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Abstract
The objective of this study was to assess the predictive value of a lung ultrasound (LUS) score in the development of
moderate–severe bronchopulmonary dysplasia (sBPD). This was a prospective observational diagnostic accuracy study in
a third-level neonatal intensive care unit. Preterm infants with a gestational age below 32 weeks were included. A LUS
score (range 0–24 points) was calculated by assessing aeration semiquantitatively (0–3 points) in eight lung zones on the
7th day of life (DOL) and repeated on the 28th DOL. ROC curves and logistic regression were used for analysis. Forty-two
preterm infants were included. The LUS on the 7th DOL had an area under the receiver operating characteristic cur-
ve (AUROC) of 0.94 (95% CI: 0.87–1) for the prediction of sBPD (optimal cutoff of ≥8 points: sensitivity 93%,
specificity 91%). The LUS score was independently associated with sBPD [OR 2.1 (95% CI: 1.1–3.9), p= 0.022, for each
additional point in the score]. Conclusions: Lung aeration as assessed by LUS on the 7th DOL may predict the
development of sBPD.

Introduction

Bronchopulmonary dysplasia (BPD) is a major preterm
morbidity and is strongly associated with poor neurodeve-
lopmental outcomes [1]. Despite significant advances in
neonatal care, the incidence of BPD has not decreased over
the past decade [2, 3]. Disrupted lung and pulmonary vas-
cular development, infection and inflammation, postnatal

insults (positive pressure ventilation, undernutrition, hyper-
oxia, etc.) to the developing lung together with a genetic
background have been implicated in the pathophysiology of
BPD [4–6]. With the exception of caffeine and vitamin A,
most therapeutic interventions (nitric oxide, superoxide
dismutase, permissive hypercapnia, etc.) tested in clinical
trials have failed to demonstrate a positive effect in pre-
vention of BPD despite robust pathogenic rationale for their
use [7–9]. A large number of preterm infants with variable
risk of developing BPD have been enrolled in these trials.
Therefore, it is possible that potential beneficial effects of
these therapies may have been diluted. A lesson learned
from these negative trials is that patient selection based on
disease phenotype and individual risk is important. In this
line, there is a growing interest in finding early biomarkers
of BPD that identify patients at risk in the initial phase of the
pathological process and enable targeted therapies when
they may be more effective. Some researchers have pro-
posed that this “window of opportunity” encompasses the
first 7–15 days of postnatal life, a concept that is supported
by data from recent trials [10, 11]. Therefore, ideally bio-
markers should have the ability to identify high-risk patients
within this time frame [12]. A biomarker has been defined as
“any characteristic that is measured and evaluated as an
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indicator of normal biologic processes, pathogenic pro-
cesses, or pharmacological responses to a therapeutic inter-
vention” [13]. Biochemical, clinical, and radiological
markers are currently being investigated, but most have
either not shown sufficient accuracy or are not available in
daily practice [14]. Lung ultrasound (LUS) is increasingly
being used in the diagnosis and management of neonatal
respiratory diseases [15]. Recently, Daniele De Luca’s group
has shown that a six-lung zone LUS score is highly accurate
to predict the need for surfactant replacement in preterm
infants below 30 weeks of gestational age (GA) with an area
under the ROC curve (AUROC) of 0.94 [16]. Another study
by Gregorio-Hernandez et al. using a slightly different score
showed an AUROC of 0.97 for the prediction of CPAP
failure and need for surfactant in preterm infants below
35 weeks. Importantly, in this study the AUROC of maximal
FiO2 (a widely used parameter for the indication of surfac-
tant) was 0.89 [17]. In this line, in a recent study by De
Luca’s group, surfactant replacement guided by the LUS
score instead of FiO2 resulted in earlier therapy, less oxygen
supplementation and less days of invasive ventilation com-
pared with conventional management without increasing the
number of surfactant doses [18].

As mentioned above, the pathogenesis of BPD is very
complex. Lung pathology is variable and may include
pulmonary vascular disease, tracheobronchomalacia,
hyperinflation, patchy atelectasis, or cystic lesions, indi-
cating that BPD is probably not a single disease [12].
However, a parenchymal component with loss of normal
lung aeration is found in most patients with stablished BPD
[19]. LUS has shown to be very sensitive in assessing lung
aeration in different settings [20]. Surprisingly, studies
assessing the role of LUS as a biomarker for developing
BPD are very limited [21, 22]. According to data from the
Neonatal Research Network, prediction of BPD in the first
3 days of life (DOL) is mostly determined by GA and from
the 7th to the 28th DOL the influence of other factors
reflecting postnatal lung injury such as ventilator support
increases [23]. We hypothesize that loss of lung aeration
early in postnatal life could be a biomarker of developing
BPD. With this rationale, we chose to assess LUS score on
the 7th DOL which we considered “early LUS” and
investigated whether it can predict the development of
moderate–severe BPD.

Material and methods

Design and setting

This was a prospective observational diagnostic accuracy
study carried out in a third-level neonatal intensive care unit
(NICU) at a university hospital.

Patients

Preterm infants born from the 1st of March 2017 to the 31st
of October 2019 with a GA < 32 weeks were considered
eligible. Infants with major malformations, those who died
before the 7th DOL and those who lacked parental informed
consent were excluded. During the study period, respiratory
care for preterm infants was provided according to the most
recent update of the European Consensus Guidelines for
respiratory support in very-low-birth-weight infants
[24, 25]. A systematic screening for hemodynamically
significant patent ductus arteriosus (HsPDA) was performed
in all patients between 48 and 96 h of life. The severity of
ductal shunt was graded according to a multiparametric
echocardiography score as none/mild, moderate, and severe.
HsPDA was considered as a moderate–severe shunt and
pharmacological closure was indicated per protocol in all
cases of severe echocardiographic shunt or when shunt is
moderate and there is hemodynamic and/or respiratory
compromise attributable to PDA [26].

Data pertaining to the patients’ baseline characteristics,
duration, and level of respiratory support and associated
morbidities were recorded prospectively until death or
discharge.

Lung ultrasound (LUS)

An LUS was performed on the 7th DOL using a portable
US machine (Sonosite M-Turbo, Fujifilm Japan) equipped
with a linear-array probe (L25x, Sonosite, Fujifilm Japan).
An experienced sonographer (PAQ) performed all LUS
exams. This researcher has 5 years of clinical experience in
neonatal LUS. The scanning protocol included the assess-
ment of four lung zones in each lung (upper anterior, lower
anterolateral, lower posterolateral, and lower posterior).
Anterior zones were assessed in the supine positions, while
for the assessment of the lower posterior lung zone, the
patient was briefly positioned in lateral decubitus. A 5-
second clip was obtained in each lung zone and stored for
offline analysis. LUS images were analyzed within 24 h by
the investigator who performed the LUS exams. For each
lung zone, lung aeration was assessed semiquantitatively
from 0 to 3 points using the validated LUS score previously
described by Danielle De Luca’s group: [27] 0= normal
lung with A line pattern and less than three B lines, 1=
interstitial syndrome with more than three nonconfluent B
lines, 2= severe interstitial syndrome with confluent B lines
(“white lung” pattern) with or without small subpleural
consolidations, and 3= extended consolidations (Fig. 1).
The LUS aeration score was obtained by adding subscores
in each lung zone (range 0–24 points). The LUS score was
repeated on the 28th DOL to allow a performance com-
parison between “early” and “late” LUS.
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To assess intra- and interobserver concordance [Cohen’s
k coefficient and intra-class correlation coefficient (ICC)],
the same investigator (PAQ) and a second blinded investi-
gator (IOE) with 10-year experience in LUS reanalyzed the
images in a random order and anonymously 7 days after
LUS was originally obtained.

Statistical analysis

Categorical data are summarized as numbers (percentages),
and quantitative data are summarized as medians (25–75th
percentiles). Our primary endpoint was the diagnostic accu-
racy of LUS in predicting moderate–severe BPD (significant
BPD, sBPD) according to the NIH workshop definition (mild
BPD: at least 28 days of postnatal supplemental oxygen but
free of oxygen or respiratory support at 36 weeks post-
menstrual age (PMA); moderate BPD: need for oxygen with
an inspired fraction <30% at 36 weeks of postmenstrual age;

severe BPD: need for an inspired fraction of oxygen >30% or
positive pressure ventilation at 36 weeks PMA) [28].
Accordingly, we divided the study population into two groups
(non-sBPD and sBPD). The diagnosis of BPD was made by
the responsible neonatologist who was blinded to the results
of LUS. We also assessed the diagnostic accuracy of LUS for
two additional endpoints: BPD of any grade (oxygen sup-
plementation for more than 28 days) and CPAP dependency
on the 28th DOL. Nonparametric tests were used to compare
study groups as not all continuous variables were normally
distributed.

We studied the relationship between the LUS score on
the 7th DOL and the level of respiratory support provided
including days of mechanical ventilation, respiratory index
(RI), and duration of oxygen supplementation by using rho-
Spearman correlation coefficients with and without adjust-
ment for GA. The RI was calculated as the mean airway
pressure multiplied by FiO2 and was used as a surrogate for
ventilator support [10]. ROC curves were used to assess the
diagnostic accuracy of the LUS score. Optimal cutoff points
for sensitivity (Se) and specificity (Sp) were estimated from
the ROC curve (point closest to 0,1 method) as well as
positive (LR+) and negative (LR−) likelihood ratios.
Logistic regression was used to assess whether the LUS
score on the 7th DOL was independently associated with
our primary outcome sBPD. Two models were fitted: one
including sex, GA and LUS score, and a multivariate model
including previously known risk factors for BPD which had
an observed p value of <0.1 in the univariate analysis.

According to an incidence of sBPD of ~25% in our unit
in recent years and assuming potential losses of 15% of the
subjects, 12 subjects in the sBPD group and 27 subjects in
the non-sBPD group would achieve a power of 0.9 with
and type I error of 0.05 for a conservative target AUROC of
0.8. A p value <0.05 was considered statistically significant.
SPSS v22 (IBM Corp., Armonk, NY, USA) statistical
package was used for the analysis.

Results

Forty-two infants: 29 (69.1%) in the non-sBPD group (no
BPD= 21; mild BPD= 8) and 13 (30.9%) in the sBPD
group (moderate BPD= 9; severe BPD= 4) were included.
Sixteen patients were excluded for several reasons (Fig. 2).
Excluded infants had similar baseline characteristics (birth
weight, GA, and incidence of BPD) compared with inclu-
ded ones (data not shown). The patients’ characteristics are
shown in Table 1.

Infants in the sBPD group had higher LUS scores on the
7th [9 (8.5–12) vs. 4 (3–5), p < 0.001] and 28th DOL [8
(7–12) vs. 3 (1–4), p < 0.001] than infants in the non-sBPD
group. LUS scores on the 7th and 28th DOL steadily

Fig. 1 Scanning protocol with aeration patterns and assigned
punctuation for calculation of the LUS score. a Eight-zone scanning
protocol. 1: anterosuperior (midclavicular line); 2 anterolateral (ante-
rior axillary line); 3: posterolateral (posterior axillary line); 4: posterior
(paravertebral). b Aeration pattern and assigned punctuations. 0 point
(normally aerated lung with A line pattern), 1 point (mild interstitial
syndrome with nonconfluent B-line pattern); 2 points (severe inter-
stitial syndrome with confluent B-line pattern “white lung”); 3 point
(extent lung consolidation).
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increased accordingly to the grade of BDP at 36 weeks
PMA (p for trend <0.001) (Fig. 3). The LUS score on the
7th DOL was significantly correlated with invasive
mechanical ventilation days (rho= 0.534, p < 0.001), non-
invasive mechanical ventilation days (rho= 0.594, p <
0.001), total days of mechanical ventilation (rho= 0.585,
p < 0.001), maximal RI (rho= 0.616, p < 0.001), RI index
on the 7th DOL (rho= 0.655, p < 0.001), and total days of
oxygen supplementation (rho= 0.727, p < 0.001). All
results except for invasive mechanical ventilation days (p=
0.154) remained significant (p < 0.01) after adjustment for
GA. Children intubated on the 7th DOL had higher LUS
score compared with children on noninvasive ventilation or
oxygen therapy (Supplementary Fig. s1). The diagnostic
accuracy of the LUS score for the primary and secondary
outcomes is summarized in Table 2. The LUS score in the
7th DOL had an area under the curve (AUC) of 0.94 (95%
CI 0.87–1) for the diagnosis of sBPD at 36 weeks of PMA.
An optimal cutoff of ≥8 points provided a Se, Sp, LR+, and
LR− of 93%, 91%, 10.3 and 0.07, respectively (Supple-
mentary Fig. s2). LUS score was also predictive of BPD of
any grade [AUC 0.93 (CI 95%: 0.86–1)] and CPAP
dependency at 28th DOL [AUC= 0.89 (95% CI:0.74–1)].
The LUS on the 7th DOL score was independently asso-
ciated with sBPD after adjustment for sex and GA [OR 1.7
(1.12–2.5), p= 0.011; for each additional point in the
score]. In the multivariate model, the LUS score was the
only predictor of sBPD [OR 2.1 (1.1–3.9), p= 0.022; for
each additional point in the score] (Supplemental Material
Table s1).

Intra-observer (Cohen’s k= 0.92, ICC= 0.997) and
interobserver agreement (Cohen’s k= 0.87, ICC= 0.995)
of the LUS interpretation were excellent.

Discussion

LUS is an inexpensive, noninvasive, and widely available
tool for the evaluation of the neonatal lung [29]. In this

prospective study, we showed that lung aeration assessed by
a LUS score on the 7th DOL can accurately predict the
development of moderate–severe BPD at 36 weeks
of PMA.

The perinatal period until the 7–14th DOL is considered
the window of opportunity for BPD prevention [30].
Interventions beyond this time frame, although important to
preserve lung function, have a reduced chance of modifying
the evolution of the disease in the short term. Therefore,
research should focus on finding biomarkers that identify
patients at risk of BPD early after birth. Previous research
has been centered on biochemical biomarkers [31, 32]. The
diagnostic accuracy of these markers has been only mod-
erate, and most of them are still research tools that are not
available in daily practice [32].

To our knowledge, only two previous studies have
assessed a LUS score as an early biomarker for

Fig. 2 Flow chart of the study. DOL day of life, PMA
postmenstrual age.

Table 1 Clinical characteristics of the study groups.

Clinical characteristics No sBPD (n= 29) sBPD (n= 13) p

Sex (male) 19 (65.5) 10 (76.9) 0.460

Gestational age (weeks) 29.5 (28–31.5) 27 (25.7–28.2) <0.001

Birth weight (g) 1235 (1110–1507) 890 (655–1130) 0.000

Maternal chorioamnionitis 2 (6.9) 4 (30.7) 0.041

Complete antenatal steroids 20 (68.9) 9 (69.2) 0.986

Cesarean delivery 18 (62.1) 8 (61.5) 0.974

Apgar 5′ 9 (8–10) 8 (5.5–9.5) 0.090

CRIB 12 h 1 (0–2) 2 (1–7) 0.002

Surfactant for RDS 3 (10.3) 7 (53.8) 0.002

Invasive mechanical
ventilation (days)

0 (0–7) 7 (0–23) 0.000

Invasive mechanical ventilation
(7th DOL)

0 (0) 4 (30.7) 0.002

Mechanical ventilation including
CPAP (days)

5 (2–10) 37 (12.5–57.5) <0.001

RI (maximum) 1.8 (1.3–2.4) 3.9 (2.3–9.5) 0.002

RI (7th DOL) 0 (0–1.2) 2.1 (1.6–2.7) <0.001

HsPDA 6 (20.6) 5 (38.4) 0.226

Late-onset sepsis 4 (13.8) 6 (46.1) 0.023

Blood transfusion 5 (17.2) 10 (76.9) <0.001

Number 0 (0–0) 3 (1–5) 0.000

Inotropes-vasopressors 5 (17.2) 10 (76.9) 0.000

VIS (maximum) 7.5 (3.7–10) 5 (5–11.2) 0.859

Oxygen supplementation
≥28 days (any grade BPD)

8 (33.3) 13 (100) <0.001

Postnatal steroid use 0 (0) 4 (30.7) <0.001

CPAP dependency 28th DOL 1 (3.4) 8 (61.5) <0.001

IVH grade II–IV 1 (3.4) 1 (7.7) 0.550

NEC 0 (0) 3 (23) 0.007

Death before discharge 0 (0) 0 (0) 1

RI is calculated as mean airway pressure × FiO2. VIS is calculated as
dopamine+ dobutamine+ (100 × epinephrine)+ (100 × norepinephr-
ine)+ (10 × milrinone).

CRIB clinical risk index for babies, DOL day of life, IVH
intraventricular hemorrhage, NEC necrotizing enterocolitis, HsPDA
hemodynamically significant patent ductus arteriosus in need for
treatment, RI respiratory index, RDS respiratory distress syndrome,
VIS vasopressor-inotropic score (calculated only for those infants who
received some inotrope or vasopressor).
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developing BPD. Alonso-Ojembarrena et al. performed
LUS on the 1st DOL and 3rd DOL; postnatal weeks 1, 2,
3, and 4; and 36 weeks of PMA. They assessed six lung
zones (upper anterior, lower-anterior, and lateral) and
classified lung aeration using the same scoring system as
the present study (range 0–18 points). They found higher
LUS scores from 1 week to 36 weeks PMA in infants who
developed BPD of any grade. LUS on the 1st (AUC=
0.8; Se 70.6%, Sp 79.2%) and 2nd (AUC= 0.93; Se
73.7%, Sp 100%) week were moderately and highly
predictive of any grade BPD respectively while LUS
during the 4th week was moderately predictive (AUC=
0.89; Se 100%, Sp 78.1%) of moderate–severe BPD [21].
In this study, LUS was performed by an undetermined
number of attending physicians, and posterior lung zones
were not evaluated. In a retrospective study, Abdelma-
wala et al. performed eight-zone LUS at a median of
5 weeks of postnatal age (25th–75th percentile:
2–6 weeks) using the same scoring method as Alonso-
Ojembarrena and the present study. They found a higher
LUS score in infants who developed moderate–severe

BPD and an AUC of 0.94 (Se 76%, Sp 97%). However, in
the subset of infants who had their LUS performed during
the first 2 weeks of life, the diagnostic accuracy of their
chosen LUS score cutoff point was poor (Se 67%, Sp
50%) [22]. The interpretation of this study is difficult
because LUS was not performed at a predefined time
point and infants with HsPDA (a known risk factor for
BPD) were excluded. Again, the authors did not assess
posterior lung zones. Like other diffuse inflammatory
lung diseases, such as bronchiolitis and “adult” acute
RDS (ARDS), dependent lung zones are the most affected
in BPD. Importantly, LUS scores have also shown pro-
mising results in predicting outcomes of these conditions
[33–36]. The lack of assessment of posterior lung zones
may explain the lower predictive value of early LUS in
the aforementioned studies compared with our results.
Alternatively, it is also possible that an early LUS score
works better for the prediction of more severe grades of
BPD. Based on our results, including the assessment of
posterior lung zones, along with subgroup analysis
according to BPD grade, may be considered in future

Fig. 3 Lung ultrasound score accorging to bronchopulmonary dysplasia grade at 36 weeks of postmenstrual age. Lung Ultrasound Score on
the 7th (a) and 28th day of life (b) An asterisk indicates Jonckheere-Terpstra trend test.

Table 2 Diagnostic accuracy of
the LUS score on the 7th and
28th DOL for the primary
(moderate–severe BPD, sBPD)
and secondary outcomes (BDP
of any grade and CPAP
dependency on the 28th DOL).

AUC (95% CI) Optimal cutoff Se Sp LR+ LR−

LUS score (7th DOL)

sBPD 0.94 (0.87–1) ≥8 93 91 10.3 0.07

Any grade BPD 0.93 (0.86–1) ≥5 90 81 3.6 0.12

CPAP dependency 0.89 (0.74–1) ≥9 89 91 9.9 0.12

LUS score (28th DOL)

sBPD 0.92 (0.83–1) ≥6 85 82 4.7 0.18

Any grade BPD 0.96 (0.9–1) ≥4 95 86 6.8 0.06

CPAP dependency 0.97 (0.91–1) ≥8 100 91 11.1 0

Se sensitivity, Sp specificity, LR+ positive likelihood ratio, LR− negative likelihood ratio.

66 I. Oulego-Erroz et al.



studies to better delineate the role of LUS scores in pre-
dicting the development of BPD.

We considered that evaluation on the 7th DOL would be
optimal from the perspective of BPD prevention. As shown
by Alonso-Ojembarrena et al., performance of LUS too
early after birth may not be discriminative, given that LUS
findings in BPD are not specific and overlap with those of
neonatal RDS [21]. By contrast, the identification of at-risk
patients on the 7th DOL should be early enough to imple-
ment individualized therapy. For instance, early adminis-
tration of corticosteroids (before or on the 7th DOL) has
been shown to reduce BPD and mortality, while later use in
ventilator-dependent infants does not [10, 37, 38]. How-
ever, universal application of early prophylactic postnatal
steroids would expose a large number of preterm infants to
complications and is not generally recommended. Indivi-
dualized administration of postnatal steroids based on early
LUS findings may be an attractive approach that is worth
exploring.

Our study is limited by its single-center nature and small
sample size. Therefore, our results should be considered
preliminary. More importantly, to date the correlation
between LUS findings and lung pathology in BPD has not
been stablished. Similar LUS scoring systems have been
successfully used in disparate lung diseases such as neonatal
RDS, ARDS, pneumonia, or bronchiolitis [27, 33, 34, 39, 40].
Although this fact may confirm the validity of the technique
in predicting outcomes, the diversity of diseases detected with
this method leaves the clinician questioning how early LUS
findings are tied to the pathogenesis of BPD. In our study late
LUS had a worse predictive value for sBPD diagnosis com-
pared with early LUS, suggesting that early LUS findings are
not necessarily reflecting lung structural changes of stablished
BPD but may rather indicate a previous phase of inflamma-
tory acute lung injury characterized by increased water con-
tent and decreased aeration. However, LUS details not only
the loss of aeration that may be caused by inflammation
(ventilator induced injury, oxidative stress, etc.) in developing
BPD but also that related to fluid overload, secondary infec-
tion, or recruitable atelectasis. How these superimposed
conditions or their treatment may modify the LUS score and
its predictive value has not been evaluated in our study.
Another limitation is that we performed LUS at only two time
points. Other time points should be explored as well as the
combination of LUS with other biomarkers that may improve
diagnostic accuracy. Finally, in our study, LUS was per-
formed and analyzed by a unique highly experienced sono-
grapher and, therefore, may lack external validity.

In conclusion, lung aeration as assessed by a LUS score
on the 7th DOL may predict the development of
moderate–severe BPD in preterm infants. The assessment of
posterior lung zones seems to be important to improve

diagnostic accuracy, but this hypothesis needs further
exploration. More research is needed to evaluate the
pathophysiological significance of early LUS changes in
developing BPD. This is an essential step to assess if LUS
can be used as a bedside biomarker to guide targeted
therapies or design future trials.
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