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Abstract—The aim of the work described here was to investigate the value of point-of-care ultrasound (POCUS)
in the early assessment of the severity of pulmonary edema in rabbits. A rabbit oleic acid (OA)-induced pulmo-
nary edema model was used. Thirty-two New Zealand rabbits were randomly divided into four groups: a control
group and three pulmonary edema groups (mild, moderate and severe). Features of transthoracic B-line artifacts
(BLA), blood pH, PaO2 and PaCO2, serum inflammatory factors, lung coefficient (LC), lung wet-to-dry weight
ratio (W/D) and lung histopathology were assessed. BLA features and severity of pulmonary edema were semi-
quantitatively scored. Correlations between the number of BLA and PaO2, PaCO2, serum inflammatory factors,
LC and W/D were analyzed. An additional 8 rabbits with severe pulmonary edema were used as the verified
group, in which the lung was divided into ex vivo BLA (BLA-ev)-free (BLA-ev-free) and BLA-ev-clustered subre-
gions depending on the features of BLA-ev recorded by ex vivo lung ultrasound. Lung specimens from each sub-
region were collected for histopathological examination. Relationships between features of BLA-ev and lung
histopathological abnormalities were analyzed. With increasing doses of OA, number of BLA, W/D and levels of
serum inflammatory factors decreased. Meanwhile, lung pathologic abnormalities were aggravated. In addition,
time of appearance of BLA, blood pH and PaO2, and PaCO2 decreased dose dependently on OA (p < 0.05). Num-
ber of BLA was linear positively correlated with severity of pulmonary edema (r = 0.953, p < 0.05). Consistently,
the features of BLA-ev reflected the severity of lung histopathological abnormalities (r = 0.936, p < 0.05). Thus,
POCUS is useful in the early quantitative assessment of the severity of pulmonary edema. (E-mail:
lgr_feus@sina.com) © 2019 The Author(s). Published by Elsevier Inc. on behalf of World Federation for
Ultrasound in Medicine & Biology. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Pulmonary edema is a common and life-threatening compli-

cation of many lung diseases, in which the condition

changes rapidly and mortality is extremely high (Ware and

Matthay 2005). Quantitative assessment of the severity of

pulmonary edema is associated with clinical outcomes and

prognosis (Warren et al. 2018) and may provide valuable

guidance in the selection of a therapeutic strategy (Assaad
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et al. 2018). Mortality from pulmonary edema decreased

significantly after rapid and effective treatment, which

depends on early quantitative diagnosis. Therefore, accurate

and early quantitative assessment has a great impact on the

prognosis of pulmonary edema. Currently, the diagnosis of

pulmonary edema relies on chest X-ray or computed tomog-

raphy scan (Lindholm et al. 2018; Warren et al. 2018) and

pulmonary artery occlusion pressure and pulmonary extra-

vascular fluid measurement (Harvey et al. 2005). However,

these methods are inaccurate, invasive and insensitive and

involve exposure to radiation (Ware and Matthay 2005).

Point-of-care ultrasound (POCUS) can be performed at any

time and plays an important role in the diagnosis and
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monitoring of various diseases. Many lung artifacts have

been well-documented; thus, POCUS has been applied to

the identification of pneumothorax, pleural effusion, pneu-

monia and pulmonary edema (McLario and Sivitz 2015;

Campbell 2018). Today, POCUS has gained more attention

because of its diagnostic and assessment value in pulmonary

edema. Transthoracic B-line artifacts (BLA) are defined as

discrete laser-like, vertical, hyper-echoic reverberation arti-

facts that arise from the pleural line, extend to the bottom of

the screen without fading and move synchronously with

lung sliding (Volpicelli et al. 2012). These features of BLA

can be used to assess the severity of pulmonary edema to

some extent (Dietrich et al. 2016). However, the correlation

between the features of BLA and the degree of lung patho-

logic abnormalities is still uncertain, and the correlation

between the features of BLA and the severity of pulmonary

edema is not clear (Volpicelli et al. 2012). Therefore, there

is an urgent need to clarify the relationship between features

of BLA and severity of lung pathologic abnormalities and

to improve the accuracy of POCUS in assessing the severity

of pulmonary edema.

Rabbit oleic acid (OA)-induced pulmonary edema

has become one of the most well-established animal

models of pulmonary edema (Rylander et al. 2004).

Moreover, the lung histopathological abnormalities in

rabbits with OA-induced pulmonary edema and human

pulmonary edema patients are similar (Jambrik et al.

2010). In addition, the lung structures of rabbits could be

clearly visualized by in vivo and ex vivo lung ultrasound

(Soldati et al. 2014; Li et al. 2015). Therefore, the pres-

ent study aimed to further evaluate the value of POCUS

in the assessment of the severity of pulmonary edema by

analyzing the relationship between the severity of pul-

monary edema and the features of BLA using a rabbit

OA-induced pulmonary edema model.
Table 1. Rating scale of BLA features of pulmonary edema

Grade No. of BLA Appearance of BLA (min) Score

0 <5 >30 0
1 6�25 6�30 1
2 26�40 4�6 2
3 41�55 2�4 3
4 >56 <2 4

BLA = B-line artifacts.
METHODS

Animals and group

The animal study protocol was reviewed and

approved by the institutional review board and ethics

committee of Second Affiliated Hospital of Fujian Medi-

cal University, Fuzhou, China (2017-012) and performed

in accordance with the recommendations of the Helsinki

Declaration of 1975. All animal handling procedures

were approved by the Animal Care and Use Committee,

Fujian Medical University (SYXK 2014-0003), and

Institutional Animal Care and Use Committee.

Forty New Zealand rabbits (2.76�3.19 kg), pur-

chased from Changzhou Cavens Laboratory Animal

Center (License No. SCXK (Jiangsu) 2011-0003), were

randomly divided into five groups: the control group,

three pulmonary edema groups (mild, moderate, severe)

and the verified group. The rabbits were maintained
under specific pathogen-free conditions with free access

to food and water for 1 wk and subjected to 12 h/12 h

light/dark cycles.

Establishment of rabbit pulmonary edema model

The rabbit pulmonary edema model was established

as described by Furue et al. (1999). Briefly, after fasting for

8 h, the rabbits were intubated in the left ear vein with a

24G cannula and anesthetized by intravenous injection of

2% pentobarbital sodium (30 mg/kg, Merck, Darmstadt,

Germany). The rabbits were fixed to the operating table.

Hair on the neck and the anterior and lateral chest was

removed. Saline was injected in the control group. In the

treated groups, OA (Merck) was administered by intrave-

nous injection at 0.04 mL/kg (mild), 0.08 mL/kg (moder-

ate), 0.12 mL/kg (severe) and 0.12 mL/kg (verified).

Point-of-care ultrasound

The ultrasound diagnosis system (HI VISION Prei-

rus, Hitachi Limited, Tokyo, Japan) was equipped with a

linear shallow probe with the following settings: 10-MHz

central frequency, 1.4-cm depth of focal position, 3.3-cm

depth of imaging plane and 70-dB dynamic range (EUP-

L74 M, Hitachi Limited, Tokyo, Japan). After anesthesia,

POCUS was performed longitudinally to record BLA fea-

tures in each intercostal space along the bilateral midcla-

vicular lines (four spaces each line) and anterior axillary

lines (five spaces each line). In the regular B-mode

images, the recording of BLA started immediately after

injection and lasted 30 min. POCUS was performed con-

tinuously until BLA appeared; BLA was then recorded at

1-min intervals. The features of BLA were scored as

noted in Table 1, a modified version of the scoring system

described by Gutierrez et al. (2011).

Measurement of pH, PaO2 and PaCO2

Arterial blood was drawn 30 min after injection of

OA. The pH, PaO2 and PaCO2 were determined immedi-

ately using a blood gas analyzer (COMBILINE BGA E,

Eschweiler, Germany).

Measurement of serum inflammatory factors

Venous blood was drawn and centrifuged at 1500g

for 10 min in a 4˚C centrifuge (C1015, Beckman 64 R,



Table 2. System for scoring lung tissue histopathological
abnormalities

Grade Pathologic change in lung tissue Score

0 Normal 0
1 Neutrophil infiltration and hemorrhage in alveoli

and interstitial space; edema fluid in alveolar
cavity; atelectasis; necrosis (<25%)

1

2 Neutrophil infiltration and hemorrhage in alveoli 2
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Carlsbad, CA, USA), and the serum was collected. Con-

centrations of tumor necrosis factor (TNF)-a, interleukin

(IL)-1b, IL-6 and IL-8 were measured using ELISA kits

(DY5670, DY7464, DY7984, D8000 C, R&D Systems,

Minneapolis, MN, USA) according to the manufacturer’s

instructions. Absorbance was read at 450 nm with a bio-

kinetics microplate reader (RT-6000, Rayto, Shenzhen,

China).

and interstitial space; edema fluid in alveolar
cavity; atelectasis; necrosis (25%�50%)

3 Neutrophil infiltration and hemorrhage in alveoli
and interstitial space; edema fluid in alveolar
cavity; atelectasis; necrosis (50%�75%)

3

4 Neutrophil infiltration and hemorrhage in alveoli
and interstitial; edema fluid in alveolar cavity;
atelectasis; necrosis (75%)

4

Determination of LC and W/D

After rabbits were sacrificed, the trachea was

clamped at end-expiration, and the whole lung was har-

vested. Blood and water were removed from the lung

surface The lung was weighed after the main bronchus

was removed. The lung coefficient (LC) was calculated

as lung tissue weight (g) /body weight (kg)£ 100%.

The left lung was weighed immediately (wet

weight) and then placed in a drying oven at 70˚C until

the weight was stable and reweighed (dry weight). The

wet weight-to-dry weight ratio (W/D) was calculated as

W/D = wet weight/dry weight.
Histologic analysis

The right lung was used for histologic studies. For

each rabbit (not including the verified group), a 0.5-cm

slice starting from the upper edge of the hilum and

another 0.5-cm slice in the middle of the lung were har-

vested and fixed in 4% paraformaldehyde for 48 h, dehy-

drated and embedded in paraffin; 4-mm-thick sections

were prepared and processed for standard hematoxylin

and eosin (H&E) staining.

For the verified group, the trachea and lung were har-

vested together, keeping the lung inflated by injecting air

into it with a syringe. Features of ex vivo BLA (BLA-ev)

were recorded by ex vivo lung ultrasound; the imaging

parameters were the same as for in vivo transthoracic ultra-

sound described above. Lung tissue was divided, on the basis

of BLA-ev features as described by Soldati et al. (2012), into

four subregions: BLA-ev-free (�3 BLA-ev), BLA-ev-rare-

clustered (from 4�9 BLA-ev), BLA-ev-dense-clustered (>9

BLA-ev) and BLA-ev-confluent-clustered subregion (white

lung). Lung specimens were harvested from each subregion,
Table 3. Scale for rating the clinica

Artery blood gas analysis Inflammatory fact

pH PaO2 PaCO2 TNF-a IL-1 b

�7.4 �90 �40 <40 <5
<7.4 <90 <40 <80 <10
<7.35 <82 <34 <160 <20
<7.25 <70 <30 �160 �20

LC = lung coefficient; W/D =wet weight-to-dry weight ratio.
and H&E staining was performed. Thereafter, the sections

were observed under an optical microscope.

The severity of histopathological manifestations

of pulmonary edema was assessed independently by

two pathologists blinded to the treatment group, using

a semiquantitative scoring system as described by

Mrozek et al. (1997). The pathologic changes evalu-

ated included alveolar and interstitial inflammation,

alveolar and interstitial hemorrhage, edema, atelecta-

sis and necrosis. These pathologic changes were inde-

pendently scored on a 4-point scale as described in

Table 2. The maximum possible score was 28. The

average of the scores from the two pathologists was

considered the final score of each subject.
Pulmonary edema severity scoring

Severity of pulmonary edema was assessed using a

semiquantitative scoring system comprising pH, PaO2,

PaCO2, TNF-a, IL-1 b, IL-6, IL-8, LC and W/D. Each

variable was scored on a 3-point scale as described in

Table 3. The maximum possible score was 27.
STATISTICAL ANALYSIS

Statistical analysis was performed with SPSS Ver-

sion 17.0 (IBM, Armonk, NY, USA). Data are expressed
l severity of pulmonary edema

or in serum (pg/mL) LC W/D Score

IL-6 IL-8

<15 <0 <4.0 <3.5 0
<30 <100 <5.5 <4.5 1
<60 <200 <6.0 <5.0 2
�60 �200 �6.0 �5.0 3



Fig. 1. Ultrasound images of the lungs. (a) Control group; (b) mild group; (c) moderate group; (d) severe group. Only a
few scattered B-line artifacts were detected in the control group, whereas a large number of diffuse B-line artifacts were

detected in the pulmonary edema groups.
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as the mean § standard deviation (continuous random

variable) or median (Quartile 1�Quartile 3) (discrete

random variable). Comparisons among groups were

done with a one-way analysis of variance (with variance)

or Kruskal�Wallis H-test (with uneven variance) fol-

lowed by a least significant difference t-test (with vari-

ance) or Games�Howell test (with uneven variance)

between two groups. Spearman correlation analysis was

used to analyze the relationship between BLA features

and pH, PaO2, PaCO2, TNF-a, IL-1b, IL-6, IL-8, LC

and W/D. p values <0.05 were considered to indicate

statistical significance.
RESULTS

Features of BLA

Only a few (�5) scattered BLA were detected in the

control group, whereas a large number of diffused BLA

(abutting BLA <3 mm apart) were detected bilaterally

in the pulmonary edema groups (Fig. 1). The time of
Table 4. BLA, LC

Group No. of BLA Appearance of B

Control 1 (0�4.25) >30
Mild 18 (16.25�24.5)* 6.90 § 0.56*
Moderate 36.5 (32.75�40.25)*,y 4.86 § 0.33*,y

Severe 65.5 (57�67)*,y,z 2.33 § 0.62*,y,z

BLA =B-line artifacts; LC = lung coefficient; W/D = wet weight-to-dry wei
Time of appearance of BLA decreased while number of BLA, LC and lung
* p<0.05 versus control group;
y p<0.05 versus Mild group;
z p<0.05 versus moderate group.
appearance of BLA decreased (p < 0.05) while the num-

ber of BLA increased (p < 0.05) dose dependently with

OA treatment (Table 4).
Artery blood gas analysis

Arterial blood gas values were normal in the control

group, while acidosis, hypoxemia and hypocapnia were

observed in the pulmonary edema groups. Furthermore,

pH, PaO2 and PaCO2 decreased with increasing doses of

OA (p < 0.05; Fig. 2).
Levels of TNF-a, IL-1b, IL-6 and IL-8

Levels of TNF-a, IL-1 b, IL-6 and IL-8 signifi-

cantly increased in the pulmonary edema groups com-

pared with the control group (p < 0.05). Furthermore,

levels of TNF-a, IL-1 b, IL-6 and IL-8 increased with

increasing dose of OA (p < 0.05; Fig. 3).
and lung W/D

LA (min) LC W/D

3.81 § 0.15 3.39 § 0.12
5.37 § 0.11* 4.08 § 0.15*
5.82 § 0.15*,y 4.59 § 0.09*,y

6.58 § 0.25*,y,z 5.34 § 0.16*,y,z

ght ratio
W/D increased dose dependently on OA:



Fig. 2. Measurement of blood pH, PaO2 and PaCO2. Values of pH, PaO2 and PaCO2 decreased with increasing dose of
OA. ap < 0.05 versus control group. bp < 0.05 versus mild group. cp < 0.05 versus moderate group.
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Histologic features of the lung tissues

Lung tissues in the control group were a uniform

pale pink color, whereas those in the pulmonary

groups were a dark color. Moreover, enlarged volume,

swelling, congestion, bleeding and uneven distribution

of lung tissue were observed in the pulmonary edema

groups (Fig. 4).
Fig. 3. Levels of blood inflammatory factors. Levels of TNF
oleic acid. ap < 0.05 versus control group. bp < 0.05 versus mi

necrosis factor; IL �
Alveolar structure in the control group was intact

with no inflammation, hemorrhage, edema, atelectasis or

necrosis. Alveoli were ruptured and fused in the pulmo-

nary edema groups. In addition, edema fluid in the alveo-

lar cavity and neutrophil infiltration and hemorrhage in

alveoli and the interstitial space were observed in the

pulmonary edema groups (Fig. 5).
-a, IL-1b, IL-6 and IL-8 increased dose-dependently on
ld group. cp < 0.05 versus moderate group. TNF = tumor
interleukin.



Fig. 4. Features of lung tissues. (a) Control group; (b) mild group; (c) moderate group; (d) severe group. The lung tissues
in the control group (a) were a uniform pale pink color, while those in the pulmonary groups (b�d) were a dark color.
Moreover, enlarged volume, swelling, congestion, bleeding and uneven distribution of the lung were observed in the pul-

monary edema groups.
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Compared with the control group, the pulmonary

edema groups had increased LC and W/D values (p <

0.05) and aggravated lung histopathological manifesta-

tions (p < 0.05). Furthermore, LC, W/D and lung patho-

logic abnormalities increased dose dependently on OA

(p <0.05; Table 4).

Relationships between BLA and each variable

B-Line artifacts were linearly, negatively correlated

with pH, PaO2 and PaCO2, while linearly, positively cor-

related with TNF-a, IL-1 b, IL-6, IL-8, LC and W/D

(p < 0.05; Fig. 6).

BLA score and severity of pulmonary edema

Compared with the control group, the pulmonary

edema groups had BLA and pulmonary edema severity

scores that had increased dose dependently on OA (p <

0.05; Fig. 7). The BLA score was linearly, positively

correlated with the severity of pulmonary edema

(r = 0.953, p < 0.05).
Correlation between BLA-ev and lung pathologic

abnormalities

The lung structure of the BLA-ev-free subregion

was intact, whereas that of the BLA-ev-clustered subre-

gion had ruptured and fused alveoli, edema fluid in the

alveolar cavity, neutrophil infiltration and hemorrhage in

alveoli and interstitial spaces. The severity of lung path-

ologic abnormalities increased with increasing number

of BLA-ev (p < 0.05; Fig. 8). Furthermore, there was a

linear positive correlation between features of BLA-ev

and severity of lung pathologic abnormalities (r = 0.936,

p < 0.05).
DISCUSSION

The presence of BLA strongly indicates the possi-

bility of pulmonary edema formation. The sound power

transmission coefficient is directly related to lung den-

sity. When pulmonary edema occurs, the gas/liquid ratio

of the lung tissue decreases, the interval of the



Fig. 5. Histologic examination of the lung tissues. (a) Control group; (b) mild group; (c) moderate group; (d) severe
group. The alveolar structure in the control group was intact with no inflammation, hemorrhage, edema, atelectasis or
necrosis (a). Alveoli were ruptured and fused in the pulmonary edema groups. In addition, edematous fluid in the alveolar
cavity and neutrophil infiltration and hemorrhage in the alveoli and interstitial spaces were observed in the pulmonary

edema groups (b�d).
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pulmonary leaflets thickens and the difference in acous-

tic impedance between the gas and the liquid increases.

Ultrasonic waves produce strong reverberation at the

gas�liquid interface, and the sound beam makes a round

trip back and forth to the thickened leaflet interval, lead-

ing to the formation of BLA. Thus, the presence of BLA

indicates that interstitial spaces and alveoli are being

filled with fluid or pulmonary edema formation (espe-

cially abutting BLA <3 mm apart). Therefore, the sever-

ity of pulmonary edema can be assessed on the basis of

BLA features to some extent. Most previous studies on

the tools used for diagnosis of pulmonary edema have

focused on the use of POCUS in the attempt to make an

accurate early quantitative diagnosis (Wang et al. 2018).

However, POCUS might not reflect the severity of lung

pathologic abnormalities accurately, and the correlation

between features of BLA and severity of pulmonary

edema has not been established. The present study indi-

cated that the severity of the hypoxic and acid�base

imbalance and the severity of inflammation can be

assessed using BLA features, and the severity of lung

pathologic abnormalities can be assessed based on the

features of BLA-ev in the condition of pulmonary

edema. What’s more, BLA can be completed in a few

minutes (Zanobetti et al. 2017), suggesting that POCUS

can significantly reduce the time for diagnosis of pulmo-

nary edema.
A rabbit OA-induced pulmonary edema model was

used in this study. Scales rating the features of BLA and

the severity of pulmonary edema were designed, and the

features of BLA and severity of pulmonary edema were

scored. The relationship between these two scores was

analyzed. In addition, the relationship between features

of BLA-ev and degree of the lung pathologic abnormali-

ties was analyzed. In this way, we investigated the value

of POCUS in making an early quantitative assessment of

the severity of pulmonary edema.

Arterial blood gas changes reflect the ventilation

and gas exchange function of the lung and the severity

of acid�base imbalance (Dreher et al. 2019). In this

study, shortness of breath and cyanosis developed

quickly, and a pink foam-like liquid emerged from the

nasal and oral cavity after injection of OA. Arterial

blood gas analysis revealed that pH, PaO2 and PaCO2

decreased, indicating acidosis, hypoxemia and hypocap-

nia, respectively. Furthermore, because pH, as well as

PaO2 and PaCO2, is negatively correlated with the num-

ber of BLA, the severity of hypoxia and acid�base

imbalance in pulmonary edema can be assessed based on

the number of BLA.

Inflammatory cytokines, such as TNF-a, IL-1 b, IL-6
and IL-8, which were secreted rapidly under the stimula-

tion of inflammatory injury initiation factors, can cause

acute injury to the lung tissues by activating cascades of



Fig. 6. Correlation between BLA and each variable. BLA were negatively correlated with pH, PaO2 and PaCO2, and
positively correlated with TNF-a, IL-1 b, IL-6, IL-8, LC and W/D. BLA = B-line artifacts; TNF = tumor necrosis factor;

IL = interleukin; LC = lung coefficient; W/D = wet weight-to-dry weight ratio.
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inflammation (Butt et al. 2016). TNF-a, secreted mainly

by activated macrophages and neutrophils, is a kind of

endogenous inflammatory factor that is released first and

leads to the secretion of inflammatory mediators such as

IL-1 b, IL-6 and IL-8 in inflammatory reactions (Suzuki

et al. 2013). TNF-a can promote acute injury to lung tis-

sues by increasing the injury and autophagy of lung vas-

cular endothelial cells, inhibiting the formation of

pulmonary surfactant and causing paralysis of the dia-

phragm (Malaviya et al. 2017). IL-1b, the main promoter

of the cellular inflammatory factor network (Mangan

et al. 2018), is rapidly secreted by the induction of TNF-a

and synergizes with TNF-a to further aggravate injury of

lung tissues. The actions of IL-1b and TNF-a increase

chemotaxis and activation of the neutrophils, stimulate

the secretion of inflammatory mediators and oxygen free

radicals by the pulmonary vascular endothelial cells and

increase the permeability of the pulmonary vascular

system by activating the coagulation system and inhibit-

ing the fibrinolytic system in the early stage of lung

inflammatory reactions (Howrylak and Nakahira 2017;

Malaviya et al. 2017). IL-6 and IL-8, secreted mainly by

lymphocytes, macrophages and endothelial cells, play an

important role in the formation and development of acute

inflammatory reactions in lung tissue (Krabbe et al. 2018;

Rose-John 2018). Therefore, under the stimulation of the

inflammatory injury initiation factors, TNF-a and IL-1b

are rapidly secreted by lung tissues. IL-6 and IL-8 are
subsequently secreted and activate the inflammatory cas-

cades through the synergistic induction of TNF-a and

IL-1b. Neutrophils accumulate in lung tissues, inflamma-

tory mediators are released and inflammatory reaction

effector cells are activated, which cause acute injury to

the lung tissues and lead to the formation of pulmonary

edema (Zhang et al. 2013; Kapur et al. 2015). In addition,

studies have found that the levels of inflammatory factors

in serum, such as TNF-a, IL-1 b, IL-6 and IL-8, parallel

the severity of pulmonary edema (Li et al. 2018). Consis-

tent with previous studies, levels of serum TNF-a, IL-1 b,

IL-6 and IL-8 were significantly increased after injection

of OA and increased gradually with increasing doses of

OA, Moreover, this study found that levels of TNF-a,

IL-1 b, IL-6 and IL-8 were positively correlated with the

number of BLA. Therefore, to some extent, the severity

of the inflammatory reactions of the lung tissues can be

assessed by the number of BLA.

Lung histopathology is the gold standard for diag-

nosing and assessing the severity of pulmonary edema

(Han et al. 2018), and LC and W/D are two important

indicators in determining the severity of pulmonary

edema (Chen et al. 2014). As described in the literature,

this study found that lung pathologic abnormalities, LC

and W/D all increased gradually with increasing dose of

OA. Furthermore, lung histopathology, LC and W/D

were found to be positively correlated with the number

of BLA. However, lesions of the lung are unevenly



Fig. 7. BLA-ev score and severity of pulmonary edema. BLA score and severity of pulmonary edema increased dose
dependently on oleic acid. ap < 0.05 versus control group. bp < 0.05 versus mild group. cp < 0.05 versus moderate

group. BLA-ev = ex vivo B-line artifacts.

Early quantitative assessment of pulmonary edema by US � Z. ZHU et al. 9
distributed because of gravity; thus, BLA tend to be

gravitationally dependent. Therefore, the number of

BLA in different subregions of the lung also differs

(Irwin and Cook 2016). At present, there is no research

focusing on how to choose the part of the lung for H&E

staining based on the features of BLA. Therefore, the

exact relationship between features of BLA and severity

of the abnormality of the lung histopathological manifes-

tations remains unknown. In this study, the lung was

divided into subregions based on the features of BLA-

ev, and lung pathologic abnormalities of each subregion

were separately assessed. Our results indicated that

although LC and W/D were the same, the degree of lung

pathologic abnormalities increased with increasing
Fig. 8. Histologic images of lung tissues in different subregio
dense-clustered subregion; (d) confluent-clustered subregion. T
(a), whereas that of the BLA-ev-clustered subregion had ruptur
ity and neutrophil infiltration and hemorrhage in alveoli and in
number of BLA-ev. Furthermore, there is a positive cor-

relation between the features of BLA-ev and the severity

of lung pathologic abnormalities, suggesting that BLA-

ev reflect the severity of lung pathologic abnormalities

Therefore, the features of BLA can be used to assess the

severity of lung histopathological abnormalities.

Although there are some limitations to this study

(i.e., the correlation between features of BLA and severity

of lung pathologic abnormalities is still unclear and the

number of rabbits in each group was limited), the findings

of this study suggest the early quantitative assessment

value of POCUS in pulmonary edema. The choice of

which lung should be used for W/D or histologic analysis

was not random in this study; thus, it may have generated
ns. (a) free subregion; (b) rare-clustered subregion; (c)
he lung structure of the BLA-ev-free subregion was intact
ed and fused alveoli, edematous fluid in the alveolar cav-
terstitial spaces (b�d). BLA-ev = ex vivo B-line artifacts.
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some systematic bias. Lung tissue specimen biopsy via

percutaneous lung puncture under the guidance of

POCUS is in progress. It will not take long to solve the

limitations described above.
CONCLUSIONS

Taken together, our findings indicate that POCUS is

a promising novel method for the early quantitative

assessment of the severity of pulmonary edema.
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