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Abstract. Several computation algorithms are available to determine gas
exchange on a breath-by-breath basis, each designed on the basis of different
theoretical backgrounds, including the newly proposed “Independent breath”
algorithm. The new algorithm was tested on the respiratory signals acquired from
11 asthmatic patients and 20 well-matched healthy controls, comparing results
also with those provided by a “classical” algorithm commonly applied by other
laboratories. Oxygen, carbon dioxide fractions, and ventilatoryflowwere recorded
at themouth continuously over 26 min in all the volunteers at rest, during unloaded
and moderate intensity cycling and subsequent recovery. Average oxygen uptake
values calculated for the 4 steady-state conditions (over 3 min), as well as the
corresponding standard deviations, were not significantly different between the
two groups of subjects (MANOVA, Group effect, p = ns). Almost all the average
oxygen uptake values provided by the two algorithms were overlapping, the large
majority lying within 5% from the identity line. The corresponding standard
deviations obtained for the “Independent breath” algorithm were lower than those
obtained for the “classical” algorithm (MANOVA, Algorithm effect, p < 0.001),
the slope of the regression line between them amounting to 0.672. In conclusion,
because of its better precision, with similar accuracy, compared to the “classical”
real-time breath-by-breath algorithm, the use of the “Independent breath” algo-
rithm should be recommended, also in asthmatic patients.

Keywords: Respiratory signal processing � Breath-by-breath oxygen uptake �
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1 Introduction

The study of O2 uptake under various conditions is of interest either for clinicians and
for researchers involved in different fields of investigation. Non-invasive measurements
are usually made at the mouth, and different computation algorithms are then applied to
determine the gas exchange on a breath-by-breath basis.
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Fluctuations are observed in breath-by-breath gas exchange data, due to intrinsic
noise and, mainly, to the changes in lung gas stores [1]. The behavior of O2 uptake
during transients is of particular interest, since it provides valuable diagnostic and
prognostic information. Consequently, the application of a de-noising low pass filter
would alter the parameters of interest.

A few algorithms designed and implemented in the past years account for the
changes in lung gas stores [2], but an optimal algorithm has not yet been defined.
Recently a new breath-by-breath gas exchange calculation algorithm (called “Inde-
pendent breath”) has been proposed [3], which is based on an alternative view of the
respiratory cycle [4]. The “Independent breath” algorithm was tested in healthy vol-
unteers under extreme conditions, where changes in lung gas stores definitely occurred
[3] and under moderate intensity exercise, where a low signal-to-noise ratio is usually
observed. A validation was performed also during step changes in work load, when
changes in lung gas stores are expected, thus the gas exchange data are likely more
sensitive to the algorithm applied for their calculation [5].

The aim of the present work was to test the “Independent breath” algorithm [3] in
respiratory signals acquired from patients suffering of respiratory diseases affecting the
resistance to air flow, i.e. asthmatic patients. A comparison with results provided by a
“classical” real-time breath-by-breath algorithm, commonly applied by other labora-
tories, i.e. the algorithm that uses only information obtained during expiration [6, 7],
was also performed, as well as a comparison with results obtained on a group of
healthy controls.

2 Methods

2.1 Subjects

Eleven asthmatic patients and 20 well matched healthy controls (37.9 ± 14.6 years
old; 1.73 ± 0.11 m tall; body mass of 71.4 ± 12.4 kg) were thoroughly informed of
the nature, purpose, and possible risks and gave their written consent to participate in
the study. The study was approved by the local Ethical Committee of the Friuli-
Venezia Giulia (Italy) region and was conducted according to the Declaration of
Helsinki.

2.2 Experimental Protocol

Upon arrival in the laboratory, volunteers were equipped with the facemask and then
sat quietly on the bicycle ergometer (Excalibur Sport; Lode B.V., the Netherlands).

The trial lasted 26 min and consisted of 4 consecutive steps: (a) 5 min sitting
quietly on the ergometer, (b) 5 min zero-load pedaling, (c) 6 min pedaling at 1 W�kg−1
body mass and (d) 10 min remaining seated quietly on the ergometer. During the two
pedaling periods, volunteers were asked to maintain pedaling frequency as close as
possible to 60 rpm.
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Respiratory flow ( _V), O2 and CO2 fractions (FO2 and FCO2, respectively) at the
mouth were continuously recorded during the trial (CPET Metalyzer 3B, Cortex,
Germany) and the corresponding traces were saved as text files with a sampling fre-
quency of 50 Hz. The firmware of the metabolic unit temporally synchronized the
traces of flow and gas fractions, as well as converted flow to BTPS conditions (i.e. at
body temperature, ambient pressure, saturated with water vapor). Gases were sampled
through a * 2 m long capillary line inserted in the outer frame of the flow meter and
analyzed by fast-response sensors embedded in the metabolic cart. Before each test, the
analyzers were calibrated with a gas mixture of known composition (FO2 = 16.0%;
FCO2 = 4.0%; FN2 as balance) and ambient air; the flow meter was calibrated by
means of a 3-L syringe (Cortex, Germany).

2.3 The O2 Uptake Algorithms

The Classical “Expiration-Only” Algorithm
The volume of O2 exchanged at the mouth during the j-th breath, i.e. VOM

2j , is calculated
by subtracting the expired volume of O2 (VO2E;j) from the inspired one (VO2I;j):

VOM
2j ¼ VO2I;j � VO2E;j ¼

Zte;j
ti;j�1

_V � FO2 dtþ
Zti;j
te;j

_V � FO2 dt ð1Þ

where FO2 is the instantaneous fraction of O2 (Fig. 1b), times ti,j and te,j correspond to
the time points where the flow changes direction and the inspiration and expiration
start, respectively (Fig. 1a); _V is the respiratory flow (in STPD conditions), whose sign
depends on the phase considered (inspiration or expiration), integrated over the cor-
responding phases of the j-th respiratory cycle.

Measurements are frequently performed using only a single expiratory flow meter
[7, 8], and volume of inspiration is estimated from the expiratory volume with the
assumption that, apart from O2 and CO2, all the other gases, overall labelled N2, are not
exchanged in a single breath (VN2I;j ¼ VN2E;j). Hence, under the further assumption
that ambient air has a known composition, the inspired volume of O2 can be estimated
as follows:

VO2I;j ¼ FIO2

FIN2
� VN2I;j ¼ FIO2

FIN2
� VN2E;j ð2Þ

where FIO2 and FIN2 are set, a priori, to the inspired O2 and N2 fractions, assumed
constant. Substituting Eq. (2) in Eq. (1), the volume of O2 exchanged during the j-th
breath (VOE

2j) can be calculated only from information acquired during expiration as
follows:
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Fig. 1. Raw data for a few consecutive breaths as a function of time. Panels a and b are flow and
O2 fraction traces, as recorded at the mouth. Times ti,j and te,j correspond to the time points where
the flow changes direction, thus where inspiration and expiration 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 j-th breath. Panel c: trace of the ratio between O2 and “nitrogen” fractions. This
trace is used by the “Independent breath” approach to identify the start (t1,j) and end (t2,j) time
points of the j-th breath; the period between t1,j and t2,j corresponds to the duration of the j-th
breath.
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VOE
2j ¼ � FIO2

FIN2
�
Zti;j
te;j

_V � FN2 dtþ
Zti;j
te;j

_V � FO2 dt: ð3Þ

where FN2 is the instantaneous fraction of all the not exchanged gases.
To calculate the O2 uptake during the j-th breath using information obtained only

during expiration, i.e. using the classical “Expiration-only” approach ( _VO
EXP
2 ), the

following equation is used:

_VO
EXP
2j ¼

Rti;j
te;j

_V � FO2 dt� FIO2

FIN2
� Rti;j
te;j

_V � FN2 dt

ti;j � ti;j�1
ð4Þ

Notably, the respiratory cycle is delimited by two consecutive starts of inspiration
(ti,j-1 and ti,j).

The New “Independent Breath” Algorithm
The volume of oxygen taken up at the alveoli during the j-th breath, i.e. VOA

2j, can be
determined from the volume of oxygen exchanged at the mouth minus the volume
change of pulmonary oxygen stores (DVOS

2j):

VOA
2j ¼ VOM

2j � DVOS
2j ð5Þ

According to Auchincloss et al. [9], the change of volume of pulmonary O2 stores
can be divided into two terms: the first dependent on the variation of the fraction of
alveolar oxygen (FOA

2 ) from the j-1 breath to the j-th breath, the second due to the
variation of the volume of alveolar gas (DVA) between the two subsequent breaths:

DVOS
2j ¼ VA

j�1 � FOA
2j � FOA

2j�1

� �
þ FOA

2j � DVA
j ð6Þ

where VA
j�1 is the end-expiratory alveolar volume at the beginning of the current j-th

breath.
To determine DVA

j we can suppose that the assumptions of Eq. (5) are valid also
for all the gases not exchanged, essentially represented by nitrogen [9], and thus that
the N2 volume exchanged at the alveolar level (VNA

2 ) during any time interval is null:

VNA
2j ¼ VNM

2j � VA
j�1 � FNA

2j � FNA
2j�1

� �
þ FNA

2j � DVA
j

h i
¼ 0 ð7Þ

66 M. P. Francescato et al.



where FNA
2 is the fraction of alveolar gases overall labelled as N2. Rearranging Eq. (7):

DVA
j ¼ 1

FNA
2j

VNM
2j � VA

j�1 � FNA
2j � FNA

2j�1

� �h i
ð8Þ

By substituting Eq. (8) into Eq. (6) and, in turn, in Eq. (5), the following equation
is obtained (after simplifications):

VOA
2j ¼ VOM

2j �
FOA

2j

FNA
2j

� VNM
2j þVA

j�1

FOA
2j�1 � FNA

2j � FOA
2j � FNA

2j�1

FNA
2j

( )
ð9Þ

In this equation, the only quantity not directly measurable on a breath-by-breath
basis is the term VA

j�1 [10].

To circumvent the problem that the term VA
j�1 in Eq. (9) is not directly measurable

on a breath-by-breath basis, it is possible to define the start and end point of the
respiratory cycle as the times in two consecutive expirations (t1,j and t2,j, respectively)
where identical ratios between FOA

2 and FNA
2 are observed [4].

Indeed, two times t1 and t2 can be appropriately chosen on two consecutive breaths
so as to make the numerator within the curly braces in Eq. (9) becoming zero, i.e.:

FOA
2j�1ðt1;jÞ � FNA

2jðt2;jÞ ¼ FOA
2jðt2;jÞ � FNA

2j�1ðt1;jÞ: ð10Þ

Under these conditions, the third part of Eq. (9) disappears, making the knowledge
of VA

j�1 unnecessary.
The condition described in Eq. (10) can be rewritten as:

FOA
2j�1ðt1;jÞ

FNA
2j�1ðt1;jÞ

¼ FOA
2jðt2;jÞ

FNA
2jðt2;jÞ

: ð11Þ

This equation shows that the start and end points of each respiratory cycle can be
defined in a new way, i.e. as the times in successive breaths where identical FO2/FN2

ratios are observed (Fig. 1c). Hence, the calculation of VOA
2j over the interval from t1,j

to t2,j is limited to the first two parts of Eq. (9):

VOA
2j ¼ VOM

2j �
FOA

2j

FNA
2j

� VNM
2j ¼

Zt2;j
t1;j

_V � FO2 dt�
FOA

2j

FNA
2j

Zt2;j
t1;j

_V � FN2 dt: ð12Þ
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The ratio FOA
2j=FN

A
2j is unknown, but if t1,j and t2,j are selected towards the end of

the expiration of two consecutive breaths, the fractions of oxygen and of nitrogen at the
mouth approximate those in the alveoli [11]:

FOA
2j

FNA
2j

� FO2ðt1;jÞ
FN2ðt1;jÞ

: ð13Þ

The alveolar volume of oxygen taken up in a breath can thus be determined by
variables all measurable at the mouth:

VOA
2j ¼

Zt2;j
t1;j

_V � FO2 dt� FO2jðt1;jÞ
FN2jðt1;jÞ �

Zt2;j
t1;j

_V � FN2 dt: ð14Þ

The oxygen uptake during the temporal interval between t1,j and t2,j, is then given
by:

_VO
IND
2j ¼

Rt2;j
t1;j

_V � FO2 dt� FO2jðt1;jÞ
FN2jðt1;jÞ �

Rt2;j
t1;j

_V � FN2 dt

t2;j � t1;j
: ð15Þ

Indeed, according to Cettolo & Francescato [3], the integration interval between t1,j
and t2,j can be identified on the ratio between the FO2 trace and the FN2 trace,
delimiting each respiratory cycle without taking into account the end time point of the
preceding cycle and/or the start time of the subsequent one, hence independently
(Fig. 1c).

To delimit each respiratory cycle by its own, the following procedure is applied:

1. the minimum end-expiratory FO2/FN2 ratio is searched for the j-th 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 j-th breath, the first time point

where the FO2/FN2 ratio corresponds to the reference ratio (as set in point 2) is
assumed as the end time point of the respiratory cycle (t2,j);

4. going backwards from the end of the preceding expiration, the first time point where
the FO2/FN2 ratio corresponds to the reference ratio (as set in point 2) is assumed as
the start time point of the respiratory cycle (t1,j).

With appropriate modifications (i.e. substituting FO2 with FCO2), CO2 exchange

( _VCO
IND
2 and _VCO

EXP
2 ) can be obtained with the same approaches.
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2.4 Respiratory Signal Processing

For all the volunteers, breath-by-breath oxygen uptake was calculated from the original
gas fractions and flow traces, as recorded from the metabolic unit, by means of the two
algorithms under investigation. Two time series of O2 uptake values were thus
obtained, one for the “Independent breath” algorithm, the other for the “Expiration-
only” algorithm. No data were discarded on all the time series before any of the
subsequent analyses.

Respiratory signals were processed by software developed in C language under the
Unix-like Cygwin environment (Red Hat Cygwin, version 2.5.1); as far as possible, the
same C calculation routines were used for both algorithms.

The value of one minus the sum of measured O2 and CO2 fractions, labelled FN2,
was assumed to represent the gases not exchanged at alveolar level. To avoid inco-
herent data, the respiratory cycles were considered valid only if the inspiratory and/or
the expiratory volumes were greater than a theoretical dead space, assumed to amount
at most to 150 mL [12]; if not, the invalid breath was incorporated with the following
one. All the calculated data were converted in STPD conditions.

For both O2 uptake time series ( _VO
IND
2 and _VO

EXP
2 ) of each volunteer, average

values (over 3 consecutive min), and corresponding Standard Deviations (SD), were
calculated over the 4 steady-state time periods composing the trial, during which the O2

uptake is expected to be constant over each single period.
Statistical analysis was performed using the SPSS package. A repeated measure

2 � 4 within subjects factors Multivariate Analysis of Variance (MANOVA) was used
to detect differences among the 2 investigated algorithms (Algorithm effect), the 4
different conditions (Condition effect), with the diagnosis of asthma (Asthma effect) as
between subjects factor. 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 (with the asymptotic standard errors) of the corresponding
regression lines. Analysis of covariance was used to detect differences among
regression lines.

3 Results

The breath-by breath O2 uptake values obtained using the two algorithms under
investigation for one patient are illustrated as a function of time in Fig. 2.
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Average _VO2 values calculated for the 4 steady-state conditions, as well as the
corresponding standard deviations, were not significantly different between the two
groups of subjects (MANOVA, Group effect, p = ns).

The average _VO2 values obtained by the “Independent breath” algorithm are
plotted against the corresponding values obtained with the “Expiration-only” algorithm
in Fig. 3 for both the asthmatic patients and the healthy volunteers and for all the
steady-state conditions. It can be observed that almost all the values lie within 5% from
the identity line. The relation for the asthmatic patients was not significantly different
from that of the healthy volunteers (ANCOVA, p = ns).

The standard deviations obtained for the “Independent breath” algorithm were plot-
ted, for both groups of volunteers and all the steady-state conditions, against the corre-
sponding values obtained for the “Expiration-only” algorithm (Fig. 4). It can be observed
that inmost of the cases the standard deviations obtained for the O2 uptakes yielded by the

Fig. 2. Breath-by-breath O2 uptake data obtained for one asthmatic patient applying the
“Independent breath” (full dots) or the “Expiration-only” algorithm (open triangles); the same
original flow and gas fraction traces were used for both algorithms. Arrows indicate the 3-min
averaging periods for the 4 steady-state time periods.
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“Independent breath” algorithm, were lower as compared to those yielded by the
“Expiration-only” algorithm (MANOVA, Algorithm effect, p < 0.001). The relation of
asthmatic patients was not significantly different from that of healthy volunteers

(ANCOVA, p = ns); the overall regression line was: (SD of _VO
IND
2 ) = (0.672 ± 0.033) ∙

(SD of _VO
EXP
2 ) + (0.014 ± 0.004); R = 0.768 (see Fig. 4).

Fig. 3. Average steady state O2 uptakes of the four investigated conditions as obtained from the
_VO

IND
2 are plotted against the corresponding values of the _VO

EXP
2 time series for both the

asthmatic patients (full symbols; n = 44) and the healthy controls (open symbols; n = 80). Dotted
lines are 5% change from the identity line. Dots: rest; squares: zero-load pedaling; diamonds:
loaded pedaling; triangles: recovery.
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4 Discussion

Main result of the study is that the average values obtained applying the two algorithms
under investigation were overlapping for both asthmatic and healthy volunteers and in
all the conditions, suggesting that their accuracy is similar. Conversely, the standard
deviations were lower for the oxygen uptakes yielded by the “Independent breath”
algorithm, supporting the notion of a better precision of this algorithm compared to the
“Expiration-only” one. In addition, in patients suffering of a respiratory disease, where
the resistance to air flow is likely affected, an increased noise in the breath-by-breath O2

uptake data can be expected. However, our results show that there was no difference in
the standard deviations between the two groups of volunteers for both algorithms. This
is the first time that the performance of the two investigated algorithms (“Independent
breath” and “Expiration-only”, respectively) was studied on respiratory disease patients.

Asthma is a very variable illness, with different levels of severity of the symptoms.
A heterogeneous group of patients was deliberately recruited, some of them needing a
chronic therapy to control the illness (that was not modified), others having no symptoms
during the trials, thus not even requiring drugs on demand. As a consequence, it is likely

Fig. 4. Standard Deviations (SD) calculated for the O2 uptakes provided by the “Independent
breath” are plotted against the corresponding values obtained for the “Expiration-only”
algorithm. Data of all the asthmatic patients (full symbols; n = 44) and of the healthy volunteers
(open symbols; n = 80) are plotted together. Dots: rest; squares: zero-load pedaling; diamonds:
loaded pedaling; triangles: recovery.
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that all of them had only a minimal bronchoconstriction during the experimental ses-
sions, with no significant effects on the standard deviations of the steady-state breath-by-
breath O2 uptakes. A more precise classification of the patients, based on the actual
severity level of bronchoconstriction at the moment of the experimental session, might
bring to different results. Further studies are thus warranted to test this hypothesis.

In healthy subjects, the “Independent breath” algorithm provided O2 uptake data
showing less noise also during the transients [5]. The analysis of the transient phases
was not investigated in the present work; visual inspection of the individual data,
however, suggested us that also in the group of asthmatic volunteers the transients were
characterized by reduced noise when the “Independent breath” algorithm was used. Less
noisy data might result, also in patients suffering from respiratory disease, in a reduced
number of repeated trials required to obtain the same width of the confidence interval
when assessing the kinetic parameters of the corresponding O2 uptake behavior [13].

In conclusion, because of its better precision, with similar accuracy, compared to
the “classical” real-time breath-by-breath algorithm commonly applied by other labo-
ratories, the use of the “Independent breath” algorithm should be recommended also in
asthmatic patients.
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