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Abstract: Aims and Methods: We evaluated an ultrasound score from 0 to 32 points in eight pul-
monary regions to monitor critically ill COVID-19 patients. The score was correlated to surrogate
parameters of disease severity, i.e., the oxygenation index, respiratory support, mortality, plasma
interleukin-6, and WHO and ARDS classifications. Results: A total of 27 patients were repeatedly ex-
amined, and 71 examinations were evaluated. Patients with severe COVID-19 scored higher (median
17) than those with moderate disease (median 11, p < 0.01). The score did not differentiate between
stages of ARDS as defined by the Berlin criteria (p = 0.1) but could discern ARDS according to the
revised ESICM definition (p = 0.002). Non-survivors had higher ultrasound scores than survivors
(median 18.5 vs. 14, p = 0.04). The score correlated to the oxygenation index (ρ = −0.56, p = 0.03), and
changes in the score between examinations correlated to changes in oxygenation (ρ = −0.41, p = 0.16).
The correlation between the score and interleukin-6 was ρ = 0.35 (p < 0.001). The interrater reliability
for the score was ICC = 0.87 (p < 0.001). Conclusions: The ultrasound score is a reliable tool that
might help monitor disease severity and may help stratify the risk of mortality.
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1. Introduction

During the ongoing pandemic of coronavirus disease-19 (COVID-19), lung ultrasound
(LUS) has emerged as a powerful diagnostic tool in detecting the pulmonary involvement
of infection [1]. LUS provides bedside imaging without radiation exposure and can be
repeated perpetually while providing a higher sensitivity than bedside radiography, partic-
ularly in COVID-19 [1,2]. Interstitial involvement in lung disease is indicated by B-lines on
LUS [3,4], which are distinguishable in moderate pathologies (Figure 1B) and may form
indistinguishable, coalescent B-lines (Figure 1C) when interstitial involvement progresses
to alveolar edema, corresponding to “white lung” in conventional imaging [4]. B-lines may
occur in infectious disease, pulmonary edema, and other interstitial lung diseases [3,4].
Furthermore, consolidations that reach the pleura and pleural effusion (Figure 1D–F) are
detectable via LUS [1,3]. Critically ill patients are at a high risk of suffering from complica-
tions during in-hospital transport to acquire radiological imaging [5], whereas LUS can be
performed at the patients’ bedside. Many pulmonary complications in the intensive care
unit (ICU) unrelated to COVID-19, for instance, the development of a pneumothorax, are
also reliably detected via LUS [4].

Severe cases of COVID-19 can result in acute respiratory distress syndrome (ARDS),
requiring mechanical ventilation or extracorporeal membrane oxygenation (ECMO) ther-
apy. Before the beginning of the COVID-19 pandemic, lung ultrasound scoring systems
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were evaluated for predicting disease severity in ARDS [6] and extubation success in me-
chanically ventilated patients [7] or to monitor patients requiring ECMO [8]. To assess
the sonographic scoring system for monitoring COVID-19 over time, we performed a
prospective study, correlating a LUS score in critically ill patients with COVID-19 to their
disease severity.

Diagnostics 2023, 13, x FOR PEER REVIEW  2  of  11 
 

 

 

Figure 1. Ultrasonographic findings that were incorporated into the scoring system. All images were 

obtained  from patients  in our study population.  (A) A-lines as reverberations of  the pleural  line 

(arrowheads)  indicate  fully aerated  lungs or pneumothorax, distinguishable by dynamic pleural 

gliding [3,4]. (B,C) B-lines (horizontal arrows) arising from the pleural line indicate interstitial pa-

thology and appear distinct (B) or merge to form coalescent B-lines (C), the latter corresponding to 

alveolar edema [4]. (D) Peripheral consolidations (vertical arrow) appear tissue-like and may con-

tain hyperechoic air bronchograms. (E) Color Doppler ultrasonography of a pulmonary consolida-

tion (red: flow towards the ultrasound probe, blue: flow away from the probe; scale for reference) 

in COVID-19 may demonstrate diminished pulmonary perfusion [1]. (F) Atelectatic lung (vertical 

arrow) within a pleural effusion (double arrow). 

Severe cases of COVID-19 can result in acute respiratory distress syndrome (ARDS), 

requiring mechanical ventilation or extracorporeal membrane oxygenation (ECMO) ther-

apy. Before the beginning of the COVID-19 pandemic, lung ultrasound scoring systems 

were evaluated for predicting disease severity in ARDS [6] and extubation success in me-

chanically ventilated patients [7] or to monitor patients requiring ECMO [8]. To assess the 

sonographic scoring system  for monitoring COVID-19 over  time, we performed a pro-

spective study, correlating a LUS score  in critically  ill patients with COVID-19  to  their 

disease severity. 

2. Materials and Methods 

We consecutively enrolled patients in the anesthesiologic ICU at Sana Hospital Of-
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Figure 1. Ultrasonographic findings that were incorporated into the scoring system. All images
were obtained from patients in our study population. (A) A-lines as reverberations of the pleural
line (arrowheads) indicate fully aerated lungs or pneumothorax, distinguishable by dynamic pleural
gliding [3,4]. (B,C) B-lines (horizontal arrows) arising from the pleural line indicate interstitial
pathology and appear distinct (B) or merge to form coalescent B-lines (C), the latter corresponding to
alveolar edema [4]. (D) Peripheral consolidations (vertical arrow) appear tissue-like and may contain
hyperechoic air bronchograms. (E) Color Doppler ultrasonography of a pulmonary consolidation
(red: flow towards the ultrasound probe, blue: flow away from the probe; scale for reference) in
COVID-19 may demonstrate diminished pulmonary perfusion [1]. (F) Atelectatic lung (vertical
arrow) within a pleural effusion (double arrow).

2. Materials and Methods

We consecutively enrolled patients in the anesthesiologic ICU at Sana Hospital Offen-
bach, Germany, who tested positive for SARS-CoV-2 in a polymerase chain reaction (PCR)
test of a nasopharyngeal swab. We excluded patients who were not examined via LUS
within 5 days after admission. All patients or their legal guardians gave informed consent.
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LUS was performed repeatedly every two days by one of two examiners (D.T.M. or
P.S.). If the examination interfered with proning schedules, follow-up examinations were
performed as soon as possible, either before or after the two-day interval. Using a Vivid
iq (GE Healthcare, Chicago, IL, USA) or a Sonosite X-Porte (Fujifilm Sonosite, Bothell,
WA, USA) ultrasound device with a convex probe, we performed two anterior scans per
the midclavicular line (2nd and 5th intercostal space, ICS) and two per posterior axillary
line (3rd and 6th ICS, Figure 2). This was performed in accordance with evidence-based
guidelines recommending scans of eight regions in point-of-care LUS [9]. Imaging artifacts
were noted, scoring 0 points for A-lines (Figure 1A), 1 point for three or more B-lines per
ICS (Figure 1B), 2 points for coalescent B-lines (Figure 1C), 3 points for consolidations
(Figure 1D), and 4 points for an atelectatic lung within a pleural effusion (Figure 1F). The
score could therefore range between 0 and 32 points. This scoring system reflects aeration
of pulmonary tissue, ranging from a completely aerated lung (when A-lines are present) to
complete absence of aeration (when the pleural cavity is occupied by effusion), with each
additional point reflecting a decrease in the air/fluid ratio of the lung tissue adjacent to
the pleura [4]. We selected this score from previous studies investigating ARDS [6], as we
expected to enroll patients with severe respiratory distress; however, we decided to add the
category of pleural effusion with an atelectatic lung analogous to other scoring systems [7]
as it reflects further deterioration of aeration compared to consolidation alone [4]. The
recorded images were also scored by the other examiner, blinded to the clinical presentation
for the assessment of interrater reliability (see below).
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Figure 2. Schematic sketch of the LUS areas assessed per hemithorax.

The arterial blood gas (BGA), oxygenation index (paO2/FiO2), and respiratory support
at the time of the examination were documented. Furthermore, plasma interleukin-6 (IL-6)
levels and the treatment with dexamethasone and tocilizumab were noted as markers of
disease severity. Other pulmonary infections were diagnosed through cultures or PCRs
from obtained sputum or bronchial lavage. All invasive procedures were performed
as part of regular patient care. The arterial BGA was recorded routinely three times
daily or more frequently as required, and the IL-6 levels were tested daily. The most
current BGA level that was obtained under the same respiratory support was used for
this study. Inspiratory oxygen (FiO2) was noted in patients receiving high-flow oxygen
(HFOT), invasive or non-invasive (NIV) ventilation, or ECMO therapy, and was estimated
in patients receiving low-flow oxygen (LFOT) over nasal cannulas or masks. In NIV
and invasive ventilation, positive end-expiratory pressure (PEEP) was documented. All
treatment decisions were part of ongoing patient care, in which neither D.T.M. nor P.S. was
involved. At each examination, the criteria of the Berlin classification for ARDS and the
World Health Organization (WHO) classification for the disease severity of COVID-19 were
applied [10,11]. Considering the amendment of the European Society of Intensive Care
Medicine (ESICM) to the ARDS definition in 2023 [12], we included the renewed ARDS
guidelines post hoc as well. The mortality was surveyed until patients were discharged or
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referred from our hospital. The trial received approval from the ethics committee of the
Chamber of Physicians of Hesse (2021-2478-evBO).

The normal variables are depicted as the mean ± standard deviation (SD), while the
ordinal or non-normally distributed variables are depicted as the median with interquartile
range (IQR). The frequencies are noted as a percentage. The continuous variables were
compared using either Student’s two-sided t-test, an analysis of variance (ANOVA), the
Wilcoxon–Mann–Whitney test, or the Kruskal–Wallis test depending on normality, which
was tested using the Shapiro–Wilk test. Polyserial correlation (ρ) was used to correlate
ordinal to continuous variables. Cutoff points of the LUS scores were based on receiver
operating characteristic (ROC) curves, reporting the corresponding area under the curve
(AUC), sensitivity (Sn), and specificity (Sp). Interrater reliability between the two observers
was calculated using a two-sided intraclass correlation (ICC) between the score of the
primary examiner and the score based on the blinded assessment of the same images by
the other examiner. We used GNU R 4.1.1 for analysis [13].

3. Results

Seventy-one LUS examinations were performed on 27 individual patients between
November 2021 and March 2022, and their mean age was 55.6 years ± 17.3. Eighteen
patients (66.7%) were male. The median score at the initial examination was 14 (IQR
8.5–17.5) and the highest score per patient was a median of 17 (IQR 12–19). The initial
exam was performed a median of one day after admission (IQR 1–2.5), and follow-up
examinations were performed a median of every two days (IQR 2–3). For the detailed scores
and timeframe, please see Figure 3. According to the WHO classification, in 50 instances
(70.4%) we witnessed severe COVID-19, while 21 examinations (29.6%) were performed for
moderate disease. In severe disease, the patients scored a median of 17 (IQR 14–18) on LUS,
compared to a median of 11 (IQR 6–14) in those with moderate COVID-19 at the time of
examination (p < 0.001). A cutoff score of 14 distinguished between moderate and severe
COVID-19 in this population, with Sn = 0.76 and Sp = 0.71 (AUC = 0.75).
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Figure 3. LUS scores of the patients over the course of the study. Patients who died are outlined in
dark red and survivors are outlined in blue. The fill of each dot corresponds to an individual patient
to avoid confusion in the overlapping plots. Asterisk: no respiratory support. Circle: supplemental
oxygen (LFOT or HFOT). Squares: NIV. Diamonds: invasive ventilation. Triangles: ECMO therapy.
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The median oxygenation index at the initial examination was 155.9 (IQR 117.6–242.3)
and the lowest oxygenation index per patient was a median of 71.5 (IQR 62.8–83.5).
The LUS score showed a negative correlation with the oxygenation index (ρ = −0.56,
p = 0.03, Figure 4a) and the changes in score correlated inversely to changes in oxygenation
(ρ = −0.41, p = 0.16, Figure 4b). When the score decreased between examinations, its corre-
lation to changes in oxygenation was stronger (ρ = −0.35, p = 0.1) compared to when the
score increased (ρ = 0.04, p = 0.26).
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Figure 4. (a) LUS score versus corresponding oxygenation (or Horovitz) index, ρ = −0.56. (b) Between
follow-up examinations, the change in LUS score correlates to changes in oxygenation (ρ = −0.41),
particularly when the score decreases (ρ = −0.35, blue line). In contrast, an increase in the score
barely correlates to a change in oxygenation (ρ = 0.04, red line) between follow-up examinations.
(c) LUS score according to disease severity, as indicated by required respiratory support (p < 0.01,
Kruskal–Wallis test). (d) Correlation of the score and serum IL-6 levels (ρ = 0.35).

Six patients (22.2%) died and twenty-one (77.8%) were referred alive. The median peak
score per patient in non-survivors was 18.5 (IQR 18–22), versus a median of 14 (IQR 7–19) in
survivors (p = 0.04). Calculating a cutoff of 18 for the highest score per patient (AUC = 0.79)
yielded Sn = 0.83 and Sp = 0.67 for a fatal outcome.

Superinfections were observed in twenty-nine instances among the 71 examinations
(40.8%): bacterial superinfection coincided in twelve, Aspergillus in two, and a combined
bacterial and fungal superinfection in fifteen instances, resulting in higher scores (median
17, IQR 14–19) than in patients without superinfection (median 14, IQR 10–17, p = 0.01).
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In three of the seventy-one examinations (4.2%), the patients required no respiratory
support (median score 2, IQR 1.5–8), and in thirty-nine (54.9%), they required either LFOT
or HFOT (median score 15, IQR 10.5–18). In ten (14.1%) examinations, the patients received
NIV (median score 16, IQR 13.25–17.75), thirteen (18.3%) were invasively ventilated (median
score 16, IQR 12–18), and six examinations (8.5%) were performed in one patient receiving
veno-venous ECMO therapy (median score 20.5, IQR 20–22.5); see Figure 4c. We did not
witness the extubation of invasively ventilated patients in our population, as they were
either referred or died before weaning from ventilation was possible. The scores of the
patient receiving ECMO were significantly higher than those under invasive ventilation
(p = 0.02), NIV (p = 0.03), or oxygen (p = 0.01); p > 0.05 for all other pairings. For the
prediction of ECMO, a cutoff score of 20 was calculated with Sn = 0.83 and Sp = 0.92
(AUC = 0.93).

The median IL-6 was 90.4 pg/mL (IQR 28.92–358.98), and the LUS score showed
a weak correlation with the IL-6 levels (ρ = 0.35, p < 0.001, Figure 4d). However, in
23 instances (32.4%), the patients received tocilizumab prior to LUS, corresponding to
higher plasma IL-6 levels (median 689.25 pg/mL, IQR 290.75–2151.0) compared to patients
naive to tocilizumab (IL-6 median 46.42 pg/mL, IQR 19.72–123.5; p < 0.001). Patients who
received tocilizumab had higher LUS scores (median 18, IQR 14–20) than those who did
not require this treatment (median 14.5, IQR 10–17, p < 0.001). Similarly, fifty-one (71.8%)
examinations with a median score of 17 (IQR 13–19) were performed after treatment with
dexamethasone, while patients naive to dexamethasone scored a median of 11.5 (IQR
5.5–16.25, p = 0.001).

Over the course of the seventy-one examinations, the Berlin criteria for ARDS were
positive in twenty-nine (40.8%) instances: four (5.6%) in mild, sixteen (22.5%) in moderate,
and nine (12.7%) in severe ARDS (Figure 5a). Among patients without ARDS, the median
score was 14.5 (IQR 10–17.75), while those with ARDS scored a median of 17 (IQR 13–19,
p = 0.03). The scores did not differ between the ARDS stages (p = 0.1) when assuming the
traditional Berlin definition. The post hoc analysis utilizing the renewed ARDS definition
published in 2023 by the ESICM [12] allowed the allocation of patients receiving HFOT
(and thus not diagnosed with ARDS according to the conventional definition) to the ARDS
stages (see Figure 5b). Within this new framework, the ARDS criteria were positive in fifty
(70.4%) examinations: eight (11.3%) in mild, twenty-nine (40.8%) in moderate, and thirteen
(18.3%) in severe ARDS. Comparing the ARDS stages, the LUS score differed significantly
when assuming the 2023 ARDS definition (p = 0.002). In instances when the ARDS criteria
were negative, patients scored lower (median 11, IQR 6–14) than in moderate (median
17, IQR 14–19, p = 0.01) or severe ARDS (median 18, IQR 15–20, p = 0.02). The scores in
mild ARDS (median 15, IQR 11.5–17) were not significantly different (p > 0.05 compared
to severe, moderate, or no ARDS). Considering the Berlin definition, a cutoff LUS score of
16 provided Sn = 0.62 and Sp = 0.6 for the diagnosis of ARDS (AUC = 0.65, Figure 5c). A
cutoff score of 14 predicts ARDS, according to the 2023 ESICM definition, with Sn = 0.76
and Sp = 0.71 (AUC = 0.75, Figure 5d).

The interrater reliability was ICC = 0.87 between the initial ultrasound examiner and
the blinded evaluation by the other examiner (p < 0.001).
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Figure 5. LUS score plotted against the different ARDS stages for both the (a) Berlin criteria [11] as
well as the (b) revised ARDS definition from the 2023 ESICM guidelines [12]. ARDS stages cannot
be discerned via LUS when using the Berlin definition (p = 0.1, Kruskal–Wallis test). Being able
to diagnose ARDS in patients receiving HFOT (b) allows for a more effective distinction between
disease stages (p = 0.002, Kruskal–Wallis test), as less invasive respiratory support is often preferred
in COVID-19 patients. In ROC analysis, the calculated cutoff for ARDS when assuming the Berlin
criteria (c) is less accurate (AUC = 0.65) than the cutoff within the revised framework in the ESICM
guidelines (AUC = 0.75, (d)).

4. Discussion

Our results indicate a relationship between the score and the severity of pulmonary
disease in this population. Moderate and severe disease as defined by the WHO [10] could
be discriminated, which is similar to previous studies [14]. However, no patients with mild
disease were included in this study, and no cutoff for mild disease could be calculated.

The score shows a moderate correlation with oxygenation impairment as indicated
by the oxygenation (or Horovitz) index (Figure 4a). LUS primarily assesses ventilation
as well as interstitial pathologies. However, COVID-19 also disrupts lung perfusion by
promoting thromboembolic events and right-to-left-shunting by impairing hypoxic vaso-
constriction [15,16]. Sonographic assessment of pulmonary perfusion is limited, as it
can only be evaluated peripherally when consolidations are present [1,17]. Although the
pulmonary perfusion deficit appears to be qualitatively representable on color Doppler
ultrasonography of consolidations (see Figure 1E) [1], no quantitative sonographic mea-
surements or diagnostic criteria are available at this point. Furthermore, not all patients
with impaired pulmonary perfusion will present with conveniently located consolidations
that can be utilized as ultrasound windows. LUS may, therefore, not depict all aspects of
the pathophysiology of COVID-19, resulting in the broad range of the observed oxygena-
tion indices. Differently sized consolidations will also yield the same scoring, although
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the limitation of the regional ventilation might be different for small subpleural or large
segmental and lobar consolidations. However, implementing an overly complicated score
that would appreciate all facets and configurations of possibly encountered image artifacts
would be impractical for clinical use. The score is, mathematically speaking, an ordinal
variable; the arbitrary intervals do not reflect identical increments in respiratory impair-
ment. We attempted to address this by using an appropriate polyserial correlation model
that accounts for correlation analysis between ordinal and continuous variables [18]. The
change in score furthermore correlates to changes in oxygenation between examinations
(Figure 4b). Decreasing scores might indicate a resolving pathology, as suggested by the
stronger correlation between negative changes in score and corresponding improvement in
oxygenation. Similarly, a study in patients receiving ECMO therapy prior to the COVID-19
pandemic found that survivors’ LUS scores decreased over the course of treatment, as op-
posed to non-survivors’ scores [8]. LUS could, therefore, be utilized to monitor pulmonary
involvement over time, particularly due to its availability in the ICU and lack of irradiation.

Correlation with other parameters of disease progression, such as superinfection and
the requirement of pharmacological treatment, further supports the relationship between
the score and the severity of illness. Patients receiving dexamethasone or tocilizumab
scored significantly higher than patients who did not require these therapies, which were
experimental treatments at the time of this investigation and were employed in critically ill
patients with COVID-19 [19,20]. Although the LUS score appears to reflect higher serum
IL-6 in correlation analysis, this finding may be influenced by the treatment the patients
received; statistical analysis might be distorted when sicker patients requiring tocilizumab
(which might influence serum IL-6 [21]) present with increased IL-6 levels because of it.
However, we also cannot rule out that patients who required tocilizumab had higher IL-6
levels independently of their treatment, as they had more severe illness warranting the use
of this therapy.

The Berlin definition, consisting of acute onset (within 7 days) of lung injury with
bilateral pulmonary opacities not explained by cardiac disease, impaired oxygenation, and
ventilation with a PEEP of at least 5 mbar, is widely used to classify ARDS [11]. Although
patients who fulfilled the Berlin definition did have higher scores than those who did
not, the largely overlapping scores (Figure 5a) render it difficult to predict the diagnosis
based on LUS alone. Conventionally, management of ARDS aims to treat the underlying
cause while providing mechanical ventilation with PEEP [11,22]. However, in the care of
lung injury due to COVID-19, awake proning and less invasive respiratory support are
favored [23,24]. Therefore, we saw patients not formally meeting the Berlin definition (as
no PEEP was applied), but with severely impaired oxygenation. The 2023 amendment by
the ESICM to the ARDS definition, however, allows for the diagnosis of ARDS in patients
receiving HFOT [12], and LUS discerns ARDS in post hoc analyses incorporating the
current definition (Figure 5). As LUS scores still overlap between the groups, mild ARDS
cannot be discerned from cases without ARDS or moderate and severe ARDS; however,
patients with moderate and severe ARDS score significantly higher than those not meeting
the ARDS definition. The cutoff score of 14 discriminates ARDS, according to the 2023
revised ESICM definition, with more reasonable sensitivity and specificity in our population
compared to the cutoff score of 16 for the Berlin definition (Figure 5c,d). These findings
contrast the results in ARDS patients before the COVID-19 pandemic. A study prior to
the pandemic identified a cutoff of 5 for the diagnosis of ARDS using a similar scoring
system [6], while the majority of patients in our study scored considerably higher than that
even in the absence of ARDS, regardless of the definition considered. Presumably, the more
conventional treatment strategies prior to the pandemic, including early intubation and
mechanical ventilation, allowed for an earlier diagnosis of ARDS and, therefore, stronger
discriminatory power [6]. Similar to this study, the score could not distinguish between the
different stages of ARDS in our population either. A meta-analysis of previously published
studies comparing the LUS score to the severity of COVID-19 found a broad range for
different stages of illness as defined by the WHO, as well [14]. However, our present study



Diagnostics 2023, 13, 3446 9 of 11

also investigated the correlation of the score to individual markers of disease severity, such
as oxygenation index, respiratory support, plasma IL-6, and pharmacological treatment, in
addition to the composite (WHO and ARDS) classifications.

The calculated cutoff values are not generalizable due to the small number of exami-
nations that were analyzed. Keeping in mind that a single diagnostic parameter is usually
insufficient to predict mortality or the diagnosis of ARDS, the significantly higher scores in
severe COVID-19, ARDS, and in non-survivors may be indicative of an underlying statisti-
cal effect. The cutoffs may at least help to identify patients at low risk, as suggested by the
high sensitivity in predicting severe disease and mortality. However, the low specificity
for the mortality cutoff renders the prediction of patients at high risk of a fatal outcome
much more challenging. All examinations under ECMO therapy consistently yielded
similarly high scores as in previous studies [8], and future research into the prediction of
extracorporeal oxygenation in ARDS could be a promising application of the LUS score.
The requirement for ECMO cannot be predicted from our results due to the low number
of examinations in only one patient of our study population who received ECMO (see
Figure 3).

Since the primary examiner could not be blinded to the patients, the LUS examination
results may have been biased according to the patients’ clinical presentation. The blinded
secondary evaluation, however, showed a high level of agreement with ICC = 0.87, which
can be considered an excellent agreement [25], emphasizing the objectiveness of the score.
This finding of high interrater reliability furthermore reduces the risk there was observa-
tional bias from the primary examiner who, consciously or not, witnessed other indicators
of disease severity during the examination. Previous studies also demonstrated a strong
correlation between the sonographic aeration score and computed tomography (CT) in
COVID-19 [26], suggesting a robust agreement among imaging modalities. However, as
LUS only assesses pulmonary tissue adjacent to the pleura, it cannot fully replace CT in
pulmonary imaging.

Repeating examinations in the same patients may have disproportionately weighted
the LUS results of sicker patients in the analysis, which could impair its validity. Further-
more, we chose a scoring system that does not assess posterior lung regions; as previous
studies demonstrated the high prevalence of sonographic abnormalities in the dorsobasal
lungs of critically ill patients, these could adversely influence the false positive rate and
noise-to-signal ratio in interpreting the LUS findings [6,27]. Additionally, the comparison
with previous studies on LUS scores is difficult, as the scoring system and number of views
differ among published articles in the past [6–8,14].

Although our observations suggest the usefulness of LUS for monitoring patients
in the critical care setting over time, the relevance is limited due to the sample size and
possible bias towards sicker patients. Distinct advantages of LUS are its bedside application,
avoiding transport of critically ill patients, and the lack of irradiation. The score furthermore
appears to reflect trends in oxygenation, and the observed cutoff values may assist with
risk stratification regarding which patients face higher mortality. The values we calculated
cannot be generalized to larger populations, and future research is necessary to evaluate
the feasibility of these cutoffs. Our findings furthermore underline the broad range of
COVID-19-associated lung injuries and consecutive differences from studies in pulmonary
disease prior to the pandemic.

Author Contributions: Conceptualization: D.T.M., T.S. and H.M. Ultrasound Investigation: D.T.M.
and P.S. Formal Analysis: D.T.M. Visualization: D.T.M. and P.S. Writing—Original Draft: D.T.M.
Writing—Review and Editing: P.S, T.S., D.G.-S. and H.M. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of the Chamber of Physicians of
Hesse, Germany (protocol code 2021-2478-evBO, date of approval 9 September 2021).



Diagnostics 2023, 13, 3446 10 of 11

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: As agreed upon with the ethics committee, patient data will not be
publicly available.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Seibel, A.; Heinz, W.; Greim, C.A.; Weber, S. Lungensonographie bei COVID-19. Anaesthesist 2021, 70, 146–154. [CrossRef]

[PubMed]
2. Tung-Chen, Y.; de Gracia, M.M.; Díez-Tascón, A.; Alonso-Gonzalez, R.; Agudo-Fernández, S.; Parra-Gordo, M.L.; Ossaba-Velez, S.;

Rodríguez-Fuertes, P.; Llamas-Fuentes, R. Correlation between Chest Computed Tomography and Lung Ultrasonography in
Patients with Coronavirus Disease 2019 (COVID-19). Ultrasound Med. Biol. 2020, 46, 2918–2926. [CrossRef] [PubMed]

3. Neto, M.J.F.; Rahal, A., Jr.; Vieira, F.A.C.; da Silva, P.S.D.; de Gusmão Funari, M.B. Advances in lung ultrasound. Einstein 2016, 14,
443–448. [CrossRef] [PubMed]

4. Lichtenstein, D.A. Whole Body Ultrasonography in the Critically Ill; Springer: Berlin/Heidelberg, Germany, 2010.
5. Wiese, C.H.R.; Bartels, U.; Fraatz, W.; Bahr, J.; Zausig, Y.A.; Quintel, M.; Graf, B.M. Innerklinische Transporte von kritisch kranken

Patienten: Eine besondere Herausforderung in der klinischen Versorgung. Anästh Intensiv. 2008, 49, 125–133.
6. Pisani, L.; Vercesi, V.; van Tongeren, P.S.I.; Lagrand, W.K.; Leopold, S.J.; Huson, M.A.; Henwood, P.C.; Walden, A.; Smit, M.R.;

Riviello, E.D.; et al. The diagnostic accuracy for ARDS of global versus regional lung ultrasound scores—A post hoc analysis of
an observational study in invasively ventilated ICU patients. Intensive Care Med. Exp. 2019, 7 (Suppl. S1), 44. [CrossRef]

7. Haji, K.; Haji, D.; Canty, D.J.; Royse, A.G.; Green, C.; Royse, C.F. The impact of heart, lung and diaphragmatic ultrasound on
prediction of failed extubation from mechanical ventilation in critically ill patients: A prospective observational pilot study. Crit.
Ultrasound J. 2018, 10, 13. [CrossRef]

8. Lu, X.; Arbelot, C.; Schreiber, A.; Langeron, O.; Monsel, A.; Lu, Q. Ultrasound Assessment of Lung Aeration in Subjects Supported
by Venovenous Extracorporeal Membrane Oxygenation. Respir. Care 2019, 64, 1478–1487. [CrossRef]

9. Volpicelli, G.; Elbarbary, M.; Blaivas, M.; Lichtenstein, D.A.; Mathis, G.; Kirkpatrick, A.W.; Melniker, L.; Gargani, L.; Noble, V.E.;
Via, G.; et al. International evidence-based recommendations for point-of-care lung ultrasound. Intensive Care Med. 2012, 38,
577–591. [CrossRef]

10. WHO Working Group on the Clinical Characterisation and Management of COVID-19 Infection. A minimal common outcome
measure set for COVID-19 clinical research. Lancet Infect. Dis. 2020, 20, e192–e197. [CrossRef]

11. The ARDS Definition Task Force. Acute Respiratory Distress Syndrome. JAMA 2012, 75, 843–847.
12. Grasselli, G.; Calfee, C.S.; Camporata, L.; Poole, D.; Amato, M.B.; Antonelli, M.; Arabi, Y.M.; Baroncelli, F.; Beitler, J.R.; Bellani,

G.; et al. ESICM guidelines on acute respiratory distress syndrome: Definition, phenotyping and respiratory support strategies.
Intensive Care Med. 2023, 49, 727–795. [CrossRef] [PubMed]

13. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,
Austria, 2021.

14. Song, G.; Qiao, W.; Wang, X.; Yu, X. Association of Lung Ultrasound Score with Mortality and Severity of COVID-19: A
Meta-Analysis and Trial Sequential Analysis. Int. J. Infect. Dis. 2021, 108, 603–609. [CrossRef]

15. Dhont, S.; Derom, E.; Van Braeckel, E.; Depuydt, P.; Lambrecht, B.N. The pathophysiology of ’happy’ hypoxemia in COVID-19.
Respir. Res. 2020, 21, 198. [CrossRef] [PubMed]

16. Connors, J.M.; Levy, J.H. COVID-19 and its implications for thrombosis and anticoagulation. Blood 2020, 135, 2033–2040.
[CrossRef] [PubMed]

17. Bartelt, S.; Trenker, C.; Görg, C.; Neesse, A. Contrast-Enhanced Ultrasound of Embolic Consolidations in Patients with Pulmonary
Embolism: A Pilot Study. J. Clin. Ultrasound 2016, 44, 129–135. [CrossRef]

18. Olsson, U.; Drasgow, F.; Dorans, N.J. The polyserial correlation coefficient. Psychometrika 1982, 47, 337–347. [CrossRef]
19. Noreen, S.; Maqbool, I.; Madni, A. Dexamethasone: Therapeutic potential, risks, and future projection during COVID-19

pandemic. Eur. J. Pharmacol. 2021, 894, 173854. [CrossRef]
20. Klopfenstein, T.; Gendrin, V.; Kadiane-Oussou, N.J.; Conrozier, T.; Zayet, S.; HNF Hospital Tocilizumab Multidisciplinary Team.

Tocilizumab in COVID-19 pneumonia. Practical proposals based on a narrative review of randomised trials. Rev. Med. Virol. 2022,
32, e2239. [CrossRef]

21. Galvan-Roman, J.M.; Rodriguez-Garcia, S.C.; Roy-Vallejo, E.; Marcos-Jiménez, A.; Sánchez-Alonso, S.; Fernández-Díaz, C.;
Alcaraz-Serna, A.; Mateu-Albero, T.; Rodríguez-Cortes, P.; Sánchez-Cerrillo, I.; et al. IL-6 serum levels predict severity and
response to tocilizumab in COVID-19: An observational study. J. Allergy Clin. Immunol. 2021, 147, 72–80.e8. [CrossRef]

22. Ware, L.B.; Matthay, M.A. The Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2000, 342, 1334–1349. [CrossRef]
23. Lyons, C.; Callaghan, M. The use of high-flow nasal oxygen in COVID-19. Anaesthesia 2020, 75, 843–847. [CrossRef] [PubMed]
24. Cardona, S.; Downing, J.; Alfalasi, R.; Bzhilyanskaya, V.; Milzman, D.; Rehan, M.; Schwartz, B.; Yardi, I.; Yazdanpanah, F.; Tran,

Q.K. Intubation rate of patients with hypoxia due to COVID-19 treated with awake proning: A meta-analysis. Am. J. Emerg. Med.
2021, 43, 88–96. [CrossRef] [PubMed]

https://doi.org/10.1007/s00101-020-00883-7
https://www.ncbi.nlm.nih.gov/pubmed/33185697
https://doi.org/10.1016/j.ultrasmedbio.2020.07.003
https://www.ncbi.nlm.nih.gov/pubmed/32771222
https://doi.org/10.1590/S1679-45082016MD3557
https://www.ncbi.nlm.nih.gov/pubmed/27759836
https://doi.org/10.1186/s40635-019-0241-6
https://doi.org/10.1186/s13089-018-0096-1
https://doi.org/10.4187/respcare.06907
https://doi.org/10.1007/s00134-012-2513-4
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1007/s00134-023-07050-7
https://www.ncbi.nlm.nih.gov/pubmed/37326646
https://doi.org/10.1016/j.ijid.2021.06.026
https://doi.org/10.1186/s12931-020-01462-5
https://www.ncbi.nlm.nih.gov/pubmed/32723327
https://doi.org/10.1182/blood.2020006000
https://www.ncbi.nlm.nih.gov/pubmed/32339221
https://doi.org/10.1002/jcu.22313
https://doi.org/10.1007/BF02294164
https://doi.org/10.1016/j.ejphar.2021.173854
https://doi.org/10.1002/rmv.2239
https://doi.org/10.1016/j.jaci.2020.09.018
https://doi.org/10.1056/NEJM200005043421806
https://doi.org/10.1111/anae.15073
https://www.ncbi.nlm.nih.gov/pubmed/32246843
https://doi.org/10.1016/j.ajem.2021.01.058
https://www.ncbi.nlm.nih.gov/pubmed/33550104


Diagnostics 2023, 13, 3446 11 of 11

25. Hallgren, K.A. Computing Inter-Rater Reliability for Observational Data: An Overview and Tutorial. Tutor. Quant. Methods
Psychol. 2012, 8, 23–34. [CrossRef] [PubMed]

26. Kalkanis, A.; Schepers, C.; Louvaris, Z.; Godinas, L.; Wauters, E.; Testelmans, D.; Lorent, N.; Van Mol, P.; Wauters, J.; De Wever,
W.; et al. Lung Aeration in COVID-19 Pneumonia by Ultrasonography and Computed Tomography. J. Clin. Med. 2022, 11, 2718.
[CrossRef] [PubMed]

27. Goffi, A.; Kruisselbrink, R.; Volpicelli, G. The sound of air: Point-of-care lung ultrasound in perioperative medicine. Can. J. Anesth.
2018, 65, 399–416. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.20982/tqmp.08.1.p023
https://www.ncbi.nlm.nih.gov/pubmed/22833776
https://doi.org/10.3390/jcm11102718
https://www.ncbi.nlm.nih.gov/pubmed/35628846
https://doi.org/10.1007/s12630-018-1062-x

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

