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Utility of modified vascular
corrosion casting technique

in the diagnosis of fetal ductus
arteriosus abnormalities
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The anatomy of ductus arteriosus (DA) can be varied in different congenital heart defects (CHDs), and
it is difficult to fully discover the DA and other associated cardiac anomalies by prenatal ultrasound.
This study was aimed to use the modified vascular corrosion casting technique to prepare fetal
cardiovascular casts with DA anomalies, assess the casting effectiveness in evaluating the great
vessels of the fetal heart and investigate the utility of cardiovascular casting for the demonstration
of fetal DA abnormalities. This retrospective study enrolled fourteen fetuses (23 to 28*2 gestational
weeks) with severe CHDs diagnosed by prenatal echocardiography and casting technique from January
2013 to July 2019. The sonographic features of DAs were carefully observed and other associated
cardiovascular anomalies were also evaluated during the screening. The architectures of DAs and the
whole cardiovascular system were observed and analyzed, and then the cast findings were compared
with prenatal ultrasonic results. In fourteen cases, 18 ductal abnormities were indicated by prenatal
echocardiography in fourteen cases, while 25 were revealed by casting. Cast findings included 4 cases
of ductal stenosis, 1 case of ductal dilation, 6 cases of ductal circuity, 3 cases of right-sided ductus,

5 cases of anomalous ductal connection, 1 case of bilateral ductus and 5 cases of absent ductus.

Cast findings consisted with ultrasound in 10 ductal abnormalities, revealed additional 15 ductal
abnormalities miss-diagnosed by sonography, and corrected 6 abnormalities misdiagnosed prenatally.
Meanwhile, 3 ductal abnormalities (reversed flow) could not be demonstrated by casts but only by
ultrasound. Cast models can visually display the anatomical characteristics of ductus arteriosus,

and could be successfully used in the demonstration of ductus abnormalities in fetuses with severe
CHDs. Comparing with ultrasound, casting technique has its own superiority in exhibiting ductus
abnormalities, especially in certain types such as course, origin and absence abnormalities of ductus.

Nowadays, fetal cardiac screening has been paid more and more attention’. As an important physiological chan-
nel for fetal circulation, ductus arteriosus, a normal structure connecting pulmonary trunk (PT) with descend-
ing aorta (DAo), is playing an indispensable role in fetal cardiovascular system?*. Fetal congenital heart defects
(CHDs) are often accompanied by ductal abnormalities. In these cases, the connection, course and dimension
of the arterial duct can be varied”™. Sometimes it is difficult to fully discover the ductal and other associated
cardiac anomalies by prenatal ultrasound. Vascular corrosion casting technique is capable of accurately exhibit-
ing the three-dimensional (3D) architecture of cardiovascular system. Our modified cast models can visually
display the origin, course, dimension and relative spatial position of the great vessels, and may become an impor-
tant supplement to prenatal echocardiography>®. This study was aimed to introduce the modified method of

!Department of Ultrasound, Xiangyang No.1 People’s Hospital, Hubei University of Medicine, 15 Jiefang Road,
Xiangyang 441000, China. 2Graduate Student Training School, Xiangyang No.1 People’s Hospital, Jinzhou Medical
University, Xiangyang 441000, China. 3Department of Ultrasound, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, 1277 Jiefang Avenue, Wuhan 430022, China. “These authors
contributed equally: Yu Wang, Jiagi Zhang, He Zeng and Haiyan Cao. “email: 287383672@qq.com; xiemx@
hust.edu.cn

SCIENTIFIC REPORTS|  (2020)10:13158 | https://doi.org/10.1038/s41598-020-69694-5


http://orcid.org/0000-0001-6282-9840
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-69694-5&domain=pdf

www.nature.com/scientificreports/

preparation of fetal cardiovascular casts and assess casting effectiveness in evaluating the great vessels of the fetal
heart, Meanwhile, utility of modified cardiovascular casting for the demonstration of fetal ductal abnormalities.

Materials and methods

Subjects. From January 2013 to July 2019, this retrospective study screened all fetuses suspected with severe
CHDs induced labor in our hospital. Fourteen cases with abnormal ductus arteriosus demonstrated by cast-
ing technique were enrolled as subjects. The gestational age of fourteen fetuses ranged from 23 to 28"? (mean
24.8+1.6) weeks, and the maternal age was between 22 and 36 (mean 28.5+4.0) years. This study was approved
by the Medical Ethics Committee of Xiangyang No.1 People’s Hospital, Hubei University of Medicine. All fami-
lies provided informed consents. All methods were performed in accordance with the relevant guidelines and
regulations of the Medical Ethics Committee of Xiangyang No.1 People’s Hospital, Hubei University of Medicine.

Echocardiography. Fetal echocardiographic examination was performed using an Voluson E8 or 730 (GE
Medical Systems, Zipf, Austria) ultrasound machine equipped with C4-8, C4-8D and RM6C transducers (probe
frequency was 4.0 ~ 8.0 MHz), according to the guidelines recommended by the International Society of Ultra-
sound in Obstetrics and Gynecology (ISUOG)” and American Society of Echocardiography (ASE)®. The follow-
ing standard views were included in the examination: transverse view of upper abdomen, four-chamber view,
left and right ventricular outflow tract view, three-vessel view, three-vessel and trachea view, caval long-axis view,
ductal and aortic arch view. The diameter of the great vessels of the heart of all cast specimens including (DA,
AAo, DAo, MPA, LPA, RPA, SVC, IVC) was measured with fetal echocardiography three times.

When the fetus was found to have severe CHD, the sonographic features of ductus were carefully observed
to determine the presence of ductal abnormality or not. Other associated cardiovascular anomalies were also
evaluated during the examination.

Modified cardiovascular casting. Fourteen pregnancies underwent induced labor with informed con-
sents. In fourteen cases, nine fetuses died in utero (2 cases of placenta implantation, 2 cases of maternal bacte-
rial infection, 2 cases of anemia in pregnancy, 3 cases of fetal intrauterine asphyxia), and the other five fetuses
were terminated because of complicated intracardiac and/or extracardiac malformations. Fetal specimens were
donated to our hospital for further autopsy and cast model fabrication, according to the steps as follows: (1)
Thorax was cut open along the median line and bilateral costal margins with an inverted Y-shaped incision,
to expose the heart, thymus, lungs and diaphragm. Peeled off the thymus, opened the pericardium, and care-
fully observed the structure and course of the great vessels in the chest. Midline abdominal incision was made
to observe the morphology of the organs and great vessels in abdominal cavity. (2) The umbilical vessels were
separated, with umbilical vein intubated with a plastic catheter and the left side umbilical artery cut-off. Acetone
was injected into the umbilical vein to expel the blood clots in the cardiovascular system. (3) Casting material,
a mixture composed of 10 g acrylonitrile butadiene-styrene plastic (ABS), 100 ML acetone and 2 g dyestuff,
was perfused slowly into the specimen at appropriate pressure. The total amount of casting fluid was controlled
between 30 to 60 ML according to the specimen’s weight, and perfusion time was controlled in approximately
30 min. (4) After solidification of the casting material, the specimen was soaked in strong acid for about one
week. (5) After corrosion, the specimen was immersed in clean water and carefully rinsed. Every cast specimen
was preserved in a specimen box for further observation and evaluation.

The diameters of the major vessels of the heart of all cast specimens was measured with vernier caliper three
times.

Ethical approval. This study was approved by the Medical Ethics Committee of Xiangyang No.1 People’s
Hospital, Hubei University of Medicine.

Informed Consent.  All families enrolled consented this study and provided informed consents.

Results
In fourteen cases, the diameters of the great vessels were measured by casting and compared with that measured
by fetal echocardiography. The results showed that there were no significant differences in the diameter of the
major blood vessels between casting groups and fetal echocardiography groups (Table 1). 18 ductal abnormities
were detected in prenatal echocardiography, while 25 found in cardiovascular casts (Table 2, 3). Cast findings
were consistent with ultrasound in 10 ductal abnormalities. However, cast models revealed additional 15 ductal
abnormalities which were missed in sonography, and corrected 6 abnormalities which were misdiagnosed pre-
natally. Meanwhile, 3 ductal abnormalities could not be demonstrated by casts but only by ultrasound (Table 3).
DA abnormalities included the following different types: (1) Ductal dimensional abnormality (including
ductal stenosis and ductal dilation): five cases of ductal dimensional abnormality were found by casting, includ-
ing 4 cases of ductal stenosis and 1 case of ductal dilation. One case of ductal stenosis was demonstrated both
by ultrasound and cast, 2 cases with narrowed DA indicated by ultrasound were not confirmed by casts, while
additional 3 cases revealed slim ductus in casts. One case demonstrated dilated ductus in cast, and another case of
ductal dilation suspected by echocardiography was found to be bilateral ductus by cast. (2) Ductal course abnor-
mality (including tortuous ductus and right-sided ductus): six cases of ductal circuity were exhibited in casts,
in which only 2 cases were indicated by ultrasound. Three cases of right-sided ductus arteriosus were found by
echocardiography, one of them diagnosis both in ultrasound and cast (Fig. 1), one of them was corrected as absent
DA by cast. And another case exhibiting right-sided ductus in cast was not detected by ultrasound. (3) Ductal
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Vessel diameter ((x+s)(mm)
Great vessels of the heart Casting group Echocardiography group P value®
DA 1.30+1.47 1.37+£1.36 0.847
AAo 4.43+1.30 4.28+1.20 0.773
DAo 4.61+0.73 4.36+0.36 0.304
MPA 3.49+1.63 3.37+1.48 0.843
LPA 2.20+£0.49 2.98+0.46 0.244
RPA 2.14£0.58 2.11+£0.37 0.896
SvC 3.21+0.51 3.11+0.27 0.569
IvC 3.89+0.47 3.84+0.42 0.744

Table 1. Casting effectiveness evaluation in great vessels of the fetal heart. DA, ductus arteriosus; AAo,
ascending aorta; DAo, descending aorta; MPA, main pulmonary artery; LPA, left pulmonary artery;
RPA, Right pulmonary artery; SVC, superior vena cava; IVC, inferior vena cava. *P value (calculated by
student #-test) of < 0.05 was considered statistically significant. #Comparison between casting group and
echocardiography group (calculated by student ¢-test).

DA abnormalities Other associated cardiac anomalies
Case | Fetal gender | Maternal age(year) | Gestational age(week) | Sonographic findings | Cast findings Sonographic findings | Cast findings
1 FEMALE 30 23 RDA RDA, dilated DA VSD, DORYV, CoA, RAA | SV, DORYV, CoA
2 female 35 26 Reversed flow in DA Narrowed, tortuous DA ESL I%i}g SD, DORV, HLHS, VSD, DORYV, PA
Narrowed DA and Dextroversion, ECD,
3 Female 28 2342 reversed flow, anomalous Zs;ﬁziﬁu?%ARgﬁ;ec— DORY, PS, DSVC, com- | Dextroversion, VSD,
DA connection (RPA- tion (RPA-RSA) mon trunk of LSA and DORY, PS, DSVC
RSA) LCCA
Tortuous DA, anomalous | Tortuous DA, anomalous
4 Male 25 25+6 DA connection (LPA- DA connection (LPA- VSD, DORY, PS DORY, PS
LSA) LSA)
5 Female 28 25 Reversed flow in DA Narrowed, tortuous DA | PS, TVR PA
Anomalous DA connec- Narrowed, tortuous DA,
6 Female 22 25 . anomalous DA connec- | SV, SA, APVC, DOV, PS | SV, SA, APVC, DOV, PS
tion (LPA-LSA) X
tion (LPA-LSA)
Bilateral DA, anomalous
. DA connection (LPA- SA, HLHS, DORYV, AVS, | SV, SA, HLHS, DORYV,
7 Male 2 23+4 Dilated DA LDA-LSA, RPA-RDA- | CoA, DSVC IAA, DSVC
DAo)
8 Female 29 25 Absent DA? Absent DA VSD, DORYV, PS DORY, PS
VSD, DORY, PVS, PS, VSD, DORYV, PVS, PS,
9 Female 32 23+3 RDA, narrowed DA Absent DA ALSA ALSA
dextroversion, VSD, dextroversion, VSD
» s , , 5
10 Male 27 23 Absent DA? Absent DA DORY, PS, DSVC DORV, PS, DSVC
11 Male 30 24 / absent DA VSD, DORYV, PS VSD, DORYV, PS
12 Male 25 27 / absent DA DORYV, PS DORYV, PS
13 Male 36 25+2 RDA, narrowed DA, RDA, narrowed DA, SV, APVC,DORV,PS | SV, APVC, DORV, PS
tortuous DA tortuous DA
14 Female 28 2842 Absent DA? Anomalous DA connec- | dextroversion, SV, PS, dextroversion, SV, PS,

tion (LPA-DAo)

DOV

DOV

Table 2. Prenatal sonographic and cast findings of fourteen fetuses with severe CHDs accompanied with
ductal abnormalities. DA, ductus arteriosus; VSD, ventricle spetal defect; DORV, double-outlet right ventricle;
CoA, coarctation of aorta; RAA, right aortic arch; RDA, right-sided ductus arteriosus; SV, single ventricle;
HLHS, hypoplastic left heart syndrome; PS, pulmonary stenosis; TVR, tricuspid valve regurgitation; PA,
pulmonary atresia; ECD, endocardial cushion defect; LSA, left subclavian artery; LCCA, left common carotid
artery; DSVC, double superior vena cava; APVC, anomalous pulmonary venous connection; SV, single
ventricle; SA, single atrium; DOV, double-outlet ventricle; AVS, aortic valve stenosis; IAA, interrupted aortic
arch; DAo, descending aorta; PVS, pulmonary valve stenosis; ALSA, aberrant left subclavian artery. check ms
table caption abb.

SCIENTIFIC REPORTS |

(2020) 10:13158 |

https://doi.org/10.1038/s41598-020-69694-5




www.nature.com/scientificreports/

‘ Sonographic findings ‘ Cast findings | Cast consistent with US | Additional findings in casts | Corrected by casts | Undetected in casts
Dimension abnormality
Ductal stenosis 3 4 1 3 2 0
Ductal dilation 1 1 0 1 1 0
Course abnormality
Tortuous ductus 2 6 2 4 0 0
Right-sdied ductus 3 3 2 1 1 0
Origin abnormality
Anomalous ductal connection | 3 5 3 2 10
Bilateral ductus 0 1 0 1 0 0
Absence abnormality
Absent ductus 3 5 2 3 1 0
Flow abnormality
Reversed flow in ductus 3 0 0 0 03
Total 18 25 10 15 6 3

Table 3. The comparison of prenatal echocardiography and cast models in the diagnosis of fetuses with ductal
abnormalities.

origin abnormality (including anomalous ductal connection and bilateral ductus): three cases of anomalous
ductal connection were detected both by ultrasound and casts (Fig. 2), and 2 additional cases were found in casts.
Cast confirmed a case of bilateral ductus, which was missed in prenatal ultrasound (Fig. 3). (4) Ductal absence
abnormality (absent ductus arteriosus): two cases prenatally suspected with absent ductus were confirmed by
cast models, and another three cases with ultrasonic misdiagnosis or missed diagnosis were detected in casts. It
is unusual that cast model revealed ductus connecting between left pulmonary artery and descending aorta in
case 14, and corrected the suspicion of absent ductal by ultrasound. (5) Ductal flow abnormality (reversed flow
in arterial duct): three cases showed reversed blood flow in ductus by color Doppler flow imaging (CDFI), which
were not able to revealed by casts apparently.

Discussion

Ductus arteriosus is one of the main physiological shunts in fetal circulation, and it normally maintains open
before birth. The vast majority of right ventricular output is carried by arterial duct from pulmonary trunk
(PT) to descending aorta (DAo), leaving only a small amount of blood flowing to the lungs’. Ductus can help
to maintain a stable cardiac output (CO), even in fetuses with severe CHDs>?. In recent years, several studies
showed a variety of fetal CHDs were always associated with different ductal abnormalities4. Moreover, certain
types of CHDs could even influence the ductal morphology and hemodynamics**. In these cases, sonographic
features of ductus arteriosus could be diverse, which makes it hard to diagnose accurately in utero. Furthermore,
prenatal echocardiography may often be affected by a series of factors, such as fetal position and gestational
weeks, amniotic fluid volume, maternal abdominal wall thickness, ultrasonic resolution, etc. Hence, there are
still some limitations in prenatal diagnosis of fetal CHDs by using ultrasound®.

In this study, we investigated the utility of vascular corrosion casting technique to assess casting effectiveness
in evaluating the major blood vessels of the fetal heart and reveal the real anatomy of ductus arteriosus in differ-
ent CHDs'!. Cardiovascular casting is a method of injecting casting material into the vessels, corroding the soft
tissues by strong acid, and leaving the real architectures of cardiovascular system'2 This method can display the
three-dimensional (3D) morphology of fetal severe CHDs. Its unique advantages will help to improve the under-
standing of fetal cardiac anatomy and the accuracy of prenatal diagnosis*®. This study indicated cast models could
vividly reveal the origin, course, dimension and spatial relationship of ductus arteriosus and other great vessels.

Our study showed various ductal abnormalities were presented in severe CHDs fetuses. By comparing cast
with ultrasound, we found more ductal abnormalities could be detected in cast models (25 vs. 18). Casts were not
only helpful to confirm prenatal ultrasound results, but also beneficial to correct the missed diagnosis and misdi-
agnosis by echocardiography (Figs. 1, 2, 3). While, on the other hand, ultrasound also had its special advantages'’.
For instance, hemodynamic changes in ductus can only be displayed by color Doppler. As we know, blood in
ductus arteriosus flows from the main pulmonary trunk to the descending aorta in normal fetus. However, some
CHDs may change the hemodynamics. In our study, case 2, 3, 5 all demonstrated reversed flow across DA (from
descending aorta to pulmonary artery), and were all associated with pulmonary atresia or pulmonary stenosis.

By using ultrasound combined with cast models, we found several different types of ductal abnormalities
in these fourteen cases, which could be divided into dimension abnormality (DA stenosis and dilation), course
abnormality (tortuous DA, right-sided DA), origin abnormality (anomalous DA connection, bilateral DA),
absence abnormality (absent DA) and flow abnormality (reversed flow in DA). Eight cases had more than one
abnormality. These abnormalities are always associated with complicated CHDs. And some of these abnormali-
ties (such as bilateral ductus arteriosus) are rarely seen. Moreover, the existence or absence of ductus arteriosus
may change fetal prognosis and therapeutic strategy. Therefore, accurate prenatal diagnosis of ductus arteriosus
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Figure 1. Prenatal echocardiographic and cast demonstration of a fetus with right-sided ductus arteriosus
(Case 13, Table 2). (a) A tortuous right-sided ductus was detected by ultrasound, which connecting right
pulmonary with descending aorta. (b), (c) Cast specimen also showed a tortuous ductus (arrow) connecting to
descending aorta (right anterior 45° view). DA, ductus arteriosus; AO, aorta; DAO: descending aorta; LPA, left
pulmonary artery; RPA, right pulmonary artery; RV, right ventricle; RAA, right atrial appendage; LAA, left atrial
appendage; SVC, superior vena cava.

abnormalities could help perinatal management. In our study, casting technique has its own superiority in
revealing these ductal abnormalities, especially in the demonstration of abnormal course, origin and absence of
ductus arteriosus. It will help the sonographers gain more insight into the real anatomy of complicated CHDs.
Ductal circuity was found in six cases by casts, while only two cases were detected prenatally. Absent duct was
suspected in three cases by ultrasound, while casts finally confirmed five cases with absent DA. Anomalous
ductus connection was relatively rare, and we found five cases in cast models, with only three cases noticed by
ultrasound. Moreover, as an unusual anomaly, one case of bilateral ductus arteriosus was detected by casting
technique, which was missed in utero. In this case, the left-sided ductus was connected between left pulmonary
artery (LPA) and left subclavian artery (LSA), while the right-sided ductus connected right pulmonary artery
(RPA) and descending aorta (DAo). As we know, ductus arteriosus embryologically originates from the distal
part of the left sixth arch, and the right sixth arch degenerates eventually'. So bilateral DAs might be caused by
failed degeneration of bilateral sixth aortic arch. Bilateral ductus is always associated with complicated cardiac
anomalies in previous literatures'>'é. And in this case, we also found this fetus had a series of other cardiac mal-
formations, such as single atrium (SA), hypoplastic left heart syndrome (HLHS), double-outlet right ventricle
(DORYV), aortic stenosis (AS), interrupted aortic arch (IAA)and double superior vena cava (DSVC).
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Figure 2. Prenatal echocardiographic and cast demonstration of a fetus with anomalous ductus arteriosus
connection (Case 4, Table 2). (a), (b) Ultrasound showed ductus was connected between left pulmonary
artery (LPA) and left subclavian artery (LSA). (c), (d) Cast specimen confirmed the abnormal connection of
ductus (arrow), which connecting LPA and LSA. DA, ductus arteriosus; AO, aorta; ARCH, aortic arch; DAO:
descending aorta; LPA, left pulmonary artery; RPA, right pulmonary artery; LSA, eft subclavian artery; RSA,
right subclavian artery; LCCA, left common carotid artery; RCCA, right common carotid artery; LV, left
ventricle; RV, right ventricle; LAA, left atrial appendage; RAA, right atrial appendage.

Casting and ultrasound both have their own superiorities. Ultrasound is able to display hemodynamic changes
by color Doppler, while casting could not. So, the flow direction changes in ductus arteriosus will certainly be
missed on cast specimens. On the other hand, casting can demonstrate the real 3D architecture of cardiovascular
system, while ultrasound usually display sonographic anatomy in 2D planes. Some abnormalities, such as anoma-
lous ductal connection and bilateral ductus, the course and origin of ductus arteriosus is hardly to demonstrate
in single plane by 2D ultrasound. 3D ultrasound may help to reveal these ductal abnormalities, but in fact, these
vessels are always too tiny or too curved to be clearly observed or demonstrated.

Conclusion

We successfully applied the modified vascular corrosion technique to prepare fetal cardiovascular cast models.
Cardiovascular cast models can not only effectively show the diameter of the major blood vessels of the fetal heart,
but also visually display the anatomical characteristics of ductus arteriosus, and could be successfully used in the
demonstration of ductus abnormalities in fetuses with severe CHDs'’"*°. Comparing with ultrasound, casting
technique has its own superiority in exhibiting ductus abnormalities, especially in certain types such as course,
origin and absence abnormalities of ductus. Casting is of great value for sonographers and clinicians to better
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Figure 3. Prenatal echocardiographic and cast demonstration (Case 14, Table 2). (a), (b)Ductus was not
detected by ultrasound. (c), (d) Cast specimen demonstrated the abnormal connection of ductus (arrow), which
connecting LPA and DAO. DA, ductus arteriosus; AO, aorta; ARCH, aortic arch; DAO: descending aorta; LPA,
left pulmonary artery; RPA, right pulmonary artery; LSA, left subclavian artery; RSA, right subclavian artery;
LCCA, left common carotid artery; RCCA, right common carotid artery; SV, single ventricle; LAA, left atrial
appendage; RAA, right atrial appendage.

understanding the spatially anatomy of fetal ductus and even the whole cardiovascular system, and is helpful to
improve the diagnostic capability of prenatal echocardiography?.

Received: 25 September 2019; Accepted: 13 July 2020
Published online: 04 August 2020

References

1. Hoffman, J. I. & Kaplan, S. The incidence of congenital heart disease. J. Am. Coll. Cardiol. 39(12), 1890-1900 (2002).

2. Gournay, V. The ductus arteriosus: physiology, regulation, and functional and congenital anomalies. Arch. Cardiovasc. Dis. 104,
578-585 (2011).

3. Weichert, J., Hartge, D. R. & Axt-Fliedner, R. The fetal ductus arteriosus and its abnormalities—a review. Congenit. Heart Dis. 5,
398-408 (2010).

4. Han, W. et al. The vital role the ductus arteriosus plays in the fetal diagnosis of congenital heart disease: evaluation by fetal echo-
cardiography in combination with an innovative cardiovascular cast technology. Int. J. Cardiol. 202, 90-96 (2016).

5. Wang, Y. et al. Cardiovascular cast model fabrication and casting effectiveness evaluation in fetus with severe congenital heart
disease or normal heart. J. Huazhong Univ. Sci. Technol. Med. Sci. 36, 259-264 (2016).

6. Cao, H. Y. et al. Morphological features of complex congenital cardiovascular anomalies in fetuses: as evaluated by cast models. J.
Huazhong Univ. Sci. Technol. Med. Sci. 37, 596-604 (2017).

7. International Society of Ultrasound in O, Gynecology, Carvalho, J. S., Allan, L. D., Chaoui, R., Copel, J. A., DeVore, G. R., Hecher,
K., Lee, W,, Munoz, H., Paladini, D., Tutschek, B. & Yagel, S. ISUOG Practice Guidelines (updated): sonographic screening exami-
nation of the fetal heart.. Ultrasound Obstet. Gynecol. 41, 348-359 (2013).

SCIENTIFIC REPORTS |  (2020) 10:13158 | https://doi.org/10.1038/541598-020-69694-5



www.nature.com/scientificreports/

8. Rychik, J. et al. American Society of Echocardiography guidelines and standards for performance of the fetal echocardiogram. J.
Am. Soc. Echocardiogr. 17, 803-810 (2004).
9. El-Khuffash, A. The definition of a hemodynamically significant ductus arteriosus. Pediatr. Res. 85(6), 740-741 (2019).

10. Clur, S. A. & Bilardo, C. M. Early detection of fetal cardiac abnormalities: how effective is it and how should we manage these
patients?. Prenat. Diagn. 34(13), 1235-1245 (2014).

11. Debbaut, C. et al. Analyzing the human liver vascular architecture by combining vascular corrosion casting and micro-CT scan-
ning: a feasibility study. J. Anat. 224(4), 509-517 (2014).

12. Cook, A. C,, Fagg, N. L. & Allan, L. D. Use of casts in the necropsy diagnosis of fetal congenital heart disease. Br. Heart. J. 68,
481-484 (1992).

13. Clur, S. A. et al. Prenatal diagnosis of cardiac defects: accuracy and benefit. Prenat Diagn. 10(32), 450-455 (2012).

14. Fernando, R. et al. Patent ductus arteriosus closure using an Amplatzer ventricular septal defect closure device. Exp. Clin. Cardiol.
18(1), 50-54 (2013).

15. Freedom, R. M. et al. Bilateral ductus arteriosus (or remnant): an analysis of 27 patients. Am. J. Cardiol. 53, 884-891 (1984).

16. Lenox, C. C. et al. Bilateral ductus arteriosus in d-transposition of the great arteries with right aortic arch. Chest 74, 94-96 (1978).

17. Friedman, A. M. et al. The utility of fetal echocardiography after an unremarkable anatomy scan. Obstet. Gynecol. 118(4), 921-927
(2011).

18. Khoshnood, B. et al. Prevalence, timing of diagnosis and mortality of newborns with congenital heart defects: a population-based
study. Heart 98(22), 1667-1673 (2012).

19. Torvid, K. Physiology of the fetal circulation. Semin. Fetal Neonatal Med. 10(10), 493-503 (2005).

20. Rocha, L. A. et al. Assessment of quality of fetal heart views by 3d/4d ultrasonography using spatio-temporal image correlation in
the second and third trimesters of pregnancy. Echocardiography. 32(6), 1015-1021 (2015).

Acknowledgment
This work was supported by Key Project in new profession and new technology of Xiangyang No.1 People’s
Hospital (NO.2019412.06).

Author contributions
Y.W. and J.Z.: data collection, and manuscript writing, H.Z. and H.C.: manuscript editing. Z.S.: data collection.
W.E.: data analysis and manuscript editing. M.X.: designed the research.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.W. or M.X.

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 license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:13158 | https://doi.org/10.1038/s41598-020-69694-5


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

	Utility of modified vascular corrosion casting technique in the diagnosis of fetal ductus arteriosus abnormalities
	Anchor 2
	Anchor 3
	Materials and methods
	Subjects. 
	Echocardiography. 
	Modified cardiovascular casting. 
	Ethical approval. 
	Informed Consent. 

	Results
	Discussion
	Conclusion
	References
	Acknowledgment


