
Progress in Pediatric Cardiology 66 (2022) 101546

Available online 17 June 2022
1058-9813/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Assessment of ventricular septal defects by real-time three-dimensional 
echocardiography and comparison with surgical measurements 

Ulas Karadas a, Gül S. Saylam a, Nuh Yilmaz a, Mustafa Kir a, Özgür Kizilca a, Tülay Demircan a, 
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A B S T R A C T   

Background: Three-dimensional (3D) echocardiography has facilitated evaluation of a ventricular septal defect 
(VSD) with its true dimensions and exact localization and improved identification of various anatomical char
acteristics in different types of VSDs. 
Objectives: We aimed at investigating the feasibility of 3D echocardiography in assessing VSDs in comparison to 
two-dimensional (2D) echocardiography. 
Methods: We employed both 2D and 3D echocardiography for measuring the longest diameter of VSD. The 
morphology, number, and size of the defect as well as its relation and distance to the tricuspid and aortic valves 
were analyzed by 3D echocardiography displaying the VSD from the right ventricular aspect. The size was 
defined in terms of maximum area, long and short axis diameters at end-diastole. The longest diameters of VSDs 
were compared with 2D and 3D echocardiography data in all patients as well as with the intra-operative findings 
in 17 patients. 
Results: The mean diameters of end-diastolic VSDs measured by 3D echocardiography from the right ventricular 
aspect were significantly larger than those obtained by 2D echocardiography (15.6 ± 8.2 vs 10 ± 4.2 mm, P =
.02), however, there was a good correlation between them (r = 0.73, P < .001). 3D echocardiography proved to 
be superior to 2D echocardiography for visualizing the shape of VSD and for measuring tissue rims from the 
aortic and tricuspid valves. The advantage was prominent in particular for viewing defects hidden by a ven
tricular septal aneurysm or a tricuspid septal leaflet, which can be erased digitally to reveal the VSD underneath. 
The dimensions of VSDs obtained by 3D echocardiography (r = 0.85, P < .001) correlated significantly better 
with actual dimensions revealed during surgery as compared to those obtained by 2D echocardiography (r =
0.53, P = .03). 
Conclusions: The study demonstrated that 3D echocardiography provides more reliable information from both 
qualitative and quantitative aspects regarding the morphology, size, and tissue rims of VSD compared to 2D 
views.   

1. Introduction 

A ventricular septal defect (VSD) should be ideally evaluated for its 
exact localization, morphology, diameter and the relation with the tis
sues of heart such as tricuspid valve and aortic valve using echocardi
ography [1–5]. Although two-dimensional (2D) echocardiography with 
color Doppler has been the standard method for diagnosing ventricular 

septal defects (VSDs) as well as for reaching a clinical decision in regard 
to its management, it is not informative enough from the perspective of 
anatomic details, mainly due to the limited number of intersecting 
planes of the heart [6–9]. It is possible to show VSDs directly by three- 
dimensional (3D) echocardiography; therefore, its clinical utility has 
become the common practice for evaluating a VSD with true and precise 
dimensions [10,11]. 3D images have improved identification of various 
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anatomical characteristics in different types of VSDs [12–15]. 
This study aimed at investigating the usefulness and feasibility of 3D 

echocardiography in assessing VSDs. Data regarding the position, size, 
and shape of VSDs obtained during surgical procedure, 2D echocardi
ography and 3D echocardiography were compared. The study also as
sesses clinical utility of 3D echocardiography in practice. 

2. Materials and methods 

This study was performed on 45 patients whose ages ranged between 
1 and 198 months (mean: 34.4 ± 43.4 months) from September 2010 
through June 2015 at Dokuz Eylül University, Izmir, Turkey as a pro
spective study. The research procedure was approved by the local 
ethical committee. Parents were informed about the study and each 
parent provided a written consent to allow their child to participate in 
the study. 

2.1. Echocardiographic evaluations 

2D echocardiographic evaluations were performed using Philips 
iE33 Ultrasound System and S 5-1, S 12-4 probes. Philips iE 33 Ultra
sound System and X 7-2 matrix transducer were used in the evaluation of 
3D echocardiography. ‘3D echocardiography Evaluation Protocol’ 
developed by Nanda et al. was used to collect the data [16,17]. 

2.2. The analysis of 3D data 

The images which were collected by real time 3D were stored in 
Digital Imaging and Communications in Medicine format. These images 
were provided by processing a 60◦ × 30◦ cake-like 3D image in real time, 
as the image was rotated for revealing the spatial orientation and 
morphologic structure of the VSD and adjacent structures more clearly 

along with depth perception. The full volume 3D images were then cut in 
order to view various dimensions at different angular aspects. These 3D 
echocardiography images were analyzed in an integrated software sys
tem, by cropping the images in three different color-coded (green, blue, 
red) intersecting planes perpendicular to each other (Fig. 1a). In addi
tion to these intersecting planes, an additional oblique plane (purple) 
capable of cropping the image at any desired angulation was used 
(Fig. 1a). This particular plane was useful for assessment. The right 
ventricle free wall and right ventricle cavity were cut and the tissues in 
front of the septal wall were eliminated (Fig. 1b). The obtained image 
was rotated so that it could be viewed as “en-face” from the right 
ventricle (Fig. 1c). The echocardiographic images were sectioned to 
obtain the desired intersecting planes, after which the septal tissue was 
fulfilled (Fig. 1d) and separate views of the right ventricle in systolic and 
diastolic phases were obtained (surgery outlook) (Figs. 1e, 2a, b). Im
ages that did not detect the ventricular septal defect in 2D mode were 
saved also separately. VSDs were evaluated in terms of shape, number, 
and localization, and measurements were obtained by using en-face 
right ventricle view. The relative changes in VSD area throughout the 
cardiac cycle were presented as end-systolic and end-diastolic VSD re
gions (Fig. 2c, d). The relationship between the neighbor tissues (e.g., 
tricuspid and aortic valves) were evaluated (Fig. 2e, f). The acquired 3D 
echocardiographic data sets were stored on Compact Disc in Digital 
Imaging and Communications in Medicine format and transferred to a 
separate workstation for offline data analysis. The measurement of 
distance, area, volumes at various angular aspects was done by using 
appropriate software analysis systems (QLAB Advanced Quantification 
software, version 3.0, Philips Ultrasound, U.S.A.). 

VSDs diagnosed by 2D echocardiography were examined also using 
3D echocardiography. The localization, number of VSDs, and the longest 
VSD diameter were detected using 2D echocardiography. The 
morphology, number, and size of the defect (maximum area, long and 

three orthogonal

free axis
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Fig. 1. The en face image of a VSD from right ventricular sight. The image of three orthogonal fixed axis and free axis (a). The selected cutting planes of right 
ventricular wall and right ventricular cavity (b). The rotation stages (c–d). The en face image of a VSD (e). (For interpretation of the references to color in this figure, 
the reader is referred to the web version of this article.) 
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short axis diameters at end-diastole), its relation and distance to the 
tricuspid and aortic valves (at end-diastole) were analyzed using 3D 
echocardiography, displaying the VSD in facing views from the angular 
aspect of the right ventricle. The 2D and 3D echocardiography data 
obtained from all patients were compared in terms of localization and 
the number of VSDs as well as the longest diameter of the VSD. VSD 
measurements in 17 of the 28 patients were performed during surgery. 
The evaluation was executed on the right ventricle of the heart which 

was stopped by applying cold cardioplegia under cardiopulmonary 
bypass, without echocardiographic measurements. The surgeon 
describing and measuring the VSD was blinded to the 3D data. The 
intraoperative results were compared with the 2D and 3D echocardi
ography findings in 17 patients. 

The analysis was performed using SPSS (Statistical Package for Social 
Sciences) 17.0. The mean values and standard deviations of digital 
values were calculated, and all values were expressed as means ± 2SD. 

a b

c d

e f
Fig. 2. The systolic (a) and diastolic (b) phase of a VSD image from right ventricular sight. The end-systolic (c) and end-diastolic (d) long and short axis and area 
measurements with Q LAB analysis software. The relationships between the neighbor tissues (tricuspid and aortic valve) (e–f). Ao: aorta, LA: left atrium, TV: 
tricuspid valve. 
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Mann-Whitney U test was used for the groups which were not homog
enous. The correlations between the variables were analyzed using 
Spearman's correlation test. Correlation ratios (r) from 0.75 to 1.00 were 
regarded as very good correlations and the findings were accepted sig
nificant if p was under 0.05. 

3. Results 

Forty-five patients (24 girls, 21 boys) were enrolled in the study. 
Twenty-two of them (49 %) were above 1 year of age. The mean weight 
and height of the patients were 11.4 ± 9.3 kg, and 80.6 ± 26 cm, 
respectively. Real-time 3D echocardiography was performed on 44 (98 
%) of the 45 patients. One 12-year-old girl was excluded from the study 
because of a poor acoustic window secondary to obesity and inadequate 
3D echocardiographic images. 

Although 51 % of the patients were at or below 1 year of age, all 3D 
images were proper for evaluation despite persistent respiratory and 
cardiac artifacts. A total of 45 VSDs were detected in 45 patients using 
2D and 3D echocardiography, among which 20 (44 %) had perimem
branous VSD, 9 (20 %) had a perimembranous-outlet VSD, 14 (31 %) 
had a perimembranous-inlet VSD and 2 (5 %) had a muscular VSD. No 
significant difference in localization of the VSD (perimembranous, 
muscular, doubly committed) was found between the results obtained 
by 2D and 3D echocardiography. 

3.1. The data of 3D echocardiography images 

The time of data acquisition was 4.1 ± 1.5 (2.1–10, in 29 patients) 
minutes. While the mean acquisition time was 4.6 ± 1.5 min in infants, 
it was 3.7 ± 0.6 min in children over 1 year of age. The mean heart rate 
during the 3D echocardiography imaging was 122 ± 22 (78–150) per 
minute. The 3D image acquisition time was not influenced by heart rate 
(P = .63) and age (P = .50). While the mean 3D echocardiography 
evaluation time was 20 ± 10.5 min (7–60 min, in 36 patients), it would 
be 16.5 ± 3.9 (7–24) min if the first five patients were excluded 
(reserved for the purposes of learning) from the study for the evaluation 
time got shorter (r = − 0.78, P < .001) as the study progressed (Fig. 3). 

3.2. 3D echocardiography analysis 

The mean end-diastole maximum diameter of VSD measured with 2D 
and 3D echocardiography were 10 ± 4.2 mm (median: 9, interval: 4–22) 
and 15.6 ± 8.2 mm (median: 14, interval: 6.4–48) respectively (P = .02); 

which showed a positive correlation (r = 0.73, P < .001) (Fig. 4). 
The mean end-systolic maximum diameter measured with 3D echo

cardiography was 13.4 ± 7.3 mm (4.8–41.4), end-systolic and end- 
diastolic area measurements were 1.8–6.5 (mean: 1.07 ± 1.39, me
dian: 0.67) cm2 and 0.29–9.78 (mean: 1.7 ± 2.03, median: 1.04) cm2 

respectively. The mean end-systolic and end-diastolic area measure
ments were significantly different (P = .01). 

The measurements of end-diastolic maximum diameter measure
ments with 2D echocardiography showed a positive correlation with 
end-diastolic maximum diameter measurements, end-systolic maximum 
area measurements, end-diastolic maximum area measurements with 
3D echocardiography (Table 1). 

Tricuspid and aortic valve relationships of 34 patients with peri
membranous VSD were investigated with 3D echocardiography. The 
mean distance of tricuspid valve to VSD was 7.3 ± 6.4 mm, and the 
mean distance of aortic valve to VSD was 5.1 ± 7.9 mm (Fig. 2e–f). VSD 
was completely or partially covered with tricuspid valve in 10 patients 
and ventricular septal aneurysm formation was seen in 3 patients. In 
these patients, the right ventricular free wall as well as the tricuspid 
valve and ventricular septal aneurysm tissue can be clearly identified by 
the morphological structure, shape and the elongation in ventricular 
septum shown in digital image (Fig. 5). 

The VSD shapes were examined on en-face view of right ventricular 
of interventricular septum. The VSDs had irregular shape in %98 of 
patients (Fig. 6a–d). Only in one patient the VSD was in round shape 
(Fig. 6e, f). Perimembranous VSDs had a special morphology (rectan
gular shape, sunken in the middle) in 3D echocardiography (Fig. 6a–d). 

The 3D echocardiographic VSD measurements of 17 patients showed 
similar results to the findings of the surgery and the VSD shapes were 
irregular in both. The VSD shapes were not as regular as it had been 
thought prior to the study. The VSD measurements during the surgery 
correlated more with the 3D echocardiography measurements (r = 0.85, 
P < .001) than 2D-echocardiography measurements (r = 0.53, P = .03) 
(Table 1) (Fig. 4). 

4. Discussion 

This study provides the optimal images of VSDs obtained by using 3D 
echocardiography in which their morphologies can be exactly seen from 
right ventricle. The study showed that surgical findings about VSD di
ameters had a better correlation with 3D echocardiography measure
ments compared to 2D measurements. 

The 3D echocardiography made a slow progress at the beginning due 
to the difficult and time-consuming image acquisition quality, poor 
image quality resulting from the artefacts, and the inconvenient steps of 
making the resulting images into 3D data sets [10]. The lack of real-time 
evaluation possibility and the length of the evaluation (analysis) dura
tion limit the use of this technique. The small heart structure and high 
heart rate in children are the other factors that make it difficult to obtain 
images by using this technique [11,18,19]. Great technological ad
vances have been achieved regarding the 3D echocardiography in the 
past two decades [10]. In real-time 3D echocardiography, the use of a 
matrix array transducer and the reduction of 3D probes resulted in better 
imaging; and the development of online measuring in time increased the 
usability of this technique [2,20–22]. 

In our study, it was observed that the duration of acquisition of 3D 
echocardiography images of patients was short and that this was not 
affected by heart rate or age of the patient. Optimal 3D images could be 
obtained in 97 % of the patients using 3D echocardiography and none of 
the 3D images were classified as inadequate due to respiratory and 
cardiac artifacts despite 44 % of the patients being under 1 year of age. It 
was shown also in another study that the average 3D acquisition time 
was as short as 6.0 ± 2.0 min, and that this was not affected by age [18]. 
In the same study, adequate 3D images were obtained in 30 (88 %) of the 
34 patients with 3D echocardiography [18]. 

In our study, it was observed that there was a certain learning period 
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Fig. 3. Learning curve of RT 3D-TTE reconstruction time of 36 consecu
tive patients. 

U. Karadas et al.                                                                                                                                                                                                                                



Progress in Pediatric Cardiology 66 (2022) 101546

5

for the evaluation of 3D images and the evaluation time got significantly 
shortened as the study progressed (r = − 0.78), supporting the similar 
findings in earlier studies [5,23]. Van Den Bosch et al. had reported 
reduction in analysis period from 45 min in the first patient to 8 min in 
the last [18]. 

These findings indicate that the 3D echocardiography system used in 

our study is more advanced compared to the older 3D systems in terms of 
optimal image acquisition rate and feasible levels of analysis time, 
indicating its suitability for routine clinical use. 

It has also been shown that a certain rate of limitation is inevitable in 
routine clinical use of 3D echocardiography due to the longer durations 
of analysis exceeding 12 min or as a consequence of the inability to 
analyze images at the time of shooting. 

The largest diameters measured by 2D and 3D echocardiography in 
our study correlated well (r = 0.79); however, those obtained during 
surgery correlated significantly better with those obtained by 3D echo
cardiography (r = 0.85) than 2D echocardiography (r = 0.53). The 
reason for this could be the blockage of the en-face view in 2D echo
cardiography, presenting as an inability to expose the wider, irregularly 
shaped (elliptical-like) morphologies, particularly in wide septal defects. 
Similarly, the correlation between the largest diameters of VSDs ob
tained by 2D and 3D echocardiography was reported as 0.74 [24]. An 
earlier study also confirmed that the 3D echocardiography results 
showed better correlations with surgical findings than those obtained by 
2D echocardiography [18]. 

Due to the recently prevailing use of transcatheter closure of VSDs 
with surgical treatment, evaluation of morphology, diameter, and 
adjacent tissues, especially at different angular aspects has become 
increasingly important in patient selection [23,25–29]. However, with 
2D echocardiography, en-face views of the defect cannot be obtained, 
thus definition of the morphology and relationship of the defect with 
surrounding tissues remains relatively poor when compared with 3D 
echocardiography [23]. 

Fig. 4. Correlations between maximal diameters of VSDs measured by 2-dimensional (2D) transthoracic echocardiography (TTE) and real time 3D-TTE; also between 
the values obtained by 2D-TTE and surgery as well as between those obtained by 3D-TTE and surgery. 

Table 1 
The correlations among ventricular septal defect measurements obtained by 2D 
and 3D echocardiography and those obtained during surgery.  

Compared measurements r P 
value 

Maximum end-diastolic diameter measurements obtained by 2D 
and 3D echocardiography  

0.79  <.001 

Maximum end-diastolic diameter measurement obtained by 2D- 
echocardiography and end-diastolic area measurement 
obtained by 3D-echocardiography  

0.80  <.001 

Maximum end-diastolic diameter measurement obtained by 2D- 
echocardiography and end-systolic area measurement obtained 
by 3D-echocardiography  

0.76  <.001 

Maximum end-systolic and end-diastolic diameters obtained by 
3D-echocardiography  

0.93  <.001 

End-systolic and end-diastolic diameters obtained by 3D- 
echocardiography  

0.88  <.001 

Maximum end-diastolic diameter measurements obtained by 3D- 
echocardiography and those measured at surgery  

0.85  <.001 

End-diastolic diameter measurements obtained by 3D-echocardi
ography and those measured at surgery  

0.53  .03  
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For reasons mentioned above, clinical utility of 3D echocardiography 
has become increasingly important in preoperative evaluation in regard 
to patient selection for transcatheter closure [26–30]. The most impor
tant finding of our study in this context was that the acquisition of 3D 
echocardiographic en-face images of VSDs via the right ventricle has 
significantly improved the revelation of the underlying morphology. We 
have demonstrated also that relation of the defect to neighboring tissues 
can be best demonstrated by defining the proximity of the perimem
branous VSDs to the tricuspid valve and aortic valves. In addition, our 
study revealed that 3D echocardiographic evaluation of VSDs is 
important in observing dynamic morphological changes during heart 
cycle. In an earlier study conducted using 3D echocardiography, the 
difference between systolic and diastolic field values of VSDs was found 
to be significant and it was argued that the dynamic process changes 
should be taken into account in the evaluation of VSDs [24]. 

Perimembranous VSDs may be difficult to visualize because they 
may be covered with tricuspid leaflets, ventricular septal aneurysm 
tissues, or both [31]. In such cases, although transesophageal echocar
diography is the preferred method for detailed evaluation, 3D echo
cardiography may be useful as well [32]. Indeed, our study revealed that 
3D echocardiography can be used to clearly demonstrate the morpho
logical structures of VSDs covered with tricuspid leaflets or aneurysm 
tissues, confirming the findings of earlier studies [18,19]. 

These findings in our study demonstrate the feasibility of 3D echo
cardiographic evaluation of VSDs and that the shape of the VSDs is 
different than linear measurements of 2D echocardiography. In this 

regard, the recommendations about three-dimensional echocardiogra
phy in congenital heart disease mentioned in the Expert Consensus 
Document from the European Association of Cardiovascular Imaging 
and the American Society of Echocardiography [33] should be followed 
also by the surgical community for obtaining more accurate measure
ments compared to those from 2D echocardiography. 

Besides, 3D echocardiography renders it possible to define any VSD 
with its largest diameter as a circle or an ellipse, demonstrate the dy
namic features during heart cycle and evaluate the en-face view the 
defect as well as the neighboring tissues thereof. Indeed, it has been 
demonstrated in several earlier studies that data obtained from 2D, or 
3D echocardiography could be used successfully in selecting patients for 
interventional therapy and that 3D echocardiography could be used as a 
guide during interventional therapy [34–39]. Our study results further 
confirm that patient candidates for transcatheter closure can be selected 
using 3D echocardiography, which can be utilized further in the surgical 
or interventional stages of the treatment also. 

The limitations of our study are the relatively small sample size and 
the single center design of the study. As the usage of 3D echocardiog
raphy becomes more commonplace in clinical practice, its role before 
trans-catheter management and surgery will be better understood. 
Outcomes of surgical repair of certain types of VSDs should be observed 
and published in a future study with a larger population of subjects. This 
may help introduce specific indications for 3D echocardiography in 
particular forms of VSDs, which may illustrate the greatest utility for 3D 
echocardiography. Also, comparisons to cardiac magnetic resonance 

Fig. 5. Tricuspid valve (a) and ventricular septal aneurysm tissue (c) can be identified clearly according to morphological structure, shape, and the elongation in 
ventricular septum (b–d). 
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imaging (cMRI) should be included in future studies since increasing 
number of pediatric cardiology noninvasive imaging centers use cMRI as 
well. Despite these shortcomings, the current study contributes to the 
literature by demonstrating that several morphological features of VSDs 
(the en-face view of VSD, morphology, the maximum diameter and area 
measurements, dynamic changings, and the relationship with neighbor 

tissues) can be investigated in more detail using 3D echocardiography 
compared to its 2D counterpart. It should be noted also that the current 
generation of real time 3D echocardiography provides adequate images 
with a short acquisition time and acceptable reconstruction time. 

a b

d

e f

c

Fig. 6. The irregular shapes of VSDs (a–d). The image of only one patient whose VSD was in round shape (e–f). The typical image of a perimembranous outlet VSD 
(c–d). Aov: aortic valve, RA: right atrium. 
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5. Conclusion 

We conclude that 3D echocardiography can serve as a feasible and 
valuable tool in the clinical assessment and surgical interventions of 
VSDs and should be method of choice for obtaining reliable qualitative 
and quantitative information regarding the morphology, shape, size, 
and tissue rims of these defects before surgery. 
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