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Abstract. The present study aimed to investigate the 
capabilities of the cardiovascular virtual endoscopy 
(VE) system in diagnosing tetralogy of Fallot (TOF) and 
performing measurements. A total of 37 patients underwent 
two-dimensional echocardiography (2-DE) and multi-detector 
computed tomography (MDCT) examinations. The obtained 
MDCT images were applied to a cardiovascular VE system. 
Diagnostic time by VE was first studied and compared with 
MDCT. Subsequently, with surgical findings as the ground 
truth, the capabilities of VE, 2-DE and MDCT in diagnosing 
TOF and its complications were investigated. Additionally, 
measurements on aorta overriding ratio and diameters for 
the left pulmonary artery, right pulmonary artery and right 
ventricular outflow tract by 2-DE and VE were analyzed. 
Diagnostic time by VE was significantly shorter than MDCT 
(188±42 vs. 303±42 sec, respectively; P<0.0001). VE, MDCT 
and 2-DE demonstrated comparable diagnostic rates of TOF 
(35/37 vs. 34/37 vs. 32/37, respectively; P>0.05). Similar find-
ings were demonstrated in diagnosing complications of the 
muscular ventricular septal defects, patent ductus arteriosus, 
vagus subclavian artery, right arch, double superior vena cava 
and pulmonary artery. Furthermore, in diagnosing the atrial 
septal defect, 2-DE outperformed MDCT and VE (accuracy, 
100 vs. 81 vs. 73%, respectively; all P<0.05). In performing 

relevant measurements, VE outperformed MDCT and 2-DE, 
particularly in accessing aorta overriding ratios with no 
intra-operator difference (P=0.3770) and high consistency 
(r=0.916). In conclusion, cardiovascular VE was demon-
strated to have acceptable accuracy in diagnosing TOF, and 
possess advantages in shortening the diagnostic time and in 
performing measurements.

Introduction

Tetralogy of Fallot (TOF) is the most common cyanotic 
congenital heart disease and is one of the most common 
causes of pediatric cyanosis (1,2). TOF is usually a right-to-left 
shunt, in which higher resistance to right ventricular outflow 
results in more severe cyanosis symptoms (3). Furthermore, 
TOF is generally regarded to involve four heart anatomical 
abnormalities, which present together. These include right 
ventricular outflow tract obstruction (RVOTO) or pulmonary 
artery stenosis, ventricular septal defect (VSD), aortic root 
overriding and right ventricular hypertrophy; although other 
anomalies may have additional presentations (4).

Imaging modalities serve important roles in the diag-
nosis and preoperative evaluation of TOF. For years, 
echocardiography has been utilized as the first choice (5), 
with the advantages of real-time imaging, convenience and 
non-invasive (6). However, its performance is limited by 
factors, including obesity and due to it having a poor acoustic 
window (7). More recently, cardiac magnetic resonance has 
been established as an accurate imaging modality for cardiac 
anatomy and extra cardiac vascular structures; however, the 
examination is time consuming and difficult to perform in 
pediatric patients (7). With the development of computed 
tomography (CT) technology, cardiac CT (CCT) has been 
more widely applied in pediatric patients due to its high 
temporal and spatial resolution, high scanning speed and low 
radiation dose (8-10). However, the evaluation and diagnosis of 
TOF by current imaging modalities are all based on standard 
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two-dimensional (2D) images, which highly depend on the 
experience of the operator.

Virtual endoscopy (VE) is an application of visual reality 
technology in medicine, in which cross-sectional medical 
images acquired by CT or magnetic resonance imaging (MRI) 
are utilized to reconstruct a three-dimensional (3D) environ-
ment similar to that seen through an endoscope (11,12). To date, 
several VE systems have been developed and demonstrated 
to be important tools in diagnosis, as well as in preoperative 
planning and training (13-18). However, few studies have been 
conducted on the development of cardiovascular VE systems 
and its applications in pediatric patients.

The present study aimed to develop a cardiovascular VE 
system based on images from multi-detector CT (MDCT) 
and explore its utilities in the diagnosis and evaluation of 
TOF in pediatric patients. Its performance in diagnosis and 
in performing relevant measurements was further compared 
with those of two-dimensional echocardiography (2-DE) and 
MDCT.

Materials and methods

Study patients. The present retrospective study was approved by 
the Institutional Review Board of Xinhua Hospital (Shanghai, 
China). Written informed consent was obtained from all partic-
ipants. Between December 2012 and March 2015 in Xinhua 
Hospital (Shanghai, China), 40 children with TOF, who were 
elected for surgical treatment and received 2-DE and MDCT 
cardiac examinations before surgeries were enrolled. In the 
present study, 37 were included and 3 cases were ruled out due 
to poor image quality. Patient characteristics are illustrated 
in Table I. The average age of participants was 35±39 months 
(range, 1-146 months) and there were 23 were males and 
14 females. The average volume CT dose index, dose-length 
product and effective radiation dose was 4.3 mGy (range, 
1.65-6.34 mGy), 58 mGy cm (range, 19.7-92.2 mGy·cm) and 
1.4 mSv (range, 0.84-1.92 mSv), respectively.

As confirmed by surgery, all 37 cases were accompanied 
by other complications, including two cases of muscular 
ventricular septal defect, 13 cases of atrial septal defect or 
patent foramen ovale, 17 cases of patent ductus arteriosus, 
1 case of vagus subclavian artery, 7 cases of right arch, 4 cases 
of double superior vena cava and 1 case of pulmonary artery 
sling.

2‑DE image acquisition and diagnosis. In the 2-DE ultrasound 
examination (Fig. 1), the parasternal short axis plane was 
acquired to detect RVOTO (Fig. 1A), while the parasternal 
long axis plane was acquired to evaluate aorta overriding, VSD 
and right ventricular hypertrophy. The vertical distance from 
the anterior wall of the aortic root to the top of the VSD, and 
the vertical distance from the top of the VSD to the posterior 
wall of the aortic root (L1 and L2) were measured, as illustrated 
in Fig. 1D, to calculate the aorta overriding ratio. The supra-
sternal plane was also acquired to measure the diameters for 
the left pulmonary artery (LPA) and right pulmonary artery 
(RPA) at the first branches.

All ultrasound examinations (B-mode, M-mode and color 
Doppler), measurements and diagnoses were performed by 
two experienced ultrasound doctors, each with >7 years of 

experience in the diagnosis of cardiac diseases, at the Cardiac 
Ultrasound room of the Cardiothoracic Surgery Department 
at Xinhua Hospital Affiliated to Shanghai Jiaotong University 
School of Medicine (Shanghai, China). These doctors inde-
pendently used the same iE33 Ultrasound System (Philips 
Medical Systems, Inc., Bothell, WA, USA) equipped with a 
S5-1 transducer (1.7-3.4 M) and a S3-8 (2.8-5.6 M). Generally, 
the S3-8 was used on younger children and the S5-1 was used 
for older children, for the limited penetration depth of S3-8. 
A diagnostic result was given when the findings of the two 
doctors were consistent. If any disagreement occurred, misdi-
agnosis would be considered. For measurements on the aorta 
overriding ratio, LPA and RPA, three measurements were 
performed for each patient and the average value was utilized 
for further analysis.

256‑MDCT image acquisition and diagnosis. All MDCT 
scans of the heart were performed using a 256-MDCT 
scanner (Royal Philips, Amsterdam, The Netherlands) by the 
same radiologist, who has 10 years of experience in cardiac 
applications, under the step-and-shoot mode. The tube current 
and tube voltage were adjusted based on the body weight 
configuration strategy, in order to minimize the radiation dose. 
Other settings were the same for all scans, with a collimation 
of 0.625 mm, rotation time of 270 msec, slice thickness of 
0.9 mm, reconstruction interval of 0.45 mm and tube voltage 
of 80 kV. The contrast agent Iohexol-300 (General Electronics, 
Atlanta, GA, USA) was injected using a Mallinckrodt 
binocular high-pressure syringe (Liebel-Flarsheim Company, 
Cincinnati, OH, USA) through the median cubital vein (injec-
tion dose, 2 ml/kg; injection rate, 1.0-2.0 ml/sec for infants 
and 3.5-5 ml/sec for children). A region of interest (ROI) was 
selected on the descending aorta for bolus tracking in order to 
trigger the scanning. The automatic scanning was triggered in 
4 sec once the attenuation within that ROI was >80 Hounsfield 
units. The temporal window for data acquisition was set at 
40-45% of the R-R interval, which is the interval between two 
adjacent R waves in an electrocardiogram.

Cardiac View software (Extended Brilliance™ Workspace: 
V4.5.5.51035; Royal Philips) was applied on the CT images 
for post-processing, including curved planar reconstruction, 
volume rendering and maximum intensity projection (MIP). 
The diagnosis of TOF by CT was based on the Van Praagh 
approach (19), where the oblique sagittal image parallel to 
the main pulmonary artery was used to detect stenosis and 
access the shortest dimension of the right ventricular outflow 
tract (RVOT; Fig. 1B). The oblique sagittal MIP image was 
used to diagnose aortic overriding and calculate the aortic 
overriding ratio by measuring the vertical distance from the 
anterior wall of the aortic root to the top of the VSD, and the 
vertical distance from the top of the VSD to the posterior wall 
of the aortic root (L1 and L2), as illustrated in Fig. 1E. The 
coronal MIP image parallel to the main pulmonary artery 
was employed to evaluate the pulmonary artery and perform 
measurements for LPA and RPA.

Two cardiovascular radiologists, each with >10 years of 
experience in diagnosing TOF, independently performed the 
diagnosis and measurements. A diagnostic result was given 
when the findings of the two doctors were consistent. If any 
disagreement occurred, misdiagnosis would be considered. 
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For measurements on the aorta overriding ratio, LPA, RAP 
and RVOT, three measurements were performed for each 
patient and the average value was utilized for further analysis. 
The time for diagnosis was recorded for each radiologist.

Cardiovascular VE system. The cardiovascular VE system 
was developed as outlined in Fig. 2 (20,21). The acquired 
3D CT image sequences were utilized as the system input. 
Subsequently, 3D reconstruction of the vessels and heart 
was performed. The roaming path in the gross vessels, 
left heart and right heart were generated automatically or 
semi-automatically with the user manually placing 2-5 seeds. 
Following this, the system reconstructed the surrounding field 
from the viewpoint on the roaming path, and displayed this in 
real-time.

When used for the diagnosis of TOF, the roaming path of 
right pulmonary artery to the right heart allowed the viewer 
to look straight into the RVOTO; and the VE system was able 
to automatically detect the stenosis and provided the shortest 
diameter of the RVOTO, as demonstrated in Fig. 1C. When 
the viewpoint was placed under the aortic valve, the left and 
right ventricles were able to be observed at the same time, and 
the VSD could be detected. From a view perpendicular to the 
ventricular septal, the longest diameters of the right and left 
ventricle could be measured, as demonstrated in Fig. 1F, and 
the aorta overriding ratio could be calculated. On the roaming 
path of the pulmonary branches, the shortest diameters for 
LPA and RPA could be calculated automatically.

Two pediatric cardiologists, each with >10 years of 
experience in cardiac applications, were trained to use the 
VE system, and performed the diagnosis and measurements. 

A diagnostic result was given when the findings of the two 
doctors were consistent. When any disagreement occurred, 
misdiagnosis was considered. For measurements for the aorta 
overriding ratio, LPA, RAP and RVOT, three measurements 
were performed for each patient and the average value was 
utilized for further analysis. The time for diagnosis was 
recorded for each cardiologist.

Statistical analysis. Paired two-tailed t-tests were applied 
to determine the significance of the difference in diagnostic 
time between the different operators and between MDCT 
and VE. Furthermore, the difference in measurements of the 
aorta overriding ratio, LPA, RPA and RVOT between different 
operators and between different diagnostic methods were 
also determined. Chi-square tests were adopted to compare 
the detection rate for diseases amongst different diagnostic 
methods. P<0.05 was considered to indicate a statistically 
significant difference. With surgical results as the ground 
truth, truth positive (TP), false positive (FP), truth negative 
(TN), false negative (FN) and accuracy were calculated 
to evaluate diagnostic performance amongst the different 
diagnostic methods. Furthermore, Pearson's correlation coef-
ficient, r was used to evaluate the correlation of measurements 
between the two operators. A strong correlation was consid-
ered if 0.700≤|r|<1.000. A weak correlation was considered 
if 0.400≤|r|<0.700. The box‑and‑whisker plot was employed 
to display the mean data distribution for measurements using 
different imaging modalities. MedCalc (10.4.7.0) software 
(MedCalc Software byba, Ostend, Belgium) was utilized to 
perform the analyses.

Results

Diagnostic time between the two operators by VE. As illus-
trated in Table II, the average diagnostic time for the two 
operators who used VE was 188±43 (range, 105-272 sec) and 
187±41 sec (range, 105‑276 sec), respectively. No significant 
difference in diagnostic time was demonstrated between the 
two operators (P=0.8968).

As demonstrated in Table II, the average diagnostic time 
by VE and MDCT was 188±42 sec (range, 105-272 sec) and 
303±42 sec (range, 247‑390 sec), respectively. A significantly 

Table I. Characteristics of the study subjects with tetralogy of 
Fallot.

Variable P-value

General information 
  Total, n  37
  Age, monthsa   35±39
  Male, n (%) 23 (62)
Radiation dose 
  DLP, mGy·cma  58±23
  CTDIvol, mGya  4.3±1.8
  ED, mSva 1.4±0.7
Complications, n (%) 
  Muscle of ventricular septal defect 2 (5)
  Atrial septal defect 13 (35)
  Patent ductus arteriosus 17 (46)
  Vagus subclavian artery 1 (3)
  Right arch 7 (19)
  Double superior vena cava 4 (11)
  Pulmonary artery sling 1 (3) 

aData are presented as the mean ± standard deviation. DLP, 
dose-length product; CTDIvol, computed tomography dose index; 
ED, effective dose.

Table II. Comparison of diagnostic time for tetralogy of Fallot 
by MDCT and VE. 

 Diagnostic Diagnostic time
Variable time, seca range, sec P-value

Observers of VE      0.8968
  Operator 1 188±43 105-285 
  Operator 2 187±41 105-276 
VE vs. MDCT    <0.0001
  VE  188±42 105-272  
  MDCT 303±42 247-390

aData are presented as the mean ± standard deviation. MDCT, 
multi-detector computed tomography; VE, virtual endoscopy.
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shorter diagnostic time was demonstrated when using VE as 
compared to that when using MDCT (P<0.0001).

Diagnostic rate of TOF amongst 2‑DE, MDCT and VE. With 
surgical results as the ground truth, the overall diagnostic rate 
of TOF by 2-DE, MDCT and VE was 86 (32/37), 92 (34/37) 
and 95% (35/37), respectively. For the diagnosis of pulmonary 
artery stenosis, the diagnostic rate for 2-DE, MDCT and VE 
was 92 (34/37), 97 (36/37) and 95% (35/37), respectively. 
For the diagnosis of aorta overriding, the diagnostic rate for 
2-DE, MDCT and VE was 92 (34/37), 92 (34/37) and 100% 
(37/37), respectively. For the diagnosis of ventricular septal 
defect and hypertrophy, the diagnostic rate for 2-DE, MDCT 
and VE were all 100% (37/37), as demonstrated in Table III. 
Comparable diagnostic rate was observed amongst the three 
methods (all P>0.05).

Diagnostic rate of complications amongst 2‑DE, MDCT and 
VE. The diagnostic performance for complications by 2-DE, 
MDCT and VE are illustrated in Table IV. For the diagnosis 
of muscular ventricular septal defect, 1 case was missed by 
MDCT (FN, 1/2; FP, 0/35) and VE (FN: 1/2; FP: 0/35), while 
this was correctly diagnosed by 2-DE (FN, 0/2; FP, 0/35). 
Significantly higher accuracy was demonstrated when using 
2-DE, as compared to MDCT and VE, for the diagnosis of the 
atrial septal defect (P<0.05), which had a diagnostic accuracy 
of 100 (FN, 0/13; FP, 0/24), 81 (FN, 6/13; FP, 1/24) and 73% 
(FN, 8/13; FP, 2/24), respectively. However, for the diagnosis of 
patent ductus arteriosus, slightly higher accuracy was demon-
strated by VE and MDCT, as compared with 2-DE, with an 
accuracy of 100 (FN, 0/17; FP, 0/20), 100 (FN, 0/17; FP, 0/20) 
and 95% (FN, 2/17; FP, 0/20), respectively. Similarly, the diag-
nostic accuracy of vagus subclavian artery by VE and MDCT 

Table III. Diagnostic rate of TOF by 2-DE, MDCT and VE.

 Pathology type
 ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Modalities TOF Pulmonary artery stenosis Aorta overriding Ventricular septal defect Hypertrophy

 2-DE, n (%) 32 (86) 34 (92) 34 (92) 37 (100) 37 (100)
MDCT, n (%) 34 (92) 36 (97) 34 (92) 37 (100) 37 (100)
VE, n (%) 35 (95) 35 (95) 37 (100) 37 (100) 37 (100) 

TOF, tetralogy of Fallot; 2-DE, two-dimensional echocardiography; MDCT, multi-detector computed tomography; VE, virtual endoscopy.

Figure 1. Diagnosis of TOF by 2-DE, MDCT and VE in a 2-year old female 
patient. The patient received corrective surgery. (A) Parasternal short-axis 
scan of 2-DE with (right panel) and without (left panel) color Doppler demon-
strated stenosis of RVOT (white arrow). (B) Thick-section oblique sagittal 
MIP image of MDCT demonstrated RV hypertrophy and stenosis of RVOT 
(black arrow). (C) Direct sub-pulmonary view point of VE demonstrated 
stenosis of RVOT (black circle and arrow). (D) Parasternal long-axis scan 
of 2-DE demonstrated the VSD, overriding aorta and calculation for the 
overriding ratio (L2/L1). (E) Thick-section oblique sagittal MIP image of 
MDCT demonstrated the VSD overriding aorta and the calculation for the 
overriding ratio (L2/L1). (F) Direct sub-aorta view point by VE demonstrated 
two ventricles and the calculation for the overriding ratio (the longest LV 
diameter/RV diameter). TOF, tetralogy of Fallot; 2-DE, two-dimensional 
echocardiography; MDCT, multi-detector computed tomography; VE, 
virtual endoscopy; VSD, ventricular septal defect; RVOT, right ventricular 
outflow tract; MIP, maximum intensity projection; LV, left ventricular; RV, 
right ventricular; AAO, ascending aorta; MPA, main pulmonary artery; IVS, 
interventricular septum.

Figure 2. Framework for the cardiovascular virtual endoscopy system devel-
oped previously by the present research team (20,21). MDCT, multi-detector 
computed tomography; 3D, three-dimensional. 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  15:  1552-1559,  20181556

Ta
bl

e 
V.

 C
om

pa
ris

on
s o

f t
he

 m
ea

su
re

m
en

ts
 fo

r a
or

ta
 o

ve
rr

id
in

g 
an

d 
pu

lm
on

ar
y 

ar
te

rie
s. 

 
M

od
al

ity
 

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
-

 
2-

D
E 

M
D

C
T 

V
E

 
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

 
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
 

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
---

M
ea

su
re

m
en

t 
n 

O
b 

I 
O

b 
II

 
P 

r 
n 

O
b 

II
I 

O
b 

IV
 

P 
r 

n 
O

b 
V

 
O

b 
V

I 
P-

va
lu

e 
r

A
or

ta
 o

ve
rr

id
in

g 
ra

tio
, %

 
37

 
45

±2
.5

 
46

±3
.2

 
0.

02
29

 
0.

31
7 

37
 

46
.2

±3
.1

 
45

.7
±2

.6
 

0.
04

29
 

0.
85

1 
37

 
45

.7
±2

.1
 

45
.5

±2
.1

 
0.

37
70

 
0.

91
6

 
 

(4
0-

54
) 

(4
0-

58
) 

 
 

 
(4

2-
56

) 
(4

1-
52

) 
 

 
 

(4
1-

50
) 

(4
2-

50
)

Pu
lm

on
ar

y 
ar

te
rie

s
  L

PA
, m

m
 

37
 

4.
4±

1.
4 

5.
1±

1.
5 

0.
00

05
 

0.
86

2 
37

 
4.

6±
1.

5 
4.

8±
1.

5 
0.

05
25

 
0.

90
1 

37
 

4.
5±

1.
4 

4.
4±

1.
4 

0.
07

05
 

0.
98

1
 

 
(2

-8
.6

) 
(2

.5
-8

.6
) 

 
 

 
(1

.3
-8

.1
) 

(3
.1

-8
.5

) 
 

 
 

(1
.6

-6
.5

) 
(1

.6
-6

.1
)

  R
PA

, m
m

 
37

 
5.

6±
2.

0 
5.

9±
1.

9 
0.

06
23

 
0.

87
8 

37
 

6.
1±

1.
7 

6.
1±

1.
9 

0.
72

22
 

0.
93

2 
37

 
6.

0±
1.

6 
6.

0±
1.

6 
0.

44
8 

0.
98

3
 

 
(2

.4
-1

1)
 

(2
.8

-1
1)

 
 

 
 

(2
.9

-1
1)

 
(2

.6
-1

1)
 

 
 

 
(3

.2
-1

0)
 

(3
-9

.6
)

  R
O

V
T,

 m
m

 
37

 
3.

0±
1.

1 
3.

1±
1.

0 
0.

39
12

 
0.

47
8 

37
 

3.
8±

1.
2 

3.
8±

0.
9 

0.
99

49
 

0.
94

5 
37

 
3.

4±
1.

0 
3.

4±
0.

9 
0.

92
18

 
0.

96
6 

 
 

(2
.1

-3
.8

) 
(2

.4
-3

.5
) 

 
 

 
(1

.7
-6

) 
(1

.5
-5

.9
) 

 
 

 
(1

.5
-5

.5
) 

(1
.8

-5
.2

)

D
at

a 
ar

e 
pr

es
en

te
d 

as
 th

e 
m

ea
n 

± 
st

an
da

rd
 d

ev
ia

tio
n 

(r
an

ge
). 

2-
D

E,
 tw

o-
di

m
en

si
on

al
 e

ch
oc

ar
di

og
ra

ph
y;

 M
D

C
T,

 m
ul

ti-
de

te
ct

or
 c

om
pu

te
d 

to
m

og
ra

ph
y;

 V
E,

 v
irt

ua
l e

nd
os

co
py

; r
, P

ea
rs

on
 c

or
re

la
tio

n 
co

ef
fic

ie
nt

 v
al

ue
; O

b,
 o

bs
er

ve
r; 

LP
A

, l
ef

t p
ul

m
on

ar
y 

ar
te

ry
; R

PA
, r

ig
ht

 p
ul

m
on

ar
y 

ar
te

ry
; R

V
O

T,
 ri

gh
t v

en
tri

cu
la

r o
ut

flo
w

 tr
ac

t o
bs

tru
ct

io
n.

Ta
bl

e 
IV

. D
ia

gn
os

tic
 p

er
fo

rm
an

ce
 fo

r o
th

er
 c

om
pl

ic
at

io
ns

 b
y 

2-
D

E,
 M

D
C

T 
an

d 
V

E.

 
M

od
al

ity
 

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

-
 

2-
D

E 
M

D
C

T 
V

E
 

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
-- 

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

 
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
----

----
C

om
pl

ic
at

io
ns

 
TP

 
FP

 
TN

 
FN

 
A

cc
ur

ac
y,

 %
 

TP
 

FP
 

TN
 

FN
 

A
cc

ur
ac

y,
 %

 
TP

 
FP

 
TN

 
FN

 
A

cc
ur

ac
y,

 %

M
us

cl
e 

of
 v

en
tri

cu
la

r s
ep

ta
l d

ef
ec

t 
  2

  
0 

35
 

0 
10

0 
  1

 
0 

35
 

1 
  9

7 
  1

 
0 

35
 

1 
  9

7
A

tri
al

 se
pt

al
 d

ef
ec

t 
13

 
0 

24
 

0 
10

0 
  7

 
1 

23
 

6 
  8

1a  
  5

 
2 

22
 

8 
  7

3a

Pa
te

nt
 d

uc
tu

s a
rte

rio
su

s 
15

 
0 

20
 

2 
  9

5 
17

 
0 

20
 

0 
10

0 
17

 
0 

20
 

0 
10

0
Va

gu
s s

ub
cl

av
ia

n 
ar

te
ry

 
  0

 
0 

36
 

1 
  9

7 
  1

 
0 

36
 

0 
10

0 
  1

 
0 

36
 

0 
10

0
R

ig
ht

 a
rc

h 
  7

 
0 

30
 

0 
10

0 
  7

 
0 

30
 

0 
10

0 
  7

 
0 

30
 

0 
10

0
D

ou
bl

e 
su

pe
rio

r v
en

a 
ca

va
 

  4
 

0 
33

 
0 

10
0 

  4
 

0 
33

 
0 

10
0 

  4
 

0 
33

 
0 

10
0

Pu
lm

on
ar

y 
ar

te
ry

 sl
in

g 
  0

 
0 

36
 

1 
  9

7 
  1

 
0 

36
 

0 
10

0 
  1

 
0 

36
 

0 
10

0

D
at

a 
ar

e 
pr

es
en

te
d 

as
 c

ou
nt

s. 
a P<

0.
05

 v
s. 

2-
D

E.
 2

-D
E,

 tw
o-

di
m

en
si

on
al

 e
ch

oc
ar

di
og

ra
ph

y;
 M

D
C

T,
 m

ul
ti-

de
te

ct
or

 c
om

pu
te

d 
to

m
og

ra
ph

y;
 V

E,
 v

irt
ua

l e
nd

os
co

py
; T

P,
 tr

ut
h 

po
si

tiv
e;

 F
P,

 fa
ls

e 
po

si
tiv

e;
 T

N
, 

tru
th

 n
eg

at
iv

e;
 F

N
, f

al
se

 n
eg

at
iv

e.



YAO et al:  CARDIOVASCULAR VE BASED ON MDCT IN DIAGNOSING TOF 1557

was slightly higher as compared with 2-DE, with an accuracy 
of 100 (FN, 0/1; FP, 0/36), 100 (FN, 0/1; FP, 0/36) and 97% 
(FN, 1/1; FP, 0/36), respectively. The diagnostic accuracy of 
the pulmonary artery sling was also slightly higher by VE and 
MDCT as compared to 2-DE, with an accuracy of 100 (FN, 
0/1; FP, 0/36), 100 (FN, 0/1; FP, 0/36) and 97% (FN, 1/1; FP, 
0/36), respectively. Furthermore, for the right arch and double 
superior vena cava, a diagnostic accuracy of 100% (FN, 0/4; 
FP, 0/33) was observed for VE, MDCT and 2-DE.

Intra‑operator study of measurements by 2‑DE, MDCT 
and VE. The measurements of aorta overriding ratio, LPA, 
RPA and RVOT obtained by different operators using 2-DE, 
MDCT and VE are illustrated in Table V. For the evaluation 
of aorta overriding, significantly different overriding ratios 
were calculated between different operators by using either 
2-DE (45±2.5 vs. 46±3.2; P=0.0229) or MDCT (46.2±3.1 vs. 
45.7±2.6; P=0.0429). Furthermore, comparable overriding 
ratios were demonstrated between two different operators by 
using VE (45.7±2.1 vs. 45.5±2.1). A strong correlation was 
observed between the measurements of overriding ratios 
between the different operators for both MDCT (r=0.851) and 
VE (r=0.916), while no correlation (r=0.317) was observed 
between the two different operators when using 2-DE.

For the assessment of LPA, comparable measurements 
were demonstrated between different operators using 
MDCT (4.6±1.5 vs. 4.8±1.5 mm; P=0.0525) and VE (4.5±1.4 
vs. 4.4±1.4 mm; P=0.0705), while significantly different 

measurements were observed between different operators 
using 2-DE (4.4±1.4 vs. 5.1±1.5 mm; P=0.0005). Furthermore, 
a strong correlation was demonstrated between the measure-
ments of LPA between the different operators for 2-DE, 
MDCT and VE, respectively, with all r>0.7.

For the assessment of RPA, comparable measurements 
were observed between the different operators when 2-DE 
(5.6±2.0 vs. 5.9±1.9 mm; P=0.0623), MDCT (6.1±1.7 vs. 
6.1±1.9 mm; P=0.7222) and VE (6.0±1.6 vs. 6.0±1.6 mm; 
P=0.448) was used. Furthermore, a strong correlation was 
demonstrated between the measurements of RPA between the 
different operators for 2-DE, MDCT and VE, respectively, 
with all r>0.7.

For the assessment of RVOT, comparable measurements 
were observed between the different operators when 2-DE 
(3.0±1.1 vs. 3.1±1.0 mm; P=0.3912), MDCT (3.8±1.2 vs. 
3.8±0.9 mm; P=0.9949) and VE (3.4±1.0 vs. 3.4±0.9 mm; 
P=0.9218) were used. Furthermore, a strong correlation was 
demonstrated between the measurements of LPA for different 
operators for both MDCT and VE, with all r>0.7. However, 
a weak correlation was observed between the two different 
operators when 2-DE (r=0.478;) was used.

Comparison of measurements by 2‑DE and VE to MDCT. The 
comparison in measurements of aorta overriding ratio, LPA, 
RPA and RVOT by different methods is illustrated in Fig. 3. 
As compared to MDCT, no significant difference in measure-
ments for the aorta overriding ratio were demonstrated by 

Figure 3. Measurements of aorta overriding ratio, LPA, RPA and RVOT by 2-DE, MDCT and VE. (A) Comparison of aorta overriding ratio by 2-DE, MDCT 
and VE. Measurements by VE had a slightly stronger correlation with those of MDCT as compared to 2-DE. (B) Comparison of LPA by 2-DE, MDCT and 
VE. Measurements by VE had a slightly stronger correlation with those of MDCT as compared to 2-DE. (C) Comparison of RPA by 2-DE, MDCT and VE. 
Measurements by VE and 2-DE had a comparable correlation with those of MDCT. (D) Comparison of RVOT by 2-DE, MDCT and VE. Measurements by VE 
had stronger correlation with those of MDCT as compared to 2‑DE. LPA, left pulmonary artery; RPA, right pulmonary artery; RVOT, right ventricular outflow 
tract obstruction; 2-DE, two-dimensional echocardiography; MDCT, multi-detector computed tomography; VE, virtual endoscopy.
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either 2-DE (45±2.4 vs. 46±2.7; P=0.0984) or VE (46±2.7 
vs. 46±2.1; P=0.2564). However, measurements for the aorta 
overriding ratio by VE had a slightly stronger correlation with 
that obtained by MDCT, as compared with 2-DE (r, 0.714 vs. 
0.630).

For measurements of LPA, and RVOT, significantly 
different measurements were demonstrated between 2-DE or 
VE, compared with MDCT (all P>0.05). The differences in 
RPA measurement between 2‑DE and MDCT were significant 
(P=0.0079), while no significant difference was indicated 
between VE and MDCT. VE demonstrated a slightly stronger 
correlation on the measurements of LPA and RPA with MDCT, 
as compared with 2-DE. For the measurements of RVOT, 
VE had a significantly stronger correlation with MDCT, as 
compared to 2DE (r, 0.930 vs. 0.762).

Discussion

Effective imaging technologies provide accurate, reliable and 
convenient tools for the diagnosis of diseases, pre-operational 
evaluation and surgical planning. VE is a visual reality tech-
nology that is usually based on X-ray, CT and MRI images. 
Its utility has been investigated in cardiac applications in 
adults (15,22-24). However, very few studies have explored 
its utilities in pediatric applications. Most recently, with the 
development of CT technology, high temporal and special 
resolution images for pediatric hearts and gross vessels could 
be acquired (8-10). Therefore, in the present study, based on 
MDCT technology, a cardiovascular VE system was devel-
oped and applied to the diagnosis and evaluation of TOF in 
37 pediatric patients. Its reproducibility and performance in 
diagnosis and measurements were then compared with those 
of in 2-DE and MDCT.

In the present study, consistent diagnostic results were 
obtained by two different operators who used VE, and no 
difference in diagnostic time was observed. The mean diag-
nostic time between VE and MDCT was also compared, 
and VE demonstrated a significantly shorter diagnostic time. 
Regarding the overall diagnostic rate of TOF, a comparable 
diagnostic rate was observed when using VE, as compared to 
MDCT and 2-DE. For the diagnosis of ventricular septal defect 
and hypertrophy, all patients were correctly diagnosed by VE, 
MDCT and 2-DE. For the diagnosis of aorta overriding, the 
performance of VE was slightly better than that of MDCT and 
2-DE. For the diagnosis of pulmonary artery stenosis, 1 case 
was missed by VE, while this was correctly diagnosed by 
MDCT. We further reviewed this case and found that branches 
of the pulmonary arteries of this patient were very narrow, and 
that the VE system ignored these vessels while performing the 
automatic reconstruction. In this situation, the semi-automatic 
method should be used.

In terms of the diagnosis of other complications of 
muscular ventricular septal defect, patent ductus arteriosus, 
vagus subclavian artery, right arch, double superior vena cava 
and pulmonary artery sling, a comparable diagnostic accu-
racy was demonstrated for VE, MDCT and 2-DE. However, 
a significantly higher diagnostic accuracy of atrial septal 
defect was demonstrated by 2-DE, as compared to MDCT and 
VE. This was induced by the intrinsic limitation of cardiac 
CT technology, in which artifacts appear for the imaging of 

thinner and moving targets. The present VE system was devel-
oped based on MDCT technology. Therefore, its performance 
on the diagnosis of atrial septal defects was also influenced.

Relevant measurements, including aortic overriding ratio, 
as well as the diameters of LPA, RPA and RVOT, are important 
in the diagnosis and treatment for TOF patients, particularly 
for the assessment of the aorta overriding ratio. TOF would 
be diagnosed with an aorta overriding ratio of ≤50%, while 
double outlet of right ventricle would be diagnosed for an aorta 
overriding ratio of >50% (25). Different interventions were 
applied. In the present study, VE performed best in accessing 
the aorta overriding ratio with no intra-observer difference and 
higher measurement consistency, while significantly different 
aorta overriding ratios were obtained by different operators 
by MDCT and 2-DE. This was due to the fact that 2D scans 
were utilized to perform measurements by either MDCT or 
2-DE. The acquisition of these 2-DE planes were operator 
dependent; therefore, influencing accuracy and measurement 
consistency. For the VE system, 3D information was utilized. 
Regarding the diameters of LPA, RPA and RVOT, VE slightly 
out-performed MDCT with higher measurement consistency. 
Furthermore, 2-DE had the worst performance due to its 
limited acoustic window and consequent image with poor 
quality when accessing pulmonary arteries.

The present study was unique in several aspects. First, a 
cardiovascular VE system was developed based on MDCT 
images obtained from pediatric patients with TOF, and its 
clinical utilities in diagnosing TOF and its compilations were 
investigated and compared with MDCT and 2-DE. Second, 
the performance of VE, MDCT and 2-DE in accessing aorta 
overriding ratios and the diameters of LPA, RPA and RVOT 
were further studied and compared. The present study also 
had disadvantages. A total of only 37 cases were involved. 
More patients and more complications should be included. 
Furthermore, there was a lack of ground truth measurements 
from surgeries, as these are not routinely performed in clinical 
practice.

In conclusion, cardiovascular VE had a comparable perfor-
mance to MDCT and 2-DE in TOF diagnosis. It was performed 
in shorter diagnostic time than MDCT when diagnosing 
TOF and complications. VE performed better in accessing 
related measurements, as compared to MDCT and 2-DE, with 
higher measurement consistency between different operators. 
Therefore, VE may be a valuable tool in the diagnosis and 
evaluation of TOF.
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