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ABSTRACT

Congenital heart defects (CHD) are the most common congenital disabilities. Early and 
accurate diagnosis of coronary heart disease is very important for patients to get timely and 
effective treatment. In recent years, the accuracy of coronary heart disease diagnosis has 
been greatly improved with the development of medical imaging equipment and technology. 
At present, the clinical application of echocardiogram (echo), cardiovascular magnetic 
resonance (CMR) and computed tomography angiography (CTA) in coronary heart 
disease anatomy and function has increased significantly, which plays an important role in 
preoperative diagnosis, intraoperative monitoring, and postoperative recovery evaluation. 
However, each imaging technique has its indications. Providing the best examination plan 
for patients requires clinicians and radiologists’ close cooperation. Therefore, this study 
reviewed the imaging techniques for diagnosing coronary heart disease. 

Keywords: Cardiovascular magnetic resonance, 
computed tomography, congenital heart defects, 
echocardiography, imaging diagnosis, radiation dose

INTRODUCTION

Congenital heart defect (CHD) is a structural 
anomaly of the cardiovascular system which 
occurs during fetal development. It can be 
classified as cyanosis or acyanosis (left-to-
right shunts or obstructive lesions), and the 
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presence or absence of cyanosis depends on the direction of blood flow to the heart and 
the great arteries. The most common is Atrial Septal Defect (ASD) (Figure 1), Tetralogy 
of Fallot (TOF) (Figure 2), Ventricular Septal Defect (VSD) (Figure 2), Patent Ductus 
Arteriosus (PDA), Pulmonary Stenosis, and Aortic Stenosis et al. For example, in TOF, 
since the blood from the right heart is shunted to the left through the defect, the arterial 
blood is mixed with venous blood, and cyanosis occurs when the reduced hemoglobin 
level in the bloodstream is elevated above 5%. On the other hand, in the case of simple 
pulmonary stenosis, ASD, or VSD, blood from the left heart flows back to the right heart, 
and there are no venous and arterial blood mixes, so cyanosis is not present. There are many 
types of CHD, and several defects may occur in combination, also known as compound 
malformations.  

According to the global burden of disease study (GBD) 2017, congenital heart disease 
(CHD) causes 261247 deaths worldwide, of which 180624 are infants under one year old 
(Zimmerman et al., 2020). The mortality rate of CHD in different countries and regions 
is quite different. Among them, the incidence rate of coronary heart disease is highest in 
sub-Saharan Africa, central and eastern China, Central Asia and Southeast Asia, and some 
inland provinces in China and India (Zimmerman et al., 2020). Coronary heart disease 
accounts for about 1% of the total number of newborns or nearly 40000 cases in the United 
States annually (Hoffman & Kaplan, 2002). In 2016, circulation published a study that 
estimated that about 1 million children in the United States had congenital heart defects in 
2010 (Gilboa et al., 2016). The incidence rate of China’s coronary heart disease is about 
2.4–10.4 per thousand, according to a 2019 report on cardiovascular health and disease 
in China. It is a major congenital malformation in China (Hu, 2020). According to the 

Figure 1. A 4-month-old girl with ASD. The diagram shows 
subaortic stenosis, ventricular septal projection on one side, left 
ventricular outflow tract (red arrow), and ASD (black arrow). RV 
= right ventricle, LV = left ventricle, RA = right atrium, LA = left 
atrium, AO = aorta. (Source: Miao et al., 2016)

health indicators of statistics 
in Malaysia in 2007, nearly 
1/100 infants (nearly 1 or 5000 
infants) in Malaysia suffered 
from coronary heart disease 
every year (MOH, 2007; MOH, 
2008a; MOH, 2008b).

CHDs are a high incidence 
of congenital disabilities, the 
main cause of neonatal and 
infant deaths. Therefore, it is 
very important to diagnose 
CHD early and accurately so 
that patients can get timely 
and effective treatment. With 
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the development of medical imaging equipment and technology, there are more options 
for diagnosing CHD, and the accuracy has been greatly improved. At present, there are 
many diagnostic imaging methods, including Echocardiography (Echo), Cardiovascular 
Magnetic Resonance (CMR) and computed tomography angiography (CTA), which play an 
important role in the preoperative diagnosis, intraoperative monitoring, and postoperative 
recovery efficacy evaluation of CHD, and provide comprehensive and reliable information 
on cardiovascular anatomical structure and function of CHD. 

CT scan can evaluate both anatomy and function of CHD morphologically. With 
the development of scanning and post-processing methods, the application of CTA in 
cardiovascular diseases is becoming more and more mature. However, due to the possibility 
of radiation damage in CT, different CT vendors have developed various techniques and 
systems to reduce the radiation dose to the patients. 

The following problems exist in the imaging examination of CHD: (1) A single 
examination often cannot obtain all the lesion details and diagnostic information of CHD. 
(2) Traditional two-dimensional imaging is not ideal for treating CHD because the image 
display is incomplete. (3) Some examination methods are invasive and risky to patients. 
(4) Repeated imaging examination is a common phenomenon at present.

This review evaluates the role of imaging in treating patients with CHD; in particular, 
the recent advances in diagnosing CHD are described in detail. As much as possible, we will 
use published research evidence to support our discussion, while those lacking sufficient 
research evidence will adopt the expert consensus. 

DIAGNOSTIC IMAGING OF CHD

Plain Chest X-Ray and Fluoroscopy

The advantage of a chest X-ray is that it cannot only show the outline and size of the heart 
but also fully reflect the outline of the lung, which is irreplaceable by any other imaging 
methods (Somerville & Grech, 2009). However, an X-ray cannot clearly show the structure 
of the heart due to the projections of the heart and the overlapping vessels. Therefore, it is 

Figure 2. A 13-month-old girl with TOF: (a) The degree of aortic override was 50%; (b) Aortic root directly 
above the septal defect; (c) Narrowing of the right ventricle outflow tract, which was indicative of VSD.; 
and (d) Atrium and ventricle were a normal connection. (Source: D. Chen et al., 2017)

(a) (b) (c) (d)
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necessary to combine different projection positions to show the edges of the various atria 
and the vessels and to judge the change in heart size. On the other hand, chest fluoroscopy 
has the characteristics of an X-ray, and it is dynamic, can arbitrarily change position, 
direction and angle, and can observe patients when inspiratory and suffocating in the organ 
change. However, the disadvantage of chest fluoroscopy is that it cannot save the image 
and can only be observed in real-time. Besides, patients are exposed to higher doses of 
radiation for longer periods.

Echocardiography (Echo)

An Echo is a simple, rapid, real-time dynamic observation of the cardiac structure and 
ventricular myocardial wall movement. It can visualize intracardiac malformations, 
especially for observing the morphology and function of valves and real-time hemodynamic 
measurements. Therefore, it is the non-invasive medical imaging technique preferred for 
diagnosing CHD (X. F. Chen et al., 2017). Transesophageal echocardiography (TEE) 
and real-time three-dimensional echocardiography (RT3DE) have expanded the clinical 
application of echocardiography in terms of exploration approaches and imaging modes, 
respectively. Echo has a non-invasive, no ionizing radiation and no radiation hazard (Lai 
et al., 2006). In patients with CHD, the ultrasound enhancing agent (UEA) improves the 
visualization of segmental wall motion of the left and right ventricles, allowing for better 
quantification of ventricular function at rest and during physiological or drug load. The 
use of UEA-enhanced Doppler signals is beneficial for quantification of right ventricular 
(RV) systolic blood pressure in patients with CHD, allowing simultaneous measurement 
of RV and left ventricular (LV) myocardial perfusion while analyzing ventricular wall 
motion (Kutty et al., 2016; Porter et al., 2018). The echo can be carried out near the bed 
and repeatedly detected (Marin et al., 2012). Moreover, the price is relatively lower than 
other imaging examinations. 

However, in practical application, since most of the heart and the great vessels are 
covered by bone and lung tissue, the location and direction of the exploration are still 
limited, and the whole course of the vessels cannot be tracked. Besides, the spatial resolution 
is low, and the field of vision is small, so the anatomical observation of some parts is 
limited to some extent, such as the development of the middle and distal segments of the 
left and right pulmonary arteries, as well as the determination of the origin and location 
of the great vessels. At the same time, ultrasound images are all body layer images, which 
need multi-level observation to construct stereo images, so the accuracy of examination 
is related to the theoretical basis and experience of the sonographer. 

Therefore, according to the American Society of Echocardiography (ASE), each 
pediatric cardiac sonographer must obtain a certificate of qualification within a certain 
period by passing the relevant examination prescribed by an industry-recognized 



2443Pertanika J. Sci. & Technol. 30 (4): 2439 - 2462 (2022)

Computed Tomography Imaging Pediatric Heart Disease

qualification body. Must have passed a formal course of education in the specialty of 
ultrasound recognized by a professional association or authority and in accordance with 
the requirements of a qualifying body. Must be able to perform various echocardiographic 
examinations and write echocardiographic reports. The skill level must be maintained 
through participation in appropriate continuing medical education courses (Lai et al., 2006).

Transthoracic Echocardiography (TTE). TTE is the most common type of Echo. It is 
non-invasive and takes place entirely outside the patient’s body. The probe is placed on 
the left, or right edge of the sternum, the apex of the heart, the supra sternal fovea or the 
subxiphoid region of the ribs for observation of the aortic valve, left ventricular outflow 
tract and descending aorta. Compared with CMR, TTE has the advantages of low cost and 
high availability (Koestenberger et al., 2012).

Transesophageal Echocardiography (TEE). TEE is another echo type in which the probe 
is placed inside the esophagus or stomach, then scans the heart and vessels from the rear 
and below. TEE provides regular observations of cardiac valve function, cardiovascular 
structural development, and ventricular function (Sluysmans & Colan, 2005; Gutgesell 
& Rembold, 1990). At present, micro-TEE can be widely used in children with CHD 
(Pavithran et al., 2014). However, this technique is limited in the assessment of complex 
CHD and extracardiac vascular malformations (Lian et al., 2018).

Real-Time Three-Dimensional Echocardiography (RT3DE). RT3DE has a 
promising clinical application in CHD; compared with the traditional two-dimensional 
echocardiography (2DE), which can only display the flat picture of the heart structure, 
RT3DE expands the vision of scanning the heart and blood vessels from the spatial 
dimension and the time dimension. Studies have shown that RT3DE can more accurately 
describe atrial septal defects (ASD) and various congenital valve damage, the fetal heart 
can be analyzed locally, and the degree of aortic dilatation in Marfan’s syndrome can be 
studied quantitatively (Acar et al., 2004). The new high-resolution RT3DE probe and 
ultra-high-speed real-time ultrasound image processing platform can real-time, quickly 
collect images and can timely synchronous display the three-dimensional (3D) image of the 
heart. RT3DE can observe the cardiac valve structure, pathological property, and abnormal 
function. It is possible to accurately observe and quantitatively evaluate the heart valves, 
thus more accurately guiding interventional or surgical treatment of various heart valve 
diseases. RT3DE images can be obtained in less than 5 minutes, and the use of sedation 
by the examiner is never required. In 2012, the European and the American societies of 
echocardiography jointly issued the three-dimensional echocardiography (3DE) operating 
guidelines (Lang et al., 2012). 
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However, at present, the spatial resolution of RT3DE in quantitative valve imaging 
still needs to be improved. Furthermore, the temporal and spatial resolution needs to be 
improved to obtain the best image quality, and wide-angle acquisition is needed to realize 
distance visualization (Kleijn & Kamp, 2009). These limitations may cause measurement 
errors and variations in the results.

The Characteristic of the Echo. Compared with MR and CT, echocardiography has the 
following advantages: (1) Availability. The echo can be found in almost all hospitals and 
clinics. However, cardiac examination operators need to undergo a long period of training 
and evaluation. (2) Portability. Due to the development of portable ultrasound machines, 
the echo can be taken to the patient’s bedside (Rehman et al., 2021). (3) Cost. The initial 
and operational costs of echocardiography are significantly lower than those of CMR and 
CT. (4) No radiation. Echo uses high-frequency sound waves to get the image of the heart.

Cardiovascular Magnetic Resonance (CMR)

With the development of Magnetic Resonance Imaging (MRI), CMR has been widely 
accepted in clinical practice because of its safety and accuracy in assessing myocardial 
function and showing the overall anatomy of the heart in the diagnosis of CHD, especially 
CHD with abnormal external great vessels, complex CHD, and postoperative CHD. 
Compared with Echo, CMR is more accurate in quantifying the shape and function of the 
heart, allowing the image can be observed repeatedly, and there are no strict requirements 
for the operator’s experience and skill level. In addition, CMR can produce high-resolution 
images to describe the anatomical structures, such as the size of the heart, valve shape 
and chamber size, and also provide dynamic information such as angiography, myocardial 
perfusion, shunt, and abnormal morphological manifestations (Glockner et al., 2003). 
CMR has the additional advantage that it does not involve radiation. Therefore, CMR and 
Contrast-enhanced MR Angiography (CE MRA) are valuable tools for assessing associated 
vascular abnormalities and blood flow patterns (Sreedhar et al., 2005). 

However, CMR of CHD generally takes more time to perform than other imaging 
methods, around 30–60 mins. The presence of implants or other metal objects can 
sometimes make it difficult to get a clear image, but movement during imaging can have 
the same effect. MRI can be very intimidating for children because it is noisy; to obtain 
high-quality images, pediatric patients need to lie completely still in an enclosed space and 
follow the breath-holding instructions while recording the image. In addition, imaging may 
be difficult to perform if patients are anxious or confused. Some children may be unable to 
stay still for the MRI scan, so young children (ages 1 to 6) often need sedatives to help them 
relax or fall asleep during the exam (Barkovich et al., 2018; Arlachov & Ganatra, 2012).
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The Preparation of CMR. (1) Introduce the CMR to parents in detail and ask them to tell 
the child in advance in a way that the child can understand to ensure that the examination 
is performed successfully. (2) Before entering the examination room, the doctor checks the 
patient’s medical history and checks if the patient has a metal device implanted or wearing a 
metal object to avoid damage or artifacts. (3) Anesthesia or sedation is often used in younger 
children because the examination is long, and the patient needs to remain stationary during 
the examination to avoid movement artifacts. (4) The contrast agent is given intravenously. 
(5) Patients need to wear a hearing protection device. (6) The temperature of the pediatric 
patient should be monitored, and a blanket should be added to keep the patient warm if 
necessary. (7) Patients need to wear a vital signs monitor. (8) By positioning the image to 
determine the appropriate coil placement and scanning range (Fratz et al., 2013).

Spin Echo Sequence (SE). The most common variant of SE is the Fast spin echo sequence 
(Siemens, TSE; GE, FSE; Philips, TSE; Toshiba, Fast SE) and Ultrafast spin echo sequence 
(Ultrafast SE) (Siemens, HASTE; GE, SSFSE; Philips, SSTSE; Toshiba, Fast-DIET). 
Ultrafast SE has a fast-scanning speed, collects one layer of cross-sectional images in 
one cardiac cycle, and is insensitive to breathing and motion artifacts so that it can collect 
images in free breathing (Lu & Zhao, 2010). First, since the sequence is black blood, axial 
and sagittal zero interval tomography images can roughly understand the relationship 
between atrioventricular and ventricle aorta, the development of ventricle and aorta, and 
atrioventricular valve development. Second, it can be positioned for other sequential scans. 
For example, two-chamber, four-chamber, and ventricular effluent tract films are all based 
on HASTE location scans in Siemens. However, the black blood sequence cannot provide 
optimal cine information. Compared with ultrafast gradient echo sequence (Ultrafast GRE), 
SE has a lower signal-to-noise ratio (SNR) (Ginat et al., 2011).

Gradient Echo Sequence (GRE). The GRE may use the Spoiled gradient echo sequence, 
Ultrafast GRE, and the Steady-state gradient echo sequence. GRE is an alternative technique 
to SE, which can identify the abnormal function of the heart wall and evaluate the bilateral 
ventricular function. The Cine sequence is characterized by high temporal resolution and 
high sensitivity to flow changes. This sequence is commonly used for preoperative diagnosis 
and postoperative follow-up of complex CHD, such as double outlet right ventricle (Yao 
et al., 2016).

Steady-state gradient echo sequence (Siemens, True-FISP; GE, FIESTA; Philips, 
balance-FFE; Toshiba, True SSFP) can be used to comprehensively observe the anatomical 
connection and function of the heart and the great vessels, which is conducive to the display 
of intracardiac malformations. It is characterized by fast scanning speed and high SNR. 
Among them, Time-adaptive sensitivity encoding (TSENSE) technology is not sensitive 
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to breathing and mild motion artifacts, so it is very suitable for arrhythmia patients and 
infants who cannot cooperate with breath-holding (Jing et al., 2017; Lu & Zhao, 2010)

Contrast Enhanced MR Angiography (CE MRA). CE MRA is mainly used to display 
vascular malformation, including PDA and artery malformation (Lv et al., 2010). However, 
MRI contrast agents are associated with nephrogenic systemic fibrosis and should be used 
with caution in patients with renal insufficiency (Zeng et al., 2014; Elmholdt et al., 2011; 
Davison & Mead, 2010).

Computed Tomography (CT)

CT has good spatial resolution and can provide a three-dimensional reconstruction of 
the heart. It can clearly and objectively show the heart structure, the great vessels, the 
relationship between each atrioventricular valve and ventriculoarterial valve, intracardiac 
shunt, left and right ventricular function, and the volume of the heart chamber. With the 
development of technology, the CT scanning time is shortened while maintaining high 
image quality (Larson et al., 2011). Since the introduction of 64-slice CT, multi-slice 
spiral CT (MSCT) has been widely recognized as a non-invasive examination for the 
diagnosis of CHD (Crean, 2007; Ropers et al., 2006). In addition, most hospitals have CT 
equipment, which is usually cheaper than MRI (Fisher & Sawyers, 2020; Davis & Cunha, 
2019). Therefore, CT has developed from the original single-slice to 64-slice, 256-slice, 
320-slice spiral CT, and even more advanced dual-source CT (DSCT) (Siegel, 2003). A 
conventional chest CT scan can show the vessels of the heart, and the adjacent relationship 
between the mediastinal organs and tissues, so it is helpful to display pericardial effusion, 
thickening and calcification.

The main characteristic of CT is its excellent spatial resolution, which is better than MRI 
and Echo, adequate temporal resolution, and relatively poor contrast resolution. Compared 
with MSCT, flat volume CT have excellent spatial resolution and wider coverage, but the 
contrast resolution is less than MSCT. The high temporal resolution of cardiac CT is mainly 
achieved by rapid frame rotation time and partial scan reconstruction (Lin & Alessio, 2009).

The consequent disadvantage to obtaining a clear image is that the radiation dose 
is increased, and the scanning time is prolonged. In addition, infants and children are in 
the stage of physical development, and their tissues and organs are richer in water than 
adults. As a result, infants and children are at a significantly higher risk of radiation injury 
or damage than adults. Therefore, more attention should be paid to the radiation dose 
received by infants and children during CT examinations (Brenner & Hall, 2007). There 
are multiple data acquisition and scanning parameters in CT, non-gated acquisition mode, 
retrospective electrocardiogram (ECG)-gated spiral acquisition mode, and prospective 
ECG-triggered sequential acquisition mode.
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The Technical Characteristics of MSCT.  Due to the high spatial resolution and good 
image quality, MSCT can display the details of cardiac deformities, especially the 
deformities in the connection of the great blood vessels, collateral circulation, progression 
and development of coronary arteries, and development of other organs related to the heart 
(Feng & Xing, 2012; Liu & Wang, 2017). It has high temporal resolution and reduces the 
inspection time. Continuous-level tomography avoids image overlap, and a variety of 
post-processing methods, such as volume reconstruction, surface reconstruction, multi-
plane reconstruction, and maximum density projection, ensure the accurate expression of 
lesions. However, MSCT does not provide enough information about the cardiovascular 
function and hemodynamics (Enaba et al., 2017, Zhang et al., 2012).

The Preparation of MSCT. (1) The iodine contrast agent allergy test negative due to the 
poor expression ability of infants, respiratory, heart rate, blood pressure and skin mucosal 
changes should be closely monitored. (2) Establishment of injection route: superficial 
venous injection through the lower extremities was preferred to minimize the effect of 
contrast artifact. Secondly, the contrast agent should be injected through the superficial 
vein of the right upper limb to prevent the left innominate vein from interfering with 
the observation of the aortic arch. If an abnormal return of the left superior vena cava is 
suspected, it can be injected through the left upper limb superficial vein. If an abnormal 
return of the inferior vena cava is suspected, it should be injected through the superficial 
veins of both legs. The high concentration of contrast agent injected through the upper 
limb will affect the imaging of the brachiocephalic trunk. (3) Connecting electrocardiogram 
(ECG): to prevent metal artifacts caused by the electrode, it should be noted that the 
electrode should be placed far away from the scanning area. Usually, two upper limbs and 
an abdomen should be selected for young children. (4) Breath-holding training: for children 
who can cooperate with the examination, breath-holding training should be carried out. 
(5) Anesthesia is carried out by a professional anesthetic doctor for children who cannot 
cooperate with the examination. (6) ECG, respiration, and peripheral oxygen saturation 
should be monitored.

The Contraindications of MSCT. (1) Allergic to the iodine contrast agent. (2) Patients 
with acute or chronic renal failure. (3) Patients with severe cardiac insufficiency or corrected 
heart failure. (4) Patients with severe arrhythmias.

The Various Post-processing Technologies. (1) Volume Rendering (VR). VR can 
display the spatial position relationship and movement of the heart and large blood 
vessels. However, due to the need to combine with the image processing method of 
partial cutting, the operation is more complex and experienced operators are needed. (2) 
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Maximum Intensity Projection (MIP). MIP can display the anatomical structure of the 
heart and the large blood vessels from multiple directions and angles, and the thickness 
can be changed arbitrarily, with high measurement accuracy. However, the dense tissue 
blocks angiography. (3) Curved Planar Reconstruction (CPR). CPR can better show the 
calcification and distorted and stented vascular lumen. However, due to the high dependence 
on the accuracy of the probe, a single curve cannot adequately show eccentric lesions. In 
addition, hyperperfused vessels are difficult to show, so CPR is used relatively infrequently. 
(4) Multiplanar reconstruction (MPR) (Figure 3). The data obtained from the axial plane 
are converted into coronal, sagittal, or sloped non-axial planes. However, the reconstruction 
time is longer, and there is more data to review and archive each case.

Figure 3. A 5-year girl with VSD (Prospective ECG-triggering DSCT angiography). (a) Oblique coronal 
MPR image, (b) Oblique sagittal MPR image, (c) axial thin-section MIP image. AA= ascending aorta, MPA = 
main pulmonary artery, RPA = right pulmonary artery, SVC = superior vena cava. (Source: Nie et al., 2014)

(a) (b) (c)

Retrospective ECG-Gated Spiral Acquisition. The retrospective ECG-gated spiral 
acquisition mode adopts the small-pitch spiral scanning. This model is a whole cardiac 
cycle scan. The retrospective ECG-gated acquisition is similar to cameras, which can 
take continuous pictures by pressing the shutter at one time, taking numerous exposures 
and pictures, whether clear or useful, to select the best or several images in retrospect. 
ECG data is collected synchronously during CT scan, and the best data is selected for 
reconstruction according to the time phase of ECG data in retrospect. Therefore, continuous 
radiation exposure is performed in multiple consecutive heartbeat cycles to obtain clear 
images, leading to a higher radiation dose in retrospective ECG-gated spiral acquisition 
compared with that in prospective ECG-triggered sequential acquisition. The advantage of 
the retrospective ECG-gated protocol is that the image quality of the retrospective ECG-
gated spiral mode was better than that of the prospective ECG-triggered sequential mode 
(Wang et al., 2017). 
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In addition, the retrospective ECG-gated spiral mode is not limited by heart rate and 
is applicable to patients with irregular heart rate, premature beat and fast heart rate (>70 
beats per minute, bpm) (Stolzmann et al., 2011; Nakagawa et al., 2016). 

However, the image quality of DSCT is similar to prospective and retrospective ECG-
gated techniques, which can significantly reduce the effective dose of patients, and has 
important clinical value for subjects who cannot receive a high radiation dose and whose 
heart rate is lower than 67 bpm (Liu & Wang, 2017; Wang et al., 2017; Pache et al., 2011; 
Xu et al., 2010; Ünal et al., 2015).

Prospective ECG-Triggered Sequential Acquisition. Prospective ECG-triggered 
sequential acquisition mode is not a spiral scanning. The mechanism of the prospective 
ECG-triggered protocol is that the X-ray tube is selectively turned on only when triggered 
by the ECG signal, and the scan is triggered only when the heart is in diastole for the data 
collection. The main advantage of the prospective ECG-triggered sequential acquisition 
mode is that the X-ray exposure time is short. Therefore, the radiation dose is lower than 
that of the retrospective ECG-gated spiral acquisition mode.

However, as data collection is only carried out at a specific stage of a cardiac cycle and 
the machine rotation speed is limited, there are higher requirements for heart rate control and 
stability, so the function of cardiac valve or ventricular wall movement cannot be evaluated 
(Husmann et al., 2008; Stolzmann et al., 2008). The mode can set the scanning window 
in the R-R interval, which is very demanding for heart rate, rhythm, and breath hold. It is 
applicable to patients with a steady heart rate below 70 bpm or 65 bpm, so patients should 
not have a significant arrhythmia; otherwise, some data may be distorted and affect the 
accuracy of diagnosis (Roberts et al., 2008; Earls et al., 2008; Gopal et al., 2009).

Non-ECG-Gated Acquisition. Non-ECG-gated scanning is a spiral scan, a simple and 
feasible technique for CT in patients with CHD. It scans fast and is not limited by the heart 
rate of examinees. Since the introduction of MSCT, the greatest advantage of DSCT lies 
in cardiac imaging, where the dose of radiation in cardiac scanning is only 50% of that 
of conventional CT (Li et al., 2009), so cardiac CT with this scanning protocol has been 
widely used. In addition, this scanning protocol can be performed during breath-holding 
or free-breathing (Goo, 2010). 

Furthermore, it can display the structure and malformations of the extracardiac vessels, 
particularly the origin and proximal segment of the coronary artery (Goo et al., 2005). In 
non-ECG-gated synchronous spiral CT scanning, the large pitch scanning mode is usually 
adopted for chest scanning, and the coronary arteries can be displayed. It is because the 
larger the pitch used, the faster the scanning speed and the shorter the scanning time under 
the same condition. Compared with retrospective ECG-gated imaging, non-ECG-gated 



2450 Pertanika J. Sci. & Technol. 30 (4): 2439 - 2462 (2022)

Hongying Chen, Norafida Bahari, Suraini Mohamad Saini and Noramaliza Mohd Noor

synchronous imaging had a shorter time to obtain the images. However, retrospective ECG-
gated protocols generated fewer cardiac motion artifacts in the aortic root (Horehledova 
et al., 2020).

Dual-Source CT for Cardiac Scanning. Prospective ECG-triggered sequential acquisition 
in DSCT freely set the width of the acquisition window between 200ms and 380ms during 
R-R data collection. Retrospective ECG-gated spiral acquisition in DSCT is the whole 
R-R interval collection. Under the advance guarantee of a full dose acquisition window 
of > 83ms, the ray dose of other periods in the R-R period can be set arbitrarily from 4% 
to 100% (Li et al., 2016; X. F. Chen et al., 2017).

320-Slice CT for Cardiac Scanning. The 320-slice CT has a detector of 16cm, which can 
cover the whole heart for children. One rotation only takes 0.35s, avoiding the influence of 
heartbeat, breathing and other factors on the image quality. The scan time is short, and the 
children are not easily wake up during the examination. The operability is better than Echo 
and MRI, and it is easier to accept by the children’s families. Various abnormal shunts of 
the heart can be identified by dynamic volume scanning. The 320-slice CT eliminates the 
overlap of spiral CT scans and the redundant data needed for interpolation reconstruction 
algorithms, and the single cardiac scan dose is 3 to 4 mSv. However, it does not reflect the 
pressure and oxygen of the degree of pulmonary hypertension, which is a disadvantage of 
all non-invasive imaging of the heart (Sreedher et al., 2021).

To sum up, imaging diagnosis of CHD has entered a new era of how to apply correctly 
and efficiently different non-invasive examination methods such as Echo, CMR and CT, 
which requires closer collaboration between clinicians and radiologists and continuously 
optimize these methods to make the most of them. In Asian countries, pediatric cardiac 
CT is more commonly used than pediatric cardiac CMR (Tsai & Goo, 2013). However, 
compared with CMR and Echo, CT has radiation, and the risk of radiation exposure cannot 
be ignored. Therefore, the clinicians and technicians must minimize the radiation dose 
while maintaining adequate spatial, contrast and temporal resolution. The five imaging 
modalities for diagnosing children were tabulated in Table 1.

RADIATION AWARENESS

Radiation exposure is a method of measuring air ionization due to ionizing radiation of 
photons, defined as the charge of electricity released by such radiation in a particular air 
volume divided by the air’s mass. All objects in nature emit radiation if the temperature is 
above zero absolute temperature, and most of the radiation is produced by natural minerals. 
Even the muscles, bones and tissues of the human body contain naturally occurring 
radioactive elements. Humans are exposed to natural radiation from the earth and beyond, 
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Table 1
Strengths and weaknesses of plain chest X-ray, fluoroscopy, CT, CMR, echo in children with CHD

Modality Plain chest X-ray Fluoroscopy CT CMR Echo
Cost + + ++ +++ ++
Examination time + + ++ +++ +++
Portability +++ − − − +++
Monitor* +++ +++ ++ + +++
Sedative requirement − − + +++ −
Imaging data save + + +++ +++ ++
Need contrast media − − +++ ++ +
Limits of image reconstruction +++ +++ − − +++
Contrast resolution − − + +++ +
Spatial resolution − − +++ + ++
Temporal resolution − − + ++ +++
Radiation dose + + ++ − −

− = not available; + = low; ++ = moderate; +++ = high
*Monitor is for ease of monitoring the patient during the examination.

and radiation obtained from outer space is called cosmic radiation. In addition, other sources 
of radiation may be artificial, such as X-rays used to diagnose disease and treat cancer. For 
example, CT scans have higher radiation doses than traditional x-ray imaging procedures, 
and the ionizing radiation cause side effects (Slovis, 2003; ICRP, 2007). 

According to Volume II of the UNSCEAR (2013) Report: Effects of radiation 
exposure on children, DNA molecules are prime targets for ionizing radiation, which 
kills cells and causes them to transform. Epidemiological studies have demonstrated that 
moderate to high doses of ionizing radiation can cause and promote cellular changes that 
lead to cancer, meaning that individuals who receive a dose of radiation are at risk for 
cancer (UNSCEAR, 2006). Children grow and metabolize faster than adults, meaning the 
side effects of radiation doses are more damaging to children. Children with CHD have 
more opportunities and time to be exposed to radiation, which increases the risk of other 
diseases. CT scans emit a high degree of ionizing radiation: About 11% of CT scans are 
pediatric (Mazrani et al., 2007). Studies found that every 500 children under 15 died from 
cancer caused by abdominal CT scans. Ionizing radiation is associated with brain tumors, 
and 1 in 1,500 children under 15 died from cancer caused by brain CT radiation (Shrimpton 
et al., 2005). In 2012, A retrospective cohort study published online by the Lancet medical 
journal revealed that CT scanning in children with a cumulative dose of about 50mGy 
might mostly triple the risk of leukemia, and the cumulative dose of around 60mGy were 
three times more likely to develop brain tumors. Therefore, it is recommended that children 
should adopt lower scanning conditions (Pearce et al., 2012). With the rapid increase and 
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advancement of CT examination techniques in medicine, the correct use of radiological 
examination has become very important.

As a principle of dose control, the ALARA (as low as reasonably achievable) concept 
(the use of the lowest dose of radiation to obtain the appropriate image quality for accurate 
diagnosis) is generally accepted in the radiation field. However, blindly reducing the 
radiation dose will lead to the deterioration of image quality, resulting in misdiagnosis 
or rescan (Seibert, 2004); therefore, from the perspective of radiological protection, the 
reasons for radiological examination must be clarified before CT examination. In addition, 
clinically necessary to provide patient information and suspected diagnosis derived from 
symptoms and physical examination. This way, protection is optimized to ensure that 
patients and personnel are not exposed to excessive radiation.

GUIDELINE 

Children’s imaging examination should follow the principles of non-invasive before 
invasive, simple before complex, economical before expensive. During the inspection and 
optimization, measures should be taken according to local conditions, starting from the 
actual situation of the local area and the children themselves. For example, due to the high 
cost and lack of availability of MRI, CT is generally more suitable to evaluate pediatric 
CHD than MRI in Asian countries (Tsai & Goo, 2013). In China, MRI examinations are 
made by appointment due to the long MRI examinations and the large population base, 
which is not as convenient and fast as CT. The premise of a successful CT examination of 
CHD in children and infants is to check and record patient information carefully. The correct 
positioning of the patient position on the CT gantry and the use of laser beam positioning 
is to avoid the incorrect position and excessive scanning range, which will lead to the 
deterioration of image quality and excessive radiation exposure (Booij et al., 2016). In 
infants and children, prolonged or repeated use of sedatives can lead to neurodevelopmental 
disorders, particularly in children with CHD, with a higher risk of adverse side effects (Char 
et al., 2016). Children who do not cooperate may be tested with mild sedation, as the time 
required for CT examination of CHD is shorter than that for MRI. If sedatives are used 
after the CT scan, pediatric patients should be monitored and observed until awakened. 

It is generally recommended that patients hold their breath during the scan to avoid 
breathing movement artifacts. Breath-holding scanning can improve image quality (Goo, 
2010), but for young children and infants, breathing cannot be controlled; for them, use free 
breathing during the scan. First, injecting the contrast agent through the superficial vein of 
the lower extremities is preferable to minimize the influence of the contrast agent’s artifacts. 
Secondly, the contrast agent should be injected through the superficial vein of the right 
upper limb to prevent the left innominate vein from interfering with the observation of the 
aortic arch. If an abnormal return of the left superior vena cava is suspected, the injection 
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can be made through the superficial vein of the left upper limb. If an abnormal return of 
the inferior vena cava is suspected, injections should be made through the superficial veins 
of the legs. The high-concentration contrast agent injected through the upper limbs will 
affect the imaging of the brachiocephalic trunk.

As mentioned above, CT has several scanning techniques that can be used to evaluate 
children with CHD, including non-ECG spiral scan, retrospective ECG-gated spiral 
acquisition, and that prospective ECG-triggered sequential acquisition. Different techniques 
depend on what needs to be observed. For example, the non-ECG spiral scan allows the 
evaluation of extrathoracic vessels. In addition, in free-breathing children with CHD, a 
high-pitch dual-source non-ECG spiral scan reduces cardiac and respiratory motion artifacts 
in thoracic CT (Sriharan et al., 2016). 

Many adult studies have shown that prospective ECG-triggered sequential acquisition 
is recommended for use in patients with stable and low heart rates (≤70 bpm). However, 
this model has not been widely used in young children with a rapid heart rate and inability 
to control breathing; the main advantage of this pattern is the low radiation dose, and 
intracardiac structures and coronary arteries can be observed and functional assessments 
performed (Hausleiter et al., 2012; Earls et al., 2008; Roberts et al., 2008; Gopal et al., 
2009). However, although the coronary artery and functional information can be obtained 
from prospective sequential gating, they are less optimal than retrospective gating.

A retrospective ECG-gated spiral scan provides excellent image quality (Goo, 2010), 
but its low pitch value results in a high radiation dose. In addition, the breath should be held 
during scanning to avoid breathing movement artifacts, which observes the intracardiac 
structure and coronary arteries and assess cardiac function (Jin et al., 2010). 

The time has come to obtain good diagnostic images at the minimum cost of radiation 
exposure. Therefore, we list a guideline, which includes patient preparation, scanning 
parameters, scanning techniques, radiation dose reduction and optimization in Table 2.

PROBLEMS AND PROSPECTS

Cardiac imaging can provide valuable guidance for treating CHD in all stages. Furthermore, 
advances in the field of cardiac imaging have greatly improved the prognosis of these 
patients. Echo can be real-time, dynamic, multi-section two-dimensional imaging, 
combined with Doppler technology, which has great advantages in displaying CHD 
intracardiac malformations. However, it is affected by the acoustic window, the display 
of extracardiac malformations is not good, and the personal technical requirements of the 
sonographer are very high, so the diagnosis of complex CHD is limited (Lai et al., 2006).

Nowadays, low-dose CT has become a common focus in the medical imaging field. 
The management and supervision institutions of the medical and health industry constantly 
introduce relevant laws and regulations to guide manufacturers and scientific research 
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Table 2
Guidelines for CT scan of CHD in children

Radiologists Preparation
1. The examination is conducted under the guidance of an experienced radiologist.
2. Ensure the quality of diagnostic images.
Patient Preparation
1. Check the patient’s name and inpatient/outpatient number. Record patient age, height, weight, body mass 

index (BMI), cooperation ability, and vital signs. 
2. Using minimal or no sedatives in infants and children is recommended to avoid neurodevelopmental 

disorders. If sedatives were used, pediatric patients were monitored and observed until they were awake 
after a CT scan.

Scanning Parameters
1. Recommend holding breath during the scan to avoid breathing movement artifacts; for young children 

and infants, use free breathing while scanning.
2. Scanning range: pediatric cardiothoracic CT scans typically include the upper aortic arch and the 

diaphragm. The scanning range to assess the pulmonary veins is from supraclavicular to subphrenic.
Scanning Techniques
1. Set according to the patient's medical history and clinical requirements.
2. Non-ECG-gated acquisition

(1) Using high-pitch dual-source scanning to observe the extracardiac and cardiac structures.
(2) This pattern can be used in free-breathing children with CHD.
(3) High-pitch dual-source non-ECG spiral scan reduces cardiac and respiratory motion artifacts in 

thoracic CT.
3. Retrospective ECG-gated spiral acquisition

(1) Observe intracardiac structures and coronary arteries and perform a functional evaluation.
(2) The radiation dose of this technique is higher than prospective ECG-triggered sequential acquisition.
(3) This pattern provides excellent image quality
(4) Breath should be held during scanning to avoid breathing movement artifacts.

4. Prospective ECG-triggered sequential acquisition.
(1) Observe intracardiac structures and coronary arteries and perform a functional evaluation.
(2) The radiation dose of this technique is lower than retrospective ECG-gated spiral acquisition.

Radiation Dose Reduction and Optimization
1. Follow the ALARA principle.
The Iodinated Contrast Medium
1. Recommend the tri-phasic injection protocol.
2. The appropriate injection method is selected according to the patient's condition and medical history.
3. The injection rate depends on the size of the vascular catheter and CT indications.
BMI = body mass index, ALARA = As Low As Reasonably Achievable

institutions to develop more advanced and effective innovative designs. At the same time, 
medical practitioners should be regulated to rationally use low doses in practical work, 
abide by the ALARA principle, and try to reduce patient doses to meet the requirements 
of clinical diagnosis. 

MSCT, especially 64-slice CT, has been used to diagnose CHD in infants and young 
children, but its temporal resolution is low. The patient’s heart rate must be less than 65 bpm 
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to ensure the image quality of coronary artery imaging. The heart rate of newborns and 
infants is often 150 bpm, so it is difficult to show the origin and course of the coronary 
arteries clearly. 

Compared with ordinary 64-slice CT scanning technology, DSCT has higher temporal 
resolution and relatively low heart rate and breath-holding requirements. In addition, 
there are more scanning modes to choose from: personalization of scanning. As the pitch 
increases, the scanning speeds up, and the radiation dose can be reduced. 

320-slice CT has extremely high temporal and spatial resolution and powerful post-
processing functions. It can clearly and intuitively display most intra- and extracardiac 
malformations of complex CHD. It is safe and non-invasive, and the scanning dose is low, 
so it is very suitable for the examination of newborns and infants. Compared with other 
imaging methods, its clinical application value is more reflected in the accurate display of 
the anatomical morphology and collateral circulation of the connection between the heart 
and the great blood vessels, the part of the extracardiac great blood vessels. The severity 
of the collateral circulation will determine whether the child can undergo surgery, the 
formulation of the surgical plan, and the prognosis after surgery. Showing the origin and 
course of the coronary arteries is of great significance for the preparation of a detailed 
surgical plan before surgery, thereby minimizing intraoperative risks (Sreedher et al., 2021). 

MRI has no ionizing radiation, does not necessarily require intravenous contrast and 
can acquire images at multiple angles. However, the temporal and spatial resolution is 
relatively low, the scanning time is long, and the large noise during the scanning process 
makes it difficult to obtain better imaging results in newborns and infants. 

In addition, for patients, the cost and cost-effectiveness of the test also need to be 
considered by the patient’s family and the medical field.

CONCLUSION

In recent years, medical imaging equipment and technology have been developed and 
promoted, and various new equipment and technology that can be used in the pediatric 
cardiac examination and imaging diagnosis of CHD have entered a new era. While 
each method has its inherent advantages and disadvantages, radiologists, physicists, 
manufacturers and national supervisory institutions must work together to fully recognize 
the strong sensitivity of infants and children to radiation in order to ensure access to the 
lowest dose of diagnostic imaging and the rational use of low dose, achieve individualized 
exposure doses, and effectively coordinate multiple imaging methods to improve the 
diagnosis and treatment of heart disease in children and infants. For patients, avoid 
unnecessary inspection as much as possible and cooperate with doctors during the scan to 
reduce unnecessarily repeated scans. 
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In this review, we introduced several current cardiovascular imaging methods for CHD. 
Nowadays, the integration of various imaging technologies has been widely recognized 
and developed for the accuracy and clinical practicability of the diagnosis of CHD in 
children. Therefore, radiologists and sonographers perform MPR through workstations to 
obtain more and clearer images, broaden diagnostic thinking and reflect the complementary 
advantages of imaging technology. Therefore, it is conceivable that the combination of 
multiple imaging technologies will enter a new, exciting, and high potential stage in 
diagnosing and treating CHD.
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