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Background: The radiographic assessment for lung edema (RALE) score has an association with mortality in patients with acute respiratory distress syndrome (ARDS). It is uncertain whether the RALE scores at the start of invasive ventilation or changes thereof in the next days have prognostic capacities in patients with COVID-19 ARDS.

Aims and Objectives: To determine the prognostic capacity of the RALE score for mortality and duration of invasive ventilation in patients with COVID-19 ARDS.

Methods: An international multicenter observational study included consecutive patients from 6 ICUs. Trained observers scored the first available chest X-ray (CXR) obtained within 48 h after the start of invasive ventilation (“baseline CXR”) and each CXRs thereafter up to day 14 (“follow-up CXR”). The primary endpoint was mortality at day 90. The secondary endpoint was the number of days free from the ventilator and alive at day 28 (VFD-28).

Results: A total of 350 CXRs were scored in 139 patients with COVID-19 ARDS. The RALE score of the baseline CXR was high and was not different between survivors and non-survivors (33 [24–38] vs. 30 [25–38], P = 0.602). The RALE score of the baseline CXR had no association with mortality (hazard ratio [HR], 1.24 [95% CI 0.88–1.76]; P = 0.222; area under the receiver operating characteristic curve (AUROC) 0.50 [0.40–0.60]). A change in the RALE score over the first 14 days of invasive ventilation, however, had an independent association with mortality (HR, 1.03 [95% CI 1.01–1.05]; P < 0.001). When the event of death was considered, there was no significant association between the RALE score of the baseline CXR and the probability of being liberated from the ventilator (HR 1.02 [95% CI 0.99–1.04]; P = 0.08).

Conclusion: In this cohort of patients with COVID-19 ARDS, with high RALE scores of the baseline CXR, the RALE score of the baseline CXR had no prognostic capacity, but an increase in the RALE score in the next days had an association with higher mortality.
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INTRODUCTION

Patients with coronavirus disease 2019 (COVID-19) frequently develop acute respiratory distress syndrome (ARDS), mandating intensive care unit (ICU) admission, usually for invasive ventilation (1, 2). Outcome prediction in these patients could use the classification based on the severity of oxygenation problems (3), albeit that this approach has been shown to be not so successful, at least not in patients with ARDS due to another cause (4). The chest radiograph (CXR) is a routine imaging tool for critically ill patients that receive invasive ventilation (5, 6) and could contribute to defining severity, progression, and complications and maybe also predict outcomes from COVID-19 (7, 8). One important drawback of the CXR, however, is the poor interobserver reliability in qualitative visual scoring of pulmonary opacifications (9).

The radiographic assessment for lung edema (RALE) score is a numeric scoring system, recently introduced in an attempt to improve the quantification of pulmonary abnormalities on the CXR. For this score, each quadrant of the chest at the CXR is scored for the extent of consolidations and density of opacities to define the extent and severity of lung parenchymal abnormalities. The RALE score has not only been found to have excellent diagnostic accuracy (10–12) but also to have the prognostic capacity in patients with ARDS due to COVID-19 (13, 14).

We hypothesized that the RALE score has the prognostic capacity in patients with COVID-19 ARDS (15, 16). In this international study, we determined the prognostic capacity of the RALE score of the first available CXRs that was obtained under invasive ventilation for COVID-19 ARDS. We also wished to determine the prognostic capacity of changes in the RALE score over the first 14 days after initiation of invasive ventilation.



METHODS


Study Design

This is an international, multicenter, retrospective observational study in invasively ventilated patients with COVID-19 admitted to participating ICUs between December 1, 2019, and May 31, 2020. The study enrolled ICU patients in the Amsterdam UMC, location AMC, Amsterdam, The Netherlands; University of Bari Policlinic Hospital, Bari, Italy; Miulli Regional Hospital, Acquaviva Delle Fonti, Italy; Centre Hospitalier Universitaire Brussels, Brussels, Belgium; Mahidol University Hospital in Bangkok, Thailand; and Chonburi Hospital, Chonburi, Thailand. The study protocol was initially approved by the institutional review board of the Amsterdam UMC, location AMC, Amsterdam, The Netherlands (approval letter W20_311 # 20.346). Thereafter, the protocol was approved in other hospitals. The need for individual patient informed consent was waived because of the observational nature of the study. The study is registered at clinicaltrials.gov (trial identification number NCT 04485338).



Inclusion and Exclusion Criteria

Consecutive patients were included if (1) admitted to one of the participating ICUs, (2) received invasive ventilation; and (3) with ARDS due to COVID-19 that was confirmed by reverse transcriptase-PCR. Patients were excluded if aged <18 years of age, when COVID-19 was not the reason for invasive ventilation, or if there was no CXR within 48 h after starting intubation.



Data Collection

An online case report form (www.castoredc.com) was used to collect and store the study data. Baseline and demographic characteristics included age, gender, body mass index (BMI); severity indexes, such as the acute physiology and chronic health evaluation (APACHE) II and IV score and the Sequential Organ Failure Assessment (SOFA); and ventilation characteristics at the moment of the CXR, such as FiO2, positive end-expiratory pressure (PEEP), maximum airway pressure (Pmax), respiratory rate, tidal volume, and the nearest blood gas analysis results.

We collected all CXRs that were taken within the first 14 days after the start of invasive ventilation from each electronic imaging system and uploaded de-identified CXRs in JPEG format into the database.



RALE Scoring

The RALE score was calculated as described before (11, 13). In short, the chest at the CXR was divided into 4 quadrants by a vertical line over the spine and a horizontal line at the level of the first branch of the left main bronchus; each quadrant was then scored for the extent of alveolar opacities (consolidation score, from 0 to 4) and the corresponding density of alveolar opacities (density score, from 1 to 3) (Supplementary Figure 1). In case no consolidations were visible, the consolidation score was “0,” and density was not scored. The final score is the sum of the product of the consolidation and density scores for each quadrant. The RALE score ranges from 0 (no abnormalities) to 48 (maximum abnormalities), where in a recent study, patients with ARDS have RALE scores that range from 15 to as high as 26 (16). Among patients with ARDS, the baseline RALE score is not associated with the ARDS severity groups by P/F ratio (16).

Every CXR was scored by at least two independent scorers that were extensively educated in calculating RALE scores. For this, each scorer was trained in the RALE score by one of the investigators (CZ), who was trained during a 1-month focused period by the team that developed the RALE score (11). An interclass correlation coefficient (ICC) > 0.8 between the trainer and other scorers on a training sample of 22 CXRs from another set of CXRs of patients with ARDS was a prerequisite for scoring CXRs in the study dataset. A third scorer was involved only if the difference in numeric RALE score between two scorers was >25%, to reach a final consensus.



Endpoints

The primary endpoint was 90-day mortality; the secondary endpoint was the number of days free from the ventilator and alive at day 28 (VFD-28).

The ventilator and alive at day 28 was calculated as the number of days that a patient was alive and free of invasive ventilation if the period of unassisted breathing lasted > 24 consecutive hours. Patients who died or received invasive ventilation for more than 28 days had the lowest number of VFD-28, i.e., 0 days.



Statistical Analysis

We did not perform a formal sample size calculation—instead, the available patients served as the sample size for this study.

Demographic data and outcomes are summarized as mean (SD) or medians (interquartile range) for continuous variables and as frequencies (percentage) for categorical variables. In the case of normally distributed, continuous variables were compared between groups with a t-test or ANOVA. When not considered normally distributed, continuous variables were compared between groups with Mann–Whitney U test or Kruskal–Wallis test, as appropriate. Categorical variables were compared between groups by chi-square analysis. Missing data imputations were performed by random forest whenever any variable included in the analysis showed a missing data percentage of >10%.

Interobserver variability was assessed using ICC with a two-way mixed agreement model. Bland–Altman plots were used to visualize the aggregate agreement between the two scorers initially assessing a CXR.

The first CXR was labeled “baseline CXR.” The association between the RALE score of the baseline CXR with mortality as a time-to-event was analyzed with a Cox regression model, reporting the hazard ratio (HR) with a 95% CI. Herein, baseline RALE score was used as a continuous numerical variable, while age, gender, pH, and lactate were entered as covariates. In an additional Cox model, the RALE score was categorized into quartiles. Herein, proportionality assumptions were checked by Schoenfeld and martingale residuals and influential observations. The predictive accuracy of the RALE score of the baseline CXR for 90-day mortality was also described by the area under the receiver operating characteristics curve (AUROC) with 95% CI.

The association of the baseline RALE score with VFDs was tested using a competing risk model with extubation and death as the events of interest. The results are described with the use of cumulative incidence function and reported as sub-distribution HR with 95% CI estimated from a Fine–Gray model (12).

To assess the association of changes in the RALE score overtime in the first 14 days from onset of mechanical ventilation of consecutive CXRs with mortality, we use a joint model fitting repeated RALE scores with a mixed model and mortality as a time-to-event variable using the same covariates specified in the previous models. The joint model combines Cox regression and linear mixed-effects (LME) models, where the LME part of the models estimates the linear change pattern of the RALE score over follow-up time.

All analyses were performed using a two-sided superiority hypothesis test, with a significance level of 0.05, and presented with a two-sided 95% CI. No corrections were performed for multiple comparisons across secondary clinical outcomes, thus, these findings should be considered exploratory. Analyses were performed using software R (version 4.0.2, R Core Team, 2016, Vienna, Austria).




RESULTS


Patients

From December 1, 2019, to May 31, 2020, 178 patients were screened in 6 ICUs. We excluded 36 patients from the analysis because a baseline CXR was missing and 3 other patients because of incomplete data (Supplementary Figure 2). In the remaining 139 patients, 350 CXRs were available within the first 14 days of invasive ventilation.

Baseline characteristics, ventilation characteristics, and outcomes are presented in Tables 1, 2. The median age was 65 [59–74] years; the most common comorbidities were hypertension and diabetes. The majority of patients had moderate-to-severe ARDS with low lung compliance. Patients who did not survive had no improvement in lung compliance nor the RALE score compared to survivors during the first 14 days (Supplementary Figure 3). Non-survivors did receive a higher FiO2, PEEP, and peak pressure than survivors. The crude 90-day mortality was high, 61.2%.


Table 1. Baseline characteristics of the patients.

[image: Table 1]


Table 2. Ventilation parameters measured with the baseline chest radiography.
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RALE Scoring

The interobserver agreement was high (ICC, 0.95 [95% CI 0.93–0.96]). In 14 of 350 (4%) CXRs, a third scorer was needed to reach the final consensus. Bland–Altman plots are shown in Supplementary Figure 4. The RALE scores of baseline CXRs were high, with a median RALE score of 32 [24–38], but comparable between survivors and non-survivors (Figure 1A). The RALE score of the baseline CXR was increased with worsening of ARDS severity (Figure 1B). Linear regression analysis showed how the RALE had no significant association with the dynamic compliance, with an R2 of 0.0001.


[image: Figure 1]
FIGURE 1. Baseline RALE scores in survivors vs. non-survivors (A) and patients with different ARDS severity (B). Changes in RALE score across the first 14 days after onset of invasive ventilation in survivors vs. non-survivors (C). RALE, radiographic assessment for lung edema; ARDS, acute respiratory distress syndrome.




The Prognostic Capacity of the RALE Score of the Baseline CXR

The RALE score of the baseline CXR had no association with mortality (HR, 1.24 [95% CI 0.88–1.76]; P = 0.222). Estimates of 90 days survival in patients stratified by quartiles of the baseline RALE score is shown in Figure 2. There was no difference in survival between the quartiles after adjusting for age, gender, arterial pH, and plasma lactate. The baseline RALE score had no prognostic capacity for mortality (Figure 3).


[image: Figure 2]
FIGURE 2. Multivariable Cox model with survival estimates during the 90-day follow-up period in patients stratified by baseline RALE score quartiles. RALE, radiographic assessment for lung edema.



[image: Figure 3]
FIGURE 3. Discriminative capacity of the baseline RALE score for 90-day mortality. AUC, area under the curve; RALE, radiographic assessment for lung edema.




The Prognostic Capacity of Changes in RALE Score

The change in the RALE score over time was different between survivors and non-survivors (Figure 1C). An increase in the RALE score until day 14 had an independent association with mortality (HR, 1.03 [95% CI 1.01–1.05]; P < 0.001). In other words, for every point increase in the RALE score over time the risk of death increased by 3% [95% CI 1–5%]. Supplementary Figure 5 shows how the gradual worsening in RALE score over time increases the probability of death at 28 days.



Association Between the RALE Score and VFD-28

Overall patients had 0 [0–14] VFD-28, where survivors had 18 [11–23] VFD-28 and a duration of invasive mechanical ventilation of 10 [6–16] days. When the event of death was considered, there was no significant association between the RALE score of the baseline CXR and the probability of being liberated from the ventilator (HR 1.02 [95% CI 0.99–1.04]; P = 0.08).




DISCUSSION

The findings of this international multicenter study in patients with COVID-19 ARDS can be summarized as follows: (i) the extent and severity of parenchymal damage quantified by the RALE score were very high in survivors and non-survivors; (ii) the RALE score of the baseline CXR was neither associated with mortality in the first 90 days nor with successful liberation from invasive ventilation; and (iii) a worsening of the RALE score over the first 14 days of invasive ventilation was associated with an increased risk of death.

This study has several strengths. The study was designed to minimize bias by strictly adhering to a predefined statistical analysis plan and training of scorers. There was a minimal loss to follow-up. We had a low interobserver variability between the scorers, confirming the feasibility and reliability of the RALE score (11, 12, 16, 17). Finally, patients were enrolled in 6 hospitals in 4 different countries and included patients in university hospitals, teaching and non-teaching hospitals, contributing to the generalizability of the findings.

Counter to our hypothesis, we did not find an association of the RALE score of the baseline CXR with mortality or liberation from mechanical ventilation. We could even not find an association with mortality in the quartile with the highest RALE scores. The findings of our study are in line with those from a recent study that could not establish an association between RALE and mortality in ICU patients with COVID-19 (18). Contrasting, the baseline RALE score in patients with COVID-19 presenting to the emergency department did predict adverse outcomes (19) and also in patients with less severe COVID-19 ARDS located outside of an ICU (15). However, another study with a lower median RALE score in both survivors and non-survivors confirmed the capacity of the RALE score to predict adverse outcomes, defined as death or need for invasive ventilation (10). Our findings ultimately suggest that, when baseline RALE scores are high, the RALE score may not be helpful in predicting mortality and the chance of liberation from the ventilator.

Studies that assessed the prognostic capacity of the RALE score in patients with ARDS due to another cause than COVID-19 had conflicting results. The baseline RALE score did not predict outcome in these patients (16). Another study did find an association of baseline RALE with mortality (14). However, patients in this latter study showed very similar baseline RALE between survivors and non-survivors, just as in our cohort. In another RALE study, there was an association between the baseline RALE score and 28-day mortality, but without an association with VFDs (13). The median RALE score in our cohort of patients with COVID-19 ARDS was much higher than the RALE score reported in patients with ARDS due to another cause (12, 14–16, 20). For instance—in patients with ARDS included in the original study that reported on the RALE score, the RALE score was 27 [18–35] (13). Moreover, patients with a RALE score >30, frequently seen in our cohort, were in the highest quartile in a recent secondary analysis of another non-COVID ARDS trial (14). Whether COVID-19 ARDS is characterized by important pathophysiological differences compared to classical ARDS is still debated (21–24). In our cohort, median values of compliance were consistently low and in line with findings in previous studies (25, 26). Furthermore, our study confirmed the association between the change in RALE score over time and outcome, already identified in a recent study conducted on ARDS patients due to other etiologies (14). The change of RALE score over time was independently associated with outcome. This confirms recent findings in patients with COVID-19 in which the RALE score predicted mortality and the need for invasive ventilation (10). Furthermore, an increase in the RALE score was found to be associated with a prolonged need for invasive ventilation and with a lower number of VFDs in ICU patients with ARDS (16). In addition, the prognostic effect of early changes in RALE score in moderate-to-severe ARDS has been confirmed by another study in 135 ICU patients (14). The consistency of these findings, added to the feasibility of repeated bedside CXRs in patients with COVID-19, allows for the changes in RALE score to be used as an increasingly established prediction tool.

The RALE score is an easy reproducible tool that can be easily computed after a CXR is made. The interobserver variability we found is comparable to one of the original studies (11) and subsequent investigations (12–14, 16). Although dedicated CXR apparatuses are still not ubiquitous in ICUs in some low- and middle-income countries (27), it is considered a routine imaging tool for patients who receive invasive ventilation (5, 6). Conversely, CT is a more costly and less available imaging technique, with feasibility issues in patients with COVID-19 and with a radiation load that is much higher than that of a CXR (28). The findings of this and previous studies suggest that the RALE score is an attractive visual metric, especially in settings with low resources.

This study has several limitations. The retrospective design limits the inclusion of all potential confounders. The sample size of this study was relatively small. However, the narrow CI suggests that repeating the study on a larger sample is unlikely to change the result of a significant association between change in RALE score and outcome. Similarly, due to the retrospective collection of study CXRs, time points for CXRs could not be strictly predefined. The third scorer was not blinded for the previous scores, and this could have generated scoring bias. However, high interobserver variability between first and second scorers was only found in <5% of CXRs.



CONCLUSIONS

In this cohort of patients with COVID-19 ARDS, the RALE score of the baseline CXR was neither associated with 90-day mortality nor with the probability of being liberated from the ventilator. However, an increase in the RALE score over the next days had an association with higher mortality.
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Overall (n = 139) Alive* (n = 54) Dead (n = 85) P-value SMD

Ventilatory parameters

Ventilation mode—n (%) 0252 0.413
Pressure controlled 36(28.1%) 11 (21.6%) 25 (32.5%)

Pressure support 7 (65%) 5(9.8%) 2(2.6%)

Volume controlled 53 (41.4%) 20 (39.2%) 33 (42.9%)

ASV/intelivent 8(62) 3(5.9%) 5(6.5%)

Spontaneous 24 (18.8) 12 (23.5%) 12 (15.6%)

FiO2, % (median [IGR]) 70 [50-90] 55 [40-80] 80 [60-100] 0001 0,663
Pa0,/F0 (median IGR]) 130 [88-176) 138 (96-184) 112 86-152) 0082 0.294
Tidal volume set, ml (median QR)) 450 [410-500] 475 [403-500] 450 [415-495) 0532 0.236
Tidal volume measured, mi (median IQR]) 450 [400-500] 458 [378-512) 450 [408-500] 0852 0.069
Tidal volume, mi/kg PBW (median IQR]) 7.0(63-7.5) 6.6(6.0-7.6) 72(65-7.6) 0065 0.298
Respiratory rate, breaths/min (median [IQR]) 20 [17-26) 24 [18-26) 20 [16-25] 0.134 0.225
Peak pressure, omH,O (median [IQR]) 25 [18-29] 23[17-26) 26[21-80] 0017 0.464
PEEP, cmH, O (median [IGR]) 10(8-12) 9(8-10) 10(8-12) 0013 0378
Plateau pressure, cmH,O (median [IGR]) 25[23-28) 25 [21-26) 26 [24-30) 0281 0578
Dynamic compliance, ml/cmH,O (median QR]) 29 21-51] 34 [28-47) 26 [20-61) 0.491 0.113

Data are median (quartile 25%-quartile 75%), mean (+SD) or No (%). Percentages may not total 100 because of rounding.
PEER, positive end-expiratory pressure; ASV, adaptive support ventilation; FiOz, fraction of inspired oxygen; PaOz, partial pressure of oxygen.
*At day 90.
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Demographics.

Age, years (median [IQR])

Male gender—no (%)

Body mass index, kg-m? (median IQR])
Comorbidities and severity
Co-existing disorders—no (%)
Hypertension—no (%)

Diabetes—no (%)

Chronic obstructive puimonary disease—no (%)
Cardiovascular disease—no (%)

None—no (%)

Other—no (%)

APACHE Il (median (IQR))

SOFA score (median [IQR])

Outcomes

Survival time, days (median IQR))

ICU length of stay, days (median [QR])
Hospital length of stay, days (median [IQR])

Data are median (quartile 25%-quartie 75%), mean (SD) or No (%). Percentages may not total 100 because of rounding.

Overall (n = 139)

65 [59-74)
65 (46.8)
27.3[24.7-300]

70(50.4)
41(29.5)
23(16.5)
17 (122)
17 (12.2)
60(43.2)

15 [12-20)

6 [4-8]

26 [19-90)
12 [70-20]
15 (8-29]

Alive* (n = 54)

61.0[55-71)
27 (50.0)
26.9[24.2-29.4)

25(46.3)
13 (24.1)
7(13.0)
35
9(16.7)
14(25.9)

15 [12-18]
6[4-8)

90 (90-90]
12 6-21)
2615 -38)

Dead (n = 85)

69 (60-75)
38(44.7)
275 25.4-300]

45 (52.9)
28(32.9)
16(18.8)
14(16.5)
8(9.4)
46 (54.1)
15 (12-20]
5[4-8)

11 [7-21)
11 [7-20]
1 [7-21)

ICU, intensive care unit; APACHE, acute physiology and chronic health evaluation; SOFA, sequential organ failure assessment.

*At day 90.

P-value

0.002
0.663
0.595

0.555
0.354
0.502
0.099
0314
0.002
0.132
0.481

<0.001
0.416
<0.001

SMD

0.508
0.106
0.086

0.133
0.197
0.161
0.354
0.217
0.601
0318
0.033

4525
0.285
0214
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