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ABSTRACT

Background: Currently, the role of lung ultrasound (LUS) in the diagnosis and treatment of patients with septic
shock is widely recognized. Various LUS protocols and scoring criteria have been proposed, yet a unified LUS pro-
tocol for assessing lung water in these patients remains lacking.

Methods: Forty-six septic shock patients underwent LUS with three scanning schemes (4-region, 8-region, BLUE)
alongside pulse indicated continuous cardiac output (PiCCO) monitoring. Spearman correlation analysis was used
to compare the correlation between the three ultrasound scoring schemes, PiCCO and other clinical laboratory
indicators. At the same time, the value of three LUS protocols for assessing pulmonary water in septic shock pa-
tients was evaluated using receiver operating characteristic (ROC) analysis.

Results: Spearman's correlation analysis showed a significant correlation between extravascular lung water index
(EVLWI) and 4-region, 8-region, or the Bedside Lung Ultrasound Examination (BLUE) protocol. More importantly,
the BLUE protocol showed a stronger correlation with EVLWI than the 4-region protocol and the 8-region protocol
(r=0.634, 0.458, 0.546, p<0.001). The ROC curve analysis showed that ultrasound protocols could predict the
early occurrence of pulmonary edema in septic shock patients (EVLWI>7 mL/kg), diagnosis of pulmonary edema
(EVLWI>10 mL/kg), and evaluation of pulmonary fluid severity (EVLWI>=15 mL/kg).

Conclusions: Our study found that septic shock patients were prone to pulmonary edema during fluid resuscita-
tion, and ultrasound scoring could help us quantify pulmonary edema. Among the 4-region, 8-region and BLUE
protocols, the BLUE protocol shows relatively better overall performance in predicting lung water elevation and
evaluating edema severity.
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Introduction

Septic shock is a dysregulated immune response
caused by infection, which leads to microcirculation
changes and organ dysfunction (1). According to a
study published in The Lancet, there are more than 10
million new cases of septic shock worldwide every year,
with a mortality rate of 50% (2). Fluid resuscitation is
considered the primary measure for the treatment of
patients with septic shock. It can rapidly supplement
circulating blood volume, restore preload, improve
peripheral tissue perfusion, and ultimately reduce the
mortality of patients with septic shock (3).

Without proper evaluation and close monitoring,
once the fluid volume exceeds a certain limit, it can
lead to fluid overload and serious effects (4). Espe-
cially for the lung, the inflammation itself leads to the
destruction of the pulmonary capillary barrier. At the
same time, a large amount of fluid input will increase
hydrostatic pressure and further aggravate edema (5).
At present, there are many fluid responsiveness as-
sessment methods to guide fluid resuscitation, such as
the passive leg raising test (6), the inferior vena cava
diameter (7), and so on. However, these methods are
not only limited by many conditions, but also cannot
monitor the volume status of patients in real time (8).
Chest computed tomography and bedside chest radi-
ography are commonly used in the diagnosis of pulmo-
nary edema (9,10), but they are time-consuming and
expose patients to ionizing radiation, making repeated
examinations difficult. At the same time, these tests
can only diagnose pulmonary edema, but lack a quan-
titative assessment of lung water content.

Pulse-indicated output
(PiCCO) can be used to monitor extravascular lung
water index (EVLWI) (11), cardiac output (CO),
polyvinylpyrrolidone iodine (PVPI), and other indica-

continuous  cardiac

tors, which can effectively reflect the dynamic changes
of body fluid. However, PiCCO monitoring also has
limitations: (1) PiCCO requires specific instruments,
which are expensive and difficult to carry out in pri-
mary hospitals (12). (2) PiCCO is invasive hemody-
namic monitoring, which can not be carried out for
patients with local skin infection at the puncture site
or abnormal coagulation function. At the same time,
partial lung resection, pneumothorax, and serious

arrhythmia can lead to invalid or large error measure-
ment results (13). (3) EVLWI represent global lung
water content rather than regional lung water content.
Therefore, there is an urgent need to find a simple, less
contraindicated, and repeatable method for monitor-
ing extravascular lung water.

In recent years, the role of lung ultrasonogra-
phy in diagnosing and treating patients with septic
shock has been widely recognized, especially since the
COVID-19 pandemic (14). Lung ultrasound (LUS)
has been widely used in atelectasis, pneumothorax,
pneumonia, pulmonary edema, and other diseases
(15,16). Compared with PiCCO, LUS presents intui-
tive images, and can be performed multiple times for
different patients at any time to observe the dynamic
changes of the disease.

B-line is a valuable sonographic indication of
pulmonary edema. Some studies have quantified lung
water according to the distribution and morphology
of B-line (17). However, on the one hand, it has been
proposed that LUS score may lead to overestimation
of local pathological status. Such quantitative or semi-
quantitative assessment schemes are controversial (18).
On the other hand, the areas of LUS examination are
diverse, including 28-region, 12-region, 8-region, and
4-region (19,20,21). At the same time, some experts
have proposed the bedside lung ultrasound examina-
tion (BLUE) for critically ill patients (22). In addition,
there are many scoring standards corresponding to the
examination protocols. There is a lack of a unified ul-
trasound protocol to guide the assessment of lung wa-
ter in patients with septic shock because of the large
number of ultrasound protocols and their correspond-
ing scores.

Therefore, we designed this experiment and se-
lected patients with septic shock as the research
subjects. Patients underwent simultaneous PiCCO
monitoring and LUS examination. The ultrasound
scoring scheme recognized by the current authorita-
tive journals and their corresponding scoring stand-
ards included 8-region and 4-region. In addition, we
also innovatively combined the BLUE scheme with
the widely used semi-quantitative scoring method. On
the one hand, the correlation between these three LUS
protocols and other variables was compared. On the
other hand, we also compared the value of different
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ultrasound schemes for assessing the severity of pul-
monary edema based on specific EVLWI levels, to
identify a suitable and convenient zoning scheme and
scoring standard for monitoring extravascular lung
water in patients with septic shock. Although lung
ultrasound has been validated for semi-quantitative
evaluation of extravascular lung water in critically ill
patients, there remains a lack of unified consensus on
the optimal bedside scanning protocol. The novelty
of this study is that we, for the first time, applied a
standardized semi-quantitative scoring system to the
BLUE protocol and directly compared it with the clas-
sic 4-region and 8-region lung ultrasound protocols.
This head-to-head comparison provides simple, clini-
cally applicable evidence for selecting the optimal lung
ultrasound scheme in bedside hemodynamic manage-
ment of patients with septic shock.

Patients and methods

Patient selection

Patients with septic shock admitted to the ICU of
the Third Afhiliated Hospital of Soochow University
from February 2021 to February 2023 were enrolled.
This study was approved by the Ethics Committee of
the Third Afhliated Hospital of Soochow University
and registered in the Chinese Clinical Trial Register
(clinical trial number: ChiCTR2100041999).

The inclusion criteria were (1) Diagnosis of septic
shock (refer to diagnostic criteria of Sepsis-3.0) (1); (2)
PiCCO monitoring was performed; (3) Age > 18 years
old. The exclusion criteria were (1) Trauma, wound
dressing, prone position, and other reasons affecting
ultrasound examination; (2) Circulatory instability.

Clinical and laboratory data

Fluid resuscitation was performed as soon as sep-
tic shock was diagnosed. Fluid resuscitation was per-
formed according to the patient's condition and the
criteria recommended by the Survival Sepsis Cam-
paign. PiCCO parameters were collected within 24
hours after enrollment. Ultrasound scans with dif-
ferent protocols were performed immediately after

PiCCO. Clinical and laboratory data were recorded on
the day of ultrasound examination.

General demographic data: gender, age, source of
infection, acute physiology and chronic health evalua-
tion score in ICU, sequential organ failure score, 28-
day mortality, and hospital mortality.

Laboratory data: white blood cell (WBC), neu-
trophil (NEU), hemoglobin (Hb), C-reactive protein
(CRP), procalcitonin (PCT), B-type natriuretic pep-
tide (BNP), albumin (Alb), lactic acid (Lac), and cre-
atinine (Cr). Blood gas analysis was performed during
PiCCO measurement, and the oxygenation index (ar-
terial oxygen pressure/fraction of inspired oxygen) was
calculated according to the blood gas results.

PiCCO monitoring

PiCCO data were collected using a system de-
signed by PULSION, Germany. The subclavian or
internal jugular vein catheter was selected as the cen-
tral vein for connection to the pressure transducer and
monitor. The patient was placed in the supine position,
and the nurse measured the central venous pressure
(CVP). PiCCO measurement was performed by the
attending physician: after a rapid injection of 20 mL
of 0°C 0.9% saline into the central vein, the arterial
temperature was monitored with a temperature sensor
in the femoral artery catheter to obtain a thermodilu-
tion curve. After three consecutive injections, EVLWI,
pulmonary vascular permeability index (PVPI), car-
diac output index (CI) and global end diastolic volume
index (GEDVI) were calculated.

According to the literature, increased lung water
was defined as EVLWI>7 mL/kg (23), lung edema
was defined as EVLWI>10 mL/kg (24). A cut-off of
EVLWI>15 was chosen for severe edema (25).

Ultrasound examination and scoring

Lung ultrasound images were acquired using a
Konica Minolta ultrasound machine by physicians who
were specially trained in lung ultrasound and were not
involved in the diagnosis and treatment of patients. The
2-5 MHz curved array probe was used for examination.

We selected lung ultrasound score of 4-region

(LUS,), 8-region (LUSg) and BLUE (LUS,), which
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were convenient for the operation of critically ill pa-
tients. The scanning methods and scoring criteria were
referred to authoritative magazines. The three pro-
tocols and their scoring methods are as follows: (1)
LUS,: The 3rd and 6th intercostal Spaces of the bi-
lateral anterior chest were scanned. The number of B-
lines in each partition was counted. Finally summed to
calculate the total score of the 4-region(19). (2) LUSg:
The lungs were divided into eight regions based on the
parasternal line, anterior axillary line, posterior axil-
lary line and bilateral nipple line (Table 1) (21, 22). (3)
LUS,: Based on the size of the patient's hand as the
standard, the two index fingers are placed on the chest
wall, the left hand is on the top, and the right hand is
on the bottom. Superior blue point: between the third
and fourth palm fingers above. Lower blue point: the
palm of the right hand. Diaphragm point: the inter-
section of the little finger of the lower hand and the
midaxillary line. The posterolateral alveolar and/or
pleural syndrome (PLAPS) point: the intersection of
the posterior axillary line and the lower blue dot (26).

Statistical analysis

IBM Corp SPSS 25.0 (Armonk, NY, USA) was
used for statistical analysis of the data. GraphPad
Prism 8 and ChiPlot tools were used to plot. Data
with normal distribution were shown as mean * stand-
ard deviation. Skewed distribution data were shown
as median (25%-75% interquartile ranges). We used
the Student's t-test, Fisher's exact test, and the Mann-
Whitney U-test according to the variables evaluated.
Count data were expressed as rate (%) and compared
by chi-squared test.

Spearman correlation analysis was performed
between different ultrasound scores and laboratory
indicators. Finally, we performed ROC curves to
analyze the diagnostic value of different ultrasound
scores in evaluating the severity of pulmonary edema.

Table 1. LUSg and LUS,, scoring system.

A post-hoc power analysis was performed for the pri-
mary endpoint (correlation between BLUE protocol
score and EVLWI). With an effect size of r=0.634,
two-tailed a=0.05, and sample size n=46, the statistical
power was calculated to be 76.9%, confirming that the
current sample size was sufficient for the core statisti-
cal analysis.

Results

Clinical characteristics of 46 patients with
septic shock

A total of 50 patients were identified, 4 were ex-
cluded from this study: 2 patients with pneumothorax
and severe subcutaneous emphysema, 1 patient with
severe circulatory instability, and 1 patient with chest
dressing coverage affecting the examination. Table 2
shows the clinical characteristics of 46 patients with
septic shock who were ultimately included. There were
32 males (69.6%). The age of patients ranged from 40
to 94 years, with an average age of 65.80+15.78 years.
The average BMI of the patients was 22.49+2.52 kg/
m?. Pulmonary infection was the main primary in-
fection, accounting for 43.5% of the total. Regarding
ventilatory status, 44 patients (95.7%) received me-
chanical ventilation, and 2 patients (4.3%) breathed
spontaneously without ventilatory support.

Extravascular lung water increased in 70% of pa-
tients (EVLWI>7 mL/kg). 37% of patients had pul-
monary edema (EVLWI>10 mL/kg). The PiCCO
parameters and the total scores of the three ultra-
sound protocols are shown in Table 3. EVLWI was
9.50(7.00-12.25) within 24 hours of fluid resuscitation.
At the same time, the total score of 4-sector protocol
was 2.50(0.75-7.00), while the total score of 8-sector
and BLUE protocol was 8.30+5.18 and 7.72+4.44, re-
spectively. The EVLWI and corresponding ultrasound

Moderate loss of lung | Severe loss of lung
Normal aeration aeration aeration Pulmonary consolidation
score 0 1 2 3
ultrasound A line/one or two three or more B-lines multiple coalescent the presence of a tissue
patterns B-lines B-lines pattern
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Table 2. Patients Clinical Characteristics.

Variable
Age (years) 65.80+15.78
Male (n, %) 32(69.6)
BMI (kg/m?) 22.49:2.52
APACHE I 26.83+6.91
SOFA 10.17+3.37
Infection sites (n, %)
pulmonary infections 20(43.5)
abdominal infection 19(41.3)
urinary tract infection 4(8.7)
Other 3(6.5)
WBC (10°/L) 10.59(7.17-16.28)
NEU (%) 89.50(86.00-94.13)
PCT (ng/mL) 6.40(1.31-38.16)
BNP (pg/mL) 864.85(333.50-2298.65)
CRP (mg/L) 126.55(37.95-207.58)
Hb (¢/L) 104.41+21.99
Alb (/L) 33.05+7.46
Lac (mmol/L) 2.70(1.88-4.58)
PaO,/FiO, (mmHg) 305.83+105.39
28-day mortality (n, %) 20(43.5)
hospital mortality (n, %) 25(54.3)

Abbreviations: APACHE II: acute physiology and chronic health evalu-
ation; Alb: albumin; BMI: body mass index; BNP: B-type natriuretic
peptide; CRP: C-reactive protein; Hb, hemoglobin; Lac, lactic acid;
NEU: neutrophil; PaO,/FiO,, arterial oxygen pressure/fraction of in-
spired oxygen; PCT: procalcitonin; WBC: white blood cell.

Table 3. PiCCO parameters and the total scores of the three
ultrasound protocols.

Variable

CVP (mmHg) 14.07+5.22
CI[L/(min'm?)] 2.98+1.03
GEDVI (mL/m?) 855.20+181.68
EVLWI (mL/kg) 9.50(7.00-12.25)
PVPI 1.60(1.30-2.00)
LUS, 2.50(0.75-7.00)
LUS, 8.30+5.18
LUS, 7.72+4.44

Abbreviations: CVP: central venous pressure; CI: cardiac output index;
GEDVT, global end diastolic volume index; EVLWI: extravascular lung
water index; PVPI: pulmonary vascular permeability index.

scores of 46 patients with septic shock are shown in
Figure 1.

Correlation between different variables

Spearman correlation coeflicient was used to ana-
lyze the correlation of 18 variables including PiCCO
monitoring indicators, ultrasound score and clinical
data. The correlation heatmap (Figure 2) was used to
show the correlations between them. Spearman rank
correlation coeflicient r values are presented in differ-
ent colors in the heat map.

The results showed a significant positive corre-
lation between EVLWI and the scores of the three
protocols (p < 0.05), with the BLUE scoring scheme
showing the strongest correlation with EVLWI
(r=0.634). To formally compare the strength of cor-
relations, Fisher’s z-transformation was performed.
The BLUE protocol showed a significantly stronger
correlation with EVLWI than the 4-region proto-
col (z=2.01, p=0.044). The correlation of the BLUE
protocol was also numerically higher than that of the
8-region protocol, although the difference did not
reach statistical significance (z=1.25, p=0.211). The
linear correlations between the three scoring schemes
and EVLWTI are described in Figure 3.

In addition, the BLUE and 8-region protocols
were found to be significantly negatively correlated
with the oxygenation index, with the highest correla-
tion observed for the BLUE protocol (r=0.417). How-
ever, there was no significant correlation between the
4-region protocol and PaO,/FiO, (p>0.05), probably
because it only collected the number of B-lines of the
anterior chest wall. The correlation between ultrasound

score and PaO,/FiO, is depicted in Figure 4.

Predictive value of three ultrasound protocols
for the severity of lung water

The ROC curve was drawn to analyze the pre-
dictive value of 4-region, 8-region, and BLUE pro-
tocol for the severity of pulmonary edema in patients
with septic shock. Fortunately, we found that all three
protocols show excellent predictive performance for
assessing the severity of pulmonary edema in sep-
tic shock, as shown in Table 4. First of all, compared
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Table 4. PiICCO parameters and the total scores of the three ultrasound protocols.

EVLWI

level p Youden Sensitivity Specificity

(mL/kg) Protocol | AUC 95%CI value index cut-off point (%) (%)

EVLWI>7 LUS, 0.685 0.522-0.848 0.048 0.362 1.50 71.9 64.3
LUS, 0.688 0.524-0.851 0.045 0.299 7.50 65.6 64.3
BLUE 0.739 0.589-0.889 0.011 0.384 5.50 81.3 57.1

EVLWI>10 | LUS, 0.755 0.605-0.904 0.004 0.434 1.50 88.2 55.2
LUS, 0.765 0.620-0.910 0.003 0.460 12.5 52.9 93.1
BLUE 0.775 0.637-0.913 0.002 0.460 11.5 52.9 93.1

EVLWI=15 | LUS, 0.799 0.578-1 0.013 0.601 5.50 85.7 74.4
LUS, 0.835 0.667-1 0.005 0.729 12.5 85.7 87.2
BLUE 0.886 0.760-1 0.001 0.755 12.5 85.7 89.7

Abbreviations: AUC: area under the curve; EVLWI: extravascular lung water index.

with the 4-region and 8-region protocols, the BLUE
protocol had a higher diagnostic value for pulmonary
edema, with an area under the ROC curve (AUC) of
0.775, and high specificity and sensitivity (specific-
ity 93.1%, sensitivity 52.9%), while the AUC of the
BLUE protocol for the diagnosis of pulmonary edema

was 0.755(sensitivity 88.2%, specificity 55.2%). The
AUC of 4-region was 0.765(sensitivity 52.9%, speci-
ficity 93.1%). We compared the potential of three
protocols to identify whether increased lung fluid
had occurred (EVLWI>7 mL/kg). The AUC of the
4-region, 8-region and BLUE were 0.685, 0.688 and
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0.739, respectively. Furthermore, the ROC analyses
were performed to identify severe lung edema with
EVLWI>15 mL/kg. The AUC of 4-region, 8-region,
and BLUE were 0.799, 0.835, and 0.886, respectively.
Pairwise comparisons of AUCs were performed us-
ing the DeLong test. The BLUE protocol had a sig-
nificantly higher AUC for severe pulmonary edema
(EVLWI 215 mL/kg) than the 4-region protocol
(p=0.032). Although the difference between BLUE
and 8-region protocols was not statistically significant

(p=0.187), the BLUE protocol achieved consistently
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higher AUC values across all EVLWI thresholds. The
ROC curve for the scores of three protocols was plot-
ted (Figure 5).

Discussion

First of all, this study found that 37% of the pa-
tients had increased lung water, even though all the en-
rolled patients had taken PiCCO monitoring. A study
of 372 patients with septic shock who underwent fluid

B
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Figure 5. Receiver operating characteristic curves of lung ultrasound score. A) EVLWI>7 mL/kg; B)
EVLWI>10 mL/kg; C) EVLWI>15 mL/kg severe pulmonary edema).
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resuscitation according to the early goal-directed ther-
apy showed that 67% of the patients had fluid over-
load on the first day of resuscitation, and nearly 48%
of the patients had fluid overload for more than three
days (26). In recent years, more and more studies have
found the harm caused by excessive fluid resuscita-
tion to patients. Aggressive fluid can cause pulmonary
edema, gas exchange disorder, decreased lung compli-
ance, increased work of breathing, resulting in respira-
tory failure, and ultimately affecting the prognosis of
patients with septic shock (27, 28, 29). Therefore, the
fluid resuscitation strategies are constantly changing.
From supplementation of about 5 L of fluid within
6 hours to advocating fluid infusion at a speed of 30
mL/h within a limited time (30, 31), some studies also
put forward the liquid management strategy of “Less
is more” (29).

In addition, it has been emphasized that the re-
suscitation process should be guided by dynamic mon-
itoring rather than by physical examination or static
parameters alone (3,32). By comparing the PiCCO
parameters with the collected ultrasound scores, we
concluded that LUS was a non-invasive and effective
method for predicting lung water status in patients
with septic shock. More importantly, our innovative
BLUE protocol is a time-saving method with good
correlation with transpulmonary thermodilution for
pulmonary scanning in patients with septic shock.

In our study, we found that the ultrasound score
has potential in the early prediction of pulmonary
edema (EVLWI>7 mL/kg), the diagnosis of pulmo-
nary edema (EVLWI>10 mL/kg), and the evalua-
tion of severe pulmonary edema (EVLWI>15 mL/
kg). The final B-line score showed a good correlation
with EVLWI, whether it was the measurement of the
anterior chest B-line or the semi-quantitative meas-
urement of different regions or points. In conclusion,
ultrasound images of the comet tail provide an indirect
method to measure EVLWI and provide a sensitive
and accurate way to assess the severity of pulmonary
edema.

After further analysis of the three ultrasound pro-
tocols, we found that although the 8-region and BLUE
protocols adopted the same semi-quantitative scoring
method, the final scoring results of the two protocols
were not consistent because they scored the worst

signs of the points and regions respectively. Notably,
the BLUE protocol showed an advantage over the
more comprehensive octant scan in diagnosing pul-
monary edema and in its correlation with EVLWI. We
speculate that, on the one hand, the semi-quantitative
scoring of 8-region selects the serious parts of each re-
gion as the scoring objects, and the incidence of lower
atelectasis is relatively high in severe patients due to
long-term bed rest (33), so the position from the an-
terior axillary line to the posterior axillary line is easily
scored 3 points. However, atelectasis can not repre-
sent increased lung water to some extent, and includ-
ing atelectasis in the total score may lead to serious
bias. On the other hand, pulmonary infection was the
main source of infection in the study subjects, which
resulted in the signs of the local most severe region be-
ing largely affected by pulmonary infection, resulting
in higher scores. Positive pressure ventilation mark-
edly altered pulmonary aeration status and lung tissue
density, which directly modulated B-line ultrasound
presentations and further weakened the correlation
between ultrasound scores and real EVLWI. In our
cohort, most patients received mechanical ventilation
support, which was an inherent confounding factor in
this analysis. This ventilatory interference effect should
be fully considered in clinical protocol application and
result interpretation.

Regarding the diagnostic performance of BLUE
protocol, we observed an unbalanced profile with
relatively low sensitivity and high specificity. From a
clinical perspective, this performance characteristic in-
dicated that this ultrasound protocol was more suitable
for ruling-out pulmonary edema and identifying con-
traindications for excessive fluid resuscitation in septic
shock patients, rather than as a standalone definitive
diagnostic tool. The limited sensitivity may be attrib-
uted to concomitant pulmonary comorbidities, focal
pulmonary lesions, and limited anterior chest scan-
ning range in this study. We have to admit that the
LUS scoring schemes has limitations: different signs
including pulmonary edema, atelectasis, pneumonia,
etc. all show comet tail sign, and the B-line morphol-
ogy is similar, which is difficult to distinguish, result-
ing in large scoring errors (34). The 4-region protocol
scanned fewer locations and mainly represented the an-
terior wall, which may also explain why its correlation
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with EVLWI was weak. However, the 4-region has
its unique advantages, fewer examination positions,
the signs of the anterior chest wall are easy to iden-
tify, significantly shortening the examination time. It
is of great significance to quickly assess the condition,
especially the occurrence of severe pulmonary edema,
and is suitable for beginners to scan quickly. Rapid
scanning for beginners is of great significance for rapid
judgment of the condition. In conclusion, different re-
gions have their own advantages and limitations.

In addition to the advantages and disadvantages
of ultrasound scoring across different areas, there is
also a lack of standards for scoring different signs. We
summarized several quantitative methods mentioned
in recent years as follows:

1. Count the number of B-lines directly (19).
When the confluent B-lines could not be
counted, the percentage of B-lines in intercos-
tal space could be scored.

2. According to the score of the number of posi-
tive quadrants, positive quadrants were de-
fined as >3 B-lines (35).

3. Define the score of each ultrasound sign.

At present, the scoring regulations that are com-
monly used are shown in Table 1 (21). We must ad-
mit that, no matter which scheme is used, it can only
predict extravascular lung water and there are "visual
differences" in the quantitative or qualitative B-line
among different doctors, so the scoring results also dif-
fer (36). Thus, although an ultrasound scoring system
is a good measure for quantifying lung disease, preci-
sion has been elusive. The choice of scoring standard
should be based on the patient's condition and the
purpose of the examination, and the quantitative and
qualitative criteria should be combined.

In the present study, the correlation between ultra-
sound semi-quantitative scores and reference EVLWI
was moderate at maximum, which is consistent with
previous reports (37). Multiple factors contributed to
this correlation limitation. Concomitant pulmonary
lesions, positive pressure ventilation-induced lung
aeration changes, subjective bias in visual semi-quanti-
tative scoring, and ultrasound partial volume effect all
attenuated the direct correlation between ultrasound

manifestations and pulmonary water volume. There-
fore, lung ultrasound should be regarded as a rapid
bedside screening tool for pulmonary edema, rather
than an alternative quantitative monitoring modality
to replace invasive EVLWI detection.

Nevertheless, conventional B-line semi-quanti-
tative scoring has inherent limitations, including high
operator dependence and subjective scoring variability.
Emerging quantitative ultrasound techniques, such as
computer-aided diagnosis and ultrasonic scattering
signal analysis, can help overcome these drawbacks
through objective, signal-based quantification (38).
These innovative methods offer promising strategies to
improve the accuracy and reliability of lung ultrasound
evaluation in clinical practice.

Simplified lower-lung ultrasound protocols are
advantageous for rapid bedside evaluation of diffuse
pulmonary diseases including ARDS. Nonetheless,
these simplified strategies cannot fully reflect the mor-
phological heterogeneity of ARDS, including variable
focal and diffuse lesion distributions (39, 40). Full
multi-region scanning provides more comprehensive
pulmonary information but requires longer examina-
tion time. Thus, clinical ultrasound protocols should be
selected to balance diagnostic comprehensiveness and
efficiency according to lesion patterns.

Furthermore, the scoring system in this study was
based on the 2012 international consensus and cannot
fully conform to modern updated concepts of critical
care ultrasound (40). Corradi et al. pointed out that
remarkable quantification inaccuracy existed in con-
ventional manual counting and scoring of ultrasound
B-lines, and such systematic biases were commonly
underappreciated in clinical practice. Accordingly, ob-
jective quantitative ultrasonographic techniques are
required to achieve precise evaluation of pulmonary
edema (41).

Brusasco et al. demonstrated that second-order
grey-scale texture analysis based on pleural ultrasound
images could effectively distinguish acute respiratory
distress syndrome from cardiogenic pulmonary edema
(42). Such quantitative ultrasonographic features be-
yond visual B-line assessment provide objective evi-
dence for etiological diagnosis of pulmonary edema.
Advanced imaging modalities and multi-parametric
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ultrasound integration are promising solutions, which
will be the major future research focus.

Limitations

Our study has several limitations. First, we col-
lected only PiCCO data and ultrasound scores at a sin-
gle time point and lacked an overall assessment of the
patient's course. Second, this was a single-center study
with a relatively small sample size. However, post-hoc
power analysis confirmed that the current sample size
achieved acceptable statistical power to support the pri-
mary correlation analysis. Multi-center and large-sample
studies are still needed to further verify our findings in
the future. On the one hand, data acquisition is highly
dependent on the experience of operators and raters.
On the other hand, the scanning method selected in the
study mainly focused on the anterior chest wall and did
not include the back scan in the scoring part. Therefore,
we hope that future studies can continue to expand the
sample size and increase the scanning of the posterior
chest wall. At the same time, PICCO parameters and
LUS data were collected at multiple periods during the
treatment to further verify the clinical value of different
ultrasound schemes. We explicitly acknowledged that
the optimal ultrasound score cut-oft values derived in
this study lacked external independent validation, and
multivariate regression analysis as well as inter-protocol
diagnostic agreement analysis were not conducted. We
also stated that future multi-center studies are required
to verify these cut-off thresholds and further explore in-
dependent predictive value of ultrasound scores.

Conclusion

In conclusion, ultrasound scores can help quantify
extravascular lung water, but the scoring scheme and
criteria should be selected based on the specific condi-
tion. The BLUE protocol presents a relatively favora-
ble correlation with EVLWI and acceptable diagnostic
performance for pulmonary edema. It can be used as a
simple and effective tool to guide fluid resuscitation and
is worthy of further clinical application and research.
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