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Abstract

Pulmonary embolism is a life-threatening condition affecting people of all ages. Multidetector row 

CT pulmonary angiography has improved the imaging of pulmonary embolism in both adults and 

children and is now regarded as the routine modality for detection of pulmonary embolism. 

Advanced CT pulmonary angiography techniques developed in recent years, such as dual-energy 

CT, have been applied as a one-stop modality for pulmonary embolism diagnosis in children, as 

they can simultaneously provide anatomical and functional information. We discuss CT 

pulmonary angiography techniques, common and uncommon findings of pulmonary embolism in 

both conventional and dual-energy CT pulmonary angiography, and radiation dose considerations.
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Introduction

Pulmonary embolism is a potentially fatal disease and constitutes an important proportion of 

morbidity and mortality in adults [1, 2]. It is traditionally believed that the incidence of 

pulmonary embolism is much lower in children than in adults. However, recent studies using 

CT pulmonary angiography have demonstrated a high incidence (14–15.5%) of pulmonary 

embolism in children when there is clinical suspicion of such disease [3, 4]. In children with 

nephrotic syndrome, the frequency of pulmonary embolism was reported to be up to 17% 

[5]. This suggests that the frequency may previously have been underestimated in times 

when the diagnosis primarily relied on nonspecific clinical symptoms and laboratory data.

Imaging plays a vital role in evaluating pulmonary embolism. Historically, lung ventilation/

perfusion scintigraphy was the primary diagnostic modality used in adults and children [6]. 

However, image interpretation difficulties and ventilation/perfusion mismatches due to 

confounding underlying disease processes are often encountered, thus lowering its 

specificity to detect pulmonary embolism [7]. With the rapid and substantial advancement of 

CT hardware and software, CT pulmonary angiography is now the primary imaging 

modality for evaluation of pulmonary embolism in adults and children due to its high 

sensitivity and specificity despite its disadvantages, such as iodinated contrast-induced 

nephropathy, radiation exposure and inability to provide lung functional (perfusion/

ventilation) information [3, 7–11]. In recent years, dual-energy CT has been developed to 

detect pulmonary embolism in adults with the advantage of providing both anatomical and 

functional information in a single contrast-enhanced CT scan. This technique uses distinct 

X-ray spectra to visualize absorption characteristics of different types of materials and 

extracts maps of iodinated contrast material content using dedicated commercial software. 

The use of dual–energy CT for pulmonary embolism detection is increasing and has resulted 

in better recognition of the disease [7]. However, it is not yet standard practice for 

pulmonary embolism imaging in children. This review aims to discuss state-of-the-art CT 

pulmonary angiography techniques, CT pulmonary angiography findings of pulmonary 

embolism and radiation dose considerations in children.

CT pulmonary angiography techniques

CT scan techniques

Preparation before a CT pulmonary angiography scan is essential in children. Generally, 

children >5 years old can receive CT pulmonary angiography studies without sedation. 

Infants or children ≤5 years old should be sedated. If children ≤5 years old can follow the 

breathing instructions, CT pulmonary angiography may be attempted without sedation under 

the careful supervision of sedation nurses and CT technologists. If necessary, short-term 

sedation can be achieved, e.g., intravenous ketamine (1 mg/kg) has been reported [12]. 
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However, duration of sedation can have an impact on pulmonary embolism evaluation due 

to development of dependent atelectasis.

Multidetector row computed tomography scanning protocols in children depend on CT 

hardware and patient age. Table 1 gives dual-source and single-source CT pulmonary 

angiography scanning parameters in children based on our experience. CT pulmonary 

angiography is performed supine with scanning direction from cranial to caudal, from the 

lung apices to the diaphragm. In infants and younger children, CT examinations are 

performed at resting lung volumes. For children following breathing instructions, full 

inspiration breath-holding should be avoided to reduce its adverse effect on pulmonary 

arterial enhancement [13].

Dual-energy CT has been used to detect pulmonary embolism in children. The various 

technical implementations of this approach, such as dual-source CT, rapid kilovoltage 

switching and sandwich detector approaches are beyond the scope of this review. The 

technical foundations of dual-energy CT applications have been reviewed elsewhere [14–

16]. Of the above-mentioned dual-energy CT techniques, dual-source CT and rapid 

kilovoltage switching, especially the former, have broad clinical application in pulmonary 

embolism evaluation. Herein, we provide recommendations for image acquisition 

parameters using these two dual-energy CT techniques for pulmonary embolism evaluation 

in children.

Recommended contrast medium injection protocols for pediatric CT pulmonary angiography 

are listed in Table 2. Bolus tracking method is recommended to obtain the optimal delay 

time for CT pulmonary angiography; the scan should be initiated 4 s after pulmonary artery 

trunk enhancement is greater than 100 Hounsfield units. As with all CT imaging, achieving 

a radiation dose as low as reasonably possible (ALARA principle) should always be the goal 

when performing CT pulmonary angiography in the evaluation of children with suspected 

pulmonary embolism.

Iodinated contrast media injection techniques

Before intravenously injecting contrast media, clinical information should be obtained, such 

as history of prior reaction to iodinated contrast media, history of severe allergies, history of 

renal insufficiency and current use of metformin-containing medication [12]. Maximal 

contrast media injection rates for children should be adjusted according to the cannula size 

as follows: 5.0 mL/s for 16- to 18-gauge cannula, 4.0 mL/s for 20-gauge cannula, 2.5 mL/s 

for 22-gauge cannula. A rate of 1.0 mL/s is acceptable for very small patients (<15 kg) using 

a 24-gauge cannula, often by hand injection. When peripheral venous access is not possible, 

central venous catheters can be used for injection of contrast media, and implanted ports and 

peripherally inserted central catheters specifically designed for use with power injectors are 

suggested. Detailed iodinated contrast media injection parameters can be found in Table 2 

[14, 17–19].
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Post-processing techniques

Multiplanar reformatted CT images in the coronal and sagittal planes can be created using 

standard reconstruction algorithms. Multiplanar reformatted images are more sensitive in 

detecting superior pulmonary artery emboli compared with axial enhanced CT images. Lee 

et al. [20] assessed the use of multiplanar reformatted CT images in the pulmonary 

embolism diagnosis in 60 children and found that its use significantly increased diagnostic 

confidence and interobserver agreement; however, image interpretation time was increased 

for radiology residents. They concluded that multiplanar reformatted images should be 

integrated into routine practice. Slab reformatting with maximum intensity projection and 

clinical software applications, such as computer-aided diagnosis, dual-energy CT based lung 

perfusion imaging, and rendering of lung vessels from dual-energy CT data sets, are used to 

help establish the diagnosis both in adults and children [21, 22]. Although these advanced 

reformatted images can help detect pulmonary emboli, axial thin-section CT images are the 

mainstay for pulmonary embolism evaluation in children because these axial enhanced 

images not only exhibit the lung parenchyma and pulmonary vessel changes seen with 

pulmonary embolism but also present cardiac morphological information.

CT findings of acute pulmonary embolism

Findings of pulmonary embolism on CT imaging can be classified into four categories: 

pulmonary artery findings, pulmonary parenchyma, lung function and cardiac abnormalities. 

Other indirect findings, such as pleural effusion, can also be used to help identify pulmonary 

embolism in children.

Pulmonary artery manifestations

Pulmonary emboli in the proximal vessels have similar findings in adults and children. 

Contrast-enhanced axial or reformatted CT images show complete occlusion of one or both 

of the pulmonary arteries (Fig. 1), an eccentric partial filling defect (Fig. 2), a central partial 

filling defect (Fig. 2) or a combination of the above. The affected artery is frequently dilated 

compared to the opposite side [23] (Fig. 1). Kritsaneepaiboon et al. [4] found a lower lobe 

predilection (right lower lung lobe>left lower lung lobe) of pulmonary embolism in children, 

as seen in adults. Thus, detailed assessment of pulmonary arteries in both lower lung lobes 

should be emphasized in routine clinical practice.

Studies have shown a high diagnostic performance of multidetector CT pulmonary 

angiography for pulmonary embolism detection in children [3, 4]. Compared with central 

pulmonary emboli, identification of peripheral (subsegmental) pulmonary embolism in 

children is more difficult due to the small size of pulmonary vessels of children. Even in 

adults, several studies have reported that small peripheral emboli have a high risk of 

remaining unidentified [24–26]. Ritchie et al. [2] reported that more than 30% of peripheral 

pulmonary emboli may be missed on initial review. Multiple techniques can be used to 

improve diagnostic accuracy of CT pulmonary angiography. For example, the use of 

multiplanar reformatted images significantly improves image interpretation among 

radiologists for diagnosing pulmonary embolism in children.
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While some of the newest methods for improving diagnostic accuracy of CT pulmonary 

angiography have not yet been studied in children, multiple techniques studied in adults 

have the potential to be used in children and merit further study. For example, computerized 

algorithms can alleviate perceptual error and thus have the potential to facilitate peripheral 

pulmonary embolism diagnosis [27]. The rate of missed pulmonary emboli on CT can be 

reduced by the use of these computer-assisted diagnosis systems that have been developed to 

aid radiologists in the recognition of endovascular clots. Used as a second reader, computer-

assisted diagnosis can help detect small emboli initially missed [28, 29], increasing reader 

sensitivity in diagnosis of peripheral pulmonary embolism. In addition, the high negative 

predictive value of these tools is helpful in reassuring inexperienced readers [30].

Kligerman et al. [31] reviewed those studies with false-negative results for pulmonary 

embolism in prior CT pulmonary angiography studies in 6,769 patients by using the 

computer-assisted diagnosis system. They found that the computer-assisted diagnosis system 

identified at least one pulmonary embolus in 77.4% of CT pulmonary angiography studies 

with an initial false-negative interpretation. Limitations of computer-assisted diagnosis, such 

as a small increase in interpretation time and an increase in false-positive findings, should be 

recognized when utilizing this system in clinical practice [32].

Another method to improve peripheral pulmonary embolism detection is use of a software 

algorithm that can evaluate intravascular iodine distribution in dual-energy CT angiography. 

The software is applied to highlight iodine distribution in small pulmonary vessels, 

especially in peripheral pulmonary vessels. Images with high iodine content are color-coded 

blue and soft tissue or vessels with low or no iodine content due to pulmonary embolism are 

color-coded red; indeterminate iodine concentrations are color-coded gray (Fig. 3) [33]. 

Clinical studies have demonstrated the potential of vascular iodine distribution detection in 

improving peripheral pulmonary embolism detection [5, 33, 34]. In addition, Tang et al. [35] 

demonstrated the advantages of such software in the detection of small peripheral clots with 

an animal model. They found that use of vascular iodine distribution software can 

significantly improve the sensitivity of detecting subsegmental pulmonary embolism 

compared with conventional CT pulmonary angiography, using pathological specimens as 

the gold standard.

Pleural and pulmonary parenchymal abnormalities

Lung and pleural abnormalities can indicate pulmonary embolism diagnosis and improve 

pulmonary embolism detection in children. Westermark’s sign is defined as oligemic 

segments of the lung affected by the emboli. Oligemia, or a decreased blood flow rate, is 

characterized by a mosaic pattern on lung window CT images. A large acute central 

pulmonary embolus can cause oligemia of the corresponding lung and dilation in vessel 

diameter (Fig. 1). Hampton’s hump is a peripheral wedge-shaped consolidation with the 

peak directed to the pulmonary hilum (Fig. 4). Its presence on CT pulmonary angiography is 

associated with pulmonary embolism in children [36]. Other signs, such as atelectasis and 

ipsilateral pleural effusion, are also associated with pulmonary embolism in children (Fig. 

4).
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Functional abnormalities

Regional lung perfusion and ventilation function can be evaluated with dual-energy CT, 

which provides both high-resolution anatomical information and functional details in one 

contrast-enhanced CT exam. These techniques have shown promise when used in children 

with suspected pulmonary embolism [14, 16, 34, 37]. In fact, detection of pulmonary 

embolism is the most common indication of dual-energy CT lung perfusion imaging. This 

technique may provide additional clinical information over that obtained by CT pulmonary 

angiography alone as it can detect the degree and significance of the affected lung tissue 

downstream of the pulmonary embolism [38]. It has been observed that the ratio of low and 

high kilovoltage CT-values relative to air is only a reflection of iodine within lung vessels 

[39]. Therefore, dual-energy CT lung perfusion imaging relies on the difference of the slope 

ratio between the lung vessels filled with and without iodine. Dual-energy CT lung 

perfusion images are generated on a single acquisition and thus represent the static iodine 

distribution in the pulmonary capillary circulation at a single time point. In dual-energy CT 

lung perfusion imaging, wedge-shaped or triangular-shaped defects are known to be 

suggestive of acute pulmonary embolism. Zhang et al. [40] confirmed that dual-energy CT 

evidence of abnormal pulmonary perfusion improved the detection of acute pulmonary 

embolism in a rabbit model, particularly emphasizing the presence of subsegmental wedge-

shaped lung perfusion defects. Others [33, 34, 41, 42] have shown that dual-energy CT lung 

perfusion imaging provides additional diagnostic value to detect non-obstructive pulmonary 

emboli and subsegmental perfusion defects without identifiable pulmonary emboli compared 

with CT pulmonary angiography alone in children and adults (Fig. 3).

In dual-energy CT lung perfusion images, artifacts that may be mistaken as perfusion 

defects are important to recognize to avoid false-positive results. Gravity-dependent lung 

perfusion in lung perfusion images obtained in the supine position appear as low perfusion 

(color-coded blue) in relative ventral side and high perfusion (color-coded red or yellow) in 

relative dorsal side. Beam-hardening artifacts due to high-attenuation iodinated contrast 

media in the systemic veins can cause the appearance of radial perfusion abnormalities 

adjacent to the systemic veins. Respiratory and cardiac pulsation artifacts are often 

encountered in dual-energy CT lung perfusion images. These artifacts are characterized by 

their linear appearance in coronal and sagittal plane lung perfusion images as opposed to the 

wedge-shaped defects in true pulmonary embolism (Fig. 5) [40].

Cardiac manifestations

Cardiac abnormalities of acute pulmonary embolism in CT pulmonary angiography include 

right ventricular dilatation, interventricular septal bowing into the left ventricle, inferior 

vena cava, superior vena cava and azygous vein dilatation, and contrast media reflux into the 

inferior vena cava. The right ventricular/left ventricular diameter ratio is one of the most 

important parameters to evaluate as it has been linked to the hemodynamic severity of 

pulmonary embolism, inhospital morbidity and mortality, and adverse clinical events such as 

early death [43, 44]. Several practical approaches have been proposed to determine the right 

ventricular/left ventricular diameter ratio, including measurements on axial CT sections, 

short-axis images and 4-chamber views of the cardiac cavities. A right ventricular/left 

ventricular diameter ratio >1 in transverse images or right ventricular/left ventricular 
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diameter ratio >0.9 in 4-chamber images is regarded as having right heart dysfunction in 

adults (Fig. 6). One recent meta-analysis revealed an association between right ventricular/

left ventricular diameter ratio and mortality in patients with pulmonary embolism [45]. 

However, no data have yet been reported in children with pulmonary embolism.

Evaluating the severity of pulmonary embolism in children

Prognostic models that accurately risk-stratify this population have been developed in 

adults. Adult patients classified as low risk by these models can be safely treated as 

outpatients [46]. Evaluating the prognosis of pulmonary embolism in children using CT 

pulmonary angiography has been sparsely studied. The CT pulmonary angiography 

prognostic parameters found in adults [47, 48] have the potential to be used as important 

tools when assessing the prognostic utility of CT pulmonary angiography in children.

Pulmonary artery obstruction indices for evaluating the severity of pulmonary embolism 

also merit further study in children, including the Miller index, Walsh index, Qanadli index 

and Mastora index. Reports evaluating the pulmonary artery obstruction indices’ association 

with mortality have been mixed [49, 50]. A recent meta-analysis showed the location of 

pulmonary artery obstruction of patients with acute pulmonary embolism on CT pulmonary 

angiography can be used for risk stratification; however, there was no correlation between 

these indexes and prognosis [51].

Perfusion defect scoring has been used to evaluate pulmonary embolism severity in adults 

and has potential in children. Two perfusion defect scoring algorithms have been well 

studied, the semiquantitative pulmonary perfusion defect score and the quantitative 

perfusion defect volume. Bauer et al. [52] and Apfaltrer et al. [53] also found a dual-energy 

CT-based perfusion defect score correlated with pulmonary embolism severity.

Radiation dose consideration

In recent years, ionizing radiation derived from CT has attracted more and more attention, 

especially for children, because of their vulnerability to ionizing radiation compared to 

adults [54, 55]. Recent studies reported radiation doses of children undergoing CT 

pulmonary angiography ranged from 2 to 26 mSv. Importantly, there is no added radiation 

dose with dual-energy CT compared to CT pulmonary angiography [4, 12, 34, 56]. For 

example, Zhang et al. [34] reported the mean effective radiation dose from dual-energy CT 

pulmonary angiography was 2.3±1.1 mSv (range: 1.1 to 7.1 mSv) in 32 children with 

nephrotic syndrome, which was comparable to or lower than effective dose reported in 

previous studies using single-source, single-energy CT pulmonary angiography. Victoria et 

al. [3] reported that the mean effective dose was 2–5 mSv, while Kritsaneepaiboon et al. [4] 

reported mean effective dose as 10.5 mSv (range: 2.3–26 mSv). The range of radiation doses 

in children undergoing CT pulmonary angiography stems from the varying CT equipment 

and the scanning parameters at different centers. Thus, it is important to standardize 

scanning protocols aimed at radiation dose reduction for CT pulmonary angiography in 

children.
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Reduced radiation dose can be achieved by two methods. One is the strict control of 

indications for CT pulmonary angiography to reduce overutilization in the population. 

Another is individual radiation dose reduction. With the attractiveness of the utilization of 

CT pulmonary angiography in children with suspected pulmonary embolism, the concern of 

potential overutilization of CT pulmonary angiography is increasing. Lee et al. [18] 

suggested that with the use of risk factor assessment, CT pulmonary angiography can be 

used more appropriately to substantially reduce costs and radiation exposure in children with 

clinically suspected pulmonary embolism. Overall, improved understanding of the 

recommended guidelines, evidence-based literature, and current concepts in assessment of 

pulmonary embolism by both radiologists and clinicians will reduce unnecessary CT 

pulmonary angiography examinations.

Many radiation-saving techniques can be used in pediatric CT pulmonary angiography 

studies: lower tube current, automatic tube current modulation, lower tube voltage, 

automatic tube voltage modulation, shortening scan time (high-pitch) or a combination of 

these methods. These techniques can substantially reduce radiation dose compared with 

standard CT pulmonary angiography techniques. Importantly, iterative reconstruction is 

recommended to improve image quality when dose saving techniques are used. In addition, 

the use of low tube voltage or high-pitch technique has the potential to reduce iodinated 

contrast agent volume by increasing iodine contrast noise ratio or shortening scan time while 

maintaining diagnostic image quality [57, 58].

Conclusion

Pulmonary embolism is a life-threatening disease in children and diagnosis has important 

implications for clinical care and outcomes. State-of-the-art CT pulmonary angiography can 

evaluate the pulmonary arteries, pulmonary parenchyma, some pathophysiological 

parameters and the heart, and hence has prognostic potential. The amount of ionizing 

radiation in pediatric application should be carefully monitored and minimized.
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Fig. 1. 
Complete occlusion of the left pulmonary artery in a 13-year-old boy with focal segmental 

glomerulosclerosis. a Contrast-enhanced axial CT image shows low-attenuation complete 

filling defect in left pulmonary artery and dilation of the artery (arrow). b Coronal 

maximum intensity projection image shows filling defect in left pulmonary arteries 

(arrows). c Coronal image with lung window shows the left lung oligemia caused by the 

large central pulmonary embolus (arrows)
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Fig. 2. 
Partial filling defects of multiple pulmonary arteries in a 15-year-old girl with systemic 

lupus erythematosus. a–b Axial and coronal contrast-enhanced CT images demonstrate 

central filling defect in right pulmonary artery branch and eccentric partial filling defect in 

left pulmonary artery branch (arrows)
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Fig. 3. 
Dual-energy CT with vascular rendering in the detection of pulmonary embolus in a 14-

year-old boy with podocytopathy. a–b Conventional CT images and (c–f) parametricized 

CT images from the same scan. Right lower pulmonary arteries are coded red (arrows in c–
e) and the other pulmonary arteries are coded blue, which correspond to arrows in a–b in 

conventional CT pulmonary angiography. A perfusion defect is demonstrated with vascular 

rendering (arrow in f) in corresponding lung segment
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Fig. 4. 
Hampton’s hump in a 17-year-old girl with focal segmental glomerulosclerosis. a Axial 

contrast-enhanced CT image illustrates a pulmonary embolus (arrow) in the right pulmonary 

artery trunk and bilateral pleural effusion. b–c One month later, follow-up dual-energy CT 

images show a subpleural triangular lung infarct (Hampton’s hump; white arrows)
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Fig. 5. 
Common artifacts mimicking perfusion defects in dual-energy CT lung perfusion imaging in 

a 10-year-old boy with nephrotic syndrome. a–b Beam hardening artifacts and respiratory 

artifacts in dual-energy CT lung perfusion images. Radial beam hardening artifacts (thin 

white arrows) appear around vessels (thick white arrow) filled with contrast agent (a). 

Respiratory artifacts could be recognized in sagittal image as strip-shaped (white arrows) 

rather than wedge-shaped (yellow arrow in b)
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Fig. 6. 
Maximal diameter measurement of the right and left ventricles in axial contrast-enhanced 

CT image in a 15-year-old girl with podocytopathy. Measurements should be performed at 

the levels of right and left atrioventricular valve. Note the filling defects in the left inferior 

pulmonary arteries (arrow). RA right atrium, LA left atrium, RV right ventricle, LV left 

ventricle
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Table 1

Recommended CT parameters for pediatric dual-energy CT pulmonary angiography

Parameters Dual-source CT Single-source CT

First generation Second generation

Tube potential (kV) 80/140 80/Sn140* 80

Effective tube current (mAs) 213/50 89/38 100

Tube current modulation Yes Yes Yes

Collimation** 64×0.6 128×0.6 64/128×0.6

Pitch 0.5 1.0 1.0–1.2

Rotation time(s) 0.33 0.28 0.5

Pixel matrix 512×512 512×512 512×512

Section thickness (mm) 0.75/0.5 0.75/0.5 0.75/0.5

Energy ratio# 0.3 0.3 –

*
Sn indicates the tin plate that is used to filter high-energy rays of low energy components, that is selected photon shield (SPS) in second-

generation dual-source CT

**
with the z-flying focal spot technique

#
energy ratio indicates a low- and high-kilovoltage linear weighting coefficient. Linear weighting coefficient of 0.3 denotes 30% image 

information from low-kilovoltage series and 70% from 140-kVp series
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Table 2

Recommended contrast medium injection parameters for CT pulmonary angiography in children

Contrast medium injection 
techniques

Recommended parameters

Contrast medium Nonionic contrast medium

Dose of contrast medium 1.0–1.5 ml/kg (or ≤60 ml)

Iodine concentration 300 mg I/ml

Size of catheter ≥22-G catheter for >5 years old, <22-G catheter for <5 years old

Methods of injection High-pressure syringe for >5 years old, hand push for <5 years old

Injection rate 1 ml/s for a 24-G catheter, 1.5–2.0 (maximum 2.5) ml/s for a 22-G catheter, 2–3 (maximum 4.0) ml/s for a 
20-G catheter, and 3–3.5 (maximum 5.0) for a 16–18-G catheter
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