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ORIGINAL ARTICLE
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Abstract

Rationale: Lung ultrasound (LUS) is a promising tool for
diagnosis of acute respiratory distress syndrome (ARDS), but
adequately sized studies with external validation are lacking.

Objectives: To develop and validate a data-driven LUS score for
diagnosis of ARDS and compare its performance with that of
chest radiography (CXR).

Methods: This multicenter prospective observational study
included invasively ventilated ICU patients who were divided
into a derivation cohort and a validation cohort. Three raters
scored ARDS according to the Berlin criteria, resulting in a
classification of “certain no ARDS,” or “certain ARDS” when
experts agreed or “uncertain ARDS” when evaluations conflicted.
Uncertain cases were classified in a consensus meeting. Results of
a 12-region LUS exam were used in a logistic regression model to
develop the LUS-ARDS score.

Measurements and Main Results: Three hundred twenty-four
(16% certain ARDS) and 129 (34% certain ARDS) patients were

included in the derivation cohort and the validation cohort,
respectively. With an ARDS diagnosis by the expert panel as the
reference test, the LUS-ARDS score, including the left and right
LUS aeration scores and anterolateral pleural line abnormalities,
had an area under the receiver operating characteristic (ROC)
curve of 0.90 (95% confidence interval [CI], 0.85–0.95) in certain
patients of the derivation cohort and 0.80 (95% CI, 0.72–0.87) in
all patients of the validation cohort. Within patients who had
imaging–gold standard chest computed tomography available,
diagnostic accuracy of eight independent CXR readers followed
the ROC curve of the LUS-ARDS score.

Conclusions: The LUS-ARDS score can be used to
accurately diagnose ARDS also after external validation.
The LUS-ARDS score may be a useful adjunct to a diagnosis
of ARDS after further validation, as it showed performance
comparable with that of the current practice with experienced
CXR readers but more objectifiable diagnostic accuracy at each
cutoff.
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Acute respiratory distress syndrome (ARDS)
is a common cause of acute respiratory
failure in the ICU and is associated with a
mortality of around 40% (1). Diagnosis of
ARDS is based on the Berlin definition,

which consists of clinical criteria and requires
the presence of bilateral opacities on chest
imaging consistent with pulmonary edema
(2). Chest computed tomography (CT)
can be considered the gold standard for
radiological assessment of pulmonary edema,
but it requires the undesirable transportation
of critically ill patients to the radiology
department and is performed in a minority
of patients (3). Chest radiography (CXR) can
be performed bedside in the ICU, but the
interobserver agreement for bilateral
opacities is poor for CXR, resulting in
conflicting diagnoses (4).

Lung ultrasound (LUS) has gained
recognition as an accessible technique for the
diagnosis and monitoring of ICU patients
(5). LUS can estimate lung aeration by means
of semiquantitative scores of artifactual and
anatomical ultrasound patterns (6, 7).
Although LUS has been extensively studied
for the diagnosis of pneumothorax, effusions,
or pneumonia, evidence for the diagnosis of
ARDS is scant (8, 9). The Kigali modification
of the Berlin definition, which relies on
bilateral LUS abnormalities, was proposed to
improve ARDS diagnosis in settings with
limited access to ventilators, imaging, and
other resources (10). This method was
further adapted and showed reasonable
diagnostic accuracy compared with the
Berlin definition in ICU patients in a high-
resource setting (11). The presence of
pleural line abnormalities, reduced lung
sliding, or “spared regions” in patients with
pulmonary edema has also been suggested to
be specific for ARDS in the LUS consensus
statement, although these abnormalities have
not yet been included in a LUS definition of
ARDS, and clinical evidence is limited
(12–15). None of the diagnostic tests for
ARDS using LUS have been derived using
data-driven methods or were externally
validated, whereas these aspects are
crucial for the inclusion of a LUSmethod
in a new definition of ARDS, which is in
the making.

The aim of the present study was to
develop and validate a data-driven LUS score
for diagnosis of ARDS using a diagnosis by
an expert panel as the gold standard.We
hypothesized that the developed LUS-ARDS
score has high diagnostic accuracy during

external validation and has a diagnostic
performance that is similar to the
performance of the Berlin definition with
evaluation of CXR, the most frequently used
concurrent diagnostic imaging technique for
ARDS. Finally, we also hypothesized that the
developed LUS-ARDS score could resolve
uncertainty in patient classification when
expert readers disagreed on the diagnosis of
ARDS. Data from this study were presented
at the American Thoracic Society 2022
International Conference (16) and has been
published in part to answer a different
research question (17).

Methods

Study Design and Ethical Concerns
The present study was a multicenter
prospective observational study that was
performed as part of the “Diagnosis of Acute
Respiratory disTress Syndrome” (DARTS)
project. The DARTS project is registered
at Netherlands Trial Register (https://
trialsearch.who.int/ ; identifier NL8226), and
its protocol was previously published (18).
The study was performed in the ICUs of two
academic hospitals in the Netherlands: the
AmsterdamUniversity Medical Centers
(AmsterdamUMC), location Academic
Medical Center (AMC) in Amsterdam, and
theMaastricht University Medical Center1
(MUMC1) inMaastricht. Patients were
recruited betweenMarch 27, 2019, and
February 27, 2021. The institutional review
board of the AmsterdamUMC, location
AMC, approved the study protocol (no.
W18_311).Written deferred consent for the
use of data for clinical research was obtained
from the patient or the patients’ representative
(18). The TRIPOD guidelines were followed
in the reporting of this study (19).

Patients
Patients were included in the study if they
were admitted to a participating ICU and
expected to be invasively ventilated for at
least 24 hours. Exclusion criteria were as
follows: 1) invasive ventilation for more than
48 hours in the 7 days before screening,
2) tracheostomy, 3) clinical situations in
which study inclusion is inappropriate

At a Glance Commentary

Scientific Knowledge on the
Subject: Lung ultrasound (LUS) is
a promising tool for diagnosis of
acute respiratory distress syndrome
(ARDS), but adequately sized studies
with external validation are lacking.
In one single-center study, an
adapted ARDS definition for
resource-limited settings was
proposed that allowed use of
bilateral B-lines or consolidations on
LUS in addition to existing imaging
modalities. This adapted definition
was validated and modified in a
high-resource, single-center study.
Another report provided an expert
overview of specific LUS signs that
could facilitate in differentiating
between ARDS and cardiogenic
pulmonary edema.

What This Study Adds to the
Field: We developed and externally
validated the first data-driven LUS-
based diagnostic approach for ARDS.
The study was adequately powered,
included consecutive patients, and
follows current recommendations
for diagnostic evaluation. The
LUS-ARDS score, based on LUS
aeration scores of the left and right
lungs, combined with presence
of anterolateral pleural line
abnormalities, could accurately
diagnose and exclude ARDS during
external validation. Further
confirmation of the scores’ accuracy
would allow for the use of LUS to
diagnose and exclude ARDS and
strengthens the potential of the
LUS-ARDS score as a useful adjunct
to diagnosis of ARDS.

Correspondence and requests for reprints should be addressed to Marry R. Smit, Ph.D., Department of Intensive Care, Amsterdam University
Medical Center, location University of Amsterdam, Meibergdreef 9, 1105 AZ Amsterdam, the Netherlands. E-mail: m.r.smit@amsterdamumc.nl.

This article has a related editorial.

This article has an online supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

ORIGINAL ARTICLE

1592 American Journal of Respiratory and Critical Care Medicine Volume 207 Number 12 | June 15 2023

 

https://trialsearch.who.int/
https://trialsearch.who.int/
mailto:m.r.smit@amsterdamumc.nl
https://doi.org/10.1164/rccm.202303-0406ED
http://www.atsjournals.org


(e.g., withdrawal of care or highly contagious
disease), and 4) objection to participate in the
study by patients or representatives. Patients
included at the AmsterdamUMC, location
AMC, were part of the derivation cohort
for development of the LUS-ARDS score,
whereas patients included at theMUMC1
acted as the validation cohort.

Study Procedure
Patients were included within 48 hours
after start of invasive ventilation. The
inclusion day was considered as Day 1.
During inclusion, a LUS examination was
performed, and patient characteristics,
ventilation, and gas-exchange parameters
were collected. This procedure was repeated
24 hours after inclusion (Day 2).

LUS Examination
LUS was performed with a linear transducer
using a standard 12-region protocol and the
clinically available ultrasound device (7, 20).
Lung regions were scored with the LUS

aeration score. An “A-pattern,” defined as
horizontal repetitions of the pleural line
(A-lines), was scored as 0. “B-patterns” were
scored as 1 when more than two well-spaced
B-lines were present that covered less than
50% of the pleural line or as 2 when B-lines
covered more than 50% of the pleural line.
A “C-pattern” was defined as an anatomical
image of consolidation or as complete (or
near-complete) loss of aeration that is larger
than 2 cm and was scored as 3. C-patterns
accompanied with pleural effusion were
scored as 0, as this is more suggestive of a
compression atelectasis rather than an
intrinsic pulmonary process (10, 11, 21). All
lung regions were scored on the presence of
an abnormal pleural line, subpleural
consolidations, dynamic air bronchograms
and pleural effusions (1 when present and
0 when absent). Use of convex or sector array
probes was allowed in case lung regions
could not be assessed with the linear probe.
Lung regions that were unable to scan or
score (i.e., because of wounds, chest drains,

or subcutaneous emphysema) were
complemented by the mean LUS aeration
score of other lung regions of the respective
hemithorax. The LUS images were scored
prospectively and the sonographers were
blinded from the ARDS classification.
Patients with more than four missing regions
were excluded from analysis. The LUS
examination on Day 1 was used for the
analysis, or the LUS exam on Day 2 was used
if the exam on Day 1 was not available. The
LUS examination and scoring are presented
in more detail in the online supplement.

Expert Panel Classification of
ARDS—Reference Test
Three experts from the ICU with extensive
experience in diagnosing and treating ARDS
independently assessed all patients on
meeting the Berlin criteria for ARDS (22).
The experts based their judgment on clinical
parameters, blood gas analysis, and chest
imaging, which were available within
72 hours after the start of invasive ventilation

1257 patients assessed for eligibility

579 study measurements started

519 included into study

678 excluded
313 ineligible (met exclusion criteria)

115 previous MV >48h in the last seven days
83 life expectancy <24h
43  no consent or consent withdrawn by patient/family 
36 other (i.e. no consent possible)
24 sampling inappropriate according to physician
10 tracheostomy

2 unknown
365 eligible but not enrolled

214 unable to perform measurement
115 logistics

21 other
15 expected MV <24h, but eventually >24h 

60 excluded after study measurements
52 no written deferred consent obtained

8 consent withdrawn by patient

453 included into analysis

66 excluded from analysis
66 no LUS or more than four LUS regions missing

38 in derivation cohort (42% likely or certain ARDS) 
28 in validation cohort (57% likely or certain ARDS)

129 validation cohort
44 certain ARDS (34%) 
14 likely ARDS (11%) 
25 likely no ARDS (19%) 
46 certain no ARDS (36%)

324 derivation cohort
53 certain ARDS (16%) 
47 likely ARDS (15%) 
49 likely no ARDS (15%)

175 certain no ARDS (54%)

Figure 1. Study profile. A total of 519 patients were included in the Diagnosis of Acute Respiratory disTress Syndrome (DARTS) study. Sixty-six
included patients who could not be analyzed in the present study because they did not receive a lung ultrasound (LUS) exam or because more
than 4 of 12 lung regions were missing in the LUS exam. Patients included in the Amsterdam University Medical Centers, location Academic
Medical Center, served as the derivation cohort, and patients included in the Maastricht University Medical Center1 were assigned to the
validation cohort. ARDS=acute respiratory distress syndrome; MV=mechanical ventilation.
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(2, 18). On the basis of the agreement
between experts, all patients were classified in
the following categories: 1) certain no ARDS
when there was sufficient agreement to
exclude ARDS, 2) certain ARDS when there
was sufficient agreement to diagnose ARDS,
and 3) uncertain ARDS when there were
conflicting scores between experts. Patients
with uncertain ARDS were subsequently
discussed in a consensus meeting, resulting
in the classification of either “likely ARDS”
or “likely no ARDS.” Consensus diagnosis
was primarily based on CT if available or

otherwise on CXR images. LUS exams
were excluded from this analysis. The
classification process is described in more
detail in the online supplement.

Independent Evaluation of ARDS by
Additional CXR Readers
To allow for comparison of LUS to the
current standard of practice, seven
individual ICU physicians and one chest
radiologist outside the expert panel scored
ARDS according to the Berlin criteria
using CXR images in a subset of patients.

This subset consisted of patients from the
derivation and validation cohorts who had
a CT scan available, as CT is considered
the best reference standard. The seven
individual ICU physicians scored the
same 50 patients who were randomly
selected: 35 from the derivation cohort and
15 from the validation cohort. The chest
radiologist scored the first 121 included
patients with a CT available in the
derivation cohort. Physicians had clinical
and ventilation parameters available next
to CXR images.

Table 1. Patient Characteristics of the Derivation Cohort

Certain No ARDS
(n=175)

Uncertain Classification

Certain ARDS
(n=53)

Likely No ARDS
(n=49)

Likely ARDS
(n=47)

Age, yr, mean (SD) 62 (16) 61 (14) 63 (14) 59 (14)
Male, n (%) 120 (68.6) 37 (75.5) 27 (57.4) 38 (71.7)
BMI, kg/m2, median (IQR) 25.8 (22.9, 29.9) 28.9 (24.8, 31.4) 27.0 (24.9, 30.9) 26.5 (23.7, 30.3)
APACHE II score, median (IQR) 20 (15, 26) 20 (15, 23) 20 (17, 23) 20 (15, 23)
LIPS, median (IQR) 5 (3, 6) 5 (2, 7) 6 (5, 8) 6 (6, 8)
SOFA score, median (IQR) 10 (8, 12) 10 (8, 12) 9 (7, 12) 9 (5, 12)
Global LUS score, median (IQR) 4 (1, 9) 5 (1, 7) 9 (5, 14) 14 (9, 20)
Pre-ICU LOS, days, median (IQR) 1 (0, 3) 1 (0, 2) 2 (1, 7) 2 (0, 6)
Duration MV, h, median (IQR) 20 (12, 31) 20 (13, 26) 23 (12, 26) 18 (10, 30)
Admission type, n (%)
Emergency surgical 33 (18.9) 6 (12.2) 9 (19.1) 2 (3.8)
Medical 117 (66.9) 37 (75.5) 33 (70.2) 47 (88.7)
Planned surgical 25 (14.3) 6 (12.2) 5 (10.6) 4 (7.5)

Pneumonia, n (%) 26 (14.9) 5 (10.2) 27 (57.4) 47 (88.7)
COVID-19, n (%) 1 (0.6) 0 (0.0) 8 (17.0) 24 (45.3)
ARDS severity, n (%)
Mild NA NA 8 (17.4) 3 (5.7)
Moderate NA NA 24 (52.2) 27 (50.9)
Severe NA NA 14 (30.4) 23 (43.4)

Cause of ARDS
Nonpulmonary, n (%) NA NA 17 (36.2) 4 (7.5)
Pulmonary, n (%) NA NA 30 (63.8) 49 (92.5)

ICU LOS, d, median (IQR) 5 (3, 11) 6 (3, 9) 8 (2, 12) 9 [6, 18]
30 d mortality, n (%) 68 (43.3) 17 (39.5) 19 (43.2) 22 (46.8)
ICU mortality, n (%) 58 (34.7) 13 (28.3) 16 (34.8) 22 (44.0)
Ventilation characteristics
PaO2

/FIO2
ratio, mm Hg, median (IQR) 254 (168, 336) 174 (136, 225) 119 (96, 181) 105 (81, 144)

PEEP, cm H2O, median (IQR) 5 (5, 8) 8 (6, 10) 8 (7, 10) 10 (8, 10)
RR, breaths/min, median (IQR) 18 (15, 23) 18 (15, 25) 20 (15, 25) 22 (17, 28)
VT/PBW, ml/kg, median (IQR) 7.1 (6.2, 8.6) 7.1 (6.2, 8.5) 7.4 (5.8, 8.8) 7.7 (6.5, 9.2)
Ventilatory ratio, median (IQR) 1.3 (1.1, 1.6) 1.4 (1.1, 1.6) 1.5 (1.1, 1.8) 1.9 (1.7, 2.5)
Mechanical power, J/min, median (IQR) 14.9 (10.5, 20.3) 18.3 (13.3, 24.6) 17.1 (13.1, 27.2) 23.5 (17.2, 29.5)
Driving pressure, cm H2O, median (IQR) 12 (8, 15) 12 (9, 16) 13 (9, 16) 12 (8, 17)
Compliance, ml/cm H2O, median (IQR) 36.8 (27.4, 57.3) 41.5 (29.0, 47.0) 39.7 (26.0, 50.7) 36.1 (25.3, 52.6)

Definition of abbreviations: APACHE II = acute physiology and chronic health evaluation II; ARDS=acute respiratory distress syndrome;
BMI=body mass index; COVID-19=coronavirus disease; IQR= interquartile range; LIPS= lung injury prediction score; LOS= length of stay;
LUS= lung ultrasound; MV=mechanical ventilation; NA=not applicable; PBW=predicted body weight; PEEP=positive end-expiratory pressure;
RR= respiratory rate; SOFA=sequential organ failure assessment.
Data are presented as n (%) or median (IQR) unless indicated otherwise. Duration of MV is the time between intubation and LUS. PaO2

/FIO2
ratio

is defined as the lowest PaO2
/FIO2

ratio in the 24 hours before LUS. Ventilation parameters were collected during LUS, and laboratory parameters
were collected closest to LUS. PBW is calculated as follows: PBWmale = 501 0.91 � (cm of height – 152.4) and PBWfemale = 45.510.91 � (cm of
height – 152.4). Ventilatory ratio (VR) is calculated as follows: VR= [minute volume (ml/min) �PaCO2

]/(PBW �100 �37.5). Mechanical power (MP) is
calculated as follows: MP=0.098 �RR �VT � [PEEP1 (Pmax2PEEP)]. Driving pressure (DP) is calculated as DP=Pmax2PEEP. Additional
characteristics are presented in the online supplement.
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Study Outcomes
The primary outcome of the study was
the diagnostic accuracy and calibration
of LUSmethods for ARDS as judged by the
expert panel. To account for unreliability of
ARDS diagnosis using CXR, a sensitivity
analysis was performed that only included
patients for whom a chest CT was available.
To evaluate whether LUSmethods could
replace CXR, the diagnostic accuracy of
LUS was compared with the diagnostic
accuracy of individual, independent
physicians on the basis of clinical data
and CXR in patients for whom a chest
CT was available. Last, we evaluated whether
LUS provided additional diagnostic accuracy

in scenarios where the expert panel was
uncertain about the ARDS diagnosis.

Statistical Analysis and Development
of the Index Test
The DARTS project had a sample size of at
least 500 patients (18), and the statistical
power of this sample size was assessed for the
present study. The sample size of the
derivation cohort with certain ARDS and
certain no ARDS diagnoses was calculated
using the pmsampsize package in RStudio
(version 4.0.3) (23). An expected C statistic
of 0.85 with a prevalence of ARDS of 10.4%
resulted in a sample size of 152 patients
for a model with three variables (1). The

sample size of the validation cohort was
pragmatically chosen as all patients who
were included at theMUMC1 hospital.

Recommendations for predictive
modeling were followed (24, 25). The
LUS-ARDS score for diagnosis of ARDS was
developed using logistic regression analysis
on LUS data from patients with certain
ARDS and certain no ARDS diagnoses in
the derivation cohort while remaining
blinded to the validation cohort. A diagnosis
of ARDS by the expert panel was used as the
reference test in all analyses. Variables
included in logistic regression analysis were
preselected on the basis of evidence from
previous studies (10–13, 26, 27). The final

Table 2. Patient Characteristics of the Validation Cohort

Certain No ARDS
(n=46)

Uncertain Classification

Certain ARDS
(n=44)

Likely No ARDS
(n=25)

Likely ARDS
(n=14)

Age, yr, mean (SD) 62 (17) 62 (13) 63 (15) 66 (12)
Male, n (%) 27 (58.7) 12 (48.0) 10 (71.4) 32 (72.7)
BMI, kg/m2, median (IQR) 24.0 (22.7, 27.2) 27.3 (24.5, 29.4) 24.8 (23.6, 28.0) 26.5 (23.6, 28.6)
APACHE II score, median (IQR) 24 (16, 26) 22 (15, 25) 24 (17, 26) 16 (13, 24)
LIPS, median (IQR) 5 (4, 7) 5 (4, 6) 5 (3, 6) 6 (5, 6)
SOFA score, median (IQR) 7 (5, 10) 8 (7, 9) 8 (6, 9) 8 (7, 10)
Global LUS score, median (IQR) 5 (3, 8) 7 (3, 11) 8 (5, 13) 14 (10, 17)
Pre-ICU LOS, d, median (IQR) 2 (1, 3) 2 (1, 4) 3 (1, 9) 3 (2, 7)
Duration MV, h, median (IQR) 24 (17, 38) 24 (17, 30) 21 (17, 26) 23 (17, 34)
Admission type, n (%)
Emergency surgical 11 (23.9) 2 (8.0) 2 (14.3) 0 (0.0)
Medical 27 (58.7) 20 (80.0) 10 (71.4) 44 (100.0)
Planned surgical 8 (17.4) 3 (12.0) 2 (14.3) 0 (0.0)

Pneumonia, n (%) 2 (4.3) 2 (8.0) 2 (14.3) 33 (75.0)
COVID-19, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 18 (40.9)
ARDS severity, n (%)
Mild NA NA 7 (50.0) 3 (7.0)
Moderate NA NA 7 (50.0) 25 (58.1)
Severe NA NA 0 (0.0) 15 (34.9)

Cause of ARDS
Nonpulmonary, n (%) NA NA 12 (85.7) 3 (7.0)
Pulmonary, n (%) NA NA 2 (14.3) 37 (84.1)
ICU LOS, d, median (IQR) 6 (4, 13) 8 (4, 17) 5 (4, 9) 11 (6, 25)

30 d mortality, n (%) 19 (41.3) 9 (36.0) 4 (30.8) 18 (40.9)
ICU mortality, n (%) 16 (35.6) 7 (28.0) 2 (14.3) 18 (40.9)
Ventilation characteristics
PaO2

/FIO2
ratio, mm Hg, median (IQR) 307 (195, 388) 157 (128, 239) 203 (188, 234) 120 (82, 143)

PEEP, cm H2O, median (IQR) 8 (6, 8) 8 (8, 8) 8 (7, 10) 11 (10, 12)
RR, breaths/min, median (IQR) 16 (14, 20) 17 (13, 20) 18 (15, 22) 20 (18, 24)
VT/PBW, ml/kg, median (IQR) 7.2 (5.7, 8.6) 7.0 (6.6, 8.9) 7.3 (6.4, 9.6) 6.9 (5.9, 7.7)
Ventilatory ratio, median (IQR) 1.1 (1.0, 1.4) 1.2 (1.0, 1.4) 1.3 (1.2, 1.7) 1.4 (1.2, 1.7)
Mechanical power, J/min, median (IQR) 15.3 (10.9, 23.1) 16.3 (11.6, 21.5) 19.6 (12.1, 22.2) 24.8 (19.6, 32.2)
Driving pressure, cm H2O, median (IQR) 15 (12, 19) 14 (10, 19) 15 (11, 19) 18 (15, 22)
Compliance, mL/cm H2O, median (IQR) 26.6 (19.8, 34.9) 32.4 (24.9, 39.1) 28.4 (24.3, 42.2) 24.0 (19.3, 30.7)

For definition of abbreviations, see Table 1.
Data are presented as n (%) or median (IQR), unless indicated otherwise. Duration of MV is the time between intubation and LUS. The PaO2

/FIO2

ratio is defined as the lowest PaO2
/FIO2

ratio in the 24 hours before LUS. Ventilation parameters were collected during LUS, and laboratory
parameters were collected closest to LUS. PBW is calculated as follows: PBWmale = 5010.91 � (cm of height – 152.4) and
PBWfemale = 45.51 0.91 � (cm of height – 152.4). Ventilatory ratio (VR) is calculated as follows: VR= [minute volume (ml/min) �PaCO2

]/
(PBW �100 �37.5). Mechanical power (MP) is calculated as follows: MP=0.098 �RR �VT � [PEEP1 (Pmax2PEEP)]. Driving pressure (DP) is
calculated as DP=Pmax2PEEP. Additional characteristics are presented in the online supplement.
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model was determined on the basis of
model discrimination using the C statistic—
numerically equal to the area under the
receiver operating characteristic curve
(AUROCC)—andmodel calibration using
the calibration curve and Brier score. From
the final model, the LUS-ARDS score was
derived. For the LUS-ARDS score, weight

factors were calculated by multiplying
logistic regression coefficients by 10 and
rounding them to the nearest 0.5 decimal.
The LUS-ARDS score was calculated for
individual patients by multiplication of the
variables that were finally included in the
model by the corresponding weight factor.
Two cutoffs for the LUS-ARDS score were

chosen on the basis of the receiver
operating characteristic (ROC) curve in the
derivation cohort, with a low cutoff
corresponding to a high sensitivity and a
high cutoff corresponding to a high
specificity.

Performance of the LUS-ARDS
score was tested in patients from the

LUS patterns in the derivation cohort LUS patterns in the validation cohort
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Figure 2. Distribution of lung ultrasound (LUS) patterns for different lung regions in patients from the derivation cohort (n=324) and the
validation cohort (n=129). Patients underwent a LUS exam with six regions scanned per hemithorax. Patterns found in these regions for both
lungs combined are presented in this figure and are stratified for ARDS category. ARDS=acute respiratory distress syndrome; NA=not
available; UTS=unable to score.

Table 3. Development of the Lung Ultrasound-Acute Respiratory Distress Syndrome Score

Variable b (95% CI) P Value LUS-ARDS Points

Left LUS aeration score (0–18) 0.25 (0.10, 0.41) 0.002 12.5 per unit
Right LUS aeration score (0–18) 0.11 (20.06, 0.28) 0.185 11 per unit
No. of anterolateral regions with pleural

line abnormalities (0–8)
0.34 (0.07, 0.61) 0.013 13.5 per unit

LUS-ARDS score = 2.53 left LUS aeration score113 right LUS aeration score13.53 no. of anterolateral regions with an abnormal
pleural line

Examples from the present study Patient presenting with extrapulmonary sepsis and scored as certain ARDS by the expert
panel (Figure E9)
� Left and right LUS aeration score were 9 and 11, respectively.
� Eight anterolateral lung regions showed an abnormal pleural line.

� LUS-ARDS score: 2.5391 131113.538=62

Patient presenting with cardiac arrest and scored as certain no ARDS by the expert panel
(Figure E10)
� Left and right LUS aeration scores were 0 and 4, respectively.
� No anterolateral lung regions showed an abnormal pleural line.

� LUS-ARDS score: 2.5301 13413.530=4

Definition of abbreviations: ARDS=acute respiratory distress syndrome; CI= confidence interval; LUS= lung ultrasound.
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validation cohort by calculating sensitivity,
specificity, and the AUROCC. Additionally,
we assessed the performance of two
previously published LUSmethods for the
diagnosis of ARDS (10, 11). Finally, the
LUS-ARDS score was compared with
the performance of eight experienced,
independent physicians who used CXR as
the imaging modality to score ARDS.
Statistical differences in AUROCC between

raters/methods and the LUS-ARDS score
were assessed with a bootstrapping-based test
(the pROC package).

Continuous data are presented as
median and interquartile range (IQR).
Categorical values are presented as
number and percentage. Differences between
groups were tested using theMann-Whitney
U test or Fisher’s exact test. Data analysis was
performed using R version 4.0.3 with the

R studio interface. A P value,0.05 was
considered statistically significant.

Results

Patients
A total of 519 patients were included, of
whom 453 patients were analyzed (Figure 1).
Of these patients, 324 were included in the

*
*

*

*

*

* AUROCC of
rater/method AUROCC of 

Figure 3. Diagnostic accuracy of 1) the lung ultrasound-acute respiratory distress syndrome (LUS-ARDS) score, 2), the current practice with
single-rater assessment of the Berlin definition using chest radiography (CXR) and computed tomography (CT), and 3) two previously published
LUS methods for diagnosis of ARDS. Diagnostic accuracy was assessed in patients from both the derivation and validation cohorts who had a CT
scan available, as CT is considered the most reliable imaging modality (n=229). ARDS diagnosis by the expert panel was used as the reference
standard. The area under the receiver operating characteristic curve (AUROCC) of the LUS-ARDS score in this group was 0.84; 95% confidence
interval (CI), 0.79–0.89 (red). The three raters of the expert panel scored the Berlin definition using CT scans in all 229 patients with a CT (green).
For the purpose of this study, and using CXR as the imaging modality, 1) three raters of the expert panel scored the presence of ARDS in all 229
patients with a CT scan, 2) seven independent ICU physicians scored the presence of ARDS in the same subset of 50 patients with a CT scan, and
3) one chest radiologist scored the presence of ARDS in a subset of 121 patients with a CT scan from the derivation cohort. These assessments
resulted in a total of 11 CXR raters (blue). The expert panel and independent raters had clinical and ventilation data available next to the images.
We also assessed the diagnostic accuracy of two previous definitions of ARDS that included LUS criteria: the Kigali definition by Riviello and
colleagues (10) (yellow) and the Kigali definition with stricter criteria by Vercesi and colleagues (11) (orange). The LUS criteria of these methods
were compared with ARDS diagnosis by the expert panel in all 229 patients who had a CT scan available. The Kigali definition requires at least one
region with a B- or C-pattern bilaterally. The Kigali definition with stricter criteria requires at least two B2- or C-patterns or three B1-patterns
bilaterally. Lower CIs are presented for each rater and LUS method to assess potential overlap with the CI of the LUS-ARDS score. *P,0.05,
indicating significant differences between the AUROCC of a rater/method and the AUROCC of the LUS-ARDS score.
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derivation (AmsterdamUMC) cohort, and
129 patients were included in the validation
cohort (MUMC1) cohort (Figure 1).
Patients were scanned at a median of
21 hours (IQR, 11–28) after the start of
invasive ventilation in the derivation cohort
and a median of 23 hours (IQR, 17–33) after
the start of invasive ventilation in the
validation cohort. Patient characteristics and
ventilation parameters are presented in
Tables 1 and 2 for the derivation and
validation cohorts, respectively. Additional
patient characteristics are presented in
Tables E2–E8 of the online supplement. In
patients with certain ARDS, the majority of
patients had a chest CT available (ARDS,
73%; likely ARDS, 43%; likely no ARDS,
43%; no ARDS, 45%). An overview of the
distribution of LUS patterns over the lung
regions is presented in Figure 2 for the
derivation and validation cohorts. Frequency
of other LUS findings (e.g., pleural line
abnormalities and pleural effusions) and an
overview of missing regions are presented in
the online supplement (Figures E1 and E2;
Table E9).

Derivation of the LUS-ARDS Score
A detailed approach for model development
and calibration and discrimination
parameters from the logistic regression
model are presented in the online
supplement (Figures E3–E8).

The three variables that were included
in the final logistic regression model for
diagnosis of ARDS were left LUS aeration
score (range=0–18), right LUS aeration
score (range=0–18), and the number of
anterolateral lung regions with an abnormal
pleural line (range=0–8). These variables
and their corresponding logistic regression
coefficients were transformed into the
LUS-ARDS score (Table 3). The LUS-ARDS
score can range from 0 to 91. Interobserver
and intraobserver agreement for the
LUS-ARDS score are presented in the online
supplement. Examples of its practical
calculation are shown in Table 3 and in
Figures E9 and E10.

Diagnostic Accuracy of the LUS-ARDS
Score in the Derivation Cohort
The LUS-ARDS score had high
discriminative performance in diagnosing
ARDS when applied to patients with “certain
ARDS” labels in the derivation cohort with
an AUROCC of 0.90 (95% confidence
interval [95% CI], 0.85–0.95). Discriminative

performance of the LUS-ARDS decreased to
an AUROCC of 0.83 (95% CI, 0.77–0.88)
when applied to all patients in the
derivation cohort, which included an
uncertain ARDS diagnosis. The low cutoff
for the LUS-ARDS score was set at 8,
resulting in a sensitivity of 0.94 (95% CI,
0.87–1.00) and a specificity of 0.56 (95% CI,
0.49–0.63) in patients with “certain ARDS”
labels. The high cutoff for the LUS-ARDS
score was set at 27, resulting in a sensitivity
of 0.74 (95% CI, 0.60–0.85) and a specificity
of 0.94 (95% CI, 0.90–0.97) in patients with
“certain ARDS” labels (Table E10). In all
patients of the derivation cohort (certain
and uncertain ARDS diagnoses), 122 (38%)
patients had a LUS-ARDS score between
8 and 27.

Diagnostic Accuracy of the LUS-ARDS
Score in the Validation Cohort
In the validation cohort, the LUS-ARDS
score had good discrimination performance
in diagnosing ARDS when applied to
patients with “certain ARDS” labels
(AUROCC, 0.85; 95% CI, 0.77–0.93) and to
all patients (AUROCC, 0.80; 95% CI,
0.72–0.87). Consistent with the derivation
cohort, the low cutoff of the LUS-ARDS
score resulted in a sensitivity of 0.98 (95% CI,
0.93–1.00) and a specificity of 0.39 (95% CI,
0.26–0.52), and the high cutoff resulted in a
sensitivity of 0.55 (95% CI, 0.41–0.68) and a
specificity of 0.91 (95% CI, 0.83–0.98) in
patients with “certain ARDS” labels.
Application to all patients of the validation
cohort resulted in similar diagnostic
characteristics (Table E10). Of all patients
in the validation cohort (certain and
uncertain ARDS diagnoses), 67 (52%)
patients had a LUS-ARDS score between
8 and 27.

LUS-ARDS Score Is Equally Accurate
for ARDS Diagnosis as Currently
Available Methods
In patients from the derivation and
validation cohorts who had a CT scan
available (n=229), which is considered to be
the gold standard imaging modality, the
AUROCC of the LUS-ARDS score was
0.84 (95% CI, 0.79–0.89) (Figure 3). Within
patients from the validation cohort with a CT
scan available (n=65), the AUROCCwas
0.82 (95% CI, 0.72–0.93). Sensitivities and
specificities of ARDS diagnosis by 11 readers
using the Berlin definition with CXR as the
imaging modality followed the ROC curve of
the LUS-ARDS score (Figure 3). Evaluations

of eight of those readers were not included in
the consensus diagnosis of ARDS, and the
only reader with higher accuracy, although
not significant, was involved in the expert
panel and thus biased toward higher
accuracy. Two previously proposed LUS
methods for diagnosis of ARDS showed
good performance, but there was an
imbalance in sensitivity and specificity
(Figure 3).

The LUS-ARDS Score Improves
Diagnostic Accuracy When Diagnosis
by the Expert Panel Is Uncertain
When a diagnosis of ARDS based on the
expert panel was uncertain, a higher
LUS-ARDS score was associated with more
frequent diagnosis of ARDS in an expert
panel consensus meeting (P, 0.001;
Table E11). In these patients, a LUS-ARDS
score below 8 only resulted in a consensus
diagnosis of ARDS in 10 of 41 (24%)
patients, whereas a LUS-ARDS score above
27 resulted in a consensus diagnosis in 18 of
20 (90%) patients. Clinical and outcome
characteristics of patients with uncertain
ARDS are presented in the online
supplement (Table E11).

Discussion

In this multicenter observational study, we
found that the LUS-ARDS score, which
combined assessment of left and right LUS
aeration scores together with the presence of
pleural line abnormalities in anterolateral
lung regions, provided good diagnostic
accuracy for ARDS—also after external
validation. The LUS-ARDS score showed
high diagnostic accuracy in a subgroup of
patients who had a chest CT scan available
and had performance comparable with
ARDS diagnosis by experienced physicians
who used CXR as the imaging method. In
patients for whom the ARDS diagnosis was
uncertain because of conflicting evaluations
by experts, the LUS-ARDS score was able to
provide additional information and identify
patients with low and high likelihoods of
ARDS, as defined through a consensus
meeting.

The LUS-ARDS Score
The LUS-ARDS score developed in the
present study includes variables that were
similar to those used previously, but the
weight that was put on these variables is
different and based on data rather than
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expert opinion. For example, until now, the
diagnosis of ARDS by LUS relied on the
presence of bilateral abnormalities or specific
LUS findings like pleural line abnormalities
(10, 11, 21), which was common but not
universally necessary for the diagnosis of
ARDS in the LUS-ARDS score. Posterior
pleural line abnormalities were not included
in the model, because they did not improve
the diagnostic accuracy, which is in line with
the observations of another study (28). The
reason why the left LUS aeration score
attributes more to the LUS-ARDS score than
the right LUS aeration score is unknown. A
plausible explanation could be that right-
sided consolidations are typically more
prevalent in pulmonary ARDS, resulting in a
lower b coefficient for the right lung (29).

The LUS-ARDS Score in Comparison
with Other Imaging Methods
Assessment of the probability of a condition
with a continuous score like the LUS-ARDS
score is considered superior to arbitrary
dichotomous methods, as dichotomization
loses all the information about the certainty
of diagnosis, and this information is
especially crucial in syndromes that are
complex to diagnose, like ARDS (24, 25).
Previously described LUSmethods were
highly sensitive with low specificity (Kigali)
or highly specific with low sensitivity
(Kigali with stricter criteria) (10, 11). These
diagnostic tests could therefore serve
purposes similar to those of the cutoffs of the
LUS-ARDS score identified here, but they
fail to provide a continuous assessment
of probability. Compared with the evaluation
of the Berlin definition with CXR by
independent readers, the LUS-ARDS score
had similar or even higher diagnostic
accuracy in patients who underwent the
gold-standard chest CT scan. It should
be appreciated, however, that the individual
readers had widely varying test characteristics
ranging from highly specific to highly
sensitive. This is a direct consequence of the
poor interrater reliability of the assessment of
bilateral infiltrates on CXR. Furthermore, the
approached clinicians arguably had more
experience in evaluation of CXR for ARDS
and were aware that their performance was
evaluated, and this might have biased these
results toward better accuracy.

Uncertainty in ARDS Diagnosis
Because diagnosing ARDS is challenging and
observer dependent, we followed
recommendations on improving an

imperfect reference standard and used a
panel of independent experts to classify
patients as accurately as possible (30). Almost
half of the patients had chest CT scans
available, and this considerably decreased
between-rater variability. However, a
substantial group of patients was classified
with an uncertain ARDS diagnosis that was
due to disagreement between experts, a
finding that is consistent with a previous
study on disagreement in ARDS diagnosis
(31). These are the patients for whom a new
diagnostic test could yield the most benefit,
and the LUS-ARDS score was able to
correctly label patients who would be
classified as having ARDS in a consensus
meeting. This was achieved even though the
groups were not different in terms of clinical
characteristics and lung injury prediction
score (32). These findings imply that the
LUS-ARDS score can add diagnostic
confidence with regard to patients for
whom expert raters are uncertain of ARDS
diagnosis.

Strengths and Limitations
Important strengths of the presented analysis
include the large sample of consecutive
patients and the use of a reference standard
that acknowledges and corrects for high
interobserver variability (31, 33). The study
also has several limitations. First, we did not
include all previously published LUS signs
that are assumed to be typical for ARDS in
the model, because we were limited in the
number of variables in the model, and some
of these LUS signs (such as spared regions)
were not collected prospectively. Second,
around 1 in 10 patients did not receive the
index test because of four or more missing
regions (i.e., because of wounds, chest drains,
or subcutaneous emphysema), and this
illustrates that a LUS-based diagnosis of
ARDS is not possible in all patients. The
analysis in this study was not adjusted for
technical failure of LUS exams, because
guidelines state that adjusting for technical
failure is a choice dependent on the clinical
context (34). Technical failure in 10% of the
LUS exams does reflect clinical practice, and
as LUS is considered an additional imaging
tool, CT and CXR can still be used for
diagnosis of ARDS in patients when LUS is
unfeasible. Third, the validation cohort had a
pragmatic sample size; namely, all patients
who were included in one of the two centers.
Fourth, comparing the LUS-ARDS score
with the performance of experienced readers
of CXR in patients from both the derivation

and validation cohorts might provide an
advantage for the LUS-ARDS score. We did,
however, choose this approach because the
number of patients with a CT scan in the
validation cohort was limited, and the
diagnostic accuracy of the LUS-ARDS score
was only slightly lower in validation cohort
patients. Fifth, the proportion of ARDS
patients with nonpulmonary ARDS was low
in the present study, which is in line with
other ARDS studies but may limit the
validity of the LUS-ARDS score in these
patients (1, 35). Finally, the LUS exams in
the present study were performed by three
dedicated sonographers. Although the LUS
technique in this study is widely used, we
cannot directly imply validity and usability
of the LUS-ARDS score in daily ICU
practice when there is more interoperator
variability.

The LUS-ARDS Score in Clinical
Practice
How could the LUS-ARDS score be
incorporated into clinical practice? The use
of the LUS-ARDS score as a screening and
diagnostic tool may improve the currently
high number of underdiagnoses of ARDS in
clinical practice and increase the use of
appropriate treatment in these patients
(1, 36). High and low LUS-ARDS scores can
accurately diagnose and exclude ARDS,
respectively, in a large proportion of patients.
An intermediate LUS-ARDS score can
provide direction on the probability of ARDS
in conjunction with the clinical and
physiological features of the patient. When a
more certain imaging diagnosis on presence
of ARDS is required, a CT scan can still be
performed. LUS could also serve as the main
diagnostic tool for ARDS in settings where
access to CT scanners is limited, such as low-
resource settings or in case of overloaded
personnel or CT scanners. The major
benefit of the LUS-ARDS score is that it can
provide an estimate of the probability for
ARDS that is consistent with the
interpretation of the Berlin definition by
three expert observers, a level of expertise
that is usually absent in clinical practice (37).
Moreover, the LUS-ARDS score showed
performance similar to that of the assessment
of CXR by experienced physicians, but
without the variation in diagnostic accuracy
between observers providing an objectifiable
diagnostic accuracy at each cutoff. Indeed,
the LUS-ARDS score and the LUS aeration
score both have high interobserver
agreement in the present cohort and
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previous studies, which is an advantage
over the complex interpretation of CXR
(6, 33, 38–40). However, adequate LUS
training remains essential before adaptation
of the LUS-ARDS score in clinical practice
(41–43). In the present study, the LUS-ARDS
was not developed and validated with an
imaging reference test but with the diagnosis
of ARDS by an expert panel as the reference
test to allow for the most accurate reference
for ARDS diagnosis as possible. In clinical
practice, the LUS-ARDS score will be
integrated with other clinical parameters, and
the pretest probability of ARDS will be
considered before clinical decision making.
Indeed, we show that a combination with
PaO2

/FIO2
ratio and positive end-expiratory

pressure levels already improves diagnostic

accuracy further. In the future, the LUS-
ARDS score may be further refined by data
from centers with different ARDS prevalence
and by the addition of other promising
variables.

Conclusions

This study showed that a LUS score based
on the left and right LUS aeration scores and
the presence of an abnormal pleural line in
the anterolateral lung regions can be used
to accurately diagnose ARDS. The
LUS-ARDS score showed performance
comparable with that of ARDS diagnosis
by experienced physicians using the
Berlin definition with CXR, but with an

objectifiable diagnostic accuracy at each
cutoff. When further validated in other
cohorts, the LUS-ARDS score may be
considered as a useful adjunct to the
diagnosis of ARDS.�
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