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ABSTRACT

Objective: To develop and validate a portable volumetric capnograph for collecting data
on ventilatory mechanics during spontaneous breathing for outpatient use. Methods:
The device was developed by integrating the following commercially available sensors: a
Hamilton® flow sensor (variable orifice; Hamilton Medical AG, GraubUnden, Switzerland);
an SDP810-125PA differential pressure sensor (Sensirion AG, Stafa, Switzerland); and
a Capnostat 5 CO, sensor (Philips Respironics, Murrysville, PA, USA). An Arduino
UNO-R3® microcontroller (Arduino, Monza, Italy) was used as an interface between the
sensors and a laptop computer, and a Python application was used to acquire data at 10
ms intervals (100 Hz). Validation included static tests (flow: 0-45 L/min; partial pressure of
CO,: 0-100 mmHg) and tests with five healthy volunteers (n = 115 respiratory cycles), in
comparison with the reference equipment (a CO,SMO Plus® DX-8100 oxycapnograph;
Philips Respironics). Results: The static tests showed excellent linear correlation for flow
and CO, concentration. For the tests conducted with the five volunteers, no significant
differences were observed between the portable volumetric capnograph and the
reference equipment for any of the variables analyzed. Intracycle variability was observed
in the capnography curves, reflecting the physiological characteristics of spontaneous
breathing. Conclusions: Our portable volumetric capnograph demonstrated the ability to
collect accurate data on flow and partial pressure of CO, during spontaneous breathing,
with performance equivalent to that of the reference equipment. The variability in the
capnography curves represents an intrinsic characteristic of spontaneous breathing that
must be considered when developing algorithms for calculating physiological indicators.
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INTRODUCTION CO, concentration over time, volumetric capnography
incorporates information on expired volume, providing
more comprehensive data on respiratory function. 1)
This technique offers significant advantages, including
the fact that it is noninvasive, has low cost, and requires

only 10 ventilatory cycles at rest, without the need for

Chronic respiratory diseases are increasing significantly
worldwide and represent a global public health challenge,
affecting millions of people annually.**?) Among the
main conditions are asthma and COPD, which impose
a significant socioeconomic burden worldwide.®® In

the United States, approximately 14.2 million adults
were diagnosed with COPD in 2021, highlighting the
magnitude of this problem.®

Spirometry has traditionally been considered the gold
standard for assessing lung function.®® However, this
method has important limitations, including dependence
on the ability of patients to perform forced expiratory
maneuvers!”) and a shortage of qualified professionals to
perform it.(®® Spirometry requires maximum expiratory
effort, which can be difficult or impossible for patients with
severe dyspnea, chest pain, or cognitive limitations.®

Volumetric capnography is emerging as a promising
alternative for the diagnosis and monitoring of chronic
lung diseases.**"1*) While temporal capnography measures

patient effort.*”)

The main feature of volumetric capnography in
an outpatient setting is the analysis of spontaneous
breathing, which is very different from the forced
maneuvers used in spirometry. During spontaneous
breathing, natural variability in breathing patterns is
observed, with cycle-to-cycle fluctuations in tidal volume,
breathing times, and transpulmonary pressures. (1819
Although this variability represents an analytical challenge,
it can provide additional diagnostic information on
respiratory function.®

Volumetric capnography has proven cost-effective for
monitoring patients with chronic respiratory diseases in
outpatient settings. Because volumetric capnography is a
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noninvasive technique, its use can reduce the need for
more complex tests and optimize resource allocation,
serving as a complementary tool to spirometry in
longitudinal patient monitoring."

Most of the volumetric capnography devices that
are currently available have been developed for
use with mechanical ventilators in the ICU. There
is a significant gap regarding portable devices for
outpatient use. Therefore, the objective of the
present study was to develop and validate a portable
volumetric capnograph for collecting data on ventilatory
mechanics in spontaneously breathing individuals in
an outpatient setting.

METHODS

The study was conducted following all ethical
principles set forth in Brazilian National Health
Council Resolution No. 466/2012. The project was
approved by the Research Ethics Committee of the
Universidade Estadual de Campinas, located in the
city of Campinas, Brazil (Protocol no. 6,897,044),
and all volunteers gave written informed consent.

Hardware development

A portable volumetric capnograph was developed
by integrating well-established, commercially
available sensors for medical use. For respiratory
flow measurement, the mainstream mode (all
respiratory flow) was adopted with differential
pressure measurement by variable orifice. The selected
components were as follows:

e aHamilton® pediatric/adult flow sensor (variable
orifice; Hamilton Medical AG, Graubiinden,
Switzerland)

e an SDP810-125PA differential pressure sensor
(Sensirion AG, Stéafa, Switzerland) with an I12C
digital output

e a Capnostat 5 CO, sensor (Philips Respironics,
Murrysville, PA, USA) with an RS232 digital output

e an Arduino UNO-R3® microcontroller with an
Atmega328P® processor (Arduino, Monza, Italy)

Figure 1 illustrates the main components used in
developing the device.

L] L]

The Arduino UNO-R3® is a microcontroller
development board based on the ATmega328P chip,
one of the most popular and widely used versions of the
Arduino platform. It is especially used for prototyping;
rapid development of automation concepts and sensor
control (data reading and processing); and projects
involving the internet of things.

The differential pressure sensor was connected to
the variable orifice flow meter via two flexible tubes,
with an I2C digital communication protocol with the
Arduino UNO-R3® microcontroller. The CO, sensor was
connected to the same microcontroller via a 1.5 m
cable using an RS232-TTL converter at 19200 baud.
A USB port was used to connect the microcontroller
to a laptop computer.

Firmware and software development

Firmware is a special type of low-level software that
is permanently stored in hardware components—in the
present study, the Arduino UNO-R3® microcontroller—
and provides basic instructions for the operation and
control of electronic devices.

In the present study, the set of instructions was
written in the C++ programming language to manage
communications, initialization, and data capture by
the sensors. The sampling frequency was set at 100
Hz (10 ms), limited by the maximum rate available
on the Capnostat 5. The flow sensor, with an internal
resolution of 0.5 ms, had its mean values calculated
for each 10 ms window.

The user interface was developed in the Python
programming language, with local storage (computer)
of data in CSV files. Flow (L/min) and partial
pressure of CO, (PCO,, in mmHg) were recorded with
synchronized timestamps of 10 ms. The volume of
CO, exhaled per cycle (VCO,/br) was calculated by
equation 1, as follows:

FE
veo, br = J' VT(t).PCO(t) dt 1)
II Patm

where II is the beginning of inspiration; FE is the
end of expiration; VT is the tidal volume; Patm is the
atmospheric pressure, the time differential used for
integration being = 10 ms.
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Figure 1. Illustration of the main components of our portable volumetric capnograph: a flow sensor connected to a
differential pressure transducer, and a CO, transducer connected to a microcontroller. The transducers have a digital
output that integrates them with the microcontroller, which is connected to a laptop computer.
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Static tests

Static tests were performed in the Ultrasound
and Biomedical Instrumentation Laboratory of the
Biomedical Engineering Center at the Universidade
Estadual de Campinas under controlled temperature
conditions (i.e., 24 £ 2°C).

Inspiratory and expiratory flows were tested at 0,
5, 10, 15, 20, 25, 30, 35, 40, and 45 L/min, with 5
repetitions per point (totaling 100 measurements).
Concentrations of CO, were measured in steady
state (constant CO, concentration), with mixing
performed from a cylinder. Medical air and CO, flows
were regulated with the aid of two needle valves and
adjusted at each point using a Fluke VT650 gas analyzer
(Fluke Biomedical, Everett, WA, USA) to adjust the
flow and a CO,SMO Plus® DX-8100 oxycapnograph
(Philips Respironics) to adjust the CO, concentration.
The following CO, concentrations were tested: 0, 5,
10, 20, 30, 40, 50, 60, 70, 80, and 100 mmHg, with
constant flows of 5, 10, 15, 20, and 30 L/min; three
measurements were taken at each point, totaling
165 measurements.

Tests with volunteers

Five healthy volunteers were recruited in accordance
with the following inclusion criteria: being in the
18- to 40-year age bracket; having no respiratory
diseases; being a nonsmoker. Exclusion criteria
included pregnancy, use of respiratory medications,
and recent respiratory infection.

Each volunteer performed between 15 and 35
spontaneous breathing cycles in a sitting position,
a total of 115 cycles being analyzed. The portable
volumetric capnograph was connected in series with
the reference equipment for simultaneous data capture.

Statistical analysis

The data were analyzed with Minitab software,
version 19 (Minitab Inc., State College, PA, USA).
For the static tests, the linear correlation coefficient
(R?) was estimated for the confidence and prediction
intervals, both with a 95% confidence level.

Inspiration and expiration cycles were separated on
the basis of the reversal of the respiratory flow in the
table of raw data. Inspiration time (Ti) and expiration
time (Te) were calculated by the time difference
between the last and first measurements in each
cycle. End-tidal CO, (ETCO,) was obtained when the
expiratory volume reached its maximum value (end
of exhalation). Inspiration volume (Vi) and expired
volume (Ve) were calculated by numerical integration
of flow over time for each cycle, and VCO,/br was
calculated by equation 1.

For the tests with the five volunteers, the Mann-
Whitney test was used to compare the means of
respiratory parameters (ETCO,, Ti, Te, Vi, Ve, PEF,
and VCO,/br). A value of p < 0.05 was considered
significant.

RESULTS

Our portable volumetric capnograph was integrated
into a compact box (15 x 10 x 5 cm) weighing
350 g. Total consumption was 1.4 W, powered via
the computer USB port, with a startup time of 8 s.
Figure 2 shows a photograph of the finished device.

The characterization of the flow sensor demonstrated
linear behavior with an R? = 0.995 (95% CI, 0.993-
0.997). A factor for correcting the slope of the line with
a value of 1.438 was implemented in the firmware.

The validation of the CO, sensor showed an R? =
0.995 (95% CI, 0.994-0.996), confirming equivalence
with the reference equipment.

Figures 3A and 3B illustrate the linear regression
graphs of flow and CO, concentration with the
respective references.

Table 1 shows the comparative results between our
portable volumetric capnograph and the reference
equipment, with no significant differences between
the two (p > 0.05) in any of the parameters analyzed.

Figures 4A, 4B, 4C, and 4D illustrate examples of
capnography curves with the respective positions of
slope III, calculated between 40% and 80% of tidal
volume?>23) and showing the intercycle variability
characteristic of spontaneous breathing.

DISCUSSION

The development of our portable volumetric
capnograph represents an advance in the availability of
volumetric capnography technology for data acquisition
during spontaneous ventilation in an outpatient setting.
The choice of well-established, commercially available
components, integrated through a microcontroller
platform, offers a good cost-benefit ratio.

There is growing interest in the application of
volumetric capnography for the diagnosis and
monitoring of lung diseases, 11141624 especially with
the development of machine learning techniques.%:2

Zech et al.®® demonstrated that volumetric
capnography can be reliably used in spontaneously
breathing patients, showing a mean difference of —0.9
mmHg in the measurement of expired PCO,, with
a correlation coefficient of 0.98 for reproducibility.
The study supports the technical feasibility of the

Figure 2. Photograph of our portable volumetric capnograph
with sensors and connections.
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Figure 3. Graphs comparing our portable volumetric capnograph (CapVol) with a CO,SMO Plus® DX-8100 oxycapnograph
(Philips Respironics, Murrysville, PA, USA; reference equipment). In A, differential pressure (Pa) vs. flow for the reference
equipment. In B, partial pressure of CO, (PCO,) for CapVol vs. the reference equipment. PI: prediction interval.

Table 1. Results of a comparison between intracycle means of respiratory parameters of volunteers using a portable
volumetric capnograph and a CO,SMO Plus® DX-8100 oxycapnograph (Philips Respironics, Murrysville, PA, USA).?

Variable Volunteer
3
(n = 24)

ETCO,, mmHg

CapVol 349 +0.8 32.1£0.9 36.3+1.2 36.5+1.3 34.0+1.0

CO,SMO 349 +0.8 32.3+0.9 36.4+1.4 35.8+1.3 34.0 £ 1.2

p 0.37 0.11 0.82 0.13 0.68
Ti, s

CapVol 1.8+0.1 1.3+0.2 2.5+0.2 3.0+ 0.5 2.3+0.3

CO,SMO 1.8+0.1 1.3+0.2 2.5+0.3 3.1+0.6 2.3+0.3

p 0.43 0.63 0.58 0.57 0.80
Te, s

CapVol 2.4+0.2 1.6 +0.1 3.1:0.4 3.4+ 0.6 3.3+0.5

CO,SMO 2.4+0.3 1.6 +0.1 3.1:0.4 3.2+0.5 3.4:0.3

p 0.40 0.85 0.77 0.64 0.66
Vi, mL

CapVol 844 + 56 561 + 76 1,041 + 151 989 + 289 986 + 202

CO,SMO 824 + 50 554 + 75 1,032 + 135 1,065 + 233 1,046 + 180

p 0.21 0.69 0.93 0.66 0.40
Ve, mL

CapVol 787 + 99 544 + 59 1,009 + 149 1,069 + 237 857 + 102

CO,SMO 798 + 89 548 + 53 1,053 + 154 1,128 + 242 920 + 124

p 0.53 0.78 0.31 0.53 0.11
PEF, mmHg

CapVol 32.5+3.0 34.5+3.2 28.9 + 3.8 28.6 + 4.4 23.0+2.4

CO,SMO 31.5+2.4 34.1+£2.5 30.1£2.9 28.7 + 3.8 24.0+2.2

p 0.38 0.74 0.39 0.77 0.21
VCO,/br, mL

CapVol 18.7 £ 3.6 11.2+£2.0 28.5+6.3 33.2+9.0 21.1+£3.9

CO,SMO 19.5+3.3 11.8+1.8 30.5+6.2 33.8+8.0 22.8+4.5

p 0.67 0.08 0.26 0.82 0.27

n: number of respiratory cycles; ETCO,: end-tidal carbon dioxide; CapVol: portable volumetric capnograph; Ti:
inspiration time; Te: expiration time; Vi: inspired volume per cycle; Ve: expired volume per cycle; VCO,/br: volume

of CO, expired per cycle. °Data expressed as mean + SD.
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Figure 4. Capnography curves. In A, tidal volume vs. partial pressure of CO, (PCO,), highlighting the position of slope
IIT (volunteer 3, expiratory cycle 2). In B, tidal volume vs. PCO,, highlighting the position of slope III (volunteer 3,
expiratory cycle 8). In C, tidal volume vs. PCO,, highlighting the position of slope III (volunteer 2, expiratory cycle 17).
In D, tidal volume vs. PCO,, highlighting the position of slope III (volunteer 2, expiratory cycle 27).

approach adopted in developing our portable volumetric
capnograph, which achieved statistical equivalence with
the reference equipment in all parameters evaluated.

Kellerer et al.'”> showed that volumetric capnography is
a viable alternative when spirometry cannot be performed
reliably. It allows the degree of functional impairment
to be assessed in patients with obstructive pulmonary
diseases, including COPD, asthma, and cystic fibrosis.
This application is particularly relevant considering that
our device does not require forced maneuvers by the
patient, unlike spirometry, and its portability facilitates
examination, benefiting severe lung disease patients
who have difficulty moving and traveling to perform
traditional ancillary tests, such as CT.

Slope III indicator, calculated from the volumetric
curve, has established clinical utility for the assessment
of multiple lung diseases. Almeida et al.?”) identified
an increase in the slope of phase III normalized by
tidal volume in asthma patients, suggesting ventilatory
heterogeneity in the distal air spaces that may
reflect chronic structural changes or acute reversible
changes. Ribeiro et al.?® demonstrated the use of
volumetric capnography for early detection of peripheral
pulmonary obstruction in patients with cystic fibrosis,
whereas Jarenback et al.* validated its use for the
diagnosis and grading of COPD. Moreira et al.(*3%
described applications in the assessment of pulmonary
thromboembolism, demonstrating the clinical versatility
of indicators derived from volumetric capnography.

The development of specific devices for spontaneous
breathing is based on documented physiological
differences between this modality and mechanical
ventilation. Wolff et al.* demonstrated that dead
space ventilation is reduced during spontaneous
breathing when compared with mechanical ventilation,
this phenomenon being explained by a reduction in
anatomical dead space and increased alveolar CO,
efficiency.

Romero et al.(*? showed that volumetric capnography
can be used as an alternative to assess the severity
of functional disorders in patients with COPD when
spirometry cannot be performed reliably, reinforcing the
need for specific devices for each ventilatory modality.

Our technical validation showed a performance
equivalent to that of the reference equipment, with
an R? = 0.995 for flow and CO, measurements. These
results are consistent with those reported for high-cost
commercially available devices. 339

The sampling rate of 100 Hz (10 ms) used in our
portable volumetric capnograph exceeds the 50 Hz
reported by Talker et al.® for a device regulated in
the European Union for COPD assessment. Higher
sampling rates are especially better for slope II
calculations, where the variation in PCO, as a function
of tidal volume is very pronounced.

Sassmann et al.*® reported a resolution of 5 ms
in high-fidelity equipment, suggesting that devices

J Bras Pneumol. 2025;51(5):e20250136
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with higher time resolution provide more accurate
analysis of expired CO, kinetics. The best sampling
rate for our device was limited by Capnostat 5, with
no possibility of reducing the data acquisition time.

The key finding of the present study was the variability
of capnography curves during spontaneous breathing.
Unlike controlled mechanical ventilation, where
patterns are reproducible, spontaneous breathing has
natural fluctuations that affect traditional physiological
indicators. Although this variability represents a
technical challenge for data processing, it contains
valuable clinical information on individual breathing
patterns and pulmonary heterogeneity. Tolnai et
al.*® demonstrated that different respiratory rates in
patients with spontaneous breathing produce significant
variations in capnography indices, including changes
in the slopes of phases II and III of the capnogram,
corroborating the findings of the present study.

Slope III, an important indicator for assessing
obstructive diseases,?”:?®) showed intracycle variations
of 25-50% and reflects the natural heterogeneity
of spontaneous ventilation. Artificial intelligence
algorithms can extract diagnostic information from
this variability, as demonstrated in recent studies
achieving an AUC of 0.93-0.99 for the classification
of respiratory diseases.G”

The prospects of our portable volumetric capnograph
are promising in terms of development driven by
miniaturization and portability, providing access to
medical offices and clinics, with progressive cost
reduction and democratization of access to these
technologies. It establishes a technological basis
for future studies focused on the following: clinical
validation in patients with COPD, asthma, and
other respiratory diseases; development of artificial
intelligence algorithms for automated analysis of
respiratory variability; and integration with telemedicine
systems for remote monitoring.

The incorporation of artificial intelligence in the
automatic interpretation of capnograms is supported
by recent studies. Feng et al.(*> described growing
applications of artificial intelligence and machine
learning in chronic airway diseases, focusing on
asthma and COPD.

Zhou et al.(”? demonstrated prediction of pulmonary
function parameters based on combined algorithms,
suggesting that the integration of volumetric
capnography data with machine learning techniques
can significantly amplify the clinical utility of ambulatory
devices, democratizing the use of technology and
significantly improving safety in monitoring patients
during outpatient procedures.

The design of a prototype, as proposed in the
present study, represents only the first step in the

development of an industrialized medical device. The
transition to a commercially available product requires
the implementation of a quality management system
specific to medical devices,®® rigorous verification,
validation, and biocompatibility processes.%

Because this was a preliminary study, it has
limitations. One limitation is that the study included
only five healthy volunteers, thus limiting its
generalization to larger populations and those with
respiratory diseases. Validation was performed in a
controlled environment, and additional studies are
needed in real outpatient conditions. In addition,
no specific algorithms were developed for analyzing
respiratory variability.

In conclusion, our portable volumetric capnograph
demonstrated technical capability for accurate flow
and PCO, measurements with a sampling rate of
100 Hz (10 ms), showing statistical equivalence with
the commercially available reference equipment.
The architecture based on commercially available
components integrated by a microcontroller offers
a cost-effective solution for ambulatory volumetric
capnography.

Although the variability observed in capnography
curves during spontaneous breathing is challenging
for traditional algorithms, it offers opportunities for
the development of new respiratory indicators through
artificial intelligence techniques.

Future studies should focus on the development of
adaptive algorithms for respiratory variability analysis
and clinical validation in populations with respiratory
diseases.
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