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Abstract

Objective To measure short-term outcomes of neonates with congenital diaphragmatic hernia (CDH) while on Neurally
Adjusted Ventilator Assist (NAVA), and to measure the impact of a congenitally abnormal diaphragm on NAVA ventilator
indices.

Study design First, we conducted a retrospective-cohort analysis of 16 neonates with CDH placed on NAVA over a
treatment period of 72 h. Second, we performed a case—control study comparing NAVA level and Edi between neonates with
CDH and those without CDH.

Results Compared to pre-NAVA, there were clinically meaningful improvements in PIP (p <0.003), Respiratory Severity
Score (p<0.001), MAP (p <0.001), morphine (p =0.004), and midazolam use (p = 0.037). Compared to a 1:2 matched
group without CDH, there was no meaningful difference in NAVA level (p = 0.286), Edi-Peak (p =0.315), or Edi-Min
(p =0.266).

Conclusions The potential benefits of NAVA extend to neonates with CDH. There is minimal compensatory change in Edis,

and higher/lower ventilator settings compared to neonates without CDH.

Introduction

Neonates with congenital diaphragmatic hernia (CDH)
present with a unique combination of non-formed or par-
tially formed hemi-diaphragm, variable degree of con-
comitant pulmonary hypoplasia, pulmonary hypertension,
and abnormal pulmonary innervation [1]. Consequently,
many of these neonates require treatment with ventilation
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for a sustained period. Neurally Adjusted Ventilator Assist
(NAVA) (Getinge Group, Getinge, Sweden) is a technique
of assisted neonatal ventilation that depends on diaphragm
electrical signaling for initiating each respiratory effort. The
technique is associated with both promise and potential
challenges in this population. Previous studies have shown
improvements in ventilator dynamics that may reduce
ventilator-induced lung injury; however, the interaction
between a structurally abnormal diaphragm and a ventilator
modality dependent on diaphragmatic neural innervation is
unknown and may negate any potential benefits.

NAVA uses the patient’s neural respiratory drive to
deliver synchronized assisted breaths, as opposed to standard
ventilation modes, which use flow, pressure, or volume
triggers. With NAVA, a sensor in a feeding tube at the level
of the diaphragm detects the patient’s respiratory rate and
effort represented as the Edi Peak (electrical activity during
diaphragmatic contraction) and the Edi Min (tonic resting
activity between breaths). The ventilator delivers a
mechanical breath to proportionally augment the patient’s
own respiratory effort to a degree set by the clinician as the
“NAVA level”. This unique approach to ventilation has been
correlated with improved patient-ventilator interaction [2],
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lower peak inspiratory pressure (PIP) and reduced respira-
tory muscle load [3], decreased FiO2 and respiratory rate [4],
and decreased tidal volumes [5]. Benefits have been seen
with NAVA in neonates with varying disease states. How-
ever, only limited studies have explored whether these
benefits extend to neonates with an abnormal diaphragm
[6-8]. It is unclear whether diaphragmatic structural and
neural differences interact with NAVA in a way that limits
its potential benefits.

The objectives of this study are twofold. First, we sought
to understand the clinical response to NAVA by neonates
with CDH. NAVA was used after surgical repair, as the
ventilator support was stable or being weaned. Short term
outcomes such as ventilator settings, analgesic medication
use, vital signs, and laboratory values, were compared pre-
NAVA to a period of 72h while on NAVA. Second, we
conceptualized the effect of an abnormal diaphragm on the
functioning of the NAVA ventilator by comparing NAVA
Level, and both the tonic (Edi Min) and contractile (Edi
Peak) electrical activity of the diaphragm between neonates
with CDH and those without CDH.

Methods

The neonatal intensive care unit at Children’s Mercy Kansas
City (CMKQC) is a quaternary 84-bed unit. The local data-
bases for the Children’s Hospital Neonatal Consortium and
Infant Pulmonary Data Repository, both independently
approved by the CMKC Institutional Review Board, iden-
tified neonates meeting inclusion criteria and provided de-
identified data for this study. NAVA has been used at our
institution since 2010 in accordance with guidelines from
the manufacturer, institutional experience and published
clinical guidelines & management strategies [9].

Inclusion/exclusion criteria

All infants placed on NAVA support and diagnosed with
CDH or congenital diaphragmatic eventration between
2011 and 2019 were included. Neonates were placed on
NAVA at the discretion of the attending physician. Data
were analyzed only for those who were successfully
maintained on NAVA for a period greater than 24 h. Neo-
nates with low grade or minor diaphragmatic eventrations
were excluded.

Protocol

For the first objective, a retrospective cohort analysis was
performed for neonates with CDH receiving NAVA venti-
latory support. To ensure that this clinician-selected group
reflected the larger population of neonates with CDH, we

used the local Children’s Hospital Neonatal Consortium
database to compare the neonates placed on NAVA with the
larger population of neonates with CDH with regard to
characteristics such as organ herniation, sidedness of the
defect, need for extracorporeal membrane oxygenation,
need for iNO, and survival to discharge. Primary outcomes
for the neonates placed on NAVA included respiratory
severity score (RSS =MAP xFiO2), PIP, MAP, PEEP,
morphine-equivalent use, and midazolam-equivalent use.
Secondary outcomes included vital signs and blood gases to
ensure no compensatory clinical worsening while on
NAVA. Values were obtained immediately before going on
NAVA, and were compared to values at intervals of 1, 24,
and 72 h after NAVA in order to understand immediate and
short-term changes. If data were not available at the specific
interval, the closest available data within 3 h were used. For
analgesic medication use, the cumulative daily dose was
calculated 24 h before NAVA, 24h after, and for the
interval 72-96 h after. Analgesic medications were admi-
nistered at a low hourly basal rate with the option to receive
a larger PRN dose for pain or agitation. Weaning of the
hourly rate was an individualized decision by the physician
based on the baby’s pain scores and need for PRN doses
during the previous day. Opioid doses were converted to
morphine-equivalents using the Lexicomp opioid conver-
sion table. One neonate with a diaphragmatic eventration
requiring surgical repair was placed on NAVA prior to
surgery; the remaining neonates with CDH were placed on
NAVA post-surgery only.

For the second objective, a case-control study was per-
formed to describe the impact of a congenitally abnormal
diaphragm on NAVA settings. A 1:2 matched control group
of neonates without CDH was created to compare with the
neonates with CDH identified in the first objective.
Matching was performed by post-menstrual age when
starting NAVA, weight when starting NAVA, and RSS
(MAP x FiO2) just prior to initiating NAVA. Reviewed
data included NAVA Level, and the electrical activity of the
diaphragm at contraction and at rest as represented by the
Edi Peak and Edi Min, respectively.

Data collection and statistical analysis

For the first objective, the physiologic state of each infant
was evaluated pre-NAVA and at intervals of 1, 24, and 72 h
while on NAVA. For descriptive purposes, each patient’s
change from baseline on each of the ten outcome variables
was computed at each subsequent time point, including
median and inter-quartile ranges for these change scores.
Effects of time were then formally modeled by fitting a
linear mixed model for each outcome variable in SAS 9.4
(SAS Institute, Cary, NC). In each model, the outcome
variable (or its natural log, if needed to satisfy the model
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assumption of Normal residuals) was modeled as a function
of time point, and a random intercept was included to adjust
for clustering of time points for each patient. Time point
was treated as a categorical variable, allowing for non-linear
changes across time, and the pre-NAVA time point was set
as the referent to estimate the average change from baseline
at each subsequent time point.

For the second objective, continuous ventilator settings
were compared using nonparametric Mann—Whitney U
tests. Given the rarity of some outcomes, incidence rates
were analyzed using Fisher’s exact tests for robustness in
cases where expected counts were near zero. To validate the
efficacy of the matching process, distributions of the three
matching variables were compared between case and con-
trol cohorts with another two-sample Mann—Whitney U test.

Results

During the study period, a total of 130 neonates were
diagnosed with CDH, in line with the expected prevalence
of this disease; 104 underwent operative repair. A total of
18 neonates were placed on NAVA ventilation, of which 2
failed within 6 h due to clinical deterioration (tachypnea and
hypercarbia) or not triggering the ventilator (Fig. 1). Of
those who were successfully maintained on NAVA, the
median duration was 4 days, and 79% were successfully
extubated from NAVA. NAVA was used primarily while
the ventilatory support was stable or being weaned, but
other reasons included unfavorable ventilatory pressures on
other modalities, tachypnea, or agitation. Removal from
NAVA was due primarily to extubation or need for surgical
procedure. The characteristics of the neonates with CDH
and placed on NAVA were similar to those with CDH not
placed on NAVA with regard to patch repair (62.5% vs
57.0%, p = 0.79), liver herniation (31.3% vs. 38.1%, p=
0.78), left sidedness of defect (100% vs 82.2%, p = 0.075),

Enrollment

| Diagnosed with CDH (n=130) ]

Allocation
Discontinued

| Placed on NAVA (n=16) NAVA (n= 2)

Follow Up

| utilized Successfully (n=14) |

Analysis

| Analysed (n=14) |

Fig. 1 CONSORT diagram showing patients included for enrollment,
allocation, follow-up and analysis.
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need for extracorporeal membrane oxygenation (25% vs.
27.1%, p=0.56), and survival to discharge (87.5% vs
65.2%, p = 0.09).

For the first objective of measuring short-term outcomes
of neonates with CDH while on NAVA, decreases were
seen in ventilator indices and analgesic medication use, as
compared to the period before placing on NAVA (Fig. 2).
Based on mixed model estimates (Table 1), there was a
decrease in PIP at 1 h [—4.4, (95% CI —-7.6, —1.1), p=
0.010], 24h [-5.0, (=7.7, —2.4), p<0.001], and 72h
[-8.5, (—14.0, =3.1), p=0.003]; RSS at 24h [-0.6,
(—-1.1, =0.1), p=0.029], and 72h [—1.4, (—2.0, —0.7),
p<0.001]; MAP at 72h [-3.0, (—4.4, —1.5), p<0.001];
morphine-use at 72h [-0.4 mg/kg/day, (—0.7, —0.1), p=
0.004]; and midazolam use at 72 h [—0.4 mg/kg/day, (—0.7,
0.0), p =0.037]. One patient was started on clonidine as the
other analgesic medications were being weaned; no patients
were administered methadone. There were no statistically
significant changes in PEEP, heart rate, or respiratory
rate, although respiratory rate transiently declined by 17%
(p =0.0606).

For the second objective of understanding the impact of a
congenitally abnormal diaphragm on NAVA settings, neo-
nates with CDH and placed on NAVA were compared to a
1:2 matched control group of neonates without CDH who
were placed on NAVA. Their clinical and demographic
characteristics are compared in Table 2. There was no
clinically significant difference between the two groups in
NAVA level (p =0.286), nor electrical activity of the dia-
phragm as measured by the Edi-Peak (p =0.315) and Edi-
Min (p =0.266) (Fig. 3).

Discussion

Our study demonstrates that invasive NAVA in neonates
with diaphragmatic abnormalities can be used successfully
in most cases when ventilatory support is stable or being
weaned and is associated with improvements in ventilator
dynamics such as PIP, MAP, and RSS. Our results are
similar to previous literature in neonates without CDH that
has shown NAVA to be safe and feasible [4] and associated
with benefits such as improved patient-ventilator synchrony
[2]. Previous small studies and case reports in neonates with
CDH [6-8] have found NAVA to be associated with
decreased PIPs, A-aDO2, and PaCO2 over 24h. Our
study confirmed and expanded on these findings with
improvements observed in PIP, MAP, and RSS over a
period of 72 h. In other more diverse populations, such as
neonates with severe BPD [10] and PICU patients [11],
NAVA has been associated with a decrease in sedation
medication use; our study demonstrates similar findings in
neonates with CDH.



Neurally adjusted ventilatory assist in neonates with congenital diaphragmatic hernia

1913

25 160

20
15 =@ P|P
MAP 80

10 PEEP

140
120

100

60

=@ -RSS

40

‘\.—.\. 20

G Qe Qe @

pre- 1h 24h 72h pre- 1h

72h

3
@ HR T
oo
a4
RR %
g
CO2
@ «pH

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

=@ morpine

versed

Fig. 2 Observed median at pre-NAVA at 1, 24, and 72 h. PIP Peak Inspiratory Pressure, MAP Mean Airway Pressure, RSS Respiratory Severity

Score, HR Heart Rate, RR Respiratory Rate.

Table 1 Mixed model estimates of average change from pre-NAVA at 1, 24, and 72 h.

1h 24h 72h
Variable B (95% CI) P B (95% CI) P B (95% CI) P
Model estimates for unstandardized variables®
Respiratory Severity Score (MAP x FiO2) 0.1 (-0.5,0.7) 0.711  —-0.6 (—1.1, —=0.1) 0.029 —1.3 (-2.0, -0.7) <0.001
PIP —4.4 (-7.6, —1.1) 0.010 —-5.0(-7.7, =24) <0.001 —8.5(—13.9, —3.1) 0.003
PEEP 0 (NA, NA) NA 0.1 (—0.3, 0.4) 0.673 —0.2(-0.8,0.4) 0.460
MAP —1.1 (=2.5,0.3) 0.111  —-0.8 (=2.2,0.7) 0.306 —3.0 (—4.4, —1.5) <0.001
pH —0.01 (—0.04, 0.02) 0.636 0.03 (—=0.01, 0.06) 0.115  0.01 (—0.03, 0.05) 0.596
CcO2 0.0 (—4.4,44) 0.996 —4.0 (8.0, —0.1) 0.046 —1.2(-6.1, 3.6) 0.608
Heart rate —1.0 (=9.3,7.3) 0.816 —4.6 (—14.1,4.9) 0.337 5.4 (—15.8,5.0) 0.299
Respiratory rate (HFOV excluded) —6.2 (—14.6,2.3) 0.147  —9.5 (—19.6, 0.6) 0.066 —5.5 (—15.6, 4.6) 0.277
Morphine equivalent (mg/kg/day) —-0.2 (-04,0.1) 0.268 —0.4 (0.7, —0.2) 0.004
Versed equivalent (mg/kg/day) —0.1 (=0.2, 0.0) 0.131  -0.3 (-0.7, 0.0) 0.037
Model estimates for standardized variables®
Respiratory Severity Score (MAP x FiO2) 0.1 (—0.3, 0.4) 0.711  —0.3 (-0.6, 0.0) 0.029 —-0.8 (1.1, —0.4) <0.001
PIP —-0.6 (—1.1, —0.2) 0.010 -0.7 (-1.1, -0.3) <0.001 —1.2(-2.0,-04) 0.003
PEEP 0 (NA, NA) NA 0.1 (—0.2,0.4) 0.673 —0.2 (0.7, 0.3) 0.460
MAP —0.4 (0.8, 0.1) 0.111  -0.2 (-0.7, 0.2) 0.306 —0.9 (—1.4, —0.5) <0.001
pH —0.1 (—0.7, 0.4) 0.636 0.5 (-0.1, 1.1) 0.115 0.2 (—0.6, 1.0) 0.596
CcO2 0.0 (-0.5, 0.5) 0.996 —0.5 (-1.0, 0.0) 0.046 —-0.2 (0.7, 0.4) 0.608
Heart Rate —0.1 (—0.5, 0.4) 0.816 —0.3 (—0.8, 0.3) 0.337 —0.3 (0.9, 0.3) 0.299
Respiratory Rate (HFOV excluded) —-0.4 (—1.1,0.2) 0.147 —0.7 (—1.4, 0.0) 0.066 —0.4 (—1.1,0.3) 0.277
Morphine equivalent (mg/kg/day) —0.2 (-0.7, 0.2) 0.268 —0.7 (—1.1, —0.2) 0.004
Versed equivalent (mg/kg/day) —0.1 (=0.3, 0.0) 0.131  —0.5 (1.0, 0.0) 0.037

#Regression coefficients represent average change from baseline in original units.

bScaled regression coefficient representing average change in SD units (95% confidence interval).
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Our study is the first to conceptualize the interaction
between NAVA and the congenitally abnormal diaphragm
by comparing ventilator settings and indices with a 1:2
matched control group without CDH. In our population of
neonates weaning from ventilatory support, we demon-
strated that the congenitally abnormal diaphragm does not
require higher ventilator settings, nor do the levels exceed
the normal range of settings used at our institution. We
observed no meaningful difference in the electrical activity
of the diaphragm as detected by the NAVA catheter.

One of the strengths of our study is that it builds on the
existing literature base with a larger cohort of 16 neonates
and trending their outcomes over 72 h, a longer period of
time compared to previous publications. Our study shows
an association between NAVA and decreased analgesic
medication use in the neonatal intensive care unit. Aln
addition, our use of a control group provides a framework
for understanding NAVA ventilator indices and settings in
CDH and demonstrates no meaningful differences in dia-
phragmatic electrical activity, nor required ventilator set-
tings. Due to the frequent use of NAVA at our institution,
we were able to create a matched control group using three

Table 2 Patient characteristics of neonates placed on NAVA
comparing those with CDH to those without (PMA Post Menstrual
Age, RSS Respiratory Severity Score, BW Birthweight, GA
Gestational Age).

CDH non-CDH p-value
PMA at NAVA 39 5/7+15 days 40 5/7+29 days  0.232
Weight at NAVA 3.36 £0.775 3.32+1.30 0.215
RSS 4.30+3.17 4.00+1.82 0.380
BW (kg) 3.09 £0.631 2.84+0.955 0.209
GA at birth 38/0+9 days 36/2 28 days  0.064

NAVA Level (cmH20/uV)

4 20
35 18
16
3
14
2.5 0
" « —
6
1
4
0.5 i
0 0
COH NON-CDH CDH

Edi Peak (nV)

parameters (weight, PMA, and RSS) which decreases
variability between the two comparison groups.

There are limitations to our study owing to sources of
potential bias. First, the neonates were placed on NAVA at
physician discretion and were not randomly chosen, intro-
ducing the potential for selection bias; if the selected neo-
nates do not represent the larger population, it is possible
that the neonates placed on NAVA had higher or lower
disease severity compared to the larger population of neo-
nates with CDH. We attempted to mitigate this limitation by
comparing characteristics of the study group with the larger
CDH population and found little evidence of meaningful
differences in measured characteristics. Selection bias is a
potential limitation in the second objective as well, as the
matching criteria may not fully account for differences
between the intervention and control groups. Second, due to
the retrospective nature of this study, blinding was not
possible, creating the potential for observer bias. We miti-
gated this limitation by using objective measures such as
ventilator indices, documented medication use, vital signs,
and blood gases. Last, with only 16 neonates, our study is
small, owing to the rarity of CDH, to the fact that NAVA is
a relatively new innovation, and to provider discretion with
regard to choice of ventilator modalities.

In conclusion, our study demonstrates that the potential
benefits of NAVA extend to neonates with CDH, and we
found no compensatory change in Edis, nor a need for
higher/lower ventilator settings compared to neonates
without CDH. The -current literature base regarding
NAVA in this patient population is limited; it is difficult to
make recommendations regarding patient care based on
such limited evidence. Therefore, further investigation into
the optimal ventilator modality for neonates with CDH
would best be performed in a prospective, multi-
center study.

Edi Min (pV)

NON-CDH CDH NON-CDH

Fig. 3 Comparison of ventilator settings and respiratory indices of patients placed on NAVA with and without CDH. Edi Peak electrical
activity of the diaphragm at inhalation, Edi Min tonic resting electrical activity of the diaphragm.
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Data availability

Datasets will be made available upon request.
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