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Abstract

Background and aim Pulmonary thromboembolism (PTE) is a common cause of cardiovascular death world-
wide. Due to its nonspecific clinical symptoms, PTE is easy to be missed or misdiagnosed. Pulmonary transit time
(PTT) is a noninvasive cardiopulmonary hemodynamic index, which is the time required for a blood sample to pass
through pulmonary circulation. This study is aim to establish a rabbit PTE model using auto-thrombus, evaluating
the dynamic changes in a rabbit’s heart structure and function at multiple time points before and after modeling
by echocardiography and exploring the application value of PTT obtained by contrast enhanced ultrasound (CEUS)
in evaluating a PTE model.

Methods Twenty-four healthy rabbits were intubated by femoral vein puncture to establish the PTE model. Echo-
cardiography was performed before embolization, 2 h, 24 h, 3 days, 5 days, and 7 days after embolization to obtain
conventional ultrasonic parameters. Then, CEUS was performed to obtain the PTT.

Results Seventh day after modeling, nineteen rabbits were alive. Compared with pre-modeling, right heart param-
eters and heart rate in echocardiography were significantly impaired in the acute phase (2 and 24 h after modeling)
and gradually returned to normal in the compensatory phase (3, 5, and 7 days after modeling). In contrast with con-
ventional ultrasound parameters, PTT and nPTT revealed a gradually increasing trend at each time point. Receiver
operating characteristic (ROC) curve analysis revealed with an extension of molding time, the area under the curve
(AUC) of (n)PTT is larger and larger.

Conclusions Right heart parameters obtained using conventional echocardiography can accurately indicate
changes in the structure and function of the right heart during the acute phase of PTE, while (n)PTT measured
by CEUS continues to extend during the acute and compensatory phases of PTE. Therefore, PTT (nPTT) obtained
by CEUS is a useful clinical indicator for the diagnosis of PTE and can be utilized as a supplement to conventional
echocardiography parameters.
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Introduction

Pulmonary embolism (PE) is a clinical pathophysiologi-
cal syndrome in which endogenous or exogenous emboli
block the pulmonary artery trunk or its branches and
cause pulmonary circulation disorder. The clinical symp-
toms include dyspnea, hemoptysis, syncope, and severe
cases may be life-threatening due to right heart failure
[1]. Pulmonary thromboembolism (PTE) is the most
common type of PE. Its incidence and hospitalization
rate are increasing year by year and the thrombus causing
PTE mainly originates from the deep veins of lower limbs
[2]. PTE is easy to be missed and misdiagnosed because
its symptoms are not specific. Computed tomography
pulmonary angiography (CTPA) is the gold standard for
diagnosing PTE, but it cannot provide detailed informa-
tion regarding heart structure, function and tissue signa-
ture [3]. The application of CTPA is limited for patients
with cardiac and renal insufficiency and pregnant and
lactating women. Echocardiography is non-invasive and
convenient and can dynamically evaluate the hemody-
namics of the cardio great vessels and cardiac function
in real time [4]. After PTE, emboli lead to narrowing
of the main and branch lumen of the pulmonary artery
and decreased or blockage of blood flow, which makes
pulmonary circulation resistance and pulmonary artery
pressure increased. In addition, hypoxia and reflex pul-
monary artery contraction can lead to further increases
in pulmonary vascular resistance and pulmonary artery
pressure. The degree of pulmonary artery pressure
increase is closely related to the extent of pulmonary

vascular bed obstruction. When the total cross-sectional
area of the pulmonary vascular bed blocked by throm-
boembolus exceeds 30-50%, the pulmonary artery pres-
sure increases significantly. This leads to increased right
ventricular afterload, right ventricule dilation and right
ventricule dysfunction. Right ventricule enlargement
leads to ventricular septum shift to the left side, left
heart compressed and cardiac output reduced [5]. PTE
can also lead to increased airway resistance, redistribu-
tion of pulmonary blood flow, reduced blood flow in the
embolized part of the lung, increased blood perfusion in
the non-embolized part of the lung, respiratory function
changes such as ventilation blood flow imbalance, result-
ing in pathophysiological changes such as hypoxemia [2,
6]. PTE leads to hemodynamic disorder and respiratory
insufficiency, thus, it is rather important to comprehen-
sively evaluate the cardiopulmonary function of PTE
patients.

Pulmonary transit time (PTT) is the time required for
a blood sample to pass through pulmonary circulation
[7]. This is the time for blood to reach the left heart from
the right heart [8]. It is a noninvasive index of cardiopul-
monary hemodynamics [9]. Research reveals that PTT
has a good correlation with cardiac function and pulmo-
nary vascular parameters and can be used as an index
to reflect the overall cardiac-pulmonary function [10,
11]. Contrast enhanced ultrasound (CEUS) can visual-
ize the process of contrast agent from the right heart to
left heart, thereby yielding PTT. Some researches reveal
that PTT evaluated by CEUS has good reliability and
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repeatability [11-14]. PTT is helpful for the diagnosis
and evaluation of patients with dyspnea and heart failure
[9]. It is a noninvasive composite marker of pulmonary
hemodynamics and cardiac function in patients with pul-
monary hypertension [8]. It is also valuable for prognosis
evaluation of patients with myocardial infarction [15]. At
present, there are few literature reports on the applica-
tion of PTT to evaluate PTE. In this study, a rabbit PTE
model was established to explore the dynamic changes
of ultrasound parameters, particularly PTT, in different
periods of PTE and analyze the diagnostic efficiency of
each ultrasound parameter.

Materials and methods

Experimental animals

Twenty-four healthy Japanese white rabbits, male or
female, aged 4-6 months and weighing 3.0 kg-4.5 kg,
with an average of 3.7+0.5 kg, were provided by the
Experimental Animal Center of the Second Affiliated
Hospital of Harbin Medical University (license num-
ber: SYXK2019-001). The PTE model was prepared and
the changes in ultrasonic parameters at multiple time
points were dynamically observed. This experiment was
approved by the hospital ethics committee (ethics num-
ber: SYDW2021-116).

Model preparation

Preparation of Autologous Thromboembolism

Rabbit ears were sterilized with iodophor, and 1 ml of
blood was taken from the auricular vein, injected into
a sterile dish, and allowed to stand for 30 min. After it
solidified, it was placed in a 70°C water bath box for 15
min. Then, the thrombus was trimmed into five strips
with a diameter of 1 mm and a length of 10 mm with
ophthalmic scissors and placed in a syringe filled with 5
ml of normal saline for subsequent use.

Establishment of the PTE model

A small animal anesthesia machine was used (RWD
Life Science Co., Ltd, R500IE) and isoflurane was used
as an anesthetic; the mask was placed on the nose and
mouth of the rabbit, with an oxygen flow of 4L/min and
an isoflurane output concentration of 3.5%. The eyelids
and cornea of the rabbit were examined to determine
whether the anesthesia was successful—when the reflex
disappears completely and the limbs become limp the
anesthesia is considered successful. Then, the oxygen
flow was adjusted to 0.3L/min, and the rabbit continued
to be anesthetized. The rabbit was fixed in the supine
position on the operating table, shaved in the right ingui-
nal region, disinfected, covered with a hole towel, anes-
thetized with 1 ml of 2% lidocaine, and separated layer
by layer with surgical scissors to fully expose the right
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femoral vein. After a successful puncture with a 5F tro-
car, the needle core was pulled out and the cannula was
simultaneously pushed into the femoral vein; then the
cannula was fixed in the femoral vein with a 4-0 surgi-
cal suture. The prepared thrombus strip and the mixed
solution of normal saline were pushed into the vein by a
bolus injection. The embolus enters the right atrium and
ventricle through the inferior vena cava and finally enters
the trunk or branch of pulmonary artery to block pul-
monary blood flow. Then, the clinical symptoms of rab-
bits, including breathing amplitude and frequency, color
change of nose and mouth, cough, restlessness and con-
vulsion, was observed and recorded. Thereafter, the can-
nula was pulled out, the femoral vein was ligated at the
upper and lower ends to stop bleeding, the incision was
sutured, and the model is completed. After modeling,
cefoxitin sodium (20 mg/kg) was injected intramuscu-
larly twice a day for seven days to prevent infection.

Evaluation of conventional echocardiography

The ultrasonic diagnostic instrument uses Philips IE
Elite (Philips Healthcare, Bothell, WA, USA) and was
equipped with a S12-4 (frequency 4-12MHz) small ani-
mal heart probe. Echocardiography was performed at
six time points—baseline, 2 h, 24 h, 3 days, 5 days, and
7 days after modeling. After anesthesia, the rabbit was
shaved to expose the left chest and connected to a syn-
chronous electrocardiogram. The left lateral position was
taken, and left atrial diameter (LAD) and left ventricular
end-diastolic diameter (LVDd), left ventricular end-sys-
tolic diameter (LVDs), left ventricular ejection fraction
(LVEF), and right ventricular end-diastolic diameter
(RVDd) were obtained from parasternal long-axis view.
The pulmonary artery diameter (PAD) was obtained
from parasternal short-axis view of the aorta. The right
atrial diameter (RAD) and the right/left ventricular end-
diastolic diameter ratio (RV/LV), right ventricular frac-
tional area change (RVFAC), and tricuspid annular plane
systolic excursion (TAPSE) were obtained from the api-
cal four-chamber view. Each index was measured three
times and averaged.

Contrast enhanced ultrasound evaluation

The ultrasound contrast agent (UCA) used was Sono-
Vue (Bracco, Milan, Italy). 5 ml of 0.9% normal saline
was injected into the dry powder bottle of SonoVue and
evenly mixed. UCA was injected into the right auricular
vein through the reserved indwelling needle at a dose of
0.1 ml/kg [16] and then washed with 0.5 ml normal saline.
Thereafter, the ultrasonic parameters were adjusted: the
dynamic range was 50 dB—55 dB, mechanical index was
0.3-0.5, and gain was 70%—75% to obtain the best CEUS
image. The complete dynamic video of the UCA appearing
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Fig. 1 HE staining of gross lung specimen and pathological tissue in a rabbit model of pulmonary thromboembolism (x 50). (A) The gross
specimen of the lung revealed that the lung was slightly enlarged and red and white, and the area of the right pulmonary embolism was larger
than that of the left lung; (B) HE staining in the embolic area revealed a pink cylindrical thrombus embolus in the lumen, and the alveolar wall

and septum around the embolic site were thickened

in the right heart and the left heart in sequence was stored
in the apical four-chamber view. QLab software was used
for post-processing analysis, and the region of interest
(ROI) was drawn in the middle of left atrium and right
atrium respectively, with a size of 1.00 mm?-1.16 mm?,
and the time intensity curve (TIC) of the right atrium and
left atrium was automatically generated. The time inter-
val between the first appearance of the UCA in the right
atrium and the left atrium—that is, PTT—was obtained
by combining the turning point of TIC sudden rise with
the “frame counting” technology [10]. In addition, in
order to reduce the influence of heart rate (HR) on PTT,
normalized PTT (nPTT) was calculated. The nPTT is cal-
culated by multiplying PTT by the number of heartbeats
per second (nPTT=PTT x HR/60) [12].

Detection of lung histopathology

Samples were taken immediately after ultrasonic image
acquisition was completed seven days after modeling. Nor-
mal saline was continuously perfused through the right
ventricle and pulmonary artery until the lung tissue turned
white; then, the heart and lung tissue were extracted and
the pulmonary tissue morphology, color changes, and the
location of embolization was observed. Samples were taken
from the PTE area and fixed in paraformaldehyde for 24
h. After paraffin embedding, sectioning, and hematoxy-
lin—eosin (HE) staining, the morphology of the embolus in
the pulmonary artery and the histological changes of the
surrounding alveolar cells were observed. All rabbits were
euthanized after the completion of the study.

Statistical analysis
Statistical analysis was performed by using IBM SPSS
26.0 software. The Shapiro—Wilk test was used to test the

normality of the data distribution. The continuous data
are represented by mean and standard deviation (normal
distribution). Repeated measures analysis of variance was
used to compare continuous variables at each time point,
and Bonferroni method was used to compare them in
pairs. P<0.05 indicates that the difference is statistically
significant. The ROC curve was used to analyze the sen-
sitivity and specificity and the area under curve (AUC) of
the parameters of the right heart, PTT and nPTT.

Results

Preparation of a rabbit PTE model

All 24 rabbits survived 2 h after the preparation of PTE
model; 2 died of anesthesia accident at 1 day and another
2 died at 7 days after modeling for the same reason, 1
died of excessive injection of UCA at 5 days after mod-
eling, and 19 rabbits survived at 7 days after modeling.
Immediately after the preparation of the PTE model, all
rabbits displayed restlessness, increased breathing extent
and frequency, and nasal alar agitation. Among these, 13
rabbits presented with cyanosis in the mouth and nose,
7 rabbits presented with convulsions, and 6 rabbits pre-
sented with severe cough. The above symptoms were
gradually relieved 20-30 min after the preparation of the
PTE model.

Pathological results of lung tissue

The lung of PTE rabbits was swollen and red and white.
The normal lung tissue after lavage with normal saline
was milky white, and the lung tissue at the embolism site
was dark red. The crimson region was mostly located in
the middle and lower portions of both lungs. In a few
lung specimens, the crimson regions covered both lungs,
and most emboli are embolized in the right lung lobus
diaphragmaticus. Microscopically, pink thrombus embo-
lus was seen in the lumen of blood vessel. The arterial
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Fig. 2 Two-dimensional and contrast enhanced ultrasound (CEUS) images of rabbit apical four-chamber view. (A)Apical Four-chamber view

of the normal rabbit; (B) CEUS image, in which the UCA was filled in the right heart; (C) CEUS image, in which the UCA was then filled in the left
heart. The red and yellow rectangular frames are the regions of interest in the right atrium and the left atrium, respectively, and the TIC

was generated; (D) The time point corresponding to line A represents the time when the UCA first appeared in the right atrium, and the time point
corresponding to line B represents the time when the UCA first appeared in the left atrium, and the time interval between them is PTT. This picture
is TIC of a normal rabbit and PTT of normal rabbits were 0.867s. (E) This picture is TIC of a rabbit at seventh day after PTE and PTT were significantly

prolonged to 1.768s

wall at the embolic site was thickened, and inflammatory
cells were infiltrated inside. The alveolar wall and alveolar
septum around it were thickened, and the alveoli collapse
and inflammatory cells were infiltrated inside the alveolar
septum (Fig. 1).

Dynamic changes of echocardiographic parameters

before and after modeling

All rabbits clearly displayed the standard views of the
heart (Fig. 2).

Compared with baseline, the differences in RVDd, PAD,
RVFAC, RV/LV, TAPSE, HR, PTT, and nPTT after PTE
model preparation were statistically significant (?<0.01).
There was no significant difference in LAD, LVDd, LVDs,
LVEEF, and right atrial diameter (P>0.05) (Table 1).

The parameters with statistical significance for the
above differences are further compared at each time
point after PTE model preparation with baseline, and the
results are presented in Table 2. RVDd, PAD and RV/LV
increased to the peak at two hours after modeling and
then decreased gradually, and the differences between 2
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Table 1 Comparison of echocardiographic parameters at different time points in a rabbit model of pulmonary thromboembolism

Parameter Time point of ultrasound examination (mean standard deviation) F P value

Baseline After modeling  After modeling  After modeling  After modeling  After modeling

(n=24) 2h 24h 3 days 5 days 7 days

(n=24) (n=22) (n=22) (n=21) (n=19)

LAD(mm) 948+1.40 10.08+0.80 9.88+0.75 10.05+£0.82 9.97+1.09 10.09+1.26 2467 0.77
LVDd(mm) 1563+139 1556+1.67 1533+153 15.27£1.40 15.08+1.62 15.36+1.37 3.113 0.095
LVDs(mm) 1005+1.06 9.97+0.96 9.61+1.21 9.56+0.97 9.81+0.83 9.92+0.99 2196 0104
LVEF(%) 71.06+£1.65 70.10£2.81 70.09+£2.74 68.74+1.84 69.91+£1.71 69.96+2.15 2.637 0.05
RAD-LR(mm) 991+2.58 10.98+1.30 10.07+1.54 10.19£1.33 10.14+£1.55 9.96+1.26 1.646 0.204
RAD-UD(mm)  10.53+£1.15 10.96+0.90 1045+0.93 10.34£0.95 10.30£1.28 10.39+1.27 244 0.072
RVDd(mm) 5.19+0.19 6.04+0.28 5.69+0.28 526+0.16 525+0.14 521+0.20 119.10  0.000**
PAD(mm) 584+033 6.74+0.23 6.40+0.65 595+0.28 598+0.24 5914030 21973 0.000**
RVFAC(%) 5445+£439 4784+272 43.53+4.03 5244+538 53.38£4.91 53.08+4.78 30.113  0.000**
RV/LV 076+004  092+0.74 0.86+0.06 0.77+0.07 0.77+0.05 0.76+0.05 41444 0.000%*
TAPSE(mm) 6.00+£0.25 531+£0.74 531+0.52 6.03+0.04 6.02+0.04 6.03+£0.03 19.274  0.000**
HR(bpm) 269+ 11 237+31 251+21 256+ 14 262+12 261+16 11.012  0.000%*
PTT(sec) 1.00+0.09 1.25+0.21 1.38+0.15 148+0.15 1.59+0.18 1.77+0.19 115.19  0.000**
nPTT 365+0.77  448+0.80 570+0.73 6.30+0.66 6.94+0.86 7.69+1.01 95543 0.000%*

LAD left atrial diameter, LVDd left ventricular end-diastolic diameter, LVDs left ventricular end-systolic diameter, RAD-LR left and right diameter of right atrium, RAD-UD
up and down diameter of right atrium, RVDd right ventricular end-diastolic diameter, PAD pulmonary artery diameter, RVFAC right ventricular area change fraction,
RV/LV right/left ventricular end-diastolic diameter ratio, TAPSE tricuspid annular plane systolic excursion, HR heart rate, PTT pulmonary transit time, nPTT normalized

pulmonary transit time
" P<0.05
" P<0.01

h after modeling and baseline as well as 24 h after mod-
eling and baseline were statistically significant (P<0.05).
RVFAC, TAPSE, and HR decreased after modeling,
reached the lowest at 24 h, and then gradually increased;
and the differences between 2 h after modeling and base-
line as well as 24 h after modeling and baseline were sta-
tistically significant (P<0.05). There was no significant
difference in the above parameters between 3 days, 5
days, and 7 days after PTE and baseline (P>0.05) (Fig. 3A
and B). In contrast to conventional ultrasound parame-
ters, PTT and nPTT revealed a continuous upward trend
at each time point after operation, and the differences
were statistically significant compared with those before
modeling (P<0.05) (Fig. 3C).

ROC curve analysis of echocardiographic parameters

In order to evaluate the diagnostic efficiency of right ven-
tricular parameters, PTT and nPTT for PTE, the ROC
curves of the above parameters were analyzed (RVDd,
PAD, RVFAC, RV/LV, TAPSE, PTT, and nPTT) at various
time points after PTE. At 2 h and 24 h after modeling,
the AUC of all parameters was greater than 0.70, and
the AUC of PAD was the largest at 2 h after modeling,
which was 0.879. The AUC of nPTT was the highest at
24 h after modeling, which was 0.898, with sensitivity and
specificity of 0.818 and 0.875, respectively. On the third,

fifth, and seventh day after modeling, the AUCs of PTT
and nPTT were larger than 0.85, and the sensitivity and
specificity were higher. With the extension of time after
PTE, the AUC of PTT and nPTT gradually increased
(Table 3 and Fig. 4).

Discussion
Venous thromboembolism is one of the three acute car-
diovascular syndromes in the world, and its incidence
is second only to myocardial infarction and stroke; it
is often manifested as deep venous thrombosis and/
or PE in clinic [17]. Epidemiological studies reveal that
the annual incidence rates of PE are 39-115/100,000,
and the incidence rates of deep venous thrombosis are
53-162/100,000 [18, 19]. The incidence of PE worldwide
is increasing year by year [20—25], according to statistics,
in the last decades, the incidence rate of PE in England
increased from 50.2 to 97.8 per 100,000 population; in
America the rate increased from 38.3 to 65.8 per 100,000
population. At the same time, PE has a high mortality
rate, which ranks among the leading causes of death from
cardiovascular diseases [19]. Timely diagnosis and treat-
ment are very important to improve the prognosis and
survival rate of PE patients.

Rabbits are gentle, their heart and lung structures are
similar to those of humans, and their fibrinolysis system
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Fig. 3 Variation trend of ultrasonic parameters at each time point after the preparation in a rabbit model of pulmonary thromboembolism

is also close to that of humans [26]. Therefore, rabbits
were selected as experimental animals in this study.
Previous studies [27] have revealed that the rabbit PTE
model can accurately simulate the process of human PTE
and provide a basis for clinical research of human PTE.
Currently, blood clots, microparticles, gelatin sponges,
and suture segments can be used as emboli to establish
PE models [28]. Injection routes include femoral vein,
external jugular vein, and auricular vein. In this study,
autologous thrombus was selected as the embolus, and
the thrombus embolus was injected through the femoral
vein. The embolus returned to the right heart with the
blood flow of the inferior vena cava and finally entered
the pulmonary artery. The advantage of this is that it can
simulate the pathophysiological process of deep vein
thrombosis in human lower limbs shedding to the right
heart. Two hours after modeling, the survival rate of rab-
bits was 100%. Thrombo-emboli were found in lung gross

specimens, most of which were embolized lobus dia-
phragmaticus of both lungs, and the right lung was more
embolized than the left lung. HE staining revealed dense
thrombo-emboli and infiltration of inflammatory cells in
the lumen of pulmonary artery branches, which was con-
firmed by anatomy and histopathology.

It is suggested that echocardiography should be per-
formed within 24 h after PTE diagnosis [29]. Patients
treated with thrombolysis within 48 h of PTE had the
greatest benefit [30]. Clinically, the 48-h is the bound-
ary, which is divided into acute period and compensa-
tory period. In this study, referring to the above criteria,
2 h and 24 h after modeling of PTE were set as the acute
phase, while 3 days, 5 days and 7 days after modeling
were set as the compensatory phase of PTE. Routine
echocardiography and CEUS examination were per-
formed at various time points in the acute and compen-
satory phases to observe the dynamic changes in cardiac

RV/LV ==@== TAPSE =@ PTT @ nPTT

1 e=@== RV ==@== PAD RVFAC
0.9
0.8
0.7
0.6
0.5
0.4
after modeling after modeling
2 hours 24 hours
(n=24) (n=22)

after modeling

=

‘\
e

after modeling
5 days
(n=21)

after modeling
7 days
(n=19)

3 days
(n=22)

Fig. 4 The AUC variation trends of right heart parameters and (n)PTT at each time point in a rabbit model of pulmonary thromboembolism
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Table 3 The diagnostic efficiency of right heart parameters and (n)PTT in a rabbit model of pulmonary thromboembolism at each

time point

Parameter After modeling After modeling After modeling After modeling After modeling
2h 24 h 3 days 5 days 7 days
Area under curve (sensitivity/specificity)

RVDd(mm) 0.821 0.857 0.616 0.552 0492
(0.792/0.917) (0.955/0.833) (0.591/0.708) (0.286/0.792) (0.842/0.25)

PAD(mm) 0.879 0.729 0.565 0.585 0.527
(0.792/0.857) (0.500/0.958) (0.773/0.375) (0.810/0.458) (0.789/0.333)

RVFAC(%) 0816 0.890 0672 0.671 0.649
(0.625/0.958) (0.773/0.875) (0.409/0.958) (0.476/0.958) (0.684/0.667)

RV/LV 0.825 0.750 0.744 0.646 0441
(0.75/0.958) (0.591/0.958) (0.682/0.833) (0.619/0.708) (0.263/0.833)

TAPSE(mm) 0.827 0.896 0.724 0.722 0.754
(0.833/0.75) (0.727/0.958) (0.682/0.75) (0.714/0.75) (0.737/0.75)

PTT(sec) 0.840 0.818 0.867 0.906 0.929
(0.875/0.75) (0.864/0.708) (0.818/0.875) (0.81/0.917) (0.947/0.875)

nPTT 0.757 0.898 0.907 0.927 0.945
(0.583/0.875) (0.818/0.875) (0.818/0.958) (0.952/0.875) (0.947/0.958)

structure and function, particularly PTT. Thus far, there
is no such report.

In the acute period of PTE, pulmonary vascular
resistance increased under the combined action of pul-
monary artery obstruction and hypoxic vasoconstric-
tion [31], which in turn leads to an increase of right
ventricular afterload and right ventricular dilatation,
and a decrease in the right ventricular systolic function.
The results of this study reveal that in the acute phase
of PTE, compared with before modeling, PAD, RVDd,
RV/LV are increased to different extents, while RVFAC
and TAPSE are decreased. These results indicate that
in the acute period of PTE, echocardiography can
accurately reflect the changes in cardiac structure and
function and provide auxiliary information for clinic
practice. During the compensatory period of PTE, the
right ventricular myocardial contractility increased
through the Frank-Starling mechanism. Simultaneously,
the activation of the nerve-humoral system produces
positive chronotropic and inotropic effects and main-
tains the output of the right heart. These compensation
mechanisms and vasoactive substances constitute sys-
temic vasoconstriction, and the systemic blood pres-
sure returns to normal and stable [18, 32]. However,
echocardiography has low sensitivity to PTE with stable
hemodynamics [18]. The results of this study revealed
that at three, five, and seven days after molding, the
indexes such as PAD, RVDd, RV/LV, HR, RVFAC, and
TAPSE measured by conventional ultrasound have
no statistical significance compared with those before
modeling. This indicates that in the compensatory
period of PTE, conventional echocardiography cannot

make an accurate diagnosis of the disease, which is
consistent with previous research results [29].

Different from conventional ultrasound parameters,
PTT is a parameter of pulmonary circulation, which
refers to the time for a certain amount of blood to pass
through pulmonary circulation and its prolongation is
related to the dysfunction of both ventricles and the
increase of pulmonary vascular resistance [33]. Prior
studies [28, 34, 35] using PTT to evaluate heart failure,
hepatopulmonary syndrome, pulmonary hypertension,
and other diseases. However, there is little research
data on PTE. The results of this study revealed that PTT
and nPTT increased gradually with the extension of the
model preparation time, which may be due to the con-
tinuous increase in pulmonary vascular resistance and
pressure caused by PTE, and pulmonary blood flow was
mainly determined by cardiac function and pulmonary
hemodynamics [36, 37]. The change in hemodynamics
affects the pulmonary transport of the ultrasound con-
trast agent [8]. Although the precise physiological basis
of the relationship between PTT and pulmonary hemo-
dynamics in acute PTE is not clear, the comprehensive
factors such as the increase in pulmonary wedge pres-
sure, the expansion of the pulmonary vascular bed,
the increase in blood perfusion in the non-occluded
part of the pulmonary vessels, and the decrease in
cardiac output caused by left ventricular compression
may lead to the prolongation of PTT. Previous litera-
ture [38] reveals that PTT in PTE patients is obviously
prolonged, which is consistent with the results of this
study. PTT and nPTT can accurately identify PTE in
both the acute and compensatory periods.
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PTT can be measured by various imaging methods.
The traditional pulmonary thermodilution involves
obtaining the arterial thermodilution curve and PTT
after injecting cold physiological saline into the central
vein. However, this method needs the insertion of ther-
modilution catheter and the installation of the tempera-
ture sensor, which is laborious and time-consuming [14].
The first-pass perfusion images are obtained by CT and
PTT is calculated by subtracting the peak time of the left
ventricular curve from the peak time of the right ven-
tricular curve, which can identify patients with decreased
ejection fraction and pulmonary hypertension. However,
CT has limitations such as low time resolution and radia-
tion exposure [34]. Dynamic contrast enhanced magnetic
resonance imaging (MRI) can be utilized to detect the
difference between patients with heart failure and healthy
subjects through PTT determined by the time interval
when the contrast agent first arrives in the right and left
ventricles [39]. However, MRI technology is expensive
and requires the patient to hold their breath, so it cannot
be utilized for animals and patients who cannot breathe
spontaneously. Through pulmonary angiography, PTT
determined by observing the turbidity peak time between
the contrast agent entering the pulmonary trunk and the
left atrium can be used to diagnose hepatopulmonary
syndrome [35]. However, it is invasive, expensive, and
taboo for pregnant women and people with renal insuf-
ficiency. CEUS is real-time, convenient, and can be oper-
ated at bedside. Previous studies [40—42] reveal that the
measurement of PTT by CEUS has good feasibility and
reproducibility, it is consistent with the PTT obtained
by MRI, and does not depend on the size and position of
ROI; thus, CEUS is selected to obtain PTT in this study.
Currently, SonoVue is widely used in clinical practice,
and the incidence of side effects is extremely low [43]. It
is also well tolerated in patients with severe heart failure
and pulmonary hypertension [44].

The analysis of the ROC curve reveals that the AUC of
PAD is the largest at two hours after the model is created,
and the AUC of three conventional echocardiographic
parameters—RVDd, RVFAC, and TAPSE—are all above
0.85 at 24 h after the model is created. Moreover, it is evi-
dent that in the acute period of PTE, although it is dif-
ficult to directly display the embolus in the pulmonary
artery trunk and branches, the conventional ultrasound
parameters sensitively reflect the changes in hemody-
namics, and nPTT also shows good diagnostic efficiency
at 24 h after the model is made. On the third, fifth, and
seventh days after PTE modeling, the AUC of PTT and
nPTT were larger than other parameters, and both were
above 0.85, with high sensitivity and specificity; morever,
the AUC increased with time. PTT obtained by CEUS
is expected to supplement conventional ultrasound
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examination and make up for its low sensitivity in detect-
ing pulmonary embolism [4, 45].

This study has the following limitations. First, the
small sample size may affect the accuracy of the research
results. Second, this study only confirmed the success-
ful establishment of the pulmonary embolism model
through gross anatomy and pathological examination; no
other imaging examinations were conducted to evaluate
the relationship between embolic area and PTT. Third,
the hemodynamic parameters of rabbits, such as pulmo-
nary artery pressure and pulmonary vascular resistance,
were not invasively evaluated in this study. Fourth, this
study did not evaluate the relationship between the pro-
longation of PTT and the prognosis of pulmonary embo-
lism. Fifth, we did not research whether there were sex
differences in PTT about rabbits. Sixth, lack of echocar-
diographic assessment of pulmonary hypertension using
tricuspid regurgitation velocity.

Conclusion

The rabbit PTE model can be successfully established by
utilizing an autologous thrombus. Conventional echocar-
diographic parameters can accurately provide changes in
the structure and function of the right heart in the acute
period of PTE, which is of great significance for the diag-
nosis of PTE; however, the ultrasonic parameters gradu-
ally return to normal in the compensatory period. PTT
(nPTT) measured by CEUS is continuously prolonged
in the acute and compensatory periods of PTE, which
has potential value for the diagnosis and curative effect
observation of PTE.
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