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Background: We investigated the duration of invasive ventilation among very low
birth weight (VLBW) infants to evaluate the current minimum time required for
lung maturation to breathe without ventilator assistance after preterm birth.
Methods: A total of 14,658 VLBW infants born at ≤32+6 weeks between 2013 and
2020 were enrolled. Clinical data were collected from the Korean Neonatal
Network, a national prospective cohort registry of VLBW infants from 70
neonatal intensive care units. Differences in the duration of invasive ventilation
according to gestational age and birth weight were investigated. Recent trends
and changes in assisted ventilation duration and associated perinatal factors
between 2017–20 and 2013–16 were compared. Risk factors related to the
duration of assisted ventilation were also identified.
Results: The overall duration of invasive ventilation was 16.3 days and the
estimated minimum time required corresponded to 30+4 weeks of gestation.
The median duration of invasive ventilation was 28.0, 13.0, 3.0, and 1.0 days at
<26, 26–27, 28–29, and 30–32 weeks of gestation, respectively. In each
gestational age group, the estimated minimum weaning points from the assisted
ventilator were 29+5, 30+2, 30+2, and 31+5 weeks of gestation. The duration of
non-invasive ventilation (17.9 vs. 22.5 days) and the incidence of
bronchopulmonary dysplasia (28.1% vs. 31.9%) increased in 2017–20 (n= 7,221)
than in 2013–16 (n= 7,437). In contrast, the duration of invasive ventilation and
overall survival rate did not change during the periods 2017–20 and 2013–16.
Surfactant treatment and air leaks were associated with increased duration of
invasive ventilation (inverse hazard ratio 1.50, 95% CI, 1.04–2.15; inverse hazard
ratio 1.62, 95% CI, 1.29–2.04). We expressed the incidence proportion of
ventilator weaning according to the invasive ventilation duration using Kaplan–
Meier survival curves. The slope of the curve slowly decreased as gestational
age and birth weight were low and risk factors were present.
Conclusions: This population-based data on invasive ventilation duration among
VLBW infants suggest the present limitation of postnatal lung maturation under
specific perinatal conditions after preterm birth. Furthermore, this study provides
detailed references for designing and/or assessing earlier ventilator weaning
protocols and lung protection strategies by comparing populations or neonatal
networks.
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Introduction

Bronchopulmonary dysplasia (BPD) is a serious lung disease in

premature babies that affects not only the lungs but also growth and

development (1–3). With the development of perinatal treatment,

the survival rate of premature babies has increased; however, the

prevalence rate of BPD has also increased (4–6). After preterm

birth, biological time is necessary for lung development and

maturation, enabling very preterm infants to survive without

respiratory support. Long-term ventilator treatment, which is

unavoidable to overcome the anatomical and functional limitations

of an immature respiratory system in most cases, can result in

tissue injury and inhibit ongoing developmental processes (7, 8).

Various respiratory strategies that can minimize lung injury have

contributed to the reduction of the duration of invasive ventilation

and BPD incidence (6–9). However, the pulmonary structural

development of alveolarization is challenging to manipulate using

current treatment modalities. In addition, postnatal lung

development in preterm infants is not expected to be the same as

originally planned during the fetal period. Therefore, predicting

the time and natural course of lung maturation is a primary

concern for every very low birth weight (VLBW) infant.

The minimum time required for lung maturation sufficient

enough to breathe without ventilator assistance after preterm

birth is unclear. The duration of ventilator care appears to be

mainly affected by the lung’s immaturity. Besides postmenstrual

age (PMA), various perinatal conditions, ethnic differences, and

epigenetic factors are thought to be related to weaning points.

Practically and preferentially, improved pulmonary function

results in weaning from assisted ventilation. Spontaneous

respiration without a breathing apparatus is a common treatment

goal in every neonatal intensive care unit (NICU). Earlier

weaning from a mechanical ventilator has many advantages:

reduced hospitalization days and costs, lower mortality, and

decreased risk of long-term pulmonary sequela, cardiovascular

impairment and growth/neurodevelopmental delay (3, 6, 9, 10).

Herein, we aimed to investigate the different duration of assisted

ventilation and determine the current PMA limit for ventilator

weaning for each gestational age and birth weight group. We

analyzed the incidence proportion of invasive ventilator weaning

over time for each gestational age and birth weight group of

VLBW infants based on the Korean Neonatal Network (KNN)

database, a national multicenter prospective registry of VLBW

infants in Korea (11). We also compared the current (2017–20)

duration of assisted ventilation with that of 2013–16. Furthermore,

the effects of associated principal early perinatal risk factors on the

duration of assisted ventilation were suggested in the study.
Materials and methods

Data collection

Clinical data from 70 NICUs of KNN-participating hospitals

were prospectively recorded in the KNN database and analyzed
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retrospectively in this study. The KNN registry was approved by

the institutional review board of each participating hospital, and

informed consent was obtained from the parents upon

enrollment in the NICUs of KNN-participating hospitals (11).

This study protocol was approved by the KNN executive board,

and the requested data with decoded hospital and patient

information were used to submit the results using these data,

which were approved by the Korea Centers for Disease Control

and Prevention.
Study participants

A total of 14,658 VLBW infants born at ≤32+6 weeks and

registered in the KNN database from January 1, 2013, to

December 31, 2020, were included in this study. Infants with

major congenital or chromosomal abnormalities were excluded.

A total of 7,437 VLBW infants were enrolled in 2013–16 and

7,221 in 2017–20. We identified recent demographical and

clinical trends by comparing the rate or distribution of perinatal

characteristics among infants born in 2013–16 vs. 2017–20.

Each study variable was defined according to the KNN manual

of operation. “Surfactant treatment” was limited to the case of

prophylaxis or rescue for respiratory distress syndrome, not for

pulmonary hemorrhage or meconium aspiration syndrome. “Air

leaks” was limited to a case that required chest tube insertion or

needle aspiration. “Massive pulmonary hemorrhage” was severe

bleeding enough to cause a cardiovascular collapse or acute

respiratory failure. BPD was defined as the need for positive

pressure ventilation or oxygen supplementation at 36 weeks

PMA. This definition corresponded to the moderate to severe

BPD definition from the National Institute of Child Health and

Human Development (12, 13).
Study outcomes

The primary study outcome was the duration of mechanical

ventilator support and the estimated weaning time from invasive

ventilation according to different gestational age and birth weight

groups. Assisted ventilation was defined as any type of invasive

or non-invasive positive- pressure ventilation (PPV). Invasive

ventilation includes conventional, high-frequency oscillatory

ventilation or intermittent PPV through an endotracheal tube.

Non-invasive ventilation includes nasal continuous positive

airway pressure (CPAP), nasal NIPPV, and high-flow oxygen

therapy delivered by a nasal cannula (HFNC) > 2 L/m. When

more than one type of ventilator support was used on the same

day, the longest-used ventilator was regarded as the main

respiratory support mode. We investigated the difference in the

duration of invasive and non-invasive ventilation between 2013–

16 and 2017–20. We also identified the initial perinatal factors

associated with the duration of invasive and non-invasive

ventilation.

The secondary outcome was the incidence proportion of

ventilator weaning by invasive ventilation duration according to
frontiersin.org
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TABLE 1 Demographics and perinatal characteristics.

Characteristics Total 2013–16 2017–20 P-
value

(n = 14,658) (n = 7,437) (n = 7,221)

Maternal characteristics

Jo et al. 10.3389/fped.2023.1184832
the gestational age (by 2 weeks) and birth weight (by 250 g) among

the infants who received invasive ventilator care. The incidence

proportion was expressed using the Kaplan–Meier survival curve.

We observed that the change in the curve slope or curve shift

depends on the presence of specific risk factors.

Maternal age (yr) 33.3 ± 4.3 32.9 ± 4.2 33.7 ± 4.4 <0.0001

Multiple gestation 5,285 (36.1) 2,606 (35.0) 2,679 (37.1) 0.009

Maternal diabetes
during pregnancy

1,500 (10.2) 636 (8.6) 864 (12.0) <0.0001

Maternal hypertension
during pregnancy

2,984 (20.4) 1,382 (18.6) 1,602 (22.2) <0.0001

Premature rupture of
membrane

5,610 (38.3) 2,872 (38.6) 2,738 (37.9) 0.38

Antenatal steroid
therapy

12,483 (85.2) 6,065 (81.6) 6,418 (88.9) <0.0001

Cesarean section 11,478 (78.3) 5,660 (76.1) 5,818 (80.3) <0.0001

Neonatal characteristics
Gestational age (wk) 28+2± 2+3 28+2± 2+3 28+2± 2+4 0.61

<26 2,990 (20.4) 1,526 (20.5) 1,464 (20.3) 0.71

26–27 3,203 (21.9) 1,643 (22.1) 1,560 (21.6) 0.47

28–29 4,338 (29.6) 2,191 (29.5) 2,147 (29.7) 0.72

30–32 4,127 (28.2) 2,077 (27.9) 2,050 (28.4) 0.54

Birth weight (g) 1,050 ± 290 1,050 ± 280 1,050 ± 290 0.14
Statistical analyses

Data were analyzed using the chi-square test for categorical

variables and student’s t-test for continuous variables. The

cumulative duration of assisted ventilation was described as the

median and interquartile range (IQR). Kaplan–Meier survival

curves were used to determine the weaning time of invasive

ventilator treatment according to gestational age and birth weight

groups. Cox regression analysis was used to identify maternal

and initial neonatal factors affecting the required duration of

PPV support (invasive and non-invasive). P < 0.05 was

considered statistically significant. All statistical analyses were

performed using the SPSS version 26.0 software (IBM SPSS

Statistics, IBM Corporation, Armonk, NY, USA).

<750 2,633 (18.0) 1,295 (17.4) 1,338 (18.5) 0.08

750–999 3,535 (24.1) 1,794 (24.1) 1,741 (24.1) 0.99

1,000–1,249 3,996 (27.3) 2,050 (27.6) 1,946 (26.9) 0.40

1,250–1,499 4,494 (30.7) 2,298 (30.9) 2,196 (30.4) 0.52

Males 7,432 (50.7) 3,771 (50.7) 3,661 (50.7) 0.99

Apgar score at 5 min 6.73 ± 1.88 6.67 ± 1.84 6.78 ± 1.91 <0.0001

Surfactant treatment 12,299 (83.9) 6,385 (85.9) 5,914 (81.9) <0.0001

Air leaks 853 (5.8) 463 (6.2) 390 (5.4) 0.03

Massive pulmonary
hemorrhage

955 (6.5) 525 (7.1) 430 (6.0) 0.007

Postnatal steroid
therapy

3,744 (25.5) 1,827 (24.6) 1,917 (26.5) 0.006

Duration of
hospitalization (d)

69.2 ± 44.0 67.0 ± 42.3 71.5 ± 45.6 <0.0001

Survival rate 12,494 (85.2) 6,318 (85) 6,176 (85.5) 0.44

Values are expressed as numbers (%).
Results

Maternal and neonatal characteristics

Among the study population of infants (n = 14,658), maternal

age, the rates of maternal diabetes and hypertension development

during pregnancy, and cesarean section increased in the 2017–20

group than in the 2013–16 group (Table 1). The overall maternal

age was 33.3 years, 36.1% of infants were born from multiple

births, and 85.2% received antenatal steroid therapy between

2013 and 2020.

The mean gestational age, birth weight, and the distribution of

them did not differ between the 2013–16 and 2017–20 groups

(Table 1). Apgar score at 5 min was higher in the 2017–20

group than in the 2013–16 group. The frequencies of surfactant

treatment, air leaks, and massive pulmonary hemorrhage were

lower in the 2017–20 group. The overall survival rate was 85.2%

in the 2013–20 group and was not different between the two

groups.
BPD incidence at 36 weeks of gestation

The overall BPD incidence was 29.9%. The BPD rate increased

from 28.1% in 2013–16 to 31.9% in 2017–20 (P = 0.0001). Also, the

rate of death before 36 weeks of gestation and severe BPD increased

in 2017–20 compared to 2013–16 (Table 2). The rate of surviving

infants without BPD decreased from 33.5% in 2013–16 to 29.7% in

2017–20.

Among the 12,545 infants that survived, the respiratory

support status at 36 weeks PMA was as follows: 29.6% needed

supplemental oxygen, 18.3% required non-invasive ventilation,

and 6.7% needed invasive ventilation. The rate of non-invasive
Frontiers in Pediatrics 03
ventilation and the need for supplemental oxygen at 36 weeks

PMA were higher in 2017–20 than in 2013–16 (Table 2).
Duration of respiratory supports

The duration of non-invasive ventilation increased from 17.9

days in 2013–16 to 22.5 days in 2017–20 (Table 2). Also, the

proportion of non-invasive ventilation to total PPV (invasive +

non-invasive ventilation) was 0.59 ± 0.37, which increased from

0.55 ± 0.37 in 2013–16 to 0.63 ± 0.36 in 2017–20. However, the

overall duration of invasive ventilation did not change between

2013–16 and 2017–20. The overall duration of invasive

ventilation was 16.3 ± 28.6 days (95% confidence interval, 15.8–

16.7), and the median duration (25–75 IQR) was 4.0 (1.0–21.0)

days. The median (25–75 IQR) estimated minimal required time

for weaning from invasive ventilation, calculated as the corrected

gestational age, was 30+1 (28+5–31+5). The mean duration of

invasive ventilation according to the gestational age groups was

as follows: 35.8 days at <26 weeks of gestation, 23.0 days at
frontiersin.org
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TABLE 2 Duration of respiratory supports and the incidence of
bronchopulmonary dysplasia.

Variables Total
(n = 14,658)

2013–16
(n = 7,437)

2017–20
(n = 7,221)

P-
value

Duration of respiratory supports (d)
A Invasive
ventilation

16.3 ± 28.6 15.9 ± 27.7 16.6 ± 29.5 0.16

B Non-invasive
ventilation

20.2 ± 21.9 17.9 ± 20.6 22.5 ± 22.9 <0.0001

C Supplemental
oxygen

6.8 ± 12.6 7.7 ± 13.4 5.9 ± 11.7 <0.0001

B / A + B 0.59 ± 0.37 0.55 ± 0.37 0.63 ± 0.36 <0.0001

A′ Minimal
required
maturation time
(PMA) of weaning
from invasive
ventilation (wk)

30+4± 3+6 30+4± 3+5 30+4± 5+0 0.07

BPD at 36th postmenstrual weeks
Non-BPD 4,659 (31.8) 2,489 (33.5) 2,153 (29.8) <0.0001

Mild BPD 3,498 (23.9) 1,816 (24.4) 1,682 (23.3) 0.11

Moderate BPD 1,472 (10.0) 809 (10.9) 663 (9.2) 0.001

Severe BPD 2,916 (19.9) 1,278 (17.2) 1,638 (22.7) <0.0001

Death < 36 weeks 2,113 (14.4) 1,045 (14.1) 1085 (15.0) 0.06

Respiratory

support at 36th

postmenstrual

weeksa

(n = 12,545) (n = 6,409) (n = 6,136)

A Invasive
ventilation

837 (6.7) 407 (6.4) 430 (7.0) 0.14

B Non-invasive
ventilation

2,302 (18.3) 932 (14.5) 1,370 (22.3) <0.0001

C Supplemental
oxygen

3,710 (29.6) 1,774 (27.7) 1,936 (31.6) <0.0001

Values are expressed as numbers (%); PMA, postmenstrual age; BPD,

bronchopulmonary dysplasia; Non-BPD, surviving infants without BPD
aamong the surviving 12,545 infants at 36th postmenstrual weeks.

TABLE 3 Duration and distribution of assisted invasive ventilation among diff

Duration of invasive ventilation (d)

Mean (SD) Median IQR

95% CI 25th 75th

Gestational age (wk)
<26 (n = 2,990) 35.8 (35.8) 34.6–37.1 28.0 9.0 51.0

2013–16 (n = 1,526) 34.5 (35.0) 32.7–36.2 27.0 8.0 48.0

2017–20 (n = 1,464) 37.3 (36.6) 35.4–39.2 30.0 10.0 54.0

26–27 (n = 3,203) 23.0 (32.4) 21.9–24.1 13.0 3.0 31.0

2013–16 (n = 1,643) 22.9 (32.3) 21.3–24.5 12.0 3.0 32.0

2017–20 (n = 1,560) 23.1 (32.5) 21.5–24.7 13.0 3.0 31.0

28–29 (n = 4,338) 9.2 (20.0) 8.6–9.8 3.0 1.0 8.0

2013–16 (n = 2,191) 9.0 (19.5) 8.2–9.9 3.0 1.0 8.0

2017–20 (n = 2,147) 9.3 (20.4) 8.5–10.2 2.0 0.0 9.0

30–32 (n = 4,127) 4.3 (15.4) 3.8–4.7 1.0 0.0 3.0

2013–16 (n = 2,077) 4.1 (11.6) 3.6–4.6 1.0 0.0 3.0

2017–20 (n = 2,050) 4.5 (18.5) 3.7–5.3 0.0 0.0 3.0

aCalculated values (corrected gestational age) based on the ventilation durati

CI, confidence interval.
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Frontiers in Pediatrics 04
26–27 weeks, 9.2 days at 28–29 weeks, and 4.3 days at 30–32 weeks

(Table 3). The median duration (25–75 IQR) of invasive

ventilation was 28.0 (9.0–51.0), 13.0 (3.0–31.0), 3.0 (1.0–8.0), and

1.0 (0.0–3.0) days at <26, 26–27, 28–29, and 30–32 weeks of

gestation, respectively. With respect to the invasive ventilation

duration in the years 2013–16 and 2017–20, there was no

difference except in the <26 weeks of gestation group. The

median estimated minimal required time for weaning from

invasive ventilation was calculated as the corrected gestational

age: 28+6, 28+6, 29+4, and 31+3 weeks for <26, 26–27, 28–29, and

30–32 weeks, respectively. The mean duration of invasive

ventilation according to the birth weight groups was as follows:

35.9 days for <750 g, 23.8 days for 750–999 g, 9.7 days for 1,000–

1,249 g, and 4.6 days for 1,250–1,499 g (Table 4). The median

duration (25–75 IQR) of invasive ventilation was 27.0 (7.0–51.0),

14.0 (3.0–35.0), 3.0 (1.0–10.0), and 1.0 (0.0–4.0) days for <750 g,

750–999 g, 1,000–1,249 g, and 1,250–1,499 g, respectively. With

respect to the invasive ventilation duration in the years 2013–16

and 2017–20, there was no difference except in the <750 g birth

weight group. The median estimated minimal required time for

weaning from invasive ventilation was 29+4, 29+5, 29+6, and 30+5

weeks for <750 g, 750–999 g, 1,000–1,249 g, and 1,250–1,499 g,

respectively. Adjusted p-values for multiple comparisons between

each gestational age or birth weight group are shown in

Supplementary Table S1.
Perinatal risk factors associated with PPV
duration

Maternal and early neonatal risk factors associated with PPV

duration were investigated using Cox regression analysis

(Table 5). In addition to the gestational age, the presence of
erent gestational age groups.

Minimal required maturation timea of weaning from
invasive ventilation (wk)

p-value Mean (SD) Median IQR p-value

95% CI 25th 75th

0.032

29+5 (5+2) 29+4–29+6 28+6 26+0 32+0

0.08029+4 (5+1) 29+2–29+5 28+5 26+0 31+5

29+6 (5+2) 29+4–30+1 29+1 26+0 32+2

0.83

30+2 (4+4) 30+1–30+3 28+6 27+5 31+2

0.8130+2 (4+4) 30+1–30+3 28+6 27+5 31+3

30+2 (4+4) 30+0–30+4 28+6 27+5 31+2

0.63

30+2 (2+6) 30+1–30+3 29+4 29+0 30+2

0.6730+2 (2+6) 30+1–30+2 29+4 29+0 30+2

30+2 (2+6) 30+1–30+3 29+4 29+0 30+2

0.42

31+5 (2+2) 31+4–31+6 31+3 30+5 32+2

0.3231+5 (1+6) 31+5–31+6 31+3 30+5 32+2

31+6 (2+5) 31+4–31+6 31+3 30+5 32+2

ons and gestational ages; SD, standard deviation; IQR, interquartile range;
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TABLE 4 Duration and distribution of assisted invasive ventilation among different birth weight groups.

Duration of invasive ventilation (d) Minimal required maturation timea of weaning from
invasive ventilation (wk)

Mean (SD) Median IQR p-value Mean (SD) Median IQR p-value

95% CI 25th 75th 95% CI 25th 75th

Birth weight (g)
<750 (n = 2,633) 35.9 (40.3) 34.4–37.5 27.0 7.0 51.0

0.039

30+3 (6+0) 30+1–30+4 29+4 26+3 32+5

0.0532013–16 (n = 1,295) 34.3 (38.6) 32.2–36.4 25.0 6.0 48.0 30+1 (5+6) 29+6–30+3 29+2 26+3 32+2

2017–20 (n = 1,338) 37.5 (41.9) 35.3–39.8 28.0 8.0 53.0 30+4 (6+2) 30+2–30+6 29+5 26+4 32+6

750–999 (n = 3,535) 23.8 (30.4) 22.8–24.8 14.0 3.0 35.0

0.70

30+4 (4+1) 30+3–30+5 29+5 28+0 31+6

0.332013–16 (n = 1,794) 23.6 (31.0) 22.2–25.1 13.0 3.0 35.0 30+3 (4+2) 30+2–30+5 29+5 27+6 31+6

2017–20 (n = 1,741) 24.0 (29.8) 22.6–25.4 14.0 2.0 35.0 30+4 (4+1) 30+3–30+5 29+5 28+1 31+6

1,000–1,249 (n = 3,996) 9.7 (20.8) 9.1–10.4 3.00 1.0 10.0

0.25

30+2 (3+0) 30+2–30+3 29+6 28+5 31+2

0.952013–16 (n = 2,050) 10.1 (19.8) 9.3–11.0 3.0 1.0 10.0 30+2 (2+6) 30+2–30+3 29+6 28+5 31+3

2017–20 (n = 1,946) 9.3 (21.7) 8.4–10.3 2.0 0.0 9.0 30+2 (3+2) 30+1–30+3 29+6 28+5 31+2

1,250–1,499 (n = 4,494) 4.6 (12.7) 4.2–5.0 1.0 0.0 4.0

0.31

31+0 (2+0) 30+6–31+1 30+5 29+6 31+5

0.752013–16 (n = 2,298) 4.8 (12.4) 4.3–5.3 2.0 0.0 4.0 30+6 (2+0) 30+6–31+0 30+5 29+6 31+5

2017–20 (n = 2,196) 4.4 (13.1) 3.8–4.9 1.0 0.0 4.0 31+0 (2+1) 30+6–31+1 30+5 29+6 31+6

aCalculated values (corrected gestational age) based on the ventilation durations and gestational ages; SD, standard deviation; IQR, interquartile range; CI, confidence

interval.

TABLE 5 Results of Cox regression analysis of initial perinatal factors
associated with duration of invasive and non-invasive ventilation.

Variable Invasive ventilation Non-invasive
ventilation

Jo et al. 10.3389/fped.2023.1184832
surfactant treatment and air leaks increased the risk of prolonged

duration of invasive ventilation. In contrast, maternal age, Apgar

score at 5 min, and air leaks were associated with the duration of

non-invasive ventilation.
Inverse
hazard ratio
(95% CI)

p-value Inverse
hazard ratio

p-value

Gestational age
(per week)

0.86 (0.83–0.89) <0.001 0.89 (0.87–0.91) <0.001

Birth weight
(per 100 g)

1.00 (0.99–1.00) 0.04 1.00 (0.99–1.00) 0.62

Maternal age 1.00 (0.99–1.02) 0.64 1.01 (1.00–1.02) 0.01

Male 0.91 (0.79–1.04) 0.17 1.02 (0.94–1.11) 0.67

Cesarean section 1.00 (0.83–1.20) 1.00 0.95 (0.85–1.06) 0.34

Multiple gestation 0.93 (0.80–1.07) 0.31 0.96 (0.88–1.05) 0.35

Maternal diabetes
during pregnancy

1.01 (0.78–1.30) 0.95 1.09 (0.94–1.26) 0.26

Apgar score at
5min

0.96 (0.92–1.00) 0.06 1.03 (1.01–1.06) 0.01

Surfactant
treatment

1.50 (1.04–2.15) 0.03 0.98 (0.83–1.16) 0.84
Incidence proportion of ventilator weaning
by invasive ventilation duration

The Kaplan–Meier model revealed the cumulative proportion

of invasive ventilator dependency by invasive ventilation duration

for the different gestational age (A) and birth weight (B) groups

(Figure 1). The lower the gestational age or birth weight, the

more delayed the successful weaning from invasive ventilation.

The weaning point of 50% of the infants was marked in each

subgroup.

The slope of the Kaplan–Meier survival curve slowly decreased

in the presence of risk factors such as surfactant treatment or air

leaks (Figure 2).

Air leaks 1.62 (1.29–2.04) <0.001 0.80 (0.67–0.94) 0.01

Massive
pulmonary
hemorrhage

1.08 (0.89–1.33) 0.44 0.68 (0.58–0.81) <0.001

CI, confidence interval.
Discussion

The development of lung function after preterm birth is closely

related to gestational age, birth weight, and many other factors that

affect the development of alveoli and pulmonary blood vessels (14).

Prolonged invasive mechanical ventilation is associated with

increased mortality and morbidities related to pulmonary

inflammation, developmental delay/arrest, neurodevelopmental

impairment, and hospital-acquired infections (2, 8, 10). To avoid

tissue injury and inhibition of the ongoing developmental

process of premature lungs, various strategies have been

developed to minimize invasive mechanical ventilation (4–9).

The goal of treatment is to maintain invasive ventilation for only

the necessary period of time and switch to non-invasive
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ventilation as soon as possible. The optimal extubation time

implies the theoretical minimum time required for lung

maturation enough to breathe without mechanical ventilation.

Unfortunately, in the real world, in the clinical field of NICU, it

is difficult to predict the exact point of lung maturation sufficient

to wean from invasive respiratory support. Population-based PPV

duration data are important to accurately predict the optimal

timing of extubation and reduce trial and error. Therefore,

current qualifying cohort data reflecting the up-to-date treatment

strategies are necessary. From the KNN (11), the prospective
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FIGURE 1

Kaplan–Meier curves showing different cumulative proportions of invasive ventilator dependency based on the duration of invasive ventilator support
according to gestational age (A) and birth weight (B) groups. (A) Invasive ventilation log-rank p-value < .0001 according to gestational age groups.
(B) Non-invasive ventilation log-rank p-value < .0001 according to birth weight groups.

FIGURE 2

Effects of risk factors on the duration of assisted ventilation. (A) Surfactant treatment. (B) Air leaks.
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cohort data of VLBW infants in Korea over 8 years, we assumed

the duration of invasive ventilation as the minimal required

pulmonary maturation time of weaning from invasive ventilation.

Despite various treatment strategies to prevent BPD

development, BPD still remains the most serious chronic lung

disease among very preterm infants. Less invasive or non-

invasive assisted ventilation, such as nasal CPAP or HFNC, has

been applied preferentially to minimize lung injury in VLBW

infants (15). Although controversial, recent practices with active

application of non-invasive ventilation, rather than invasive

ventilation, has contributed to decrease the incidence of BPD

and to improve long-term respiratory function (15, 16).

According to the KNN data from 2013 to 2014, BPD incidence

was 28.9% (17). Compared with the data from 2007 to 2008, the

increased incidence of BPD in 2013–14 was probably affected by

the increased survival rate of VLBW infants. In this study, the

overall BPD incidence between 2013 and 2020 was 29.9%. The

incidence of BPD seems to had increased in 2017–20 from

2013–16 (from 28.1% to 31.9%), even with the noticeable

increased duration of non-invasive ventilator support (from 17.9

to 22.5 days) (Table 2). Because survival rates were not different

between the two groups, it is difficult to conclude that the higher
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incidence of BPD was a result of more surviving premature

infants. Table 1 details recent social and demographic issues, the

extremely low birth rate and the increasing proportion of high-

risk newborn infants (multiple births, low birth weight, or

preterm infants) among the births which are a consequence of

advanced maternal age and assisted reproductive technologies

(6, 18). The relationship between the incidence of BPD with

these demographic changes is a possibility. Further detailed and

precise analysis along with discussion are needed to clarify this

discrepancy.

In the study population, the mean duration of invasive

ventilation was 16.3 days, and the median duration (25–75 IQR)

was 4.0 (1.0–21.0) days. The estimated median (25–75 IQR)

minimum time required for weaning from invasive ventilation

was 30+1 (28+5–31+5) weeks of gestation. The comparison of the

duration of invasive ventilation among the gestational age

subgroups showed differences except in the 28–29 and 30–32

weeks of gestation groups (Table 3 and Supplementary

Table S1). In contrast, the estimated minimum time required for

weaning from invasive ventilation showed no differences among

the <26, 26–27, and 28–29 weeks of gestation groups. Those in

the three groups converged to similar corrected gestational ages:
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29+5, 30+2, 30+2 corrected gestational weeks, respectively. These

corrected gestational ages are considered a biologically required

time for lung maturation sufficient for weaning from invasive

ventilation in current NICUs in Korea (Table 3). This

information is valuable for determining the optimal ventilator

weaning time and reducing trial and error by hasty extubation.

Weisz et al. (19) reported the time of weaning from respiratory

support among infants of 23–27 weeks of gestation based on the

Canadian Neonatal Network in 2010–17. The corrected

gestational ages were 30.4, 30.3, 29.6, 29.0, and 28.3 weeks for

infants with 23, 24, 25, 26, and 27 weeks of gestation,

respectively. Dassios reported the duration of mechanical

ventilation and its association with BPD development using data

from the UK (20). Comparison of the duration of invasive

ventilation among groups, such as neonatal networks,

populations, and hospitals, before and after specific treatments

or strategies for lung protection, in the past and present, is a

simple and intuitive method for improving quality. It can be

used for BPD diagnosis to decrease the conflict between using

relatively simple but limited clinical diagnostic methods and

complicated diagnostic methods that reflect physiological

characteristics (21).

In addition to gestational age, the presence of surfactant

treatment and air leakage increased the risk of prolonged duration

of invasive ventilation (Table 5 and Figure 2). The Kaplan–Meier

survival curve intuitively shows how long the duration of invasive

ventilation increases when each risk factor associated with BPD

occurrence are present (Figures 1, 2). The ventilator weaning time

can be predicted using the steep degree of slope according to the

presence or absence of risk factors. The interpretation of risk

factors associated with the duration of invasive and non-invasive

ventilation requires further consideration of related various

demographic phenomena (Table 5).

A limitation of this study is that the start and removal dates of

each assisted respiratory ventilator and the exact intubation/

extubation dates were not included in the data. Preterm infants

born at <26 weeks of gestation or birth weight <750 g required

longer invasive ventilation duration in 2017–20 compared to

those in 2013–2016. Survival rates according to each gestational

age group among 2013–14, 2015–16, 2017–18, and 2019–20

showed no difference including 22, 23, 24, and 25 weeks of

gestation subgroups (18). Besides survival rate, more detailed

factors and/or phenomena need to be clearly identified which are

associated with difference of invasive ventilation duration

between 2013 and 16 and 2017–20 among gestational age

subgroups <26 weeks of gestation or birth weight <750 g through

further analysis.

In conclusion, the present data, a population-based,

multicenter cohort study based on the KNN, provided current

detailed references on postnatal lung maturation under specific

perinatal conditions after preterm birth. VLBW infants require

additional biological time for lung maturation and further

tailored treatment to overcome immature lung function,

especially those with RDS or air leaks. Our results are essential

for assessing the therapeutic effects or quality of care for valid

comparisons among populations or neonatal networks.
Frontiers in Pediatrics 07
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding author.
Ethics statement

The Institutional Review Board of each participating hospital

including the Kangwon National University Hospital (B-2015-06-

007-017) reviewed and approved the use of the KNN registry.

This protocol was approved by the KNN executive board (2016-

ER6307-00). Written and informed consent to participate in this

study was provided by the participants’ legal guardian/next of

kin upon enrollment in the NICU’s of KNN-participating

hospitals.
Author contributions

HSJ: conceptualisation, methodology, writing (review and

editing) and supervision; MNL: formal analysis and visualisation;

S-IC: conceptualisation, methodology. All authors contributed to

the article and approved the submitted version.
Funding

This research was supported by a fund (2022-ER0603-01#) by

Research of the Korea National Institute of Health.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fped.2023.

1184832/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fped.2023.1184832/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2023.1184832/full#supplementary-material
https://doi.org/10.3389/fped.2023.1184832
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/


Jo et al. 10.3389/fped.2023.1184832
1. Chen D, Chen J, Cui N, Cui M, Chen X, Zhu X, et al. Respiratory morbidity and 11. Chang YS, Park HY, Park WS. The Korean neonatal network: an overview.
References
lung function analysis during the first 36 months of life in infants with
bronchopulmonary dysplasia (BPD). Front Pediatr. (2020) 7:540. doi: 10.3389/fped.
2019.00540

2. Brumbaugh JE, Bell EF, Grey SF, DeMauro SB, Vohr BR, HarmonHM, et al. Behavior
profiles at 2 years for children born extremely preterm with bronchopulmonary dysplasia.
J Pediatr. (2020) 219:152–9.e5. doi: 10.1016/j.jpeds.2019.12.028

3. Vliegenthart RJS, van Kaam AH, Aarnoudse-Moens CSH, van Wassenaer AG,
Onland W. Duration of mechanical ventilation and neurodevelopment in preterm
infants. Arch Dis Child Fetal Neonatal Ed. (2019) 104(6):F631–F5. doi: 10.1136/
archdischild-2018-315993

4. Boel L, Banerjee S, Clark M, Greenwood A, Sharma A, Goel N, et al. Temporal
trends of care practices, morbidity, and mortality of extremely preterm infants over
10-years in South Wales, UK. Sci Rep. (2020) 10(1):18738. doi: 10.1038/s41598-020-
75749-4

5. Boo NY, Chee SC, Neoh SH, Ang EB, Ang EL, Choo P, et al. Ten-year trend of
care practices, morbidities and survival of very preterm neonates in the Malaysian
national neonatal registry: a retrospective cohort study. BMJ Paediatr Open. (2021)
5(1):e001149. doi: 10.1136/bmjpo-2021-001149

6. Stoll BJ, Hansen NI, Bell EF, Walsh MC, Carlo WA, Shankaran S, et al. Trends in
care practices, morbidity,and mortality of extremely preterm neonates, 1993−2012.
JAMA. (2015) 314(10):1039–51. doi: 10.1001/jama.2015.10244

7. Schmölzer GM, Kumar M, Pichler G, Aziz K, O’Reilly M, Cheung PY. Non-
invasive versus invasive respiratory support in preterm infants at birth: systematic
review and meta-analysis. Br Med J. (2013) 347:f5980. doi: 10.1136/bmj.f5980

8. Martin RJ, Jobe AH, Bancalari E. What is BPD today and in the next 50 years? Am
J Physiol Lung Cell Mol Physiol. (2021) 321(5):L974–7. doi: 10.1152/ajplung.00415.2021

9. Shi Y, Muniraman H, Biniwale M, Ramanathan R. A review on non-invasive
respiratory support for management of respiratory distress in extremely preterm
infants. Front Pediatr. (2020) 8:270. doi: 10.3389/fped.2020.00270

10. Walsh MC, Morris BH, Wrage LA, Vohr BR, Poole WK, Tyson JE, et al.
Extremely low birthweight neonates with protracted ventilation: mortality and 18-
month neurodevelopmental outcomes. J Pediatr. (2005) 146(6):798–804. doi: 10.
1016/j.jpeds.2005.01.047
Frontiers in Pediatrics 08
J Korean Med Sci. (2015) 30 Suppl 1(Suppl 1):S3–S11. doi: 10.3346/jkms.2015.30.S1.S3

12. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit Care Med.
(2001) 163(7): 1723–9. doi: 10.1164/ajrccm.163.7.2011060

13. Ehrenkranz RA, Walsh MC, Vohr BR, Jobe AH, Wright LL, Fanaroff AA, et al.
Validation of the national institutes of health consensus definition of
bronchopulmonary dysplasia. Pediatrics. (2005) 116(6): 1353–60. doi: 10.1542/peds.
2005-0249

14. Smith LJ, McKay KO, van Asperen PP, Selvadurai H, Fitzgerald DA. Normal
development of the lung and premature birth. Paediatr Respir Rev. (2010) 11
(3):135–42. doi: 10.1016/j.prrv.2009.12.006

15. White H, Merritt K, Martin K, Lauer E, Rhein L. Respiratory support strategies
in the prevention of bronchopulmonary dysplasia: a single center quality improvement
initiative. Front Pediatr. (2022) 10:1012655. doi: 10.3389/fped.2022.1012655

16. Doyle LW, Carse E, Adams AM, Ranganathan S, Opie G. Cheong JLY. Victorian
infant collaborative study group. Ventilation in extremely preterm infants and
respiratory function at 8 years. N Engl J Med. (2017) 377(4):329–37. doi: 10.1056/
NEJMoa1700827

17. Jo HS, Cho KH, Cho SI, Song ES, Kim BI. Recent changes in the incidence of
bronchopulmonary dysplasia among very-low-birth-weight infants in Korea.
J Korean Med Sci. (2015) 30(Suppl 1):S81–7. doi: 10.3346/jkms.2015.30.S1.S81

18. Jeon GW, Lee JH, Oh M, Chang YS. Serial short-term outcomes of very-low-
birth-weight infants in the Korean neonatal network from 2013 to 2020. J Korean
Med Sci. (2022) 37(29):e229. doi: 10.3346/jkms.2022.37.e229

19. Weisz DE, Yoon E, Dunn M, Emberley J, Mukerji A, Read B, et al. Duration of
and trends in respiratory support among extremely preterm infants. Arch Dis Child
Fetal Neonatal Ed. (2021) 106(3):286–91. doi: 10.1136/archdischild-2020-319496

20. Dassios T, Williams EE, Hickey A, Greenough A. Duration of mechanical
ventilation and prediction of bronchopulmonary dysplasia and home oxygen in
extremely preterm infants. Acta Paediatr. (2021) 110(7):2052–8. doi: 10.1111/apa.
15801

21. Mammel D, Kemp J. Prematurity, the diagnosis of bronchopulmonary dysplasia,
and maturation of ventilatory control. Pediatr Pulmonol. (2021) 56(11):3533–45.
doi: 10.1002/ppul.25519
frontiersin.org

https://doi.org/10.3389/fped.2019.00540
https://doi.org/10.3389/fped.2019.00540
https://doi.org/10.1016/j.jpeds.2019.12.028
https://doi.org/10.1136/archdischild-2018-315993
https://doi.org/10.1136/archdischild-2018-315993
https://doi.org/10.1038/s41598-020-75749-4
https://doi.org/10.1038/s41598-020-75749-4
https://doi.org/10.1136/bmjpo-2021-001149
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1136/bmj.f5980
https://doi.org/10.1152/ajplung.00415.2021
https://doi.org/10.3389/fped.2020.00270
https://doi.org/10.1016/j.jpeds.2005.01.047
https://doi.org/10.1016/j.jpeds.2005.01.047
https://doi.org/10.3346/jkms.2015.30.S1.S3
https://doi.org/10.1164/ajrccm.163.7.2011060
https://doi.org/10.1542/peds.2005-0249
https://doi.org/10.1542/peds.2005-0249
https://doi.org/10.1016/j.prrv.2009.12.006
https://doi.org/10.3389/fped.2022.1012655
https://doi.org/10.1056/NEJMoa1700827
https://doi.org/10.1056/NEJMoa1700827
https://doi.org/10.3346/jkms.2015.30.S1.S81
https://doi.org/10.3346/jkms.2022.37.e229
https://doi.org/10.1136/archdischild-2020-319496
https://doi.org/10.1111/apa.15801
https://doi.org/10.1111/apa.15801
https://doi.org/10.1002/ppul.25519
https://doi.org/10.3389/fped.2023.1184832
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Required biological time for lung maturation and duration of invasive ventilation: a Korean cohort study of very low birth weight infants
	Introduction
	Materials and methods
	Data collection
	Study participants
	Study outcomes
	Statistical analyses

	Results
	Maternal and neonatal characteristics
	BPD incidence at 36 weeks of gestation
	Duration of respiratory supports
	Perinatal risk factors associated with PPV duration
	Incidence proportion of ventilator weaning by invasive ventilation duration

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References


