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ORIGINAL ARTICLE

Objective: To investigate the relationship between 
sonographic and radiological scores of lung edema with 
metrics of shunt, dead space, and respiratory mechanics in 
critically ill patients under invasive ventilation for greater 
than 24 hours.

Methods: This is a secondary analysis of a prospective 
observational study involving invasively ventilated critically 
ill patients. The radiographic assessment of lung edema score 
and the global lung ultrasound score were utilized to evaluate 
pulmonary edema. Measurements for assessing shunt and 
dead space included the ratio of partial pressure of oxygen 
to fraction of inspired oxygen ratio, ventilatory ratio, and 
corrected minute volume, respectively. Respiratory mechanics 
were assessed through dynamic respiratory system compliance, 
driving pressure, and mechanical power of ventilation.

Results: A total of 364 invasively ventilated patients were 
included; one-third of them were classified as having 
acute respiratory distress syndrome. Median radiographic 
assessment of lung edema and global lung ultrasound 
scores were 15 [8 to 20] and 7 [3 to 13], respectively. 
Both scores explained little of the variance in partial 
pressure of oxygen to fraction of inspired oxygen ratio, 

ventilatory ratio, corrected minute volume, respiratory 
system compliance, driving pressure, and mechanical 
power (R2 = 0.05-0.12). Patients without acute respiratory 
distress syndrome exhibited a stronger association between 
the radiographic assessment of lung edema score and 
partial pressure of oxygen to fraction of inspired oxygen 
ratio, as well as between the global lung ultrasound score 
and respiratory system compliance. In contrast, patients 
with acute respiratory distress syndrome demonstrated 
stronger associations between the radiographic assessment 
of lung edema score and mechanical power and between 
the global lung ultrasound score and dead space metrics. 
A positive interaction of positive end-expiratory pressure 
was found only for the association between partial pressure 
of oxygen to fraction of inspired oxygen ratio and the 
radiographic assessment of lung edema and global lung  
ultrasound scores.

Conclusion: The radiographic assessment of lung edema 
score and the global lung ultrasound score poorly correlate 
with shunt, dead space, and respiratory mechanics metrics in 
invasively ventilated patients. A counterintuitive moderation 
effect of acute respiratory distress syndrome status is observed 
in some of these associations.

Keywords: Lung; Ultrasonography; RALE score; Pulmonary edema; Respiratory dead space; Respiratory mechanics; Respiration, 
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INTRODUCTION

Assessing pulmonary aeration in invasively ventilated 
patients is crucial for understanding the distribution of 
ventilation, minimizing the risk of ventilator-induced lung 
injury, achieving optimal lung recruitment, preventing 
atelectasis, and ensuring effective gas exchange.(1,2) A subset 
of ventilated patients is admitted with or develops acute 
respiratory distress syndrome (ARDS). Independent of 
the presence of ARDS, the impairment of lung function 
may cause shunt, dead space, and abnormalities in  
pulmonary mechanics. 

Atelectasis, contusions, consolidations, infarctions, 
edema, or pneumonitis in the lung cause increased shunt. 
Increased dead-space is a marker of ARDS severity and 
a predictor of survival, independent of oxygenation. 
Intravascular thrombi, endothelial injury, heterogeneity 
of the ventilation-to-perfusion ratio, overdistension of 
alveolar units, and low cardiac output contribute to 
increased dead space fraction.(3) Common physiological 
metrics are used as surrogate measures for pulmonary shunt 
and dead space, substituting the more cumbersome direct 
measurements.(4-6) Respiratory mechanics metrics include 
respiratory system compliance (CRS) and driving pressure 
(ΔP), which have been proposed as bedside measures to 
titrate mechanical ventilation settings and, in particular, 
positive end-expiratory pressure (PEEP).(7) Mechanical 
power (MP) is a calculated metric that captures the amount 
of energy transferred from the ventilator to the respiratory 
system, increasingly proposed as a ventilation target to 
improve care of critically ill patients.(8) 

Lung ultrasound (LUS) aeration score and the 
radiographic assessment of lung edema (RALE) score are 
increasingly used to estimate pulmonary aeration, monitor 
lung edema progression, and the onset of complications.(9-12) 

While the relationship between these morphological scores 
and biomarkers was recently evaluated in the Diagnosis of 
Acute Respiratory Distress Syndrome (DARTS) cohort,(13) 

the relationship with physiological metrics of shunt, dead 
space, and compliance is still scarcely investigated.(14) 

In the present analysis, we thus aim to investigate the 
relationship between sonographic and radiological scores 
of lung edema with metrics of shunt, dead space, and 
respiratory mechanics in critically ill patients under invasive 
ventilation for greater than 24 hours. We hypothesized 
that there is a notable association between the RALE score 
and LUS score, and metrics of shunt, dead space, and 
various measures of respiratory mechanics, and that this 
association would be stronger in ARDS compared to those  
without ARDS.

METHODS

Study design and ethics

This is a secondary analysis of the DARTS project.(15) 

The DARTS project is a prospective observational study 
that included invasively ventilated patients in two tertiary 
hospitals in the Netherlands (Amsterdam University 
Medical Center [UMC], location AMC, and Maastricht 
University Medical Center). Patients were consecutively 
included from 03-2019 until 03-2021. The Amsterdam 
UMC institutional review board approved the trial 
(W18_311 and 2018_287), and written deferred consent 
for the use of data was obtained from patients and/or their 
legal representatives. The LUS examination was performed 
within 48 hours of intubation, and all data were collected 
at this moment. A chest X-ray was only included if 
available in the 24 hours preceding the LUS examination. 

Patients

The DARTS study included patients admitted to the 
intensive care unit (ICU) and expected to be invasively 
ventilated for at least 24 hours. Exclusion criteria for 
participation in DARTS included invasive ventilation 
for more than 48 hours in the week before inclusion, 
moribund patients, tracheotomised patients, if breath 
sampling was deemed clinically inappropriate, and refusal 
of patients or their legal representatives to participate in 
the study.

For this secondary analysis, the unavailability of 
either baseline chest X-rays or LUS was an additional 
exclusion criterion. 

Radiographic assessment of lung edema scoring

The RALE score is calculated by first dividing the 
lungs into four quadrants. This division is achieved 
horizontally by a line through the first branch of the left 
main bronchus and vertically by the spinal column. Within 
these quadrants, the degree of consolidation is rated on a 
scale from zero to 4 (0% = 0, < 25% = 1, 25 - 50% = 2, 
50 - 75% = 3, > 75% = 4), and the density is scored from 
1 to 3 (1 = hazy, 2 = moderate, 3 = dense). The scores for 
consolidation extent and density are multiplied in each 
quadrant, and the total RALE score, which can range from 
zero to 48, is the sum of these quadrant scores. 

The quality of all chest X-rays was initially evaluated 
by one reviewer, who categorized them as acceptable, 
borderline, or unusable, considering overall quality and 
potential confounding factors like pleural effusion, 
pneumothorax, or subcutaneous emphysema. Chest X-rays 
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deemed acceptable were scored by the same reviewer, with 
inter-observer agreement verified through a 10% random 
sample evaluated by a second reviewer. Chest X-rays 
labelled as borderline or unusable underwent assessment 
and scoring by a team of three reviewers in a consensus 
meeting. All reviewers received training from an expert 
until they achieved an intraclass correlation coefficient 
(ICC) of over 0.9 with the expert. Importantly, they were 
blinded to all other patient data during the review process.

There was good inter-observer agreement between 
the RALE scores (ICC = 0.78, 95% confidence interval 
[95%CI]: 0.65 - 0.87). Of the 422 baseline chest X-rays, 
40 with doubtful quality were scored together in a 
consensus meeting, and 5 were deemed unusable. 

Lung ultrasound examination

The LUS exam consisted of 12 scanned regions, 
with each hemithorax divided into two anterior, two 
lateral, and two posterior regions. A linear probe was 
used in a transverse scanning position. An A-pattern was 
characterized by horizontal repetitions of the pleural line 
(A-lines) and scored as zero. B-patterns were scored as 1 if 
more than two well-spaced B-lines were present, covering 
less than 50% of the pleural line, or 2 if B-lines covered 
more than 50% of the pleural line. A C-pattern denoted 
consolidation or near complete loss of aeration larger 
than 2cm, scored as 3. C-patterns with pleural effusion 
were scored as zero, suggesting compression atelectasis 
rather than intrinsic pulmonary pathology;(16) however, of 
note, the standard operating procedure only allowed for 
assigning a pleural effusion present if > 2cm, mitigating 
any over-scoring of clinically irrelevant effusions. Each LUS 
image was scored according to the worst pattern observed, 
resulting in the LUS aeration score for the individual 
image. The global LUS aeration score (range zero to 36) 
was calculated as the sum of the LUS aeration scores of 
all regions.(17) Global LUS aeration scores were considered 
eligible if the examination was done on the same day as the 
radiography. Lung ultrasound examiners were trained by 
an expert physician beforehand, which has been shown to 
lead to an excellent interrater agreement (ICC = 0.98).(18)

Endpoints

To assess shunt, the partial pressure of oxygen to 
fraction of inspired oxygen ratio (PaO2/FiO2) was used. 
For dead space, the ventilatory ratio and corrected minute 
volume were used. Respiratory mechanics was evaluated 

using dynamic CRS, ΔP, and MP. All endpoints were 
additionally tested for a possible moderating effect of PEEP.

Definitions

Acute respiratory distress syndrome was diagnosed 
by an expert panel of three independent physicians using 
the Berlin criteria. A detailed description of this process is 
provided elsewhere.(15) The following formulas were used for 
ventilatory ratio (minute volume * PaCO2)/ideal body weight 
* 100 * 37.5); corrected minute volume ((minute volume 
* PaCO2)/40), dynamic CRS (tidal volume/(Pmax-PEEP)),  
ΔP (Pplat - PEEP) and MP (0.098 * respiratory rate * tidal 
volume * Pmax). In all calculations of respiratory mechanics 
metrics, Pmax was equal to the maximum airway pressure 
(Pmax) in pressure-controlled ventilation or peak pressure 
(Ppeak) in volume-controlled ventilation. 

Statistical analysis

Categorical data were expressed as numbers and 
percentages, and differences were tested using the 
Chi-squared test. Continuous data were expressed as 
median ± interquartile range [IQR] and differences were 
analysed depending on the parametric or non-parametric 
distribution using a t-test or one-way analysis of variance 
(ANOVA; parametric distribution), or a Mann-Whitney U 
or Kruskal-Wallis test (non-parametric distribution). The 
correlation between RALE scores and global LUS scores 
was displayed in a scatterplot and tested using the Pearson 
correlation coefficient. All outcomes were displayed using 
scatterplots and tested using linear regression. The statistical 
significance was determined by the p value. The explanatory 
power of the model was determined by the determination 
coefficient (R2), which refers to the explained variance of 
the dependent variables (physiological measures) upon 
changes in the independent variables (RALE or LUS 
scores). In the absence of predefined accepted definitions 
for the strength of associations, in the current analysis, we 
deemed an R2 > 0.5 as a marker of a strong association, an 
R2 between 0.2 and 0.5 as a moderate association, and an 
R2 < 0.2 as a poor association.

The effect size was determined by reporting each 
association’s individual β-coefficients. In the linear 
regression, ARDS status and PEEP were added as an 
interaction term to test for possible moderating effects.  
Tests were two-sided with a significance level of 0.05. Data 
analysis was performed using R version 4.0.3 using the R 
studio interface.
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RESULTS

Patients

This analysis included 364 out of 519 DARTS patients. 
The main reason for exclusion was not having both a chest 
X-ray and LUS available at baseline (Figure 1). Most 

patients were male and admitted for a medical reason 
(Table 1). One third (34.9%) of patients had ARDS 
according to the Berlin definition of ARDS, and 32.3% of 
the patients died in the ICU. Most patients were ventilated 
in pressure control or pressure support mode, with ARDS 
patients having a higher PEEP, ventilatory ratio, ΔP, and 
MP as compared to patients without ARDS (Table 1). 

DARTS - Diagnosis of Acute Respiratory Distress Syndrome; MV - mechanical ventilation; ARDS - acute respiratory distress syndrome.
Figure 1 - Flowchart of patient inclusion.

1,257 pa�ents assessed for
eligibility (DARTS)

579 sampling started
(DARTS)

519 pa�ents enrolled in
DARTS

364 pa�ents pa�ents included
in this analysis

127 ARDS
237 non-ARDS

313 ineligible (met exclsion criteria):
– 115 previous MV of > 48 hours in the preceding 7 days
– 83 life expectancy < 24 hours
– 43 no consent or consent withdrawn by pa�ent/family
– 36 other (i.e., no consent possible)
– 24 sampling inappropriate according to physician
– 10 tracheostomy
– 2 unknown
– 365 eligible but no enrolled:
– 214 no researcher available
– 115 logis�cs
– 21 other
– 15 expected < 24 hours, but eventually > 24 hours

60 excluded from analysis:
– 52 no wri�en deferred consent obtained
– 8 consents withdrawn by pa�ent

155 pa�ents with incomplete radiographic
or sonographic data

Table 1 - Patients’ demographic and clinical characteristics

Overall Non-ARDS ARDS

(n = 364) (n = 237) (n = 127)

Demographics

Age (mean (SD)) 62 ± 14 62 ± 15 63 ± 13

Male (%) 243 (67) 155 (65) 88 (69)

BMI (kg×m2) 26 [23 - 29] 26 [23 - 30] 26 [24 - 30]

Continue...
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Radiographic assessment of lung edema and lung 
ultrasound scores

The median RALE score was 15 [IQR = 8-20], 
while the median global LUS score was 7 [IQR = 3-13] 
(Table 1). There was a weak correlation between the RALE 
and global LUS scores (r = 0.44; p < 0.001) (Figure 1S - 
Supplementary Material).

Associations between radiographic assessment of 
lung edema and lung ultrasound scores and PaO2/FiO2

Both the RALE and the global LUS scores had a 
significant inverse association with PaO2/FiO2, but the 
scores alone explain minimal variance in oxygenation 
(Figure 2 and Table 2). There is a moderation of ARDS 
status (Table 1S - Supplementary Material), and the 

Admission

Hospital stay before ICU (days) 1 [0 - 1] 1 [0 - 1] 1 [0 - 2]

Emergency surgical 51 (14.0) 40 (16.9) 11 (8.7)

Medical 267 (73.4) 160 (67.5) 107 (84.3)

Planned surgical 46 (12.6) 37 (15.6) 9 (7.1)

Pneumonia (%) 115 (31.6) 29 (12.2) 86 (67.7)

COVID-19 (%) 37 (10.2) 1 (0.4) 36 (28.3)

Imaging scores

RALE score 15 [8 - 20] 11 [7 - 17] 20 [15 - 28]

LUS score 7 [3 - 13] 5 [2 - 9] 12 [8 - 16]

Ventilation

Ventilation mode

Pressure control 145 (39.8) 94 (39.6) 51 (40.2)

Pressure support 122 (33.5) 74 (31.2) 48 (37.8)

Volume control 2 (0.5) 1 (0.4) 1 (0.8)

Intellivent 95 (26.1) 68 (28.7) 27 (21.3)

Pmax (cmH2O) 21 [16 - 26] 19 [15 - 24] 24 [18 - 29]

PEEP (cmH2O) 8 [5 - 10] 7 [5 - 8] 10 [8 - 12]

Ventilatory ratio 1.35 [1.10 - 1.74] 1.28 [1.01 - 1.58] 1.60 [1.22 - 1.94]

Corrected minute volume (L/minute) 8.1 [6.5 - 10.6]   7.6 [6.2 - 9.7] 9.2 [7.4 12.0]

Compliance (mL/cmH2O) 33 [24 - 50]  35 [25 - 51] 31 [23 - 47]

Driving pressure (cmH2O) 13 [9 - 18] 13 [9 - 17] 15 [9 - 19]

Mechanical power (Joules/minute) 17.9 [12.1 - 24.5] 15.3 [10.9 - 21.7]  22.0 [16.0 - 29.4]

Severity

APACHE II score 20 [15 - 25] 20 [15 - 26] 20 [14.50 - 24]

SOFA score 9 [7 - 11] 9 [7 - 11] 9 [7 - 11]

PaO2/FiO2 (mmHg) 188 [119 - 280] 236 [157 - 326] 120 [88 - 170]

Lactate (mmol/L) 1.7 [1.2 - 2.5] 1.6 [1.1 - 2.5] 1.9 [1.4 - 2.5]

Outcomes

ICU length of stay (days) 7 [3 - 13] 6 [3 - 11] 9 [5 - 16]

ICU mortality (%) 117 (32.3) 76 (32.3) 41 (32.3)

ARDS - acute respiratory distress syndrome; BMI - body mass index; ICU - intensive care unit; COVID-19 - coronavirus disease 2019; RALE - radiographic assessment of lung edema; LUS - lung 
ultrasound; Pmax - maximum pressure; PEEP - positive end-expiratory pressure; APACHE II - Acute Physiology and Chronic Health Evaluation II; SOFA - Sequential Organ Failure Assessment;  
PaO2/FiO2 - partial pressure of oxygen to fraction of inspired oxygen ratio. Data expressed as mean (standard deviation), n (%) or median [interquartile range].

...continuation

http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
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RALE - radiographic assessment of lung edema; PaO2/FiO2 - partial pressure of oxygen to fraction of inspired oxygen ratio; LUS - lung ultrasound.
Figure 2 - Association between the radiographic assessment of lung edema score and global lung ultrasound score with shunt, dead space, 
and respiratory mechanics metrics.
The line represents linear regression with the 95% confidence interval plotted around it in grey.
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association between RALE and PaO2/FiO2 is wholly lost in 
patients with ARDS (Table 2S - Supplementary Material), 
while it is weakly maintained in patients without ARDS 
(Table 3S - Supplementary Material). 

Associations between radiographic assessment of 
lung edema and lung ultrasound scores and dead space

Both scores were poorly associated with ventilatory ratio 
and corrected minute volume. ARDS status is moderated only 
for the global LUS score (Table 1S - Supplementary Material). 
The association between the global LUS score and both dead 
space metrics is present in patients with ARDS (Table 2S - 
Supplementary Material), while it is lost in patients without 
ARDS (Table 3S - Supplementary Material).

Association between radiographic assessment of 
lung edema and lung ultrasound scores and respiratory 
mechanics

Both RALE score and global LUS score were weakly 
associated with CRS, ΔP, and MP (Table 2).

There is a moderation of ARDS status for the association 
between RALE and MP (Table 1S - Supplementary 
Material). The association is stronger in patients with ARDS 
as compared to patients without this condition (Tables 2S 
and 3S - Supplementary Material). 

There is a moderation of ARDS status for the 
association between global LUS score and compliance 
(Table 1S - Supplementary Material). The association is 
lost in patients with ARDS (Table 2S - Supplementary 

Table 2 - Linear regression outputs of baseline radiographic assessment of lung edema scores and baseline global lung ultrasound scores

RALE score LUS score

β 95%CI p value Adj. R2 β 95%CI p value Adj. R2

Shunt

PaO2/FiO2

Intercept 315 290 - 340 < 0.001
0.05

323 304 - 343 < 0.001
0.12

Score -3.1 -4.5 - -1.7 < 0.001 -6.7 -8.6 - -4.8 < 0.001

Dead space

Ventilatory ratio

Intercept 1.2 1.1 - 1.3 < 0.001
0.06

1.3 1.2 - 1.4 < 0.001
0.06

Score 0.02 0.01 - 0.02 < 0.001 0.02 0.01 - 0.03 < 0.001

Corrected VE

Intercept 7.3 6.6 - 8.0 < 0.001
0.06

8.0 7.4 - 8.6 < 0.001
0.03

Score 0.1 0.06 - 0.14 < 0.001 0.1 0.05 - 0.16 < 0.001

Mechanics

Compliance

Intercept 43.5 39.2 - 47.8 < 0.001
0.01

43.7 40.1 - 47.2 < 0.001
0.02

Score -0.28 -0.52 - -0.03 0.027 -0.53 -0.88 - -0.19 0.002

Driving pressure

Intercept 11.0 10.6 - 12.8 < 0.001
0.04

12.1 11.2 - 13.0 < 0.001
0.04

Score 0.12 0.06 - 0.18 < 0.001 0.18 0.09 - 0.26 < 0.001

Mechanical power

Intercept 13.3 11.4 - 15.2 < 0.001
0.12

16.5 14.9 - 18.1 < 0.001
0.05

Score 0.40 0.29 - 0.50 < 0.001 0.35 0.19 - 0.51 < 0.001

RALE - radiographic assessment of lung edema; LUS - lung ultrasound; 95%CI - 95% confidence interval; PaO2/FiO2 - partial pressure of oxygen to fraction of inspired oxygen ratio; VE - minute volume.

http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
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Material), while maintained in patients without this 
condition (Table 3S - Supplementary Material). 

Moderating effects of positive end-expiratory pressure

A positive interaction of PEEP was found only for the 
associations of RALE and global LUS score with PaO2/FiO2 
(Table 4S - Supplementary Material).

DISCUSSION 

In this study, we investigated the relationship between 
radiographic and LUS morphological scores of lung edema 
and several physiological metrics. Our findings suggest that 
overall, both the RALE score and the global LUS score 
are poorly correlated with metrics of shunt, dead space, 
and respiratory mechanics. Counter to our hypothesis, 
only a few associations improved in patients with ARDS 
compared to patients without this condition. 

The lack of robust associations between radiographic 
scores and physiological metrics of shunt and dead space is 
noteworthy. Despite the RALE score and global LUS score 
potential in diagnosing ARDS,(9,19) monitoring pulmonary 
aeration and lung edema progression, our results indicate 
that these morphological scores may not always reliably 
reflect underlying pathophysiological processes associated 
with ARDS.(19,20) These findings partially contradict 
prior research, which demonstrated a strong correlation 
between LUS scores and aeration measured by computed 
tomography (CT) in ARDS patients.(21-23) Yet, our 
findings align with several other studies. For instance, an 
investigation involving 37 patients with ARDS revealed 
a poor correlation between PaO2/FiO2 and both RALE 
and LUS scores.(24) Another study showed no association 
between the global LUS score and oxygenation response 
to prone positioning.(25) Furthermore, two additional 
studies reported no linear relationship between changes in 
LUS scores and oxygenation metrics.(26,27) In coronavirus 
disease 2019 (COVID-19) patients, one study showed 
no correlation between baseline RALE and oxygenation 
metrics.(12) The mechanisms underlying hypoxemia in 
acute respiratory failure are complex and do not seem 
to be sufficiently captured by imaging surrogates of 
lung density.(2) Notably, we could not identify previous 
studies relating dead space surrogates to RALE and 
global LUS scores; thus, our findings must be seen  
as hypothesis-generating. 

Moreover, the RALE and global LUS scores were 
originally developed and validated mainly in pulmonary 
edema and ARDS populations. Their use in patients 
with alternative etiologies, such as chronic obstructive 

pulmonary disease exacerbations or drug-induced 
respiratory depression - which may not exhibit prominent 
radiographic signs of alveolar-interstitial involvement - 
may have contributed to the lack of association observed. 
However, both scores have since also been applied in 
broader critically ill populations. For instance, the RALE 
score has been used to characterize radiographic lung 
edema in general ICU patients undergoing mechanical 
ventilation.(19,28-30) Lung ultrasound has been used as a 
diagnostic and monitoring tool in diverse conditions 
and settings.(11,31,32) Therefore, the heterogeneity of the  
non-ARDS group should be considered when interpreting 
our findings.

The poor association between morphological scores 
and compliance(33) contrasts with findings from a study 
involving 40 adult ARDS patients, demonstrating a 
significant and clinically relevant association.(14) Another 
study showed how the global LUS score is strongly 
correlated with CT-measured tissue density, but its changes 
were not correlated with PEEP-induced recruitment.(22) A 
recent study using electrical impedance tomography next 
to LUS suggested that the LUS score is determined by the 
ratio between water and gas, compared to water alone.(34) 

Albeit unexpected, we did not observe an improvement in 
several associations among ARDS patients, who typically 
exhibit greater lung function impairment and imaging 
abnormalities. While factors such as patient positioning, 
ventilator settings, and underlying comorbidities may 
influence the interpretation of radiographic findings 
and their correlation with physiological metrics,(35) the 
heterogeneity of lung injury in ARDS patients may limit 
the ability of radiographic scores to fully capture the extent 
of functional impairment.(36) Conversely, some associations 
were stronger in patients without ARDS. Our LUS scoring 
method assigned a score of zero to pleural effusions with 
underlying C-patterns, following prior studies.(16,37) 

Nonetheless, this may have underestimated the extent 
of aeration loss in cases of coexisting consolidation and 
moderate effusions, potentially contributing to the weak 
associations observed.

Our study also identified a moderating effect of PEEP 
on the relationship between radiographic scores and PaO2/
FiO2. This finding underscores the importance of considering 
ventilator settings when interpreting radiographic assessments 
in critically ill patients. Adjustments in PEEP levels influence 
both lung aeration and compliance, thereby impacting the 
correlation between radiographic scores and physiological 
metrics.(38) While the PaO₂/FiO₂ is widely used to assess 
oxygenation in patients with ARDS, we acknowledge that 
various factors may influence it. For instance, variations in 

http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
http://criticalcarescience.org.br/content/imagebank/pdf/CCS-0036-v37-Mat-suppl.pdf
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hemodynamic status, ventilation-perfusion matching, and 
FiO₂ can significantly alter the PaO₂/FiO₂ independently 
of underlying changes in pulmonary physiology.(39,40) 
Therefore, the PaO₂/FiO₂ remains a practical and globally 
adopted clinical tool, particularly in ARDS definitions and 
stratification of hypoxemic respiratory failure.(41,42) Its use 
in this study reflects its pragmatic value rather than a strict 
physiologic equivalence to a shunt.

The strengths of this study rely on the large sample 
of consecutive patients and the availability of both a 
radiological and an ultrasound score in the same cohort 
of patients, with prospective data collection.  Several 
limitations of our study should be acknowledged. To begin, 
we excluded patients who lacked either baseline LUS or 
chest X-rays, which may limit the generalizability of our 
findings by introducing selection bias. This subgroup may 
differ in clinical severity, potentially impacting external 
validity. Furthermore, surrogate measures for shunt and 
dead space may have influenced the observed associations. 
In addition, the correlation between the two scores found 
in the current study was lower than previously found in a 
smaller mixed cohort of non-ARDS and ARDS patients.(43) 

Yet, another study also found no significant association 
between the RALE score and global LUS score,(24) in 
agreement with our findings. Notably, although LUS and 
chest X-rays were performed within the same calendar 
day, the exact timing was not always synchronized, which 
may have introduced variability in the degree of lung 
aeration captured by the two modalities. Additionally, 
while the ventilatory ratio is a practical bedside surrogate 
for dead space ventilation,(44,45) it does not account for CO₂ 
production variability, which can fluctuate with disease 
severity, metabolic demand, or nutritional status.(46) Finally, 
the study population was drawn from a multicenter cohort 
in the Netherlands. While this ensures consistency in care 
standards and imaging protocols, it may limit the external 
validity of our findings in settings with different ICU 
practices or patient populations.(32) 

The values observed in our regression models were 
modest, indicating that imaging scores explained only a 
small proportion of the variance in physiological parameters. 
This underscores the multifactorial determinants of gas 
exchange and respiratory mechanics, including factors 
beyond structural aeration such as perfusion heterogeneity, 
inflammatory burden, and cardiac function. Therefore, 
while imaging scores provide valuable information on lung 
aeration, their clinical use should be integrated with other 
functional and hemodynamic assessments. Future studies 
with prospective designs are warranted to validate our 
findings and elucidate the complex relationship between 

radiographic scores and physiological metrics in critically 
ill patients.

CONCLUSION

Our study reports the limited association between 
radiographic morphological scores and metrics of shunt, dead 
space, and respiratory mechanics in critically ill ventilated 
patients. A complex moderation effect of acute respiratory 
distress syndrome status was found, with the association 
between the radiological score and physiological metrics 
in some instances being stronger in patients without acute 
respiratory distress syndrome. These findings underscore 
the need for a multimodal approach to lung assessment, 
incorporating both radiographic and physiological metrics 
to evaluate lung function comprehensively. 

DECLARATIONS

Ethics approval and consent to participate

The Amsterdam UMC institutional review board 
approved the trial (W18_311 and 2018_287), and patients 
and/or their legal representatives provided written deferred 
consent for the use of data.

Availability of data and materials

The datasets used and/or analysed during the current 
study are available from the corresponding author on 
reasonable request. 

Funding

This analysis did not receive specific funding. The DARTS 
study was funded by Health Holland (Public-Private Partnership 
grant) via the Dutch Lung Foundation (longfonds). 

AUTHORS’ CONTRIBUTIONS

L. Pisani, M. R. Smit, C. Zimatore and L. D. J. Bos: 
study concept and design; M. R. Smit, L. A. Hagens, 
C. Zimatore, N. F. L. Heijnen, L.  Atmowihardjo,  
R. M. Schnabel, D. C. J. J. Bergmans and  L. D. J. Bos: 
acquisition of data; D. Filippini: statistical analysis; 
D. Filippini, L. Pisani, C. Zimatore and M. J. Schultz: 
drafting of the manuscript; L. A. Hagens, N. F. L. Heijnen, 
L. A. Hagens, R. M. Schnabel, D. C. J. J. Bergmans,  
D. G. Biasucci, M. R. Smit, L. D. J. Bos, M. J. Schultz,  
C. Zimatore and L. Pisani: critical revision of the manuscript 
for important intellectual content;  L. Pisani, M. R. Smit,  
L. D. J. Bos and  M. J. Schultz: Study supervision. 



10 Filippini D, Zimatore C, Hagens LA, Heijnen NF, Atmowihardjo L, Schnabel RM, et al.

Crit Care Sci. 2025;37:e20250036

ACKNOWLEDGEMENTS

Members of the ‘Diagnosis of Acute Respiratory 
Distress Syndrome (DARTS) consortium:

Lieuwe D. J. Bos, Laura A. Hagens, Marcus J. Schultz, 
Marry R. Smit, Fleur L.I.M. van der Ven - Amsterdam 
University Medical Centers, Location AMC -  Amsterdam, 
The Netherlands.

Dennis C.J.J. Bergmans, Hester A. Gietema, Suzanne C.  
Gerretsen, Nanon F.L. Heijnen, Ronny M. Schnabel -  
Maastricht University Medical Center+ - Maastricht,  
The Netherlands.

Publisher’s note

Conflicts of interest: None.

Submitted on January 29, 2025
Accepted on June 13, 2025

Corresponding author:
Claudio Zimatore
Department of Intensive Care Medicine
Amsterdam University Medical Centers, Location ‘AMC
Meibergdreef 9, 1105 AZ
Amsterdam, The Netherlands
E-mail: claudiozimatore@gmail.com

Responsible editor: Elisa Estenssoro 

REFERENCES 

1.	 Bellani G, Rouby JJ, Constantin JM, Pesenti A. Looking closer at acute 
respiratory distress syndrome: the role of advanced imaging techniques. 
Curr Opin Crit Care. 2017;23(1):30-7. 

2.	 Bello G, Blanco P. Lung ultrasonography for assessing lung aeration in acute 
respiratory distress syndrome: a narrative review. J Ultrasound Med. 
2019;38(1):27-37. 

3.	 Robertson HT. Dead space: the physiology of wasted ventilation. Eur 
Respir J. 2015;45(6):1704-16

4.	 Smit MR, Bos LD. Slicing and dicing ARDS: we almost forgot the lungs. 
Crit Care. 2021;25(1):180. 

5.	 Beloncle F, Studer A, Seegers V, Richard JC, Desprez C, Fage N, et al. 
Longitudinal changes in compliance, oxygenation and ventilatory ratio 
in COVID-19  versus  non-COVID-19 pulmonary acute respiratory distress 
syndrome. Crit Care. 2021;25(1):248. 

6.	 Beitler JR, Thompson BT, Matthay MA, Talmor D, Liu KD, Zhuo H, et al. 
Estimating dead-space fraction for secondary analyses of acute respiratory 
distress syndrome clinical trials. Crit Care Med. 2015;43(5):1026-35. 

7.	 Grasselli G, Calfee CS, Camporota L, Poole D, Amato MB, Antonelli M, 
et al.; European Society of Intensive Care Medicine Taskforce on ARDS. 
ESICM guidelines on acute respiratory distress syndrome: definition, 
phenotyping and respiratory support strategies. Intensive Care Med. 
2023;49(7):727-59. 

8.	 Silva PL, Ball L, Rocco PR, Pelosi P. Power to mechanical power to 
minimize ventilator-induced lung injury? Intensive Care Med Exp.  
2019;7(Suppl 1):38. 

9.	 Boumans MM, Aerts W, Pisani L, Bos LD, Smit MR, Tuinman PR. Diagnostic 
accuracy of lung ultrasound in diagnosis of ARDS and identification 
of focal or non-focal ARDS subphenotypes: a systematic review and  
meta-analysis. Crit Care. 2024;28(1):224. 

10.	 Warren MA, Zhao Z, Koyama T, Bastarache JA, Shaver CM, Semler 
MW, et al. Severity scoring of lung oedema on the chest radiograph is 
associated with clinical outcomes in ARDS.  Thorax. 2018;73(9):840-6. 

11.	 Pisani L, De Nicolo A, Schiavone M, Adeniji AO, De Palma A, Di Gennaro 
F, et al. Lung Ultrasound for Detection of Pulmonary Complications in 
Critically Ill Obstetric Patients in a Resource-Limited Setting. Am J Trop 
Med Hyg. 2020;104(2):478-86. 

12.	 Kotok D, Yang L, Evankovich JW, Bain W, Dunlap DG, Shah F, et al. The 
evolution of radiographic edema in ARDS and its association with clinical 
outcomes: a prospective cohort study in adult patients. J Crit Care. 
2020;56:222-8. 

13.	 Atmowihardjo LN, Heijnen NF, Smit MR, Hagens LA, Filippini DF, Zimatore 
C, et al.; DARTS Consortium. Biomarkers of alveolar epithelial injury and 
endothelial dysfunction are associated with scores of pulmonary edema 
in invasively ventilated patients. Am J Physiol Lung Cell Mol Physiol. 
2023;324(1):L38-47. 

14.	 Biasucci DG, Loi B, Centorrino R, Raschetti R, Piastra M, Pisapia L, et al. 
Ultrasound-assessed lung aeration correlates with respiratory system 
compliance in adults and neonates with acute hypoxemic restrictive 
respiratory failure: an observational prospective study. Respir Res. 
2022;23(1):360. 

15.	 Hagens LA, Heijnen NF, Smit MR, Verschueren AR, Nijsen TM,  
Geven I, et al. Diagnosis of acute respiratory distress syndrome (DARTS) 
by bedside exhaled breath octane measurements in invasively ventilated 
patients: protocol of a multicentre observational cohort study [Internet]. 
Ann Transl Med. 2021;9(15):1262. 

16.	 Smit MR, Hagens LA, Heijnen NF, Pisani L, Cherpanath TG, Dongelmans 
DA, et al.; DARTS Consortium members. Lung ultrasound prediction 
model for acute respiratory distress syndrome: a multicenter 
prospective observational study. Am J Respir Crit Care Med.  
2023;207(12):1591-601. 

17.	 Mongodi S, De Luca D, Colombo A, Stella A, Santangelo E, Corradi F, et al. 
Quantitative lung ultrasound: technical aspects and clinical applications. 
Anesthesiology. 2021;134(6):949-65

18.	 Smit MR, de Vos J, Pisani L, Hagens LA, Almondo C, Heijnen NF, et al.; 
DARTS Consortium. Comparison of linear and sector array probe for 
handheld lung ultrasound in invasively ventilated ICU patients. Ultrasound 
Med Biol. 2020;46(12):3249-56. 

19.	 Zimatore C, Pisani L, Lippolis V, Warren MA, Calfee CS, Ware LB, et al. 
Accuracy of the radiographic assessment of lung edema score for the 
diagnosis of ARDS. Front Physiol. 2021;12:672823. 

20.	 Mongodi S, Bonaiti S, Stella A, Colombo A, Santangelo E, Vaschetto R, 
et al. Lung ultrasound for daily monitoring and management of ARDS 
patients. Clin Pulm Med. 2019;26(3):92-7. 

21.	 Costamagna A, Steinberg I, Pivetta E, Arina P, Veglia S, Brazzi L, et al. 
Clinical performance of lung ultrasound in predicting time-dependent 
changes in lung aeration in ARDS patients. J Clin Monit Comput.  
2023;37(2):473-80. 

22.	 Chiumello D, Mongodi S, Algieri I. LucaVergani G, Orlando A, Via G, 
et al. Assessment of lung aeration and recruitment by CT scan and 
ultrasound in acute respiratory distress syndrome patients. Crit Care Med. 
2018;46(11):1761-8. 

23.	 Smit MR, Pisani L, de Bock EJ, van der Heijden F, Paulus F, Beenen LF, et al.; 
Lung Ultrasound Consortium. Ultrasound versus computed tomography 
assessment of focal lung aeration in invasively ventilated ICU patients. 
Ultrasound Med Biol. 2021;47(9):2589-97. 

mailto:claudiozimatore@gmail.com
https://orcid.org/0000-0002-8896-5688


Correlation of sonographic and radiographic scores of lung edema and metrics of shunt, dead space, and respiratory mechanics in invasively ventilated patients 11

Crit Care Sci. 2025;37:e20250036

24.	 Todur P, Chaudhuri S. Amara V, Srikant N, Prakash P. Correlation of 
oxygenation and radiographic assessment of lung edema (RALE) score to 
lung ultrasound score (LUS) in acute respiratory distress syndrome (ARDS) 
Patients in the Intensive Care Unit. Can J Respir Ther. 2021;57:53-9.

25.	 Haddam M, Zieleskiewicz L, Perbet S, Baldovini A, Guervilly C, Arbelot C, 
et al.; CAR’Echo Collaborative Network; AzuRea Collaborative Network. 
Lung ultrasonography for assessment of oxygenation response to prone 
position ventilation in ARDS. Intensive Care Med. 2016;42(10):1546-56. 

26.	 Wang XT, Ding X, Zhang HM, Chen H, Su LX, Liu DW; Chinese Critical 
Ultrasound Study Group (CCUSG). Lung ultrasound can be used to predict 
the potential of prone positioning and assess prognosis in patients with 
acute respiratory distress syndrome. Crit Care. 2016 Nov;20(1):385. 

27.	 Caltabeloti F, Monsel A, Arbelot C, Brisson H, Lu Q, Gu WJ, et al. Early 
fluid loading in acute respiratory distress syndrome with septic shock 
deteriorates lung aeration without impairing arterial oxygenation: a lung 
ultrasound observational study. Crit Care. 2014;18(3):R91. 

28.	 Voigt I, Mighali M, Manda D, Aurich P, Bruder O. Radiographic assessment 
of lung edema (RALE) score is associated with clinical outcomes in 
patients with refractory cardiogenic shock and refractory cardiac arrest 
after percutaneous implantation of extracorporeal life support. Intern 
Emerg Med. 2022;17(5):1463-70.

29.	 Xuan L, Wang Y, Zheng Y, Chen S, Zhu L, Zheng X, et al. Delayed lung 
injury on the nonsurgical side increases mortality in patients after 
lung cancer surgery: a retrospective cohort study. J Thorac Dis.  
2023;15(10):5574-84.

30.	 Liu Y, Sun T, Cai Y, Zhai T, Huang L, Zhang Q, et al. Clinical characteristics 
and prognosis of pneumonia-related bloodstream infections in the 
intensive care unit: a single-center retrospective study. Front Public 
Health. 2023;11:1249695.

31.	 Zimatore C, Algera AG, Botta M, Pierrakos C, Serpa Neto A, Grasso S, et al.;  
on behalf of The RELAx-Investigators. Lung ultrasound to determine 
the effect of lower vs. higher PEEP on lung aeration in patients without 
ARDS-A substudy of a randomized clinical trial. Diagnostics (Basel). 
2023;13(12):1989.

32.	 Mongodi S, Cortegiani A, Alonso-Ojembarrena A, Biasucci DG, Bos LD, Bouhemad 
B, et al. ESICM-ESPNIC international expert consensus on quantitative lung 
ultrasound in intensive care. Intensive Care Med. 2025;51(6):1022-49.

33.	 Gattinoni L, Marini JJ, Pesenti A, Quintel M, Mancebo J, Brochard L. The 
“baby lung” became an adult. Intensive Care Med. 2016;42(5):663-73. 

34.	 Steinberg I, Pasticci I, Busana M, Costamagna A, Hahn G, Gattarello S,  
et al. Lung ultrasound and electrical impedance tomography during  
ventilator-induced lung injury. Crit Care Med. 2022;50(7):e630-7. 

35.	 Beitler JR. Bedside respiratory physiology to detect risk of lung injury in 
acute respiratory distress syndrome. Curr Opin Crit Care. 2019;25(1):3-11. 

36.	 Bos LD, Ware LB. Acute respiratory distress syndrome: causes, 
pathophysiology, and phenotypes. Lancet. 2022;400(10358):1145-56. 

37.	 Vercesi V, Pisani L, van Tongeren PS, Lagrand WK, Leopold SJ, Huson MM, 
et al.; Lung Ultrasound Consortium. External confirmation and exploration 
of the Kigali modification for diagnosing moderate or severe ARDS. 
Intensive Care Med. 2018;44(4):523-4.

38.	 Gattinoni L, Caironi P, Cressoni M, Chiumello D, Ranieri VM, Quintel M, 
et al. Lung recruitment in patients with the acute respiratory distress 
syndrome. N Engl J Med. 2006;354(17):1775-86. 

39.	 Karbing DS, Kjaergaard S, Smith BW, Espersen K, Allerød C, Andreassen S,  
et al. Variation in the PaO2/FiO2 ratio with FiO2: mathematical 
and experimental description, and clinical relevance. Crit Care. 
2007;11(6):R118.

40.	 de Vries H, Coenen S, Kingma F, Heunks L, De Man A. The effect of oxygen 
on the PaO2/FiO2-ratio and shunt fraction in patients on mechanical 
ventilation: a physiological study. Eur Respir J. 2020;56(Suppl 64):351.

41.	 Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, 
et al.; ARDS Definition Task Force. Acute respiratory distress syndrome: 
the Berlin Definition. JAMA. 2012;307(23):2526-33.

42.	 Matthay MA, Arabi Y, Arroliga AC, Bernard G, Bersten AD,  
Brochard LJ, et al. A new global definition of acute respiratory distress 
syndrome. Am J Respir Crit Care Med. 2024;209(1):37-47. 

43.	 Pisani L, Zimatore C, Vercesi V, Smit M, Lippolis V, Grasso S, et al. 
Agreement between lung ultrasound and chest X-ray scoring in invasively 
ventilated ICU patients. Eur Respir J. 2019;54 suppl 63:OA3300. 

44.	 Morales-Quinteros L, Schultz MJ, Bringué J, Calfee CS, Camprubí M, 
Cremer OL, et al.; MARS Consortium. Estimated dead space fraction 
and the ventilatory ratio are associated with mortality in early ARDS. Ann 
Intensive Care. 2019;9(1):128.

45.	 Sinha P, Fauvel NJ, Singh S, Soni N. Ventilatory ratio: a simple bedside 
measure of ventilation. Br J Anaesth. 2009;102(5):692-7.

46.	 Maj R, Palermo P, Gattarello S, Brusatori S, D’Albo R, Zinnato C, et al. 
Ventilatory ratio, dead space, and venous admixture in patients with acute 
respiratory distress syndrome. Br J Anaesth. 2023;130(3):360-7.


