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ABSTRACT  Early prediction of bronchopulmonary dysplasia (BPD) may facilitate tailored management
for neonates at risk. We investigated whether easily accessible flow data from a mechanical ventilator can
predict BPD in neonates born extremely premature (EP).

In a prospective population-based study of EP-born neonates, flow data were obtained from the
ventilator during the first 48 h of life. Data were logged for >10 min and then converted to flow-volume
loops using custom-made software. Tidal breathing parameters were calculated and averaged from >200
breath cycles, and data were compared between those who later developed moderate/severe and no/mild
BPD.

Of 33 neonates, 18 developed moderate/severe and 15 no/mild BPD. The groups did not differ in
gestational age, surfactant treatment or ventilator settings. The infants who developed moderate/severe
BPD had evidence of less airflow obstruction, significantly so for tidal expiratory flow at 50% of tidal
expiratory volume (TEFs50) expressed as a ratio of peak tidal expiratory flow (PTEF) (p=0.007). A
compound model estimated by multiple logistic regression incorporating TEF50/PTEF, birthweight z-score
and sex predicted moderate/severe BPD with good accuracy (area under the curve 0.893, 95% CI
0.735-0.973).

This study suggests that flow data obtained from ventilators during the first hours of life may predict
later BPD in premature neonates. Future and larger studies are needed to validate these findings and to
determine their clinical usefulness.
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Introduction

Bronchopulmonary dysplasia (BPD) is the most common severe complication of premature birth and
affects two out of three infants born extremely premature (EP), i.e. born before 28 weeks™ gestational age
[1]. It is associated with lifelong health consequences, including poor neurodevelopmental outcome and
chronic respiratory conditions such as asthma, pulmonary hypertension and, possibly chronic obstructive
pulmonary disease [2-4]. BPD is defined by need of oxygen supplementation for >28 days and is graded
as mild, moderate or severe depending on the requirement for oxygen supplementation or ventilatory
support at 36 weeks’ gestational age [5]. BPD is characterised by arrested lung growth with alveolar
hypoplasia, abnormal pulmonary vasculature and interstitial cell proliferation [6] due to disruption of the
normal in utero pulmonary development [2, 7, 8]. The disease process is multifactorial, but inflammation
caused by various neonatal conditions, traumas and treatments is an essential driving force of the
pathogenesis [9].

The risk of BPD is statistically linked to low gestational age, low birthweight and male sex [2, 4, 10], but
EP-born neonates are probably born with variable susceptibilities or predispositions [4, 11]. We lack
reliable clinical methods that might reflect such risk factors during the very early postnatal period; such
methods are needed in order to improve our understanding of the disease process and thus provide a basis
for prevention and targeted early management in neonates at particular risk. Our hypothesis was that early
lung mechanics may reflect a susceptibility for later development of BPD, and our aim was to investigate
whether flow data that are easily obtained from a ventilator during the first few hours of life can predict
development of the severe forms of BPD in EP-born neonates in need of mechanical respiratory support.

Methods

Subjects and study design

This study was part of a larger prospective population-based cohort study (Project Extreme Prematurity;
BabyPEP) that has been ongoing at Haukeland University Hospital (Bergen, Norway) since 2011. Pregnant
females threatening preterm delivery before 28 weeks’ gestation are invited and their children included if
born <28 weeks gestational age. Since 2014, flow data have been logged from the ventilator for the
neonates who received conventional ventilator support during their first 48 h of life.

Ventilator flow data

All neonates were ventilated using BabyLog VN500 (Dréger, Liibeck, Germany). Raw bidirectional flow
data with a frequency of 50 Hz were logged for >10 min during the neonates’ first 48 h of life using
custom-made software (MedLink 4.4; Nortis Ingenieurbiiro, Niirnberg, Germany) provided by the Dréger
company. The software was installed on a computer connected to the ventilator by a Medibus cable.
Flow-volume curves were constructed and breathing parameters analysed using another custom-made
software package (VoluSense, Bergen, Norway). The mode of mechanical ventilation was “assist control
with volume guarantee” during all data acquisitions. All neonates had uncuffed endotracheal tubes of sizes
2.5mm (n=31) or 3.0 mm (n=2). The individual tube size was decided at the discretion of the attending
neonatologist. All neonates were sedated and given morphine pain relief at doses 10-15 pgkg™"-h™'; they
were all clinically stable at the time of data acquisition, and laryngeal air leaks calculated by the ventilator
were <15%.

Analysis of flow-volume loops

The analyses of the flow-volume loops and the selection of the traces upon which the analyses were based
took place consecutively as the infants were included and before the patients were old enough to qualify
for a BPD diagnosis, and thus were blinded to outcome. The traces were inspected visually to select >200
stable breath cycles based on the following criteria: 1) no obvious artefacts; 2) no sighs; and 3) no obvious
changes in the depth of breathing or baseline (figure 1a). The following breathing parameters were
calculated and averaged by the computer software: tidal volume (VT), minute ventilation (V'E), respiratory
rate, peak tidal expiratory flow (PTEF), time to PTEF as a ratio of total expiratory time (tPTEF/tE), ratio of
tidal expiratory flow at 50% of expired volume (TEFs0) to PTEF (figure 1b), ratio of tidal expiratory flow
at 75% of expired volume (TEF75) to PTEF and flow volume gravity, which is a parameter described in
detail previously [12]. We excluded VT, respiratory rate and V'E from comparisons/statistical analyses, as
these parameters primarily reflect support from the ventilator.

Definitions

BPD was defined according to the National Institute of Child Health and Human Development and
National Heart, Lung, and Blood Institute workshop criteria from 2000, and the infants were
retrospectively divided into two groups: no/mild BPD and moderate/severe BPD [5].

z-scores for birthweights were calculated with reference to the 2013 Fenton growth charts [13].
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FIGURE 1 Flow-volume loop analysis. a] Example of flow traces selected for computerised analysis. The
arrows indicate breaths that were excluded from analysis (sighs). b] Airflow obstruction gives a concave
flow-volume loop and lower tidal expiratory flow at 50% of expired volume (TEFs0)/peak tidal expiratory flow
(PTEF) ratio.

Statistical methods
Data were analysed and graphs created using SPSS (version 22; IBM SPSS Statistics, Armonk, NY, USA)
and MedCalc (version 13.1; MedCalc Software, Mariakerke, Belgium).

The data were tested for normal distribution, and means with standard deviations or 95% confidence
intervals were calculated for the various patient variables and breathing parameters. Group comparisons
were made with independent sample t-tests or the Chi-squared test, as appropriate. Receiver operator
characteristic (ROC) analyses were used to assess the ability of the different expiratory breathing
parameters, as well as a compound model consisting of TEFs0/PTEF, birthweight z-score and sex, to
predict BPD severity. As regards the compound model, a prognostic score (predicted probabilities) was
estimated by multiple logistic regression, and this score was subsequently used as the test variable in the
ROC analysis. Since gestational age and birthweight are highly correlated confounders, we chose to include
birthweight z-score in this model.

Approvals
The study was approved by the regional committee on medical research ethics of Western Norway (REC
West) and registered at www.ClinicalTrials.gov (identifier number NCT01150396).

Results

Subjects and perinatal data

72 EP-born neonates were included in the BabyPEP study during the inclusion period (July 2014 to
November 2016). 40 neonates received conventional ventilator support during their first 48 h of life, and
37 of them were included in this study. Flow data from three patients could not be recorded due to
practical reasons. Data from four patients were excluded from the analyses due to death before 36 weeks
gestational age preventing grading of BPD. Clinical characteristics and perinatal data for the remaining 33
patients are provided in table 1. 18 neonates developed moderate/severe BPD and 15 no/mild BPD. There
were more males, and also a tendency for lower gestational age, birthweight and birthweight z-score in the
preterm-born neonates who developed moderate/severe BPD; however, differences were not statistically
significant. Ventilatory support in terms of pressures and fractions of oxygen supplementation did not
differ between the two BPD subgroups at the time of data acquisition.

Comparisons between BPD subgroups and prediction of later BPD

The moderate/severe BPD group had higher numerical values for all the expiratory breathing parameters
than the no/mild BPD group, i.e. suggesting less obstruction, but the difference was only significant for
TEFs0/PTEF (table 2). This finding remained highly significant after performing a Bonferroni adjustment
(adjusted p-value of 0.01).

ROC analyses showed that TEF50/PTEF predicted later development of moderate/severe BPD with an area
under the curve (AUC) of 0.774 (95% CI 0.596-0.901), but that gestational age (0.606, 0.421-0.771),
birthweight (0.672, 0.487-0.825), birthweight z-score or sex did not (figure 2). The AUC (95% CI) of a
compound model incorporating TEF50/PTEF, birthweight z-score and sex was 0.893 (0.735-0.973). The
optimal cut-off point for the combined model was 0.785, meaning that a prognostic score >0.785 predicted
BPD with sensitivity and specificity of 66.7% and 100%, respectively, corresponding to positive and
negative predictive values of 100% and 71.4% in this study.
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TABLE 1 Perinatal characteristics of the extremely premature infants studied

Preterm-born neonates who Preterm-born neonates  p-value®

later developed who later developed
no/mild BPD moderate/severe BPD
Subjects n 15 18
Male 7 (47) 11 (61) 0.65
Gestational age at birth weeks"®* 26%£1" 25%+13 0.24
Birthweight g 864+164 754+154 0.06
Birthweight z-scores 0.11£0.54 -0.29+0.67 0.08
Antenatal steroids 13 (87) 17 (94) 0.93
Surfactant treatment 15 (100) 18 (100) 1.00
Age at data acquisition h 17.8£13.3 17.1£12.4 0.87
PIPT cmH,0 16.1£2.3 16.8+4.2 0.55
PEEPT cmH,0 4.9+0.48 4.8+0.62 0.74
Set tidal volume per kg mL-kg™" 5.4+0.78 5.240.66 0.34
Fraction of inspired oxygen' % 32+15 28+10 0.40

Data are presented as n (%) or meantsp, unless otherwise stated. BPD: bronchopulmonary dysplasia; PIP:
ventilator peak inspiratory pressure; PEEP: ventilator positive end-expiratory pressure. *: independent
samples t-test or Chi-squared test; T: during data acquisition.

Discussion

The expiratory flow ratio TEF50/PTEF obtained during the first 48 h of life was significantly higher, i.e.
suggesting a less obstructive airflow pattern, for the EP-born neonates who later went on to develop
moderate/severe BPD than for those who developed no or mild BPD. In addition, the TEF50/PTEF ratio
significantly predicted moderate/severe BPD, in contrast to other neonatal variables such as gestational
age, birthweight and birthweight z-score. A compound model estimated by multiple logistic regression
incorporating TEF50/PTEF ratio, birthweight z-score and sex predicted moderate/severe BPD with good
accuracy (AUC 0.893).

Strengths and limitations

Like any single-centre study with relatively few participants, the results of this study must be interpreted
cautiously, as features particular to the participants or institutional practices may have introduced bias
difficult to control for. The likelihood of selection bias was reduced to the extent possible by the inclusion
procedure, i.e. convenience based and consecutive recruitment with few dropouts from a population-based
sample of EP-born neonates. We only studied EP-born neonates who required early ventilatory support,
and neonates with relatively little lung disease shortly after birth may still develop BPD [14]. Obviously,
other prognostic methods are needed for this group, and electromagnetic inductance plethysmography is
emerging as a promising method in this respect, since it can be applied in patients needing continuous
positive airway pressure or high-flow nasal cannulas [15-17].

TABLE 2 Expiratory breathing characteristics calculated from flow data from a mechanical

ventilator during the first 48 h of life in 33 extremely premature infants with or without later
development of moderate/severe bronchopulmonary dysplasia (BPD)

Preterm-born neonates Preterm-born neonates p-value®
later developing no/mild later developing moderate/severe
BPD BPD

Subjects n 15 18
PTEF per kg mL-s~" 27.6 (22.1-33.2) 30.2 (25.7-34.7) 0.45
tPTEF/tE 21.1 (15.7-26.5) 23.4(19.8-26.9) 0.44
TEFs0/PTEF % 71.8 (62.9-80.6) 85.1 (81.8-88.4) 0.007
TEF75/PTEF % 44.1 (33.7-54.5) 51.3 (44.2-58.5) 0.22
FVg 0.42 (0.39-0.44) 0.44 (0.42-0.45) 0.12

Data are presented as mean (95% Cl), unless otherwise stated. tPTEF: time to peak tidal expiratory flow; te:
expiratory time; TEFn: tidal expiratory flow at n% of expired volume; PTEF: peak tidal expiratory flow; FVg:
flow volume gravity. #: independent samples t-test.
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FIGURE 2 Receiver operator characteristic (ROC) curves comparing the ability of different expiratory breathing parameters and perinatal variables
(birthweight z-score and sex) to predict development of bronchopulmonary dysplasia (BPD] (n=33). The combination model incorporates tidal
expiratory flow at 50% of expired volume (TEFs0) to peak tidal expiratory flow (PTEF) ratio, birthweight z-score and sex. If the 95% confidence
interval of the area under the ROC curve (AUC] includes 0.5 (no discrimination) the parameter does not predict BPD. The optimal cut-off point is
where the sensitivity and specificity are maximal. FVg: flow volume gravity; tPTEF: time to peak tidal expiratory flow; te: expiratory time.

We cannot exclude that our findings reflect flow conditions or secretions in the endotracheal tubes.
However, there were no clinical signs of tube obstruction in any of the participants during the time of data
acquisition, and all neonates had an appropriately sized tube with minimal laryngeal air leaks.
Furthermore, the obtained expiratory flow patterns do not agree with the pattern expected with tube
obstructions or leaks. Expiration is primarily a passive process, and expiratory breathing parameters were
thus considered to reflect natural lung mechanics. The positive end-expiratory pressure provided by the
ventilator could theoretically bias the data, but it was almost identical in the two BPD subgroups.

Comparisons between the two subgroups of BPD

The neonates who went on to develop moderate/severe BPD had the least obstructive airflow pattern in
the first few hours of life. Only the variable describing mid-expiratory flow (TEFs0/PTEF) differed
significantly between the two groups of BPD, but the overall pattern was strengthened by the
nonsignificant but coherent group differences also for the other expiratory flow parameters. In contrast,
BPD in preterm-born infants is usually associated with increased expiratory airflow obstruction at
term-equivalent age as well as throughout childhood, adolescence and early adulthood [18-20]. We do not
have data to explain this unexpected finding. However, it is not unreasonable to assume that those
neonates who later went on to develop the more severe forms of BPD were those who were born with the
most immature lungs, characterised by low compliance due to low surfactant production and less
developed and stiffer small and medium sized airways and distal respiratory airway structures [21, 22].
This is in accordance with major studies of EP-born neonates which show that low gestational age (i.e.
increasing degree of prematurity) is a risk factor for severe BPD development within this already low
gestational age group [23, 24]. It may further be speculated that this scenario could lead to more intense
early interstitial and peribronchial inflammatory responses to positive pressure ventilation with a further
decrease in lung and airway compliance. Additionally, the chest wall has a major influence on the
underlying lungs, as its outward recoil is generally extremely low in preterm-born infants because of the
soft rib cage and scarce intercostal muscles [22]. The overall effect for the most severely ill neonates could
be an initial phase characterised primarily by high pulmonary elastic recoil pressures and reduced
compliance, creating tidal airflow patterns that are less obstructive. This line of thinking is compatible with
the clinically well recognised concept of “stiff lungs”; a term often used to describe the breathing pattern
observed in the most severely ill preterm-born neonates with the more severe forms of neonatal respiratory
distress syndrome.

Several studies suggest that neonates who go on to develop different severity of BPD have innate lung
differences. Those who develop the severe forms tend to need more prolonged mechanical ventilation [20,
25], a larger proportion are treated with surfactant, they have different cytokine and growth factor patterns
[26, 27] and a significant genetic predisposition has been proposed, although it is poorly understood [4, 11].

Prediction of later BPD from early airflow parameters

To our knowledge, the present study is the first attempt to examine to what extent easily accessible flow
data from a mechanical ventilator can be used to predict later development of BPD in EP-born neonates.
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Buurtant et al. [28] studied the relationship between pulmonary compliance and resistance and subsequent
BPD in low birthweight infants (<1500 g) who required mechanical ventilation during their first week of
life, and found that low dynamic pulmonary compliance (CL) and high total pulmonary resistance were
related to BPD. In addition, they created different BPD prediction models and found that a model
dependent on gestational age and CL had the highest positive predictive accuracy. Kiv et al. [29] found
that modified respiratory parameters, i.e. peak inspiratory pressure relative to birthweight and mean airway
pressure relative to birthweight at 12 h of age were significant risk factors for the development of BPD.

Various scoring systems for predicting later BPD based on clinical variables such as gestational age,
birthweight, sex, fraction of inspired oxygen, exposure to mechanical ventilation, sepsis and presence of
patent ductus arteriosus have been proposed, but generally they have not been adopted in clinical practice.
A general problem of these scoring systems has been their relatively low specificity or low positive
predictive values [30]. Furthermore, the need for prolonged observation and inclusion of unpredictable
complications obscure the significance of innate predispositions which, in our opinion, is fundamental in
an attempt to understand probable causes and thus ways of preventing a progression towards severe
chronic lung disease in children born prematurely.

Conclusions

Flow data easily obtained from a ventilator could be used to compute breathing parameters that
discriminated between neonates who went on to develop the severe forms of BPD and those who did not.
The parameter TEFs0/PTEF showed promising predictive abilities in this respect, and a model combining
this parameter with birthweight z-score and sex could predict later respiratory morbidity with good
accuracy. Future and larger studies are needed to validate these findings and to determine their clinical
usefulness. If subsequent evaluations were to confirm the findings, this would open for targeted
management and institution of customised preventive and early therapeutic measures in neonates at
particular risk of developing severe BPD.
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