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ARTICLE INFO ABSTRACT

Keywords: Background: Aim of this study was to assess the accuracy of ventricular septal defects (VSD) using high pitch
Dual-source computed tomography angiography (CTA) of the chest in children below 1 year of age, compared to the in-
Computed tomography angiography traoperative findings and echocardiography.
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Methods: Out of 154 patients that underwent Dual-Source CTA of the chest using a high-pitch protocol at low
tube voltages (70-80 kV), 55 underwent surgical repair of a VSD (median age 8 days, range 1-348 days). The
margins of the VSDs and their relation to the surrounding structures were reproduced by en-face views using
multiplanar reformations (MPR). Absolute diameter, normalized area and relative area compared to the aortic
valve annulus were used for discrimination between restrictive and non-restrictive defects. Localization was
classified into four subtypes. The results were compared to two-dimensional echocardiography and in-
traoperative findings.

Results: Median absolute size of VSDs did not differ significantly between CTA-measurements (10.8 mm, range
2.8-18.1 mm) and intraoperative findings (12.0 mm, 3.0-25.0 mm, p = 0.09). Echocardiographic values were
significantly lower (9.6 mm, 3.0-18.5mm, both p < 0.01). The classification of the location and orientation
matched the intraoperative situs in 96.4% of all cases using CT and in 87.3% using echocardiography.
Echocardiography missed the relation to valves in 11% of all cases. Pre-interventional sensitivity and specificity
for detection of a VSD were 97.2/98.9% compared to echocardiography. Median radiation dose was 0.32 mSv
(range 0.12-2.00 mSv) and differed significantly between second and third generation Dual-Source CT (0.43 vs.
0.22mSv, p = 0.003).

Conclusion: Size and subtype of VSDs can be accurately assessed by CTA of the chest in patients with complex
congenital heart defects at a very low radiation dose.

1. Introduction estimated incidence of up to 10 in 1000 live births. Many of these
anomalies present with ventricular septal defects (VSD) that often re-
Congenital heart disease (CHD) is a common condition with an quire surgical repair to separate the pulmonary and the systemic
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Abbreviations

CT Computed Tomography

VSD Ventricular septal defect

CTA CT angiography

MPR Multiplanar reformations
MinIP Minimum intensity projection

CHD Congenital heart disease
CTDIvol Volumetric CT dose index
DLP Dose length product

ED Effective dose

ASD Atrial septal defect

AVSD Atrioventricular septal defect
MRI Magnetic Resonance Imaging

circulation.! Detailed knowledge of the location, orientation and size of
the VSD is essential to the pediatric cardiologist for a hemodynamic
assessment and clinical workup as well as to the pediatric cardiac
surgeon to select the adequate type of surgical access and the required
technique of surgical repair.”> To date two-dimensional echocardio-
graphy is routinely performed for preoperative assessment. However,
three dimensional techniques are able to significantly enhance the vi-
sualization of septal defects.® En-face reconstructions of the VSDs have
proven their benefits for the surgical procedure and the patients’ out-
come.” Cheng et al. found improved correlations for a three-dimen-
sional echocardiography technique with the intraoperative findings.
They concluded that two-dimensional echocardiography lacks the
ability to display the entire shape of the septal defects and thus cannot
account for precise quantification.® Despite these advances in echo-
cardiography, transthoracic as well as transesophageal examinations
can be limited by the individual performance of the patient and the
physician, the limited reproducibility and the few angulations avail-
able.® Dynamic evaluation especially remains difficult in high heart
rates and complex defects with close relation to the adjacent structures,
such as membranous outflow tracts, valves and trabeculae. Magnetic
Resonance Imaging as alternative cross-sectional modality is limited in
critically ill newborn patients due to the high periprocedural effort.”
Computed tomography (CT) was limited in the past by its radiation
exposure which is highly relevant to young patients with congenital
heart disease. Temporal resolution of CT has substantially increased in
the recent years while the radiation dose decreased, especially for
cardiovascular indications.® High pitch Dual-Source CT allows for ex-
amination of the entire chest within one single heart beat and therefore
provides minimized motion artifacts at a very low radiation dose.’
Especially for preoperative assessment of CHD several indications for
cardiothoracic CT angiography (CTA) have been established, such as
anomalies of the coronary arteries,'® anatomy of the great intrathoracic
vessels'' and major aortopulmonary collateral arteries.'*> A multi-
modality approach with additional cross-sectional imaging after the
initial echocardiography has been established for surgical plan in the
past.’®> However, no structured data exists on the role of CTA for vi-
sualization of VSDs other than the work of Nagakawa et al., who
evaluated the ventricular anatomy in general."* Qur aim was therefore
to retrospectively assess the accuracy of VSD measurements and clas-
sifications in patients with complex CHD younger than one year by high
pitch cardiothoracic CT compared to the routinely performed echo-
cardiography and the intraoperative findings.

2. Methods
2.1. Patients

Out of 2092 patients younger than one year that consulted our de-
partment of pediatric cardiology during the study period, we retro-
spectively evaluated the data sets of the 154 patients (7.3% of all pa-
tients) that underwent cardiothoracic CTA for preoperative workup of
complex CHD between 2009 and 2015. Out of 69 patients with a VSD
55 underwent surgical repair. Patients with a VSD without surgical
repair were excluded (n = 14, Fig. 1). All of the patients were routinely
evaluated before surgery using 2D transthoracic echocardiography. The
study complies with the Declaration of Helsinki and the Health

Insurance Portability and Accountability Act and was approved by the
institutional review board. The body mass index was calculated ac-
cording to the formula of the world health organization and the body
surface area was estimated using the Mosteller technique.>'°

2.2. Surgery

From the 14 excluded patients that did not undergo surgical repair
of the VSD 8 underwent single ventricle palliation, 4 smaller VSDs were
considered hemodynamically irrelevant and 2 patients died before a
surgical intervention. Localizations of the VSDs as classified in the
surgical reports served as reference. The longest diameters were used as
absolute size.

2.3. Echocardiography

Transthoracic 2D echocardiography was performed using a Vivid 7
ultrasound system (GE Medical Systems, Vivid 7, Vingmed Ultrasound
AS, Horten, Norway) by experienced senior cardiologists. The largest
diameters in diastole from the best fitting angulation were used for this
study.

2.4. CT technique

Indication to CTA was in accordance with the consensus document
of the Society of Cardiovascular Computed Tomography for CHD in 53
patients.'”” Two patients were primarily examined for non-cardiac
purposes (lung and esophagus) and presented an incidental VSD. None
of the examinations was exclusively performed to evaluate the VSD.
The examinations were performed using a second and third generation
Dual-Source CT scanner (Somatom Definition Flash or Somatom Force,
Siemens Healthcare GmbH, Forchheim, Germany). The institutional
reference protocol for pediatric CTA of the chest as shown in Table 1
was used for all patients.

For the examination, all patients were fixed in a supine position
with their arms elevated on the CT table. The scan was performed in
craniocaudal direction and ranged from the upper thoracic aperture to
the posterior phrenicocostal angles. Premedication was used for pa-
tients elder than 4 months (0.1 mg/kg Midazolam). Patients below the
age of 4 months were examined without sedation. Contrast media
(1.5-2.0 ml per kg body weight, Imeron 300, Iomeprol, Bracco Imaging,

CTA of the chest (n=154) I

—>{ Patients without VSD (n=85)

Patients with VSD (n=69) ‘

%{ Patients without surgical repair (n=14)

Study population (n=55)

Fig. 1. Flow chart of patient selection for the study population.
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Table 1

Institutional pediatric Dual Source (DS) CTA protocol for the chest. Reference
tube current time product is provided as mAs per rotation following the vendors
setting for cardiac protocols. The provided collimation is achieved by a z-flying
focal spot.

Second generation DS-CT Third generation DS-CT

80kV
400 ref mAs/rot

70kV
400 ref mAs/rot

Tube Voltage:
Reference mAs:

Collimation 128 x 2 x 0.6 mm 192 x 2 X 0.6 mm
Pitch 3.4 3.2
Rotation Time 0.28 0.25
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Konstanz, Germany) was injected manually prior to the examination
with a start delay of 2s after completion. An ECG-trace was used as
trigger for automated cardiac-phase selection. Thin slices (0.6 mm) with
an overlapping increment (0.3 mm) were reconstructed with matching
vascular weighted filtered back projection kernels (B26f and Bv40) for
image evaluation.

2.5. Image evaluation

The evaluation of the defects was performed in randomized order
using a post-processing 3D console (SyngoVia, Siemens Healthcare
GmbH, Erlangen, Germany). The datasets were evaluated by two senior
radiologists. Multiplanar reformations (MPR) were manually adjusted
to obtain two chambers, four chambers and short axis planes. The or-
ientation of the defect was then aligned, with respect to surgical aspects

Fig. 2. Reproduction of ventricular septal defects (VSD): Seven days old boy with a tetralogy of Fallot, four chambers plane (A) and short axis plane (B) are used to
obtain a preliminary en-face view on a subaortic committed VSD (Type 1) in the two chambers plane (C). Adjustments (black arrows) in the short axis plane (B to B)
and in the four chambers plane (A’ to A”) allow for sharp reproduction of the VSD (C”).
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for the planned repair, in the four chambers and short axis planes to
evaluate the size in the adjusted two chambers plane, simulating an en-
face view (Fig. 2). To overcome partial volume effects the true lumen of
the VSD was assessed by minimum intensity projection technique
(MinIP) that summarizes the cardiac tissue within a contrast filled thick
slice. The slice thickness was individually adjusted respecting the
margins in the other planes until all edges were sharply reproduced.

2.6. Ventricular septal defects

VSD size can be classified into small, moderate and large defects
using the absolute diameter (small < 10 mm, moderate 10-15mm,
large > 15mm), the normalized area (small < 0.5 cm?/m?, moderate
0.5-1.0 cm?/m?, large > 1.0 cm?/m?) or the relative size referenced to
the aortic annulus (small < 0.33, moderate 0.34-0.66, large > 0.66)
as proposed in literature.” Small and moderate VSDs are considered as
restrictive and large VSDs as non-restrictive. Therefore, the largest
absolute diameter, its orthogonal diameter and the absolute area of the
defect were manually measured. Normalized area calculation was re-
ferenced to the body surface area and relative area assessment was
referenced to the area of the aortic valve annulus at the level of the
valve's hinge-points. Localization of the VSD was classified into four
different main types as suggested by Jacobs: Committed VSDs (Type 1)
lie beneath the semilunar valves in the conal or outlet septum, non-
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committed VSDs (Type 2) are confluent with and involve the mem-
branous septum and are bordered by an atrioventricular valve not in
proximity of the great vessels, inlet VSDs (Type 3) involve the inlet of
the right ventricular septum immediately inferior to the atrioven-
tricular valve apparatus, and muscular VSDs (Type 4) are completely
surrounded by muscle (Fig. 3).'8 Localizations were post-hoc compared
with echocardiography and the surgical reports (Fig. 4). Sensitivity and
specificity of CT for the detection of a VSD was calculated for all 154
patients using 2D echocardiography as reference.

2.7. Radiation dose

Radiation exposure was assessed as volumetric CT dose index
(CTDIvol), referring to a 32 cm acrylic phantom, and dose length pro-
duct (DLP). Effective dose (ED) was assumed as DLP*k, using an in-
dividual, linear interpolation of the conversion factors reported in lit-
erature'® for chest CT at 80kV between neonates (k; = 0.0823 mSv/
mGy*cm) and 1 year old children (k; = 0.0525 mSv/mGy*cm) as a
function of days of life (d) by the following equation:

dx (k — kH))
365

ED = DLP * (ky +

Fig. 3. Classification of ventricular septal defects: Adjusted four chamber (A-A”), two chamber (B-B”) and short axis (C-C”) MPR-planes of 1) a 17 days old boy with
double outlet right ventricle and a non-committed type 2 VSD (A-D), 2) a 90 days old boy with an isolated inlet type 3 VSD (A’-D") and 3) a 4 days old girl with
hypoplastic left heart syndrome and small muscular type 4 defects (A”-D”, swiss cheese septum). Minimum intensity projections (MinIP) of the adjusted two chamber
planes (D-D”) reduce partial volume effects and allow for a precise reproduction of the defects' anatomy. The comet tail appearance of the VSD in B can be identified
as round shaped defect in D (slice thickness 8 mm), the thin atrial septum that contributes to the basal margin of the VSD in B’ is entirely reproduced in D’ (slice
thickness 11 mm) and the two tubular VSDs in B” can be evaluated in their short axis by MinlIP (slice thickness 5mm) in D” (black and white arrow).
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Fig. 4. Intraoperative correlation: Six days old boy with transposition of great arteries and a subaortic committed VSD (Type 1). The minimum intensity projection
(E) with a slice thickness of 7.5mm improves the reproduction of the margins of the VSD (6 mm) with good correlation to the surgical situs (8 mm, F). The
measurements by echocardiography provided flow information while the measurement suffered from restricted angulations (3 mm, D).

2.8. Statistics

All statistical analyses were performed using the software package
SPSS Statistics Version 21 (IBM, Somers, NY). Normal distribution of
the data was tested by Kolmogorov-Smirnov tests. Normally distributed
data is presented as mean + standard deviation. Median and range are
provided if no normal distribution was assumed. Interrater-correlation
was calculated using the Spearman Rho test. Nonparametric Friedman
ANOVA with post-hoc pairwise comparison was performed to evaluate
the differences between the measurements obtained from surgery,
echocardiography and CTA. Subtype analysis was carried out by
Kruskal-Wallis ANOVA with pairwise post-hoc tests. Subgroup analysis
of radiation dose was performed using Mann-Whitney-U test. The sig-
nificance level was defined as p < 0.05.

3. Results
3.1. Patients

All patients were examined successfully without acute adverse ef-
fects. Intravenous sedation was needed for 8 from the 55 patients that
were included in this study. Detailed patient information is shown in
Table 2. The VSDs were associated with a non-communicating atrial
septal defect (ASD) in 36 patients and were part of an atrioventricular
septal defect (AVSD) in 5 patients. Other cardiac malformations were
found in 41 patients and extra-cardiac malformations were associated
in 49 patients, a combination of both was present in 35 patients
(Table 3).
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3.2. Surgery

The median time period between the preoperative CT examination
and the surgical intervention was as low as 12 days, but ranged from 1
to 275 days. The median delay between echocardiography and surgery
was 3 days (range 1-134 days). Surgical repair was part of a complex
cardiac and extra-cardiac intervention in 34 patients, combined with
only an additional extra-cardiac intervention in 7 patients, first step
within the scope of a sequential approach in 7 patients and the only
malformation requiring surgery in 7 patients. Transatrial surgical access
was sufficient for the repair in 33 patients, ventriculotomy was required
in 22 patients.

Table 2
Patient specifications, CT parameters and radiation dose.
Median Range
Age [days] 8 1-348
Size [cm] 52 38-72
Body weight [g] 3450 1650-8500
Scan length [cm] 17.4 14.3-22.4
Scan time [ms] 380 310-490
eff. mAs 70 38-236
CTDIvol [mGy] 0.36 0.15-2.07
DLP [mGy*cm] 6 2.3-38
Effective dose [mSv] 0.32 0.12-2.00
Mean Standard deviation
Body mass index [kg/mz] 13.2 1.5
Body surface area [m?] 0.24 0.06




D. Nau, et al.

Table 3
Associated cardiac and extra-cardiac malformations, combinations of
the different pathologies were present within and between the sub-
groups.

Cardiac malformations

Malposition of the great arteries 25
Common arterial trunk 6
Tetralogy of Fallot

Right ventricular outflow tract obstruction 12
Left ventricular outflow tract obstruction

Extracardiac malformations

Pulmonary atresia or stenosis

Hypoplastic aorta 18

Right-sided aortic arch

Double aortic arch 1
Aortic isthmus stenosis

Coronary anomalies

Major aortopulmonary collateral arteries

3.3. CT technique

Body weight adapted contrast media injection (median 6 ml, range
4-20ml) resulted in a median dose of 1.8 g iodine (range 1.2-6.0¢g
iodine). The mean heart rate was 138 * 23 bpm during the ex-
amination. The automated heart phase selection algorithm resulted in
an end-systolic mean cardiac phase of 44 + 18% at the base of the
heart and 54 *+ 19% at the apex. Examinations from the third gen-
eration Dual-Source CT scanner had a significantly lower ED (0.22 mSv,
range 0.12-0.73mSv, n = 13) compared to the second generation
(0.43 mSv, range 0.16-2.00 mSv, n = 42, p = 0.003). Cumulative ex-
posure parameters are shown in Table 2.

3.4. Ventricular septal defects

Differences between the absolute sizes of the VSDs were statistically
significant between echocardiography, CT and surgery (p < 0.001).
The median intraoperative diameter size of the VSDs was 12.0 mm
(range 3.0-25.0 mm, Fig. 5). Median CT-measurements of the longest
absolute diameters were smaller without statistical significance in the
post-hoc comparison (median 10.8 mm, range 2.8-18.1 mm, post-hoc
p = 0.09). The median difference was 2.3 mm (range 0.0-13.5mm),
but the mean deviation was considerably smaller below a cut-off-value
of 14 days delay to surgery (1.0 * 2.6 mm) compared to above
(8.2 £ 4.6 mm). Echocardiographic values were significantly smaller
compared to both, intraoperative and measurements by CT (median
9.6 mm, range 3.0-18.5mm, for both p < 0.01). The median differ-
ence compared to surgery was 3.2mm (range 0.2-17.3 mm). Bland-
Altman-Plots are shown in Fig. 6.

The median of the short axis obtained by CT was 7.3 mm (range
0.9-16.9 mm) and the median area was 0.63 cm? (0.05-2.15 cm?). The
interrater reliability for the longest and orthogonal shortest diameter
was very good (¢ = 0.9 and 0.8). The mean slice thickness used for the
minimum intensity projection was 9.5 * 2.5mm.

Median normalized area was 2.4 cm?/m? (range 0.3-10.0 cm?/m?)
and median relative size was 0.52 (range 0.07-4.13). Size classifica-
tions following the absolute diameter were comparable between CT and
the surgical measurements as shown in Table 4. However, 8 patients
with non-restrictive defects were classified as restrictive by CT. Sub-
stantially more VSDs are considered non-restrictive if the normalized
areas or the relative areas are used for the size classification (both
p < 0.01).

The location of the VSD was classified as committed type 1 in the
majority of patients (n = 44), followed by non-committed type 2
(n = 5), inlet type 3 (n = 5) and muscular type 4 (n = 1). Type 1 de-
fects can be subdivided in subaortic-committed (n = 24), sub-
pulmonary-committed (n = 12) or doubly committed (n = 8 including

Journal of Cardiovascular Computed Tomography 13 (2019) 226-233

the 6 defects associated with a Truncus arteriosus communis). Only
three type 1 VSDs and one type 2 VSD presented with an additional type
4 defect apical to the larger defect. The mean subtype size of the defects
was 10.7 £ 2.6 mm for type 1, 11.9 = 3.6mm for type 2 and
13.5 + 3.6mm for type 3 without significant differences (all
p = 0.196). Muscular type 4 defects were significantly smaller com-
pared to the other types (4.4 = 0.8 mm, p < 0.001). In only 2 patients
(3.6%) the CT-classification of the location was different compared to
the intraoperative finding. In both cases the underlying CHD was a
malposition of the great arteries and both inconsistent classifications
were retrospectively caused by misinterpretation of the arterial conus.
Differences between VSD classification by echocardiography and sur-
gery were found in 7 patients (12.7%). In 6 out of these cases type 2 or
3 defects were misinterpreted as type 1.

The sensitivity of CT for the detection of a VSD was 97.18% and the
specificity 98.86%. Only two VSDs described by echocardiography
could not be reproduced by CT (3 and 6 mm absolute diameter). On the
other hand, also one defect that remained unnoticed by echocardio-
graphy was detected in the CTA.

4. Discussion

CTA provides a good 3D reproduction of CHD in general. We de-
monstrated that topographical evaluations of VSDs provide reliable
results with a high sensitivity and specificity when MPR and MinIP
techniques are used. Size measurements can be obtained with a high
precision. Short diameter, normalized area and relative area can add
valuable information that is only hardly obtained by two-dimensional
echocardiography. Most of the VSDs had a relation to the arterial valves
(80%, type 1), which was misinterpreted by echocardiography in 11%
of all cases. Especially in cases of malpositioning, the arterial conus
should be evaluated carefully. En-face views and virtual cardioscopic
demonstrations additionally provide a three-dimensional under-
standing of the situs and help to evaluate surgical options. In compar-
ison to the high periprocedural risk of the surgical repair the radiation
exposure to the patients was reasonably low (0.32 mSv), and especially
lower as previously described in literature for other techniques.?® The
low radiation dose and the possibility of free breathing, non-sedated
cross-sectional imaging with short examination times and high spatial
resolution can even favor CT over MRI in this collective.?! However, the
main advantage of this study is that the additional information about
VSD anatomy can be used to enhance the multimodality approach for
surgical workup of complex CHD.

The coexistence of CHD and VSDs is very high. Chelo et al. therefore
concluded that a VSD should be evaluated by the examiner in case of
CHD independent of the imaging method.?* Due to its high availability
and lack of radiation exposure two-dimensional echocardiography is
the first imaging method of choice.”®> Complex CHD often require ad-
ditional imaging due to the often spherical, distorted or irregular
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Table 4
Size classification of the VSD from surgery and CT measurements.

Diameter Diameter CT  Relative area Normalized area
surgery CT CT

Small 19 21 7 1

Moderate 23 29 22 1

Large 13 5 20 53

margins of the VSDs that frequently do not fit into linear planes.”*
Especially in these patients CTA is able to simultaneously assess asso-
ciated anomalies beyond the echocardiographic window with high
spatial and temporal resolution and a low periprocedural risk.>®> Main
type of associated malformations requiring such an elaborated imaging
prior to surgery were malformations of the great arteries, outflow ob-
structions and coronary anomalies in our patient collective, which is in
good agreement with the consensus recommendations about a multi-
modality imaging approach in the preoperative workup of CHD.?%*’
The good reproduction of VSDs in this study correlates well with the
echocardiographic findings of Cheng et al., who reported better corre-
lation to surgical findings using three-dimensional echocardiography
compared to two-dimensional echocardiography.® The high interrater
correlation (r = 0.8-0.9) underlines the robustness of the measure-
ments and is comparable to the results of Chen et al. (r ~ 0.9) for three-
dimensional echocardiography.® The large proportion of Type 1 defects
in our collective is generally in good agreement with the literature.

Some limitations need to be respected when interpreting the results
of this retrospective study. First, the growth of the heart is very fast in
young children and might also involve the VSDs. Hence the 19% in-
accuracy of the CT measurements compared to the surgical measure-
ments could be explained by the growing heart during the delay, which
is supported by the substantially smaller differences for the subgroup
below 14 days of delay (8%) compared to above (27%). Second, the
intraoperative measurements are performed in cardioplegia. Thus, the
comparison with the CT measurements might be biased by a non-phy-
siologic relaxation and dilatation of the ventricles. Third, the CTA
measurements are static and in most cases during end-systole. Hence,
dynamic changes in size are not respected, while echocardiographic
values were obtained in end-diastole in order to comply best with
cardioplegia. Forth, CT is not able to provide dynamic flow information,
which is easily assessed by MRI or echocardiography.”® Fifth, although
the radiation exposure is decreasing, concerns about stochastic damage
cannot be waived in this especially sensitive collective.

5. Conclusion

In conclusion MinIP reconstructions of high pitch Dual-Source CT
examinations allow for a precise reproduction of the location and size of
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VSDs in patients younger than one year. Additionally obtained values
like short diameter, normalized area and relative areal can support the
multimodality approach in this collective at a reasonably low radiation
exposure. Therefore, whenever a CTA of patients with a CHD is per-
formed, the presence of VSDs should be evaluated to provide in-
formation about size, orientation and localization for further clinical
care, especially for patients with complex heart defects and anatomy.
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