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Abstract
Purpose Reduction of noise of breath-by-breath gas-exchange data is crucial to improve measurements. A recently described 
algorithm (“independent breath”), that neglects the contiguity in time of breaths, was tested.
Methods Oxygen, carbon dioxide fractions, and ventilatory flow were recorded continuously over 26 min in 20 healthy vol-
unteers at rest, during unloaded and moderate intensity cycling and subsequent recovery; oxygen uptake ( V̇O

2
 ) was calculated 

with the “independent breath” algorithm (IND) and, for comparison, with three other “classical” algorithms. Average V̇O
2
 

and standard deviations were calculated for steady-state conditions; non-linear regression was run throughout the V̇O
2
 data 

of the transient phases (ON and OFF), using a mono-exponential function.
Results Comparisons of the different algorithms showed that they yielded similar average V̇O

2
 at steady state (p = NS). The 

standard deviations were significantly lower for IND (post hoc contrasts, p < 0.001), with the slope of the relationship with 
the corresponding data obtained from “classical” algorithms being < 0.69. For both transients, the overall kinetics (evalu-
ated as time delay + time constant) was significantly faster for IND (post hoc contrasts, p < 0.001). For the ON transient, the 
asymptotic standard errors of the kinetic parameters were significantly lower for IND, with the slope of the regression line 
with the corresponding values obtained from the “classical” algorithms being < 0.60.
Conclusion The “independent breath” algorithm provided consistent average  O2 uptake values while reducing the overall 
noise of about 30%, which might result in the halving of the required number of repeated trials needed to assess the kinetic 
parameters of the ON transient.
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Abbreviations
ASE  Asymptotic standard error
AUC   “Auchincloss” approach, i.e., 

the breath-by-breath alveo-
lar gas-exchange algorithm 
according to Auchincloss 
et al. (1966)

BTPS  Body temperature pressure 
saturated

EXP  “expiration-only” approach, 
i.e., the breath-by-breath gas-
exchange algorithm that uses 
information obtained during 
expiration and the Haldane 
transformation (Roecker 
et al. 2005; Ward 2018)

FCO2,  FN2,  FO2  Instantaneous carbon 
dioxide, non-exchangeable 
gas at alveolar level (essen-
tially nitrogen) and oxygen 
fractions

FIO2,  FIN2  Inspired oxygen and nitrogen 
ambient fractions
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IND  “independent breath” 
approach, i.e., the breath-by-
breath alveolar gas-exchange 
algorithm under investigation 
(Cettolo and Francescato 
2018b)

MANOVA  Repeated measures multi-
variate analysis of variance

MRTON,  MRTOFF  Mean response time of 
the ON and OFF kinetics, 
respectively

RSS  Residual sum of squares
STPD  Standard temperature pres-

sure dry
t  Time
tdf  t student value for a deter-

mined degree of freedom at a 
certain probability level

TdON,  TdOFF  Time delay of the start of 
the ON and OFF kinetics, 
respectively

ti, te  Starting times of inspiration 
and expiration, respectively; 
defined on the flow trace, 
where flow changes direction

TON, TOFF  Start time of signal change of 
the ON and OFF transients, 
respectively, as obtained by 
the non-linear regression 
procedure

tx  Time of the end-expiratory 
exchanged gas fraction, 
defined on the  FO2 trace

t1, t2  Start and end times of the jth 
breath for the “independent 
breath” approach; defined on 
the  FO2/FN2 trace

V̇   Respiratory flow at the 
mouth

VL  End-expiratory lung volume
V̇O2

IND , V̇O2
WES ,  

V̇O2
AUC , and V̇O2

EXP  Oxygen uptake calculated 
applying the “independ-
ent breath”, the “Wes-
sel”, the “Auchincloss”, 
and the “expiration-only” 
approaches, respectively; 
all the data are expressed in 
STPD conditions

V̇O2
r  Baseline  O2 uptake for the 

ON kinetic analysis

V̇O2
ss  Average steady-state  O2 

uptake for the OFF kinetic 
analysis

WES  “Wessel” approach, i.e., the 
breath-by-breath alveolar 
gas-exchange algorithm 
according to Wessel et al. 
(1979)

ΔV̇O2
rec  Fall of oxygen uptake at the 

end of recovery
ΔV̇O2

ss  Increase in oxygen uptake at 
steady state

τON, τOFF  Time constant of the ON and 
OFF responses, respectively, 
as obtained by the non-linear 
regression procedure

Introduction

Automated devices are currently available to assess gas 
exchange in humans. The hardware and software of these 
devices easily allow to measure gas exchange in real time 
with the highest possible temporal resolution (e.g., breath-
by-breath). The algorithms applied for the calculations, how-
ever, are still a crucial point and the optimal one is lacking. 
Consequently, algorithms for breath-by-breath gas-exchange 
calculation that reduce the inherent fluctuations of data, i.e., 
noise, should be searched for.

The noise can be due to the exaggerated sensitivity of gas 
exchange to small errors in calibration and measurement (Bea-
ver et al. 1981), but, even more, to the changes in lung gas 
stores (Capelli et al. 2011), which are accounted for in a few 
algorithms designed and implemented in the past years (Golja 
et al. 2018).

Recently, we proposed a new breath-by-breath gas-
exchange calculation algorithm (Cettolo and Francescato 
2018b) also theoretically able to account for the possible 
changes in lung gas stores. The algorithm is based on the alter-
native view of the respiratory cycle (Cettolo and Francescato 
2015) which follows Grønlund’s original approach (1984). 
The new algorithm (called “independent breath”) processes 
each respiratory cycle in a completely independent way, i.e., 
each cycle is delimited without taking into account the end 
timepoint of the preceding cycle and/or the start time of the 
subsequent one.

The “independent breath” algorithm was preliminary tested 
under extreme conditions, namely, hyperventilation manoeu-
vres performed at rest by the volunteers (Cettolo and Frances-
cato 2018b). During these manoeuvres, ventilation was dispro-
portionate compared to the actual metabolic requirement and 
changes in lung gas stores definitely occurred, as confirmed 
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by the drastic changes in the end-tidal gas fractions between 
subsequent breaths (Cettolo and Francescato 2018a, b). This 
quick and huge phenomenon likely does not occur during 
exercise, not even during the transition between two different 
metabolic conditions.

A validation of the “independent breath” algorithm under 
steady-state moderate intensity exercise, where a low signal-
to-noise ratio is usually observed, is lacking, as well as during 
exercise transient phases. Notably, transients create changes 
in ventilation that are not necessarily precisely matched to 
changes in transmembrane oxygen flow; thus, there are rea-
sons to suspect that the gas-exchange data obtained during 
transient are more sensitive to the algorithm applied for their 
calculation.

The aim of the present work was thus to evaluate the per-
formance of the “independent breath” algorithm (Cettolo and 
Francescato 2018b) adopting an exercise protocol that allowed 
us to analyse both the steady-state conditions and the tran-
sient phases. As far as a recognized reference method does 
not exist (Ward 2018), a comparison with results provided by 
“classical” real-time breath-by-breath algorithms commonly 
applied by other laboratories (Golja et al. 2018) was also per-
formed. Accordingly, gas-exchange data were calculated by 
means of the algorithms of Auchincloss et al. (1966), of Wes-
sel et al. (1979), and of the algorithm that uses only informa-
tion obtained during expiration, associated with the Haldane 
transformation (Roecker et al. 2005; Ward 2018).

Methods

Subjects

Twenty healthy and moderately active adults (10 males and 
10 females) were thoroughly informed of the nature, pur-
pose, and possible risks and gave their written consent to 
participate in the study.

Average (± SD) age of volunteers was 40.0 ± 13.7 years; 
they were 1.74 ± 0.11  m tall and had a body mass of 
70.4 ± 12.9 kg. Functional residual capacity, estimated for 
each volunteer based on anthropometrical data (Roberts 
et al. 1991), amounted on average to 3.3 ± 0.6 L.

The local Ethical Committee of the Friuli-Venezia Giulia 
(Italy) region approved the study, which was conducted also 
according to the Declaration of Helsinki.

Experimental protocol

Upon arrival in the laboratory, volunteers were equipped 
with the belt of the heart rate monitor (Polar, Finland) and 
the facemask and then sat quietly on the bicycle ergometer 
(Excalibur Sport; Lode B.V., The Netherlands).

The trial consisted of four consecutive steps (Fig. 1): (a) 
5 min at rest, sitting quietly on the ergometer; (b) 5 min ped-
alling without load (zero-load pedalling); (c) 6 min pedalling 
at 1 W kg−1 body mass; and (d) 10 min recovery (remain-
ing seated quietly on the ergometer); consequently, overall 
duration was 26 min (i.e., 1560s). Timings of the trial and 
workloads were controlled, and automatically recorded by 
the metabolic unit; during the two pedalling periods, vol-
unteers were asked to maintain the pedalling frequency as 
close as possible to 60 rpm with the aid of the values shown 
on the control unit.

Respiratory flow ( V̇  ),  O2 and  CO2 fractions  (FO2 and 
 FCO2, respectively) at the mouth were continuously 
recorded during the trial (CPET Metalyzer 3B, Cortex, 
Germany). Gases were sampled through a ~ 2 m long cap-
illary line inserted in the outer frame of the flow meter 
and analysed by fast-response electro-chemical  O2 and 
infra-red  CO2 sensors embedded in the metabolic cart. The 
software operating the metabolic unit allowed the record-
ing of gas fractions, and flow signal, then saving them as 
text files with a sampling frequency of 50 Hz. Traces of 
gas fractions and flow were temporally synchronized by 
the firmware of the metabolic unit, which also converted 
flow to BTPS conditions. Before each test, following the 
procedures indicated by the manufacturer, the analysers 
were calibrated with a gas mixture of known composition 
 (FO2 = 16.0%;  FCO2 = 4.0%;  FN2 as balance) and ambi-
ent air; the flow meter was calibrated by means of a 3 L 
syringe (Cortex, Germany).

Data treatment

For all the volunteers, breath-by-breath oxygen uptake was 
calculated from the original gas fractions and flow traces 
by means of all the algorithms under investigation, i.e., 

Fig. 1  Schematic representation of the experimental protocol. Contin-
uous line illustrates the imposed mechanical work; dotted line is the 
pedalling frequency. Segments limited by arrows represent the time 
intervals analysed as steady-state conditions
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the “independent breath” approach (IND), the “Wessel” 
approach (WES), the “Auchincloss” approach (AUC), and 
the “expiration-only” approach (EXP), respectively. As a 
result, four oxygen uptake time series were obtained for 
each volunteer ( V̇O2

IND , V̇O2
WES , V̇O2

AUC , and V̇O2
EXP , 

respectively). No data were discarded on all the time series 
before any of the subsequent analyses.

Common assumptions

Computerized procedures were specifically developed in 
C language under the Unix-like Cygwin environment (Red 
Hat Cygwin, version 4.3.39); the same files containing the 
oxygen and carbon dioxide fractions and flow traces, as 
yielded by the metabolic cart, were used to calculate the 
gas exchange according to the four investigated algorithms.

The value of one minus the sum of measured  O2 and 
 CO2 fractions was assumed to represent only the gases not 
exchanged at alveolar level and was labelled  FN2 being 
essentially composed of nitrogen. All the calculated data 
were converted to STPD conditions. To avoid incoherent 
data, the respiratory cycles were considered valid only if 
the inspiratory and/or the expiratory volumes were greater 
a theoretical dead space, assumed to be of at most 150 mL 
(Fowler 1948); if not, the invalid breath was incorporated 
with the following one.

To delimit each respiratory cycle by its own, the follow-
ing procedure is applied:

1. The minimum end-expiratory  FO2/FN2 ratio is searched 
for the jth breath as well as for the preceding expiration.

2. The higher of the two  FO2/FN2 values found at point 1 
is used as reference ratio.

3. Going backwards from the end of the expiration of the 
jth breath, the first timepoint, where the  FO2/FN2 ratio 
corresponds to the reference ratio (as set in point 2), is 
assumed as the end timepoint of the respiratory cycle 
 (t2,j).

4. Going backwards from the end of the preceding expira-
tion, the first timepoint, where the  FO2/FN2 ratio cor-
responds to the reference ratio (as set in point 2), is 
assumed as the start timepoint of the respiratory cycle 
(t1,j).

The “Auchincloss” and “Wessel” approaches

The theory underlying the algorithms believed to account 
for the changes in lung gas stores was described in depth by 
Auchincloss et al. (1966). The final general equation for the 
jth breath can be written as

where  FO2 and  FN2 are the instantaneous oxygen and “nitro-
gen” fractions, as assessed at the mouth; time ti,j corresponds 
to the timepoint, where the flow changes direction and the 
inspiration starts and tx,j is the timepoint corresponding to 
the end-expiratory gas fraction (Fig. 2). In turn, VL is the 
end-expiratory lung volume.

According to the algorithm proposed by Auchincloss 
et al. (1966), the  O2 uptake ( V̇O2

AUC ) is calculated assuming 
that VL corresponds to subject’s functional residual capac-
ity; in the present work, functional residual capacity was 
estimated from anthropometrical data (Roberts et al. 1991).

Wessel et al. (1979) completely neglected the third part 
of the Eq. (2), which is tantamount saying that the  O2 uptake 
( V̇O2

WES ) is calculated assuming a VL equal to 0 L.

The “expiration‑only” approach

To calculate the  O2 uptake during the jth breath using infor-
mation obtained only during expiration and then applying 
the Haldane transformation (Roecker et  al. 2005; Ward 

(2)
V̇O2j = −

∫ ti,j
ti,j−1

V̇ ⋅ FO2 dt −
FO2(tx,j)

FN2(tx,j)
⋅ ∫ ti,j

ti,j−1
V̇ ⋅ FN2 dt − VL ⋅ FN2(tx,j−1) ⋅

{

FO2(tx,j)

FN2(tx,j)
−

FO2(tx,j−1)

FN2(tx,j−1)

}

ti,j − ti,j−1
,

The “independent breath” approach

Main characteristic of this approach is that the start and end 
points of the respiratory cycle are identified based on equal 
expiratory  FO2/FN2 ratios, which makes the knowledge of 
lung volume at the beginning of the breath unnecessary for 
the calculation of breath-by-breath gas exchange. The inte-
gration interval of the “independent breath” approach is iden-
tified on the trace of the  FO2/FN2 ratio. The equation used 
to calculate the  O2 uptake for the jth breath is the following:

As described previously in detail (Cettolo and Frances-
cato 2018b), the “independent breath” approach delimits 
each respiratory cycle without taking into account the end 
timepoint of the preceding cycle and/or the start time of the 
subsequent one, hence independently (Fig. 2).

(1)

V̇O2
IND

j
= −

∫ t2,j
t1,j

V̇ ⋅ FO2 dt −
FO2j(t1,j)

FN2j(t1,j)
⋅ ∫ t2,j

t1,j
V̇ ⋅ FN2 dt

t2,j − t1,j
.
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2018), i.e., using the “expiration-only” approach ( V̇O2
EXP ), 

the following equation is used:

where  FO2 and  FN2 are the instantaneous oxygen and “nitro-
gen” fractions, as assessed at the mouth; times ti,j and te,j cor-
respond to the timepoints, where the flow changes direction 
and the inspiration and expiration start, respectively (Fig. 2); 
 FIO2 and  FIN2 correspond to the inspired ambient fractions 
and were set to 20.93% and 79.02%, respectively.

Data analysis

The adopted experimental protocol allowed us to investigate 
both steady-state conditions and transients.

For all the four  O2 uptake time series ( V̇O2
IND , V̇O2

WES , 
V̇O2

AUC , and V̇O2
EXP ) of each volunteer, steady-state average 

values, and corresponding standard deviations (SD), were 
calculated over 4 time periods (Fig. 1). In more detail, the 
latter were: (a) at rest (from min 2:00 to min 5:00); (b) dur-
ing zero-load pedalling (from min 7:00 to min 10:00); (c) 
during loaded pedalling (from min 13:00 to min 16:00); and 
(d) at the end of recovery (from min 22:30 to min 25:30).

In addition, for all the time series (n = 4 × 20), the two 
main transients were analysed. The non-linear regression 
procedure was run as previously described (Francescato 
et al. 2014b) using the statistical environment R (version 
3.2.2; R Core Team 2015) with the standard R libraries 
and the minpack.lm library. The best fit was defined by 
minimization of the sum of the vertical distances between 
data points and the fitted curve, i.e., of the residual sum 
of squares (RSS; Bates and Watts 1988; Motulsky and 
Ransnas 1987). The software running the non-linear 
regression procedure returned the RSS values, together 
with the estimated parameters along with their asymptotic 
standard error (ASE). Notably, the ASE is the statistical 
basis to obtain, for each estimated parameter, the width 
of its confidence interval (Francescato et al. 2014a, b), 
which is calculated as ± tdf × ASE. In turn, tdf is the t 
student value for a determined degree of freedom at a 
certain probability level. For a probability level of 95% 
and a degree of freedom > 60, tdf is < 2.0.

The following first-order function of time t was used 
to describe the oxygen uptake response during the zero-
load-to-loaded pedalling transient (ON transient):

The fitting procedure yielded the estimated values for: 
τON (i.e., the time constant of the response), TON (i.e., the 

(3)V̇O2
EXP

j
= −

∫ ti,j
te,j

V̇ ⋅ FO2 dt −
FIO2

FIN2

⋅ ∫ ti,j
te,j

V̇ ⋅ FN2 dt

ti,j − ti,j−1
,

(4)V̇O2(t) = V̇O2
r + ΔV̇O2

ss
⋅

(

1 − e
−

t−TON

𝜏ON

)

.

Fig. 2  Raw data for a few consecutive breaths, and corresponding data 
treatment results, as a function of time. a, b Flow and  O2 fraction traces, 
as recorded at the mouth. Times ti,j and te,j correspond to the timepoints, 
where the flow changes direction, thus where inspiration and expira-
tion start, respectively; according to the classical view of the respiratory 
cycle, the period between ti,j−1 and ti,j corresponds to the duration of the 
jth breath. The timepoints corresponding to the end-expiratory gas frac-
tions (tx,j) are also illustrated. c Trace of the ratio between  O2 and “nitro-
gen” fractions. This trace is used by the “independent breath” approach 
to identify the start (t1,j) and end (t2,j) timepoints of the jth breath; the 
period between t1,j and t2,j corresponds to the duration of the jth breath. 
d Integrals of  O2 volume as obtained using the following algorithms: 
“independent breath” (thick continuous line), “Wessel” (thin continu-
ous line), and “expiration-only” (dotted line). The time intervals over 
which the integrals are calculated are: highlighted by the arrows for the 
IND approach, between two subsequent start of inspiration for the WES 
approach, and only expiration for the EXP approach. e  O2 uptakes calcu-
lated by means of the following algorithms: “independent breath” (dots 
and thick line), “Wessel” (diamonds and thin line), and “expiration-
only” (triangles and dotted line). Timings of the  O2 uptakes are referred 
to the central timepoint of the corresponding respiratory cycle; this last 
corresponds to the time interval of its integration for the IND approach, 
whereas it corresponds to the time interval between two successive start 
of inspiration for the WES and EXP approaches. Vertical dotted lines are 
the start of inspirations. In inspiration, Ex expiration
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start time of signal change), and ΔV̇O2
ss (i.e., the increase 

in oxygen uptake at steady state). V̇O2
r was set to the 

average value over the 3 min zero-load pedalling before 
the start of work (i.e., 7:00 min < t < 10:00 min). All the 
data within t > 10:00 min (i.e., 600 s, without discarding 
any of the values after the start of the loaded exercise) 
and t < 16:00 min (i.e., the end of loaded exercise), were 
considered for the fitting procedure. The time delay of the 
start of the kinetics  (TdON) was calculated by subtracting 
the start time of the step change in mechanical power 
output from the estimated TON, i.e.,  TdON = TON − 600 s; 
the mean response time  (MRTON) of the kinetics was then 
calculated as:  MRTON = TdON + τON.

The oxygen uptake response during the loaded pedal-
ling to rest transient (OFF transient) was described by the 
following first-order function of time t:

The fitting procedure yielded the estimated values for: 
τOFF (i.e., the time constant of the response), TOFF (i.e., 
the start time of signal change), and ΔV̇O2

rec (i.e., the 
fall of oxygen uptake at the end of recovery); in turn, 
V̇O2

ss was set to the average value over the last 3 min 
steady-state exercise (i.e., 13:00 min < t < 16:00 min). 
All the data with t > 16:00 min (i.e., 960 s) were con-
sidered for the fitting procedure (without discarding the 
data pertaining to the initial seconds of recovery), cor-
responding to the whole recovery period lasting 10 min. 
The time delay of the start of the kinetics  (TdOFF), similar 
to the ON transient, was calculated by subtracting the 
stop time of the mechanical power from the estimated 
TOFF, i.e.,  TdOFF = TOFF − 960  s; the mean response 
time  (MRTOFF) of the kinetics was then calculated as: 
 MRTOFF = TdOFF + τOFF.

Statistical analysis

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

Normal distribution was verified for all the variables by 
means of the Shapiro–Wilk test.

Because of the large fluctuations in the calculated gas-
exchange data (see Fig. 3), results yielded by the Auchincloss’s 
algorithm were discarded before performing the comparisons 
among the other algorithms at stake.

For the steady-state data, a repeated measure 3 × 4 within 
subjects factors Multivariate Analysis of Variance (MANOVA) 
was used to detect differences among the three investigated 
algorithms (algorithm effect) and the four different conditions 
(condition effect). For the ON transient, as well as for the OFF 

(5)V̇O2(t) = V̇O2
ss − ΔV̇O2

rec
⋅

(

1 − e
−

t−TOFF

𝜏OFF

)

.

transient, repeated measures MANOVA was used to compare 
the estimated kinetic parameters, corresponding ASE values, 
and RSS values provided by the non-linear regression proce-
dure applied on the three different V̇O2 time series of the same 
volunteer (algorithm effect). In either case, Mauchly’s test was 
used to check if the sphericity assumption appeared to be vio-
lated; if Mauchly’s test was significant, the Huynh–Feldt ε was 
used to adjust the degrees of freedom. Post hoc simple contrast 
(against the “independent breath” algorithm or against the rest-
ing condition, as appropriate) was used to detect significant 
differences inside the within subjects effects.

Since some of the variables failed in showing a normal 
distribution, non-parametric statistical tests (two-sided 
Friedman tests) were also run, which confirmed all the 
statistically significant differences observed applying the 
MANOVA tests.

Correlation between variables was assessed by means of 
the Pearson’s correlation coefficient and the least-squares 
method was applied to calculate the slopes and intercepts of 
the regression lines, together with the corresponding widths 
of the 95% confidence intervals and statistical significance 
levels. In addition, Bland and Altman’s limits-of-agreement 
plot (Bland and Altman 1986) was used to assess the agree-
ment between the investigated algorithms.

Post hoc analysis carried out on the main outcome of 
the study, i.e., the standard deviation of the oxygen uptakes 
during loaded exercise as obtained for the four algorithms, 
revealed a power of 0.99 for a correlation between groups 
of 0.80 (that yielded an effect size > 0.95), and assuming a 
two tailed α error < 0.01.

Results

Figure 3 illustrates, for one volunteer, the  O2 uptake obtained 
applying the four algorithms at stake. The four panels show 
the same behaviour of  O2 uptake as a function of time, 
although different levels of noise can be noted. Similar 
trends were obtained for all the volunteers.

Analysis of the steady‑state conditions

Table 1 summarizes the grand averages of oxygen uptake 
calculated for the four steady-state conditions (i.e., rest, 
zero-load pedalling, loaded pedalling, and end of recovery) 
on the time series provided by the four algorithms at stake, 
together with the averages of the corresponding standard 
deviations.

The mean oxygen uptakes yielded by the “independent 
breath”, the “Wessel” and the “expiration-only” algorithms 
during the four steady-state conditions were not significantly 
different (algorithm effect, F = 0.617, p = NS); in turn, the 
four steady-state conditions showed significantly different 
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average values (condition effect, F = 485.2, p < 0.001). Post 
hoc contrasts revealed that rest and the end of recovery were 
not significantly different (F = 0.205, p = NS); conversely, 
both the zero-load pedalling and the loaded pedalling condi-
tions showed significantly higher values as compared to rest 
(F > 324.5, p < 0.001). Similar results were obtained also 
for carbon dioxide exhalation (see table in Supplemental 
Material).

Figure 4a and b illustrates the linear regressions between 
the average steady-state V̇O2

WES values (or the average 
V̇O2

EXP values) and the corresponding average steady-state 
V̇O2

IND values; in both cases, the points lie close to the iden-
tity line (R > 0.997, p < 0.01, and n = 80 for both correla-
tions). The corresponding Bland–Altmann plots are shown 
in Fig. 4c and d; in both cases, the mean difference (i.e., the 
bias) was < |4.0 mL min−1|. The 95% limits of agreement 
of the differences with the “expiration-only” values (i.e., 
the worst case) were + 65.7 and − 57.9 mL min−1; the 95% 
limits of agreement with the “Wessel” algorithm were about 

fourfold narrower; no relationship was observed between the 
differences and the corresponding average values.

The analysis on the standard deviations calculated for 
the same four steady-state time periods as above (Table 1) 
showed that they were significantly different among the time 
series provided by the three algorithms under comparison 
(algorithm effect, F = 9.88, p < 0.001). Post hoc analysis 
showed that the smallest standard deviations were those of 
V̇O2

IND as compared to the other two time series (post hoc 
contrast, F > 7.40, p < 0.05). A significant difference was 
observed among the four steady-state investigated conditions 
(condition effect, F = 20.5, p < 0.001). The zero-load and the 
loaded pedalling conditions showed significantly greater 
standard deviations (post hoc contrast, F > 7.29, p < 0.05) as 
compared to rest and/or the end of recovery, in turn not sig-
nificantly different each other (post hoc contrast, F = 0.545, 
p = NS). Figure 5 illustrates the standard deviations obtained 
for the data provided by the “independent breath” algorithm 
for all volunteers and all steady-state conditions as a function 
of the corresponding values obtained for the V̇O2

WES and 

Fig. 3  O2 uptake data obtained for one volunteer applying the “inde-
pendent breath” (a), the “expiration-only” algorithm (b), the “Wes-
sel” algorithm (c), and the “Auchincloss” algorithm (d); the same 
original flow and gas fraction traces were used for all the algorithms. 

The “best-fit” response profiles for both the ON and OFF transients 
and for all the shown algorithms are illustrated as continuous lines; 
corresponding residuals are plotted below (right axis)



502 European Journal of Applied Physiology (2019) 119:495–508

1 3

the V̇O2
EXP time series. The correlation between the two 

variables was statistically significant (R > 0.849, p < 0.001, 
n = 80) in both cases, although the regression lines were 
far from the identity line. Indeed, the slope of the linear 
regression between the paired data amounted to 0.57 and 
0.69, respectively; these values are significantly lower than 
the unit in both cases (t > 7.27, p < 0.001); the intercepts 
were significantly different from zero in both cases (t > 2.85, 
p < 0.01).

Analysis of the transients

Overlapping on the  O2 uptakes calculated for one subject, 
Fig. 3 shows the ON and OFF “best-fit” response profiles for 
all the used algorithms, and, below, the corresponding resid-
uals. It appears that the residuals are generally smaller for 
the IND algorithm compared to the other three algorithms. 
A similar behaviour was observed for all the volunteers.

Table 2 summarizes the averages of the kinetic param-
eters and of the RSS values (i.e., the sum of the squares of 
the vertical distances between data points and fitted curve), 
as estimated by means of the non-linear regression proce-
dure. Results for both the ON and OFF transients (i.e., the 
zero-load to loaded pedalling transient and the loaded ped-
alling to rest transient, respectively), obtained using the  O2 
uptake time series provided by the four algorithms at stake 
( V̇O2

AUC , V̇O2
WES , V̇O2

IND , and V̇O2
EXP , respectively) are 

reported.
For both transients, the mean response time was signifi-

cantly different when the V̇O2 data provided by the WES, 

IND, and EXP algorithms were used (algorithm effect, 
F > 9.64, p < 0.001 for both transients). Post hoc simple 
contrasts revealed that, in both transients, the V̇O2

IND time 
series resulted in a shorter MRT as compared to the MRTs 
yielded by the V̇O2 time series provided by the other two 
algorithms (F > 12.34, p < 0.005 for the ON transient and 
F > 25.55, p < 0.001 for the OFF transient, respectively). 
Interestingly, no significant difference was detected among 
the time constants of the ON transient obtained using the 
V̇O2

WES , V̇O2
IND , and V̇O2

EXP time series (algorithm effect, 
F = 0.98, p = NS), whereas the time delays were significantly 
different (algorithm effect, F = 10.34, p < 0.001), the V̇O2

IND 
time series providing significantly shorter  TdON (Post hoc 
simple contrast, F > 10.50, p < 0.005). As concerns the 
OFF transient, τOFF was significantly different when using 
the time series of the three algorithms under comparison 
(algorithm effect, F = 7.43, p < 0.005), the V̇O2

IND data pro-
viding significantly shorter time constants (Post hoc simple 
contrast, F > 8.70, p < 0.01); conversely, no significant dif-
ference was detected among the  TdOFF (algorithm effect, 
F = 0.17, p = NS).

The RSS values were significantly different among the 
V̇O2

WES , V̇O2
IND and V̇O2

EXP time series either for the ON 
and the OFF transients (algorithm effect, F > 10.90, p < 0.001 
for both transients). For the ON transient, the RSS values 
were lower when the fitting procedure was run on the V̇O2

IND 
time series as compared to the other 2 time series (Post hoc 
simple contrast, F > 16.34, p < 0.001). Conversely, the use 
of the V̇O2

IND time series in the OFF transient resulted in a 
lower RSS values only in comparison with the V̇O2

EXP time 
series (post hoc simple contrast, F = 13.37, p < 0.005).

Table 1  Average steady-
state  O2 uptake values and 
corresponding standard 
deviations obtained using the 
time series yielded by the four 
algorithms at stake

n = 20 overall
*, **, and ***Significantly different from V̇O

2

IND time series (post hoc simple contrast) at the following 
significance levels: p < 0.05, p < 0.01, and p < 0.005, respectively. Notably, results obtained for the “Auchin-
closs” algorithm were not included in the statistical analysis of comparison between algorithms; see 
“Methods” for details

Time series

Independent breath Auchincloss Wessel Expiration-only

Rest
 Mean (L min−1) 0.320 ± 0.075 0.321 ± 0.077 0.317 ± 0.074 0.307 ± 0.079
 SD (L min−1) 0.057 ± 0.026 0.184 ± 0.122 0.059 ± 0.033* 0.065 ± 0.030***

Zero-load pedalling
 Mean (L min−1) 0.574 ± 0.109 0.568 ± 0.112 0.573 ± 0.112 0.575 ± 0.113
 SD (L min−1) 0.076 ± 0.030 0.258 ± 0.122 0.084 ± 0.032* 0.090 ± 0.038***

Loaded pedalling
 Mean (L min−1) 1.224 ± 0.235 1.234 ± 0.237 1.230 ± 0.235 1.243 ± 0.244
 SD (L min−1) 0.100 ± 0.044 0.293 ± 0.151 0.140 ± 0.068* 0.132 ± 0.051***

Recovery
 Mean (L min−1) 0.310 ± 0.087 0.305 ± 0.087 0.306 ± 0.087 0.318 ± 0.099
 SD (L min−1) 0.062 ± 0.031 0.176 ± 0.084 0.060 ± 0.032* 0.071 ± 0.034***
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The ASE values of the estimated time constants 
and time delays were significantly different among the 
V̇O2

WES , V̇O2
IND , and V̇O2

EXP time series either for the 
ON and the OFF transients (algorithm effect, F > 6.87, 
p < 0.01 for all). Post hoc simple contrasts revealed that, 
for both kinetic parameters of the ON transient, the ASE 
values were significantly lower for the V̇O2

IND time series 
as compared to both the V̇O2

WES and V̇O2
EXP time series 

(F > 10.32, p < 0.005). Conversely, for the OFF transient, 
the V̇O2

IND time series resulted in lower ASE values in 
comparison only with the V̇O2

EXP time series (F > 7.33, 
p < 0.05). Figure 6 illustrates the individual ASE val-
ues obtained for the time constant (panels A and B) and 
for the time delay (panels C and D) using the V̇O2

IND 
time series as a function of the corresponding ASE val-
ues obtained using the V̇O2

WES (panels A and C) or the 
V̇O2

EXP (panels B and D) time series. The ASE values 

obtained for the ON and OFF transients are illustrated 
in the same panel. The correlation between the couples 
of data was statistically significant for all the conditions 
(R > 0.639, p < 0.005, n = 20). The slopes of the regres-
sion lines between paired data were in the range between 
0.33 and 0.77, independent of the transient phase; these 
values are significantly lower than the unit in all the cases 
(t > 2.19, p < 0.05).

Discussion

The aim of the present work was to evaluate the perfor-
mance of the “independent breath” algorithm, focusing 
in particular on its noise. Main result was that the “inde-
pendent breath” algorithm provided significantly lower 
noise in the  O2 uptake values compared to the other 

Fig. 4  Correlations between the average steady-state  O2 uptakes of 
the four investigated conditions as obtained from the V̇O

2

IND and 
the V̇O

2

WES time series (a) or the V̇O
2

EXP time series (b). The cor-
responding Bland–Altmann plots are illustrated in c, d. Data of all the 
20 volunteers are plotted. In a, b, the continuous lines are the cor-
responding regression lines; dotted lines are the identity lines. In c, d, 

the continuous lines represent the bias, and dotted lines are the 95% 
limits of agreement. The data corresponding to the four steady-state 
conditions are illustrated with different symbols: filled circle ≡ rest; 
filled triangle ≡ zero-load pedalling; filled diamond ≡ steady-state 
exercise; filled square ≡ recovery
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algorithms under investigation. The analysis carried out 
on the steady-state conditions as well as on the transients 
supports this result.

The validation of the performance of a new breath-by-
breath  O2 uptake calculation algorithm requires, as a first 
step, to verify the congruence of results in steady-state 

conditions, where the f luctuations of the  O2 uptake 
around the average value also can be easily described. 
In turn, the most appropriate description of noise for the 
transient phases can only be obtained using a single rep-
etition of the exercise transient in the moderate intensity 
domain.

Fig. 5  Correlation between the standard deviations (SD) calculated 
for the  O2 uptakes provided by the “independent breath” and the 
“Wessel” algorithms for the four investigated steady-state condi-
tions (a); b illustrates the same correlation for the “expiration-only” 
algorithm. Data of all the 20 volunteers are plotted. Continuous lines 

are the corresponding regression lines; dotted lines are the identity 
lines. The data corresponding to the four steady-state conditions are 
illustrated with different symbols: filled circle ≡ rest; filled trian-
gle ≡ zero-load pedalling;  filled diamond≡steady-state exercise; filled 
square ≡ recovery

Table 2  Average estimated 
parameters and RSS values 
obtained for the ON and OFF 
transients using the V̇O

2

IND , 
V̇O

2

AUC , V̇O
2

WES , or V̇O
2

EXP 
time series

n = 20 overall
*, **, and ***Significantly different from V̇O

2

IND time series (post hoc simple contrast) at the follow-
ing significance levels of p < 0.05, p < 0.01, and p < 0.005, respectively. Notably, results obtained for the 
“Auchincloss” algorithm were not included in the statistical analysis of comparison between algorithms; 
see “Methods” for details

Transient Time series

“Independent breath” “Auchincloss” “Wessel” “Expiration-only”

Time constant
 τON (s) ON 52.4 ± 17.9 53.1 ± 19.3 53.6 ± 18.9 54.6 ± 18.6
 τOFF (s) OFF 38.7 ± 9.9 42.4 ± 11.4 41.0 ± 10.4** 41.6 ± 10.1***

Time delay
 TdON (s) ON 4.9 ± 4.2 11.7 ± 5.8 8.1 ± 5.0*** 7.2 ± 5.0***
 TdOFF (s) OFF 1.0 ± 2.9 3.5 ± 5.0 0.9 ± 4.1 1.3 ± 4.6

Mean response time
 MRTON (s) ON 57.2 ± 15.9 64.9 ± 18.8 61.6 ± 17.3*** 61.8 ± 15.9***
 MRTOFF (s) OFF 39.7 ± 9.9 45.9 ± 11.8 41.9 ± 9.5*** 42.9 ± 10.1***

Residual sum of squares
 (L2 min−2) ON 1.4 ± 1.3 25.0 ± 61.5 2.5 ± 2.2*** 2.7 ± 2.5***
 (L2 min−2) OFF 0.9 ± 0.9 8.4 ± 9.6 1.0 ± 0.9 1.5 ± 1.5***
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Steady‑state conditions

The experimental protocol adopted in the present inves-
tigation extended the results illustrated in our previous 
paper (Cettolo and Francescato 2018b). Indeed, we were 
able to study steady-state conditions ranging from an 
oxygen uptake of about 0.2 L min−1 at rest to the great-
est value of about 1.8 L min−1 during loaded pedalling, 
in agreement with the  O2 uptakes investigated by other 
authors for the comparison of algorithms (Beaver et al. 
1981; Busso and Robbins 1997; Auchincloss et al. 1966; 
Swanson 1980). The Bland–Altmann analysis carried 
out on this range of  O2 uptakes showed that the “inde-
pendent breath” algorithm did not introduce systematic 
errors compared to the other algorithms. The bias of the 
average V̇O2

IND values was in all cases negligible (< 1% 
of the grand average of the measured  O2 uptakes). The 

95% limits of agreement, in the worst case (i.e., when the 
comparison was performed with the V̇O2

EXP values), were 
< 11% of the grand average of the measured  O2 uptakes. 
The “Wessel” and “expiration-only” algorithms, as well as 
the “Auchincloss” algorithm have already been validated 
against the Douglas bags collection method (e.g., Capelli 
et al. 2001; Wilmore and Costill 1973). The “independ-
ent breath” algorithm yielded the same average  O2 uptake 
values at steady state; it can thus be concluded that this 
algorithm as well provide reliable oxygen uptake data.

The analysis of the standard deviations obtained for the 
data provided by the different algorithms showed that the 
“independent breath” algorithm resulted in a significantly 
lower variability of the  O2 uptakes. This is likely due to 
the fact that the “independent breath” algorithm takes into 
account the changes in lung stores for the calculations, thus 
resulting in a reduced fluctuation of the  O2 uptake data 

Fig. 6  Individual asymptotic standard error (ASE) values obtained 
from the non-linear regression procedure for the time constant (a, b) 
and for the time delays (c, d) using the  O2 uptake time series obtained 
with the “independent breath” algorithm are plotted as a function of 
the corresponding ASE values obtained using the “Wessel” algorithm 
(a, c) or the “expiration-only” algorithm (b, d). Data of the ON and 

OFF transients are plotted on the same panel. Data of all the 20 vol-
unteers are plotted. Continuous line is the corresponding regression 
lines; dotted lines are the identity lines. The data corresponding to the 
two transients are illustrated with different symbols: filled circle ≡ ON 
transient; filled triangle ≡ OFF transient
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(Capelli et al. 2011). In contrast, the great fluctuations in the 
gas-exchange data obtained by means of the “Auchincloss” 
algorithm should not surprise, because they were already 
observed by other authors (Cautero et al. 2003; di Prampero 
and Lafortuna 1989; Gimenez and Busso 2008; Goldman 
et al. 1986). All the algorithms had to cope with the same 
intrinsic noise due to the acquisition instrumentation and 
procedure, and used the same original flow and gas frac-
tion traces to calculate the gas-exchange data; therefore, it 
should not surprise that the series of standard deviations 
were significantly correlated to each other. Nevertheless, if 
we assume that the slope of the regressions lines between 
the standard deviations obtained for the different algorithms 
represents the best overall estimator of reduced noise, the 
slope of < 0.69 (see Fig. 5) suggests that the noise of the 
 O2 uptakes yielded by the “independent breath” algorithm 
was at least 30% lower as compared to the other algorithms.

The exercise intensity was limited to the moderate 
domain to make us confident that all the volunteers were 
likely able to reach the steady-state condition during loaded 
pedalling, with the calculated averages and corresponding 
standard deviations having a meaning. Indeed, an a posteri-
ori analysis on the time period from min 14:00 to min 16:00 
(to exclude any transitory phase II V̇O2 data of the subject 
with the slowest response) showed that none of the slopes of 
the regression lines between V̇O2 data and time was statisti-
cally different from 0 (t < 1.616, p > 0.11 in all subjects). 
Higher exercise intensities could prevent the achievement 
of a steady-state condition in the  O2 uptake behaviour (Ros-
siter 2011), being above the individual’s lactate threshold 
(Ward 2018), particularly so in the less fit volunteers. A 
higher steady-state condition could be obtained recruiting 
highly trained volunteers; under these conditions, however, 
the actual effects of noise could be masked.

The transient phases

The kinetic parameters obtained in the present investiga-
tion might be inadequate for physiological inferences, 
since only one exercise transition was performed by the 
volunteers. Nevertheless, the analysis of only one transi-
tion avoided masking the effects of noise due to the super-
position of repeated data sets.

For both ON and OFF transient phases, the kinetics of 
the  O2 uptake was significantly different when the algo-
rithms at stake were used to provide the gas-exchange 
data. The V̇O2

IND time series resulted in (1) a significantly 
shorter mean response time for both transients; (2) a 
shorter time delay in the ON transient; and (3) a faster time 
constant of the OFF transient. Our results, however, are in 
line with the notion that the changes in the lung gas stores 
are expected in particular during the transient phases and 
that a correction for them results in a reduction of the 

inherent  O2 uptake fluctuations, usually speeding up the 
response (Capelli et al. 2011). The faster response for the 
V̇O2

IND compared to the V̇O2
WES during the ON transient 

is in agreement with similar results reported by Cautero 
et al. (2002), who, however, used a unique reference gas 
fraction throughout in their implementation of Grønlund’s 
approach (1984). For the OFF transient, to the best of our 
knowledge, we are the first to illustrate the comparison of 
the kinetic parameters obtained using gas-exchange data 
yielded by different algorithms.

Table 2 and Fig. 6 show that the use of the different algo-
rithms at stake yielded, for both transients, significantly 
lower average RSS values and ASEs’ values for both the 
time constant and the start time of signal change when using 
the IND algorithm, suggesting that also during the transient 
phase, the V̇O2

IND time series were less noisy.
To make the non-linear regression procedure more robust 

(Motulsky and Ransnas 1987), no data were discarded 
for the transient analysis and a mono-exponential model 
was used to assess the kinetic parameters of the overall 
responses, including the estimate of the time delay. Indeed, 
a mono-exponential model with the time delay “fixed” to 0, 
although providing a similar estimate for the mean response 
time of the kinetics, would not allow us to depict the origin 
of the differences in the overall response. Moreover, we are 
aware that, to focus on the phase II, the analysis of the  O2 
uptake transient phases is commonly performed excluding 
from the fitting window the data pertaining to the first 20 s 
(or less when baseline is higher than rest) starting from the 
change in workload (Benson et al. 2017). Accordingly, we 
evaluated results also for this procedure, excluding up to 
20 s (in steps of 5 s) from the fitting window. In all cases, 
the above-described trends for the kinetic parameters, cor-
responding ASEs and RSS values were maintained. Nev-
ertheless, dispersion of all these data was increased, thus 
decreasing the statistical significance of the differences (data 
not shown).

The exercise protocol adopted in the present work was 
not appropriate for the use of a double exponential model to 
estimate the kinetic parameters of both phase I and phase II. 
Indeed, the increased baseline  O2 uptake, due to the zero-
load pedalling period, reduced the cardiodynamic phase I 
duration (Benson et al. 2017) and likely also its intensity. 
This condition, associated with the moderate exercise inten-
sity, made it difficult to obtain reasonable results for the 
kinetic parameters of both phases (data not shown).

The adopted moderate intensity protocol might be inter-
preted as a limitation of the present investigation, since 
larger steps might induce important changes in the  FO2/
FN2 ratio in two subsequent breaths. Nevertheless, the “inde-
pendent breath” algorithm, which deals with each breath by 
its own, was specifically designed to avoid loss of breaths in 
the calculations, even when large changes in the  FO2/FN2 
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ratio occur, as those induced by the hyperventilation proto-
col we adopted in our previous work (Cettolo and Frances-
cato 2018b).

Finally, the above results are of importance taking in 
mind that transient phases are even more often investigated 
to identify putative contributors to exercise tolerance not 
only in sport but also in health and disease (Ward 2018).

Possible practical implications of the reduced noise

The following lines try to describe the possible advantages 
of the use of the “independent breath” algorithm, which has 
been shown to be associated with a reduced noise.

The investigation of the V̇O2 kinetics is usually carried 
out by requiring volunteers to repeat the same transition 
more times to enhance the signal-to-noise ratio by assem-
bling together the obtained V̇O2 time series. This procedure 
allows making smaller the ASE of the estimated kinetic 
parameters, in turn making narrower also the asymptotic 
confidence limits (Francescato et al. 2014a). Indeed, it has 
already been shown that assembling N repeated transitions 
allows decreasing the ASE as follows:

where  ASEm is the value obtained for only one repetition 
and  ASEd is the desired value (Francescato et al. 2014b).

It can be speculated that the use of the “independent 
breath” algorithm will likely allow the investigators to 
reduce the number of repetitions necessary to obtain the 
desired width of the confidence intervals for the estimated 
kinetic parameters. Applying the above equation to two theo-
retical algorithms, A and B, the reduction in the number of 
required repetitions to obtain the same desired ASE (and 
consequent confidence limits) can be calculated as

where the subscripts A and B refer to the two different V̇O2 
calculation algorithms. The slope of the regression line 
between corresponding ASE values can be taken as a proxy 
of the  ASEmA/ASEmB ratio. In the present investigation, for 
the time constant of the ON transient, the slope obtained 
between the ASE values of V̇O2

IND and of V̇O2
EXP (or 

V̇O2
WES ) time series is < 0.60, which yields a reduction fac-

tor of (0.60)2 = 0.36. This value allows expecting that the use 
of the “independent breath” algorithm might require a con-
siderably reduced number of repetitions (about one-third). 
Nevertheless, taking into account also the results obtained 
on the steady-state conditions (30% reduction of variability 
in terms of standard deviation when using IND), we believe 

(6)ASEd ≈
ASEm
√

N
,

(7)NA ≈

(

ASEmA

ASEmB

)2

⋅ NB,

that it is more prudent to state that only half of the repeti-
tions are required to obtain the same width of confidence 
limits for τON as compared to the WES and EXP algorithms. 
It should be remembered here, however, that the above are 
only theoretical speculations.

Strengths and limitations

The aim of the present work was the comparison of the  O2 
uptake data provided by the various algorithms at stake, 
focusing in particular on the noise of the data. Consequently, 
we recruited healthy, moderately active volunteers of both 
genders, showing a wide range of ages, and of different train-
ing levels, who were asked to perform only one repetition of 
the exercise protocol. This choice allowed us to investigate 
different breathing patterns and kinetic behaviours under 
conditions of low signal-to-noise ratio. The moderate inten-
sity exercise domain and only one repetition for the com-
parison among algorithms are in agreement with the previ-
ous similar papers (Beaver et al. 1981; Busso and Robbins 
1997; Auchincloss et al. 1966; Swanson 1980). We believed 
that, in the present stage of evaluation of the “independ-
ent breath” algorithm, it was meaningless to ask volunteers 
repeating more times the same protocol, although we are 
aware that the obtained physiological parameters should be 
taken with some caution because of the explicitly searched 
low signal-to-noise ratio. Conversely, the adopted protocol 
allowed us to compare the algorithms at stake using statisti-
cal parameters as standard deviations and ASE, which can 
be appropriately used as indicators of the noise level.

The algorithms at stake were applied on the same gas 
fractions and flow digital traces, using the same calculation 
routines, allowing us to eliminate differences related to the 
devices running the different algorithms (e.g., methods used 
to synchronize flow and gas signals, errors in sensor calibra-
tions) and the algorithms were subjected to the same system-
atic errors derived from the acquisition of the original data.

It remains to be determined whether the proposed algo-
rithm will still produce less noisy data in higher exercise 
intensity domains or in more complex exercise protocols. In 
addition, the theoretical reduction of the number of repeats 
necessary for kinetic evaluation has to be confirmed experi-
mentally. Finally, the “independent breath” approach should 
be evaluated under pathological conditions, e.g., patients 
suffering from respiratory diseases.

Conclusions

The “independent breath” algorithm is suitable for real-time 
calculation of breath-by-breath gas-exchange data, taking 
into account the changes in lung gas stores. Results of the 
present investigation show that the “independent breath” 
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algorithm yielded congruent average  O2 uptake values at 
steady state and resulted in a prompter response to changes 
in the  O2 requirement during transients. The greatest impact 
of the “independent breath” algorithm, however, is the 
reduction in the overall noise of the breath-by-breath  O2 
uptake data, which might result in a halving of the number 
of repeated trials required to obtain the same width of the 
confidence limits when assessing the kinetic parameters of 
the ON transient.
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