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Abstract
Continuous positive airway pressure and surfactant repre-
sent the first- and second-line treatment for respiratory dis-
tress syndrome in preterm neonates, as European and Amer-
ican guidelines, since 2013 and 2014, respectively, started to 
recommend surfactant replacement only when continuous 
positive airway pressure fails. These recommendations, 
however, are not personalized to the individual physiopa-
thology. Simple clinical algorithms may have improved the 
diffusion of neonatal care, but complex medical issues can 
hardly be addressed with simple solutions. The treatment of 
respiratory distress syndrome is a complex matter and can 
be only optimized with personalization. We performed a re-
view of tools to individualize the management of respiratory 
distress syndrome based on physiopathology and actual pa-

tients’ need, according to precision medicine principles. Ad-
vanced oxygenation metrics, lung ultrasound, electrical im-
pedance tomography, and both quantitative and qualitative 
surfactant assays were examined. When these techniques 
were investigated with diagnostic accuracy studies, reliabil-
ity measures have been meta-analysed. Amongst all these 
tools, quantitative lung ultrasound seems the more devel-
oped for the widespread use and has a higher diagnostic ac-
curacy (meta-analytical AUC = 0.952 [95% CI: 0.951–0.953]). 
Surfactant adsorption (AUC = 0.840 [95% CI: 0.824–0.856]) 
and stable microbubble test (AUC = 0.800 [95% CI: 0.788–
0.812]) also have good reliability, but need further industrial 
development. We advocate for a more accurate character-
ization and a personalized approach of respiratory distress 
syndrome. With the above-described currently available 
tools, it should be possible to personalize the treatment of 
respiratory distress syndrome according to physiopathol-
ogy. © 2021 S. Karger AG, Basel



De Luca/Autilio/Pezza/Shankar-Aguilera/
Tingay/Carnielli

Neonatology 2021;118:127–138128
DOI: 10.1159/000513783

Introduction

Background
Continuous positive airway pressure (CPAP) is inter-

nationally recognized as the first-line therapy for respira-
tory distress syndrome (RDS) in preterm neonates: early 
CPAP significantly reduces mortality and bronchopul-
monary dysplasia [1]. This has resulted in a change in the 
recommendations for surfactant replacement from the 
long-held “prophylaxis” approach for RDS: European 
and American guidelines, since 2013 and 2014, respec-
tively, recommended surfactant replacement only when 
CPAP fails [2, 3].

This creates a clinical dilemma, as surfactant is more 
effective in decreasing mortality and/or bronchopulmo-
nary dysplasia when given within the first 2–3 h of life [4]. 
One argument is that clinicians should give surfactant as 
early as possible in those neonates who fail CPAP. The 
administration after the window of maximal surfactant 
benefit should be avoided but still occurs in approximate-
ly 30% of cases [5]. Alternatively, surfactant, a valuable 
medical resource not without administration risks, should 
only be used in those neonates whose respiratory failure 
cannot be managed with CPAP alone. Thus, RDS is quite 
variable in its clinical course and seems likely to benefit 
from a personalized medicine approach. Almost 50 and 40 
years from the first clinical use of CPAP [6] and surfactant 
[7], respectively, the essential question as to “who are the 
CPAP-treated preterm neonates with RDS that will actu-
ally benefit from surfactant?” remains unanswered. Mean-
while, the introduction of prenatal steroid prophylaxis has 
also significantly changed the clinical severity of RDS and 
improved clinical outcomes [8], while several technolo-
gies have become available to characterize the physiopa-
thology of respiratory failure in preterm neonates.

Thus, the time has come for surfactant therapy to enter 
into the era of personalized medicine to improve its effi-
cacy, as the individual patient needs and risk/benefit ratio 
may significantly vary. Several tools may be used to tailor 
the treatment to the individual physiopathology during 
the evolution of RDS: we offer here a comprehensive re-
view of these tools trying to answer the aforementioned 
question in the context of modern optimal perinatal care.

What Is CPAP Failure?
It is pivotal to understand how we can define CPAP 

failure and, consequently, identify an infant that might 
need surfactant replacement. For the sake of this review, 
we will refer to CPAP failure caused by worsening RDS, 
that is, by increased severity of respiratory failure needing 

surfactant as a second-line treatment. Thus, we will not 
consider CPAP failure due to other reasons, such as se-
vere apnoea or haemodynamic impairment, which are 
characterized by a different physiopathology.

RDS severity can be described in several ways, and the 
commonest one is a combination of (1) inspired oxygen 
fraction (FiO2) needed to maintain peripheral saturation 
within a given range and (2) the clinical judgement of 
work of breathing (WOB) [3]. WOB is correlated with di-
aphragm electrical activity in infants [9], but its measure-
ment is not widely available. Both FiO2 and WOB are in-
fluenced by the level of CPAP. The 2019 edition of the 
European guidelines suggests to apply at least 6 cmH2O of 
CPAP [10], while the American Academy of Paediatrics 
and the World Health Organization did not provide de-
tails in their statements [2, 11]. The American Association 
of Respiratory Care clinical guidelines acknowledge that 
CPAP level may vary between 4 and 10 cmH2O and should 
be titrated according to patients’ condition [12]. Trials are 
ongoing to clarify what is the ideal amount of pressure to 
apply [13], but, to date, the optimal pressure level is un-
known and is likely to be different between patients.

Thus, there is a trend to use FiO2 thresholds alone to 
indicate the need for surfactant administration in RDS [3]. 
However, using FiO2 alone cannot accurately describe the 
severity of respiratory failure and entails an important loss 
of information if we do not consider at least target satura-
tion and/or WOB. Moreover, the 0.30-FiO2 threshold 
suggested by European guidelines [10] is based on a sin-
gle-centre, retrospective study [14]. Other studies with 
similar design have proposed different thresholds with 
comparable accuracy [15]. Unsurprisingly, the American 
Academy of Paediatrics does not recommend any particu-
lar FiO2 thresholds to give surfactant [2]. Moreover, FiO2 
critical values might be attained well after the 3-h optimal 
time-window for surfactant administration, thus reduc-
ing the efficacy of surfactant replacement [4].

Furthermore, FiO2 does not accurately describe the 
“oxygenation,” as the latter is a more complex concept 
influenced by other factors, such as CPAP level (and pres-
sure leaks), arterial oxygen content, total and foetal hae-
moglobin levels, temperature, degree of lung develop-
ment, peripheral perfusion, and cardiac output. Some of 
these factors may be somewhat homogeneously con-
trolled by haemodynamic management and incubators. 
Others are variable and unpredictable, such as foetal hae-
moglobin [16], or constant but important, such as pres-
sure leaks when the mouth is open [17].

Let us imagine two neonates of 26-week gestation with 
RDS (Fig.  1). According to suggested FiO2 levels [10], 
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Laura should receive surfactant, while Tommy does not, 
but who is the sickest? This is impossible to say without 
considering some of the aforementioned variables: the 
CPAP level, the leaks, and the oxygen tension, at the very 
least. Some of these variables are considered in advanced 
oxygenation metrics that may be used to accurately an-
swer this question and will be described further in this 
review. Consistently, severe respiratory failure in adults 
and children [18, 19] is not evaluated by using only FiO2, 
as it does not represent a criterion in the definition of 
neonatal, paediatric, or adult acute respiratory distress 
syndrome (ARDS) [18, 20, 21]. It seems clear that CPAP 

and surfactant replacement are presently “crude” thera-
pies: simplification of treatment algorithms may be ben-
eficial when initiating new therapies to clinical practice, 
but then complex medical problems cannot be solved 
with easy solutions.

Methods to Analyse Candidate Tools for 
Personalized Medicine

Protocol
Prior to commencing the project, a protocol was agreed to de-

termine the database to be searched, search details, eligibility cri-

A-a gradient = 218
RI = 5.4
a/A ratio = 0.11
P/F ratio = 133

Modified OI = 5.2
S/F ratio = 3
OSI = 2.3

A-a gradient = 192
RI = 3.2
a/A ratio = 0.18
P/F ratio = 133

Modified OI = 3.7
S/F ratio = 2.1
OSI = 2.3

a b

Fig. 1. Clinical cases illustrating the difficulty to evaluate the sever-
ity of RDS based on FiO2 alone. Tommy, a baby receiving 7 cmH2O 
of CPAP with an FiO2 of 0.30 (a); Laura, a baby under 5 cmH2O of 
CPAP and 0.45 of FiO2 (b). Tommy and Laura have the same ges-
tational age (26 weeks), both have the mouth partially open and 
are treated with the same type of nasal mask-delivered CPAP. Ad-
vanced oxygenation metrics have been calculated considering a 
PaO2 of 40 and 60 mm Hg and a PaCO2 of 50 and 55 mm Hg, for 
Tommy and Laura, respectively. Foetal haemoglobin content and 
pressure leaks have not been considered (more details on the cal-

culations are available in the text). It is misleading to say that Lau-
ra is sicker than Tommy only because of her higher FiO2. Tommy’s 
oxygenation is worse than Laura’s according to A-a gradient, RI, 
a/A ratio, modified OI, and S/F ratio; conversely, P/F ratio and OSI 
indicate an identical oxygenation impairment. RDS, respiratory 
distress syndrome; CPAP, continuous positive airway pressure; 
A-a gradient, alveolar-arterial gradient; a/A, arterial/alveolar ratio; 
FiO2, inspired oxygen fraction; modified OI, modified oxygen-
ation index; P/F, PaO2/FiO2 ratio; S/F, peripheral saturation/FiO2 
ratio; OSI, oxygen saturation ratio.

Co
lo

r v
er

sio
n 

av
ai

la
bl

e 
on

lin
e



De Luca/Autilio/Pezza/Shankar-Aguilera/
Tingay/Carnielli

Neonatology 2021;118:127–138130
DOI: 10.1159/000513783

teria, data collection and analysis, and methods for dispute resolu-
tion in case of disagreement. We a priori chose to focus on the 
following tools:
• Advanced oxygenation metrics
• Functional lung imaging
• Surfactant biological tests

Search Details
For each of these, a literature search has been performed on 

PubMed (on October 7, 2020), combining them with CPAP failure 
and surfactant, as words or MeSH terms, without year or language 
restrictions but limited to the first month of life. We also hand-
searched references cited in the studies identified through the ini-
tial search, review articles on the subject, and the authors’ person-
al archives.

Eligibility Criteria
We searched for diagnostic accuracy studies aiming to predict 

CPAP failure due to surfactant need in the context of modern peri-
natal care (i.e., with adequate perinatal monitoring, prenatal ste-
roids, and early CPAP delivered by short binasal prongs or masks). 
We excluded “grey” literature, unpublished, or nonpeer reviewed 
reports. Details of selected studies were included in a customized 
database, removing duplicates, which were used for the following 
analyses.

Data Items and Summary Measures
We collected sensitivity, specificity, area under the curves 

(AUC), and population size of each study into a customized data 
extraction sheet. Interpretation discrepancies, if any, were resolved 
through discussion between the authors. When more than one 
study was available on a given tool, their diagnostic accuracy mea-
sures were pooled with the DerSimonian-Laird random-effects 
model and the inverse variance method. Such an approach is more 
conservative than the fixed-effects model since it recognizes the 
presence of heterogeneity because studies estimate different un-
derlying effect sizes. Consistency between the studies was estimat-
ed with the I2 value (i.e., variation in sensitivity and specificity due 
to heterogeneity) and evaluated by χ2 test; I2 values >50% were 
considered indicative of significant heterogeneity. Meta-regres-
sions were performed adjusting for gestational age and male sex as 
they may be confounders [22]. These analyses were done using raw 
data extracted from articles or requested from authors, when nec-
essary. We inserted one covariate in each model in order to reduce 
false-positive results [23]. AUC and relative diagnostic odds ratios 
(RDOR) were reported with 95% confidence interval (95% CI). p 
values <0.05 were considered to be statistically significant. Analy-
ses were performed with Meta-Disc 1.4 and Open-MetaAnalyst 
10.1 [24].

Advanced Oxygenation Metrics

Complex oxygenation metrics allow consideration of 
factors influencing oxygenation other than FiO2. Ad-
vanced oxygenation metrics include the alveolar-arterial 
gradient {calculated as PA − PaO2, where PA indicates 
alveolar partial pressure (estimated, at the sea level, as 

(FiO2 × [760 − 47]) − [PaCO2/0.8])} and the respiratory 
index (calculated as the A-a gradient divided by PaO2). 
While these metrics are quite cumbersome to calculate 
and seldom used, the arterial/alveolar (a/A) oxygen ratio 
and the PaO2/FiO2 (P/F) ratio have been more diffused. 
The a/A ratio has been used for many years using various 
thresholds to indicate surfactant replacement [25], and 
the ARDS definition in adults is still based on P/F thresh-
olds [18]. In neonatology and paediatrics, the oxygen-
ation index (OI) is also commonly used, as it takes the 
mean airway pressure into account (OI = mean airway 
pressure × FiO2 × 100/PaO2). Each of these metrics has 
peculiar characteristics and describes oxygenation from a 
different perspective; none of them can be considered a 
gold standard although they surely characterize the oxy-
genation impairment better than the mere FiO2 [26]. All 
these metrics include arterial PaO2 measured by blood 
gas analysis on samples obtained by indwelling arterial 
lines or by well-performed arterial puncture. This is not 
always technically possible and may be ethically question-
able in neonates with mild respiratory failure not needing 
invasive procedures.

Nonetheless, these metrics may be modified to include 
less-invasive estimation of factors influencing oxygen-
ation. For example, OI can be modified using CPAP set 
at the ventilator and transcutaneously measured PaO2 to 
estimate the mean airway pressure and arterial PaO2, re-
spectively [21]. Transcutaneous devices are widely avail-
able for the non-invasive estimation of PaO2, and the 
American Association of Respiratory Care recognizes 
their accuracy, if adequately calibrated and used accord-
ing to defined criteria [27]. As the measurement does not 
need to be continuous, leaks can be transiently reduced 
during the measurements, and the application of a trans-
cutaneous probe at 43/44°C for 10–15 min usually avoids 
any vasodilation-induced rash or skin injury. The paedi-
atric ARDS definition also suggests to use the peripheral 
saturation/FiO2 (S/F) ratio to evaluate patients’ oxygen-
ation [20]. In populations without foetal haemoglobin 
(adults and children), the S/F has an accuracy similar to 
the P/F ratio [28, 29]. The S/F ratio without foetal haemo-
globin correction has been recently used to define need 
for surfactant replacement in neonates [30]. Similarly, OI 
can be estimated without PaO2 measurements, by using 
an oxygen saturation index (OSI) replacing PaO2 with pe-
ripheral saturation. OSI correlates well with OI and A-a 
gradient, but the influence of foetal haemoglobin on these 
indexes is unknown [31, 32]. An estimation of foetal hae-
moglobin might be included to correct saturation values 
and further personalize the evaluation.
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OI is already commonly used to define neonatal or 
paediatric ARDS and decide about some interventions 
(such as nitric oxide or extracorporeal life support), 
while optimal peripheral saturation in preterm neo-
nates has been extensively investigated: therefore, mod-
ified OI, S/F ratio, or OSI are easy to diffuse in neonatal 
critical care. Even though these modified indexes do 
not consider all factors influencing oxygenation or only 
estimate some of them, they describe oxygenation im-
pairment more in detail than the mere FiO2. Oxygen-
ation metrics may variously identify the sickest patient 
in the example provided in Figure 1: thus, we need stud-
ies to compare their ability to predict CPAP failure and 
notably the reliability of modified OI, S/F, and OSI and 
the influence of foetal haemoglobin to this end. Given 
the simplicity and availability of these tools and their 
solid physiopathology background, these studies are 
urgently warranted.

Functional Lung Imaging: Lung Ultrasound

Lung ultrasound can be used both for descriptive 
and functional purposes [33]. Functional lung ultra-
sound has been used as a point-of-care imaging tool to 
monitor acute respiratory failure in adults since de-
cades, but it has only recently been introduced in neo-
natology [33]. The technique has been used to predict 
CPAP failure and surfactant need through a simple and 
qualitative evaluation of lung ultrasound findings [34–
36] or the calculation of a quantitative lung ultrasound 
score (LUS) modified from adult experience and spe-
cifically validated in neonates [37–42]. Lung ultrasound 
has always been performed in the first hours of life. 
Both methods resulted in good diagnostic accuracy on 
earlier meta-analysis [43]; however, the quantitative 
score is a more objective, refined, and rigorous way to 
evaluate the respiratory failure and is already widely 
used in adult critical care [44]. Figure 2 represents the 
summary receiver operator characteristics curve of di-
agnostic accuracy studies about quantitative LUS and 
CPAP failure: the meta-analytical AUC was 0.952 (95% 
CI: 0.951–0.953), with an LUS cutoff value between 6 
and 8. This result is independent of gestational age 
(RDOR: 0.95 [95% CI: 0.32–2.82], p = 0.890) and sex 
(RDOR: 0.99 [95% CI: 0.87–1.14], p = 0.906). Interest-
ingly, LUS-guided surfactant administration (also 
called Echography-guided Surfactant THERapy, ES-
THER) has been already investigated in a quality im-
provement project and a randomized controlled trial 

providing consistent results [5, 30]. ESTHER improves 
the timeliness of surfactant replacement and signifi-
cantly reduces the number of patients needing it after  
3 h of life; LUS-guided surfactant administration also 
improves oxygenation after surfactant dosing and re-
duces oxygen exposure early in life with possible sec-
ondary benefits, such as shorter invasive ventilation [5, 
30]. Conversely, a large retrospective analysis on ap-
proximately 1,000 neonates demonstrated that ES-
THER did not change the proportion of preterm neo-
nates receiving surfactant or produce any significant 
cost benefit [45]. LUS also correlates with the lung in-
flammation and extravascular lung water in infants [46, 
47]. Therefore, LUS is not specific to loss of lung aera-
tion due to the magnitude of primary surfactant defi-
ciency but can be useful also in cases of neonatal ARDS. 
This is consistent with the wide experience on lung ul-
trasound in adult critical care, as LUS is commonly used 
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Fig. 2. Meta-analytical summary ROC curve of diagnostic accu-
racy studies [37–42] on LUS to predict CPAP failure. ROC analysis 
gave a pooled sensitivity and specificity of 84 (95% CI: 77–89%, I2: 
78%) and 93 (95% CI: 88–95%, I2: 84%), respectively (p < 0.0001 
for both), with an LUS cutoff value between 6 and 8. Data were 
obtained from the original article or asking directly to authors, and 
the curve has been fitted using Moses (weighted regression, inverse 
variance) model. Circles indicate the single studies, and the circle 
diameter is proportional to their weight; the first author name is 
indicated for each study. Grey curves indicate the summary ROC 
curve and its 95% CI. LUC, lung ultrasound score; CPAP, con-
tinuous positive airway pressure.
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to measure lung aeration in patients with ARDS, that is, 
with a more complex surfactant and epithelial injury 
[48].

Until recently, chest radiography has been the only 
routinely available bedside neonatal lung imaging tech-
nique. Despite providing diagnostic information, chest 
radiography is not a functional lung imaging; moreover, 
interpretation has a high inter-operator variability and is 
inaccurate in respect to the clinical evolution [49]. A re-
cent study demonstrated that a standardized radiological 
score for RDS was very variable in neonates failing CPAP 
and needing surfactant replacement [50]. To the best of 
our knowledge, only one formal diagnostic accuracy 
study compared chest X-rays and lung ultrasound to pre-
dict CPAP failure in the context of modern perinatal care: 
the authors found that radiography (AUC: 0.8 [95% CI: 
0.792–0.808]) has significantly lower diagnostic accuracy 
than LUS [39].

Lung ultrasound also has additional interesting char-
acteristics. It may reduce radiation exposure [51], and ba-
sic lung ultrasound semiology is successfully recognized 
with any type of probe and with high agreement between 
physicians of different expertise [52, 53] while the learn-
ing curve is steep also in developing countries [54]. Con-
sistently, lung ultrasound has been recently listed amongst 
the point-of-care ultrasound to be used in paediatric and 
neonatal critical care whose evidence-based guidelines 
have been recently released [55].

Functional Lung Imaging: EIT

Electrical impedance tomography (EIT) is a method of 
dynamically imaging regional ventilation and lung func-
tion that holds promise in individualizing respiratory 
therapies. EIT is a validated research tool, with a recent 
international consensus statement to guide usage [56]. 
EIT uses the differential properties of air and liquids in 
tissues on electrical current: measurements of these prop-
erties are made via a small non-adhesive electrode belt 
placed around the infants’ chest. EIT systems reconstruct 
the patterns of electrical activity to create an image of the 
relative amounts of ventilation, aeration, gas flow, or per-
fusion with the cross-sectional area of the chest imaged, 
and how these change over time [56].

EIT has been used to describe the effect of surfactant 
replacement, demonstrating improved uniformity of 
ventilation within the lungs during and after the treat-
ment [57] and the relationship between surfactant and 
different respiratory support strategies [58, 59]. Recently, 

EIT was able to demonstrate differences in end-expirato-
ry lung volume at different CPAP levels in preterm in-
fants with RDS, with a precision that would not be pos-
sible based on oxygenation [60].

As real-time display clinical systems become available, 
EIT is used in adult and paediatric intensive care units, 
and its potential to personalize RDS management be-
comes attractive. In fact, similar to lung ultrasound, EIT 
might allow for more rapid identification of infants not 
responding to CPAP. Nonetheless, so far EIT has not 
been investigated in diagnostic accuracy studies specifi-
cally dedicated to the prediction of CPAP failure. Thus, 
compared to lung ultrasound, EIT represents an interest-
ing but less-advanced tool on the clinical development 
pathway.

Surfactant Biological Tests

There are many biological tests able to measure the 
amount or the quality (function) of surfactant. If accu-
rate, quick, and easy to use, a test of this kind could be-
come a point-of-care technique at the bedside. Such a test 
would be similar to the point-of-care assays for C-reactive 
protein or procalcitonin to guide antibiotic therapy. Sev-
eral tests measuring both the amount and the function of 
endogenous surfactant have been studied to predict RDS 
occurrence. For this review, we will only refer to those 
that have been formally investigated in diagnostic accu-
racy studies to predict CPAP failure due to surfactant 
need. A new point-of-care spectroscopic method to mea-
sure lecithin-sphingomyelin ratio in gastric aspirates has 
been recently proposed, but this has not been investigated 
to predict CPAP failure in diagnostic accuracy studies 
[61].

Quantitative Tests
Lamellar body count (LBC) is probably the easiest 

rapid biological surfactant test available. Lamellar bodies 
are storage particles consisting of packed surfactant 
phospholipids and proteins, released from type II alveo-
locytes [62]. Once in the alveoli, lamellar bodies open up 
with the compression/expansion cycles and create the 
surfactant film adsorbed at the gas/liquid interface [63]. 
Thus, LBC is an estimation of the available endogenous 
surfactant. LBC has been performed in amniotic fluid, 
gastric aspirate, and non-bronchoscopic bronchoalveo-
lar lavage (BAL) samples [64] and predicts the occur-
rence of RDS with better accuracy than lecithin-sphingo-
myelin ratio [65]. LBC may actually be done at the bed-
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side, since lamellar bodies have the same diameter as 
platelets and can be counted by automated cell counters 
used in any hospital, without any dilution or sample 
preparation [64]. Unfortunately, LBC in gastric aspirate 
samples obtained in the first hours of life is not accurate 
enough to reliably predict CPAP failure due to surfactant 
need (AUC: 0.703, 95% CI: 0.696–0.710). It is also un-
suitable, as the assay could not be performed in approxi-
mately 35% of samples due to viscosity or blood contam-
ination [66]. LBC has also been investigated in a random-
ized clinical trial to guide surfactant replacement: it was 
unfeasible in 23% of patients for these technical prob-
lems and failed to improve the primary outcome (i.e., 
need for invasive ventilation or mortality) [67]. High vis-
cosity or sample contamination is also likely to be ob-
served in amniotic fluid samples collected at delivery, 
and especially those collected vaginally have shown re-
duced reliability [64].

This may be explained as LBC only estimates the sur-
factant amount available at birth: this is physiopatholog-
ically linked to the insurgence of RDS, rather than to its 
clinical evolution (i.e., need for surfactant or invasive 
ventilation). Consistently, phosphatidylcholine concen-
trations in foetal lung fluid do not correlate with RDS 
clinical severity in preterm lambs [68]. The same prob-
lem can affect other quantitative surfactant assays per-
formed at the birth, since, beyond the originally available 
endogenous surfactant pool, the natural course of RDS is 
influenced by the CPAP levels, which recruit the alveoli 
and influence surfactant production [69]. The evolution 
of RDS is also influenced by other factors, such as the 
prenatal steroids dose [70], degree of alveolarization, 
amount of lung tissue inflammation, and extravascular 
water [71]. Some of these factors impact lung aeration 
and correlate with LUS [46, 47]: this makes LUS even 
more interesting, since LUS may give a more compre-
hensive picture of the lung aeration, taking all these fac-
tors into consideration.

Qualitative Tests
A qualitative might be more informative than a quan-

titative surfactant test, since it describes surfactant func-
tion rather than its amount. In fact, surfactant function, 
like lung aeration, is influenced not only by the available 
surfactant pool but also by its dilution in the extravascular 
lung water [72]. There are several techniques to study sur-
factant function, but the more interesting for our pur-
poses are the surfactant adsorption test (SAT) and the 
stable microbubble test (SMT).

SAT has been successfully used for research purposes 
in BAL fluids obtained from animals and human neonates 
[73]. SAT consists of 2 steps: first, a given amount of sur-
factant is extracted from a biologic fluid, and then it is 
fluorescently labelled to measure its accumulation at the 
air/liquid interface [74]. SAT can provide relatively quick 
results and is not biased by any intrinsic sample dilution: 
in fact, samples are tested at the same phosphatidylcholine 
concentration, and thus surfactant adsorption is mea-
sured in a fixed amount. SAT is more simple than complex 
techniques that fully describe surfactant biophysical activ-
ity but are not suitable to be used in clinical care [75]. SAT 
has been performed on amniotic fluid specimens from 
preterm neonates and found to be accurate to predict 
CPAP failure due to surfactant need (AUC: 0.84 [95% CI: 
0.824–0.856]) [76]. Moreover, surfactant adsorption sig-
nificantly correlates with both LBC and LUS [76]. This 
confirms that surfactant efficiency, in terms of adsorption 
at air/liquid interface, is related to the available amount of 
surfactant and, finally, to lung aeration. As described 
above, lung aeration is influenced by several factors: there-
fore SAT, being one of these factors, may describe it more 
comprehensively than quantitative tests. This correlation 
between ultrasound-assessed lung aeration and surfactant 
adsorption has been found also in infants with neonatal 
ARDS induced by meconium aspiration [77]. Thus, inter-
estingly, SAT could describe the role of surfactant effi-
ciency also in neonatal ARDS and not only when surfac-
tant is primarily lacking [78]. SAT needs 30–60 min and 
fluorometric readings, but this time can be shortened as 
we advance on the development pathway.

SMT is an old and simple assay based on the fact that 
surfactant-containing fluid, when vortexed, forms stable 
microbubbles of at least <15 µm [79]. Alike LBC, SMT has 
been used on gastric aspirate as well as amniotic and BAL 
fluid specimens to predict RDS and is quite diffused in 
some countries [80]. One study recently investigated it to 
predict CPAP failure due to surfactant need and found 
satisfactory reliability (AUC: 0.8 [95% CI: 0.788–0.812]) 
[80]. There is a lack of physiopathology studies relating 
SMT results to lung aeration or other surfactant function 
measures, but SMT is the quickest functional test (only 
requiring few minutes). However, SMT needs a micro-
scope and may be affected by a certain subjectivity influ-
encing intra- and inter-observer variability [80]. More-
over, it has an intrinsic dilution problem because the 
drops of amniotic or gastric fluid may contain different 
amounts of surfactant, and thus the efficiency to create a 
stable bubble is not normalized for the available surfac-
tant pool.
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Sensitivity

Estimate (95% CI) TP/(TP + FN)

LUS 0.836 (0.768, 0.886) 127/152
0.818 (0.604, 0.930) 18/22
0.700 (0.543, 0.821) 28/40
0.944 (0.693, 0.992) 17/18
0.714 (0.524, 0.850) 20/28

Chest X-rays
LBC
SAT
SMT

0.52 0.64 0.76 0.88 0.99
Sensitivity

Specificity

Estimate (95% CI) TN/(FP + TN)

LUS 0.926 (0.885, 0.953) 224/242
0.882 (0.725, 0.955) 30/34
0.671 (0.564, 0.762) 57/85
0.696 (0.485, 0.847) 16/23
0.750 (0.595, 0.860) 30/40

Chest X-rays
LBC
SAT
SMT

0.48 0.6 0.72 0.84 0.96
Specificity

AUC

Estimate (95% CI)

LUS 0.952 (0.951, 0.953)
0.800 (0.792, 0.808)
0.703 (0.696, 0.710)
0.840 (0.824, 0.856)
0.800 (0.788, 0.812)

Chest X-rays
LBC
SAT
SMT

0.7 0.75 0.8 0.85 0.9 0.95

a

b

c

Fig. 3. Diagnostic accuracy of tools to personalize RDS manage-
ment in preterm neonates. a–c Sensitivity, specificity, and AUC, 
respectively. LUS data are those derived from the meta-analyses of 
all diagnostic accuracy studies [37–42] on this technique (see Fig. 
2). Data on chest X-rays, LBC, SAT, and SMT are extracted from 
Perri et al. [39], Raschetti et al. [66], Autilio et al. [76], and Bhatia 
et al. [80], respectively. Squares are proportional to the weight of 
populations used to study each technique (LUS: n = 443; chest X-
rays: n = 56; LBC: n = 125; SAT: n = 56; and SMT: n = 68). As a 

comparison, an FiO2 threshold of 0.30 has an AUC of approxi-
mately 0.8 calculated on a population of 297 neonates and sensitiv-
ity and specificity of approximately 80 and 60%, respectively [14]. 
LUS data are referring to a cutoff value between 6 and 8. Horizon-
tal lines represent 95% CI. RDS, respiratory distress syndrome; 
LUS, quantitative lung ultrasound score; LBC, lamellar body 
count; SAT, surfactant adsorption test; SMT, stable microbubble 
test.
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Conclusions

The ideal tool to detect CPAP failure and manage RDS 
has some basic characteristics, such as:
• High accuracy and reproducibility
• Solid physiopathology background
• Quickly available results
• Relatively low cost
• Availability at the bedside
• Minimal invasiveness
• Easy to use

Many of the tools reviewed above met these character-
istics. Advanced modified oxygenation metrics are phys-
iologically sound and more informative than FiO2, yet 
they need to be investigated in specific studies clarifying 
their reliability to predict CPAP failure. LUS is ready to 
be widely implemented in clinical practice. EIT needs fur-
ther industrial development and specific diagnostic ac-
curacy studies. Surfactant biological tests have been sub-
jected to specific diagnostic accuracy studies, but these 
have been conducted with single-centre design in small 
populations and may need further translational investi-
gations and/or industrial development [81].

Figure 3 summarizes the diagnostic accuracy available 
for these tools in relation to the studied population sizes. 
The use of 0.30-FiO2 threshold is associated with AUC 
ranging between 0.81 and 0.83 on a population of 297 
neonates [14]: its sensitivity (approximately 80%) was 
lower than that of LUS and SAT, and its specificity (rang-
ing between 50 and 70%) was lower than that of LUS or 
chest X-rays. Other tests have comparable results but 
large confidence intervals because they have been tested 
on smaller populations.

We advocate for a more accurate characterization of 
respiratory failure and a personalized approach for the 
management of RDS in preterm neonates. Lung ultra-
sound is immediately available and represents the com-
monest tool beyond oxygenation measurements: it is eas-
ily accessible as virtually every NICU has an ultrasound 
device; it may be used for various purposes beyond the 
prediction of CPAP failure and takes advantage of the 
large experience accumulated in adult critical care. How-
ever, the other candidate tools might be integrated in the 
NICU monitoring systems or represent easier point-of-
care diagnostics: their development and introduction on 
the clinical market should follow specific evidence-based 
guidelines [82]. We need specific involvement from the 
pharmaceutical and medical device industry to develop 
this field and finally make precision medicine available to 
all preterm neonates with RDS.
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