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Abstr act

Purpose  A 4-step lung ultrasound (LUS) score has been previ-
ously used to quantify lung density. We compared 2 versions 
of this scoring system for distinguishing severe from moderate 
loss of aeration in ARDS: coalescence-based score (cLUS) vs. 
quantitative-based score (qLUS –  > 50 % pleura occupied by 
artefacts). 
Materials and Methods   We compared qLUS and cLUS to lung 
density measured by quantitative CT scan in 12 standard tho-
racic regions. A simplified approach (1 scan per region) was 
compared to an extensive one (regional score computed as the 
mean of all relevant intercostal space scores). 
Results   We examined 13 conditions in 7 ARDS patients (7 at 
PEEP 5, 6 at PEEP 15 cmH2O-156 regions, 398 clips). Switching 
from cLUS to qLUS resulted in a change in interpretation in 117 
clips (29.4 %, 1-point reduction) and in 41.7 % of the regions 
(64 decreases (range 0.2–1), 1 increase (0.2 points)). Regional 
qLUS showed very strong correlation with lung density 
(rs = 0.85), higher than cLUS (rs = 0.79; p = 0.010). The agree-
ment with CT classification in well aerated, poorly aerated, and 
not aerated tissue was moderate for cLUS (agreement 65.4 %; 
Cohen’s K coefficient 0.475 (95 %CI 0.391–0.547); p < 0.0001) 
and substantial for qLUS (agreement 81.4 %; Cohen’s K coeffi-
cient 0.701 (95 %CI 0.653–0.765), p < 0.0001). The agreement 
between single spot and extensive approaches was almost 
perfect (cLUS: agreement 89.1 %, Cohen’s kappa coefficient 
0.840 (95 %CI 0.811–0.911), p < 0.0001; qLUS: agreement 
86.5 %, Cohen’s kappa coefficient 0.819 (95 %CI 0.761–0.848), 
p < 0.0001). 
Conclusion   A LUS score based on the percentage of occupied 
pleura performs better than a coalescence-based approach for 
quantifying lung density. A simplified approach performs as 
well as an extensive one.
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Introduction
Since a relationship between lung ultrasound (LUS) and lung den-
sity was described in vitro [1], multiple quantification approaches 
have been developed in different clinical contexts [2]. A LUS score 
based on 4 steps of progressive loss of aeration according to the 
number and type of visualized artifacts has been validated in crit-
ically ill patients [3, 4]. The quantitative approach allows LUS to 
switch from a diagnostic [5] to a monitoring tool, with multiple ap-
plications at the bedside including assessment of the severity of 
acute respiratory failure [6–8], guide for treatments [9–16], daily 
monitoring of lung recovery [17–20], and early detection of com-
plications [21, 22], finally leading to a reduced need for traditional 
imaging [23]. Since its first description [4, 14, 15], some improve-
ments have been proposed to distinguish between moderate 
(score 1) and severe (score 2) loss of aeration [24, 25] in an attempt 
to overcome the tendency of LUS score to overestimate lung den-
sity [4, 26]. The aim of this study was to compare two LUS score ap-
proaches to quantitative CT in ARDS patients.

Materials and Methods
The patients were enrolled in a prospective study performed at our 
university hospitals and approved by the institutional review board. 
Written consent was obtained according to Italian regulations. The 
current analysis included 7 patients having undergone double LUS 
examination for interobserver agreement assessment. Only the 
second operator’s exams were analyzed to avoid data replication. 
The examinations were performed at two PEEP levels (5 and 15 
cmH2O)

Lung ultrasound
LUS was performed as previously described in 12 regions, in a trans-
versal scan [4]. In each region, all intercostal spaces were exam-
ined. One clip acquired in the center of the region was identified as 
“single spot” to compare a simplified approach (1 scan per region) 
to the extensive one (all intercostal spaces per region).

LUS clips were analyzed offline by 2 expert physicians blinded to 
the patients’ identity, PEEP level, lung region, and CT findings.

Two different LUS scores were computed (▶Fig. 1):
1.	 cLUS score – coalescence-based: presence of A-line alone/less 

than three B-lines (0 point); at least three well-spaced B-lines 
(1 point); coalescent B-lines (2 points); any tissue-like pattern 
(3 points).

2.	 qLUS score – quantitative-based: presence of A-line alone/less 
than three B-lines (0 point); artifacts (at least three well-
spaced B-lines, coalescent B-lines, or subpleural consolida-
tions) occupying  ≤ 50 % of visualized pleura (1 point); artifacts 
occupying clearly  > 50 % of visualized pleura (2 points); tis-
sue-like pattern as the prevalent pattern with thickness  > 2.5 
cm (3 points).

Regional cLUS and qLUS scores corresponded to the rounded aver-
age score of all pertaining intercostal spaces (range 0–3); average 
scores with decimal digit equal to 5 were rounded down. Global 
cLUS and qLUS scores were the sum of regional scores (range 0–36).

CT analysis
Lung CT was performed and analyzed as previously described [4]. 
Lung tissue was classified according to lung density as not aerated 
( + 100 and − 100HU), poorly aerated (− 101 and − 500HU), normal-
ly aerated (− 501 and − 900HU), hyper-inflated (− 901 and 
− 1000HU) [27]. Each lung was divided into six areas to mirror ul-
trasound regions: three of equal height along the sternum-verte-
bral axis, each divided into two of equal height along the apex-base 
axis. The regional and overall lung tissue density was computed.

Statistical analysis
Power calculation was not performed since this was an explorato-
ry analysis comparing different LUS approaches. Data are expressed 
as median [interquartile range] or mean ± SD for quantitative var-
iables, as number ( %) for categorical ones. Normal distribution was 
assessed by the Shapiro-Wilk test.

The difference in the classification/scores of clips and regions by 
cLUS/qLUS was tested by Fisher’s exact test or t-test/Wilcoxon rank 

▶Fig. 1	 Interpretation of lung ultrasound patterns with a coalescence-based score (cLUS) and a quantitative-based one (qLUS).
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sum test for repeated measures. The difference in lung density in 
different cLUS/qLUS categories was tested by one-way ANOVA with 
Bonferroni method of adjustment for multiple comparison.

A Spearman rank correlation (rs) was run to assess the relation-
ship between regional cLUS/qLUS scores and average tissue densi-
ty on CT (classic cut-off for the interpretation of the strength of as-
sociation: 0–0.19 very weak, 0.20–0.39 weak, 0.40–0.59 moder-
ate, 0.60–0.79 strong, 0.80–1.0 very strong). Cohen’s kappa 
coefficient was computed to measure the agreement between CT 
and ultrasound classification and between ultrasound approaches 
(classic cut-off for interpretation:  < 0.20-null; 0.21–0.40-fair; 
0.41–0.60-moderate; 0.61–0.80-substantial; 0.81–1.00-almost 
perfect [28]).

Difference between cLUS/qLUS global scores was tested by the 
Sign test for repeated measures. A simple linear regression model 
(reported with coefficient of determination-R2) was performed to 
test linear relationship between global cLUS/qLUS scores and aver-
age overall CT lung density.

Analyses were performed by STATA 14.

Results
We examined 13 conditions in 7 ARDS patients (7 at PEEP 5, 6 at 
PEEP 15 cmH2O), for a total of 156 regions, 398 clips. Population 
characteristics are provided in e-Tab. 1.

Clip interpretation
Among the 398 analyzed clips, 127 (31.9 %), 13 (3.3 %), 167 
(42.0 %), and 91(22.9 %) were classified with cLUS as scores 0, 1, 2 
and 3, respectively; qLUS classified 127 (31.9 %), 106 (26.6 %), 98 
(24.6 %), and 67 (16.8 %) clips as scores 0, 1, 2 and 3, respectively 
(e-Tab. 2). When switching from cLUS to qLUS, clip interpretation 
changed in 117 cases (29.4 %), always with a 1-point reduction. The 
number of score 0 clips remained unchanged, while score 1 in-
creased and scores 2 and 3 decreased leading to a different distri-
bution of scores (p < 0.001–e-Fig. 1). The mean score decreased 
(cLUS 1.6 ± 1.2 vs. qLUS 1.3 ± 1.1; p < 0.0001); the agreement be-
tween cLUS and qLUS was moderate, as expected (agreement 
70.6 %; Cohen’s K coefficient 0.607 (95 %CI 0.582–0.633); 
p < 0.0001).

Regional aeration
When switching from cLUS to qLUS, the regional score changed in 
65/156 regions (41.7 % – 64 decreases (range 0.2–1), 1 increase 
(0.2 points)). The number of scores of 0 increased from 31 (19.9 %) 
to 32 (20.5 %), score of 1 increased from 14 (9.0 %) to 47 (30.1 %), 
score of 2 decreased from 67 (43.0 %) to 46 (29.5 %) and score of 3 
from 44 (28.2 %) to 31 (19.9 %; p < 0.001 – e-Tab. 3; e-Fig. 2). The 
median regional score was higher with cLUS (2.0 [1.0–3.0] vs. 1.5 
[1.0–2.0]; p = 0.0054); the agreement between regional cLUS and 
qLUS was moderate, as expected (agreement 68.0 %; Cohen’s K coef-
ficient 0.572 (95 %CI 0.498–0.661); p < 0.0001) The agreement be-
tween single spot and extensive approaches was almost perfect (cLUS: 
agreement 89.1 %, Cohen’s kappa coefficient 0.840 (95 %CI 0.811–
0.911), p < 0.0001; qLUS: agreement 86.5 %, Cohen’s kappa coefficient 
0.819 (95 %CI 0.761–0.848), p < 0.0001 – e-Tab. 4).

Comparison to quantitative CT
Lung tissue density in each incremental increase of cLUS/qLUS is 
displayed in ▶Table 1/▶Fig. 2. The correlation with lung density 
was strong for regional cLUS (rs = 0.79, p  < 0.0001) and very strong 
for regional qLUS (rs = 0.85; p < 0.0001). The Spearman rank-order 
correlation coefficient was significantly higher for qLUS vs. cLUS 
(p = 0.011).

LUS scores of 0 and 1 were grouped to allow comparison with 
the CT 3-step classification. The agreement between cLUS and CT 
was moderate (agreement 65.4 %; Cohen’s K coefficient 0.475 
(95 %CI 0.391–0.547); p < 0.0001). cLUS overestimated the loss of 
aeration in 51 regions (32.7 %) and underestimated it in 3 (1.9 % – 
▶Table 2). The agreement between qLUS and CT was substantial 
(agreement 81.4 %; Cohen’s K coefficient 0.701 (95 %CI 0.653–
0.765), p < 0.0001); qLUS overestimated lung loss of aeration in 15 
regions (9.6 %) and underestimated it in 14 cases (9.0 %).

▶Table 1	  Regional lung density as measured by quantitative CT 
scan in regions classified as score 0–3 according to cLUS (coales-
cence-based lung ultrasound score) and qLUS (quantitative-based 
lung ultrasound score).

cLUS qLUS p-value

Score 0 − 675.1  ±  100.5 − 672.0  ±  98.9 0.9021

Score 1 − 617.4  ±  128.8 − 564.7  ±  149.5 0.2385

Score 2 − 462.0  ±  170.9 − 357.7  ±  145.9 0.0010

Score 3 − 147.8  ±  144.7 − 81.6  ±  91.4 0.0275

P-value p < 0.0001* p < 0.0001#

*Score 1 vs. score 0: not significant; score 2 vs. score 1 p = 0.003; for 
all the other comparisons p < 0.001. # Score 1 vs. score 0: p = 0.002; 
for all the other comparisons p < 0.001.

▶Fig. 2	 Box plot of regional lung density as measured by quantita-
tive CT scan and lung aeration assessment according to cLUS score 
(coalescence-based lung ultrasound score) and qLUS score (quantita-
tive-based lung ultrasound score).
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In the 13 analyzed conditions, the global LUS score was higher 
with cLUS vs. qLUS (24.5 [20.4–25.0] vs. 20.4 [16.0–22.0]; 
p = 0.0002). The linear regression between global LUS scores and 
overall tissue density is displayed in ▶Fig. 3 (cLUS: R2 = 0.4536, 
p = 0.0116; qLUS: R2 = 0.6136; p = 0.0015).

Discussion
The main results of this study are: 1. That a LUS score based on per-
centage of occupied pleura (quantitative-based) performs better 
than a coalescence-based one for quantifying lung density, and 2. 
That a single spot approach performs as well as an extensive one.

Coalescence may be a good marker of increased lung density 
when the loss of aeration is homogeneous [1]. However, the pres-
ence of focal coalescences in non-homogeneous diseases such as 
ARDS [29] may lead to the overestimation of lung density [4]. More-
over, in the first description of LUS scoring, it was unclear how to 
interpret subpleural consolidations – i. e., echo-poor regions ap-
plied to the pleura with irregular deep border with a diameter of at 
least 1 cm [30] – which are frequent findings in trauma, ventilator- 

associated pneumonia, and ARDS. Subpleural consolidations are 
small areas with severe loss of aeration. Some authors classify them 
as score 3 [26], as normally performed in neonates in the case of 
subpleural consolidations  > 1 cm [31]. However, while such an ap-
proach is justified in neonates by their small thoracic antero-pos-
terior diameter, this may easily lead to additional overestimation 
of lung loss of aeration in adults. Our approach based on the per-
centage of occupied pleura improved LUS score performance when 
compared to quantitative CT, as previously demonstrated when 
compared to extra-vascular lung water [25].

A score based on the distinction of different steps of pleura oc-
cupation (0, 25 %, 50 %, 75 %) has been proposed in COVID-19 pa-
tients admitted to the emergency department and showed good 
correlation with CT scans [32]. However, when compared to qLUS, 
this approach seems to have limited applicability if the lung involve-
ment is extensive, as expected in critically ill patients [33].

Similarly, the amount of visualized tissue-like pattern required 
to define a score of 3 was not clear, leading to the assignment of 
the same score to completely consolidated lung lobes and to small 
peripheral consolidations. The introduced criterion (predominant 
tissue-like pattern with at least 2.5 cm of thickness) improved the 
identification of not aerated regions, as shown by regions with a 
higher tissue density score of 3 with qLUS vs. cLUS.

Finally, a single spot proved to be as reliable as an extensive ap-
proach. A quicker exam makes the LUS score more suitable for daily 
clinical practice.

As a limitation, we analyzed a limited number of patients with 
ARDS. Generalizability to other respiratory conditions should be 
confirmed.

Conclusion
An LUS score based on percentage of occupied pleura performs 
better than a coalescence-based one for quantifying lung density. 
A simplified approach performs as well as an extensive one.
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▶Table 2	  Agreement between CT scan classification as well aerated, poorly aerated, and not aerated tissue according to regional lung density and 
lung ultrasound scores (cLUS: coalescence-based lung ultrasound score; qLUS: quantitative-based lung ultrasound score). In bold: agreement be-
tween LUS scores and CT scan.

cLUS qLUS

CT scan

0–1 2 3 0–1 2 3

Well aerated 43 30 0 66 7 0

Poorly aerated 2 36 21 13 38 8

Not aerated 0 1 23 0 1 23

▶Fig. 3	 Linear correlation and relative coefficients for global lung 
ultrasound scores measured with cLUS (coalescence-based lung ultra-
sound score) and qLUS (quantitative-based lung ultrasound score) and 
lung density measured in Hounsfield units (HU) by quantitative CT scan.
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