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Abstract
Background: The objective of this study was to determine 
whether ventilator bias gas flow affects tracheal aspirate (TA) 
cytokine concentrations in ventilated extremely preterm in-
fants. Methods: This is a randomized controlled trial in a ter-
tiary neonatal unit in New Zealand. Preterm infants (<28 
weeks’ gestation/<1,000 g) requiring intubation in the first 7 
days after birth were randomized to bias gas flows of 4 or 10 
L/min. Cytokine concentrations in TA and plasma were mea-
sured at 24, 72, and 120 h after the onset of ventilation. The 
primary outcome measure was concentration of interleukin 
(IL)-8 in TA 24 h after the onset of mechanical ventilation. 
Results: Baseline demographics were similar in babies ran-
domized to 4 (n = 50) and 10 (n = 45) L/min bias gas flow. TA 
IL-8 concentrations were not different between groups. Plas-
ma IL-8 concentrations decreased over time (p < 0.05). Respi-
ratory support and incidence of bronchopulmonary dyspla-
sia at 36 weeks’ corrected gestational age were similar be-
tween groups. Fewer babies ventilated at 4 L/min developed 

necrotizing enterocolitis (NEC) ≥ stage 2 (n = 0 vs. n = 5; p = 
0.02) and fewer died (n = 1 vs. n = 5, p = 0.06). Conclusions: 
Lower bias gas flow in ventilated extremely preterm infants 
did not alter TA cytokine concentrations but the lower inci-
dence of NEC and mortality warrants further investigation.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Preterm birth and its consequences remain a major 
cause of childhood mortality and morbidity. Worldwide, 
the rate of preterm birth is increasing, with about 1% of 
all babies being born before 28 weeks’ gestation. Survival 
rates have improved, but rates of bronchopulmonary dys-
plasia (BPD) remain high [1, 2] and, in many centres, are 
increasing [3]. BPD in babies born under 28 weeks’ gesta-
tion in the Australia and New Zealand Neonatal Network, 
defined as ongoing oxygen or respiratory support at 36 
weeks’ postmenstrual age, have risen from 44% in 2010 to 
61% in 2018 [4, 5]. BPD is a chronic lung disease charac-
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This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.



Bach/Kuschel/Patterson/Skwish/Huth/
Phua/Bloomfield

Neonatology2
DOI: 10.1159/000515364

terized by a disruption of alveolar development with few-
er, larger alveoli and decreased vascularity [2]. The long-
term health of babies with BPD is affected by more fre-
quent respiratory illnesses, primary healthcare visits, and 
hospital admissions [2].

BPD is a multi-factorial disease with ventilator-in-
duced lung injury (VILI) playing an important role. Ba-
bies who go on to develop BPD or more severe respira-
tory distress syndrome (RDS) have been shown to have 
increased polymorphonuclear leucocytes and macro-
phages in tracheal aspirates (TAs) from as early as 5 h of 
age [6]. These inflammatory cells are accompanied by el-
evations in pro-inflammatory cytokines, such as interleu-
kin (IL)-8, IL-6, IL-1β, and TNFα, which are well-known 
biomarkers of lung injury [7, 8]. IL-8, a potent neutrophil 
chemotactic factor, has been shown to be increased in the 
first 5 days after birth in TAs of babies who later devel-
oped BPD [9] and its elevation precedes the influx of neu-
trophils in the tracheobronchial effluent [10]. The early 
nature of the response is supported by correlations of IL-8 
concentrations in amniotic fluid [11] and cord blood [12] 
with risk of BPD.

Pro-inflammatory mechanisms underlying VILI in-
clude volutrauma, barotrauma, atelectrauma, oxytrauma, 
and biotrauma [2]. This knowledge has led to advances in 
respiratory care, such as volume-targeted ventilation, 
which have been demonstrated to reduce death or BPD 
and number of ventilated days [13]. The role of rheotrau-
ma, the potential for gas flow to induce injury, has not been 
well studied in VILI, although the role of shear stress in-
jury in the vascular tree is well described [14]. Most neo-
natal ventilators apply a continuous or variable bias gas 
flow in the ventilator circuit, which is used to forcibly inject 
gas into the lungs during inspiration. Inspiratory flow cor-
relates with bias flow [15], although this relationship is not 
linear at higher bias flows, presumably due to turbulence 
generated in the endotracheal tube, which can also lead to 
a drop in pressure [16]. Studies in term and preterm lambs 
have demonstrated that high bias gas flows reduce ventila-
tor efficiency [15], increase mRNA expression levels of ear-
ly response genes, and result in histological changes con-
sistent with VILI after only 2 h of ventilation [17].

Therefore, we investigated, in ventilated preterm ba-
bies, the effect of bias gas flows on inflammatory bio-
markers predictive of BPD, with the aim of progressing 
to a larger RCT with BPD as the primary outcome should 
the results support this. We hypothesized that low venti-
lator bias gas flows would result in lower levels of pro-
inflammatory cytokines in TAs, indicative of less severe 
lung injury.

Methods

Patients were eligible if born before 28 weeks of gestation or 
with a birth weight under 1,000 g and requiring intubation for me-
chanical ventilation in the first 7 days after birth. Exclusion criteria 
were cardiorespiratory anomalies, known genetic or chromosom-
al abnormalities, or expected imminent death. Antenatal consent 
was sought wherever possible, but ethical approval permitted de-
ferred consent for up to 24 h when antenatal consent was not pos-
sible. Biological samples could only be collected once informed, 
written consent from parents or guardians was obtained, and this 
was required for all babies to be included in the trial. The trial pro-
tocol was approved by the Multiregion Human Disability and Eth-
ics Committee (MEC/11/08/068) and the hospital Research Re-
view Committee. Babies were randomized at the time the decision 
to intubate was made to a bias gas flow of 4 or 10 L/min using 
sealed and opaque envelopes. The allocated flow was used each 
time ventilation was required for the baby up to 36 weeks’ post-
conceptional age and was used for both ventilator (Dräger Babylog 
8000plus and VN500) and t-piece resuscitator (Neopuff; Fisher & 
Paykel). Ventilator mode was chosen upon discretion of the treat-
ing clinician, with volume-targeted mode being the default mode 
in our unit. Nutrition was provided according to the unit guide-
lines (https://www.starship.org.nz/guidelines/nutrition-neonatal-
nutrition-guideline/).

The primary outcome was the concentration of IL-8 in TA at 
24 h after the onset of ventilation. Secondary outcomes were con-
centration of cytokines IL-1β, IL-6, IL-8, IL-10, and TNFα at 24, 
72, and 120 h after the onset of ventilation in both TA and blood; 
respiratory data including number of ventilated days and mode of 
ventilation; number of days on respiratory support; incidence of 
BPD, defined as needing supplemental oxygen or respiratory sup-
port at 36 weeks’ postmenstrual age as collected for the Australia 
and New Zealand Neonatal Network (ANZNN) registry at the 
time; and major neonatal morbidities including necrotizing en-
terocolitis (NEC), defined according to Bell stage 2 or greater. A 
data safety and monitoring committee was established before the 
onset of the trial.

TAs were collected over a 12-h period from 24, 72, and 120 h 
of onset of ventilation, if still ventilated. Endotracheal suctioning 
was performed when clinically indicated. Suction catheters were 
stored at 4°C until TA was lavaged into a 1.5-mL Eppendorf tube 
with 1 mL PBS, centrifuged for 10 min at 12,000 g at 4°C with pel-
let and supernatant stored separately at −80°C. Blood samples were 
collected 24, 72, and 120 h after the onset of ventilation, centri-
fuged at 4°C for 15 min at 1,500 g, and stored at −80°C. The cyto-
kine concentrations in plasma and TAs were measured using a 
quantitative magnetic bead-based MILLIPLEX MAP (multiana-
lyte panel) human multiplex cytokine assay (Merck KGaA, Darm-
stadt, Germany) according to the manufacturer’s instructions and 
blinded to treatment allocation. Plasma samples were analysed un-
diluted, and TA samples were diluted 3-fold using PBS. As RDS 
and pulmonary inflammation may alter concentration of both 
DNA and protein in the airway and there is no accepted standard 
for normalization of TA samples to account for the potential effect 
of differing dilutions, no normalization of data was undertaken.

To detect a 35% reduction in IL-8 concentration in TA at 24 h 
after the onset of ventilation in babies ventilated with a flow of 4 
L/min compared with babies ventilated with a flow of 10 L/min 
with 80% power and a 2-sided significance level of 5% required a 
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sample size of 128 babies (64 in each arm). Twins or triplets were 
randomized as individual babies.

Analysis was on an intention-to-treat basis. Non-parametric 
data were logarithmically transformed to approximate normality, 
where possible, prior to analysis. The primary outcome and clini-
cal continuous data were analysed using a t test. Categorical data 
were analysed using χ2 test or Fisher’s exact test, where the number 
in any cell was <5, and are presented as relative risk (RR) with 95% 
CI. Cytokine concentrations were analysed using a factorial ANO-
VA with time as an additional variable.

Results

One hundred and seven babies were randomized be-
tween July 2012 and December 2015, with 95 babies con-
sented (Fig.  1). Due to slower recruitment than antici-
pated, an interim analysis was performed and the data 
safety monitoring committee recommended discontinu-

ation of the study on the ground of futility, with little like-
lihood of demonstrating a difference in the primary out-
come. Baseline demographic variables and clinical char-
acteristics were well matched between the 2 groups 
(Table 1).

The primary outcome of IL-8 concentration in TA 
was collected for 31 babies in the 4 L/min group and 
for 26 babies in the 10 L/min group; the other babies 
were extubated prior to 24 h. No significant difference 
was observed in IL-8 concentration for babies venti-
lated with 4 versus 10 L/min (16,681 [14,351] vs. 14,663 
[14,816] pg/mL, mean [SD]; Fig. 2a). Concentrations 
of cytokines IL-1β, IL-6, IL-8, IL-10, and TNFα were 
measured at 24, 72, and 120 h after the onset of ventila-
tion in both TA and blood. No significant differences 
were found, other than a decrease over time for IL-8 
concentration in plasma in both groups (p < 0.01) 
(Fig. 2b).

Number of babies admitted
<28 weeks‘ gestation or

<1,000 g
(n = 169)

Excluded (n = 62):
Not eligible (n = 48)

Declined (n = 3)
Missed (n = 11)

Randomized (n = 107)*

4 L/min (n = 60)

Consent
4 L/min (n = 50)

Consent
10 L/min (n = 45)

Primary outcome
4 L/min (n = 31)

Primary outcome
10 L/min (n = 26)

Not consented (n = 10)
Declined (n = 4)
Missed (n = 4)†

Protocol violation (n = 2)§

Not consented (n = 2):
Declined (n = 1)

Consent withdrawn (n = 1)

10 L/min (n = 47)

Fig. 1. Consolidated Standards of Reporting Trials diagram for re-
cruitment and treatment assignment. *Antenatal consent was ob-
tained in 18 babies. †“Missed” refers to babies who were random-
ized under the Ethics Committee approval for deferred consent 
but for whom it was not possible to obtain a decision from the 
parents/caregivers regarding informed written consent for ongo-

ing participation in the trial within the 24-h time period permitted 
under the terms of the ethical approval. §“Protocol violation”: 1 
baby received “in and out” surfactant with no ongoing ventilation 
and 1 baby was in danger of imminent death and died shortly after 
randomization under deferred consent.
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BPD and the composite outcome for BPD and death 
were not significantly different between groups, and there 
was no difference in the median number of ventilated 
days (Table 2). The bias gas flow did not alter the subse-
quent number of days on non-invasive ventilation (Ta-
ble 3). There were no differences in daily maximum peak 
inspiratory pressure, mean airway pressure, inspiratory 
time, or fraction of inspired oxygen during mechanical 
ventilation (data not shown).

Babies ventilated with a flow of 10 L/min were more 
likely to have NEC stage 2 or 3 than babies ventilated with 
4 L/min (5 vs. 0, p = 0.02; Table 4), and there also was a 
trend towards more deaths in the 10 L/min group (5 vs. 

1, p = 0.06; Table 4). Of the 5 babies who developed NEC, 
3 required surgery following which 2 died. Two further 
babies died beyond term-equivalent age from severe BPD, 
1 additionally complicated with neurofibromatosis type 
1. Other secondary clinical outcomes were not signifi-
cantly different between groups (Table 4).

Discussion

Contrary to our hypothesis, we found no effect of bias 
gas flow on concentrations of inflammatory cytokines 
that have been associated with later risk of BPD. Al-

Table 1. Patient demographics [18]

4 L/min 
(n = 48 
mothers and 
50 babies)

10 L/min 
(n = 38 
mothers and 
45 babies)

Maternal age, years 30.8 (6.4) 29.9 (6.9)
Maternal ethnicity

European 19 (40) 10 (26)
Maori 7 (15) 12 (32)
Asian 14 (29) 10 (26)
Pacific 7 (15) 4 (11)
Other 1 (2) 2 (5)

Caesarean section 26 (54) 21 (55)
Preterm labour 31 (65) 26 (68)
Preterm rupture of membranes 23 (48) 18 (47)
Chorioamnionitis

Clinical 21 (44) 20 (63)
Histological 28/50 (56) 20/45 (44)

Any antenatal steroids 47 (98) 37 (97)
<24 h 10 (21) 13 (34)
1–7 days 30 (63) 18 (47)
>7 days 6 (13) 3 (8)
Multiple courses 1 (2) 3 (8)
None 1 (2) 1 (3)

Gestation, weeks 25.9 (1.4) 25.4 (1.3)
Birth weight, g 813 (167) 828 (152)
SGA 5 (10) 3 (7)
Male sex 29 (57) 19 (42)
Singleton 40 (80) 28 (62)
One of twins 10 (20) 14 (31)
One of triplets 0 3 (7)
APGAR 1 min 6 (1–9) 5 (1–9)
APGAR 5 min 7 (3–10) 7 (2–9)

Data are presented as mean (SD); number/total number of 
babies or mothers, n (%); or median (range), as appropriate. SGA 
is defined as birth weight below the 10th percentile [18]. SGA, 
small for gestational age.
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Fig. 2. IL-8 concentration (pg/mL) in TAs (a) and in plasma (b) at 
24, 72, and 120 h after the onset of ventilation. Data are mean with 
standard deviation. No significant differences were found, other 
than a decrease over time for IL-8 concentration in plasma in both 
groups (p < 0.01). ⚫, flow 4 L/min; ◻, flow 10 L/min; IL, interleu-
kin; TA, tracheal aspirate.
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Table 2. Cytokine concentrations in TA and plasma

Time, h 4 L/min (n = 50) 10 L/min (n = 45)

24 72 120 24 72 120

TA, pg/mL
IL-1β 143 (1.58–5,225) 567 (1.10–17,949) 2,171 (23.6–16,998) 61.4 (2.19–2,282) 369 (4.56–6,745) 4,040 (4.41–43,570)
IL-6 1,510 (2.7–9,559) 1,233 (57.5–10,469) 2,686 (95.8–30,000) 635 (5.38–5,486) 705 (36.6–35,288) 2,312 (97.6–33,845)
TNFα 68.8 (3.17–2,225) 159 (1.07–1,564) 467 (23.4–5,945) 56.3 (2.06–828) 173 (8.77–3,136) 514 (6.56–10,475)
IL-10 31.3 (3.3–3,510) 43.8 (1.84–1,168) 125 (17.1–1,089) 45.9 (2.82–546) 52.7 (3.30–2,949) 172 (6.91–3,694)
Plasma, pg/mL
IL-1β 0.80 (0.02–2.84) 0.80 (0.02–0.80) 0.80 (0.01–5.19) 0.78 (0.02–7.48) 0.80 (0.02–2.49) 0.65 (0.02–1.00)
IL-6 38.3 (0.71–1,035) 9.73 (0.90–114) 32.4 (0.90–191) 23.6 (0.90–550) 15.4 (0.85–327) 26.5 (1.02–399)
TNFα 23.4 (7.42–47.3) 15.2 (2.58–36.0) 17.5 (0.70–55.9) 22.0 (2.68–52.2) 20.5 (3.13–45.7) 20.0 (3.21–83.1)
IL-10 22.0 (1.02–329)) 7.08 (0.38–136) 6.72 (2.09–55.3) 17.5 (1.02–123) 7.86 (0.53–45.6) 10.0 (2.19–527)

Data are presented as median (range). There were no statistically significant differences between groups. TA, tracheal aspirate; IL, interleukin.

Table 3. Secondary respiratory outcomes

4 L/min (n = 50) 10 L/min (n = 45) p value

Respiratory support, days
CV 7 (1–76) 8 (1–43) 0.66
HFO 0 (0–17) 0 (0–26) 0.52
CPAP 37.5 (1–61) 40 (0–66) 0.72
HF 11 (0–42) 10 (0–43) 0.95
LF 0 (0–8) 0 (0–6) 0.76

BPD RR (95% CI)

BPD 42 (84) 35 (77.8) 1.08 (0.89–1.32)
BPD or death 42 (84) 37 (82.2) 1.02 (0.85–1.23)

Data are presented as median (range) or n (%). CV, conventional ventilation; HFO, high-frequency oscillatory 
ventilation; CPAP, continuous positive airway pressure; HF, high flow; LF, low flow; RR, relative risk; BPD, 
bronchopulmonary dysplasia.

Table 4. Secondary clinical outcomes

4 L/min (n = 50) 10 L/min (n = 45) RR (95% CI)

Death 1 (2) 5 (11.1) 0.18 (0.02–1.48)
Infection 1# 1§

NEC 2
BPD 2^

NEC (stages 2–3) 0 5 (11.1)* Not estimable
IVH (grades 3–4) 1 (2) 3 (6.7) 0.30 (0.03–2.78)
PVL 4 (8) 4 (8.9) 0.90 (0.24–3.39)
ROP (≥grade 3 or plus disease) 5 (10) 3 (6.7) 1.47 (0.37–5.79)
PDA (received treatment) 18 (36) 20 (44.4) 0.81 (0.49–1.33)
Pulmonary haemorrhage 2 (4) 3 (6.7) 0.60 (0.10–3.43)

RR, relative risk; BPD, bronchopulmonary dysplasia; NEC, necrotizing enterocolitis (Bell staging); IVH, 
intraventricular haemorrhage (Papile classification); ROP, retinopathy of prematurity; PDA, patent ductus 
arteriosus. # Infection – culture positive. § Infection – culture negative. ^ Delivered at 24 and 25 weeks’ gestation, 
death at 2 months’ corrected gestational age (1 following complicated respiratory cause post-oesophageal 
perforation, 1 additionally diagnosed with neurofibromatosis type I). * p < 0.05.
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though the trial was stopped early after an interim analy-
sis was conducted due to slow recruitment, the lack of 
any difference indicates that this finding was unlikely to 
change even if the sample size had been reached. A key 
factor for slow recruitment was the introduction of vari-
able bias flow ventilators in units that initially had ex-
pressed interest in participating, preventing their partic-
ipation and leaving recruitment to a single centre. Al-
though the increasingly widespread use of variable flow 
ventilators in neonatal intensive care may be considered 
to render the hypothesis of rheotrauma redundant, the 
flows generated by these ventilators can be substantially 
higher than the 10 L/min in the higher flow group in this 
study, yet clinicians may not even be aware of the flows 
generated. The primary outcome of a biological variable 
at 24 h means that this is unlikely to have been affected 
by any potential bias from an unblinded trial, including 
that ventilatory strategy and time of extubation were not 
protocolized but performed according to the unit guide-
lines with the final decision left to the clinician. However, 
extubation prior to 24 h occurred in a significant number 
of babies, meaning that samples for the primary outcome 
were only available in approximately 2/3 of babies en-
rolled.

The concept of shear stress is widely accepted in the 
pathology of cardiovascular disorders such as athero-
sclerosis [14]. Indeed, forces generated by flow are con-
sidered important in driving developmental processes 
in several organ systems, including the cardiovascular 
tree [19]. BPD increasingly is recognized as a disease of 
disrupted development [2], rather than simply destruc-
tive lung injury, and it is possible that flow, whether of 
fetal lung fluid or of air postnatally when the lung is still 
developing, also contributes to development of the 
lung.

Experiments comparing 3 different bias gas flows 
during ventilation of preterm lambs demonstrated low-
er ventilatory efficiency; upregulation of early response 
genes, known to correlate with lung injury, in pulmo-
nary tissue; and greater histological lung injury in the 
animals ventilated at higher compared with the lowest 
flows, even after only 2 h of mechanical ventilation us-
ing ventilatory management similar to those used in 
neonatal nurseries [15, 17]. In vitro experiments using 
models of human neonates confirm potentially injuri-
ous jets of air impinging upon the carina that are mod-
ulated by the ventilatory strategy employed [20]. Ani-
mal and in vitro experiments can be carried out in a 
highly controlled setting with direct analysis of effects 
on tissue, whereas this is not feasible in a human trial. 

There are a multitude of maternal and perinatal factors 
that can potentially influence cytokine release, evident 
by reports finding associations between later risk of 
BPD and cytokine concentrations in amniotic fluid [11] 
and cord blood [12], clearly representing factors oper-
ating prior to birth, that may mask any potential effect 
of bias gas flow from mechanical ventilation. Plasma 
cytokine concentrations were 1–2 orders of magnitude 
less than TA concentrations, consistent with previous 
reports in infants and adults [21, 22], and did not follow 
the same general trend of an increase over time. This 
indicates that plasma cytokine concentrations may not 
be a reliable marker of pulmonary inflammation in the 
preterm baby. We are not aware of other paired TA and 
plasma analyses over time in neonates, and this requires 
confirmation in a larger sample.

Although approval for deferred consent meant we 
were able to commence the allocated flow with the onset 
of mechanical ventilation, we could not obtain biological 
samples until informed, written consent had been ob-
tained, and to ensure sufficient time for this to happen in 
families for whom antenatal consent was not possible, the 
first sample was collected at 24 h. It is, therefore, possible 
that we may have missed an early rise in TA cytokine con-
centrations as inflammatory cytokines may rise within 
the first hour of injurious ventilation [23]. It is also pos-
sible that we may have missed a later effect of bias flow on 
pulmonary cytokine concentrations as the last TA was 
taken at 120 h. Future studies could consider both later 
samples and also measurement of a wider range of anti-
inflammatory cytokines.

We defined BPD as needing supplemental oxygen or 
respiratory support at 36 weeks, as this was the definition 
in use by the ANZNN at that time; since then, the AN-
ZNN registry records physiological BPD [24] as a more 
objective assessment. However, it is unlikely that use of 
the physiological definition of BPD would change our 
findings. Babies in this trial were ventilated for longer and 
had a higher incidence of BPD compared with all infants 
born at less than 28 weeks’ gestation or less than 1,000 g 
at birth [25], reflecting a select group of high-risk babies 
requiring ventilation in the first week after birth in an era 
when non-invasive ventilatory support increasingly is the 
mode of choice.

An unexpected outcome for this study was the high-
er incidence of stage 2 or 3 NEC, and a trend towards 
greater mortality, in babies ventilated with higher bias 
gas flow. Caution is warranted in interpreting these 
data, as this may be a type I error, as the number of 
cases is low and 2 of the deaths in the higher flow group 
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were from multi-morbid complications of extremely 
preterm birth.

This is the first neonatal study of bias gas flow in the 
clinical setting; however, there are several limitations in-
cluding single centre recruitment, which was halted at 
75% of the planned sample size. Nevertheless, newer gen-
erations of neonatal ventilators apply a slope function or 
variable inspiratory flow to reach inspiratory pressure 
within a clinician-determined time limit. This requires 
the bias flow to be variable and frequently much greater 
than 10 L/min. Given our findings, further research into 
potential adverse effects of high bias gas flows may be 
warranted.

Conclusion

Reduced bias gas flow did not affect early pro-inflam-
matory TA cytokine responses in ventilated ELBW in-
fants. The finding of decreased NEC is limited by a small 
sample size and low incidence of NEC. The much higher 
bias gas flows reached in modern variable flow ventila-
tors, and whether there is any association with NEC, may 
merit further investigation. This could initially be per-
formed using in vitro or in silico approaches, as the sam-
ple size for studies attempting to reduce the incidence of 
BPD is very large.
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