have a drift during the final part of the expira-
tions, that does not appear during the emptying of the syringes, simulating the
expirations. In both panels, positive flow corresponds to inspiration, negative
one corresponds to expiration, respectively, as interpreted by the metabolic
unit.
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remained quite constant where only the inspiratory strokes were
"aberrant".

Fig. 4 illustrates, for a portion of the recording period, the VO2 data
calculated using the four algorithms under investigation. Considering
only the "regular" cycles, significantly different VO2 values (MANOVA,
algorithm effect, p < 0.001) were obtained; post-hoc contrasts high-
lighted that only the values obtained with the "Mouth" algorithm were
significantly different (difference contrast, p < 0.001) compared to the
values yielded by the remaining three algorithms, which were over-
lapping (difference contrast, p= ns for all the comparisons). Average
VO2 amounted to 0.474 ± 0.022 L/min for the "Mouth" algorithm and
to 0.420 ± 0.019 L/min when expressed as grand-average of all the
other three algorithms, respectively.

Different behaviors were observed in the VO2 data when the
"aberrant" cycles were analyzed; the amplitude of the spikes were
modulated by the entity of the change in moved volume, and the re-
duced volume (−0.3 L) had an opposite effect compared to the three
increased volumes (+0.5 L, +1.0 L and +1.5 L, respectively). The data
obtained with the IND and WES algorithms showed the same behavior
in all the conditions; for these two algorithms, the calculated VO2 were
not affected when, within the cycle, the expiratory volume only was
changed. The VO2 yielded by the EXP algorithm were not affected
when, within the cycle, the inspiratory volume only was changed.
Finally, the data obtained by the "Mouth" algorithm were affected by all
the conditions; the changes were larger than those of the other

algorithms, with the exception of the condition of a deeper inspiration
followed by a deeper expiration within the same cycle, where a similar
change in VO2 was observed for all the algorithms.

Fig. 5 illustrates the changes in the volumes of O2 stored in the GESS
accounted for by the algorithms under investigation as a function of the
theoretical changes in the volume of O2 stored in the device; the data of
all the "aberrant" cycles are illustrated. The "Mouth" algorithm was al-
most unable to account for the changes of O2 volume stored in the
GESS, as suggested by the near zero values observed for all the "aber-
rant" cycles. The EXP algorithm overestimated the depletion of the O2

volume stored in the GESS, the slope between the theoretical changes
and the changes accounted for amounting to 1.339 ± 0.022
(p < 0.001 from the identity). In the case of an increase of the stored
O2 volume, the EXP algorithm seemed able to completely account for
the changes, the slope amounting to 0.985 ± 0.014 (p=ns from the
identity), the intercept amounting to 5.206 ± 2.551mL (p= ns from
0). The IND and WES algorithms showed similar results: the points
obtained for the two algorithm were overlapping (Fig. 5). In the case of
depleted oxygen stores, the volume changes accounted for by the two
algorithms were quite the same as the theoretical change of the stored
volume of O2, the slope amounting to 1.020 ± 0.021 (p=ns from the

Fig. 3. Acquired flow trace (panel a) and calculated ventilation
(panel b) throughout the acquisition period.
The flow trace (continuous line; primary vertical axis) pro-
vided by the metabolic unit clearly shows the spikes corre-
sponding to the "aberrant" strokes. The different dimensions of
the spikes are related to the different changes imposed to the
"regular" stroke volume, and are reflected in a change in ex-
piratory or inspiratory volume. Positive flow corresponds to
inspiration, negative one corresponds to expiration, respec-
tively, as interpreted by the metabolic unit.
Ventilation (dots; secondary axis) resulted practically constant
for the "regular" strokes; different values are observable for the
cycles wherein an "aberrant" expiratory stroke was performed,
according to the change in the moved volume. To be noted that
ventilation remained quite constant where only the inspiratory
strokes were "aberrant".
Both variables are expressed in BTPS conditions.

Fig. 4. Oxygen uptake data calculated by means of the four algorithms at stake.
The data are illustrated for a portion only of the recording period (in STPD); the
corresponding acquired flow (thin line; secondary axis; in BTPS) is also illu-
strated. Positive flow corresponds to inspiration, negative one corresponds to
expiration, respectively, as interpreted by the metabolic unit.
Oxygen uptake data yielded by: "Mouth", EXP, WES, and IND algo-
rithms, respectively.

Fig. 5. Changes of oxygen volume (ΔVO2st) accounted for by a given algorithm.
The changes of O2 volume for the "aberrant" breaths are plotted as a function of
the theoretical changes in the amount of O2 available in the system (both
variables are in STPD). Of note, the positive/negative ΔVO2st were induced by
either increasing/decreasing the filling volume or decreasing/increasing the
emptying volume of the syringes.
Changes of oxygen volume accounted for by: "Mouth", EXP, WES, and
IND algorithms, respectively.
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identity), with an intercept of 4.271 ± 3.381mL (p=ns from 0).
Conversely, in the case of an increased stored O2 volume, the two al-
gorithms were able to account for a fairly large portion of the overall
change, the slope between the theoretical changes in volume and the
volumes accounted for amounting to 0.753 ± 0.015 (p < 0.001 from
the identity).

4. Discussion

To our knowledge, this is the first work comparing the performance
of different algorithms for the real-time calculation of breath-by-breath
oxygen uptake using a Gas Exchange Simulation System (GESS). The
main advantage of the use of a GESS is the reproducibility of the si-
mulated breaths, once the parameters determining their characteristics
are defined. In addition, the GESS should allow to investigate the
changes in the volume of gas stored in the system, splitting the effects
induced by the involved components.

Results of the present work showed that, among the four in-
vestigated algorithms, the "Mouth" algorithm provided clearly different
oxygen uptakes. The remaining three algorithms, designed on different
theoretical bases, showed different performances when detecting
changes in the volume of oxygen stored in the system as induced by
changes of the pumped volumes only.

4.1. The "aberrant" cycles and the changes in gas stores

The "aberrant" strokes were inserted among the "regular" cycles in
order to change the overall volume of oxygen stored in the device.
Indeed, when an "aberrant" cycle included an increased inspiratory
volume (or a decreased expiratory one), the stored volume of oxygen
was increased; the opposite occurred (i.e. the stored oxygen volume was
depleted) for the "aberrant" cycles including an increased expiratory
volume or a decreased inspiratory one.

The investigated algorithms showed different behaviors for the
"aberrant" cycles, to which corresponded different "accounted" ΔVO2st.
Despite the different behavior, the relationships between the theoretical
changes in the stored O2 volume and the "accounted" ΔVO2st calculated
for the different algorithms demonstrated that all of them provided VO2
data that were linearly affected by the changes of the stroke volumes of
the "aberrant" cycles.

As could be expected, the "Mouth" algorithm was sensitive to all the
"aberrant" cycles, and resulted in practically null "accounted" ΔVO2st in
almost all the investigated conditions.

The EXP algorithm yielded different oxygen uptakes only when the
"aberrant" part of the cycle involved the expiratory volume; it should be
remembered here, however, that the EXP algorithm completely neglects
the inspiratory phase, and consequently, also its perturbations. An in-
crease in the stored oxygen volume showed an apparently complete
compensation, while a depletion was overestimated of about 34%.

The WES and IND algorithms yielded overlapping results; both al-
gorithms provided oxygen uptakes practically equal to the "regular"
cycles when the "aberrant" stroke was the expiratory one, whereas the
VO2 values changed in the case the "aberrant" stroke was the inspiratory
one. The correspondent "accounted" ΔVO2st calculated for the two al-
gorithms were practically equal to the "theoretical" ΔVO2st when a de-
pletion of the oxygen stores occurred, whereas their increase was un-
derestimated of about 25%.

Interestingly, in the case of an "aberrant" cycle where the same
change involved first the inspiratory stroke and just thereafter the ex-
piratory one (both in the same cycle), the calculated oxygen uptake was
quite the same for all the algorithms, with changed values compared to
the "regular" cycles. This result, however, should not surprise, since this
type of cycle showed a changed ventilation with the same end-ex-
piratory oxygen fraction, because the simulated expired gas was taken
always from the same supply cylinder, independent of stroke volume;
consequently, this condition had necessarily to result in a different VO2.

4.2. Peculiarities of the used GESS

The Gas Exchange Simulation Systems described in the literature
(Boutellier et al., 1981; Bunn et al., 2011; Gore et al., 1997; Huszczuk
et al., 1990; Prieur et al., 1998a) mainly pump only gases at ambient
temperature, despite human expired air is warm and water vapor sa-
turated. An exception is the GESS used by Prieur et al. (2003), that
provided expired gas fully saturated with water vapor and at about
30 °C, prepared in advance in a specific bag (Prieur et al., 1998b).

The GESS used in the present investigation allowed to heat and
saturate the simulated expired gas, making it flow across a thermostatic
water bath. This is an important feature, in particular when measure-
ments are performed with a commercial metabolic unit, which software
expects warm and saturated gas during the expiration phases. The
thermostatic bath has been placed between the output of the syringe
and the sensors of the metabolic unit. Water of the bath was set to 37 °C,
although we were aware that the distance traveled by the flow (about
50 cm) inevitably would result in a reduction of its temperature.
Nevertheless, in volunteers exercising on a cycle ergometer (100W
work load) the temperature of the expired gases, as measured at 1.5 cm
from the mouth, was 33.6 °C (Hughson et al., 1991). Interestingly, the
same authors also observed that the temperature of the expiratory flow
had a significant effect on the oxygen uptakes calculated at the mouth,
whereas the values obtained by the "alveolar" algorithms were not af-
fected, because the nitrogen volume entered into the calculations. Si-
milarly, we recalculated the oxygen uptakes hypothesizing that the
temperature of the simulated expiratory flow could be in the range from
30 °C to 40 °C. Fig. 6 shows that all the four investigated algorithms,
including the "Mouth" one, provided overlapping values when the ex-
piratory flow temperature was set to about 33 °C. Moreover, in agree-
ment with Hughson et al. (1991), the temperature of the expiratory
flow affected only marginally the oxygen uptake values obtained with
the algorithms where the nitrogen volume is one of the variables within
the equations (EXP, IND, and WES). According to these mathematical
simulations, the difference in the average VO2 values between the
"Mouth" algorithm and the other investigated algorithms (about
+0.055 L/min), although being in the range of the breath-by-breath
fluctuations for exercising humans (Francescato and Cettolo, 2019), is
likely explained also by the effects of the temperatures used in the
calculations.

The GESS used in the present investigation keeps separated the gas

Fig. 6. Average oxygen uptake values for the "regular" cycles as calculated by
means of the four algorithms under investigation when different temperatures
were set for the expiratory flow.
The four algorithms provided overlapping oxygen uptake values for an ex-
piratory flow temperature set to about 33 °C. The algorithms where nitrogen
volume appears within an intrinsic integral (EXP, WES and IND) are quite in-
sensitive to changes of the expiratory temperature. Data of the WES and IND
algorithms overlap over the whole range of investigated temperatures.

"Mouth", EXP, and WES or IND algorithms, respectively.
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volumes of the filling (simulating inspiration) and emptying (simulating
expiration) of the two syringes, hindering the mixing of the gas vo-
lumes, and allowing to know the composition of the used gases. An
example of the traces recorded with the GESS is illustrated in Fig. 2
(panel A) in comparison with traces obtained on a human performing
light intensity exercise (panel B). Despite the similarities between the
triplets of traces, human flow looks noisier, with inspiration and ex-
piration showing an asymmetry either in the duration and in the be-
havior of the waveform; moreover, human gas fraction traces show a
drift during the final part of the expirations, that does not appear during
the emptying of the syringes. On the basis of these characteristics, the
use of the traces generated by the GESS allowed a more robust identi-
fication of the start and end points of the cycles (necessary for the
"Wessel" and the "Expiration-only" algorithms); conversely, it made
more aleatory the identification of the times corresponding to the end-
tidal fractions, in turn necessary to define the cycles according to the
"Independent breath" algorithm. As a consequence, results of the pre-
sent work were obtained under more favourable conditions for the
"Wessel" and "Expiration-only" algorithms as compared to the "In-
dependent breath" one.

Finally, on the basis of the average measured ventilation (10.9 L/
min in BTPS conditions; Fig. 3) and of the difference between the am-
bient and the supply cylinder O2 fractions (i.e., 20.95-16.00%), a the-
oretical VO2 of 0.444 L/min (STPD) can be calculated for the "regular"
cycles. This value is within the expected fluctuations of breath-by-
breath variability for exercising humans (i.e. > 0.050 L/min)
(Francescato and Cettolo, 2019).

4.3. Strengths and limitations

The strength of the present work is that the same flow and gas
fractions traces have been used for the calculation of the oxygen up-
takes with all the investigated algorithms. Consequently, whatever
error or problem arising from the simulator and/or from the metabolic
unit, used to perform the measurements, will have affected in the same
way the results obtained by all the algorithms. To be noted that a
widely recognized reference breath-by-breath gas exchange algorithm
is lacking (Golja et al., 2018), and that the adequacy of the gold-stan-
dard validation method, based on Douglas bag-collection analysis, is
not entirely error-free and has come to be questioned for breath-by-
breath quality control purposes (Ward, 2018). An alternative would be
selecting, a priori, one of the investigated algorithms as reference one.
Nevertheless, there is no evidence in the literature supporting a better
performance/effectiveness of one of them.

Main limitation of the present work is that only one stroke fre-
quency with a fixed stroke volume was investigated for the "regular"
cycles. Nevertheless, changes have been set to the stroke volume, either
for the inspiratory one and/or for the expiratory one; although in-
creased volumes were essentially set, overall the changes were in the
range from -0.3 L to +1.5 L, which is a considerable variation from the
"regular" stroke volume of 1.0 L. These "aberrant" strokes have induced
changes in the oxygen volume stored in the system which have been
calculated for differences with the "regular" cycles. Consequently, it
would have been meaningless to repeat the measurements imposing the
"aberrant" strokes on different volumes/frequencies applied to the
"regular" strokes: nothing more than a few further points would be
added on the already obtained regression lines.

Although we are aware that in vivo changes of the volume of oxygen
stored in the lungs might be also the consequence of changes of the end-
expiratory oxygen fraction (Auchincloss et al., 1966), with the used
GESS it was technically not possible to switch, for only one

predetermined cycle, to another bag containing a different gas mixture
to simulate expiration. Consequently, it was not possible, with the used
experimental setup, to generate "aberrant" cycles where the end-ex-
piratory gas fraction was changed. A GESS designed to allow controlled
changes of the end-expiratory gas fractions in the absence of a corre-
sponding change of the pumped volumes, could be of interest to
highlight the relevance of the fraction changes in determining the
performance of the different algorithms when changes in the oxygen
volume stored in the system occur. The separate analysis of the effects
of "aberrant" cycles induced by changes of either pumped volume or
end-respiratory fractions will allow to understand better what happens
in humans, where the two phenomena occur contemporarily.

A further limitation is that only one gas mixture has been used to
simulate the expiratory flow, which resulted in a respiratory quotient
equal to 1. However, the change of the alveolar volume due to a re-
spiratory quotient in the range 0.83–1.3 introduces a maximal error,
empirically calculated, of 1.4% (Giezendanner et al., 1983), thus likely
affecting only marginally the main results of the present work.

Finally, the algorithms requiring an optimization procedure after a
first calculation of gas exchange, i.e., Swanson’s algorithm (Swanson,
1980) and Busso and Robbins’s algorithm (Busso and Robbins, 1997),
were ignored, because they are not directly applicable on a metabolic
unit, where real-time values are expected. The algorithm of Auchincloss
et al. (Auchincloss et al., 1966; Beaver et al., 1981) was neglected as
well, because the volume of the Functional Residual Capacity has no
meaning for the GESS, while it is a required value in the calculations.

5. Conclusions

This is the first work that, using a GESS, investigated the perfor-
mance of different algorithms for the calculation of breath-by-breath
oxygen uptake when changes in oxygen stores were induced from one
cycle to the next one.

Results show that the algorithms at stake (with the exception of the
"Mouth" algorithm) had overall similar performances for the "regular"
cycles, all of them being quite insensitive to the temperature set for the
expiratory flow. This supports the conclusion that each one of these
algorithms can be appropriately used under steady oxygen stores.

Conversely, when abrupt changes in the stored O2 volume were
induced, the IND and WES algorithms were able to account for the
changes more correctly as compared to the EXP algorithm.
Consequently, when the oxygen stores change from on cycle to the
following one, the use of the WES and/or IND algorithms should be
recommended.
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Appendix A

This section summarizes, for the sake of convenience, the mathematical equations used in the present work for the different algorithms; the
equations, as well as the underlying theory, have already been reported in previous papers (Cettolo and Francescato, 2018) to which the reader is
referred to for further details.

Ventilation (VE) was calculated according to the following equation:

VE
V dt

t tj
t

t

i,j i,j 1

e,j

i,j

=
(A.1)

where V
·
is the respiratory flow; ti,j and te,j are two successive time points where the measured flow changes orientation. According to its traditional

description, a respiratory cycle starts at the onset of inspiration and ends when expiratory flow has entirely or largely ceased. Breath frequency (bf,
breath/min) was then calculated as 60/(ti,j-ti,j−1).

The difference between the volume of O2 introduced during inspiration and the volume of O2 exhaled during expiration for the j-th breath (i.e.,
the “Mouth” algorithm) was calculated by simple integrating, over the whole breath, the instantaneous flow multiplied by the O2 fraction:

VO
V FO dt

t t
.2j

M t

t

2

i,j i,j 1

i,j 1

i,j

=
(A.2)

where FO2 is the instantaneous oxygen fraction.
Making the assumption that only O2 and CO2 exchange occur at the alveolar-capillary membrane, and that consequently a negligible exchange

occurs for all the other gases (overall considered as “nitrogen”), the VO2 during the j-th breath was calculated using information obtained only
during expiration (“Expiration-only” algorithm) and applying the so-called Haldane transformation (Roecker et al., 2005; Ward, 2018):

VO
V FO dt V FN dt

t t2j
EXP t

t

2
FIO
FIN

t

t

2

i,j i,j 1

e,j

i,j
2
2

e,j

i,j

=
(A.3)

where FN2 is the instantaneous “nitrogen” fraction; FIO2 and FIN2 are the inspired ambient fractions and were set to 20.95% and 79.02%, re-
spectively.

Oxygen uptake at alveolar level was calculated according to “Wessel” algorithm (1979) using the following equation:

VO
V FO dt V FN dt

t t2j
WES t

t

2
FO (t )
FN (t )

t

t

2

i,j i,j 1

i,j 1

i,j
2 x,j
2 x,j

i,j 1

i,j

=
(A.4)

where tx,j is the time point corresponding to the end-expiratory gas fraction. The further assumption was made that the end-expiratory gas fractions
reliably represent the “mixed” alveolar gas fractions (Auchincloss et al., 1966).

Finally, the following equation was used to calculate O2 uptake at alveolar level using the “Independent breath” algorithm (Cettolo and
Francescato, 2018):

VO
V FO dt V FN dt

t t2j
IND t

t

2
FO (t )
FN (t )

t

t

2

2,j 1,j

i,j

2,j
2j 1,j
2j 1,j

1,j

2,j

=
(A.5)

where the start and end point of the respiratory cycle (t1,j and t2,j, respectively) are identified on two consecutive expirations as the time points where
identical ratios between FO2 and FN2 are observed (Cettolo and Francescato, 2015).
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