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Tracheal development after left
pulmonary artery reimplantation:
an individual study

Xiaoyang Hong*, Ruijie Li%*%*, Zhe Zhao*, Jiangheng Guan?, Hui Wang?, Gang Wang?,
Xiaohong Liu, QinYu?, Jun Li%, Gengxu Zhou'* & Zhichun Feng'**

Pulmonary artery sling (PA sling) often presents as a life-threatening condition requiring urgent
surgical correction. We reported 32 cases of PA sling in children who were followed up postoperatively
in the past 6 years. All patients with PA slings who were admitted to the hospital from January 2012
to December 2017 and underwent surgery were retrospectively analyzed. The mean age of the 32
patients at repair was 16.97 months (range, 15 days to 128 months). Six patients required ventilator
assistance for respiratory failure. All children underwent left pulmonary artery (LPA) reimplantation
(n=32), and 3 patients needed reimplantation slide tracheoplasty (n=3) due to ventilation weaning
failure. Four patients died, 27 patients survived until discharge, and 18 patients were followed up.
Pulmonary computed tomography imaging and echocardiography were performed in 18 patients
who were followed up. After LPA reimplantation, the tracheal carina area was significantly enlarged
compared to that preoperation (p=0.0002). In this follow-up cohort study, 75% of the patients

who underwent LPA reimplantation survived until discharge. The survivors had subsequently well-
developed pulmonary arteries and tracheas.

Left pulmonary sling (PA sling) was first reported in 1897, and it is still a rare congenital cardiovascular
abnormality’?. It is characterized by a left pulmonary artery (LPA) from the right pulmonary artery (RPA) and
flow between the trachea and esophagus to the left lung hilum; ~ 1/2-2/3 of PA sling patients were found to have
complete tracheal rings, also known as "sling complexes"?. Patients with PA sling may experience early-onset
dyspnea or difficulty swallowing due to abnormal LPA compression of the tracheobronchus and esophagus.
However, many patients have “near-death” spells due to congenital bronchial abnormalities. To date, a few
reports on PA sling have focused on the choice of surgical approach®*, but there have been no reports of patient
development, such as the development of the trachea, height and weight after surgery.

Current viable surgical options include LPA reimplantation and LPA reimplantation + tracheoplasty. Most
researchers recommend correcting vascular malformations and tracheal stenosis at the same time under car-
diopulmonary bypass through median sternotomy®~®. The advantage of the method of correcting cardiovascular
malformations and tracheal stenosis is that the problem can be solved with only one surgery. However, the
obvious shortcomings of this method are below. First, the postoperative mortality rate of children under one
year old is high® for requiring longer cardiopulmonary bypass (CPB) times. Second, there are many early and
late complications associated with tracheal anastomosis. Even the most popular slide tracheoplasty approach
cannot avoid those complications such as anastomotic leakage, late tracheal softening and tracheal restenosis
after tracheoplasty’™'". In recent years, some experts have adopted the strategy of single left pulmonary artery
transplantation, thereby relieving pressure on the trachea, and obtaining space for the growth and development
of the stenosed trachea. Kwak et al. performed left pulmonary artery transplantation alone in 14 PA sling children
with tracheal stenosis'2. However, the authors did not perform a long-term follow-up of tracheal development
in these children. For PA sling children with tracheal stenosis, it is still unclear whether left pulmonary artery
transplantation alone can promote further growth and development of the stenosed trachea. Cardiovascular
computed tomography angiography (CCTA) is considered to contribute to the assessment of congenital heart

!Department of Pediatric Cardiology, BaYi Children’s Hospital, The Seventh Medical Center of PLA General
Hospital, The Second Clinical School of Southern Medical University, Beijing, China. 2School of Physical Science and
Technology, Guangxi University, Nanning, China. 3Department of Neurosurgery, The General Hospital of Central
Theater Command of PLA, Wuhan, China. “Pediatric Intensive Care Unit, Qilu Children’s Hospital of Shandong
University, Jinan, China. *These authors contributed equally: Xiaoyang Hong, Ruijie Li and Zhe Zhao. email:
cardiacsurgeon@126.com; byfengzc@163.com

Scientific Reports |

(2020) 10:17702 | https://doi.org/10.1038/s41598-020-74890-4 nature research


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-74890-4&domain=pdf

www.nature.com/scientificreports/

LPA re-implantation without tracheal
intervention in 32 patients

Slide tracheaplasty
following surgery, n=3

[l
I 1 r 1

Survivor, Death, Survivor, Death,
n=27 n=2 n=1 n=2

|— Patients lost to follow-up, n=9

Patients
followed up, n=18

Figure 1. Workflow process to obtain 32 patients with PA sling.

Clinic information Total (%)
No. of patients 18 (100%)
Sex
Male 9 (50%)
Female 9 (50%)

Age at OR (median, range) 16.97 (0.5-128 mo)

Body weight at OR (median, range) 8.62 (3.6-25kg)

Associate with CHD 6 (33.33%)
Symptoms and signs
Mild 0 (0%)
Moderate 15 (94.74%)
Severe 3 (5.26%)
Pre-surgery ventilation 3 (21.05%)
Survivors follow-up time 25.23 (3-65 mo)

Table 1. Basic information on 32 patients with PA Sling.

disease (CHD)", especially when planning for cardiovascular diseases and tracheobronchial abnormalities, so
we performed pulmonary artery + 3D bronchial reconstruction evaluations for the followed-up patients.

Here, we report our experience with 32 patients with PA sling who underwent left pulmonary artery reim-
plantation from 2012 to 2017. According to the preoperation and postoperation tracheal CT, the tracheal area
was measured before and after surgery to assess tracheal development. In the end, a comparison of various
developmental indicators among children of the same age was carried out.

Results

Working flow and basic information of LPA sling. A total of 32 left pulmonary slings diagnosed by
echocardiography and CT were retrospectively analyzed from January 2012 to December 2017 (Fig. 1). Thirty-
two patients underwent left pulmonary artery reimplantation, and 3 of them underwent slide operations due to
ventilation weaning failure. Of the remaining 29 patients, there were 2 deaths, 9 patients were lost to follow up,
and 18 patients were successfully followed up.

Among the 18 follow-up patients, 9 were female, and 9 were male (Table 1). The average age at the time of
surgery was 16.97 months (0.5-128 months), and the body weight was 8.62 kg (3.6-25 kg). Six patients also had
other congenital heart disease, and other congenital heart disease repairs were performed simultaneously during
left lung artery transplantation. Based on the symptom discrimination standard of previous study', there were
15 patients with moderate symptoms such as pneumonia and hypoxemia and 3 patients with severe symptoms
who needed mechanical ventilation. The duration of follow-up for all patients was 25.23 months (3-65 months).

Tracheal development. Due to the abnormal anatomical compression of the left pulmonary sling, the
development of the trachea underneath is affected, and the narrow tracheal area is the key limitation for air circu-
lation dynamics in the trachea. According to our cases, most of the tracheal compression sites were concentrated
above the tracheal carina, so we chose to measure tracheal development with CT scans of the cross-sectional area
of the tracheal carina before and after surgery. In Fig. 2, panel A and panel B show the 3D reconstruction of the
preoperative and current trachea, respectively, and the white arrows indicate the narrowest part of the trachea
(the tracheal carina). Panels C and D show cross-sectional views of the preoperative and current trachea at the
narrowest point, respectively. It can be seen that the tracheal carina area increased significantly after surgery,
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Figure 2. Comparison of tracheal development in an 11-month boy with PA sling. (A) Reconstructed 3D image
of the trachea and lung before surgery. (B) Reconstructed 3D image of the trachea and lung 19 months after
surgery. (C) Axial image slice of the tracheal carina area (cross in yellow) level before surgery, corresponding

to panel A. (D) Axial image slice of the tracheal carina area (cross in yellow) 19 months after surgery,
corresponding to panel A.

and the tracheal development tended to be normal. According to the statistical analysis, the tracheal carina area
increased from 0.3685 to 0.8536 cm? after surgery, which was a significant difference (p=0.0002) (Fig. 3A). To
reduce the effects of tracheal development rates at different ages, we used two normalized values, tracheal carina
area/height and tracheal carina area (TA2)/tracheal area of the thoracic entrance (TA1), for further comparisons.
Among them, the normalized height value increased from 0.0051 cm to 0.0091 cm, which was a significant dif-
ference (p=0.004) (Fig. 3B). The normalized value of the tracheal area of the thoracic entrance increased from
0.6151 to 0.9665, which was a statistically significant difference (p=0.028) (Fig. 3C). Moreover, we also tracked
the left pulmonary artery blood flow velocity both after surgery and currently, and the flow rate decreased from
178.7692 cm/s to 157.9231 cm/s; although there is no significant difference, there is a downward trend, which
indicates that the overly fast blood flow velocity due to the left pulmonary artery was basically resolved (Fig. 3D).
In addition, there were no significance differences (p=0.354) in the change of tracheal carina area between the
patients with only PAS (n=12) and PAS + additional cardiac lesions (n=6) (Fig. 3E).

Development of weight and height. Long-term hypoxia and dyspnea caused by tracheal stenosis dur-
ing early childhood can lead to limited development in PA sling children. We compared the patient’s preopera-
tive and current body height and weight. We mainly observed the body weight and height of normal children
before and after surgery (the red line is the average of the normal population, and the dotted line is the 10-90%
interval of the population) (Fig. 4). Thus, the trend graph of the height of male patients is presented in panel
A, and the trend graph of weight gain is presented in panel B. Similarly, the height and weight gain trends of
female patients are presented in panels C or D. It can be seen that almost all patients had the same body weight
and weight as the normal population, and some even exceeded the development rate of the normal population.
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Figure 3. Statistical charts of the tracheal carina area and left pulmonary artery blood flow velocity. (A)
Statistics show a significant increase (***p=0.0002) in the tracheal carina area between the preoperative and
recent values. (B) Statistics show a significant increase (**p=0.004) in the normalized tracheal carina area
between the preoperative and recent values. The tracheal carina area data are normalized to height. (C) Statistics
show differences (*p=0.028) in the normalized tracheal carina index between the preoperative and recent
values. The tracheal carina area (TA2) data are normalized to the tracheal area of the thoracic entrance (TA1).
(D) There were no significant differences (p =0.354) in the flow velocity of the LPA between the postoperative
and recent periods. (E) Statistics show no differences (p =0.354) in the change of tracheal carina area between
the patients with only PAS (n=12) and PAS +additional cardiac lesions (n=6).
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Figure 4. Development curves of the patients. (A) Comparison of the preoperative and recent height of male
patients. The red curve is the age-height curve of normal male patients, and the dotted lines are 40% above and
40% below the normal value. (B) Comparison of the preoperative and recent weight of male patients. The red
curve is the age-height curve of normal male patients, and the dotted lines are 40% above and 40% below the
normal value. (C) Comparison of the preoperative and recent height of female patients. The red curve is the
age-height curve of normal female patients, and the dotted lines are 40% above and 40% the normal value. (D)
Comparison of the preoperative and recent weight of female patients. The red curve is the age-height curve of
normal female patients, and the dotted lines are 40% above and 40% the normal value.
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Long-term survivors. The mean follow-up time for 18 survivors was 25.23 months (age from 16.97 (0.5~
128 months) to 43.22 (10-156 months). All patients (18/18, 100%) were asymptomatic at the last follow-up. The
survival rate after simple left pulmonary artery reimplantation was 93.10%.

Discussion

PA sling is a rare, congenital cardiovascular disease in children and is always associated with tracheal stenosis and
a complete tracheal ring'®. Simultaneous LPA reimplantation and tracheoplasty are recommended under CPB in
PA sling children with complete tracheal rings and tracheal stenosis®*'®!”. Complete tracheal rings always prevent
tracheal development. Tracheoplasty can treat tracheal stenosis directly and ensure ventilation postoperatively.
Although the outcome of PA sling has improved in recent decades after the application of slide tracheoplasty,
the complications of tracheoplasty still remain a great challenge and include anastomosis leakage, granulation
tissue formation and tracheobronchomalacia'’~%°. If tracheobronchomalacia was found postoperatively, then
these children had worse outcomes and needed more ventilation time!. If granulation of the tracheal tissue
emerged postoperatively, then bronchoscopic intervention and a longer ICU stay would be needed!”. Oshima
et al. examined the postoperative complications' of 31 children who underwent PA sling repair; 5 children
developed granulation tissue, 3 children had tracheomalacia, and 2 children had anastomotic leakage. To avoid
the complications of tracheoplasty, could complete tracheal rings continue grow only by removing PA sling
compression? We have found that some PA sling children with complete tracheal rings who only underwent LPA
reimplantation achieved good outcomes?, but these children need to be further followed up.

In our study, 32 pediatric LPA sling patients with complete tracheal rings and stenosis underwent LPA reim-
plantation only. A total of 3 children needed another slide tracheoplasty due to extubation failure. Among the
other 29 children, 27 survived until discharge, 18 children were followed up, and 9 children were lost to follow-up
for social reasons. The total in-hospital mortality rate in this study was 12.5% (Fig. 1). The operative mortality
rate in our study was similar to that reported by Yong®'. In their study, 9 patients underwent LPA reimplanta-
tion only and survived until discharge. These 9 patients were followed up for 8 years (3.1-12.7 years) and were
asymptomatic. However, there was no evidence to demonstrate that the stenosis site of the trachea can continue
to grow with only LPA reimplantation.

It was believed that as long as complete tracheal rings were observed in PA sling children, tracheoplasty must
be performed or tracheal developmental would stop. In contrast, in all 18 patients who were followed-up in our
study, the tracheal stenosis site was observed to be growing after LPA reimplantation. The statistics show signifi-
cant increases (p =0.0002) in the tracheal carina area postoperatively without tracheoplasty. To reduce the effects
of tracheal development rates at different ages, normalized values of tracheal carina area/height were applied
and significantly increased after LPA reimplantation, which means that the tracheal carina area increased more
rapidly than body height after LPA reimplantation. The normalized TA1/TA2 value also significantly increased
from 0.6151 to 0.9665. The stenosis site of the trachea could grow faster than the normal site in PA sling children
after LPA reimplantation. The normalized values of tracheal carina area/height and TA2/TA2 both significantly
increased after LPA reimplantation in our study. In conclusion, the stenosis site of the trachea, even in PA sling
children with complete tracheal rings, showed accelerated development after LPA reimplantation.

Left pulmonary artery stenosis after reimplantation is known to be a rare complication. In Goldstein and col-
leagues’ study??, they found a high incidence of LPA stenosis after LPA reimplantation in PA sling children. They
reported that 45% of their patients needed another intervention for PA stenosis. In contrast, none of children in
our study had left PA stenosis according to echocardiographic studies. Similarly, two other studies found a low
incidence of severe LPA stenosis after LPA reimplantation!>?2. There was no significant difference (p =0.354) in
the flow velocity of the LPA before and after LPA reimplantation in our study. Although there was no significant
difference, our result showed there was a downward trend in LPA blood flow velocity after surgery. This means
that the further development of the diameter of LPA may have undergone after reimplantation.

It can be seen that all patients had a normal body height and weight postoperatively compared to the normal
population of the same age. Some children even exceeded the development rate of the normal population postop-
eratively. Long-term hypoxia and dyspnea caused by tracheal stenosis during early childhood can lead to limited
body development in PA sling children, and these factors can be significantly improved by accelerated tracheal
development after LPA reimplantation. This may explain the accelerated development in body height and weight.

Our experience with LPA reimplantation in 32 PA sling children with tracheal stenosis provides strong
evidence in favor of the procedure. The follow-up of 18 children showed promising results regarding growth of
the stenosis site in the trachea, even in patients with complete tracheal rings. We recommend that the choice of
LPA reimplantation should be made carefully and by considering the patient’s clinical status. All the surgeries
in this study were performed by the same surgeon; thus, we were able to eliminate the effects of interoperator
variability on the outcome of surgery. This adds further value to our results. However, further investigations are
be necessary to confirm which kinds of PA sling patients can truly benefit from LPA reimplantation.

Materials and methods

Patient selection and clinical information. This study was approved by the Institutional Review Board
(Research Ethics Committee of People’s Liberation Army General Hospital Seventh Clinical Center, number:
2018-13). All the informed consents have been obtained from the patients’ parents due to all the patients under
18-year-old. All the methods were in accordance with the relevant guidelines and regulations®.

We conducted a retrospective analysis of patients diagnosed with PA sling from 2012 to 2017 from our
departmental database. Patients with LPA reimplantation were recruited for further study. The inclusion criteria
were: @ pediatric patients under 18 years old; @ with a clear diagnosis of pulmonary sling and tracheal narrow-
ing. The exclusion criteria were: @ the tracheal and pulmonary artery surgery at the first stage; ® patients with
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chromosomal abnormalities; ® the patients received CPR during in the hospital. All methods required informed
consent in accordance with the relevant guidelines and regulations. We recorded and summarized the clinical
information, including sex, time of surgery, and weight at the time of surgery, symptoms, preoperative ventila-
tion, surgical treatment, and prognosis, of patients with PA sling.

Surgery summary and decision making. The 4th intercostal space was incised and the chest was open.
After the LPA freed, it was ligated with silk thread and the distal end of the LPA was blocked with blocking for-
ceps. The LPA was cut 2 mm from the ligation line, and the broken end of the LPA was sutured. After the main
pulmonary artery dissociated, the LPA and the main pulmonary artery was made an end-to-side anastomosis. If
all the procedure completed, no bleeding was detected and the chest was closed. According to reference’, when
the diameter of the tracheal is less than 3 mm or the length of narrow section beyond 1/2 of the whole length of
the tracheal, the patients needed to receive first stage surgery of both tracheal and pulmonary artery.

Imaging method and postprocessing method. Due to the 7-year study period, the patients underwent
two different CCTA scans using a variety of different CT scanners. Echocardiographic images were reviewed by
cardiologists, while CCTA images were reviewed in consensus by two radiologists in our group. CT image post-
processing used artificial image recognition based on custom software on MATLAB to determine the tracheal
area at the narrowest section of the trachea.

Statistical analysis. Descriptive statistics are used to describe the frequency (percentage) of each anomaly.
A paired t-test was used to compare the differences between the observations before and after surgery in patients
with PA sling. A p value<0.05 was considered to indicate a significant difference. Statistical analysis was per-
formed using MATLAB software (2017, NIH, USA).

Received: 31 March 2020; Accepted: 6 October 2020
Published online: 19 October 2020

References
1. Cohen, S. R. & Landing, B. H. Tracheostenosis and bronchial abnormalities associated with pulmonary artery sling. Ann. Otol.
Rhinol. Laryngol. 85, 582-590. https://doi.org/10.1177/000348947608500504 (1976).
2. Berdon, W. E. et al. Complete cartilage-ring tracheal stenosis associated with anomalous left pulmonary artery: the ring-sling
complex. Radiology 152, 57-64. https://doi.org/10.1148/radiology.152.1.6729137 (1984).
3. Huang, S. C. et al. Surgical management of pulmonary artery sling: trachea diameter and outcomes with or without tracheoplasty.
Pediatr. Pulmonol. 47, 903-908. https://doi.org/10.1002/ppul.22516 (2012).
4. Hong, X. et al. Management of pulmonary artery sling with tracheal stenosis: LPA re-implantation without tracheoplasty. Int. J.
Clin. Exp. Med. 8, 2741-2747 (2015).
5. Yamaguchi, M. et al. Concomitant repair of congenital tracheal stenosis and complex cardiac anomaly in small children. J. Thorac.
Cardiovasc. Surg. 100, 181-187 (1990).
6. Yamaguchi, M. et al. Surgical treatment of airway obstruction associated with congenital heart disease in infants and small children.
Eur. J. Cardiothorac. Surg. 5, 479-485. https://doi.org/10.1016/1010-7940(91)90144-9 (1991).
7. Oshima, Y. et al. Pulmonary artery sling with tracheal stenosis—primary repair in infancy. Jpn. J. Thorac. Cardiovasc. Surg. 46,
347-353 (1998).
8. Oshima, Y. et al. Primary repair of pulmonary artery sling with double outlet right ventricle and distal tracheal stenosis. J. Car-
diovasc. Surg. (Torino) 43, 849-851 (2002).
9. Fiore, A. C., Brown, J. W,, Weber, T. R. & Turrentine, M. W. Surgical treatment of pulmonary artery sling and tracheal stenosis.
Ann. Thorac. Surg. 79, 38-46. https://doi.org/10.1016/j.athoracsur.2004.06.005 (2005) (discussion 38-46).
10. Tsugawa, C. et al. Tracheoplasty for long segment congenital tracheal stenosis: analysis of 29 patients over two decades. J. Pediatr.
Surg. 38, 1703-1706. https://doi.org/10.1016/j.jpedsurg.2003.08.037 (2003).
11. Oshima, Y. et al. Management of pulmonary artery sling associated with tracheal stenosis. Ann. Thorac. Surg. 86, 1334-1338. https
://doi.org/10.1016/j.athoracsur.2008.04.020 (2008).
12. Kwak, J. G. et al. Is tracheoplasty necessary for all patients with pulmonary artery sling and tracheal stenosis?. Pediatr. Cardiol. 34,
498-503. https://doi.org/10.1007/500246-012-0481-7 (2013).
13. Xie, J. et al. Evaluation of left pulmonary artery sling, associated cardiovascular anomalies, and surgical outcomes using cardio-
vascular computed tomography angiography. Sci. Rep. 7, 40042. https://doi.org/10.1038/srep40042 (2017).
14. Yu,J. M. et al. The prevalence and clinical impact of pulmonary artery sling on school-aged children: a large-scale screening study.
Pediatr. Pulmonol. 43, 656-661. https://doi.org/10.1002/ppul.20823 (2008).
15. Sade, R. M., Rosenthal, A., Fellows, K. & Castaneda, A. R. Pulmonary artery sling. J. Thorac. Cardiovasc. Surg. 69, 333-346 (1975).
16. Backer, C. L. et al. Pulmonary artery sling: current results with cardiopulmonary bypass. J. Thorac. Cardiovasc. Surg. 143, 144-151.
https://doi.org/10.1016/j.jtcvs.2011.09.038 (2012).
17. Backer, C. L., Mavroudis, C., Gerber, M. E. & Holinger, L. D. Tracheal surgery in children: an 18-year review of four techniques.
Eur. J. Cardiothorac. Surg. 19, 777-784. https://doi.org/10.1016/s1010-7940(01)00736-9 (2001).
18. van Son, J. A., Hambsch, J., Haas, G. S., Schneider, P. & Mohr, F. W. Pulmonary artery sling: reimplantation versus antetracheal
translocation. Ann. Thorac. Surg. 68, 989-994. https://doi.org/10.1016/s0003-4975(99)00677-3 (1999).
19. Loukanov, T., Sebening, C., Springer, W., Ulmer, H. & Hagl, S. Simultaneous management of congenital tracheal stenosis and
cardiac anomalies in infants. J. Thorac. Cardiovasc. Surg. 130, 1537-1541. https://doi.org/10.1016/].jtcvs.2005.08.031 (2005).
20. Anton-Pacheco, J. L. et al. Treatment strategies in the management of severe complications following slide tracheoplasty in children.
Eur. J. Cardiothorac. Surg. 46, 280-285. https://doi.org/10.1093/ejcts/ezt617 (2014) (discussion 285).
21. Yong, M. S. et al. Surgical management of pulmonary artery sling in children. J. Thorac. Cardiovasc. Surg. 145, 1033-1039. https
://doi.org/10.1016/j.jtcvs.2012.05.017 (2013).
22. Goldstein, B. H. et al. Long-term outcome of surgically repaired unilateral anomalous pulmonary artery origin. Pediatr. Cardiol.
31, 944-951. https://doi.org/10.1007/500246-010-9722-9 (2010).
23. Kanter, K. R.J. T. A. O. T. S. Color Atlas of Congenital Heart Surgery, S. Bert Litwin. Springer Science+Business Media, LLC, New
York City, New York (2007), 479 pp, illustrated, $249.00, ISBN: 0-387-35415-8. 89 (2010).

Scientific Reports |

(2020) 10:17702 | https://doi.org/10.1038/s41598-020-74890-4 nature research


https://doi.org/10.1177/000348947608500504
https://doi.org/10.1148/radiology.152.1.6729137
https://doi.org/10.1002/ppul.22516
https://doi.org/10.1016/1010-7940(91)90144-9
https://doi.org/10.1016/j.athoracsur.2004.06.005
https://doi.org/10.1016/j.jpedsurg.2003.08.037
https://doi.org/10.1016/j.athoracsur.2008.04.020
https://doi.org/10.1016/j.athoracsur.2008.04.020
https://doi.org/10.1007/s00246-012-0481-7
https://doi.org/10.1038/srep40042
https://doi.org/10.1002/ppul.20823
https://doi.org/10.1016/j.jtcvs.2011.09.038
https://doi.org/10.1016/s1010-7940(01)00736-9
https://doi.org/10.1016/s0003-4975(99)00677-3
https://doi.org/10.1016/j.jtcvs.2005.08.031
https://doi.org/10.1093/ejcts/ezt617
https://doi.org/10.1016/j.jtcvs.2012.05.017
https://doi.org/10.1016/j.jtcvs.2012.05.017
https://doi.org/10.1007/s00246-010-9722-9

www.nature.com/scientificreports/

Acknowledgements
This study was funded by application of clinical features of capital city of science and Technology Commission
China BEIJING Special Subject Z171100001017166.

Author contributions

X.Y.H., GX.Z., Z.C.E were responsible for the concept, design. X.Y.H., R.J.L., Z.Z., ] H.G., X.H.L., Q.Y. were
responsible for the data acquisition, analyses, interpretation GJH is critically contributed to analyses and inter-
pretation. X.Y.H., R.J.L. were responsible for manuscript preparation and manuscript review. G.X.Z., Z.C.E, G.W,,
H.W,, J.L. contributed importantly to data interpretation, manuscript preparation and final approval.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.Z. or Z.E

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:17702 | https://doi.org/10.1038/s41598-020-74890-4 natureresearch


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Tracheal development after left pulmonary artery reimplantation: an individual study
	Results
	Working flow and basic information of LPA sling. 
	Tracheal development. 
	Development of weight and height. 
	Long-term survivors. 

	Discussion
	Materials and methods
	Patient selection and clinical information. 
	Surgery summary and decision making. 
	Imaging method and postprocessing method. 
	Statistical analysis. 

	References
	Acknowledgements


