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Abstract
Background:B-line assessment with lung ultrasound (LUS) has recently been proposed as a reliable,
noninvasive semiquantitative tool for evaluating extravascular lung water (EVLW). Currently, there has
been no easy quantitative method to evaluate EVLW by LUS. To establish a simple, accurate and
clinically operable method for quantitative assessment of EVLW using LUS. Methods:Forty-�ve New
Zealand rabbits were randomized into 9 groups (n=5). After anesthesia, each group of rabbits was
injected with different amounts of warm sterile NS (0 ml/kg, 2 ml/kg, 4 ml/kg, 6 ml/kg, 8 ml/kg, 10 ml/kg,
15 ml/kg, 20 ml/kg, 30 ml/kg) via the endotracheal tube. Each rabbit was examined by LUS before and
after NS injection. At the same time, the spontaneous respiratory rate (RR, breaths per minute), heart rate
(HR, bpm) and arterial blood gas (ABG) of the rabbits were recorded. Then, both lungs were dissected to
obtain the wet and dry weight and conduct a complete histological examination.Results:Injecting NS into
the lungs through a tracheal tube can successfully establish a rabbit model with increased EVLW. When
theNS injection volume is 2~6 ml/kg, comet-tail artifacts and B-lines are the main patterns found on LUS;
as additional NS is injected into the lungs, the rabbits' RR gradually increases, while their HR gradually
decreases. Con�uent B-lines grow gradually but signi�cantly, reaching a dominant position when the NS
injection volume reaches 6~8 ml/kg and predominating almost entirely when the NS injection volume is
8~15 ml/kg; at that time, rabbits' RRs and HRs decrease sharply, and the ABG indicated type I respiratory
failure (RF). Compact B-lines occur and predominate almost entirely when the NS injection volume
reaches 10 ml/kg and 15~20 ml/kg, respectively. At that time, rabbits begin to enter cardiac and
respiratory arrest, and ABG shows type II RF and metabolic acidosis (MA).Conclusion: LUS can estimate
EVLW content based on the type of B-line.We can give clinical treatment depending on the type of LUS B-
line.

Background
Extravascular lung water (EVLW) is the amount of �uid in the alveoli and interstitium. EVLW
accumulation impairs respiratory gas exchange, resulting in respiratory distress, with subsequent organ
dysfunction and increased mortality1. Simple, accurate, rapid, and quantitative assessment of EVLW can
help clinicians assess the extent of lung injury, select clinical treatments, and assess prognosis. Currently,
several techniques exist to evaluate EVLW, but all have limitations. For example, transpulmonary
thermodilution (TPTD) is the current reference standard, but it requires specialized equipment and is
costly and invasive2,3. Traditionally, chest X-ray has been used to evaluate EVLW; however, it has a poor
correlation with EVLW changes and is often affected by subjective factors4.

Recently, lung ultrasound (LUS) has been frequently performed to evaluate EVLW in patients with
respiratory or cardiovascular diseases5–10. Several studies have demonstrated a positive correlation
between LUS B-line scores and EVLW11–16. However, all these studies compared LUS results with EVLW
as measured by TPTD or chest X-ray. For a more direct assessment, a tight correlation between B-lines
and EVLW was con�rmed by measuring the wet-to-dry ratio of postmortem lung tissue in a pig model17.
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All these studies have showed that there is a clear relationship, semiquantitative or otherwise, between
LUS results and EVLW.

The complexity of LUS B-line scores is not convenient for rapid clinical judgment, especially for critically
ill patients. In addition, LUS B-line scores themselves can be compromised by a variety of factors,
including subjective factors at the level of the operator18. Therefore, it is particularly important to
establish a method for quantitatively evaluating EVLW in a simple, fast, accurate and reliable manner. In
this study, we established an animal model of EVLW increase by injecting normal saline (NS) into the
lungs via endotracheal tubes, established a method for quantitative assessment of EVLW by LUS, and
explored the clinical intervention threshold of EVLW increase. We proposed a novel classi�cation of B-line
types and found that the type of B-line was related to the EVLW content.

Materials And Methods

Animal preparation
Forty-�ve male New Zealand rabbits weighing 2.6–3.5 kg (average 3.0 ± 0.3 kg) were divided into 9
groups, with 5 rabbits in each group. The animals were fasted for 12 hours, weighed, anesthetized (20%
sodium pentobarbital, 20–40 mg/kg, ear vein injection), depilated and �xed on a rabbit surgery platform.
A T-shaped incision was made in the trachea; then a tracheal tube (inner diameter 3.0 mm, with airbag)
was inserted into the trachea to an insertion depth of 2 cm (Fig. 1). The respiratory rate and heart rate of
each rabbit were recorded after tracheal intubation.

Rabbit model
Warm sterile NS was injected into the lungs of each rabbit via an endotracheal tube. The NS injection in
each group was 0 ml/kg, 2 ml/kg, 4 ml/kg, 6 ml/kg, 8 ml/kg, 10 ml/kg, 15 ml/kg, 20 ml/kg, and 30 ml/kg.
Half of the NS was injected in the left lateral position, and the other half was injected in the right lateral
position. After NS injection, positive pressure ventilation was performed for 3–5 minutes to ensure that
no water �owed back from the tracheal intubation. Then, the RR and HR of the rabbits were recorded.

Ventilation
After the injection of NS, mechanical ventilation was initiated using an animal respirator (SuperV, Laiyue,
Shenzhen, China), with the following settings: Mode: volume-controlled. Parameters: fractional inspired
oxygen (FiO2) 21%, inspiratory/expiratory ratio 1:2, respiratory rates 20 breaths/min, tidal volume
8 mL/kg, positive end-expiratory pressure (PEEP) 4 cmH2O.

LUS examination
Ultrasound examinations were performed with a commercially available portable device (EDAN
ultrasound diagnostic system, China) with a 9–12 MHz linear probe in B-mode. Each lung was divided
into 3 zones, for a total of 6 zones19. The area from the parasternal line to the anterior axillary line was
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zone 1; the area from the anterior axillary line to the posterior axillary line was zone 2; and the area from
the posterior axillary line to the paravertebral line was zone 3. Every zone included upper and lower parts,
which were recorded as follows: the upper part of zone 1 of the left lung (L1/1), the lower part of zone 1
of the left lung (L1/2), etc. (Fig. 2). The scanning in zone 1 was in the supine position, zone 2 was in the
lateral position, and zone 3 was in the prone position. Each area was scanned with a probe through the
vertical gaps between ribs.

Arterial blood gas (ABG) analysis
The right/left inguinal connective tissue was separated to expose the femoral artery. Arterial blood
specimens (1-1.5 ml each) were extracted with a 2 ml syringe moistened with heparin sodium saline.
Then, the femoral artery was immediately ligated to prevent bleeding (Fig. 3). The specimen was tested
with a portable blood gas analyzer (OPTI CCA-TS blood gas analyzer, China).

Measurement of lung water
The lungs were dissected free from the heart and great vessels, the trachea was separated at the carina,
external liquid was removed by blotting, and the lungs were placed on a preweighed pan to obtain the wet
weight. The lungs were then incubated in a dry atmosphere at 80 °C for 72 hours and reweighed to obtain
the dry lung weight. The wet/dry ratio = wet lung weight/dry lung weight.

Lung ultrasonography terminology11,20

Comet-tail artifacts and B-lines: Both comet-tail artifacts and B-lines arise from and are roughly vertical to
the pleural line, synchronously moving with lung sliding. Those not spreading to the edge of the screen
are called comet-tail artifacts, and those spreading to the edge of the screen without fading are known as
B-lines. The width of the starting point of the B-lines from the pleural line does not exceed 1/2 of the
intercostal space width are called of B-lines.

Con�uent B-lines: The width of the starting point of the B-lines from the pleural line is wider than or equal
to 1/2 of the intercostal space width, but the B-lines between different intercostal spaces are not fused,
and rib acoustic shadows still exist.

Compact B-lines: When the probe is used to scan perpendicular to the ribs, which causes the rib acoustic
shadows to disappear substantially throughout the scanning area, the pattern is called a compact B-line
(Fig. 6).

Total B-lines and B-lines in different zones
Total B-lines: According to the LUS image, the sum of the comet-tail artifacts and B-lines in the six regions
of the lungs after NS injection were calculated.
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B-lines in different zones: According to the LUS image, calculate the number of comet-tail artifacts and B-
lines in each area of the zone 1, zone 2, and zone 3 regions of both lungs after NS injection.

Histological Examination
We selected visible lesions of the rabbit lungs with the naked eye to take samples, slice, stain and observe
under the microscope.

Statistical analysis
All data are presented as the mean ± SD. Statistical analysis was performed using the SPSS (version 19.0,
SPSS) software package. Differences between baseline and each experimental point were tested using
one-way analysis of variance (ANOVA). The correlation between the amount of NS injected into the lung
and the lung wet/dry ratio was linearly correlated. The difference between comet-tail artifacts, B-lines,
con�uent B-lines and compact B-lines was analyzed by systematic clustering method. For all the
statistical analyses, signi�cance was accepted at P < 0.05.

Results

The relationship between NS injection volume and lung wet
weight, lung dry weight and wet/dry ratio
The results of NS injection volume, body weight (BW), lung wet weight (WW), lung dry weight (DW) and
lung wet/dry ratios (W/D) are shown in Table 1. ANOVA showed that there was no difference in lung dry
weight (P > 0.05), but the difference between the BW of each group was statistically signi�cant (P < 0.05).
As the amount of NS injection increases, the wet weight of the lung and the wet/dry ratio gradually
increase. A statistically signi�cant linear correlation was found between NS injection volume and wet/dry
ratio: Y (wet/dry ratio) = 0.5865X (NS injection volume) + 5.4427, R2 = 0.96601 (Fig. 7).
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Table 1
The results of NS injection volume and lung wet/dry ratio in rabbit lungs (x ± s)

Group
(n=)

NS injection volume(ml kg) BW(kg) WW(g) DW(g) W/D ratio

1(5) 0 3.06 ± 0.18 10.93 ± 0.42 2.41 ± 0.35 4.59 ± 0.56

2(5) 2 3.38 ± 0.18 15.79 ± 2.20 2.43 ± 0.46 6.54 ± 0.52

3(5) 4 3.06 ± 0.35 19.38 ± 2.50 2.45 ± 0.34 7.93 ± 0.63

4(5) 6 3.02 ± 0.30 22.63 ± 2.62 2.28 ± 0.33 9.95 ± 0.54

5(5) 8 2.96 ± 0.11 25.89 ± 1.75 2.43 ± 0.12 10.67 ± 0.78

6(5) 10 3.06 ± 0.21 28.46 ± 2.84 2.52 ± 0.24 11.31 ± 0.67

7(5) 15 2.92 ± 0.08 32.11 ± 0.39 2.54 ± 0.14 12.68 ± 0.62

8(5) 20 2.80 ± 0.16 42.80 ± 2.96 2.33 ± 0.17 18.35 ± 0.83

9(5) 30 2.76 ± 0.09 63.89 ± 0.55 2.82 ± 0.06 22.68 ± 0.61

Histological examination
The pathological results of the lung tissue sections of the lesions visible to the naked eye after the NS
injection of the rabbits in Groups 2–9 are shown in Fig. 8. Alveolar epithelial cells are �at, and local
alveolar excessive expansion, rupture, and fuse into alveolar sacs.

The relationship between NS injection volume and
respiratory rates, heart rates and blood gas results
The statistical results of the NS injection volume to the lungs of the rabbits and the respiratory rates and
heart rates after NS injection are shown in Table 2. When the NS injection volume is ≤ 10 ml/kg, the
respiratory rate gradually increases to 140 bpm, and the heart rate gradually decreases to approximately
150–200 bpm with the increase in NS injection in the lungs; when 10 ml/kg < the NS injection volume ≤ 
15 ml/kg, the respiratory rates and heart rates drop sharply. Respiratory and cardiac arrest occur when the
NS injection volume is ≥ 15 ml/kg, as shown in Figs. 8 and 9. When the NS injection volume is < 
10 ml/kg, the ABG is normal or shows metabolic acidosis (MA). When the NS injection volume is 2 ~ 
6 ml/kg, the ABG shows normal or mild MA. When the NS injection volume reaches 8 ml/kg, the rabbits
start to develop type I respiratory failure (RF). When the NS injection volume reaches 10 ml/kg, ABG
shows type II RF and MA.
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Table 2
Respiratory rate, heart rate, and ABG results after different volumes of NS injection

Group(n=) NS injection volume(ml kg) RR (bpm) HR (bpm) ABG

1(5) 0 30.4 ± 5.2 271.6 ± 9.3 Normal

2(5) 2 57.6 ± 16.7 259.2 ± 32.7 Normal

3(5) 4 72.4 ± 22.8 241.6 ± 19.7 MA

4(5) 6 119.6 ± 27.9 241 ± 19.0 MA

5(5) 8 135.0 ± 14.2 245 ± 12.2 Type I RF

6(5) 10 139.4 ± 26.1 179.2 ± 19.2 Type I/II RF with MA

7(5) 15 0 ± 0 12 ± 26.8 Type II RF with MA

8(5) 20 0 ± 0 0 ± 0 Type II RF with MA

9(5) 30 0 ± 0 0 ± 0 Type II RF with MA

MA: metabolic acidosis, RF: respiratory failure, ABG: arterial blood gas.

LUS B-line results and cluster analysis results
The results concerning comet-tail artifacts, B-lines, con�uent B-lines and compact B-lines in Groups 1–9
are shown in Table 3. Systematic cluster analysis was performed using their mean values. The ice and
tree diagrams shown in Figs. 11 and 12 clearly show the entire clustering process. First, it is assumed
that the four samples of the comet-tail artifact, B-line, con�uent B-line and compact B-line become one
type; after the �rst cluster combination, the comet-tail artifact and B-line are clustered into one type, and
the con�uent B-line is another. For the second category, the compact B-line is clustered into the third
category. Therefore, we come to that the similarity of comet-tail artifacts and B-lines is high and less
separable, but it is more separable from con�uent B-lines and compact B-lines.
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Table 3
Ultrasound B-line statistical results of rabbit lungs after NS injection

Group(n=) Water(ml
kg)

Comet-tail artifact
(n)

B-line
(n)

Con�uent B-line
(n)

Compact B-line
(n)

1(5) 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0

2(5) 2 2.4 ± 1.8 5.6 ± 4.6 0 ± 0 0 ± 0

3(5) 4 1.2 ± 1.3 6.8 ± 1.8 3.4 ± 1.3 0 ± 0

4(5) 6 1.2 ± 1.1 11.4 ± 
2.5

10.6 ± 6.8 0 ± 0

5(5) 8 0 ± 0 7.6 ± 2.7 17.2 ± 2.8 0 ± 0

6(5) 10 0 ± 0 4.4 ± 1.9 19.4 ± 9.2 5.8 ± 8.6

7(5) 15 0 ± 0 1.8 ± 2.9 22.2 ± 5.0 6.4 ± 2.6

8(5) 20 0 ± 0 3 ± 2.6 14.3 ± 3.5 21.0 ± 2.6

9(5) 30 0 ± 0 0 ± 0 4.6 ± 1.9 37.2 ± 2.6

Relationship between total LUS B-lines and NS injection
volume
According to the scatter plot, the type of B-line and its quantity are constantly changing with NS injection
volume. The main changes are as follows:

a. When the NS injection volume is 2-6 ml/kg, comet-tail artifacts and B-lines predominate on LUS.

b. When the NS injection volume >4 ml/kg, con�uent B-lines begin to occur in the LUS. When the NS
injection volume reaches 6~8 ml/kg, con�uent B-lines increase signi�cantly and gradually become
dominant. When the NS injection volume is 8~15 ml/kg, con�uent B-lines predominate almost
entirely.

c. When the NS injection volume reaches 10 ml/kg, compact B-lines occur in the LUS. As the amount of
NS injection increases, compact B-lines gradually increases. When the NS injection volume reaches
15~20 ml/kg, LUS is mainly performed by compact B-lines (Fig. 13).

In summary, the type of B-lines in the LUS can be used to quantitatively estimate the amount of water in
the lungs. There is also a clear correlation between LUS and clinical manifestations. Therefore, we can
guide clinical treatment based on LUS performance.

Relationship between B-lines in different zones and NS
injection volume
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The trend of the relationship between B-lines in different zones and NS injection volume is consistent
with that between total B-lines and NS injection volume, but the advantage of zone1 is more obvious
when the NS injection volume is ≤ 6 ml/kg, mainly based on comet-tail signs and B-lines. When the NS
injection volume is 8 ~ 15 ml/kg, the B-lines in any zone can be used to estimate the total B-lines.
However, when the NS injection volume is 15 ~ 20 ml/kg, zone 2 and zone 3 B-lines are more consistent
with the total B-lines.

Discussion
Alveolar lavage, the pulmonary surfactant washout method, is one of the most commonly used methods
for establishing an animal model of acute lung injury (ALI) 21. To acquire a uniform degree of injury in the
whole lung, some researchers shift the animals from the supine to the prone position or vice versa
between the lavages22,23. We borrowed the same method, for the purpose of obtaining an animal model
with a consistent degree of intrapulmonary lesions, the rabbits were changed in position during the
intrapulmonary injection. In addition, to obtain a rabbit model with different lung water contents, we did
not extract NS injected into the lungs but injected different amounts of NS into the lungs as needed.
Finally, we found that there was a linear positive correlation between NS injection and the lung wet/dry
ratio. Kuckelt and Huber observed that the pathological changes in the lung tissue of the ALI model
established by alveolar lavage were mainly characterized by excessive expansion and atelectasis of
alveoli in different areas, and no intrapulmonary hemorrhage or cell necrosis was observed24,25. We
found alveolar sacs formed by fusion of alveolar rupture was the main pathological change on rabbit
models, and no hemorrhage or alveolar septal thickening were observed.

Monitoring EVLW as a variable is increasingly being used to diagnose and treat critically ill patients with
ALI26,27. The current gold standard is the gravimetric method, which directly compares the wet weight and
dry weight of the lung to determine the water content in the lungs. However, this method is invasive, and
feasible only at the time of autopsy28–30. The most common method used in the clinic is the
transpulmonary indicator dilution technique, in which transpulmonary double indicator dilution (TPDD)
has been considered to be the clinical gold standard veri�ed by gravimetry31. This technique is a reliable
bedside method to measure EVLW but may be in�uenced by regional lung perfusion, type of lung injury,
and amount of EVLW32–34. Chest computed tomography is the most accurate tool to visualize lung
parenchyma; however, it uses ionizing radiation and requires transportation of the patient outside the
intensive care unit, often with mechanical ventilation and complex cardiovascular monitoring35.

Compared to the techniques described above, LUS is a simple, bedside, noninvasive, real-time,
nonradioactive new technique that has been developed in many intensive care unit(ICU) wards. Our
research group has conducted clinical research on LUS for a long time and published a series of articles
on LUS diagnosis of pulmonary edema and wet lungs of newborns36–39. We found that LUS has high
sensitivity and speci�city in the diagnosis of pulmonary edema and wet lungs of newborns. Our results
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have been recognized internationally, which has laid the foundation for our LUS examination of the EVLW
augmented rabbit model.

In addition, several studies were published demonstrating a positive correlation between B-line scores and
EVLW. Volpicelli and colleagues measured EVLW in 32 ventilated general ICU patients with TPTD and
found that the absence of B-lines (A-line pattern) was associated with low levels of EVLW (10 mL/kg or
less)12. Another study reported that the sensitivity and speci�city of a positive B-line score for the
detection of EVLW of > 500 mL were 90% and 86%, respectively13. In addition, studies have veri�ed the
close correlation between the B-line and EVLW by measuring the wet/dry ratio of lung tissue in pig
models14. Since 2004, Jambrik has found that pulmonary ultrasound can be used to detect EVLW40.
Later, there were an increasing number of studies on the relationship between the LUS B-line score and
EVLW. However, the current B-line scoring method mostly divides the lung into several subregions and
then scores according to the total number of B-lines in each region. When the lesion is serious, the B-line
can reach dozens, and the calculation process is cumbersome14,41,42. One of the main values of our
experiment is to �nd that the amount of EVLW is related not only to the number of B-lines but also to the
type of B-lines. We found through cluster analysis that the comet-tail artifacts and B-line observed in the
experiment are not much different and can be classi�ed into the same category, which is common when
the NS injection volume is below 6 ml/kg. Combined with our experimental results, when the comet-tail
artifacts and B-lines are mainly in the lung �eld, the the NS injection volume is approximately 2 ~ 6 ml/kg;
when the lung �eld is dominated by the con�uent B-line, the NS injection volume is approximately 8–
15 ml/kg; when the compact B-line is dominant, the NS injection volume is above 20 ml/kg. Combined
with the classi�cation of LUS B-lines, it is not necessary to count the number of B-lines in detail as
reported in the past, and the EVLW can be semiquantitatively determined from the B-line type, which
provides great convenience for the clinical application of LUS to assess lung water content.

We used a parallel experimental method to not only study the relationship between gravity measurement
and lung water severity but also observe changes in rabbit breathing, heart rate and ABG after injection of
different NS volumes. When the NS injection volume is below 10 ml/kg, breathing gradually increases, the
heart rate gradually slows, and ABG is mainly caused by simple MA or hypoxemia. When the NS injection
volume was between 10 ml/kg and 15 ml/kg, the breathing and heart rate decreased rapidly. When the
NS injection is more than 15 ml/kg, breathing and cardiac arrest will occur immediately after the water
injection. The ABG will also be characterized by MA combined with type I or type II RF. Combined with
LUS quantitative assessment of EVLW, when the lung �eld is dominated by comet-tail artifacts or B-lines,
the clinical manifestations of increased breathing and slow heart rate are basically within the
compensable range. When the lung �eld is dominated by the con�uent B-line, the breathing and heart rate
drop sharply. If clinical support is not given, the clinical symptoms may deteriorate sharply. When the
compact B-line is predominant in the lung �eld, respiratory support is a must, and breathing and cardiac
arrest may occur at any time. Through experimental NS injection into the lungs, LUS performance and
assessment of respiration and heart rate, LUS quantitative assessment of EVLW to guide clinical
treatment is possible, but due to the complexity of clinical cases and the different tolerances of humans
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and rabbits to damage, further rigorously designed animal experiments and related clinical trials are
needed to further establish the relationship between LUS performance and clinical patient performance
and treatment options.

In addition, each clinical examination must have its safety issues considered before it is carried out. The
bene�ts of LUS implementation are obvious, but there is also a potential for ultrasound lung injuries43,44.
Although ultrasound can cause pulmonary capillary hemorrhage in mammals such as rats, it occurs
above the threshold of exposure levels and is also related to physiological conditions, such as changes
caused by different anesthesia methods45. To date, there have been no reports of major medical
problems caused by LUS; therefore, it is currently considered safe.

Conclusions
LUS can roughly estimate EVLW content based on the type of B-line. When the LUS mainly features
comet-tail artifacts and B-lines, the rabbits do not have obvious clinical syndromes and do not need
clinical treatment. When the LUS is predominated by con�uent B-lines, the EVLW is approximately 8 ~ 
15 ml/kg, and the rabbits start to show RF, with a possible need for clinical intervention. Beyond that
point, additional EVLW poses a threat to life.
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Figures

Figure 1

Tracheotomy and intubation
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Figure 2

Anatomical partitions of the lungs
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Figure 3

Arterial blood gas specimen collection
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Figure 4

Wet lung tissue
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Figure 5

Dry lung tissue
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Figure 6

Classi�cation of B-lines a) Comet-tail artifacts, b) B-line, c) Con�uent B-line, d) Compact B-line
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Figure 7

The correlation between NS injection volume and wet/dry ratio in rabbits

Figure 8

Pathological changes in rabbit lungs after NS injection (*100) : a) injected NS volume: 2 ml/kg; b)
injected NS volume: 4 ml/kg; c) injected NS volume: 6 ml/kg; d) injected NS volume: 8 ml/kg; e) injected
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NS volume: 10 ml/kg; f) injected NS volume: 15 ml/kg; g) injected NS volume: 20 ml/kg; h) injected NS
volume: 30 ml/kg

Figure 9

The relationship between NS injection volume and respiratory rate
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Figure 10

The relationship between NS injection volume and heart rate
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Figure 11

Ice diagram of clustering process for B-lines



Page 26/29

Figure 12

Tree illustrating of clustering process for B-lines
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Figure 13

Relationship between NS injection volume and total B-lines

Figure 14
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The relationship between NS injection volume and zone 1 B-lines

Figure 15

The relationship between NS injection volume and zone 2 B-lines
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Figure 16

The relationship between NS injection volume and zone 3 B-lines


