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Background: Neurally adjusted ventilatory assist is an emerging mode of respiratory support that uses the electri-
cal activity of the diaphragm (Edi) to provide synchronised inspiratory pressure support, proportional to an infant’s

changing inspiratory effort. Data on Edi reference values for neonates are limited. The objective of this study was to
establish reference Edi values for preterm and term neonates who are not receiving respiratory support.

Methods: This was a prospective observational study of newborn infants breathing spontaneously in room air. The
Edi waveform was monitored by a specialised naso/orogastric feeding tube with embedded electrodes positioned at
the level of the diaphragm. Edi minimums and peaks were recorded continuously for 4 h without changes to routine

Results: Twenty-four newborn infants (16 preterm [< 37 weeks' gestation]; 8 term) were studied. All infants were
breathing comfortably in room air at the time of study. Edi data were successfully captured in all infants. The mean
(£SD) Edi minimum was 3.02 (£0.94) uV and the mean Edi peak was 10.13 (£3.50) pV. In preterm infants the mean
(£SD) Edi minimum was 3.05 (£0.91) uV and the mean Edi peak was 9.36 (£2.13) pV. In term infants the mean (SD)
Edi minimum was 2.97 (£1.05) uV and the mean Edi peak was 11.66 (£5.14) uV.

Conclusion: Reference Edi values were established for both preterm and term neonates. These values can be used as
a guide when monitoring breathing support and when using diaphragm-triggered modes of respiratory support in
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Background

The initiation of a spontaneous breath by the respira-
tory centre of the brain results in the electrical excitation
of the diaphragm via the phrenic nerve and subsequent
diaphragmatic contraction to facilitate an inflow of air.
Recently, new technology has become available that can
measure diaphragmatic excitation and associated electri-
cal activity of the diaphragm (Edi) [1]. This is achieved
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using an Edi catheter, which is a specialised naso/oro-
gastric tube that has electrodes embedded at the level of
the gastro-oesophageal junction. The catheter assesses
neural respiratory control by measuring the total action
potentials of the motor units in the diaphragmatic crura
[1], representative of phrenic nerve activity and global
diaphragm activation [2]. The Edi is presented as a wave-
form with a cyclic pattern that has distinctive peak and
minimum values. There are two key measures from this
Edi waveform: (1) Edi minimum (the end expiratory Edi
value [just prior to the subsequent inspiration]); and (2)
Edi peak (the amplitude of electrical activity associated
with inspiratory effort) [3].
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These Edi waveforms can be filtered, processed and
relayed to a ventilator, which can then provide synchro-
nised inspiratory pressure support. The ventilator pro-
vides support that is proportional to inspiratory effort,
based on the difference between the Edi peak and Edi
minimum. This modality, referred to as neurally adjusted
ventilatory assist (NAVA), is an emerging mode of respir-
atory support that can be utilised either non-invasively
via nasal prongs or mask, or invasively [4]. Over 100
clinical and experimental studies have demonstrated the
benefit of neural monitoring and ventilator assist control
compared to conventional modes of ventilation, during
both non-invasive and invasive ventilation. These stud-
ies have shown that NAVA improves patient-ventilator
interaction, offering equivalent or improved physiologi-
cal outcomes and favourable ventilator parameters (lower
peak inspiratory pressures and down-regulation of Edi to
limit over-assist) [5, 6].

Although several studies have evaluated the clinical
use of NAVA in newborn infants, reference Edi data in
healthy neonates have previously only been collected in
two studies, involving 20 infants [3, 7]. However, data
pertaining to healthy preterm and term infants not
requiring respiratory support is limited. Establishing
reference values for this population is important for the
clinical utility of this technology. Excessive respiratory
support can suppress an infant’s natural respiratory drive
while under supporting breathing is also detrimental [8].
The potential morbidity and mortality associated with
incorrect support is well established [9].

This observational study of preterm and term newborn
infants aimed to establish reference Edi values. We also
sought to determine how these values vary according to
sleeping states, feeding and skin-to-skin care.

Methods

Patient selection

Newborn infants born at 29-42weeks’ gestation who
were admitted to the Neonatal Intensive Care Unit
(NICU) at the Royal Hospital for Women were oppor-
tunistically recruited for this prospective observational
study. Inclusion criteria required that neonates were on
room air with no current respiratory issues and with a
naso/orogastric feeding tube in situ. Exclusion criteria
included infants that had been on respiratory support
within the last week, congenital lung anomalies, major
neurological conditions and brain anomalies, neuromus-
cular diseases and conditions affecting innervation of the
diaphragm.

Study procedure
An Edi catheter (6 Fr) was inserted when the infant’s
conventional naso/orogastric feeding tube was due to
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be changed as per unit policy. The Edi catheter was
positioned at the level of the diaphragm (starting with a
measurement of the direct distance from nose to earlobe
to xiphisternum [NEX]) and the correct position con-
firmed by analysis using Servo-n software (Getinge AB
Gothenburg, Sweden). The Edi waveform was recorded
continuously for the duration of the study. It was adjusted
so that in the “catheter positioning screen’, the Edi wave-
form, superimposed as a pink waveform, was noted to
occur on the middle 2 out of 4 retro-cardiac ECG trac-
ing. Data output from the Servo-n included Edi peak, Edi
min and respiratory rate. The Servo-n stored the data in
1 min (averaged) increments, which were then extracted
and analysed. It is important to note that infants may
have had sighs (high Edi peak) or apneoas (no Edi wave-
form), which would not be represented due to this 1 min
averaging.

Infants were observed for a continuous four-hour
period, resulting in 240 data points for each variable
observed (see example Additional file 1). Heart rate and
oxygen saturation (SpO2) were also recorded from telem-
etry monitors every 15 minutes throughout the study. An
observer subjectively recorded sleep, awake and feeding
states by direct observation, as well as timing skin-to-
skin care (defined as continuous skin-to-skin contact in
a vertical position on the parent’s chest). Feeding states
for comparison were defined as 1 h pre- and post-pran-
dial. During the study period, normal clinical activity
was not interrupted. On completion of the observation
period, the Edi catheter was left in situ for use as a regu-
lar nasogastric tube. All infants were studied for a single
4 h period only.

Statistical analyses

Basic descriptive statistics were performed to calculate
population means and standard deviations. Paired sam-
ple t-tests were used to compare means between sleep
states, feeding and skin-to-skin care. Statistical signifi-
cance was defined as p <0.05.

Results

Patient inclusion

A total of 24 infants (16 preterm; 8 term) were enrolled
in the study (Table 1). Birth weights ranged from 1270g
to 3490g, and postnatal age ranged from day 2 to 34. All
infants were breathing comfortably in room air at the
time of enrolment. Infants were studied for 240 minutes,
and all infants completed the study (individual Edi data
available Additional file 2). For feeding state compari-
sons, at least 45 minutes of data was analysed per subject
both pre- and post-prandially. Feeding state comparisons
could not be conducted for one infant (not feeding at the
time of the study).
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Table 1 Demographic details of study population

Demographic Characteristic

Number (N)

Sex
Male
Female
GA at birth
2970 - 361 weeks
> 3770 weeks

Median (range)

3445 (2945 - 40+6) weeks

Birth Weight

<1500g 3

1500-2499g 14

>2500g 7

Median (range) 2070 (1270-3490) g
Birth Weight <10" percentile 6

Age (in days) at time of study
Median (range)

GA at time of study®
2970 - 361 weeks
> 3770 weeks

Median (range)

10 (2-34) days

15
9
36+1 (3142 - 41+1) weeks

Weight at time of study

<1500g 2
1500-2499g 13
>2500g 9

Median (range) 2153 (1280-3775) g

Maximum respiratory support prior to time of study

No Respiratory Support 8
CPAP 6
Low Flow Oxygen 1
High Flow Oxygen 2
Mechanical Ventilation 7

Primary Reason for Admission®

Transient tachypnoea of the newborn
Jaundice with phototherapy
Surgical review®

4
1
2
Prematurity 1
Low Birth Weight 2
Neonatal abstinence syndrome 1
Risk of Sepsis 2
1

Hypoglycaemia

@ One preterm infant had reached term corrected age (exact gestation: 39+3
weeks) at the time of enrolment but was included in the preterm group for
analyses

b At the time of enrolment, all subjects were breathing comfortably in room air
and had no respiratory compromise associated with their primary reason for
admission

€ Both neonates required gastrointestinal surgery (Hirschsprung’s disease;
colonic atresia)

Average Edi peak, Edi min, respiratory rate, heart
rate and oxygen saturation across all 24 infants are
presented in Table 2. Heart rate, respiratory rate and
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oxygen saturations were all within the normal range
for gestational age. The mean (+SD) Edi minimum
was 3.02 (£0.94) pV and the mean (£SD) Edi peak was
10.13 (£3.50) puV. Averaged data for the preterm and
term infants are also presented. There was no signifi-
cant difference in Edi minimum (p =0.844) or Edi peak
(p=0.259) between preterm and term infants. Based
on data from the entire cohort, the reference ranges
(defined as mean+2 SD) for Edi minimum and Edi
peak would be 1-5uV and 3-17 pV, respectively.

Edi minimum and Edi peak were compared dur-
ing various states (Table 3). There were no differences
observed with feeding (pre- vs post-prandial). Edi mini-
mum was significantly higher when infants were awake
(4.07 [£1.45] pV vs 2.69 [+0.82] uV; p<0.001). Simi-
larly, Edi peak was significantly higher when infants
were awake (13.43 [+4.49] pV vs 9.11 [£2.92] uV;
p<0.001]. During skin-to-skin care, Edi peaks were sig-
nificantly lower (7.01 [£0.50] pV vs 10.14 [£3.53] pV;
p=0.013) and less variable (p =0.04).

Differences between Edi minimums did not reach sta-
tistical significance. There were no significant differences
between male and female infants.

Discussion
The observational data in this study represent Edi wave-
forms from a large cohort of healthy preterm and term
newborn infants, which we have used to define refer-
ence values for Edi minimum (1-5pV) and Edi peak
(3-17 V). These values can be used as a reference in
clinical practice to define a goal for electrical activity in
infants requiring respiratory support. This is particu-
larly relevant in infants being supported with NAVA as
breathing support is always proportional to the infant’s
Edi activity (specifically, proportional to the difference
between the Edi peak and Edi minimum). There was no
significant difference found between the preterm and
term population in the study suggesting that diaphragm
electrical activity is similar in infants that are spontane-
ously breathing without support. This supports the use of
these reference values in both preterm and term infants.
We noted that diaphragm electrical activity was sig-
nificantly higher when infants were awake. This is an
expected finding as the sleep stage is characterised by
slower, more regular respiration rates [10]. It is also con-
sistent with previous studies, which demonstrated that
peak Edi activity was 60% higher in the awake state [3].
Peak Edi was also significantly lower during skin-to-skin
care, which has previously been reported and is not sur-
prising given the known positive effects of skin-skin care
on cardiorespiratory stability and sleep quality [11-13].
It should be noted, however, that only three infants had
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Table 2 Edi Min, Edi Peak, Edi Swing, Respiratory Rate, Heart Rate and Oxygen Saturation amongst Population Groups*><¢
N Edi Min Edi Peak Edi Swing Resp Rate Heart Rate Sa02
(uv) (uv) (uv) (breaths/min) (beats/min) (%)
Total 24 3.02£094 10.13 £3.50 7.10 £ 3.03 (CV 043) 4793 £543 1523041278 96.00 £ 2.51
(Cv0.31) (CV0.35)
Preterm 16 3.05+ 091 9364213 6.31 £ 1.88(CV0.30) 4847 £5.78 14525 +£43.12 96.80 £ 1.14
(CV0.30) (CvV0.23)
Term 8 297 +1.05 11.66 £5.14 8.69 £ 4.27 (CV049) 39.75 £20.17 146.24 4947 94.50 3.64
(CV0.35) (CV0.44)

2 Data is presented as mean =+ standard deviation (coefficient of variation)
b Edi min = minimum electrical activity of the diaphragm

€ Edi peak = peak electrical activity of the diaphragm

9 Edi swing = peak — minimum electrical activity of the diaphragm

Table 3 Edi Min, Edi Peak, and Respiratory Rate during the
various studied states®P<

N  EdiMin (pV) EdiPeak (nV) Respiratory Rate

Feeding states

Pre-prandial 23 3.01+£1.14 9954382 4857 £7.21
(CV0.398) (CV0.38)
Post-prandial 23 334+£1.15 1089+£382 4836+6.16
(CV0.34) (CV0.35)
p-value 0.171 0.172 0.883
Resting states
Asleep 24 269+£082 911+£292 4737 £5.69
(CV0.30) (Cv0.32)
Awake 24 407+£145 1343+£449 4928 +664
(CV0.36) (CV0.33)
p-value <0.001 <0.001 0.093
Kangaroo Care
No skin-to- 24 304+£095 1014+£353 4767+£540
skin care (CV0.31) (CV0.35)
Skin-to-skin 3 2514+£032 7014050 5520+ 5.79
care (CV0.13) (CV0.07)
p-value 0.099 0.013 0.198

2 Data is presented as mean =+ standard deviation (coefficient of variation)
b Edi min = minimum electrical activity of the diaphragm
¢ Edi peak = peak electrical activity of the diaphragm

skin-to-skin care during their respective observation
periods.

We found no significant difference in Edi waveforms
when comparing waveforms before and after feeds.
This is consistent with previous studies investigating
changes in Edi with naso/orogastric feeds [14]. There
are other studies that have shown a post-prandial
decrease in peak Edi, however, this was in a small popu-
lation of term infants who were suck feeding [3]. The
majority of infants in this study were predominantly fed
with a naso/orogastric tube, which is likely to explain
the discrepancy.

It is important to recognise that the Edi waveform is
variable in individual infants. Infants often have irregu-
lar, periodic breathing patterns that can fluctuate with
time. The effects of clinical variables such as sigh breaths,
apnoeas, use of accessory muscles and changing res-
piratory rate are not reflected when the Edi waveform is
averaged. When using reference ranges, the trend in an
individual infant’s Edi waveform is more important than
any single value. There is also variability between infants,
which explains why there is an overlap between the refer-
ence ranges for Edi minimum and Edi peak (it is not pos-
sible for the Edi minimum to be greater than the Edi peak
at any one point in time).

There were some important limitations to acknowl-
edge with respect to this study. Although these data
represent the largest reported cohort of spontaneously
breathing preterm and term infants, the sample size
does not allow for a true reference range based on ges-
tation. We found that the electrical diaphragm activ-
ity is similar in preterm infants and term infants, but
these were all infants who did not require respiratory
support. This reflects an increasingly small percentage
of the population as gestation decreases. Consequently,
we were not able to recruit infants less than 29 weeks
gestation where differences in diaphragm activity may
be more apparent. We also acknowledge that the inclu-
sion of infants admitted to a special care nursery may
not represent a true healthy newborn population.
Although infants were subjectively breathing com-
fortably at the time of enrolment, some residual sub-
clinical respiratory disease cannot be ruled out. We
are reassured that our findings are similar to previous
published data [3, 5, 6]. Finally, it is important to note
that Edi signals may be affected by equipment and soft-
ware factors, such as electrode configuration or signal
amplification. This again highlights the value of trend
monitoring when interpreting Edi data in an individual
infant.
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Conclusions

In summary, reference Edi minimum and peak values
were established for both preterm and term neonates.
These values can be used as a guide for clinicians when
using diaphragm-triggered modes on respiratory support
in newborn infants to ensure an optimal level of respira-
tory support.
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