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Abstract
Objective To characterize the neural breathing pattern in preterm infants supported with non-invasive neurally adjusted
ventilatory assist (NIV-NAVA).
Study Design Single-center prospective observational study. The electrical activity of the diaphragm (EAdi) was periodi-
cally recorded in 30-second series with the Edi catheter and the Servo-n software (Maquet, Solna, Sweden) in preterm infants
supported with NIV-NAVA. The EAdiPeak, EAdiMin, EAdiTonic, EAdiPhasic, neural inspiratory, and expiratory times (nTi and
nTe) and the neural respiratory rate (nRR) were calculated. EAdi curves were generated by Excel for visual examination and
classified according to the predominant pattern.
Results 291 observations were analyzed in 19 patients with a mean GA of 27.3 weeks (range 24–36 weeks), birth weight
1028 g (510–2945 g), and a median (IQR) postnatal age of 18 days (4–27 days). The distribution of respiratory patterns was
phasic without tonic activity 61.9%, phasic with basal tonic activity 18.6, tonic burst 3.8%, central apnea 7.9%, and mixed
pattern 7.9%. In addition, 12% of the records showed apneas of >10 seconds, and 50.2% one or more “sighs”, defined as
breaths with an EAdiPeak and/or nTi greater than twice the average EAdiPeak and/or nTi of the recording. Neural times were
measurable in 252 observations. The nTi was, median (IQR): 279 ms (253–285 ms), the nTe 764 ms (642–925 ms), and the
nRR 63 bpm (51–70), with a great intra and inter-subjects variability.
Conclusions The neural breathing patterns in preterm infants supported with NIV-NAVA are quite variable and are char-
acterized by the presence of significant tonic activity. Central apneas and sighs are common in this group of patients. The nTi
seems to be shorter than the mechanical Ti commonly used in assisted ventilation.

Introduction

Several neural respiratory patterns have been described in
spontaneously breathing preterm infants, from a regular
phasic pattern to irregular rhythms with increased basal tone,
tonic bursts, sighs, periodic breathing, and apneas of variable
duration [1]. A specially designed catheter, the Edi catheter,
which has 10 electrodes embedded in its wall that record the
electrical activity of the diaphragm (EAdi), is used to feed the

patient and, in the neurally adjusted modalities, neurally
adjusted ventilatory assist (NAVA) and non-invasive neurally
adjusted ventilatory assist (NIV-NAVA), to synchronize
respiratory support with patient efforts. This catheter also
allows continuous monitoring of the EAdi in a minimally
invasive way, which is useful for performing physiological
measurements [2]. The maximum electrical activity (EAdi-

Peak) after neuromuscular coupling correlates with the intensity
of the diaphragmatic contraction, which, in turn, correlates
with the inspired tidal volume (VT). The EAdi is independent
of air leaks during non-invasive ventilation (NIV), potentially
offering an advantage for valid physiological measurements.
The tonic EAdi (EAdiTonic) involves the maintenance of dia-
phragmatic contraction during expiration, which is thought to
contribute to the maintenance of the lung’s functional residual
capacity (FRC) [3–5].

To our knowledge, the neural respiratory patterns in
preterm newborns assisted with NIV have not been
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systematically studied. The aim of our study was to char-
acterize the neural breathing patterns in preterm neonates
with mild to moderate respiratory disease supported with
NIV-NAVA.

Methods

A prospective, observational, single-center study was con-
ducted in a tertiary hospital with a third-level NICU in
which NIV-NAVA is used as the standard non-invasive
ventilatory support method at the discretion of the attending
physician in charge of the patient. During the 10-month
study period (April 2016 to January 2017), 19 consecutive
preterm infants who received NIV-NAVA during hospita-
lization were included. NIV-NAVA was applied by means
of nasal prongs or mask (Miniflow, Medin, Germany). The
respiratory support was established and modified according
to the patient’s clinical needs. The NAVA level was set and
periodically adjusted to maintain an EAdiPeak between 8 and
15 microvolts (μV). The PEEP was set between 4 and 8
cmH2O, with the aim of achieving adequate lung recruit-
ment and an EAdiMin < 5 μV. The upper limit of pressure
was set according to the patient’s GA between 30 and 40
cmH2O, to allow proportional support during sighs, and the
apnea time was set between 2 and 5 seconds.

The EAdi was periodically recorded using an orogastric
tube, the Edi catheter, and the NAVA software that is
incorporated into the SERVO-n equipment (Maquet, Solna,
Sweden), which allows the recording of several parameters
(EAdi, flow, pressure and volume) in 30-second series. At
the time of the study, none of the patients received sedation,
pharmacological analgesia, or muscle relaxants. Caffeine

was administered to all patients less than 34 weeks gesta-
tional age (GA) who needed ventilatory support or were at
risk for apnea according to our protocol. They had not been
manipulated or fed in the previous 30 minutes and were in
the supine position, either asleep or quietly alert. Before
proceeding with recording the EAdi signal, the proper
positioning of the catheter and its electrodes at the level of
the esophagogastric junction (crural diaphragm) [6] was
verified using the equipment software according to the
manufacturer’s recommendations. The measurements were
carried out every 6 to 12 h in each patient, over several
consecutive days.

The recordings were exported in “.txt” files for later
analysis with a customized program. For the purpose of this
investigation, a neurobreath was defined as a continuous
increase of >0.3 μV for more than 80 milliseconds (ms). In
each 30-second record, the average of the following para-
meters were calculated (Fig. 1): EAdiPeak (maximum elec-
trical activity of the diaphragm in each respiratory cycle);
EAdiMin (minimum electrical activity during expiration);
EAdiTonic (baseline diaphragmatic electrical activity at end
expiration, immediately before the beginning of the next
neural inspiration); EAdiPhasic (EAdiPeak− EAdiTonic); neural
inspiratory time (nTi, the time elapsed between the EAdi-

Tonic and the EAdiPeak or the end of the inspiratory plateau,
when present, of each breathing cycle); neural expiratory
time (nTe, the time elapsed between the EAdiPeak or the end
of the inspiratory plateau and the beginning of the next
inspiratory cycle); neural total breathing time (nTbt, nTi+
nTe); and neural respiratory rate (nRR, calculated as 60/
nTbt). EAdi was expressed in μV and time in ms. Breath-to-
breath variability was studied by the coefficient of variation

Fig. 1 Electrical activity of
diaphragm (EAdi) curve and
parameters studied
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((CV= SD / Mean) × 100) for each parameter, within sub-
ject and between subjects.

EAdi curves were generated by Excel for visual exam-
ination and each recording was classified according to the
predominant pattern (i.e., the pattern present for more than
50% of the recording). A phasic breathing pattern was
defined as occurring when a regular increase and decrease
of the EAdi was clearly visualized on the graph and the nTi
was shorter than 1 s. Tonic activity was considered to be
present when the EAdi waveform did not return to baseline
and the value of the EAdiMin was >4 μV. Tonic bursts were
defined as elevated tonic activity without clear, or with very
irregular, phasic activity. Sighs were defined as any single
breath with an EAdiPeak and/or an nTi greater than twice the
average EAdiPeak and/or nTi for that 30-second recording.
Finally, central apneas were defined as the presence of a
continuous EAdi <2 μV for more than 5 s, without phasic or
tonic activity, and were classified by duration into apneas of
5–10 seconds or >10 s. If more than one pattern was
observed without a clear predominance of one over the
others, the record was classified as a mixed pattern. Two
investigators (FG-MR and LUM) independently assessed
and classified the recordings. In the case of discrepancy, the
definitive pattern was assigned by consensus after re-
evaluation by the two researchers.

Statistical analyses were performed with the SPSS soft-
ware, version 20 (IBM Corp., Armonk, NY, USA). Con-
tinuous variables are expressed in the form of mean
(standard deviation (SD)) or median (interquartile range
(IQR)), and qualitative variables are expressed as propor-
tions (%). The study was approved by the Teaching,
Research and Continued Training Board of the center, and
verbal consent was obtained from the patients’ parents
before anonymous data collection.

Results

Figure 2 shows the study flow diagram with the total
number of recordings obtained and the number of them
suitable for the “Pattern” and “Neural times” analysis. A
total of 332 recordings were obtained from 19 patients, with
a median of 10 (6–15) observations per patient. The prin-
cipal characteristics of the patients are shown in Table 1.
The mean GA was 27.3 weeks (range 24–36 weeks), and
the mean birth weight was 1028 g (range 510–2945 g). The
median (IQR) age at the time of the study was 18 (4–27)
days, and the postmenstrual age (PMA) was 29 (28–31)
weeks. Of the 332 available observations, 40 were recorded
while the patient was breathing spontaneously without
pressure support (during withdrawal attempts after wean-
ing) and another one exhibited interferences with the car-
diac rhythm, so they were excluded. In total, 291 recordings
were included in the analysis of breathing patterns. The
median ventilatory support was NAVA level 1 (0.8–1) cm
H2O/μV, PEEP 6 (5–6.5) cm H2O and FiO2 0.24
(0.21–0.27). Figure 3 shows the observed breathing pat-
terns. The most frequent respiratory pattern was phasic
without tonic activity (61.9%), followed by phasic with
baseline tonic activity (18.6%), central apnea (7.9%), and
tonic burst (3.8%). Mixed patterns were present in 7.9% of
the recordings. In addition, 13.4% and 12% of the record-
ings exhibited apneas of 5–10s or >10s duration, respec-
tively. Finally, 50.2% of the recordings showed one or more
sighs. We did not find significant differences in the dis-
tribution of respiratory patterns in relation to the GA, birth
weight, or postnatal age in this group of patients.

EAdi and Neural times were measurable in 252 record-
ings in which the breathing activity was predominantly
phasic or mixed. The mean, SD, and CV of each parameter
was calculated individually in each patient. Subsequently,
the medians (IQR) of these values were computed for the
whole group of patients (Table 2). The nTi and nTe were
279 ms (253–285 ms) and 764 ms (642–925 ms), respec-
tively, and the nRR was 63 bpm (51–70 bpm). We did not
find any correlation between the nTi and the GA, the
chronological age or the PMA.

Discussion

Our study shows that neural respiratory patterns in preterm
infants supported with NIV-NAVA are quite variable
and are characterized by the presence of increased tonic
activity during a significant proportion of the respiratory
cycles. Furthermore, central apneas and sighs are common
in this group of patients. Similar findings have been shown
by Beck et al. [1] in spontaneously breathing preterm
infants, although our patients were more immature, with an

Fig. 2 Flow diagram of included and excluded recordings for analysis
of breathing patterns and neural respiratory times

Neural breathing patterns in preterm newborns supported with non-invasive neurally adjusted ventilatory. . . 1237



Ta
bl
e
1

P
ri
nc
ip
al

ch
ar
ac
te
ri
st
ic
s
of

th
e
19

pa
tie
nt
s
in
cl
ud

ed
in

th
e
st
ud

y

P
at
ie
nt

G
A

(w
ee
ks
)

S
ex

A
nt
en
at
al

st
er
oi
ds

B
ir
th

w
ei
gh

t
S
ur
fa
ct
an
t
P
ri
nc
ip
al
di
ag
no

si
s

A
ge

at
st
ud

y
(d
ay
s)

M
ed
ia
n

(I
Q
R
)

P
re
vi
ou

s
IM

V
a

T
ot
al

tim
e
of

N
IV

b
(d
ay
s)

T
ot
al

tim
e
of

ox
yg

en
th
er
ap
y

(d
ay
s)

S
ur
vi
va
l
S
ur
vi
va
l
w
/o

B
P
D

c
L
O
S
d

(d
ay
s)

1
26

F
Y
es

60
0

N
o

A
pn

ea
20

(2
0–

22
)

N
o

34
18

Y
es

Y
es

83

2
25

M
Y
es

86
0

Y
es

R
D
Se

49
(3
6–

72
)

Y
es

72
11

2
Y
es

N
o

11
2

3
27

M
N
o

51
0

Y
es

R
D
Se

21
(2
1–

21
)

Y
es

70
10

9
Y
es

N
o

11
5

4
30

M
Y
es

11
00

N
o

W
et

lu
ng

4
(2
–
4)

N
o

4
1

Y
es

Y
es

73

5
36

M
Y
es

29
45

N
o

W
et

lu
ng

2
(1
–
2)

N
o

3
4

Y
es

Y
es

12

6
24

M
Y
es

79
0

Y
es

R
D
Se

2
(2
–
2)

Y
es

41
65

Y
es

Y
es

93

7
30

M
N
o

13
90

N
o

W
et

lu
ng

4
(2
–
6)

N
o

7
5

Y
es

Y
es

48

8
25

M
Y
es

88
0

Y
es

R
D
Se

7
(4
–
10

)
Y
es

45
48

Y
es

Y
es

76

9
25

F
Y
es

65
0

N
o

R
D
Se

19
(1
5–

42
)

Y
es

14
12

0
Y
es

N
o

15
0

10
25

F
Y
es

99
0

Y
es

R
D
Se

27
(6
–
29

)
N
o

29
49

Y
es

Y
es

75

11
28

M
Y
es

10
50

N
o

W
et

lu
ng

4
(2
–
4)

N
o

17
22

Y
es

Y
es

55

12
35

M
Y
es

17
25

N
o

P
ne
um

ot
ho

ra
x

6
(5
–
7)

Y
es

3
8

Y
es

Y
es

15

13
27

M
U
nk

no
w
n

11
00

N
o

A
pn

ea
30

(2
7–

33
)

Y
es

37
6

Y
es

Y
es

86

14
25

F
Y
es

69
0

N
o

A
pn

ea
36

(3
6–

36
)

Y
es

18
55

Y
es

Y
es

95

15
24

M
N
o

80
0

Y
es

R
D
Se

32
(2
2–

35
)

Y
es

24
71

Y
es

N
o

11
9

16
25

M
Y
es

81
0

N
o

A
pn

ea
19

(1
7–

21
)

Y
es

26
11

1
Y
es

N
o

11
6

17
28

M
Y
es

10
20

Y
es

R
D
Se

5
(6
–
9)

N
o

36
2

Y
es

Y
es

70

18
28

F
Y
es

68
0

Y
es

R
D
Se

2
(2
–
2)

Y
es

-
-

N
o

N
o

18

19
26

F
N
o

94
5

Y
es

R
D
Se

10
(5
–
10

)
N
o

53
4

Y
es

Y
es

86

a
In
va
si
ve

m
ec
ha
ni
ca
l
ve
nt
ila
tio

n
b N

on
-i
nv

as
iv
e
ve
nt
ila
tio

n
c B
ro
nc
ho

pu
lm

on
ar
y
dy

sp
la
si
a

d L
en
gt
h
of

st
ay

e R
es
pi
ra
to
ry

di
st
re
ss

sy
nd

ro
m
e

1238 F. García-Muñoz Rodrigo et al.



average GA four weeks less and an average birth weight
~400 g lower. In addition, our patients, in contrast to the
spontaneously breathing preterm infants of Beck et al.,
suffered from different forms of pulmonary disease and
respiratory failure that, a priori, impose a higher demand on
the respiratory system, particularly the diaphragm. A pos-
sible explanation for the similarity of the results could be
the efficiency of the non-invasive respiratory support
applied (PEEP, NAVA level, etc.), compensating the
pathophysiogical alterations present in our varied cohort
of patients.

Several conditions, such as abdominal distension, lung
de-recruitment, pulmonary edema, and acute lung injury,
have been shown to increase the tonic activity of inspiratory
muscles in animal models [7–10], and there also seems to
be a relationship between hypoxia and tonic activity of the
diaphragm [11]. As stated above, when alveolar instability
and low compliance are present, as could be the case in
preterm infants, a higher EAdiTonic might be necessary to
maintain the end-expiratory lung volume and FRC. In an
elegant study, Emeriaud et al. [4] showed that the dia-
phragm remains partially active during expiration in intu-
bated and mechanically ventilated infants and that removal

of PEEP affects this tonic activity. In our study, the PEEP
level was established on clinical grounds and might have
influenced the EAdiMin and EAdiTonic values, but we did not
systematically evaluate this relationship. In our NICU, in
addition to other clinical criteria, the current standard
practice is to increase the PEEP level in a stepwise manner
when a patient exhibits a sustained elevation of the EAdiMin

(greater than 5 μV) until it “normalizes”. Although refer-
ence values are scarce in the neonatal period, in a small
cohort of term neonates, Stein et al. found a mean EAdiMin

of 3 ± 2 μV [12], and in ventilated newborns with a median
(range) GA of 27 (24–41) weeks, Mally et al. found a
median (IQR) EAdiMin of 2.0 (1.5–3.1) μV [13].

Other mechanisms may help maintain the lung volume,
such as an increase in the respiratory rate, the laryngeal
braking of expiratory flow, and deep, prolonged inspirations
(sighs) [14–16]. The nRR of our patients could be considered
as the upper limit of normal or mild tachypnea, and there was
at least one sigh in half of the observations, equivalent to two
sighs per minute. This latter finding is similar to that of Beck
et al. [1] who reported around one large neural inspiration per
minute of observation in healthy preterm babies. Surprisingly,
patients in the study exhibited a higher nRR (mean of 73

Fig. 3 Distribution of breathing patterns of electrical activity of diaphram (EAdi) in 30-second recordings (EAdi values in microvolts)
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bpm) than did our patients, although the nTi (278ms) and
nTe (867ms) were close to those of our infant cohort. In any
case, it is interesting to note that in both studies, the nTi was
apparently shorter than that usually applied for assisted ven-
tilation of the newborn, both invasive and non-invasive.
When the Ti is indirectly estimated based on flow or pressure
changes, discrepancies in timing or duration might result in
different types of dyssynchrony and patient discomfort [17].
Recently, Mally et al. in the aforementioned group of patients
[13], found a median (IQR) nTi of 478 (411–536) ms.
However, in the study the nTi was calculated as the time
between the onset of EAdi and when it dropped to 70% of its
peak. Of interest, Emeriaud et al. [4] found a significant
correlation between the inspiratory EAdi and the EAdi during
the first quartile (Q1) of expiration, suggesting that some
diaphragmatic motor units may not be deactivated at that
moment. Nevertheless, this EAdi during Q1 possibly might
be better explained as post-inspiratory activity, presumably
responding to vagal messages from lung volume. In a model
of newborn piglets, Lawson et al. demonstrated three types of
respiratory neurons in the lateral medulla: inspiratory neurons,
post-inspiratory neurons, with a short decrementing firing
pattern that started immediately after inspiration ended, and
expiratory neurons, suggesting a three-phased mechanism of
respiratory control [18]. This post-inspiratory activity has
been observed in diaphragmatic myograms of neonates [19].

Another important finding of our study is the high
variability in all the neural respiratory parameters studied
(Table 2). In experimental models, in contrast to modalities
that provide constant pressure or volume support, breath-to-
breath variability has been shown to improve VT distribu-
tion, lung recruitment and endogenous surfactant produc-
tion [20], and lead to better ventilation/perfusion matching
and lung mechanics, as well as less inflammation and an
eventual reduction in the risk of ventilator-induced lung
injury [21]. NAVA allows for continuous adjustment of the
nTi, nRR and VT (through changes in EAdiPhasic) according
to the variable needs of the patient, reflecting the central
respiratory drive. It also allows the patient to perform lung
recruitment maneuvers, such as sighs, or prevent lung de-
recruitment, increasing the EAdiTonic. Whether this varia-
bility results in a significant long-term advantage for the
individual remains to be determined [22].

Our study has some limitations. The population studied,
although representative of the mild to moderate respiratory
disease of the preterm infant, was heterogeneous and the
periods of observation were brief, the 30 s of direct
recording that allows the software of the equipment. So
some selection biases could have influenced our results.
Moreover, variability over time was not studied.

In conclusion, the neural breathing patterns of preterm
infants with moderate lung disease in need of non-invasive
support seem to be quite variable and are characterized by
the presence of increased tonic activity during a significant
proportion of the respiratory cycles. Central apneas and
sighs are common in this group of patients. A synchronized
respiratory support system, capable of adapting to the
patient’s needs, detect apneas and offer rescue ventilation,
could result in important clinical benefits. More studies are
needed to adequately characterize the neural respiratory
patterns and their variation over time in the different
respiratory pathologies of the newborn, as well as the long-
term potential clinical benefit of neural syncronization.
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