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Abstract

Objective To analyze the echocardiography characteristics of pulmonary artery sling (PAS) and explore the
diagnostic value of the distance between the bifurcation of the left and right pulmonary arteries and the pulmonary
artery valve annulus (DBP) in diagnosing PAS in children.

Methods This retrospective study analyzed echocardiographic data from 27 children diagnosed with PAS at our
hospital from March 2014 to December 2022. The data were compared with those from 77 normal children. The study
examined statistical differences between the two groups in the diameters of the left and right pulmonary arteries,

the main pulmonary artery valve annulus diameter, and the DBP, both uncorrected and corrected for body surface
area (BSA). The diagnostic utility of these measurements for distinguishing children with PAS from those without was
assessed using receiver operating characteristic (ROC) curves.

Results The DBP and the corrected DBP values were significantly higher in the PAS group than in the normal group,
with areas under the ROC curve of 0.909 for DBP and 0.951 for DBP/BSA (P < 0.05). A DBP of 1.87 cm as the diagnostic
threshold yielded a sensitivity of 98.9% and specificity of 84.4%. A DBP/BSA of 7.68 cm/m? had a sensitivity of 98.3%
and specificity of 92.2%. The diagnostic odds ratios (OR) were 76.38% and 79.99%, respectively.

Conclusion The pivotal element in echocardiography diagnosis of PAS is the identification of the spatial relationship
between the left pulmonary artery (LPA) and the trachea. The use of quantitative indices such as DBP and DBP/BSA for
adjunctive diagnosis can positively impact the early detection of PAS.
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Graphical Abstract. 1: the triangle symbol represents the pulmonary artery valve annulus; 2: The circular symbol
indicates the bifurcation of the left and right pulmonary arteries; 3: The distance between the two markers
represents the distance between the bifurcation of the left and right pulmonary arteries and the pulmonary artery
valve annulus (DBP).

Keywords Pulmonary artery sling, Echocardiographic diagnosis, Pulmonary valve, Body surface area, Diagnostic odd
ratio
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Introduction symptoms often varies based on the degree of tracheal or

Pulmonary artery sling (PAS) is considered a rare con-
genital anomaly, occurring in approximately 1 in 200,000
live births [1-2]. It is most commonly diagnosed in
infancy or early childhood, though cases have also been
reported in adults. PAS results from an abnormal embry-
onic development of the pulmonary arteries, leading to
an anomalous course of the left pulmonary artery, which
passes behind the trachea and/or esophagus instead of
in front of them. While the specific cause of PAS is not
always clear, it is believed to be associated with disrup-
tions in the normal development of the embryonic vas-
cular system during fetal growth. Additionally, genetic
factors or underlying syndromes, such as 22q11.2 dele-
tion syndrome (DiGeorge syndrome), may contrib-
ute to the development of PAS [3]. The severity of PAS

esophageal compression caused by the anomalous vessel.
Treatment typically requires surgical correction to repo-
sition the anomalous pulmonary artery and alleviate the
compression on the trachea and/or esophagus [4-5].
Diagnosis of PAS in children typically relies on a mix
of clinical evaluation and imaging studies. A chest X-ray
may reveal signs such as an abnormal tracheal position,
tracheal narrowing, and displacement of the esopha-
gus. An echocardiography can provide detailed insights
into the heart’s structure, including the positioning of
the pulmonary arteries and any related anomalies [6].
Computerized tomography angiography (CTA) is par-
ticularly effective in providing detailed images of the
blood vessels, helping visualize the anatomy of the pul-
monary arteries and their relationships with surrounding
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structures. Magnetic resonance imaging (MRI) might
also be utilized to further assess the anatomy when CT
angiography is not feasible or to supply additional infor-
mation [7].

Echocardiography is increasingly recognized as a fun-
damental diagnostic tool in intensive care unit, noted for
its accessibility, non-invasive nature, repeatability, and
versatility across various clinical indications [8]. How-
ever, the extent to which echocardiography contributes
to increased sensitivity and specificity in diagnosing
PAS remains to be fully determined. This study aims to
evaluate the role of echocardiography in distinguishing
between PAS and non-PAS abnormalities and to explore
a quantitative index that could potentially aid in the diag-
nosis of PAS in children.

Methods and materials

Patients

This study is a single-center retrospective analysis that
included 27 children who were diagnosed with PAS at
our institution between March 2014 and December 2022,
forming the PAS group. Additionally, 77 healthy children
were included as the normal group. The study has been
approved by the ethics committee.

Echocardiography technique

Echocardiography examinations were conducted in a
dimly lit echocardiography room to optimize image qual-
ity. The assessments utilized a digital premium cardio-
vascular ultrasound system (Philips IE33 and PHILIPS
EPIQ 7 C, Highland Heights, OH, USA), equipped with
real-time software and both S8-3 MHz and S5-18 MHz
linear transducers. Children undergoing examination
were positioned either supine or in the left lateral decubi-
tus position. The scanning was performed through vari-
ous acoustic windows including the parasternal, apical,
subxiphoid, and suprasternal fossa. These windows facili-
tated the evaluation of several cardiovascular conditions
and phenomena such as: (1) congenital malformations in
the heart and great blood vessels; (2) irregular coordina-
tion of myocardial movement; (3) the status of blood flow
through the valve and regurgitation, assessed using color
Doppler imaging technology; (4) transvalvular pressure
differences, determined by spectral Doppler technology.

Data collection

The echocardiographic image storage system was
accessed to retrieve and summarize measurement
records, focusing on key anatomical dimensions: the
inner diameter of the main pulmonary artery valve annu-
lus (MPA), the inner diameters of the left (LPA) and right
pulmonary arteries (RPA), and the distance from the
bifurcation of both pulmonary arteries to the pulmo-
nary valve annulus (DBP). All variations of the ultrasonic
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sonographic characteristics from the PAS group, along
with any associated cardiovascular malformations, were
summarized and subjected to statistical comparison.

Demographic data such as gender, age, and weight
of the enrolled children were collected. To mitigate the
influence of age on the primary measured values, these
were adjusted by division with the body surface area
(BSA). The BSA is crucial for accurate dosing and mea-
surement scaling [9-10]. This adjustment ensures that
developmental variations across a diverse children’s
population do not skew the results. Additional imaging
records, such as conventional CTA, were also reviewed
as part of the comprehensive diagnostic approach.

Statistical analysis

Statistical analyses were performed using SPSS software
(version 16.0, New York, USA). Continuous variables
that conformed to a normal distribution were described
using means and standard deviations, and presented as
(mean+SD). For those variables not normally distrib-
uted, median and interquartile ranges were used. Com-
parisons of continuous variables between groups were
conducted using the rank sum test, while categorical
data were expressed as numbers (n) and percentages (%),
and analyzed using the chi-square (x [2]) test. Where
appropriate, analysis of variance (ANOVA) or Pearson’s
chi-square test was applied to determine statistical sig-
nificance. A two-sided p-value of <0.05 was considered
statistically significant.

To assess the diagnostic efficacy for PAS, receiver oper-
ating characteristic (ROC) curve analysis was utilized to
determine the optimal cutoff value, based on the Youden
index. The diagnostic accuracy of various measures for
PAS was further evaluated by calculating sensitivity,
specificity, positive likelihood ratio (LR+), negative likeli-
hood ratio (LR-), and diagnostic odds ratio (DOR), along
with their 95% confidence intervals (CIs). This compre-
hensive analytical approach was designed to rigorously
evaluate the effectiveness of different diagnostic scores in
identifying PAS.

Results
The current study analyzed data from a total of 104 chil-
dren. As shown in Table 1, the median age of patients in
the PAS group was 67 days (IQR: 27.0, 222), while the
median age in the normal group was 30 days (IQR: 12.5,
120). There were no differences between the two groups
except DBP (2.94+£0.75 vs. 1.63£0.51, P<0.05) and DBP/
BSA (10.58 +2.40 vs. 5.75+1.31, P<0.05).
Echocardiography for PAS revealed distinct abnor-
malities in the positioning of the LPA. Typically in the
normal case, the pulmonary artery originates from the
right ventricle and bifurcates into left and right branches.
However, in PAS (Fig. 1A), the LPA arises from the RPA
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Table 1 The comparation of patients’information between PAS
and control groups

PAS group Control group

(n=27) (n=77)
Gender(boys/girls) 13/14 42/35
Age(days) 67(27.0,222) 30(12.5,120)
Weight(kg) 5.77+4.05 566+337
BSA (m?) 031+0.14 0.30+0.12
MPA(cm) 1.00+0.29 095+0.21
MPA/BSA(cm/ m?) 355+0.97 3.33+0.59
LPA(cm) 045+0.12 047+0.17
LPA/BSA(cm/ m?) 160+048 161+0.25
RPA(cm) 050+0.18 050+0.18
RPA/BSA(cm/m?) 1.74+0.58 1.70+0.27
DBP(cm) 294+0.75* 1.63+0.51
DBP/BSA(cm/m?) 10.58+240* 575+1.31

Note: BSA, body surface area. MPA, the inner diameter of the main pulmonary
valve annulus. LPA, the inner diameter of the left pulmonary artery. RPA, the
inner diameter of the right pulmonary artery. DBP, the distance from the
bifurcation of both (left and right) pulmonary arteries to the pulmonary valve
annulus. *: P<0.05 vs. control group

and passes behind the highly echogenic trachea. Our
study noted that in eight cases (29.6%), there was a right-
deviated mediastinal PAS, attributed to hypoplasia of the
right lung (Fig. 1B). This mediastinal shift to the right can
cause the RPA to appear parallel to the longitudinal axis
in the imaging, potentially leading to misinterpretation.
It might be erroneously viewed as the typical MPA, with
subsequent branches mistakenly identified as those of the
LPA and RPA. For a more comprehensive understanding,
Fig. 2 illustrates the echocardiographic characteristics
and CTA images of standard PAS and cases with a right-
deviated mediastinum. This comparison helps visualize
the distinctions between the types of PAS, clarifying the
unique presentations and aiding in accurate diagnosis
and differentiation.

In the current study, 67% of the patients diagnosed with
PAS also presented with various cardiac malformations.
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These included ventricular septal defects (5 cases), atrial
septal defects (5 cases), combined ventricular and atrial
septal defects (2 cases), atrioventricular septal defects (1
case), pentalogy of Fallot and right aortic arch (1 case),
and left superior vena cava (LSVC) (11 cases). Notably,
11 cases (40.7%) were associated with pulmonary hyper-
tension, while 9 cases did not have accompanying cardiac
malformations. Eight cases exhibited rightward deviation
of the mediastinum PAS.

From the 104 cases reviewed, including 27 PAS cases,
the data were used to calculate the area under the ROC
(AUROC) for various measures: LPA/BSA (0.513), RPA/
BSA (0.503), DBP (0.909), and DBP/BSA (0.951). The
AUROC values for DBP and DBP/BSA were statistically
significant (P<0.01 and <0.001 respectively), indicat-
ing a strong diagnostic performance (Table 2; Fig. 3).
Two diagnostic cut-off values were determined: DBP at
1.87 cm and DBP/BSA at 7.68 cm/m?. The ROC for DBP/
BSA, plotted to analyze diagnostic efficiency, revealed a
diagnosis quality index of 89.8% for PAS (Fig. 4). Figure 5
shows the schematic diagram of PAS measurement in
this study. In Fig. 5B, the DBP is significantly longer than
in Fig. 5A, providing a more intuitive and quantifiable
diagnostic clue for PAS.

Table 3 summarized the diagnostic performance of
DBP and DBP/BSA score thresholds for detecting PAS.
For DBP at the 1.87 cm cutoff value, the sensitivity and
specificity were 98.9% and 84.4%, respectively. The posi-
tive and negative likelihood ratios were 7.17 (95% CI,
3.17-15.2) and 0.18 (95% CI, 0.06-0.32), respectively,
with a diagnostic OR of 76.38 (95% CI, 39.21-89.16). For
the DBP/BSA at the 7.68 cm/m? cutoff value, the sensi-
tivity and specificity were 98.3% and 92.2%, respectively.
The positive and negative LRs were 8.09 (3.43-19.08)
and 0.11 (0.03-0.21) respectively, with a diagnostic OR
of 79.99 (95% CI, 46.21-98.98). This detailed statistical

Fig. 1 A:The typical PAS image (The RPA travels to the right, and the LPA originates from the RPA and travels to the left behind the trachea); B: Echo-
cardiography of right-deviated mediastinum PAS (The RPA travels parallel to the longitudinal axis, the LPA originates from the RPA and travels to the left
behind the trachea). (Note: LPA: left pulmonary artery, RPA: right pulmonary artery, MPA: main pulmonary artery, T: trachea)
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Fig. 2 The echocardiographic characteristics and CTA images of PAS and right-deviated mediastinum PAS cases. A1: Color echocardiographic image; A2:
CTA image; B1: Color echocardiographic image; B2: CTA image. (Note: LPA: left pulmonary artery, RPA: right pulmonary artery, T: trachea)

Table 2 Characteristic plot (ROC) with different measurement

values

Measurement AUROC Std. The asymptotic ~ 95% Con-

Values Score Error significance fidence
Interval

LPA/BSA 0513 0.03 0.89%4 0420,
0.639

RPA/BSA 0.503 0.03 0.976 0.404,
0.608

DBP 0.909 0.07 <0.01 0.745,1.03

DBP/BSA 0.951 0.07 <0.001 0.806, 1.11

Note: AUROC, Area Under the Receiver Operating Characteristic Curve

evaluation highlights the robustness of DBP and DBP/
BSA as effective metrics in the diagnosis of PAS.

The concordance between echocardiographic mea-
surements and CT measurements is summarized in
Table 4. The intraclass correlation coefficients (ICCs)
demonstrate excellent agreement across all comparison
groups. Specifically, the ICC for echocardiographic DBP
measurements compared to CT measurements is 0.945
(P<0.001). Similarly, the ICC for echocardiographic LPA
measurements compared to CT measurements is 0.929
(P<0.001), while the ICC for echocardiographic RPA
measurements compared to CT measurements is 0.937
(P<0.001).

Discussion
PAS is a congenital malformation where a branch pulmo-
nary artery originates from the contralateral pulmonary
artery. Since its initial report by Glaevecke and Doehle
in 1897, PAS has been extensively studied [11-13].
Although CT scanning has become the preferred diag-
nostic method due to its ability to image airways and
vessels clearly, its use is limited by its lack of accessibil-
ity, non-portability, and the risks associated with ioniz-
ing radiation, making it less suitable for early diagnosis of
PAS [14]. In contrast, echocardiography, which is highly
accessible, portable, uses non-ionizing radiation, and
does not require sedation, is the ideal modality for early
diagnosis of PAS [15-16]. Echocardiography also enables
the concurrent diagnosis of associated congenital heart
defects. However, clear diagnostic criteria for echocar-
diographic identification of PAS are currently lacking. To
address this gap, we conducted a retrospective analysis of
the echocardiographic characteristics of PAS in children.
Our study found that 29.6% of the patients in our cohort
exhibited a mediastinal shift to the right due to under-
development of the right lung, and 67% presented with
various congenital heart defects. The results suggest that
DBP and DBP/BSA have strong diagnostic efficacy for
echocardiographically diagnosing PAS, with diagnostic
thresholds of 1.87 cm and 7.68 cm/m?, respectively.
When diagnosing PAS via echocardiography, viewing
the pulmonary artery bifurcation is critical. This view
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Fig. 3 Characteristic plot (ROC) with different measurement values

typically reveals the anomalous origin of the LPA from
the RPA, passing behind the trachea—a direct indicator
for confirming PAS. Accurately determining the spatial
relationship between the trachea and the LPA is a key
diagnostic step. Echocardiographic studies on PAS have
predominantly been conducted during the fetal period,
where the trachea, filled with amniotic fluid, appears as
an anechoic area on the images, facilitating the recog-
nition of structures. In contrast, the neonatal trachea,
filled with air, shows high echogenicity, often merging
with surrounding lung tissue or connective tissue, which
increases the difficulty of identification [17-18]. In our

study, 29.6% of PAS patients exhibited a mediastinal shift
to the right due to underdevelopment of the right lung,
aiding in the accurate diagnosis and differentiation of this
condition. In this type of PAS, the RPA does not extend
to the right as typical but may continue directly backward
from the MPA. This causes the subsequent LPA and the
distal RPA to appear similar to the normal bifurcation of
the left and right pulmonary arteries. Misidentification
of the strongly echogenic trachea anterior to the LPA can
lead to diagnostic errors. such situations are commonly
encountered in our clinical practice. The origins of the
left and right pulmonary arteries are not always in the
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Fig. 4 Summary DBP/BSA characteristic plot (ROC) for assessing diagnostic accuracy with corresponding curves indicative of upper and lower bounds
of 95% Cl. (AUC=area under curve, SE=standard error, Q*=summary measure of accuracy derived from the ROC curve)

Fig. 5 Echocardiography measurement diagram of PAS. Although the two images above look very similar, the DBP in Fig. 5B is significantly longer than
in Fig. 5A, providing an intuitive and quantifiable diagnostic clue for PAS

Table 3 Summary of estimates of diagnostic performance of DBP and DBP/BSA score threshold (1.87 cm and 7.68 cm/m?2) for
detecting PAS

Sensitivity, % (95% Cl)  Specificity, % (95% Cl)  Positive LR (95% Cl) Negative LR (95% Cl) Diagnostic OR (95% Cl)
BPD(cm) 98.9 (98.24-99.7) 84.4(79.3-88.2) 7.17(3.17-15.2) 0.18 (0.06-0.32) 76.38 (39.21-89.16)
BPD/BSA (cm/m?)  98.3 (96.2-99.5) 92.2 (88.1-98.7) 8.09 (3.43-19.08) 0.11(0.03-0.21) 79.99 (46.21-98.98)
Note: LR, the likelihood ratio. OR, odds ratio
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Table 4 Concordance between echocardiographic
measurements and CT measurements

Comparison group ICC Pvalue
Exam 1* versus CT measurements 0.945 <0.001
Exam 2* versus CT measurements 0.929 <0.001
Exam 3* versus CT measurements 0.937 <0.001

*Exam 1: DBP: the distance from the bifurcation of both pulmonary arteries
to the pulmonary valve annulus; Exam 2: LPA: the inner diameters of the left
pulmonary arteries; Exam 3: RPA: the inner diameters of the right pulmonary
arteries

same horizontal plane; the left pulmonary artery usually
arises slightly higher than the right pulmonary artery, but
they do not cross each other. In these cases, the origins
of the two pulmonary arteries remain relatively close,
and by rotating the ultrasound probe, it is still possible
to identify the bifurcation of the pulmonary arteries
and measure the DBP. When the origin of the left pul-
monary artery is slightly higher and rotates to the right
wall of the main pulmonary artery, the initial segments
of the left and right pulmonary arteries exhibit a crossed
relationship, which is referred to as crossed pulmonary
arteries. Even in cases with a clear diagnosis of crossed
pulmonary arteries, the bifurcation of the left and right
pulmonary arteries can still be located, allowing for accu-
rate DBP measurement. Encountering cases of mediasti-
nal shift type PAS and lacking experience in identifying
the trachea, the bifurcation elongation sign can provide
a very intuitive and quantifiable diagnostic clue (Fig. 5).
When PAS patients also have concurrent congenital
heart defects, it complicates the clinical course, affecting
the complexity of surgical repair and prognosis. Previous
studies have shown that the incidence of congenital heart
defects in PAS patients ranges from 40 to 80%, with the
most common defects being ventricular septal defects,
atrial septal defects, and patent ductus arteriosus [19].
In our study, 67% of PAS patients also suffered from
congenital heart defects, with incidence rates and types
similar to those reported in previous research. A por-
tion of patients with PAS may have a PDA that has not
yet closed. Therefore, accurately identifying the PDA and
LPA is crucial for locating the pulmonary artery bifurca-
tion and measuring the DBP. Based on our clinical expe-
rience with such cases, we have found that anatomically,
the origin of the PDA is slightly higher than that of the
LPA. Additionally, the PDA is shorter, and echocardio-
graphic can trace its connection to the descending aorta,
which allows for confirmation that the vessel is a PDA
and not an LPA—this is a key distinguishing feature. Fur-
thermore, in most patients without pulmonary hyperten-
sion, the blood flow in the PDA is left-to-right (from the
descending aorta through the PDA into the pulmonary
artery), whereas the blood flow in the LPA is directed
from the main pulmonary artery to the left pulmonary
artery. Thus, the blood flow directions of the PDA and
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LPA are opposite, and this can be observed on color Dop-
pler ultrasound. However, it is important to note that in
cases with pulmonary hypertension, the reversed blood
flow direction can no longer serve as a reliable distin-
guishing feature.

In children with PAS, the LPA abnormally originates
from the RPA instead of distally from the MPA. Theo-
retically, the distance between the bifurcation of the LPA
and RPA from the MPA annulus should be longer in PAS
patients than in normal children. The results of our study
support this hypothesis and introduce an innovative
method for echocardiographic diagnosis of PAS using
DBP and DBP/BSA. Considering that some PAS cases
are also diagnosed during childhood, our study popula-
tion was specifically the children group [20]. Therefore,
DBP/BSA offers higher diagnostic accuracy, making it a
reliable method for diagnosing PAS in this demographic.
Both measures exhibited high sensitivity and specificity,
with the DBP/BSA measurement proving slightly supe-
rior. This likely reflects that while PAS most commonly
occurs in newborns or infants, cases in older children
have been reported. As age and weight increase, DBP also
rises; thus, the area under the AUROC of DBP/BSA is
higher, offering greater clinical applicability.

To our knowledge, this is the first time such a non-inva-
sive method has been used to significantly enhance the
diagnostic sensitivity and specificity for pediatric PAS.
The quantitative indices DBP and DBP/BSA effectively
address the challenges of misdiagnoses or missed diag-
noses of PAS cases, which can occur due to insufficient
experience in recognizing tracheal echoes. This approach
potentially reduces unnecessary medical costs and the
risk of complications associated with more invasive diag-
nostic procedures. Echocardiographic evaluation goes
beyond merely assessing the size and branching patterns
of the pulmonary arteries; it also effectively visualizes the
abnormal positioning or origins of these arteries charac-
teristic of PAS [21-22]. Our retrospective study provides
real-time images of the heart and surrounding structures,
enabling pediatric radiologists and clinical professionals
to accurately detect the position of the pulmonary arter-
ies and effectively manage cases.

Conclusion

The pivotal element in echocardiography diagnosis
of PAS is the identification of the spatial relationship
between the LPA and the trachea. The use of quantitative
indices such as DBP and DBP/BSA for adjunctive diagno-
sis can positively impact the early detection of PAS.

Abbreviations

PAS Pulmonary artery sling

LPA Left pulmonary artery

RPA Right pulmonary artery

CTA  Computerized tomography angiography
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BSA  Body surface area

DBP  Distance between left and right pulmonary artery bifurcation and
pulmonary valve

LR Likelihood rate
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