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Introduction: An apnea episode is defined as the cessation of breathing for =15 seconds or as
any suspension of breathing accompanied by hypoxia and bradycardia. Obtaining information
about the respiratory system in a neonate can be accomplished using electromyography signals
from the diaphragm muscle.

Obijective: The purpose of this paper is to illustrate a method by which the respiratory and elec-
trocardiographic signals from neonates can be obtained using diaphragmatic electromyography.
Materials and methods: The system was developed using single-supply, micropower com-
ponents, which deliver a low-power consumption system appropriate for the development of
portable devices. The stages of the system were tested in both adult and neonate patients.
Results: The system delivers signals as those expected in both patients and allows the acquisi-
tion of respiratory signals directly from the diaphragmatic electromyography.

Conclusion: This low-power system may present a good alternative for monitoring the cardiac
and respiratory activity in newborn babies, both in the hospital and at home.

Significance: The system delivers good signals but needs to be validated for its use in neonates.
It is being used in the Neonatal Intensive Care Unit of the Hospital General de Medellin Luz
Castro de Gutiérrez.
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Introduction
The immaturity of the body systems of neonates, specifically the respiratory control
systems, induces the respiration patterns in neonates to vary between eupnea, apnea,
sigh, and an irregular breathing called periodic breathing.! These respiratory patterns
do not always require any treatment, although they lead to the presence of aperiodic
patterns in the breathing of infants and neonates.? However, sometimes these patterns
require special attention and are considered as clinical events, as when an apnea episode
occurs. An apnea episode is defined as the cessation of breathing that lasts >20 seconds or
>10 seconds and is accompanied by oxygen desaturation or bradycardia.’ These episodes
have been found in >50% of preterm infants, mainly in those whose weight at the time
of birth is <1000 g.2* As stated by Belal et al,* recurrent apnea episodes are related to
retinopathy of prematurity, necrotizing enterocolitis, and periventricular leukomalacia.
In preterm babies, the apnea is classified as central, obstructive, or mixed.* Accord-
ing to Hansen and Corbet, 40% of the episodes correspond to central apnea, whereas
10% are obstructive apnea and the remaining 50% are mixed.’ Differentiation between
these episodes is important to understand the physiopathology of the apnea in neonates,
in order to improve its prognosis and treatment.
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Neuman® assures that the respiratory activity is the main
electrical action that is monitored in neonatology, especially
for the identification of the apnea episodes. For this monitor-
ing, several methods have been established, both direct (the
sensor element is coupled to the airway of the patient and
measures the properties of the air that is transported in and
out of the lungs) and indirect (the sensor measures variables
related to the movement of the air, but not the properties of
the air);® one of the most used techniques for monitoring the
respiratory activity in neonates is the thoracic impedance
measurement, and some vital signs monitors use algorithms
to detect the apnea episodes using this variable.’ Nonethe-
less, as Beck et al' established, this can be considered as
a mechanical signal and “may not reflect the true neural
respiratory center output.”

A vital signs monitor specialized for the detection of
neonate apnea events was developed by Ochoa et al.? This
system was based on the acquisition of the respiratory signal
of neonates from the analog processing of the electromyogra-
phy signal of the diaphragm muscle (EMGdi) obtained using
surface electrodes. In general, the electromyography signal
(EMG) delivers information related to the neuromuscular
activity.” Measurement of the electrical activity of the dia-
phragm is a direct way to monitor the respiratory signal and
the neural signals for breathing.'? This device uses EMGdi
(the diaphragm is the main muscle for breathing in neonates)
and electrocardiography (ECG) in order to detect the apnea
episodes, arguing that a noninvasive device for the measure-
ment of the EMGdi that estimates the lung function can
increase the possibilities of diagnosis and retrieve an objec-
tive measurement to detect the apnea episodes. Moreover, the
classification between central apnea and obstructive apnea can
be done by measuring the electrical activity of the diaphragm
due to the direct relation between the EMGdi and the central
nervous system. Besides, EMGdi and ECG may be used as
indirect variables to estimate the obstruction of the airway.?

Monitoring the respiratory function using noninvasive
EMGdi seems attractive. However, the main issue with this
technique is the interference generated by the ECG that
appears as noise due to the placement of the electrodes.?
This interference is greater than the amplitude of the signal
and belongs to the frequency band of the EMGdi, making it
hard to process an EMGdi and acquire a reliable respiratory
signal unless the ECG signal (mostly the QRS complex) that
appears as noise is eliminated or reduced. The techniques that
have been used to face this problem are the adaptative filters,
the analog masking, and the signal clipping.®

In this study, the development of an analog system for
the elimination of the ECG signal present on the EMGdi,

based on the system developed by Ochoa et al,? is presented.
The original system was modified using single-supply,
low-power consumption electronic components. The single-
supply approach allows the system to be battery powered,’
particularly when micropower components are used, and
has become very popular due to the portability that can be
acquired in the devices using single-supplied circuits powered
by a single battery, even though the design of these single-
supply circuits is difficult due to the requirement to account
for input references.'”

The system developed uses single-supply voltage and
features low current consumption, making it portable and
ideal for coupling with a microcontroller or microprocessor
in order to perform real-time apnea detection.

Materials and methods

The developed system has four main stages that allow the
extraction of the respiratory signal and the ECG using only
three electrodes and one input channel. Its block diagram is
shown in Figure 1.

The first stage of the system consists of an initial
amplification of the biomedical signals that are acquired
by the electrodes; this is the EMGdi that carries the ECG
(Figure 1(a)). The electrodes are positioned on top of the
patient’s diaphragm: on the breastbone (as a reference) and
below the costal margin vertically aligned with the nipples,
both left and right (Figure 2).2 In this stage, the interference
signal is eliminated using a band pass filter with passband
of 0.5-400 Hz (Figure 1(b)). The principal objective of this
stage is to raise the signal-to-noise ratio (SNR), while the
mixed signal that has both the EMGdi and the ECG (EMG
+ ECQ) is obtained. A high SNR is important in order to
protect the EMGdi and ECG signals from electromagnetic
and other nondiaphragmatic muscle interference, such as the
intercostal muscle activity.

The acquired signal is divided into three different
branches using filters with different cutoff frequencies
according to the characteristics of the signals to be obtained.
The upper branch (Figure 1(c)) consists of a second-order
band pass Butterworth filter with cutoff frequencies of 0.5
and 40 Hz; this delivers as a result of the ECG signal.

The middle branch in the block diagram includes a band
pass Butterworth filter (9—20 Hz)"' for the acquisition of the
QRS complex of the ECG signal, an amplification stage and
a level comparator (Figure 1(d—f), respectively). The purpose
of this stage is to obtain a pulse signal synchronized to the
QRS complex of the ECG signal.

Due to the spectral components of the QRS complex, they
are the main interference source in the EMGdi, which has
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Figure | Block diagram of the system for the acquisition of EMGdi, ECG, and respiratory signals.

Notes: (a) Preamplification stage with a 250 gain. (b) Bandpass filtering stage for the removal of high frequency noise. (c) Bandpass filtering stage for tHe acquisition of
electrocardiography. (d) Bandpass filter for the detection of QRS peaks in ECG. (e) Amplification stage. (f) Level comparator for the detection of pulses. (g) Bandpass
filtering for the acquisition of EMG signal. (h) Controlled switch for the deletion of ECG signal merged in EMG signal. (i) Amplification stage. (j) Full-wave rectification for

the extraction of respiratory signal.

Abbreviations: ECG, electrocardiography; EMGdi, electromyography signal of the diaphragm muscle.

Figure 2 Positioning of the electrodes (black circles) for the acquisition of EMGdi.
Abbreviation: EMGdi, electromyography signal of the diaphragm muscle.

frequencies between 70 and 300 Hz. Therefore, an elimina-
tion of this component of the ECG signals must be performed
in the EMGdi signal. However, this removal cannot be made
using conventional filters as the spectral components of both

signals overlap. The pulse signal acquired in the previous
branch is essential to accomplish the removal of the QRS
complexes in the EMGdi.

The lower branch corresponds to the obtainment of the
EMGdi and the extraction of the respiratory signal. First, it
is necessary to apply a band pass Butterworth filter (cutoff
frequencies of 75 and 300 Hz) to the EMG + ECG signal
(Figure 1(g)), which allows removal of most of the interference
in the EMGdi signal, except for that generated by the QRS
complex. The signal obtained is denoted as EMG + QRS. The
interference generated by the complexes is deleted using a
switch controlled by the pulse signal (Figure 1(h)). The signal
goes through whenever the pulse signal is in high level (5 V),
but when it is in low level the switch delivers a zero to its out-
put, deleting the QRS complex from the input signal. Once the
QRS is deleted, the EMGdi signal is conditioned to improve
its SNR (Figure 1(i)) obtaining a resulting signal called EMG.

Then, the EMG signal goes through a high-precision
full-wave rectifier (Figure 1(j)) that allows the obtainment
of the EMGdi power, which is then low pass filtered with a
small cutoff frequency according to the expected respira-
tory frequency of the neonates (Figure 1(k)). Therefore, an
envelope signal (ie, respiratory signal) is obtained from the
diaphragmatic activity.
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The developed system was designed, constructed, and
finally assembled in a compartment along with a pulse
oximetry system and an AC-to-DC converter (MWA100018A-
12A, Inventus Power, Woodridge, IL, USA). All these items
were selected and designed taking into account the patients’
safety, medical regulations, and the electromagnetic com-
patibility within the system and other medical equipment.
The systems were connected to a data acquisition system
(NI USB-6281; National Instruments, Austin, TX, USA),
which digitizes and sends the signals to a computer using
a virtual instrument (VI) developed in LabView (National
Instruments). The signals were visualized and stored in the
computer for further processing and analysis. This system
was implemented in the Hospital General de Medellin Luz
Castro de Gutiérrez (HGM) in order to acquire data from
the neonate patients. Written informed consent was obtained
from all adult subjects and from the legal representatives of all
neonate subjects. The study was approved by the Universidad
CES ethics committee.

Figure 3 illustrates the experimental setup in the HGM.
This was built in the neonates intensive care unit (NICU)
and controlled all the time by at least one of the researchers.

Results

Figure 4 shows the signals obtained from an adult and healthy
patient, and Figure 5 shows the signals obtained from a neo-
nate patient hospitalized in the HGM.

Discussion

As can be seen in Figure 4, the stages mentioned in Figure 1
result in the expected signals. The raw EMGdi signal
(Figure 4A) has a notorious interference due to the ECG
signal, mainly the QRS complexes. Meanwhile, although
other muscles interference are possibly found on the EMGdi
signal as the surface electromyography technique cannot
differentiate the muscle branches that are being activated,

Neonate patient Developed system

Data acquisition

Computer and system

developed software

Figure 3 Experimental setup in the neonates’ intensive care unit of the Hospital
General de Medellin Luz Castro de Gutiérrez (Medellin, Antioquia, Colombia).
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Figure 4 Signals obtained from an adult patient in a 20-second period.

Notes: (A) Signal obtained by the electrodes after the preamplification stage (Figure |
(2) and (b)); (B) EMGdi after the removal of the whole ECG signal, including the QRS
complexes (Figure 1 (h) and (i)); (C) EMGdi after the ECG elimination filter (Figure |
(g)); (D) respiratory signal obtained from the EMGdi and its processing (Figure | (j) and
(k)); (E) ECG signal extracted from the EMGdi (Figure | (a)); and (F) pulse signal used
for the elimination of the QRS complex from the EMGdi (Figure | (d)—(f)).
Abbreviations: ECG, electrocardiography; EMGdi, electromyography signal of the
diaphragm muscle.

this interference is not significant for the acquisition of the
respiratory signal from the diaphragm, due to the location
of the electrodes®!? and the nature of the respiratory process
in humans, in which the maximum effort during respiration
is done by the diaphragm.'®

The removal of ECG-generated interference is essential
in order to obtain a respiratory signal as clean as possible.
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Figure 5 Signals obtained from a neonate patient in the neonatal intensive care unit of the Hospital General de Medellin Luz Castro de Gutiérrez (Medellin, Antioquia,

Colombia) during a period of 20 seconds.

Notes: (A) Signal obtained by the electrodes after the pre-amplification stage; (B) EMGdi after the complete elimination of the ECG; (C) EMGdi after the filter for the
attenuation of the ECG; (D) respiratory signal obtained using the EMGdi; (E) ECG signal extracted from the EMGdi; and (F) pulse signal used to remove the QRS complex

from the EMGdi.

Abbreviations: ECG, electrocardiography; EMGdi, electromyography signal of the diaphragm muscle.

The designed filters and the pulse-controlled switch make it
possible to acquire a reliable respiratory signal, deleting most
of the ECG components present in the EMGdi.

On the other hand, the ECG signal (Figure 4E) after the
extraction of the EMGdi is cleaner, although it still carries
some noise from the EMGdi signal when its amplitude
increases, ie, the patient breathes. As the QRS complexes
are well defined, they are ideal for the extraction of the pulse
signal (Figure 4F).

An important factor that must be considered is the syn-
chronization of the used filters so that the delays present in the
different signals are similar enough. This is to assure that the
fraction of signal eliminated by the switch corresponds to the
QRS peaks present as noise in the EMGdi and that no impor-
tant components of this signal are eliminated. In this design,
the synchronization is accomplished using different order

filters: the ECG signal filter is order 2, whereas the EMGdi
signal filter is order 4. The ECG signal has components
mainly between 0 and 40 Hz. At 40 Hz, the group delay is
~4664 [s. On the other hand, for the EMGdi signal at 40 Hz,
the group delay is ~8000 ps. Once filtered, the ECG signal
(now consisting only on the QRS complexes) is amplified
and then compared to a threshold. These last two stages (the
amplification and the level comparator) have a delay as well,
making the gap between both signal delays very short.

As expected the signals from both adult and neonate patients
are different, having more components in the neonate than in
the adult patient both in the ECG and in the EMGdi. This is due
to the heart rate and the respiratory frequency of the neonates.

The respiratory signal in the EMG signal from the neo-
nate (Figure 5C) is not as well defined as in the adult patient
(Figure 4B), and the extracted respiration signal (Figure 5D)
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is harder to obtain, making it very important to perform a
precise digital processing for further analysis. This increased
noise in the EMGdi signal from neonates can be due to the
environment where the system is located, because in the
NICU several devices operate at the same time and can
generate interference in the signals. Hence, a well-designed
isolation system must be taken into account in order to
enhance the quality of signals from neonates.

Clinical trials are being executed in order to obtain valida-
tion of the technique, both for the acquisition of the respira-
tory and the ECG signal, comparing these with gold-standard
techniques, and for checking if the respiratory signal is indeed
a good marker for the early detection and differentiation of
central and obstructive apnea.

Conclusion

The system designed and constructed delivers a response as
expected and allows the consecution of respiratory signals
directly from the EMGdi. From the original signal (EMGdi),
it is also possible to acquire a good-quality ECG. Therefore,
it is possible to consider the development of vital signs moni-
toring systems for neonates, which require fewer electrodes
and cables, improving the handling of the patients and their
comfort in the clinical facilities.

Moreover, the system is single supplied and delivers
signals centered at 2.5 V. This is crucial to integrate it with
microcontroller or microprocessor systems and opens the
door for developing simple and low-cost modular solutions.

In further works, the utility of the EMGdi to determine
the apnea episodes will be verified: the relationship between
the apnea episodes and some characteristics of the EMGdi,
the ECG, and of the pulse oximetry signals, will be analyzed
so that an early detection of these episodes can be achieved.
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