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BACKGROUND: Premature attempts at extubation and prolonged episodes of ventilatory support in preterm infants have adverse
outcomes. The aim of this study was to determine whether measuring the electrical activity of the diaphragm during a spontaneous
breathing trial (SBT) could predict extubation failure in preterm infants.
METHODS: When infants were ready for extubation, the electrical activity of the diaphragm was measured by transcutaneous
electromyography (EMG) before and during a SBT when the infants were on endotracheal continuous positive airway pressure.
RESULTS: Forty-eight infants were recruited (median (IQR) gestational age of 27.2 (25.6–30.4) weeks). Three infants did not pass the
SBT and 13 failed extubation. The amplitude of the EMG increased during the SBT [2.3 (1.5–4.2) versus 3.5 (2.1–5.3) µV; p < 0.001]. In
the whole cohort, postmenstrual age (PMA) was the strongest predictor for extubation failure (area under the curve (AUC) 0.77). In
infants of gestational age <29 weeks, the percentage change of the EMG predicted extubation failure with an AUC of 0.74 while
PMA was not associated with the outcome of extubation.
CONCLUSIONS: In all preterm infants, PMA was the strongest predictor of extubation failure; in those born <29 weeks of gestation,
diaphragmatic electromyography during an SBT was the best predictor of extubation failure.
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IMPACT:

● Composite assessments of readiness for extubation may be beneficial in the preterm population.
● Diaphragmatic electromyography measured by surface electrodes is a non-invasive technique to assess the electrical activity of

the diaphragm.
● Postmenstrual age was the strongest predictor of extubation outcome in preterm infants.
● The change in diaphragmatic activity during a spontaneous breathing trial in extremely prematurely born infants can predict

subsequent extubation failure with moderate sensitivity and specificity.

INTRODUCTION
Prematurely born infants who develop respiratory distress at birth
often require mechanical ventilation because of increasing
respiratory failure.1 A prolonged duration of invasive ventilation
has been associated with the development of bronchopulmonary
dysplasia and neurodevelopmental impairment.2,3 Conversely,
early extubation and subsequent need for reintubation has been
linked with prolonged length of neonatal stay and increased
mortality.4,5 As one-third of preterm neonates fail extubation,5–10

with the rate of failure due to respiratory causes increasing up to
70% in those born extremely prematurely,11–13, it is important that
extubation failure can be more accurately predicted. Methods to
accurately predict the readiness of preterm infants for extubation
have been reported to be either of low predictive ability or
methodologically cumbersome.6,7,14,15 Therefore, the decision to
extubate is often based on subjective clinical judgement with

variability in extubation practices.15,16 Furthermore, the duration
of observation following extubation is extremely variable in the
population, thus making the definition of extubation success often
inconsistent and difficult to compare between studies.11,13

Successful extubation is dependent on the balance between the
respiratory load, respiratory muscle strength, and respiratory
drive.17,18 Respiratory drive and the ability of the diaphragm to
respond to an increased respiratory load are major determinants
of extubation success in infants.8,19,20

The electrical activity of the diaphragm (Edi) is a quantifiable
measure of neural respiratory drive and the diaphragmatic
response to inspiratory load.21 Pre-extubation assessment of the
Edi, measured by an oesophageal catheter, as a predictor of
successful extubation has been utilised in adult and paediatric
intensive care.22–24 Furthermore, diaphragmatic activity as mea-
sured by transcutaneous electrodes in infants and children has
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been shown to be higher pre and post extubation in those
subsequently failing extubation.25 The Edi in the neonatal
population may also be measured using non-invasive surface
electromyography (EMG). A previous study of EMG in ventilated
infants, however, did not show a significant difference in the
results between those infants who were successfully extubated or
failed extubation.26 In that study, however, the EMG was
measured during invasive ventilatory support, which could have
suppressed the respiratory drive and hence any difference in
diaphragmatic function would not have been observed. The use of
a spontaneous breathing trial (SBT) has been reported to be 97%
sensitive but of low (40%) specificity in predicting readiness for
extubation,27 making use of an SBT alone not routinely
recommended in preterm infants given the inaccuracy in
predicting extubation failures28,29 along with reports of clinical
instability. We thus hypothesised that a combined measurement
of the Edi during an SBT would increase the specificity of the
assessment. Hence, the aim of this study was to determine
whether measuring the diaphragmatic EMG during an SBT would
be useful in predicting extubation failure in infants born
prematurely, particularly those born very prematurely, that is
<29 weeks of gestational age.

METHODS
A prospective study was undertaken in the neonatal intensive care unit at
King’s College Hospital NHS Foundation Trust between 22 June 2020 and
10 July 2021. The South West - Central Bristol Research Ethics Committee
and Health Research Authority approved the study (REC reference 20/SW/
0062) and parents gave written, informed consent for their infants to take
part in the study. Infants born prior to 37 completed weeks of gestation
were eligible for recruitment if receiving invasive mechanical ventilation.
Infants with congenital lung or diaphragmatic anomalies were excluded.
Ventilatory support was provided by the SLE6000 ventilator (SLE Ltd,
Croydon, UK) via shouldered Cole’s endotracheal tubes. Patient-triggered
volume-targeted ventilation, with target tidal volumes of 5–7ml/kg, was
used. Positive end expiratory pressures (PEEPs) of 5–6 cmH2O were used
for all infants, as per the Unit’s protocol. Low-dose morphine infusion
(5–10mcg/kg/h) was used for sedation in infants who were thought to be
in pain, irrespective of their gestational age. Infants were extubated when
the morphine infusion was stopped or was at a dose of 5 mcg/kg/h.
Infants were studied once deemed ready for extubation by the clinical

team if they had acceptable blood gases (pH > 7.25, partial pressure of
carbon dioxide (PaCO2) of <8.5 kPa), were requiring a fraction of inspired
oxygen (FiO2) <0.4, and had a breathing rate above the back-up rate of the
ventilator. Infants were extubated as per the decision of the clinical team
onto non-invasive ventilatory support. Non-invasive respiratory support
consisted of continuous positive airway pressure (CPAP) or high-flow
oxygen therapy, according to clinician preference. The two modes of non-
invasive support were considered non-inferior to each other.30 If infants
required re-intubation within the subsequent 48 h, this was recorded as a
failed extubation. Secondary analysis from the SUPPORT trial found that,
among infants failing extubation within 5 days, 75% of those infants
required reintubation within 2 days, hence we chose 48 h as the criteria for
extubation failure.4 Criteria for reintubation were respiratory acidosis on
blood gas analysis (pH < 7.25 and PaCO2 > 8.5 kPa), apnoea requiring
stimulation+/− bag-mask ventilation, or an FiO2 requirement of >0.6. The
clinicians were blinded to the results of the SBT-EMG analysis.

Spontaneous breathing trial
A SBT was performed by switching the infant from mechanical ventilatory
support to endotracheal CPAP (Et-CPAP) at the same level of PEEP used
during mechanical ventilation for a period of 10min. Continuous heart rate
and transcutaneous saturation monitoring was undertaken during the SBT.
A failed SBT was recorded if there was bradycardia (heart rate <100) for
over 15 s or a decrease in oxygen saturation (SpO2) to <85% despite a 15%
increase in FiO2. If the infant failed the SBT, the test was stopped and
mechanical ventilation was resumed. A 10-min SBT was chosen as per our
unit protocol and as previously described in our studies.31 Furthermore,
prolonged periods of Et-CPAP can induce diaphragmatic fatigue by
breathing being unsupported through a narrow endotracheal tube.32

Electromyography
The surface EMG of the diaphragm was recorded for 10min before and
10min during the SBT. The electrical activity of the diaphragm was
measured at the cotside via transcutaneous EMG utilising a portable 16-
channel digital physiological amplifier (Dipha-16, Inbiolab, Netherlands),
which was connected to three surface electrodes (Kendall H59P cloth
electrodes, Covidien, MA). One electrode was placed at the centre of the
chest on the sternum, with the other two electrodes placed vertically in
line with the nipples at both left and right costo-abdominal margins.
Infants were nursed in the supine position during the study.
The physiological amplifier generated raw signals of diaphragmatic EMG

at a sampling rate of 500 Hertz (Hz), which were then wirelessly
transmitted to a portable bedside computer. Polybench software
automatically processed and filtered the raw signals. The EMG data were
imported into MATLAB for analysis, using the TMSi MATLAB Interface
(Twente Medical Systems International, Oldenzaal, Netherlands). This
software has been used previously by our research group for several
studies in the neonatal population, in both term and preterm infants.26,33,34

The Polybench software has also be utilised to measure diaphragmatic
activity in preterm infants in response to caffeine therapy.35

For each 10-min epoch (pre SBT and during SBT), the longest artefact-
free trace was selected for analysis. This was done manually by the
investigators by inspection of the recordings. The amplitude of the EMG
was the average (mean) amplitude measured breath by breath over each
30 s artefact-free segment. Manual visualisation of the recordings to
determine artefact-free periods was undertaken by two clinical research
fellows blind to the outcome of extubation. Three 30 s periods were
chosen and the average presented so that consistency between infants
could be maintained; for example, in vigorous infants, some of the trace
was required to be discarded due to signal artefact. The software
automatically averaged and reported the mean EMG amplitude [microvolt
(µV)] and mean EMG area under the curve (EMGAUC) [µV.S]. The mean
amplitude was calculated to give a measure of the motor unit activity, but
we also presented the mean area under the curve as an integration of this
value over time. The percentage change in the electrical activity of the
diaphragm from baseline to SBT was calculated to determine their
relationship with subsequent extubation failure. The surface electrodes are
susceptible to crosstalk from other muscles and movements. The signals
are automatically filtered for noise; however, on visual inspection of the
traces, small peaks <0.2 µV, in keeping with electrical activity of the heart
rather than respiratory breaths, were excluded from the analyses.

Demographic data
Demographic data were recorded including antenatal exposure to
corticosteroids and magnesium sulphate, mode of delivery, gestational
age at birth, birth weight, sex, administration of surfactant, methyl-
xanthines and/or sedatives, postmenstrual age (PMA) and weight at the
time of the study. The most recent blood gas prior to extubation was
recorded including the pH, PaCO2 and haematocrit (Hct). Ventilator
settings at the time of study were recorded, including the fraction of
inspired oxygen (FiO2), mean airway pressure (MAP), expiratory tidal
volume (Vte), and the back-up rate.

Sample size
A previous study that used neurally adjusted ventilatory assist to measure
the electrical activity of the diaphragm (EAdi) in preterm infants reported a
standard deviation of 6.9 µV in the amplitude of the EAdi.36 The mean
difference in the amplitude of the EAdi 30min pre and post extubation, in
the infants who were successfully extubated, was 6.8 µV. To detect such a
difference in the EAdi amplitude with 80% power at the 5% significance
level, assuming one-third of infants would fail extubation,9 48 infants were
required.

Statistical analysis
Data were tested for normality using Shapiro–Wilk test and found not to
be normally distributed, thus non-parametric tests were utilised. Chi-
square test was used to determine whether the SBT result and outcome of
extubation were statistically significant. Paired analysis was undertaken
using Wilcoxon paired rank-sum test to determine the change in infant
EMG amplitude and EMGAUC during the SBT from baseline. To account for
differences in the starting baseline for each infant, the percentage change
from baseline to during the SBT of both the EMG amplitude and EMGAUC

were calculated. Mann–Whitney U test was then used to compare the EMG
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percentage (% EMG) changes between the two groups—those infants who
failed extubation and those who succeeded. Binary logistic regression
analysis determined the independent effect of % EMG change during the
SBT in predicting extubation failure after accounting for differences
between the two groups (level of significance p < 0.10). The performance
of the electrical activity of the diaphragm during the SBT and PMA at time
of study in predicting extubation failure were assessed using receiver
operator characteristic curve analysis and estimation of the AUC. Since
extubation failure is more common in extremely premature infants,11,12

further subgroup analysis was planned and performed in very prematurely
born infants [22+0–28+6 completed weeks of gestation]. Statistical analysis
was performed using the SPSS software version 26.0 (SPSS Inc.,
Chicago, IL).

RESULTS
Forty-eight infants (29 male) were recruited. The infants had a
median (interquartile range) gestational age at birth of 27.2
(25.6–30.4) weeks and a weight of 940 (760–1115) g. The duration
of mechanical ventilation was 4 (2–10) days. Infants were studied
at a PMA of 30.2 (27.9–32.0) weeks and weight 1115 (853–1433) g
[Table 1]. Ten infants were receiving 5 µg of intravenous morphine
at the time of study of whom three failed extubation, but this was
not associated with extubation failure (p= 0.982) [Table 1]. Three
infants did not pass the SBT (6.3%) and 13 infants (27.1%) failed

extubation. The result of the SBT was not associated with
subsequent extubation success or failure (p= 0.801) [Fig. 1].
The amplitude of the EMG increased during the SBT [2.3

(1.5–4.2) versus 3.5 (2.1–5.3) µV; p < 0.001] as did the EMGAUC [3.9
(3.0–5.9) versus 4.8 (3.1–6.8) µV.S; p= 0.005] [Fig. 2]. The median
increase of EMGAUC during SBT was higher in those who failed
extubation (31.7%) compared to those who succeeded extuba-
tion (3.4%; adjusted p= 0.038) and the median PMA was lower
in those who failed extubation (28.0 weeks) compared to those
who succeeded extubation (31.3 weeks; adjusted p= 0.012).
Within the whole cohort of infants, the PMA was the strongest
predictor for extubation failure (AUC 0.77), with a PMA of <29+0

weeks predicting extubation failure with 75% sensitivity and
85% specificity. In the whole cohort the percentage increase
of EMGAUC during SBT predicted extubation failure with an AUC
of 0.61.
In the subgroup of infants with a gestational age of <29

completed weeks, PMA (p= 0.038) and % change EMGAUC (p=
0.027) were both associated with extubation failure [Fig. 3]. After
correcting for variables that were different between extubation
success and failure in the less mature cohort, the % change
EMGAUC (adjusted p= 0.035) remained the only factor indepen-
dently associated with extubation failure (birth weight adjusted
p= 0.080, PMA adjusted p= 0.058) [Table 2]. A % change EMGAUC

Table 1. Demographic and ventilatory parameters for all infants, showing differences in variables between those who were successfully extubated
and those who failed.

All infants (n= 48) Extubation success
(n= 35)

Extubation failure (n= 13) p value

Gestational age (weeks) 27.2 (25.6 to 30.4) 27.7 (25.6 to 31.3) 27.0 (26.0 to 27.8) 0.417

Birth weight (g) 940 (760 to 1115) 935 (690 to 1185) 970 (765 to 1090) 0.808

Male gender 29 (60.4) 23 (65.7) 6 (46.2) 0.218

Postmenstrual age (weeks) 30.2 (27.9 to 32.0) 31.3 (29.0 to 33.7) 28.0 (26.9 to 28.6) 0.004

Duration of mechanical ventilation (days) 4 (2 to 10) 4 (2 to 9) 5 (2 to 10) 0.967

Fraction of inspired oxygen pre study 0.25 (0.21 to 0.30) 0.23 (0.21 to 0.30) 0.25 (0.23 to 0.29) 0.280

Haematocrit pre study (%) 41.1 (38.9 to 49.2) 42.8 (39.1 to 52.8) 40.8 (38.2 to 44.1) 0.164

Mean airway pressure pre study (cmH20) 8.4 (7.0 to 10.3) 8.3 (6.9 to 9.9) 9.6 (7.8 to 10.9) 0.244

Partial pressure of carbon dioxide pre
study (kPa)

5.6 (4.7 to 6.3) 5.3 (4.7 to 6.3) 5.7 (4.7 to 6.8) 0.560

Caffeine pre study (Y) 39 (88.6) 27 (87.1) 12 (92.3) 0.619

Sedation at time of study (Y) 10 (21.7) 7 (21.2) 3 (23.1) 0.982

Spontaneous breathing trial (SBT) pass 45 (94) 33 (94.3) 12 (92.3) 0.801

% change EMG amplitude (µV) 32.8 (10.3 to 81.6) 29.6 (8.4 to 85.2) 35.9 (14.2 to 52.2) 0.618

% change EMGAUC (µV.S) 7.4 (−5.2 to 38.2) 3.4 (−10.0 to 24.6) 31.8 (6.4 to 55.6) 0.019

Recruited infants (n = 48)

SBT fail (n = 3)

Extubation fail
(n = 1)

Extubation success
(n = 2)

Extubation fail
(n = 12)

Extubation success
(n = 33)

SBT pass (n = 45)

Fig. 1 Flow diagram of the included infants, with those who failed the SBT on the left and those who passed the SBT on the right of the
figure. Number of infants at each level shown in brackets.
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during the SBT of >6.4% predicted extubation failure with 73%
sensitivity and 58% specificity (AUC 0.74) [Fig. 4].

DISCUSSION
We have demonstrated that PMA was the best predictor of
subsequent extubation failure in preterm infants but that in the
subgroup of infants born <29 weeks of gestational age, the best
predictor was derived from the diaphragmatic electromyogram.
EMG has been successfully used to predict extubation in adults
and children.20,24,27 In those populations, diaphragmatic

impairment is associated with comorbidities, such as prolonged
ventilation or coexisting infection.37 Preterm infants are affected
by reduced diaphragmatic mass as they are in variable stages of
diaphragmatic maturity,38 thus making our composite diaphrag-
matic assessment appropriate in determining the outcome of
extubation in premature infants. The addition of assessment of the
diaphragmatic EMG to the SBT could be used as an adjunct tool to
aid assessment for readiness for extubation.
The increased amplitude of the diaphragmatic EMG during the

SBT reflects the expected increase in respiratory effort that is
needed to compensate for the reduction in the level of ventilatory
support. An increase in Edi in response to a period of Et-CPAP has
been reported in a cohort of 13 ventilated preterm infants with a
lower median gestation than our cohort.39 Furthermore, the
finding of increased diaphragmatic electrical activity in response
to a lower level of ventilation was supported by a study that
reported increased diaphragmatic electrical activity during wean-
ing of preterm infants from high flow nasal cannula to no
respiratory support.40

We should note that, although our study included preterm
infants up to 37 weeks of gestation, extubation failure is more
common in extremely preterm infants. Since this is the first study
of predicting extubation in preterm infants with surface EMG
during a SBT, we chose to study this phenomenon in the broader
preterm population and include all preterm infants rather than
only the extremely preterm ones. Our subgroup analysis points
towards an increased utility of the test in the ones born extremely
preterm and further studies could thus focus in this subgroup. We
should also note that in our study we chose a 10-min duration for
the SBT rather than a longer or a shorter duration. A longer
duration might be associated with more extubation failure via
inducing diaphragmatic fatigue from breathing against high
resistance for a prolonged period41 while a very short duration
might not had been sufficient to reveal sufficient changes in the
EMG that would adequately predict the outcome of extubation.
The larger increase in EMGAUC during the SBT in those of a lower

gestational age (22+0–28+6) who went on to fail extubation is
supported by results extrapolated from adult studies.22,42,43 One
study, which assessed the relationship between neuro-ventilatory
efficiency and extubation success, found ventilated adults who
subsequently failed extubation had twice the increase in electrical
activity of the diaphragm compared to those that who were
successfully extubated.22 The EMGAUC is an integration value
describing the total amount of muscle activity during a given
duration,44 and the increase may be reflective of increased tonic
activity of the diaphragm suggesting loss of lung volume post
extubation requiring more effort to recruit de-recruited areas of
the lungs. Our results showed relatively poor performance of the
SBT alone in predicting extubation failure, with more infants
passing the SBT than failing extubation. The added value of the
EMG is that it can be utilised to identify infants that pass the SBT
but subsequently fail extubation. Following EMG analysis,
attempts to extubate these infants would then be postponed.
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Table 2. Differences in extubation failure of those less mature infants (22+0
–28+6).

Less mature infants who pass extubation
(n= 21)

Less mature infants who fail extubation
(n= 11)

p value

Gestational age (weeks) 25.9 (24.2 to 27.2) 26.9 (25.7 to 27.6) 0.411

Birth weight (g) 790 (655 to 973) 970 (760 to 1080) 0.051

Postmenstrual age (weeks) 30.3 (26.9 to 33.1) 27.9 (26.3 to 28.1) 0.038

Duration of mechanical
ventilation (days)

11 (3 to 45) 7 (1 to 11) 0.203

SBT pass (Y) 19 (90.5) 10 (90.9) 0.968

% change EMG amplitude (µV) 26.9 (9.1–48.1) 35.9 (13.2 to 48.0) 0.815

% change EMGAUC (µV.S) 1.54 (−12.0 to 21.4) 31.8 (5.5 to 55.8) 0.027
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amplitude.
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As our study, however, was not powered to detect these
differences in the population of infants of <29 weeks of gestation,
our results should be replicated in other centres in this specific
population before direct clinical implementation.
Within the whole cohort, infants who were successfully

extubated were of a higher PMA than those who failed. Some
previous studies have reported a higher PMA to be predictive of
extubation failure,8 with the authors suggesting that it is the
prolonged period of ventilation prior to extubation that causes
disuse atrophy of the diaphragm and thus subsequent extubation
failure.7,45 Within our study, there was no difference, however, in
the duration of invasive mechanical ventilation prior to extubation
between those who were successfully extubated and those infants
who were not. Indeed, our finding that a higher PMA is associated
with successful extubation has been demonstrated in other
previous studies and may also be linked to such infants having
greater brain maturity, the development of which is crucial in
controlling and regulating breathing.4,6,26,46

Other than changes in diaphragmatic activity during a SBT,
changes in tidal volume and minute ventilation might also have
held some prognostic value in predicting the outcome of
extubation. A study of 41 preterm infants studied during a 2-h
period of Et-CPAP before extubation described that the sponta-
neous expiratory minute ventilation was significantly lower in the
infants who failed extubation compared to the ones who were
successfully extubated.47 In our study, however, we did not
incorporate measurements of tidal volume in order to avoid
inserting an external flow sensor, which would be essential for
accurate flow and volume measurements but would inadvertently
increase the dead space and the resistance of the respiratory circuit
and could thus potentially contribute to extubation failure. This
study has strengths and some limitations. One of the strengths of
this study is that the method of recording transcutaneous
diaphragmatic EMG during an SBT is well tolerated by the preterm
infants, with no associated adverse outcomes.32,34,48 Transcuta-
neous diaphragmatic measurement is simple to perform and can be
carried out at the infant’s cotside with easy-to-use equipment,
increasing the ability to predict clinical outcomes. Indeed, other
techniques of diaphragmatic EMG measurement, such as by
oesophageal EMG catheters [one single-use Edi catheter costs
£145], are expensive in comparison to the system we utilised [EMG
electrodes for ten infants cost <£10]. One limitation is that the
transcutaneous diaphragmatic EMG recording can be influenced by
infant movement, hence we only studied infants when no nursing
cares were due. Furthermore, if spontaneous movements did occur,
only stable sections of the EMG trace unaffected by large movement
artefact were chosen for analysis. A second limitation is that our
sample size was calculated from a study utilising oesophageal
catheters to measure diaphragmatic activity, with results clearly
being higher in voltage, and thus the potential influence of this
different technique should be acknowledged. The increase in EMG

during an SBT being a better predictor of extubation failure than
gestational age in our cohort of infants born at <28 weeks gestation
may reflect extreme prematurity within this subgroup. Use of a 48 h
cut off for extubation failure in our study may miss the true number
of extubation failures related to respiratory causes as has been
suggested by previous authors.11,13 Furthermore, our specificity of
the EMG results in predicting extubation failure was 58%, which
means that a substantial number of infants will remain ventilated
when they could have been otherwise successfully extubated. This
low specificity, however, is a universal problem in the prediction of
extubation outcome in premature infants as has been previously
described.14 We should also acknowledge that our results are based
on our unit local practice and might be influenced by our specific
use of post extubation support and extubation criteria.
In conclusion, we have demonstrated that the electrical activity

of the diaphragm in ventilated, preterm infants increases during a
period of Et-CPAP. Furthermore, although in our cohort of
premature infants the PMA was the best predictor of subsequent
extubation failure, in those born at a gestational age lower than
29 weeks the increase in the diaphragmatic electrical activity was
the best predictor of extubation failure with moderate sensitivity
and specificity.

DATA AVAILABILITY
The data sets generated during and/or analysed during the current study are
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REFERENCES
1. Rubarth, L. B. & Quinn, J. Respiratory development and respiratory distress syn-

drome. Neonatal Netw. 4, 231–238 (2015).
2. Venkatesh, V. et al. Endotracheal intubation in a neonatal population remains

associated with a high risk of adverse events. Eur. J. Pediatr. 170, 223–227 (2011).
3. Laughon, M. M. et al. Prediction of bronchopulmonary dysplasia by postnatal age in

extremely premature infants. Am. J. Respir. Crit. Care Med. 183, 1715–1722 (2011).
4. Chawla, S. et al. Markers of successful extubation in extremely preterm infants,

and morbidity after failed extubation. J. Pediatr. 189, 113–119 (2017).
5. Manley, B. J., Doyle, L. W., Owen, L. S. & Davis, P. G. Extubating extremely preterm

infants: predictors of success and outcomes following failure. J. Pediatr. 173,
45–49 (2016).

6. Gupta, D. et al. A predictive model for extubation readiness in extremely preterm
infants. J. Perinatol. 39, 1663–1669 (2019).

7. Bhat, P., Peacock, J. L., Rafferty, G. F., Hannam, S. & Greenough, A. Prediction of
infant extubation outcomes using the tension-time index. Arch. Dis. Child. Fetal
Neonatal Ed. 101, F444–F447 (2016).

8. Dimitriou, G., Greenough, A., Endo, A., Cherian, S. & Rafferty, G. F. Prediction of
extubation failure in preterm infants. Arch. Dis. Child. Fetal Neonatal Ed. 86,
F32–F35 (2002).

9. Kavvadia, V., Greenough, A. & Dimitriou, G. Prediction of extubation failure in
preterm neonates. Eur. J. Pediatr. 159, 227–231 (2000).

10. Eissa, A. et al. Use of extubation bundle including modified spontaneous
breathing trial (SBT) to reduce the rate of reintubation, among preterm neonates
≤ 30 weeks. J. Neonatal Perinat. Med. 13, 359–366 (2020).

11. Giaccone, A., Jensen, E., Davis, P. & Schmidt, B. Definitions of extubation success
in very premature infants: a systematic review. Arch. Dis. Child. Fetal Neonatal Ed.
99, F124–F127 (2014).

12. Hermeto, F., Martins, B. M., Ramos, J. R., Bhering, C. A. & Sant’Anna, G. M. Inci-
dence and main risk factors associated with extubation failure in newborns with
birth weight <1,250 grams. J. Pediatr. 85, 397–402 (2009).

13. Shalish, W. et al. Patterns of reintubation in extremely preterm infants; a long-
itudinal cohort study. Pediatr. Res. 88, 969–975 (2018).

14. Dimitriou, G., Fouzas, S., Vervenioti, A., Tzifas, S. & Mantagos, S. Prediction of
extubation outcome in preterm infants by composite extubation indices. Pediatr.
Crit. Care Med. 12, e242–e249 (2011).

15. Shalish, W., Latremouille, S., Papenburg, J. & Sant’Anna, G. M. Predictors of
extubation readiness in preterm infants: a systematic review and meta-analysis.
Arch. Dis. Child. Fetal Neonatal Ed. 104, F89–F97 (2019).

16. Beltempo, M. et al. Respiratory management of extremely preterm infants: an
international survey. Neonatology 114, 28–36 (2018).

17. Konduri, G. G., Lagatta, J., Lakshminrusimha, S. & Saugstad, O. D. Finally, a tool to
address extubation anxiety! J. Perinatol. 39, 1581–1583 (2019).

EMGAUC < 6.4%
from baseline to SBT

(n = 15)

Pass
extubation

(n = 12)

Pass
extubation

(n = 9)

Fail
extubation

(n = 3)

Fail
extubation

(n = 8)

EMGAUC > 6.4%
from baseline to SBT

(n = 17)

Fig. 4 Flow diagram of infants <29 weeks who passed and failed
extubation according to percentage change EMGAUC. Number of
infants at each level shown in brackets.

E.E. Williams et al.

1068

Pediatric Research (2022) 92:1064 – 1069



18. Greenough, A. & Currie, A. in Pediatric and Neonatal Mechanical Ventilation: From
Basics to Clinical Practice (ed. Rimensberger, P. C.) 1425–1431 (Springer Berlin
Heidelberg, 2015).

19. Kamlin, C. O., Davis, P. G. & Morley, C. J. Predicting successful extubation of very
low birthweight infants. Arch. Dis. Child. Fetal Neonatal Ed. 91, F180–F183 (2006).

20. Singh, N., McNally, M. J. & Darnall, R. A. Does diaphragmatic electrical activity in
preterm infants predict extubation success? Respir. Care 63, 203–207 (2018).

21. Pang, P. C., Pepper, M. G. & Ducker, D. A. Monitoring respiratory activity in
neonates using diaphragmatic electromyograph. Med. Biol. Eng. Comput. 33,
385–390 (1995).

22. Liu, L. et al. Neuroventilatory efficiency and extubation readiness in critically ill
patients. Crit. Care 16, R143 (2012).

23. Wolf, G., Walsh, B., Green, M. & Arnold, J. Electrical activity of the diaphragm
during extubation readiness testing in critically ill children. Pediatr. Crit. Care Med.
12, e220–e224 (2010).

24. Ducharme-Crevier, L., Du Pont-Thibodeau, G. & Emeriaud, G. Interest of mon-
itoring diaphragmatic electrical activity in the pediatric intensive care unit. Crit.
Care Res. Pract. 2013, 384210 (2013).

25. van Leuteren, R. W. et al. Diaphragm activity pre and post extubation in venti-
lated critically ill infants and children measured with transcutaneous electro-
myography. Pediatr. Crit. Care Med. 22, 950–959 (2021).

26. Hunt, K. A., Hunt, I., Ali, K., Dassios, T. & Greenough, A. Prediction of extubation
success using the diaphragmatic electromyograph results in ventilated neonates.
J. Perinat. Med. 48, 609–614 (2020).

27. Teixeira, R. F. et al. Spontaneous breathing trials in preterm infants: systematic
review and meta-analysis. Respir. Care 66, 129–137 (2021).

28. Nakato, A. M., Ribeiro, D., Simao, A. C., Da Silva, R. & Nohama, P. Impact of
spontaneous breathing trials in cardiorespiratory stability of preterm infants.
Respir. Care 66, 286–291 (2021).

29. Shalish, W. et al. Assessment of extubation readiness using spontaneous breathing
trials in extremely preterm neonates. JAMA Pediatr. 174, 178–185 (2020).

30. Manley, B. J. et al. High-flow nasal cannulae in very preterm infants after extu-
bation. N. Engl. J. Med. 369, 1425–1433 (2013).

31. Dassios, T., Kaltsogianni, O. & Greenough, A. Relaxation rate of the respiratory
muscles and prediction of extubation outcome in prematurely born infants.
Neonatology 112, 251–257 (2017).

32. LeSouef, P. N., England, S. J. & Bryan, A. C. Total resistance of the respiratory
system in preterm infants with and without an endotracheal tube. J. Pediatr. 104,
108–111 (1984).

33. Wang, S. H. et al. Risk factors for extubation failure in extremely low birth weight
infants. Pediatr. Neonatol. 58, 145–150 (2017).

34. Jeffreys, E., Hunt, K., Dassios, T. & Greenough, A. Diaphragm electromyography
results at different high flow nasal cannula flow rates. Eur. J. Pediatr. 178,
1237–1242 (2019).

35. Kraaijenga, J. V., Hutten, G. J., de Jongh, F. H. & van Kaam, A. H. The effect of
caffeine on diaphragmatic activity and tidal volume in preterm infants. J. Pediatr.
167, 70–75 (2015).

36. Iyer, N. P. et al. Neural breathing pattern in newborn infants pre- and post-
extubation. Acta Paediatr. 106, 1928–1933 (2017).

37. Supinski, G. S. & Ann Callahan, L. Diaphragm weakness in mechanically ventilated
critically ill patients. Crit. Care 17, R120 (2013).

38. Dimitriou, G., Greenough, A., Rafferty, G. & Moxham, J. Effect of maturity on
maximal transdiaphragmatic pressure in infants during crying. Am. J. Respir. Crit.
Care Med. 164, 433–436 (2001).

39. Latremouille, S., Bhuller, M., Rao, S., Shalish, W. & Sant’Anna, G. Diaphragmatic
activity and neural breathing variability during a 5-min endotracheal continuous
positive airway pressure trial in extremely preterm infants. Pediatr. Res. 89,
1810–1817 (2021).

40. Oda, A., Parikka, V., Lehtonen, L., Porres, I. & Soukka, H. Nasal high-flow therapy
decreased electrical activity of the diaphragm in preterm infants during the
weaning phase. Acta Paediatr. 108, 253–257 (2019).

41. Davis, P. G. & Henderson-Smart, D. J. Extubation from low-rate intermittent
positive airways pressure versus extubation after a trial of endotracheal con-
tinuous positive airways pressure in intubated preterm infants. Cochrane Data-
base Syst. Rev. 4, CD001078 (2001).

42. Barwing, J., Pedroni, C., Olgemöller, U., Quintel, M. & Moerer, O. Electrical activity
of the diaphragm (EAdi) as a monitoring parameter in difficult weaning from
respirator: a pilot study. Crit. Care 17, R182 (2013).

43. Dres, M. et al. Diaphragm electromyographic activity as a predictor of weaning
failure. Intensive Care Med. 38, 2017–2025 (2012).

44. Wang, M. et al. Research on EMG segmentation algorithm and walking analysis
based on signal envelope and integral electrical signal. Photonic Netw. Commun.
37, 195–203 (2019).

45. Dassios, T., Vervenioti, A. & Dimitriou, G. Respiratory muscle function in the
newborn: a narrative review. Pediatr. Res. 19, 1–9 (2021).

46. Wang, S. H. et al. Risk factors for extubation failure in extremely low birth weight
infants. Pediatr. Neonatol. 58, 145–150 (2017).

47. Vento, G. et al. Spontaneous minute ventilation is a predictor of extubation failure
in extremely-low-birth-weight infants. J. Matern. Fetal Neonatal Med. 15, 147–154
(2004).

48. Society, A. T. ATS/ERS Statement on respiratory muscle testing. Am. J. Respir. Crit.
Care Med. 166, 518–624 (2002).

AUTHOR CONTRIBUTIONS
E.E.W., I.C., T.D. and A.G. made substantial contributions to conception and design of
the study. E.E.W., F.M.S.A.T., I.C. and N.C.-H. made substantial contributions to
acquisition of the data. E.E.W., F.M.S.A.T., N.C.-H., T.D. and A.G. analysed and
interpreted the data. E.E.W., F.M.S.A.T. and A.G. drafted the article and with T.D.
revised it critically. All authors approved the final version.

FUNDING
E.E.W. was supported by a grant from the Charles Wolfson Charitable Trust and a non-
conditional educational grant from SLE. This research was supported by the National
Institute for Health Research (NIHR) Biomedical Research Centre at Guy’s and St
Thomas’ NHS Foundation Trust and King’s College London. The views expressed are
those of the authors and not necessarily those of the NHS, the NIHR or the
Department of Health.

COMPETING INTERESTS
A.G. is currently receiving a non-conditional educational grant from SLE.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Parents gave informed written consent for their infants to take part in the study.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Anne
Greenough.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open AccessThis article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

E.E. Williams et al.

1069

Pediatric Research (2022) 92:1064 – 1069

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Diaphragmatic electromyography during a spontaneous breathing trial to predict extubation failure in preterm infants
	Introduction
	Methods
	Spontaneous breathing trial
	Electromyography
	Demographic data
	Sample size
	Statistical analysis

	Results
	Discussion
	References
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




