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Respiratory inductive plethysmography:
a comparative study between isovolume maneuver
calibration and qualitative diagnostic calibration in healthy
volunteers assessed in different positions®
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estudo comparativo entre calibracdo por manobra de isovolume e calibracdo qualitativa
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Abstract

Objective: To compare two methods of respiratory inductive plethysmography (RIP) calibration in three different
positions. Methods: We evaluated 28 healthy subjects (18 women and 10 men), with a mean age of 25.4 + 3.9
years. For all of the subjects, isovolume maneuver calibration (ISOCAL) and qualitative diagnostic calibration
(QDC) were used in the orthostatic, sitting, and supine positions. In order to evaluate the concordance between
the two calibration methods, we used ANOVA and Bland-Altman plots. Results: The values of the constant
of proportionality (K) were significantly different between 1ISOCAL and QDC in the three positions evaluated:
1.6 + 0.5 vs. 2.0 + 1.2, in the supine position, 2.5 + 0.8 vs. 0.6 + 0.3 in the sitting position, and 2.0 + 0.8
vs. 0.6 + 0.3 in the orthostatic position (p < 0.05 for all). Conclusions: Our results suggest that QDC is an
inaccurate method for the calibration of RIP. The K values obtained with ISOCAL reveal that RIP should be
calibrated for each position evaluated.

Keywords: Plethysmography; Respiratory mechanics; Posture; Calibration.

Resumo

Ohjetivo: Comparar dois métodos de calibracdo da pletismografia respiratdria por induténcia (PRI) em trés posturas
diferentes. Métodos: Foram avaliados 28 individuos saudaveis (18 mulheres e 10 homens), com média de idade
de 25,4 + 3,9 anos. Todos os individuos foram submetidos a isovo/ume maneuver calibration (1ISOCAL, calibracio
por manobra de isovolume) e qualitative diagnostic calibration (QDC, calibracdo diagndstica qualitativa) em
ortostatismo, sedesta¢fio e decubito dorsal. Foi utilizada ANOVA e a disposicdo grafica de Bland-Altman para a
avaliacdo da concordancia dos métodos de calibracdo. Resultados: Os valores da constante de proporcionalidade
(K) foram significativamente distintos entre 1ISOCAL e QDC nas trés posturas avaliadas: 1,6 + 0,5 vs. 2,0 + 1,2,
em decubito dorsal; 2,5 + 0,8 vs. 0,6 + 0,3, em sedestacdo; e 2,0 + 0,8 vs. 0,6 + 0,3, em ortostatismo (p < 0,05
para todos). Conclusdes: Nossos resultados sugerem que QDC ndo ¢ um método acurado para a calibragio
da PRI. Os valores de K obtidos por ISOCAL mostram que a PRI deve ser calibrada para cada postura avaliada.

Descritores: Pletismografia; Mecénica respiratéria; Postura; Calibragem.
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Introduction

In the last decades, considerable attention
has been directed to methods for noninvasive
measurement of the chest wall.':? Chief among
the most commonly used methods for assessing
thoracoabdominal configuration and coordination
is respiratory inductive plethysmography (RIP),
established in 1967 by Konno & Mead, who
proposed a mathematical model that allowed
quantitative assessment of spontaneous respiratory
movements.®) The equation of the proposed
model is as follows:

A1/}\0 = Al/CT +AVAB (])

where AV, is the measured change in airway
volume, AV, is the change in rib cage volume,
and AV, is the change in abdominal volume.®?

Respiratory inductive plethysmographs are
generally composed of two elastic bands that
are placed around the rib cage and abdomen for
movement transduction. These bands generate
electrical signals that are proportional to the
movements of the thoracic and abdominal
compartments. Therefore, they should be previously
calibrated for correct evaluation of the respiratory
system. Chief among the various methods for
calibrating respiratory inductive plethysmographs
are isovolume maneuver calibration (ISOCAL),®
which is considered the gold standard, and
qualitative diagnostic calibration (QDC).®

For 1SOCAL, the subject is instructed to shift
volumes between the rib cage and abdomen
voluntarily and with occluded airways. This
respiratory maneuver causes the AV, value to
be zero, therefore establishing the following
equation:

~ AV
k= Auler ()
where K estimates the relative contribution of
the electrical signals related to the rib cage
(A, V) and abdomen (A, V,,), the signals being
uncalibrated (U).27

The QDC method is performed during a given
period of baseline breathing and uses a statistical
approximation to equation 2 for determining X
without the performance of respiratory maneuvers.
The equation that rules QDC is as follows:

—SD(Av VAB)

SD(Au Ver)
where SD(A V) and SDIA V) are the standard
deviations of the electrical signals related to the
abdomen and rib cage, respectively.*?
Although ISOCAL is considered the gold
standard for RIP calibration, the vast majority
of studies employ QDC because the method
requires no specific respiratory maneuvers.(%-1%)
We are unaware of any studies comparing the
two methods of RIP calibration regarding the
values of the constant K'when different positions

are employed.

Methods

K

1

(3)

We evaluated a convenience sample of 28
adult volunteers (18 women and 10 men; age,
18-65 years) with no history of disease. The
exclusion criteria were being a smoker, having
been diagnosed with a respiratory disease, having
difficulty in understanding explanations and
instructions on how to perform the respiratory
maneuvers, having a rib cage deformity, having
a musculoskeletal disease that altered respiratory
mechanics, and presenting with spirometric
changes. The local research ethics committee
approved the study (Protocol no. 1221/09), and
all volunteers gave written informed consent.

The sequence in which the calibration
methods and the positions were to be tested
was established by random sampling. The study
protocol comprised the following steps: obtaining
anthropometric data (weight and height) with
the use of a calibrated mechanical scale (Welmy
S.A., Santa Barbara do Oeste, Brazil); performing
pulmonary function tests (Quark PFT; Cosmed,
Rome, ltaly); calibrating the electrical signals
emitted by the elastic bands; calibrating the flow
to be measured by the pneumotachograph; placing
the two elastic bands, which were adapted to the
size of the subjects, around the chest and abdomen
for movement transduction; randomizing the
sequence in which the calibration methods (ISOCAL
and QDC) were to be tested; and randomizing
the sequence in which the (supine, sitting, and
orthostatic) positions were to be tested.

The respiratory inductive plethysmograph
(Respitrace; NIMS Inc., Miami, FL, USA) used in
our study is composed of two elastic bands for
movement transduction (Inductotrace System,
Ambulatory Monitoring, Ardsley, NY, USA). These
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bands have several numerical markings, adaptable
to any subject, as well as an oscillator and a system
for analog signal acquisition and conditioning.
The device was connected to the system of a
12-bit analog-digital converter (USB 1208LS,
Measurement Computing, Norton, MA, USA),
which works at a sampling frequency of 50 Hz,
for digital analysis of the data obtained. A Fleisch
no. 2 pneumotachograph (Hugo Sachs Elektronik,
Freiburg, Germany) and a differential pressure
transducer (model HCXPMQO5D6V; Sensortechnics,
Puchheim, Germany) were connected to the
respiratory inductive plethysmograph for airflow
monitoring. In order to prevent water vapor
from the exhaled air from condensing in the
pneumotachograph, a heating system in the
pneumotachograph was supplied with 6 V of
alternating current. In addition, a saliva collector
was placed between the pneumotachograph and
the mouthpiece. The analog electrical signal
generated by the differential pressure transducer
was amplified by an electronic system with an
instrumentation amplifier (model AD620; Analog
Devices, Norwood, MA, USA).

The flow signals, as well as the variations in
thoracic and abdominal volumes, were integrated
and digitized in LabVIEW, version 8.5 (National
Instruments, Austin, TX, USA). The signals were
monitored in real time, which allowed us to start
or stop data recording for subsequent analysis.
Signal processing was performed in MATLAB (The
Mathworks, Natick, MA, USA), which allowed us
to detect the respiratory cycles of the three signals
available, as well as to calculate the respiratory
parameters and the values of the constant of
proportionality (A) of the electrical signals of the
thoracic and abdominal compartments. The ISOCAL
and QDC K'values were calculated from the data
related to the respiratory isovolume maneuver
and the 5-min sampling period, respectively.

For 1ISOCAL, the volunteers were instructed on
how to perform the required respiratory maneuver,
i.e., with the nostrils occluded by a nose clip,”
in order to avoid the learning effect prior to
electrical signal recording. For QDC, the volunteers
were instructed to breathe calmly through the
mouthpiece of the pneumotachograph for a
sampling period of 5 min.® In order to ensure
upper airway occlusion, a nose clip was used.

Calibrations were made for each method
and for each of the three positions studied.
For the supine position, the volunteers were
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placed horizontally on a stretcher, lying on their
backs, with the hips and knees flexed; for the
sitting position, the volunteers were sat on a
chair without back support, with the hips and
knees at a 90° angle; and for the orthostatic
position, the volunteers were instructed to stand
upright, with arms relaxed at their sides, and
distribute their body weight evenly on both legs
(Figure 1).

Normality of the data was evaluated by the
Kolmogorov-Smimmov test, and the data are
expressed as medians (nonparametric data) or
as means and respective confidence intervals
(parametric data). Repeated measures ANOVA was
used for comparing the parameters evaluated, and
the Tevel of significance was set at 5% (p < 0.05).
In order to evaluate the concordance between the
two calibration methods, we used Bland-Altman
plots (Figure 2). The statistical analyses were
performed with the programs SigmaStat, version
9.1 (Systat Software Inc., San Jose, CA, USA),
and MedCalc (MedCalc Software, Mariakerke,
Belgium).

Results

The anthropometric characteristics of the
study participants are shown in Table 1.

Figure 1 - Positions evaluated in the study: sitting
(in A); orthostatic (in B); and supine (in C).
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Figure 2 - Bland-Altman plot of the differences between the K values obtained with the two calibration
methods [K(ISOCAL) — X(QDC)] and the mean A(ISOCAL) and AX(QDC) values for the patients in the three
positions studied. 1ISOCAL: isovolume maneuver calibration; and QDC: qualitative diagnostic calibration.

Calibrations were evaluated by a comparative
analysis of the constant of proportionality (A). The
values of the constant K"are shown in Figure 3,
which shows that, in the three positions evaluated,
the values obtained with the QDC method were
different from those obtained with the ISOCAL
method. In the supine position, the K values
obtained with QDC were significantly higher
than were those obtained with ISOCAL (2.2 + 1.6
vs. 1.50 + 0.47; p < 0.05). In contrast, in the
sitting and orthostatic positions, the K values
obtained with QDC were significantly lower than
were those obtained with ISOCAL (0.6 + 0.3 vs.
2.4 +0.9and 0.6 + 0.3 vs. 1.9 + 0.7; p < 0.05
for both). There were no differences between
the K'values obtained with QDC in the supine
position and those obtained with ISOCAL in the
orthostatic position.

Table 1 - Anthropometric and pulmonary function
data of the study volunteers.

Variable Result?
Female/male, n/n 18/10
Age, years 30.6 + 11.9
BMI, kg/m? 243 +2.8
FEV, % of predicted 98.6 + 7.5
FVC % of predicted 100.1 + 7.3
FEVYI/FVC, % of predicted 102.4 + 5.2

#Values expressed as mean + SD, except where otherwise
indicated.

The  Bland-Altman  plot  revealed
non-concordance between the calibration methods
in the different positions evaluated. As can be
seen in Figure 2, the difference between the
two methods increases along the x axis, i.e.,
with the increase in the mean values of the two
calibrations (Figure 2).

With regard to the contribution of the thoracic
and abdominal compartments, we found that, in
the three positions evaluated, the contribution
of the rib cage was greater than was that of the
abdomen, given that the A'values obtained with
ISOCAL were greater than 1.0 in the supine, sitting,
and orthostatic positions (1.5 + 0.4; 2.4 + 0.9;
and 1.9 + 0.7, respectively). The addition of
the flow monitoring system allowed accurate
evaluation of the respiratory variables, which were
measured during baseline breathing (Table 2).

Discussion

The present study showed that, regardless
of the calibration method, the Kvalues differed
among the three positions, which suggests that
calibration should be performed for each position
evaluated. In addition, the results obtained by
QDC were found to be different from those
obtained by 1SOCAL, regardless of the position
evaluated, suggesting that the former cannot
be considered accurate.

It is a fact that RIP has been widely used;
however, because of the difficulty in performing
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Figure 3 - Box plot of the X'values obtained by the
two calibration methods in the three positions studied.
The values are expressed as medians and 95% Cls.
QDC: qualitative diagnostic calibration; and 1SOCAL:
isovolume maneuver calibration. *p < 0.05, repeated
measures ANOVA.

the gold standard method (ISOCAL), various studies
have suggested the use of the QDC method.!"-'
One of the major advantages of the QDC method
is that it is easy to perform, given that, for QDC,
individuals need only maintain baseline breathing
for 5 min, and calibration is performed on the
basis of the variation in the results obtained for
each compartment. This method is questionable in
view of the RIP calibration principle, i.e., variation
in calibration because of volume shifts between
the rib cage and abdomen.® 1n addition, the
QDC method requires that subjects maintain a
breathing pattern throughout the measurement
period, which does not seem to have happened
during our measurements.

Sackner et al.” hypothesized that QDC requires
a constant breathing pattern in order to allow the
determination of A. However, our findings show
that there was wide dispersion of respiratory cycle
times, associated with high standard deviation
values for tidal volume during baseline breathing
(Table 2). These data suggest that, during data

Table 2 - Respiratory variables by position studied.’

collection for QDC, the breathing pattern was
not constant, which in turn suggests that 5 min
of quiet breathing for data acquisition might
not be sufficient to determine the X" value for
the contribution of the thoracic and abdominal
compartments. In this sense, a study conducted
by Sartene et al.” demonstrated that, during quiet
breathing, there is dispersion of approximately
20% of the mean tidal volume, and only 8% of
this value corresponds to the contribution of the
thoracic and abdominal compartments. Therefore,
the authors stated that the use of calibrations
requiring quiet breathing is questionable when
quiet breathing is employed in devices with
two degrees of freedom, given that most of
the study participants, when evaluated in the
supine position, predominantly used only one
degree of freedom.

Our findings are corroborated by those reported
in a study by Thompson,® who also found
differences between the two calibration methods
in terms of the values of the constant Al In
that study, Thompson suggested that QDC has
significant limitations related to the calculation
of K, given that the sum of the reading of the
signals is considered to be constant for the
thoracic and abdominal compartments, and that
the participation of each compartment is obtained
by subtracting this estimate. De Groote et al.
® demonstrated that decreased variability in
the contribution of the thoracic and abdominal
movements can generate an inaccurate calibration
factor when measurements are taken during
breathing at constant or nearly constant tidal
volume, as is the case with QDC.

In children, the QDC method was found to be
unreliable for estimating tidal volume.!" According
to the authors, the contributions of the rib cages
and abdomens of anesthetized children were
insufficient to derive K. One of the findings of
the present study was the contribution of the rib

Variable Position

Supine Orthostatic Sitting
Teo S 52+2.0 43+ 1.2 47 + 1.6
T/T, 0.47 0.48 0.48
V, L 0.7+ 0.3 0.7 + 0.3 0.7 + 0.3
TV, L/s" 0.2 0.3 0.3

T, total respiratory time; T,: inspiratory time; and V,: tidal volume. “Values expressed as mean + SD, except where

otherwise indicated. "Values expressed as median.
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cage to the tidal volumes obtained, which were
unexpectedly high. In contrast, Adams et al.("V
reported obtaining satisfactory A" values when
QDC was performed in neonates. However, the
authors did not evaluate the relative contribution
of the thoracic and abdominal compartments or
the accuracy of the K'values obtained.

Our study has some potential limitations. The
measurements were taken by a pneumotachograph,
with the volunteers breathing through the mouth,
mouth breathing having been ensured by the use
of a nose clip. This might have changed the flow of
inspired air and the breathing pattern. Nevertheless,
we found no significant changes in the breathing
pattern with the addition of the flow monitoring
system to the RIP system. We believe that our
choice of a Fleisch pneumotachograph, which
is considered a low-resistance flow transducer,
might have contributed positively to the breathing
pattern observed.

Although it is considered unattractive from
a practical standpoint, ISOCAL remains the gold
standard for RIP calibration.('® In our study, we
tried to ensure the quality of the data obtained by
instructing the volunteers on how to perform the
respiratory maneuver for ISOCAL. This might be
a strategy to facilitate the use of this calibration
method. Our hypothesis is that even the 1ISOCAL
method is influenced by body position. We are
aware of only one study demonstrating that
postural changes, especially in the transitions from
the orthostatic position to the sitting position,
lead to changes in volume-motion coefficients,
changes that can significantly affect the accuracy
of the calibration method and, consequently, the
estimates of volume derived from RIP signals.('”

The results of our study were similar to those
reported by Zimmerman et al.,"” given that there
were differences among the positions evaluated
even for the calibration method considered the
gold standard (ISOCAL), and those differences were
even more pronounced in the transitions from
the orthostatic position to the sitting position
(Figure 3). Our results suggest that RIP should be
calibrated for each position evaluated when used
for estimating thoracic and abdominal volumes
in the same individual.

With regard to the participation of the thoracic
and abdominal compartments in ventilation, we
found greater contribution of the rib cage to tidal
volume in the three positions evaluated (Figure 3),

given that the mean K 'values (ratio between
thoracic and abdominal participation) obtained
with the ISOCAL method were greater than 1.0
in the supine, sitting, and orthostatic positions.
This result is corroborated by those reported
in a study by Verschakelen & Demedts,"® who
demonstrated that there is greater contribution
of the rib cage in higher positions, such as the
sitting and orthostatic positions. According to
the same authors, the contribution of the rib
cage, especially in higher positions, is greater in
women than in men. In the present study, women
predominated (65.2%), which could also explain
the K'values obtained in the two positions. In
addition, the movements of the rib cage and
abdomen depend on the state of contraction
of the respiratory muscles, and the contribution
of the diaphragm to the movement of those
compartments depends on gravity. Therefore,
the participation of the abdomen in ventilation
will be greater in the orthostatic position than
in the sitting position because of the hydraulic
action of the abdominal contents, which favors
increased abdominal compliance.!'® The data
obtained in our study confirm this hypothesis;
although there was greater contribution of the rib
cage in the two positions, the K'value obtained
for the orthostatic position (1.9 + 0.7) was lower
than was that obtained for the sitting position
(2.4 + 0.9). We believe that there is greater
participation of the abdomen in the orthostatic
position than in the sitting position, although
the movement is primarily thoracic.

Although our results are considered satisfactory
in terms of the applicability of ISOCAL in RIP
calibration, a system for monitoring the pressure
of the air trapped in the mouth during ISOCAL
was not coupled to the equipment. This can be
considered a major limitation of our study, given
that it was impossible to determine quantitatively
whether there was air compression in the mouths
of the patients."” However, qualitatively, it was
observed that the volunteers did not trap air in
their mouths, given that they did not distend
their cheeks.

The data obtained in the present study suggest
that QDC cannot be considered an accurate method
of RIP calibration and that 1ISOCAL should be
performed for each position evaluated.
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