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tal 1,320 assessments were performed, and in 71.1% the ap-
nea was classified correctly. Subgroup analysis based on  
respiratory tracing showed that 74.8% of the dEMG tracings 
were classified correctly compared to 67.3% of the CI trac-
ings (p < 0.001). This improved apnea classification based on 
dEMG was present for central (86.7 vs. 80.3%, p < 0.02) and 
obstructive (56.4 vs. 32.7%, p < 0.001) apnea. The improved 
apnea classification based on dEMG tracing was indepen-
dent of the type of assessor. Conclusion: Transcutaneous 
dEMG improves the accuracy of apnea classification when 
compared to CI in preterm infants, making this technique a 
promising candidate for future monitoring systems.

© 2017 S. Karger AG, Basel

Introduction

Impaired control of breathing resulting in apnea is 
common in preterm infants with a gestational age (GA) 
of <30 weeks [1]. Apnea can be classified into 3 groups: 
(1) central apnea, i.e., a cease in airflow due to absence of 
respiratory effort; (2) obstructive apnea, i.e., a cease in 
airflow caused by upper-airway obstruction; and (3) 
mixed apnea, i.e., a cease in airflow caused by a combina-
tion of both the above [1, 2]. Central and mixed apneas 
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Abstract
Background: Treatment of apnea is highly dependent on 
the type of apnea. Chest impedance (CI) has inaccuracies in 
monitoring respiration, which compromises accurate apnea 
classification. Electrical activity of the diaphragm measured 
by transcutaneous electromyography (EMG) is feasible in 
preterm infants and might improve the accuracy of apnea 
classification. Objectives: To compare the accuracy of apnea 
classification based on diaphragmatic EMG (dEMG) and CI 
tracings in preterm infants. Methods: Fifteen cases of central 
apnea, 5 of obstructive apnea, and 10 of mixed apnea were 
selected from recordings containing synchronized continu-
ous tracings of respiratory inductive plethysmography (RIP), 
airway flow, heart rate (HR), oxygen saturation (SpO2), and 
breathing activity measured by dEMG and CI. Twenty-two 
assessors (neonatologists, pediatricians-in-training, and 
nurses) classified each apnea twice; once based on dEMG, 
HR, and SpO2 tracings, and once based on CI, HR, and SpO2. 
The assessors were blinded to the type of respiratory tracing 
(dEMG or CI) and to the RIP and flow tracings. Results: In to-
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account for most apneic episodes [3]. The frequency of 
apnea is inversely proportional to the GA, and in almost 
all infants apnea is accompanied by hypoxemia and bra-
dycardia [1, 4].

Hypoxemic episodes, especially if prolonged, are as-
sociated with an increased risk of adverse neurodevelop-
mental outcome in preterm infants [5]. Prompt and ad-
equate treatment of apnea is therefore of the utmost im-
portance. However, the optimal treatment of apnea is 
highly dependent on the type of apnea, so correct classi-
fication based on accurate cardiorespiratory monitoring 
is essential. For instance, central apnea is probably best 
treated with caffeine, while nasal continuous positive air-
way pressure (nCPAP) might be a better choice for ob-
structive apnea, as it splints the upper airway [6, 7].

Chest impedance (CI) is the current standard for bed-
side cardiorespiratory monitoring of preterm infants. It 
measures changes in electrical impedance caused by 
changes in lung aeration and chest wall movement [8]. CI 
provides continuous monitoring of the heart rate (HR), 
respiratory rate (RR), and breathing pattern; the last of 
these is used for the detection and classification of apnea. 
However, CI has important limitations, such as inaccura-
cies in monitoring respiration due to cardiac interference 
and non-breathing-related chest wall movement. This 
may compromise the accurate detection and classifica-
tion of apnea [8–11].

Measuring electrical activity of the diaphragm might 
be a more direct and accurate method to monitor respira-
tion in newborn infants. We recently showed that trans-
cutaneous electromyography (EMG) of the diaphragm 
(dEMG) is feasible in preterm infants and provides accu-
rate data on HR and RR, comparable to CI [12]. No study 
has investigated if dEMG improves apnea classification 
compared to CI so far.

Therefore, the aim of this study was to compare apnea 
classifications by CI and dEMG. We hypothesized that 
dEMG would allow for a more accurate classification 
than CI.

Methods

For this study, we used data collected in a previously pub-
lished prospective observational cohort study conducted in the 
neonatal intensive care unit (NICU) of the Emma Children’s 
Hospital, Academic Medical Center Amsterdam, the Nether-
lands [13]. This study assessed the effect of caffeine on the electri-
cal activity of the diaphragm in 30 spontaneously breathing pre-
term infants with a GA of <34 weeks. All infants were supported 
with nCPAP using an Infant Flow® or Infant Flow® SiPAPTM 
system (Vyaire, Yorba Linda, CA, USA) or an AVEATM ventilator 

(Vyaire). Written informed consent was obtained from both par-
ents, and the study protocol was approved by the Institutional 
Review Board. 

In all patients, the breathing pattern measured by dEMG was 
recorded at the bedside using a portable 16-channel digital physi-
ological amplifier (Dipha-16, Macawi, Enschede, The Nether-
lands). Two transcutaneous electrodes were placed at the costo-
abdominal margin in the left and right nipple line, and 1 ground 
electrode at the height of the sternum [12]. The averaged dEMG 
data were digitized without analog filtering, and sent wirelessly to 
the front-end of the Dipha-16 system, which was connected to a 
personal computer. More details on pre- and postprocessing, sam-
pling rate, the filtering algorithm, and other technical aspects of 
the dEMG measurement have been described previously [14, 15].

In order to classify the apnea as central, obstructive, or mixed, 
respiratory inductance plethysmography (RIP) was used as the 
gold standard. Respiration was therefore also recorded with RIP, 
which measures rib-cage (RC) and abdominal (AB) excursions via 
2 elastic bands that contain a Teflon-coated wire connected to a 
Bicore-II device (Vyaire). An electrical oscillating signal is sent si-
multaneously through both wires and the frequency modulation 
due to the expansion and contraction of the RC and AB bands is 
converted to voltage changes [16, 17]. The sum signal of the RC 
and AB bands was also calculated (summed RIP).

CI and transcutaneous oxygen saturation (SpO2) recorded by 
an Intellivue MP-90 monitor (Philips Healthcare, Eindhoven, The 
Netherlands) were captured by a personal computer at a sample 
rate of 500 Hz using custom-made software.

Finally, a disposable AVEATM Ventilator VarFlex Flow Trans-
ducer (Vyaire), with a deadspace of 0.7 mL and accurate flow mea-
surements in the range of 0.024–30 L/min, was placed at the expi-
ratory limb of the nCPAP system, allowing for the measurement 
of inspiratory and expiratory flow variation during breathing in all 
patients.

All tracings were recorded in sync (Fig. 1), and analysis was 
performed off-line using a custom-made software package (Poly-
bench v1.25.2, Applied Biosignals, Weener, Germany).

For the selection of apnea used and scored in the present study, 
3 investigators scanned the data of all infants included in the caf-
feine study. First, using only stable tracings of flow, SpO2, and HR, 
we identified all recorded cases of apnea, defined as: a cessation of 
breathing in the flow signal for >20 s or of shorter duration if ac-
companied by hypoxemia (SpO2 <80%) or bradycardia (a drop in 
HR to <100 beats/min) [1]. Second, using only the RIP recording 
(the gold standard), the apnea was independently classified by the 
investigators who used the following criteria: (1) central apnea: 
both the RC and AB tracings were flat lines; (2) obstructive apnea: 
RC and AB tracings moved in opposite (paradoxical) directions 
while the summed RIP signal approached zero; and (3) mixed ap-
nea: both central and obstructive components were visible in the 
RIP tracings. In case of disagreement, the investigators tried to 
reach a consensus about the classification.

Forty-nine cases of apnea were identified, based on the flow, 
SpO2, and HR tracings. 34 of which were classified as central, 5 as 
obstructive, and 10 as mixed apnea, according to the RIP tracings. 
To limit the workload for the assessors classifying the apnea, 15 of 
the central apnea cases were randomly selected from the total of 
34, and these were used for the final analysis.

Next, for each apnea (n = 30), the HR and SpO2 tracing record-
ed by the Intellivue MP90 monitor, combined with the RR tracing 
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recorded by either CI (Intellivue MP90 monitor) or dEMG, was 
captured in 1 image. As a result, each apnea was captured twice, 
once using the respiratory tracing based on the CI data, and once 
based on the dEMG recording. The source of the respiratory trac-
ing (CI or dEMG) was only known to the investigators and was 
not visible on the image, which was then scored by the assessors. 
The 60 apnea images were then mixed and e-mailed as a Power-
Point presentation to 22 assessors, consisting of clinical neona-
tologists (n = 9) and pediatricians-in-training (n = 8) working in 
the NICU as well as a random selection of senior nurses with 
NICU experience (n = 5). The assessors were asked to classify each 
apnea as central, obstructive, or mixed, based on the respiratory 
signal, HR, and SpO2 tracings. Basing apnea classification on these 
3 tracings is standard procedure in our unit and all health care 
professionals are trained in apnea classification. For this reason, 
no special instructions on how to classify apnea were provided to 
the assessors.

Statistical Analysis
Statistical analysis was performed using SPSS v23 (SPSS, Chi-

cago, IL, USA). Descriptive data of the study population were ex-
pressed as mean ± standard deviation (SD). The number of cor-
rectly scored apnea in total, and for the dEMG and CI tracings 
separately, was expressed as a proportion of the total number of 
scored apnea images (%). Subgroup analyses were performed for 

the type of apnea and the different assessors. For between-group 
analysis (dEMG vs. CI), the McNemar test was used. Next, a mul-
tivariate logistic regression analysis was performed, correcting the 
classification of apnea using (1) the type of apnea, (2) the type of 
assessor, and (3) the type of measurement technique (CI or dEMG) 
as covariates. A p value <0.05 was considered statistically signifi-
cant.

Table 1. Correctly scored apnea in the dEMG and CI groups for 
classification of apnea 

dEMG CI p value

All apnea (n = 1,320) 74.8% 67.3% <0.001
Central (n = 660) 86.7% 80.3% <0.02 
Obstructive (n = 220) 56.4% 32.7% <0.001
Mixed (n = 440) 66.4% 65.0% 0.8 (ns)

The p value represents the difference between the dEMG and 
the CI group (McNemar test). dEMG, all apnea scored based on 
the dEMG tracing; CI, all apnea scored based on the CI tracing; n, 
number of images.
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Fig. 1. Example of respiratory tracings of dEMG, CI, and RIP combined with SpO2, HR, and flow for an apnea 
classified as central. CI, chest impedance; dEMG, diaphragmatic EMG; SpO2, oxygen saturation; HR, heart rate; 
RIP sum, summed rib-cage and abdominal signal of RIP; RC, rib cage signal of RIP; AB, abdominal signal of RIP; 
µV, microvolt; bpm, beats per minute; mL, millilitre; Cnts, counts.
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Results

The 30 selected apneas originated from the recordings 
of 12 preterm infants with a mean GA of 29.0 ± 0.8 weeks 
and a mean birth weight of 1,279 ± 222 g. All the includ-
ed infants were supported by nCPAP and received caf-
feine. All flow-based apneas detected were also detected 
by either CI or dEMG. There was no disagreement be-
tween the investigators in classifying the apnea as central, 
obstructive, or mixed, based on the RIP tracing.

Based on the 60 apnea images which were scored by 22 
assessors, a total of 1,320 apnea scores were collected and 
analyzed. In total, 71.1% of all the images were scored cor-
rectly as central, obstructive, or mixed (Table 1). Regard-
ing the apneas based on the respiratory tracings of dEMG, 
74.8% were classified correctly versus 67.3% of the ap-
neas based on the respiratory tracings of CI. This differ-
ence was statistically significant (p < 0.001).

Subgroup analyses based on the type of apnea showed 
that this improvement in apnea classification in favor of 
dEMG was most prominent in the obstructive apnea sub-
group, and, to a lesser extent, in the central apnea sub-
group (Table 1). Furthermore, the highest correct rate in 
total was reached in the central apnea group (83.5%) and 
the lowest correct rate in the obstructive apnea group 
(44.5%).

Subgroup analysis also showed that the improved ap-
nea classification in the dEMG subgroup, compared to 
the CI subgroup, was a finding consistent across the 3 dif-
ferent groups of assessors, even though it was not statisti-
cally significant within each subgroup (Table 2). The dif-
ferences between the groups of assessors regarding cor-
rect classification of apnea were small.

In the multivariate logistic regression analysis, the 
classification of apnea was still better when based on 
dEMG than when based on CI (p = 0.001). Furthermore, 

central apneas were scored better than obstructive and 
mixed apneas (p < 0.001). However, there were no differ-
ences in the classification of apnea across the 3 groups of 
assessors after correction for type of apnea and measure-
ment technique (p = 0.085).

Discussion

This study shows that classification of apnea using 
transcutaneous dEMG is feasible in preterm infants. It 
also suggests that dEMG might improve apnea classifica-
tion compared to CI, the current monitoring standard.

There is a growing interest in using the neural activity 
of the diaphragm for the respiratory management of pre-
term infants. Most studies have reported on the use of 
diaphragmatic activity measured by a special transesoph-
ageal nasogastric catheter to synchronize invasive and 
noninvasive respiratory support in preterm infants [18, 
19]. Some have suggested that transesophageal dEMG 
can also be used for assessing breathing pattern and apnea 
[20], but this has so far not been systematically studied. 
Our study is the first to compare apnea classification ac-
cording to dEMG and CI. Furthermore, this is the first 
study to use the noninvasive and cheaper transcutaneous 
interface.

We used RIP as the gold standard for apnea classifica-
tion, as previous studies have shown that this technique 
has no interference from cardiac artifacts, and is espe-
cially suitable for distinguishing between central and ob-
structive apnea [1, 8, 21]. However, compared to nasal 
end-tidal CO2 or nasal/oral thermistors, the ability of RIP 
to detect apnea has limitations [22]. For this reason, we 
used a combination of flow, SpO2, and HR to detect apnea 
and its consequences, i.e., hypoxemia and bradycardia, 
from the patients’ records.

Table 2. Correctly scored apnea in the dEMG and CI groups by different assessors 

dEMG 
(n = 660)

CI 
(n = 660)

p value

All assessors (n = 22) 74.8% 67.3% <0.001
Neonatologists (n = 9) 70.7% 65.2% 0.1 (ns)
Pediatricians-in-training (n = 8) 77.1% 68.3% <0.02
Nurses (n = 5) 78.7% 69.3% 0.055 (ns)

The p value represents the difference between the dEMG and the CI group (McNemar test). dEMG, all apnea 
scored based on the dEMG tracing; CI, all apnea scored based on the CI tracing; n, number of images (column 
heads) and assessors (row heads).
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Consistent with our hypothesis, dEMG monitoring re-
sulted in more accurate classification than CI monitoring 
in cases of central and obstructive apnea, but not in cases 
of mixed apnea. It has been suggested that CI has a lim-
ited ability to distinguish obstructive apnea from normal 
respiration [8]. Although air entry will be limited or ab-
sent, air can still move back and forth within the chest 
wall cavity during airway obstruction, resulting in a nor-
mal or slightly reduced breathing pattern when measured 
with CI; however, respiratory muscle activity is signifi-
cantly increased during obstructive apnea because the  
infant is breathing against an occluded airway. The con-
comitant increase in electrical diaphragmatic activity will 
be picked up by dEMG monitoring. Therefore, the in-
crease in breathing activity during obstructive apnea is 
expected to be more accurate when using dEMG moni-
toring than when using CI. This may explain the im-
proved classification of obstructive apnea with dEMG.

During central apnea, there is a cessation of inspira-
tory effort and flow, which results in absent electrical ac-
tivity of the diaphragm and no change in lung aeration. 
Both dEMG and CI tracings should therefore show no 
activity (flat line). However, previous reports have shown 
that cardiac activity may interfere with the CI tracing and 
(falsely) suggest breathing activity [9, 11]. Such cardiac 
interference is not present in the dEMG tracing due to a 
special filtering technique, and this may explain the supe-
rior classification of central apnea.

A possible explanation why there was no difference 
between dEMG and CI when classifying mixed apnea is 
the fact that both central and obstructive components are 
present in the CI and dEMG tracings. This might make 
the classification of mixed apnea less dependent on the 
type of technique (CI or dEMG) for (cardio) respiratory 
monitoring.

This was the first time that neonatologists, pediatri-
cians-in-training, and neonatal nurses assessed respira-
tory tracings based on dEMG. It seems that the assessors 
did not have any difficulty interpreting the dEMG trac-
ings; the results of our study show that the rate of cor-
rectly scored apneas based on the dEMG tracings was 
comparable or better than when based on CI tracings. 
This finding suggests that dEMG can probably be easily 
implemented in daily clinical practice. We speculate that 
classification of apneas will improve even further once as-
sessors are more familiar with interpreting the dEMG 
tracings.

This study has some limitations that need to be ad-
dressed. First, we only assessed a limited number of ap-
neas to keep the workload for each individual assessor 

within reasonable limits. However, the total number of 
assessments was 1,320, and we think this is a sufficient 
number to explore a potential role for dEMG in apnea 
classification. Second, we only selected apnea from stable 
RIP, flow, SpO2, and HR tracings. However, apnea can 
also occur when tracings are unstable due to, for instance, 
a patient’s movement. It is unclear how dEMG will com-
pare to CI under such circumstances. Finally, we did not 
measure (absolute) flow directly at the airway opening 
but at the expiratory limb of the nCPAP system. Although 
unconventional, the variation in flow did allow us to as-
sess cessation of flow in the respiratory system.

In conclusion, this study shows that electrical activity 
of the diaphragm measured by transcutaneous dEMG 
can be used for apnea classification in preterm infants. 
dEMG improves the classification of central and obstruc-
tive but not mixed apnea when compared with the cur-
rent standard, CI, and this finding was consistent across 
different assessors. These findings suggest that trans-
cutaneous dEMG is a promising candidate for improved 
analysis of breathing patterns in monitoring systems in 
the future.
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