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BACKGROUND: Despite many advances in respiratory care and mechanical ventilation, neona-
tologists lack an objective tool to aid in decision making for timely extubation. Electrical activity of
the diaphragm (EAdi), a measure of neural respiratory drive and inspiratory load, may be a useful
predictor of extubation success in preterm neonates. The objective of this work was to investigate
whether peak EAdi could distinguish successful versus failed extubation in mechanically ventilated
preterm infants. METHODS: We examined peak EAdi as a predictor of extubation outcome in a
convenience sample of 21 preterm infants with respiratory distress syndrome requiring mechanical
ventilation. Infants were ventilated with a VN500 ventilator using volume guarantee mode and
extubated per unit protocol. Peak EAdi was continuously measured with an EAdi catheter in the
esophagus to obtain data at 1-min intervals for 24 h before extubation. The primary outcome was
extubation success, defined as not requiring re-intubation for at least 72 h. RESULTS: Twenty one
premature infants with respiratory distress syndrome included in the study had a mean � SD)
gestational age of 28 � 2.6 weeks and mean birthweight of 1,208 � 611 g. The first extubation
attempt occurred at a median age of 1 d (interquartile range 1–2 d). One third of the infants failed
the first extubation attempt. Infants with failed extubations were significantly smaller (mean � SD
birthweight 788 � 266 g versus 1,417 � 632 g) and of lower gestational age (mean � SD
26 � 1.9 weeks versus 29 � 2.6 weeks) compared with those with successful extubation. Mean peak
EAdi before extubation did not differ between the 2 groups. CONCLUSIONS: This small study
suggests that the pre-extubation peak EAdi does not predict extubation success. (ClinicalTrials.gov
registration NCT02144363.) Key words: diaphragmatic electrical activity; extubation; preterm. [Respir
Care 0;0(0):1–•. © 0 Daedalus Enterprises]

Introduction

Early extubation is important to prevent ventilator-in-
duced lung injury and the long-term consequences of pro-
longed mechanical ventilation in preterm infants.1,2 No

universally accepted and validated measure exists to deter-
mine readiness for extubation.3 Instead, decisions to extubate
are often made subjectively based on clinical judgment, lead-
ing to extreme variations in extubation practice and compli-
cations such as extubation failures, repeated intubations, and
associated risk for airway injury and atelectrauma.4-8

Neural respiratory drive and the ability of the diaphrag-
matic muscle to respond to inspiratory load are the major
determinants of extubation success in neonates.4,8-11 The
electrical activity of the diaphragm (EAdi), controlled by
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brainstem respiratory neural networks, measures the neu-
ral respiratory drive to the diaphragm in proportion to the
inspiratory load.12-14 Few studies have used EAdi as a tool
to predict the results of a spontaneous breathing test (SBT)
in children and adults.10,15-17 However, EAdi as an extu-
bation predictor has not been studied in preterm infants
with immature lungs, a group often exposed to mechanical
ventilation and at great risk for ventilator-induced lung
injury. We examined the association between pre-extuba-
tion peak EAdi, which represents neural respiratory effort
on inspiration, and extubation outcome. We hypothesized
that in mechanically ventilated preterm infants with respi-
ratory distress syndrome (RDS), mean peak EAdi values
would be significantly different in infants with successful
extubation compared with peak EAdi values in those who
failed extubation.

Methods

The study was conducted in a 30-bed neonatal ICU at
the Dartmouth Hitchcock Medical center in Lebanon, New
Hampshire. The Dartmouth College Committee for the Pro-
tection of Human Subjects approved and monitored the study.
Parents of all included subjects gave informed consent.

Participants. A convenience sample of 21 preterm in-
fants (born at �35 week gestation) with RDS requiring
mechanical ventilation in the first 24 h after birth were
recruited between June 2014 and December 2015. Infants
with a non-intact esophagus (eg, tracheal-esophageal fis-
tula or atresia), a non-functional diaphragm (eg, phrenic
nerve palsy), severe intracranial hemorrhage or structural
CNS abnormality, severe birth asphyxia, or critical illness
requiring paralysis or deep sedation were excluded.

Procedures. All included infants were managed per unit
protocol. They were initially stabilized receiving CPAP in
the delivery room and only intubated in the first 24 h of
life for worsening respiratory failure. Intubated infants were
placed on a VN500 ventilator (Dräger, Telford, Pennsyl-
vania) on assist control and volume guarantee mode. The
ventilator parameters were set and adjusted by the primary
care team as per unit guidelines. The initial tidal volume
(VT) was set at 6 mL/kg, set ventilator rate at 30 cycles/min,
and PEEP at 5 cm H2O. Inspired oxygen was adjusted to
keep the oxygen saturation between 91 and 95%. Preterm
infants born at �30 weeks gestation with respiratory dis-
tress routinely received caffeine shortly after birth. Sur-
factant was administered to preterm infants with RDS after
intubation. Infants requiring rescue high-frequency oscil-
latory or jet ventilation were transitioned to a conventional
ventilator before extubation for the pre-extubation peak
EAdi measurements. Only the first extubations in each
infant were included in the analysis.

A specialized feeding tube with an embedded electrode
array (EAdi catheter, Maquet Solna, Sweden), instead of a
standard nasogastric feeding tube, was inserted into the
esophagus within a few hours of intubation and after ob-
taining parental consent. Data from the EAdi catheter were
utilized by Servo-i ventilator software for continuous EAdi

recording. Correct placement and positioning of the EAdi

catheter was verified using the retro-cardiac electrocardio-
graph waveform on the Servo-i ventilator monitor at the
beginning of each shift and then intermittently thereafter.
At other times, the Servo-I screen was covered so that the
staff were not aware of continuous EAdi measurements.
Data, including peak EAdi and minimum EAdi, were stored
in 1-min intervals using Servo-i software and then down-
loaded every 24 h and transferred into Microsoft Excel.
Stata (StataCorp, College Station, Texas) was used for
statistical analysis.

We collected information on infant demographics, set
respiratory variables (FIO2

, targeted VT, PEEP, and venti-
lator frequency) and measured respiratory variables (mean
airway pressure [P� aw] and peak inspiratory pressure [PIP])
from the electronic medical record flow sheet every 6 h for
24 h before extubation. We used peak EAdi as a measure
of inspiratory drive and calculated the VT/peak EAdi ratio
to quantify the subject’s effort per VT. A modified respi-
ratory severity index was calculated for each infant at the
time of intubation (P� aw � FIO2

).18 All measurements took
place in the NICU while the infants were receiving routine
care. If an infant required high-frequency ventilation, data
were obtained only after transition to a conventional ven-
tilator, at least 6 h before extubation.

The clinical care team made the decision to extubate
once the infants met clinical extubation criteria, which
included clinical stability, a low FIO2

(�0.40), a low P� aw

(8–10 mm Hg) on a set VT, and an acceptable blood gas
(pH �7.25 and PCO2

45–55 mm Hg). All infants were

QUICK LOOK

Current knowledge

There is no objective tool to accurately predict extubation
outcome. Successful extubation is dependent on effective
respiratory drive and magnitude of respiratory load. EAdi

allows for quantification of neural respiratory drive in pro-
portion to respiratory load and has been increasingly used
in ventilator weaning and diagnostics.

What this paper contributes to our knowledge

This small study did not find EAdi to be a predictor of
extubation outcome in preterm neonates. However, role
of EAdi should be studied further to improve manage-
ment of mechanically ventilated neonates.
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extubated to noninvasive ventilation, which included nasal
intermittent positive-pressure ventilation or bubble CPAP,
and continued until ready to wean off to room air.

During the course of the study period, INSURE (intubate-
surfactant-extubate)19 was implemented to facilitate early ex-
tubation in preterm infants requiring intubation for the sur-
factant administration only. These infants were intubated
brieflyandextubatedwithina fewhourswithoutgoing through
the weaning process. We also included the pre-extubation
peak EAdi data from these infants for the analysis.

Statistical Analyses. We considered extubation success-
ful if the infant did not require mechanical ventilation for
at least 72 h after extubation. We compared the mean peak
EAdi measures between infants in whom extubation failed
or succeeded using the Student t test with a significance
level of P � .05 and using mixed-effects regression anal-
ysis for repeated measurements. We used Stata IC/12 soft-
ware for all statistical analyses.

Results

All infants were initially stabilized receiving CPAP in
the delivery room and received surfactant after intubation
for RDS. Three infants received surfactant as per the
INSURE protocol and were extubated rapidly without
weaning. Of the 21 participants, 67% were male. Forty-
eight percent of the infants were intubated in the delivery
room, all received surfactant, and 81% received caffeine.
The mean � SD gestational age and birthweight were
28 � 2.6 weeks and 1,208 � 611 g, respectively.

All infants met clinical and biochemical criteria for extu-
bation as described above. Two thirds of the infants (n � 14)
experienced a successful first extubation, whereas one third
failed (n � 7). Infants with failed extubations were smaller
and of lower gestational age compared with those with suc-
cessful extubation (Table 1). The failed extubation group was
also more likely to be intubated in the delivery room com-
pared with those with successful extubations despite compa-
rable respiratory severity at the time of intubation.

The median time to first extubation attempt was 1 d
(interquartile range 1–2 d) and was not different between

the successful and failed extubation groups. The respira-
tory and ventilator variables (P� aw, PIP, PEEP, set ventila-
tor rate, FIO2

, VT/kg, and breathing frequency) and EAdi-
derived parameters (peak EAdi and the ratio of VT per kg
to peak EAdi) were also not different between the 2 groups
1 h before extubation (Table 2).

There was considerable variability in the measured peak
EAdi level within and between subjects during mechanical
ventilation. There was no correlation between birthweight
or gestational age and pre-extubation peak EAdi. The peak
EAdi trend 1 h before extubation was not different between
the 2 groups (Fig. 1). The mean peak EAdi measured at 1,
6, and 24 h before extubation were also similar between
the successful and failed extubation groups. Exclusion of
data from infants extubated with the INSURE protocol did
not alter the result.

Discussion

This study shows that peak EAdi and other EAdi-derived
parameters did not differ between preterm infants with
successful and failed extubations. There was, however, a
strong association between both birthweight and gesta-
tional age and the extubation outcome, with the smallest
and most immature infants having a lower extubation suc-
cess rate.

The most straightforward explanation of our findings is
that peak EAdi during the period before extubation does
not predict a successful extubation in preterm infants. There
are other explanations that could account for our failure to
observe significant differences in peak EAdi in relation to
extubation outcome. First, whereas prolonged mechanical
ventilation would be expected to cause pronounced dia-
phragmatic dysfunction and increase the risk of extubation
failure,9,20 most subjects were extubated in �48 h before
significant diaphragmatic dysfunction occurred. Second,
ventilator assist during peak EAdi measurement, although
minimal in the pre-extubation period, might have affected
the measured peak EAdi levels. In addition, it is possible
that mechanical ventilation in volume guarantee mode may
have affected our results. Whereas the infant’s breathing
effort (and measured peak EAdi) reflects the ability to

Table 1. Infant Characteristics by Extubation Outcome

Characteristics Successful Extubation Failed Extubation P

Subjects, n 14 7
Gestational age, mean � SD week 29 � 2.6 26.7 � 1.8 0.057
Birthweight, mean � SD g 1,417 � 632 788 � 266 .02
Apgar score, median 8 6 0.08
Intubation in delivery room, % 35 71 0.19
Modified respiratory severity index at intubation (Paw � FIO2

), mean � SD 4.15 � 4.2 3.05 � 1.6 0.54

Paw � mean airway pressure
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generate adequate inspiratory effort in proportion to the
respiratory load, it also reflects the appropriateness of the
set VT target. If the targeted VT is set too low, the inspira-
tory work load is shifted from the ventilator to the patient,
resulting in higher observed peak EAdi and an increase in
breathing frequency to optimize the minute ventilation
(which, in turn, lowers the measured PIP and P� aw). How-
ever, as indicated in Table 2, we observed similar VT

levels (adjusted per kg), breathing frequencies, and peak
EAdi in the 2 groups before extubation, suggesting equiv-
alent levels of ventilator assist in both groups. We also
noted higher PIPs and a lower P� aw (although not statisti-
cally different) in the extubation failure group. This op-
posite trend in PIP and P� aw may have been secondary to

the inaccuracies introduced by reporting data that were
intermittently collected and manually entered into the elec-
tronic medical record.

Although EAdi has been successfully used in providing
neurally adjusted ventilatory assist and in ventilator wean-
ing and diagnostics, only few studies have evaluated this
innovative technology to predict extubation outcome. Wolf
et al10 measured EAdi in older children (4 d to 18 y) with
heterogeneous lung disease before and during an extuba-
tion readiness test while they were receiving minimum
pressure support ventilation. Similar to our study, no dif-
ference was observed in the EAdi between subjects who
passed or failed an extubation readiness test. However,
they reported a significant difference in the ratio of VT to

Table 2. Pre-Extubation Ventilator Support and Electrical Activity of the Diaphragm Values in Successful and Failed Extubations

Variables Successful Extubation Failed Extubation P

Time to first extubation, median (IQR) d 1 (1–2) 2 (1–6) .23
Pre-extubation ventilator support and respiratory variables

Measured Paw, mean � SD cmH2O 9.2 � 2.9 8.3 � 1.4 .54
Measured PIP, mean � SD cmH2O 17.7 � 6.7 18.6 � 3.9 .66
Set PEEP, mean � SD cmH2O 5.07 � 0.26 5.3 � 0.4 .20
Set ventilator rate, mean � SD 31 � 10 26 � 11 .23
Set VT, mean � SD mL/kg 5.5 � 0.78 5.3 � 0.79 .45
Set FIO2

, mean � SD 0.25 � 0.10 0.25 � 0.06 .88
Measured breathing frequency, mean � SD breaths/min 55 � 14 55 � 15 .95

Pre-extubation peak EAdi and peak EAdi-derived values, mean � SD
Average pre-extubation peak EAdi, mean � SD �V

1-h pre-extubation period 10.36 � 4.89 9.69 � 4.75 .66
6-h pre-extubation period 9.24 � 3.24 10.21 � 4.04 .55
24-h pre-extubation period 7.95 � 1.64 9.67 � 3.18 .63

VT/kg/peak EAdi ratio 0.76 � 0.52 0.6 � 0.27 .46

IQR � interquartile range
Paw � mean airway pressure
PIP � peak inspiratory pressure
VT � tidal volume
EAdi � electrical activity of the diaphragm

Fig. 1. Peak EAdi 1 h before extubation in subjects with successful and failed extubations.
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EAdi between the 2 groups during the extubation readiness
test, but not before the extubation readiness test when
children were receiving pressure controlled ventilation. Liu
et al15 evaluated EAdi during a spontaneous breathing test
(SBT) without pressure support in adult subjects with
COPD. They reported a significant increase in EAdi during
the SBT in the extubation failure group compared with
those with extubation success, but again no difference was
noted when receiving ventilator assist. Barwing et al17

similarly reported an early increase in EAdi during an SBT
performed after disconnection from a ventilator in the failed
group compared with the successful group in critically ill
and difficult-to-wean subjects.17 These studies suggest that
EAdi or EAdi-derived parameters such as the VT/EAdi ratio
may predict extubation outcome when measured during an
extubation readiness test or SBT. This also underscores the
effect of any ventilator assist on the neural respiratory
drive and, hence, on measured EAdi.

Our study differed from the above mentioned studies in
a number of ways. We measured peak EAdi in preterm
neonates who have immature respiratory control, probably
accounting for high variability in peak EAdi during the
study period. Also, we recorded peak EAdi during venti-
lator assist and not during an SBT or extubation readiness
test. There is only limited evidence supporting SBT for
extubation readiness in the neonatal population, and it is
not a standard practice in most neonatal units.4 In our
nursery, we wean the ventilator support to a minimum
before attempting extubation based on consensus-based
guidelines. Other limitations of our study were a small
sample size, an observational study design from a single
center, and a unique preterm neonatal patient population
with immature control of breathing. In addition, measured
respiratory variables were obtained from data manually
entered by the clinician into the electronic medical record
and thus may not accurately reflect the mean of continuous
measurements over time.

Conclusions

Although a promising respiratory vital sign, we did not
find absolute peak EAdi or EAdi-derived parameters help-
ful to predict extubation outcome in preterm neonates.
EAdi may be useful in determining extubation readiness
with an SBT in a subset of patients, such as difficult-to-
wean infants or those with diaphragmatic dysfunction from
prolonged mechanical ventilation.
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