
School of Molecular and Life Sciences 

 

 

 

 

 

 

 

Diagnostic Value of Multi-Slice CT Pulmonary Angiography in 

the Diagnosis of Pulmonary Embolism: An Investigation of 

Optimal Scanning Protocols in Terms of Image Quality, 

Contrast and Radiation Doses. 

 

 

 

 

 

 
Sultan Aeyd Rashed Al-Dosari 

 

 

 

 

 

 

 

 

 

 

 

 
This thesis is presented for the Degree of 

Doctor of Philosophy  

of 

Curtin University  

 

 

 

 

 

 

 

 

 

December 2018  





I 
 

Declaration  

 

To the best of my knowledge and belief this thesis contains no material previously 

published by any other person except where due acknowledgment has been made.  

 

This thesis contains no material which has been accepted for the award of any other 

degree or diploma in any university 

 

The research presented and reported in this thesis was conducted in accordance with 

the National Health and Medical Research Council National Statement on Ethical 

Conduct in Human Research (2007) – updated March 2014. The proposed research 

study received human research ethics approval from the Curtin University Human 

Research Ethics Committee (EC00262), Approval Number HRE2016-0419 

 

 

Signature  

December 2018 

 

 

 

 

 

 

 

 

 

 

 

 



ii 
 

Abstract  
 

Computed tomography pulmonary angiography (CTPA) is currently the first line 

imaging modality for the diagnosis of patients with suspected pulmonary embolism 

(PE). However, radiation dose associated with CTPA still represents a major concern 

due to its potential risk of radiation-induced malignancy. Furthermore, use of contrast 

medium during CTPA is another concern because of contrast-induced nephropathy. 

Therefore, lowering radiation dose and contrast medium dose during CTPA 

examinations is the current research direction and this forms the focus of this study 

with the aim of addressing these issues through developing optimal CTPA protocols. 

This research was performed in five stages with Stage 1 being a systematic review of 

the current double low-dose CTPA protocols to Stages 2-4 involving the design of a 

patient-specific 3D printed model and testing different CTPA protocols on the 3D 

printed pulmonary artery model with simulation of PE at the main and peripheral 

pulmonary arteries, while Stage 5 is a retrospective analysis of patients with confirmed 

PE by different CTPA protocols. 

Stage 1 is a systematic review of studies reporting double low-dose CTPA protocols. 

Radiation dose reduction was found between 29.6 and 87.5% (range: 0.4 to 23.5 mSv) 

through analysis of 13 eligible studies. Use of low contrast medium volume was 

reported in 12 studies with reduction between 25 and 67% when compared to the 

standard protocol. Similar image quality (quantitative and qualitative assessments) 

was found in the low-dose group when compared to the standard group. This review 

shows the feasibility of using double low-dose CTPA in the diagnosis of PE. 

Stage 2 involved development of a patient-specific 3D printed pulmonary artery. A 

realistic physical model was printed with the elastoplastic material with similar tissue 

property to that of arterial wall. The model was scanned on a 64-slice CT with 80, 100 

and 120 kVp and pitch of 0.7, 0.9 and 1.2. Image quality analysis in terms of signal-

to-noise ratio (SNR) was measured at the pulmonary trunk and main pulmonary 

arteries and compared between these protocols. The 3D printed model was found to 

be highly accurate in replicating normal anatomical structures with mean difference in 

diameter measurements <0.8 mm (<5% deviation in diameter). Up to 75% dose 
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reduction was noticed when kVp was lowered from 120 to 80 kVp without 

compromising image quality. 

Stage 3 was conducted to identify optimal CTPA protocols by simulating PE in the 

main pulmonary arteries in the 3D printed model and test different scanning protocols 

on a 128-slice CT scanner. Simulation of PE was performed by inserting blood clots 

in the left and right main pulmonary arteries and the model was scanned with different 

kVp and pitch values, comprising 70, 80, 100 and 120 kVp, 0.9, 2.2 and 3.2 pitch. 

SNR was measured in the main pulmonary arteries to determine image quality 

corresponding to these protocols. Results showed no significant differences in image 

quality assessment when kVp was reduced from 120 to 80 kVp, or pitch was increased 

from 0.9 to 3.2 (p>0.05), indicating significant dose reduction of more than 80%. 

However, the CTPA protocol of 70 kVp and high pitch 3.2 led to suboptimal image 

quality with increased image noise, affecting visualisation of pulmonary artery wall 

and thrombus. 

Stage 4 built up on the Stage 3’s study by simulating PE in the peripheral arteries and 

tested different CTPA protocols on a latest CT scanner, 192-slice CT with images 

reconstructed with advanced iterative reconstruction (IR) model. Small blood clots 

were inserted into the peripheral pulmonary arteries with scans conducted using the 

same protocols as described in Stage 3. Further, qualitative assessment of image 

quality was performed by two experienced radiologists to score the images using a 5-

point Likert scale. There were no significant differences in SNR across all CTPA 

protocols (p>0.05) with all images scored of 3 or more, indicating acceptable for 

diagnosis of PE. Results further confirmed the feasibility of low-dose CTPA protocols 

with images acceptable for detection of small emboli when kVp was reduced to 70 

and pitch increased to 3.2, with resulting dose reduction of more than 80%. Findings 

concluded that low-dose CTPA protocol of 70 kVp and pitch of 2.2 or 3.2 is 

recommended with significant dose reduction while still producing diagnostic images. 

Stage 5 is a retrospective study of double low-dose CTPA in patients with confirmed 

PE. Fifty-nine patients were recruited from a major tertiary hospital and patients were 

categorised into three groups: Group 1 comprised 23 patients who underwent CTPA 

of 100 kVp and pitch 0.9, Group 2 included 30 patients undergoing standard CTPA 

with 120 kVp and pitch 0.9, while group 3 consisting of 6 patients undergoing 120 
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kVp and high pitch 3.2. Qualitative and quantitative assessments (SNR and contrast-

to-noise ratio-CNR) of image quality were performed and compared between these 

groups, while radiation dose and contrast medium volume were also compared to 

determine the dose reduction. No significant differences were found in SNR or CNR 

between the low kVp and standard kVp or high-pitch CTPA protocols (p>0.05). The 

effective dose for the 100 kVp CTPA protocol was highly significant lower than that 

for the 120 kVp and high-pitch protocols (2.43 ± 0.41 vs 4.66 ± 1.76 and 3.33 ± 0.60 

mSv, p<0.001). The contrast medium was between 35-45 ml for the 100 and 120 kVp 

protocols, and 20-30 ml for the 120 kVp flash mode protocol. Subjective assessment 

shows good agreement between the two observers (k=0.78). 

In summary, this project has shown that it is feasible to use low-dose CTPA protocols 

for the diagnosis of pulmonary embolism based on phantom experiments and patient 

data analysis. Lowering kVp from 120 to 70 and 80 and increasing pitch to 2.2 or 3.2 

is possible with significant dose reduction of more than 80%, while maintaining 

diagnostic image quality. In the meantime, contrast medium volume can be reduced 

to 20 or 30 ml with acquisition of diagnostic images. 
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1.1 Introduction 

 

Pulmonary embolism (PE) represents a common cardiovascular disorder that is 

commonly encountered in clinical practice, especially for patients presenting to the 

emergency department (1). PE is a potentially fatal and life-threatening situation 

because if it is left unchecked without appropriate treatment, chronic PE could result 

in morbidity and mortality. PE presentations could vary from dyspnoea to pleuritic 

chest pain. It has been reported that the incidence of PE is 0.6–1.2 (1). 

Diagnostic imaging plays a significant role in the diagnosis or exclusion of patients 

with suspected PE. Over the last decade, rapid progress has taken place in the use of 

various imaging modalities for diagnosis of PE, with improved diagnostic 

performance. Further, selection of appropriate imaging modalities may contribute only 

high diagnostic value, but also effective patient management and reduction of 

mortalities associated with PE (2). 

 

1.2 Imaging diagnosis of pulmonary embolism 

 

A variety of imaging techniques are involved in the diagnostic assessment of patients 

with suspected PE, including general chest x-ray (CXR), CT pulmonary angiography 

(CTPA) magnetic resonance angiography (MRA), nuclear medicine 

ventilation/perfusion (V/Q) scan, and invasive pulmonary angiography. Of these 

imaging modalities, CTPA is currently the method of choice for diagnosis of PE with 

sufficient evidence to support its clinical value in the literature. In the following 

sections, discussion of each imaging modality is reviewed with a focus on CTPA in 

the diagnosis of PE(3). 

1.2.1 Chest x-ray 

 

In the past (and for a significantly long time period) diagnosing PE was conducted 

using a thoracic imaging technique (CXR). CXR is widely known as a recommendable 

thoracic imaging technique and while there are better alternatives that have come into 

use in recent years, CXR is still performed often for the initial imaging test in a patient 

whose symptoms are associated with the chest. Of note is that CXR’s contribution in 

diagnosis of PE is in provision of options (that are clear and diverse) of diagnosis of 
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symptoms in patients. Common abnormalities that include basal atelectasis, small 

pleural effusions as well as dilated pulmonary trunk (that occurs in central PE) and 

pulmonary infarct secondary to PE are difficult to be detected on CXR. There is a need 

for thoracic imaging that is more precise and highly accurate for diagnosis of PE (3, 

4). 

 

 

 

1.2.2 Pulmonary angiography  

 

The imaging technique that was originally utilized in diagnosing PE was pulmonary 

angiography. However, this technique had a major limitation – it is invasive. When 

applying the technique, a specialized medical team as well as a catheter lab are needed 

to enhance proper functioning and in limiting its hazard. Additionally, the technique 

is linked with significantly mortality and morbidity. Over 1000 patients participated 

in a trial study that evaluated PIOPED (prospective investigation of pulmonary 

embolism diagnosis) and findings showed that pulmonary angiography is linked with 

a mortality rate of 0.5%. While pulmonary artery pressure contributes to the identified 

mortality rate, the degree of severity of the patient’s clinical status also has a 

contribution (3, 5). 

 

 

Conventional pulmonary angiography has come to be termed ‘the gold standard’ and 

evidence from studies such as the one conducted in 2005 and is cited in Yin et al (6). 

In the 2005 study, CTA’s clinical value is found to be fundamentally identical to the 

one in conventional pulmonary angiography. Currently, CTA dominates as the 

preferred method in confirming or exclusion of PE. Preference of the approach is 

found on the high specificity, sensitivity as well as possession of overall predictive 

value that is associated with the approach to allow for clear diagnosis of acute PE. 

CTA can be easily accessed and promptly conducted although a limitation is patients 

may be exposed to radiation and in other cases intravenous contrast. The estimated 

number of patients who get exposed to contrast-induced nephropathy ranges between 

6.5 to 19% of the patients who have undergone CTA(7) .  
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1.2.3 Nuclear scintigraphy  

 

Beginning the 1960s, studies have been conducted on perfusion lung scintigraphy. 

Since perfusion lacks specificity, prompt identification of defects for pulmonary 

embolism would occur. Addition of ventilation scintigraphy with caution to ensure 

that any discrepancies between ventilation and perfusion (V/Q) are narrowed down to 

PE to cover potential synchronized abnormalities that may be suggestive for an 

alternative diagnosis (3). The initial imaging modality that is invasive was the V/Q 

scan and the approached performed almost similar to pulmonary angiography in the 

PIOPED study. In the context of a Ventilation phase that is based on 133Xe and that 

includes a perfusion phase that employs 1.5x108 Bq on 99mTc macro-aggregated 

albumin, a number of planar views are pointed out (3, 5). 

 

A high percentage regarding inconclusiveness in results raises concerns as of the case 

in the PIOPED study (70% of conclusive results and 54% in another study) (8). It is 

primarily based on the V/Q study scan therefore the diagnostic harvest of the approach 

or method as a standalone test is severely curtailed. Even after considering the 

inconclusiveness of V/Q scan results, there is also an issue on the approach being 

integrated into diagnostic methods such as D-dimer measurement, and pre-test 

probability assessment whereby an estimated 95 percent of patients can be excluded 

from PE diagnosis (3).  

 

 

1.2.4. MR pulmonary angiography  

 

MR has limited value in the diagnostic assessment of PE. A comparison of two 

approaches gadolinium-enhanced MR angiography and reference standard – V/Q 

scan, D-dimer and CTPA was conducted according to the trial on PIOPED. The 

finding indicated the inadequacy of MRA (technical inadequacy) in a majority of the 

patients that participated (25%of the patients) (3). 

 

In recent years, the occurrence of technological developments on pulmonary MR 

angiography has significantly influenced diagnosis of PE and other related medical 
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procedures. There have been improvements such as parallel imaging, pulmonary 

perfusion and view-sharing being applied. As a result of the improvements, the 

acquisition time of MR angiography has declined significantly. Additionally, spatial 

resolution has improved and the outcomes are not as highly vulnerable to motion 

artefacts. Other sequence types have also evolved and that enhance acquisition of 

image as well as introducing other functional information (5, 9).  

 

Based on the information reviewed and the findings made, the overall sensitivity with 

regards to detecting thrombi within the pulmonary vasculature that supplies lingula is 

found to be 43% (that equals three of seven) for the entire imaging techniques that 

have been applied for MR. In the event that the approach is placed in contrast, embolus 

detection sensitivity that is detected in the segmental pulmonary vessels that remain 

and in association with MR imaging evaluation, the sensitivity ranges between 80 and 

93%. Variations in sensitivity regarding detection of emboli in the lingula when 

comparison is made with pulmonary vascular anatomic segments that are also 

available show no significant difference (p= 0.07)  (10). 

 

 

1.2.5 CT pulmonary angiography  

 

Multi-detector computed tomography angiography (MDCTA) is the preferred imaging 

modality for the diagnosis of patients suspected of PE, due to its less invasiveness, 

wide availability and high diagnostic accuracy(11). With 64- and post-64 slice CT 

widely available in clinical practice, CT pulmonary angiography (CTPA) has shown 

high diagnostic value in the detection of segmental and sub-segmental PE because of 

improved spatial and temporal resolution (12-14). 

 

Due to advancements in technology, there has been widespread application of 

approaches such as MDCT. The objective of technicians (or specialists in 

development, design and sale of technological devices) has been to make 

improvements on image resolution, image thickness and allow for small and peripheral 

arteries to be better visualized (3, 5). 
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1.2.5.1 4 to 16-slice CT pulmonary angiography 

 

MDCTA has become a popular and an excellent choice to use in the examination of 

pulmonary arteries.  Emboli detection has traditionally been left to single slice imaging 

that has long been constrained by limitations found when scanning the pulmonary 

central vessels to segmental levels.  Multi-slice CTA has been able to provide 

practitioners with a much needed solution with a greater ability in the detection of sub-

segmental vessels when high resolution algorithms are applied (15). 

The key factor for the detection of peripheral emboli is determined by the use of high 

spatial resolution. In the current study, PE has been detected in more selected patients 

with a 16-slice scanner which renders a 1 mm thickness.  The study showed better 

results with this device compared to results from the 4-slice using 2-3 mm thickness 

scanner. However, the results of the study did not render significant differences. 

Instead, this study is comparable to the more positive resulting previous cases (16). 

While studying the single-slice scanner with the multi-slice CTA method, noticeable 

differences could be seen in the visual quality of the pulmonary arteries. Sub-

segmental and segmental arteries were better observed using 4 slice CTA with 

collimation settings at 1.25 mm. Both 4-slice and 16-slice CTA also perform 

additional tests to determine the possibility of pulmonary embolism (17). 

 

 

1.2.5.2 16-64-slice CT pulmonary angiography 

 

With the next generation CT scanners becoming more widely available such as the 16-

64 slice MDCT and the even-slice MDCT, more patients are being correctly diagnosed 

particularly for those who have smaller isolated peripheral emboli which has been 

traditionally harder to detect with earlier model scanners (18). 

MDCT devices were first introduced in 1998. Since the implementation of better CT 

scanners, non-invasive forms of vascular imaging is continuously improving. The 

current generation of MDCT scanners provides professionals with a simultaneous 

acquisition technique. The improved devices can perform scans from 16 to 64 sub-

millimeter slices. The rotation time of the gantry is as low as 330 milliseconds.  The 

spatial and temporal resolutions are also improving scanning times and are greatly 
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reduced when compared to the traditional 1 and 4-slice MDCT devices.  The use of 

the MDCT modality has become the industry standard in the identification of chronic 

and acute PE due to its speed and nearly isotropic resolution (19).  

 

Current models of MDCT scanners show improvements in visualization of arteries 

using thin slice collimation as its primary protocol. One of the limitations of CT was 

its inability to identify certain sub-segmental PE.  However, innovation in the next 

generation of scanners has attempted to overcome this problem and can now provide 

more comprehensive diagnostic images (19). 

 

1.2.5.3 Post 64-slice CT pulmonary angiography 

 

While devices with the ability to scan with up to 320 and 640 rows are currently 

available, optimal detection for PE is mainly dependent upon the type of device 

available at the imaging facility. In the use of 4 to 8 row scanners, a compromise must 

be made between collimation and scan duration. However, with 16 to 64 row devices, 

the entire chest can be imaged in under 5 seconds while the collimation is set at 1 mm 

or less. Scanners with even faster scanning periods can image the whole chest in under 

a second (20). 

The current generation of CT scanners not only bring better spatial resolution at faster 

scanning periods, but also deliver more enhanced images with fewer noise artefacts.  

The improvements provide higher sensitivity and become successful in the detection 

of distal PE in sub-segmental arteries. Newer CT scanners also provide practitioners 

with better reconstruction of images with optimal contrast media dynamics. The 

improvement in image quality allows for less noise artefacts and decreased dosages of 

radiation. Differences between the traditional single row scanners and the newer 

generations are greater than the 64-MDCT and multi-source 320-MDCT (12,21). The 

320-MDCT uses a cone-beam acquisition which can cover an area of 160 mm. 

Improved CT technology can provide diagnostic accuracy with sensitivities of 92% 

with specificities reaching 95%  (22). 
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Current CT image acquisition can provide a view of 0.5 to 1 mm thick depending upon 

the multi-detector modality chosen. The decreased thickness view can provide a more 

accurate image of PE with the decrease in volume averaging (20). In thin-slice images 

of the lungs taken to provide a view of the pulmonary arteries, the need of more images 

is required compared to the traditional single-slice CT scanners influencing the time 

duration of images (19). 

 

 

1.3. Double low-dose CT pulmonary angiography 

 

The double low-dose CTPA method is chosen by professionals in assessing PE using 

lower kV voltage and lower contrast dosages. While a number of techniques are used 

to lower the dosages of radiation, low voltage kV is the most widely selected. The 

method is preferred in cardiovascular and angiographic imaging. As recommended by 

the Society of Cardiovascular CT guidelines, the kV voltage tube selection should be 

made according to the patient’s body mass index (BMI) (14).  Lower kV settings of 

under 100 kV should be used on patients with smaller BMI. Decreased kV voltage 

values has proven to be highly useful in CT angiography because of the enhanced 

visualization of vessels while using contrast media. As observed in Boos’ research, 

increased vascular attenuation can be achieved with lower voltage in kV selected 

group  (23). The method of lower kV also provides an ability to use lower dosages of 

contrast media when compared to the use of other CT techniques for pulmonary 

angiography. The study also observed that higher image quality could be achieved in 

patients with higher BMI (23). 

 

The Boos et al research provides a good example of the results of lowered kV tube 

voltage to achieved quality images for the diagnosis of PE. In one group, a setting of 

70 kV during a simultaneous dual-source CTPA was used with patient’s BMI lower 

than 35 kg/m2 (23). In a number of other studies, further reduction in contrast media 

during CTPA has shown not to compromise image quality (24, 25). It can be thus 

assumed that the best method of reducing radiation dosages during image 

acquisition would be to employ reduced kV tube voltage and lower amounts of 
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contrast agents (26). Other methods of achieving quality imaging while using lower 

contrast dosages include faster injections velocity during the first pass exam (27). 

 

1.3.1 CT pulmonary angiography-low radiation dose protocol 

 

Medical Physicist and clinical professionals have agreed that the common goal of 

reduction in radiation exposure in the diagnosis of PE is to develop protocols, methods 

and technology to reduce the amount required  (24). CT modality still requires the use 

of high radiation dose.  However, constant research and developments are taking place 

each year to identify and implement methods and strategies that can decrease the 

volume and exposure times. In cardiovascular CT such as coronary angiography or 

CTPA, practitioners are constantly developing methods to reduce radiation exposure 

(23). Because of the risks that radiation exposure could potentially cause in certain 

patients, such as younger aged patients, medical imaging professionals are constantly 

seeking better alternatives in further radiation exposure reduction. A number of studies 

have revealed that CTPA protocols that employ 80 kV tube voltage have achieved 50 

to 70% reductions when compared to the traditional 120 kV settings (24, 28). 

Overall, it has been the success of the medical imaging industry from practitioners to 

manufacturers that efforts to lower the amount of radiation needed to perform methods 

of CT have been reduced to its current levels. The “As Low as Reasonably 

Achievable” (ALARA) principle has become the standard in medical imaging. With 

the age of patients becoming younger for the potential diagnosis for PE, imaging 

professionals are attempting to make every change available to them in the reduction 

of radiation (20). New techniques are being developed that can further reduce radiation 

by making the current and potential of tube kV selectable according to BMI.  The 

addition of lower kV requirements and further decreases in the volumes of contrast 

media may not only assist in the achievement of lower dosages, but also improve 

image quality.  With higher imaging reconstruction algorithms that deliver images 

with fewer noise artefacts, fewer images are required, thus a decrease in dose can be 

achieved. For example, the automatic exposure control (AEC) or tube current 

modulation algorithm found in a number of CT scanners are able to use 3D Smart mA 

which is used in radiology to perform a scout view (29). 
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1.3.2 CT pulmonary angiography-low contrast medium protocol 

 

A number of studies have focused on the protocols of delivery of contrast media to 

meet enhanced attenuation while still decreasing the dosage (30, 31). The concern of 

researchers is to identify a technique that can decrease the amount of exposure to 

radiation and the major cause of contrast-induced nephropathy (CIN). Studies have 

argued that decreasing the amount and dose would decrease the chances of CIN (32). 

The BMI of 100 kg has been observed to display positive results in decreased tube 

voltage to 80 kV during CTPA (33). Further reduction in contrast doses are also 

shown to be effective in decreasing the risks of CIN (34). 

 

 

 

1.4. Dual-Energy CT scan 

 

 

Another medical imaging development in CT is the dual-energy CT or the DECT. The 

DECT method provides two datasets known as the quasi-simultaneous and the double 

simultaneous when using different energy levels. Normal radiation doses have been 

observed to be at standard levels in single energy CTPA. However, dual-energy 

module provides a number of advantages. The advantages include material 

differentiation with greater ability in reconstructing virtual monoenergetic images for 

better images. The differences that are observed in perfusion maps provide greater 

viewing of pulmonary arteries leading to a decrease in contrast doses (30). 

  

With the advantages provided by DECT, a number of studies have emerged in acute 

PE since its introduction. With the use of two X-ray tubes that employ high and low 

peak kilovolt levels, better images can provide more optimal representation when used 

in imaging lung parenchymal perfusion. Research suggests that the presence of 

perfusion defects may be used as prognostic markers in certain patients (3). Newer 

scanners equipped with dual-source technology offer more functional data in images 

of lung perfusion in detecting the presence of PE. As CT technology progresses, 
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software packages are becoming better at detecting PE and other anomalies in shorter 

imaging periods. The current advancements in technology has been vast in recent 

years. However, much more research needs to be completed in the diagnostic 

algorithms of acute PE detection (20). The least amount of time required in each 

imaging period also leads to the advantage of lowering the radiation dose exposure to 

patients (35). 

 

 

However, in studies with patients who are suspected to have PE, the proposed benefits 

of CTPA would outweigh potential hazards. Mortality rates for patients with untreated 

PE often undocumented.  However, estimates suggest that the mortality rate for PE 

may be as much as 30%. Risks associated with radiation dose levels during diagnostic 

CT have not been fully studied.  Hypothetically, reported risks in cancer due to 

radiation exposure during diagnostics may be less than 1%.  When comparing the risk 

of radiation during diagnostic imaging and occurrence of cancer in high risk groups 

such as younger women, identification of PE seems to be the most likely choice. The 

typical percent of the population that undergo CT pulmonary angiographies are 

normally the aging.  This group is generally viewed to be at a lower risk of developing 

cancer from radiation dosages associated to imaging modules (12).  

 

The next generation model CT scanners are equipped with higher isotropic spatial 

imaging capabilities.  Newer models allow radiologist to take faster images with more 

enhanced quality and decreased artifacts associated with motion. When considering 

corollary, newer technology provide higher sensitivity in the detection of distal PE. 

Another advantage that has been observed in the newest models of CT scanners is the 

availability of optimization selection in contrast bolus dynamics. The improvements 

in optimization would provide higher imaging reconstruction options with better 

quality images with decreased noise artifacts and lower radiation dosages (12).  

 

 

 

1.5. Low kVp CT pulmonary angiography 
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Once imaging professionals deploy more advanced techniques in dose modulation 

such as modulating tube currents, peak voltage switching and beam geometry settings, 

better results can be observed.  Radiologist using quicker high-pitch imaging available 

in dual-source devices and better reconstruction methods that decrease noise effects 

are able to lower dosages of radiation and achieve images without significant loses to 

quality (12). 

 

It is also important to note the advantages to expanding upon more automatic 

techniques that sustain consistent attempts in the reduction of radiation dosages. The 

AEC is normally available from major scanner manufacturers and provides a solution 

by adjustable tube currents for x-ray beam attenuation according to body tissue and 

mass (36).  

 

One notable factor in CT scanners and low kV, is that traditionally, lower kV is shown 

to increase noise.  However, it is observed that contrast-to-noise ratio (CNR) is also 

enhanced.  Lower kV has been associated with improvements in intravascular CT 

values under CTA as increased photoelectric effects also increase detection rating in 

iodine contrast materials. Studies have suggested that decreases in kV from 120 to 100 

volts, CT values of contrast in materials such as iodine have been observed to increase 

up to 17%. With this factor in mind, low kV and the addition of lower concentrated 

contrast materials may provide similar results in CT values of traditional modules. 

Lower kV requires a lower concentration of contrast, otherwise the use of higher 

concentration would increase banded artifacts leading to limited image quality. In the 

current study, no major differences were observed in CT values in group using 100 

kV and different groups suggesting that low kV may lead to enhanced intravascular 

CT values (37). 

 

In traditional methods, decreasing the tube voltage in CT is the method most often 

attributed to decreasing radiation dosages in patients despite the increase of noise.  In 

virtual monoenergetic methods, low voltages tend to lead to higher attenuation of 

contrast.  The loss of tissue penetration added with higher photoelectric effects 

observed in low x-rays cause contrast enhancements which also decrease the need to 

use higher volumes of contrast material. A number of studies have provided evidence 

that contrast-associated kidney injuries during CT are considered low.  However, 
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standard practice of decreased volumes of contrast medium is still an important 

objective among imaging professionals (30).  It is also important to remember that 

lower tube voltages on average to small body mass patients can lead to more 

improvements in images associated with CT angiograms and other methods which use 

high amounts of contrast such as diagnostic images for renal stones (38). 

 

A variety of tube voltages are available to be selected for CT imaging in accordance 

with the patient body size or specific to CT modulation.  It has been observed that 

decreasing the tube voltage by as much as between 120 kV to 80 kV may provide an 

overall decrease in the exposure of radiation in small and average sized patients and 

should be a goal of imaging professionals (38).  

 

There are currently a number of studies that have focused on contrast medium injection 

protocols under lower tube voltage scenarios. In examining reduction in the standard 

120 kV, a reduction of 100 kV has led to discoveries of reduced exposure and the need 

for large amounts of contrast by 33% (30).  Research has also observed lower tube 

voltage for CTPA may increase visualization of the peripheral and central arteries 

while sustaining quality images and diagnostic accuracy. Additionally, the use of 

automated tube voltage algorithms can be selected for the most optimal dose-efficient 

setting for patients according to the individuals size and anatomy when planning the 

range of image acquisition (30). 

 

Studies suggest that the use of a lower setting for kVp leads to a number of advantages.  

Research in CTPA protocols propose limiting the volume of contrast media while 

decreasing the patients risk to contrast related injury such as nephropathy. Lower dose 

of radiation can be achieved by lower contrast amounts. These CTPA protocols could 

potentially be useful in the search for methods of minimizing risks of exposure and 

solutions in the prevention of contrast induced events (39). 

 

As the continued improvements in the developments of imaging methods and 

technologies accelerate, more advantages are being discovered.  Low peak kVp 

methods ranging between 70-80 kV added to high-pitch imaging has led to major 

reduction of contrast for CTPA down to 9-21g.  Lower kVp is currently set at 70-80 

kVp as a standard shared between manufacturers because of the efficiency in X-ray 
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tubes that have insufficient photon emission causing imaging noise during lower kVp 

settings (40).  

There are a number of methods that demand reduction of radiation when dealing with 

CT angiography. For example, attenuation of tube voltage shows promising reduction 

in radiation exposure. Exposure generally increases with the amount of voltage. 

Imaging methods which are taken at low voltages increase clarity because of the k-

edge in iodine reducing the amount of contrast needed. High-pitch imaging also 

provides a method of lowering radiation exposure during CT angiography(32). 

 

1.6. Use of iterative reconstruction in CTPA 

 

The method of filtered back projection (FBP) is considered the more widely used 

technique in CT reconstruction. However, the recently widespread use of iterative 

reconstruction (IR) such as adaptive statistics iterative reconstruction (ASIR) has been 

developed as a means to decrease noise. The method was developed to reconstruct 

projected data using the FBP technique and showed improvements from 25 to 50% 

dosage reduction (41, 42). 

 

Algorithms have been introduced in IR which have added to the strategy of reducing 

noise while enhancing the quality of images with lower dosages. Combinations of 

high-pitch low kV and IR for CTPA have been observed to reduce dosages of radiation 

up to 52% with contrast media of 20 mL and lower protocol dosages. Researchers are 

optimistic that further reduction of dosages and CTPA can be achieved (43). 

 

Model-based iterative reconstruction (MBIR) is a popular technique in iterative 

reconstruction as it tends to model the x-ray beam, when traveling from the cathode to 

detectors. The modeling changes the shape of the focal spot on the anode and as it 

emerges from the anode, 3-dimensional interaction with the voxel and 2-dimensional 

interaction in the detector. Through modeling optical constructs, MBIR can be 

sustained while providing improvements in quality of images by the spatial resolution 

and lower noise artifacts (41). 

 



15 
 

While the demand for CT continues, the search for lower dose techniques are 

increasing. However, FBP reconstruction introduces limits in reducing radiation 

dosage.  This is the case with higher spatial resolution and smaller image slice 

thickness are attempted. The reduction of dosage in CT has therefore shifted its focus 

away from hardware and tube current to the current development of reconstruction 

algorithms. Noise model-based IR such ASIR, iDose and sinogram affirmative 

iterative reconstruction (SAFIRE) are new software types of CT algorithms that use 

statistical models to reduce the noise in the image and with good image quality(44). 

The new IR techniques are becoming commonplace in clinical practices and 

demonstrate acceptable clinical imaging with reduced dosage from 32 to 65% (45). 

 

 

1.7. Low tube current in CTPA 

 

Tube current adjustments have become a system which prefers to use automatic 

techniques that vary according to the types of scanners used the level of kV settings 

(36). At the beginning of this research it was discussed that current dose modulation 

software provided by most imaging device manufacturers is considered among 

professionals as the standard versions. Software is designed to control the tube current 

while dosage can be adjusted according to the patient's body mass, geometry and rate 

of absorption during acquisition.  The software replenishes and can even compensate 

according to the different dose requirements across the different body types and cross-

sections like shoulder areas and air-filled chests. To ensure that the image quality is 

maintained among the different body types and images, adaptive tube current 

modulation can be used to reduce dosages even further up to 10 to 50 percent 

according to the area of the body being imaged such as chest, diaphragm or shoulder 

regions (20).  

 

Automatic exposure control for X-ray modalities have been around for a number of 

years. Tube-current modulation is currently undergoing a number of developments to 

further be able to reduce the amount of dose radiation.  However, there are still a 

number of limited options currently available. For example, in the z-direction of 

mA measurements still depend on scout views in both lateral and AP. Dose 

modulation in the tube currents in x-y-plane imaging by rotation tube while dealing 
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with attenuation in patient body mass different projections. Modulation in automatic 

tube-current was also a high point address by the International Commission on 

Radiological Protection (ICRP) and addressed by it was currently the best way to 

reduce radiation dose during CT scans compared to other options currently available 

(46). Modulation in the x-ray beam is also based on attenuation of body mass and 

tissues acquired in x-ray projection radiographs or SPRs while attempting to maintain 

quality images. Adjustments of the x-ray tube during rotation with smaller diameter 

anterior-posterior direction while using lower exposures than what is seen in the lateral 

position has also shown promising results. Adjustments can also be made during the 

scans progression using high tube current for thicker regions such as lateral shoulder 

or hip areas.  Reduction in the tube current in areas of soft tissue attenuation is also 

ideal in abdomen and chest regions. Automatic tube current modulation (ATCM) 

systems are observed to be able to change exposure levels in accordance with patient’s 

size and gives an advantage of a more uniform level of quality for patients as seen in 

the employment of automatic exposure control currently available in radiographic 

systems (47-49). 

 

Tube current modulation is one of the most important parameters according to 

practitioners in the more modern models of CT scanners for the purpose of reduction 

of radiation dosages in patients. The methods available for adjusting the tube current 

are considered important to the ability to maintain a constant in noise levels of images 

according to the patient’s body mass, profile x-ray and other parameters including the 

kilovolt, pitch beam coverage area, table speed and the rotation time. It can be noted 

that the modulation methods that include dose and tube current can be decreased 

through automatic models in accordance with the patient’s imaged areas using low 

attenuation and still maintain a focus on noise levels while imaging quality is attended. 

Techniques or methods which use the angular modulation is sure to include major 

variables.  The variables include tube current during the rotation around the patient 

even though modulation in the z-axis includes the variable mAs as directed along the 

z-axis (50). 

 

1.8 Aim and objectives 
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The research project is designed to assess the image quality, radiation dose and the 

volume of contrast medium associated with CT pulmonary angiography with the latest 

CT scanners in patients with suspected pulmonary embolism. The study is expected to 

achieve the following objectives:   

1. To identify factors that affect image quality, radiation and contrast doses of CT 

pulmonary angiography in pulmonary embolism. 

2. To develop optimal scanning protocols of CT pulmonary angiography based 

on 3D printing physical pulmonary artery model with simulation of thrombus 

in the pulmonary arteries. 

3. To implement the optimal scanning protocols of CT pulmonary angiography 

in clinical settings with the aim of determining clinical value of optimal CT 

pulmonary angiography.  

 

 

 

1.9 Thesis Outline  

 

 

This thesis is composed of seven chapters with each chapter presenting individual 

contents. This chapter (Chapter 1) is a general introduction and background of various 

imaging modalities in the diagnosis of pulmonary embolism with a focus on CT 

pulmonary angiography and associated dose-reduction strategies. 

 

Chapter 2 is a systematic review of double low-dose CT pulmonary angiography 

protocols through analysis of 13 studies with the aim of reducing radiation dose and 

contrast medium dose. Chapter 3 consists of study design of a patient-specific 3D 

printing pulmonary artery model with testing various CT pulmonary angiography 

protocols. Quantitative assessment of image quality and model accuracy in terms of 

replicating normal pulmonary artery anatomy are assessed in this chapter with results 

published in a refereed journal, Digital Medicine.   
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Chapter 4 tests different CT pulmonary angiography protocols on the developed 3D 

printed pulmonary artery model on 128-slice dual-source CT scanner with simulation 

of thrombus in the main pulmonary arteries. A series of scans comprising different 

kVp and pitch values are performed on the model with optimal CT scanning protocols 

identified through quantitative assessment of image quality. Chapter 5 focuses on 

simulation of peripheral emboli in the distal pulmonary arteries on the 3rd generation 

dual-source CT scanner with use of the same scanning protocols as used in Chapter 4, 

with the aim of determining optimal scanning protocols for detection of peripheral 

pulmonary embolism based on qualitative and quantitative assessments. Chapter 6 

involves recruitment of patients with confirmed pulmonary embolism who undergo 

different CT pulmonary angiography protocols including 100 and 120 kVp with 

standard pitch, and 120 kVp with high pitch of 3.2 with use of different contrast 

volumes. Quantitative assessments of image quality are included for comparison of 

these protocols. Chapter 7 is a summary of key findings and future research directions 

with regard to CT pulmonary angiography in the diagnosis of pulmonary embolism. 
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A systematic review of double low-dose CT pulmonary angiography in 

pulmonary embolism 
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2.1 Introduction 

 

Computed tomography pulmonary angiography (CTPA) is currently the preferred 

imaging modality in the diagnosis of patients with suspected pulmonary embolism 

who present to the emergency department (1-5). Although CTPA has high diagnostic 

value in detecting pulmonary embolism owing to rapid developments in CT scanning 

techniques in recent years, it is associated with high radiation dose. Further, CTPA 

requires injection of contrast medium which represents another limitation with a 

potential risk of contrast-induced nephropathy or acute kidney injury (6, 7). Therefore, 

reduction of both radiation and contrast medium doses during CTPA, or briefly 

defined as double low-dose CTPA is the current research direction with the aim of 

minimising risks from both radiation exposure and use of contrast medium. 

Some recent studies have shown that it is feasible to implement double low-dose 

CTPA protocol without compromising image quality in the diagnosis of pulmonary 

embolism (8-13). In their recent study, Boos et al compared the low dose protocol 

comprising 70 kVp and 40 ml of contrast medium with a low-pitch of 0.9 in 35 patients 

with another group comprising 35 patients who were scanned with 100 and 120 kVp 

and 70 ml of contrast medium with a pitch of 2.2 (11). Reduction in radiation dose and 

contrast medium dose by 50% and 40% was achieved in the low-dose protocol group 

with similar diagnostic image quality between the two groups. Further reduction of 

contrast medium to 20 ml with use of 80 kVp was reported in another study leading to 

50% dose reduction without comprising image quality (13). 

Reduction of contrast medium in CT angiography (CTA) has attracted strong interests 

recently due to the increased contrast enhancement at low tube voltage levels because 

of an approximation to the k-edge of iodine, thus promoting double low-dose CTPA 

protocol in the current clinical practice. Although Shen et al (14) conducted a 

systematic review of double low-dose CTA in body examinations, authors briefly 

summarised the application of double low-dose CTPA without providing detailed 

analysis of the feasibility and image quality associated with the use of double low-

dose protocol. Thus, the purpose of this review is to analyse the current literature with 

regard to the diagnostic performance of double low-dose CTPA in diagnosing 

pulmonary embolism. We strictly limit our analysis to only studies providing evidence 

of reductions in both radiation dose and contrast medium dose during CTPA 



25 
 

examinations, with the aim of determining the usefulness of double low-dose CTPA 

protocol. 

 

 2.2 Materials and Methods 

 

This review was performed in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analysis (PRISMA) guidelines (15). The PRISMA 

guidelines allow researchers to develop powerful search strategy for identifying and 

examining quantitative medical studies. A search of the literature using databases 

consisting of Medline/Pubmed, Scopus and ScienceDirect was conducted to identify 

studies reporting double low-dose CTPA. The following search terms were used to 

obtain relevant articles: “double low-dose CT pulmonary angiography”; “CT 

pulmonary angiography AND low dose protocol”; “CT pulmonary angiography AND 

low radiation dose AND low contrast medium”; “low dose AND CT pulmonary 

angiography”. The search was limited to articles that were published in English within 

the last ten years (last search 19 July, 2018) to ensure the currency of these studies and 

also the use of latest CT scanning techniques to achieve low dose purpose. 

 

2.2.1 Inclusion and exclusion criteria 

 

Studies were included for analysis if they met the following criteria: (1): studies are 

published with both low kVp and low contrast medium (either low contrast volume or 

low concentration) used; (2): results on reductions in both radiation and contrast 

medium doses must be reported; (3): studies must be CTPA scans or CTA scans that 

involved analysis of pulmonary arteries for detection/diagnosis of pulmonary 

embolism.  Studies were excluded from the analysis without providing details on dose 

reductions despite the use of double low-dose CTPA protocol. Studies were still 

included in the analysis even if no details of radiation dose or contrast medium dose 

were provided, as long as the percentage of dose reduction was available. Further, 

studies that were conducted on phantom experiments, or conference abstracts, 

editorials or review articles were excluded. 
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2.2.2 Data extraction 

 

The two assessors (SA and ZS) conducted the searching process using the same search 

terms separately. They both screened the titles and abstracts of all identified references 

independently with any disagreements resolved by consensus. Data extraction 

includes the following details: year of publication, sample size in each group (low dose 

vs standard dose group), radiation dose in terms of effective dose and contrast medium 

dose values on both low dose and standard group, kVp ranges (70, or 80, or 100 vs 

120 kVp), quantitative and qualitative assessments of image quality, as well as the 

differences (increased or decreased or no significant difference) in image quality 

assessments between the low dose and standard dose groups. 

 

2.2.3 Statistical analysis 

 

Due to heterogeneity in the study design in terms of methods and data analysis, results 

were entered into MS Excel 2013 for comparing the percentage calculations between 

the double low-dose and standard CTPA groups in terms of dose reductions in 

radiation dose and contrast medium dose. Box plots were generated using SPSS (SPSS 

24.0, IBM Corporation, Armonk, NY, USA) to demonstrate the mean effective 

radiation dose and contrast medium volume between these two groups. Continuous 

values were expressed as mean and standard deviation, while categorical variables 

were shown as percentages. A paired samples T test was used to determine the 

significant difference between standard and low-dose CTPA groups, with p value less 

than 0.05 indicating significant difference. 

2.3 Results 

 

2.3.1 Study selection 

 

The initial literature research retrieved 554 articles from three different databases, with 

527 excluded because of irrelevance to the topic. Twenty-seven full-text articles were 

reviewed with further 12 studies excluded because of 11 studies focusing on single 

low-dose protocol, and the remaining one being a review article. Two studies were 

further excluded because 1 study did not provide information of assessing pulmonary 

arteries, although the double low-dose protocol was used in examining the whole body 
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CTA, and another study did not report the use of low kVp. Thus, a total of 13 studies 

were eligible for inclusion in the analysis (9, 11, 13, 16-25). Figure 2.1 is the flow 

chart showing search strategy to identify eligible studies. 

 

 

Figure 2.1 Flow chart shows search strategy to identify eligible studies for the systematic 

review. 

 

 

2.3.2 Study characteristics 

 

The study characteristics are provided in Table 2.1. Of 13 studies, 10 were published 

in the last five years (2013-2017), while the remaining three studies were published 

between 2011 and 2012 (9, 23, 25). In 10 studies, both low dose (low kVp such as 70 

or 80 kVp versus 100 or standard 120 kVp) and low contrast medium (different 

volumes of contrast medium) protocols were used for comparison of the feasibility of 

using double low-dose protocol. In the remaining three studies, although low kVp and 

low contrast medium were included in the CTPA protocols, some details were not 

provided. Details of different kVp values were not available in two studies (9, 23), 
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however, percentage of radiation dose reduction was provided.  In the remaining study, 

although the same volume (40 ml) of contrast medium was used in the two groups, 

different contrast medium concentrations were applied, thus percentage of contrast 

medium reduction was available (18). 
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       Table 2.1Baseline characteristics of studies involving comparison of double low-dose CT pulmonary angiography protocols 

Author/ 

year of 

publication 

Total No. of 

patients 

Radiation dose values (mSv) 
Dose 

decrease 

(%) 

Contrast medium (ml) 
CM 

decrease  

(%) 

70/80 

kVp 
100 kVp 120 kVp 

Low dose 

CTPA group 

Standard 

CTPA 

group 

Boos et al 

2016 (11) 

70 (35 in each 

group) 

2.0 ± 

0.6*  

ATPS 3.9 ± 1.1  (120 

kVp in 29, 100 kVp in 

6) 

48.7 40 70 42.8 

Chen et al 

2015 (16) 

108  (60 in group A, 

48 in group B) 
- 2.7 ± 0.7 21.6 ± 6.0 87.5 74 101 26.7 

Dong et al 

2013 (17) 

86 (41 in CTPA, 45 

in DECT) 

5.74 ± 

0.5# 
- 3.32 ± 0.6 -42.1  20 50 60 

Hu et al 

2017 (18) 

382  

(192 in each group) 
2.0 ± 0.9 - 5.5 ± 0.8 63.6 

40 (270 mg 

I/ml) 

40 (350 mg 

I/ml) 
22.9 

Kidoh et al 

2014 (19) 

60  

(30 in each TRO 

group) 

- 
23.5 ± 

2.6 
33.4 ± 1.4 29.6 60.1 ± 0.6 91.8 ± 22.6 34.5 

Kilic et al 

2014 (20) 

24 (12 in TB and 12 

in BT groups) 
- 

3.75 ± 

0.8 
5.84 ± 2.1 35.8 38.5 ± 3.9 70 ± 0.0 45 

Li et al 

2015 (21) 

80 (40 in each 

group) 

0.4  ± 

0.1* 
2.0  ± 0.4 - 80 40 60 33 

Lu et al 

2014 (13) 

100 (50 in each 

group) 
0.9 ± 0.5 1.7 ± 0.2 - 47 20 60 66.7 

Moynihan 

et al 2017 

(22) 

150 (50 each for 3 

groups)  
- 

2.92 ± 

0.75 

4.88 ±1.77 

5.1 ± 1.5 
40-42.7 

54.08 ± 9.26 

58.46 ± 8.78 
80 27.5-32.5 
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ATPS: automatic tube potential selection. CTPA-CT pulmonary angiography, NR-not available, RC-reduced volume of contrast media, RT- 

routine thoracic CT scans, BT-bolus tracking, CM-contrast medium, CNR-contrast-to-noise ratio, SNR-signal-to-noise ratio, TB-test bolus, 

TRO-triple rule-out protocol. ↓: lower with double low-dose protocol; ↑: improved with double low-dose protocol, = equal with double low-

dose protocol. 

* 70 kVp was used in the low dose study group. # In Dong et al study, DECT (80/140 kVp) was compared with the standard 120 group.  

 

 

 

Sodickson 

et al 2012 

(23) 

152 (53 in 100 kVp 

and 99 in 120 kVp) 
- NA NA 33 50 75 33.3 

Szucs-

Farkas et al 

2011 (9) 

80 (40 in normal 

dose and 40 in low 

dose groups) 

NA - NA 57 75 100 25 

Suntharalin

gam et al 

2017 (24) 

100 

(50 in each group) 
0.7 2.4 - 70.8 25 60 58.3 

Viteri-

Ramirez et 

al 2012 

(25) 

70 

(35 in each group) 

1.1 ± 

0.74 
2.7 ± 1.2 - 59.2 60 80 25 
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2.3.3 Radiation dose reduction 

 

The effective dose was reported in 11 studies, and the dose value was not available in 

the remaining two studies (9, 23). The CTPA protocol of 80 kVp versus 100/120 kVp 

was reported in 11 studies, and the CTPA protocol of 70 kVp versus 100/120 kVp 

protocol was reported in two studies (11, 21). In one study, DECT (80/140 kVp) was 

compared to the standard 120 kVp with resultant increased radiation dose (17). 

The effective dose was calculated using a conversion coefficient of 0.014 and 0.017 

in 5 and 4 studies, respectively. A conversion coefficient of 0.016 was used in one 

study (22), and in another study, the conversion coefficient of 0.017 was use for the 

study group scanned with 120 kVp and 0.016 for the 100 kVp group (20). In the 

remaining two studies, the information was not available. 

Effective dose reduction was reported in 12 studies (dose range: 0.4 to 23.5 mSv) with 

significant dose reduction between 29.6% and 87.5% using low-dose CTPA when 

compared to the standard CTPA (p=0.05). Dose increase was noted in one study 

comparing DECT with standard single energy 120 kVp protocol (17). Triple-rule-out 

CTA protocol was reported in two studies (16, 19), with highest dose reduction 

achieved in one study compared to other studies which were performed on routine 

CTPA scans (16). In that study, the low dose CTPA protocol of 100 kVp with high 

pitch of 3.4 resulted in effective dose of 2.7 mSv, while the effective dose from 

standard CTPA protocol was 21.6 mSv, thus resulting in 87.5% reduction. The lowest 

dose reduction was also seen in the triple-rule-out CTA protocol in another study with 

less than 30% dose reduction when compared to the standard CTPA protocol (19). 

However, the effective dose was only 5.2 mSv for the non-gated whole chest CTA 

(the second phase) if the first phase of coronary CTA was not included as reported in 

that study. Figure 2.2 is a box plot showing the mean effective dose between double 

low-dose and standard CTPA protocols. 
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Figure 2.2 Box plot shows the mean effective dose between double low-dose CTPA and 

standard dose CTPA protocols in pulmonary embolism based on the review of these 13 studies.  

The mean effective dose of double low-dose CTPA is significantly lower than that of standard 

CTPA (p=0.05). 

 

2.3.4 Contrast medium reduction 

 

Reduction of contrast medium dose was available in all of the 13 studies, with dose 

reduction ranging from 25% to 67%, significantly lower in the low-dose CTPA when 

compared to the standard CTPA protocol (p<0.001). Of 13 studies, low volume 

contrast medium (range: 20 to 75 ml) was compared to standard volume of contrast 

medium (range: 50 to 101 ml) in 12 studies, while in the remaining study, low iodine 

concentration (270 mg I/ml) was compared to high iodine concentration (350 mg I/ml) 

with use of 40 ml contrast medium in both groups, but resulting in 23% reduction in 

contrast medium (18). In the low contrast medium group, less than 50 ml of contrast 

medium was reported in 8 out of 13 studies, while in contrast, this was only reported 

in two studies in the standard CTPA group. Figure 2.3 is a box plot showing the mean 

contrast medium dose between double low-dose and standard CTPA protocols. 
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Figure 2.3 Box plot shows the mean volume of contrast medium used in double low-dose 

CTPA in comparison with that from standard CTPA protocol based on the review of these 14 

studies. Significantly low contrast medium dose is noted in the double low-dose CTPA group 

(p<0.001). 

 

2.3.5 Image quality assessment 

 

Quantitative assessment of image quality in terms of signal-to-noise ratio (SNR) and 

contrast-to-noise ratio (CNR) was available in 11 studies, and details of quantitative 

assessment were not provided in 2 studies (20, 23) (Table 2.2). Both SNR and CNR 

were significantly higher, significantly lower and with no significant difference in 3, 

3 and 4 studies, respectively in the double low-dose CTPA protocol when compared 

to the standard CTPA protocol.  SNR was shown to be similar in 2 studies between 

double low-dose and standard CTPA groups (9, 23).  Both SNR and CNR were not 

available in the remaining study (20). 

Subjective assessment of image quality with use of 3-, 4- and 5-point ranking scale 

was reported in 3, 3 and 3 studies, respectively, with information not provided in the 

remaining 4 studies. Overall, subjective assessment of image quality remained the 
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same in both low dose and standard dose CTPA groups in 11 studies, and was 

improved in 1 study in the low-dose CTPA group due to significantly fewer artifacts 

in the low-dose protocol (20). Information was not available in the remaining study 

(25). 

 

 



35 
 

Table 2.2 Comparison of image quality between standard and double low-dose CT pulmonary angiography protocols 

Author/ 

year of 

publication 

Image quality of double low-dose CTPA protocol Image quality of standard CTPA protocol 

SNR CNR 
Subjective image 

quality 
SNR CNR 

Subjective image 

quality 

Boos et al 2016 

(11)* 

14.6 ± 6.0 

15.1 ± 8.9* 

12.4 ± 5.7 

12.9 ± 8.5* 
3.7 ± 0.6 

13.9 ± 3.7 

12.0 ± 4.5* 

11.6 ± 3.3 

10.0 ± 4.1* 
3.7 ± 0.6 

Chen et al 2015 

(16) 
36.7 ± 17.1 31.5 ± 16.2 2.9 ± 0.1 56.5 ± 22.0 46.2 ± 19.1 2.9 ± 0.1 

Dong et al 2013 

(17) 

17.6 ± 5.1 

21.3 ± 6.3* 

14.7 ± 5.0 

19.2 ± 6.3* 
66.7/95.5%# 16.2 ± 6.5 14.4 ± 6.4 61%# 

Hu et al 2017 (18) 24.5 ± 9.4 20.3 ± 8.9 No significant difference 29.1 ± 10.8 23.6 ± 10.2 No significant difference 

Kidoh et al 2014 

(19) 
20.3 ± 3.3 20.7 ± 3.8 

PT image contrast 

4.0 ± 0.0/4.0 ± 0.0* 

PT image noise 

3.9 ± 0.0/4.0 ± 0.2* 

 

15.4 ± 6.1 15.9 ± 2.6 

PT image contrast 

4.0 ± 0.0/4.0 ± 0.0* 

PT image noise 

4.0 ± 0.0/4.0 ± 0.0* 

 

Kilic et al 2014 

(20) 
NA NA 

Vessel enhancement: 

7/4/1/0 

Artifact: 6/3/3/0* 

NA NA 

Vessel enhancement: 

9/2/3/0 

Artifact: 0/6/4/2* 

Li et al 2015 (21) 

Between  

37.3 ± 10.8 and  

41.8 ± 12.5* 

Between  

32.4 ± 9.9 and  

36.9 ± 11.7* 

1.03 ± 0.16 

Between  

25.1 ± 13.9 and  

 29.1 ± 14.3* 

Between  

21.4 ± 12.7 

and 

25.4 ± 13.0 * 

1.05 ± 0.22 

Lu et al 2014 (13) 

Between  

42.0 ± 15.1 and 

 45.7 ± 17.1* 

Between  

36.5 ± 14.3 

and 

41.0 ± 16.3*  

Score 1/2: 80/20%# 

Between  

28.0 ± 10.2 and 

30.1 ± 10.5* 

Between  

23.5 ± 9.6 and 

25.5 ± 10.0* 

Score 1/2: 78/22# 
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Moynihan et al 

2017 (22) 
17.56 ± 6.01  15.97 ± 5.71 No significant difference 

17.86 ± 5.8 

15.95 ± 5.07* 

15.92 ± 5.27 

14.39 ± 4.98* 
No significant difference 

Sodickson et al 

2012(23) 

No significant 

difference 
NA No significant difference 

No significant 

difference 
NA No significant difference 

Szucs-Farkas et al 

2011 (9) 
10.8 ± 2.5 NA 3.73 ± 0.60 9.7 ± 2.3 NA 3.82 ± 0.50 

Suntharalingam et 

al 2017 (24) 

Between  

12 ± 4.1 and 

14.5 ± 6.6* 

Between 

10.2 ± 3.7 and 

12.8 ± 6* 

Score 1/2/3: 78/22/0%# 

Between 

14.7 ± 6.8 and 

16.4 ± 8.5* 

Between 

12.7 ± 7.3 and 

14.2 ± 8.5* 

Score 1/2/3: 92/6/2%# 

Viteri-Ramirez et 

al 2012 (25) 
16.3 ± 7.5 14.8 ± 7.4 NA 13.8 ± 9.1 12.5 ± 8.6 NA 

Boss et al (11): SNR and CNR were measured at pulmonary trunk and left lower segmental pulmonary artery. 

Dong et al (17): * in the DECT group, SNR/CNR were reported in 70 keV and optimal keV groups; # indicates the percentage of pulmonary arteries with 

peripheral vascular enhancement score of 5 (no perceivable image noise). 

Kidoh et al (19): * indicates readers 1 and 2 qualitative scores. PT-pulmonary trunk. 

Kilic et al (20): subjective assessment of vascular enhancement using a score of 1-4: excellent, good, moderate and poor (non-diagnostic). Presence of artifact 

in superior vena cava 1-4: no artifact, minimum, serious and severe artifact (non-diagnostic). 

Li et al (21): SNR and CNR were measured between main pulmonary artery and bilateral pulmonary arteries, upper and inferior lobe pulmonary arteries. 

Lu et al (13): * indicates that SNR and CNR were measured between main pulmonary artery, bilateral pulmonary arteries, lobar, segmental and subsegmental 

arteries. # indicates both readers’ assessment of pulmonary arteries by scoring images to 1: good to excellent quality, 2: adequate quality. 

Moynihan et al (22): CTPA 120 kVp protocol using bolus tracking for Group B and using test bolus for Group C. 

Suntharalingam et al (24): * indicates that SNR and CNR were measured between main pulmonary artery, bilateral pulmonary arteries, lobar and segmental 

arteries. # indicates consensus subjective assessment of image quality by two readers: 1: good to excellent, 2: adequate and 3 non-diagnostic quality. 
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2.4 Discussion 

 

This review analyses a total of 13 studies reporting the use of double low-dose CTPA 

in the diagnosis of pulmonary embolism, with results confirming the feasibility of 

using double low-dose CTPA in clinical practice. Significant reductions in both 

radiation and contrast medium doses have been reported in most of these studies, with 

image quality increased or unchanged between the low-dose and standard CTPA 

groups. This is clinically significant because use of contrast medium dose is associated 

with potential risk of renal injury, thus, reducing contrast medium along with reduction 

in radiation dose during CTPA represents an effective approach in daily clinical 

practice. 

CTPA has been widely used as a first line technique due to its high diagnostic accuracy 

in the detection of pulmonary embolism. However, increased use of CTPA raises 

concerns because of high radiation dose associated with CTPA (26, 27). Further, 

contrast-induced nephropathy is another concern which has attracted attention in the 

current literature. Low-dose CTPA has been widely studied with effective reduction 

in radiation dose according to some recent studies (9-13). This is confirmed in this 

review as the mean effective dose in low-dose CTPA group is less than 5 mSv in 9 out 

of 13 studies, with dose value less than 1.0 mSv in 3 studies. Of these 3 studies, CTPA 

with use of a high-pitch 3.2 and 70 kVp resulted in the lowest dose of 0.4 mSv (21), 

while in the other 2 studies, a low dose of 0.7 and 0.9 mSv was achieved in the CTPA 

protocol of 80 kVp and standard pitch 1.2 and 2.2 (13, 24). Therefore, use of the 

current dose-reduction techniques during CTPA enables significant dose reduction 

while still obtaining diagnostic images. 

When kVp is lowered from 120 to 100, 80 or 70, contrast medium can be further 

reduced due to the k-edge of iodine, which improves contrast enhancement in vessels 

(14, 21). It has been reported that use of low kVp and low iodine in CT angiography 

leads to significant reductions in both radiation dose and iodine content in terms of 

both volume and concentration of contrast medium while maintaining image quality 

(14, 21, 28-40). Using low dose and low concentration of contrast medium in CTPA 

without affecting image quality has significant clinical value, given the adverse effects 

of ionisation radiation and contrast-induced renal nephropathy (41-43). This is also 

confirmed in this review as the double low-dose CTPA results in reductions in 
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effective dose and contrast medium volume, with image quality unchanged or even 

improved in the low-dose protocol groups. The contrast medium dose less than 50 ml 

was reported in more than 60% of studies in the low-dose group, with lowest doses 

being 20 ml in two studies and 25 ml in one study. Of these studies using the lowest 

contrast doses, quantitative and qualitative assessment of image quality was improved 

compared to the standard group in two studies, and remained unchanged in one study. 

Thus, this review further validates the feasibility and effectiveness of using double 

low-dose CTPA protocol. 

Despite promising findings noted in this review, some limitations need to be 

acknowledged. First, due to strict selection criteria, only a small number of studies are 

eligible for analysis. Small sample size is another limitation as in more than half of the 

studies (8 out of 13), the number of patients in each group was less than 50 cases. 

Further, due to heterogeneity in the study design, such as use of dual-source CT, dual-

energy CT, or triple-rule-out CTA protocol, only a general systematic review was 

conducted as we could not perform a meta-analysis. Second, not all of the studies 

provided the information on radiation dose. Dose values were not available in two 

studies (9, 23), despite dose reduction was provided in these studies. Third, for 

calculation of effective dose, different conversion coefficient factors were used 

including 0.014, 0.016 and 0.017, thus, the reported radiation dose values could be 

variable among these studies. Fourth, dual-energy CTPA with use of low-dose 

protocol was only reported in two studies. Given the advantages of virtual 

monoenergetic imaging and material decomposition with dual-energy CT such as 

iodine-based material decomposition, it is expected to improve image quality and 

diagnostic value of CTPA by minimising radiation dose. Recent studies have shown 

the significant reduction in radiation dose or contrast medium using dual-energy CT 

compared to single energy CT while providing excellent image quality for diagnosis 

of pulmonary embolism (44-46). More studies with use of double low-dose dual 

energy CTPA deserve to be investigated. 

Finally, body mass index (BMI) for the low-dose and standard dose groups was only 

available in 6 out of 13 studies, and the CTPA protocols with use of low kVp and low 

contrast medium was compared in these patients with BMI <30 kg/m2. Thus, further 

studies with inclusion of patients with BMI >30 kg/m2 should be conducted to 

determine if the double low-dose CTPA is still feasible in patients with large BMI. 
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Further, some recent studies have shown the dose reduction using low tube voltage of 

90 kVp CTA with improved image quality and similar diagnostic value when 

compared to the standard 120 kVp protocol (47, 48). 

 

In conclusion, this review shows that it is feasible to achieve significant reductions in 

both radiation dose and contrast medium dose in the diagnosis of pulmonary embolism 

by CT pulmonary angiography. Double low-dose CT pulmonary angiography through 

lowering tube voltage and contrast medium dose (either iodine concentration or 

volume) allows for acquisition of diagnostic images with similar or even improved 

image quality compared to the standard CT pulmonary angiography protocol. Further 

studies based on large cohort of patients and at multi-center sites are required to 

confirm the clinical value of double low-dose CT pulmonary angiography. 
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Chapter 3 

 

Patient-specific 3D printed pulmonary artery model: A preliminary study 
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3.1 Introduction  

 

Three-dimensional (3D) printing is a rapidly developing technique showing increasing 

interest and great potential in medicine (1-5). The diagnostic application of using 

patient-specific 3D printed models has been reported in the diagnostic assessment of 

cardiovascular disease, pre-surgical planning and simulation, as well as medical 

education (6-13). These studies created 3D printed realistic models using either 

computed tomography (CT) or magnetic resonance imaging (MRI) or 

echocardiography data with accurate replication of anatomical structures and 

pathological changes. A recent systematic review of 48 studies has demonstrated the 

usefulness of 3D printed models in replicating complex cardiovascular anatomy with 

high accuracy, serving as a valuable tool for pre-surgical planning and simulation of 

cardiovascular disease, and medical education to healthcare professionals and medical 

students (14). 

To the best of our knowledge, very few research studies have been conducted in the 

diagnostic assessment of 3D printed models in pulmonary artery diseases (15). CT 

pulmonary angiography (CTPA) is the preferred imaging modality in the diagnosis of 

pulmonary embolism (16-20). Although CTPA has high diagnostic value in detecting 

pulmonary embolism, it has disadvantages of the associated high radiation dose. 

Further, administration of contrast medium during CTPA represents another limitation 

with a potential risk of contrast-induced nephropathy (21, 22). Therefore, reduction of 

both radiation and contrast medium doses during CTPA is the current research 

direction with promising results achieved. 

According to these studies, there is still potential for further lowering of the radiation 

and contrast medium doses during CTPA. To test the feasibility of different protocols, 

a realistic anatomic phantom is an ideal option, and a 3D printed model serves this 

purpose. Thus, the primary aim of this study was to use a patient-specific 3D printed 

pulmonary artery model to test different CTPA protocols with the aim of identifying 

optimal CTPA protocol. Further, potential factors including image segmentation, 

editing and 3D printing processes could affect the dimensional accuracy of 3D printed 

models (23, 24). Witowski et al in their recent systematic review indicates the lack of 

quantitative methods to validate liver model accuracy (25). Similarly, no studies have 

reported the quantitative assessment of 3D printed pulmonary model accuracy. 
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Therefore, the secondary aim of this study was to quantitatively assess the model 

accuracy of 3D printed pulmonary artery model in delineating anatomical structures. 

3.2 Materials and Methods   

 

3.2.1 Sample image selection 

 

CTPA images from a 53-year-old female with suspected pulmonary embolism were 

selected in this study to generate 3D reconstructed pulmonary artery model for 3D 

printing. CTPA showed normal pulmonary artery without any sign of pulmonary 

embolism. The CT scan was performed on a 128-slice scanner (Siemens Definition 

Flash, Siemens Healthcare, Forchheim, Germany) with slice thickness of 1.0 mm and 

reconstruction interval of 0.6 mm. 

3.2.2 Image post-processing and segmentation for 3D printing  

 

Original digital imaging and communications in medicine (DICOM) of CTPA images 

were transferred to a separate workstation equipped with Analyze 12.0 

(AnalyzeDirect, Inc., Lexana, KS, USA) for image processing and segmentation. 

Semi-automatic approach was used to perform image postprocessing and 

segmentation of 3D volume data. A CT number thresholding technique was first used 

to produce 3D volume rendering images with inclusion of the pulmonary trunk, left 

main and right main pulmonary arteries. In brief, CT attenuation in the pulmonary 

arteries was measured (around 150 Hounsfield unit [HU]) and applied as the lowest 

threshold to demonstrate only contrast-enhanced pulmonary arteries and cardiac 

chambers, while soft tissue, pulmonary veins and other structures with CT attenuation 

less than 150 HU were removed as the focus of this study was pulmonary arteries. 

Bony structures and cardiac chambers have high CT attenuation (>300 HU), thus, 

removal of these structures was conducted by the function of Object Separator that is 

available with Analyze 12.0.  Some manual editing was applied to ensure the accuracy 

of 3D model in the delineation of pulmonary arterial tree. This involved further 

removal of some structures that were still included in the 3D volume data such as 

overlapping tissues and presence of artifacts, and applying a median filter to remove 

some image noise for better definition of pulmonary arteries with side branches.  The 

generated model of the segmented pulmonary arteries was subsequently exported to 
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the Standard Tessellation Language (STL) file format which is commonly used for 3D 

printing. Figure 3.1 shows the steps of image post-processing and segmentation from 

original 2D DICOM images to generation of segmented volume data and STL file to 

the final step of 3D printed model. 
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Figure 3.1 Flow diagram shows the image post-processing and segmentation steps from 2D 

CT images to creation of 3D printed model. Original 2D DICOM (Digital Imaging and 

Communications in Medicine) images were used to create 3D volume rendering image with 

use of CT number thresholding technique to display contrast-enhanced vessels (blue colour-

pulmonary arteries, pink colour-aorta and its branches, while colour-left atrium and 

pulmonary veins). 3D volume rendering of pulmonary artery tree is segmented through semi-

automatic segmentation and manual editing. STL (Standard Tessellation Language) file of 3D 

segmented volume data was generated for 3D printing of patient-specific 3D printed model. 

 

The STL file of 3D segmented pulmonary artery was uploaded to Shapeways, an 

online 3D printing service (26). The model was printed in ‘Elasto Plastic’ material, 

which has material property closest to that of arterial wall (27).  

 

3.2.3 CTPA scanning protocols for 3D printed model 

 

To determine the accuracy of the 3D printed model in replicating anatomical 

structures, a series of CTPA scans were conducted on the 3D printed pulmonary artery 

model with different scanning protocols.  A total of nine scans were performed, in 

which three tube voltages of 80, 100 and 120 kVp, three pitch values of 0.7, 0.9 and 

1.2 were tested. The 3D printed model was placed in a plastic box filled with a contrast 

medium (Omnipaque 370) (Figure 3.2), and scans were performed on a 64-slice CT 

scanner (Siemens Definition AS, Siemens Healthcare, Forchheim, Germany) with 

slice thickness of 1.0 mm and reconstruction interval of 0.6 mm. The contrast medium 

was diluted to 6% resulting in CT attenuation of 150 HU which is similar to that of 

clinical CTPA examination. DICOM images of the scanned model were transferred to 

a workstation for measurements of pulmonary artery diameters and image quality. 
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Figure 3.2 3D printed pulmonary model is placed in a plastic box which is used to be filled 

with contrast medium for CT scans. 

 

3.2.4 Measurements of pulmonary artery diameters 

 

Diameter measurements at the pulmonary trunk, right and left main pulmonary arteries 

were performed on original CTPA images, STL file, 3D printed model and post-3D 

printing scanned CT images. Measurements were performed by two observers with 

more than 10 years of experience in CT imaging, with each measurement repeated 

three times. The two observers performed measurements separately and the results 

showed a very high correlation between these two observers (r=0.99-1.0, p<0.001). 

Figure 3.3 shows an example of measuring the pulmonary trunk using an electronic 

calliper. 
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Figure 3.3 Measurement of the diameter of a pulmonary trunk using an electronic calliper. 

 

 

3.2.5 Quantitative measurements of image quality 

 

Image quality was assessed by measuring the image noise, which is defined as 

standard deviation (SD) of CT attenuation (HU) in the pulmonary arteries. A circular 

region of interest with a diameter of 50 mm2 (containing 300 voxels within the ROI) 

was placed at the pulmonary trunk, left main and right main pulmonary arteries to 

measure the signal-to-noise ratio (SNR) which is defined as:  

SNR = CT attenuation in the pulmonary artery / SD 

Figure 3.4 is an example showing measurement of image quality (SNR) at the 

pulmonary trunk, left main and right main pulmonary arteries. Contrast-to-noise ratio 

(CNR) was not measured in this study due to lack of background tissue since 3D 

printed model was immersed into the contrast medium. The two observers performed 
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measurements separately and the results showed a high correlation between these two 

observers (r=0.99-1.0, p<0.05). 

 

 

Figure 3.4 Region of interest is placed at the pulmonary trunk, right and left main pulmonary 

arteries for measurement of image quality. 

 

 

3.2.6 Radiation dose 

 

Radiation dose values in terms of volume CT dose index (CTDIvol) and dose length 

product (DLP) were available on the CT console. Effective dose (ED) was calculated 

by multiplying the DLP by a tissue coefficient factor, which is 0.014 mSv.mGy.cm 

for chest CT scan (28).  

 

3.2.7 Statistical analysis 

 

Data were entered into MS Excel for analysis. Continuous variables were presented as 

mean ± standard deviation. A paired sample Student T test was used to determine any 

significant differences between measurements performed at original CT, STL, 3D 

printed model and post-3D printing scanned images, with p value of less than 0.05 

indicating statistical significance. 
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3.3 Results   

 

CT scans of the 3D printed pulmonary artery model were successfully performed. 

Table 3.1 shows measurements of the main pulmonary arteries made with different 

scanning protocols when compared to the original CTPA images with differences less 

than 0.8 mm, indicating high accuracy of 3D printed model in replicating anatomical 

structures. There was also very good correlation between measurements on STL file 

in comparison to those on original CT images, post-3D printed CT images and 3D 

printed model, with the mean difference less than 0.5 mm.
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Table 3.1 Diameters of pulmonary arteries measured on CT scanned 3D printed model 

Measurement 

locations  

80 kVp protocol (mean mm) 100 kVp protocol (mean mm) 120 kVp protocol (mean mm) 

Pitch 

0.7 

Pitch 

0.9 
Pitch 1.2 

Pitch 

0.7 

Pitch 

0.9 
Pitch 1.2 

Pitch 

0.7 

Pitch 

0.9 

Pitch 

1.2 

Pulmonary 

trunk 
25.44 25.97 25.59 25.77 25.13 25.1 25.97 25.86 25.94 

Left 

pulmonary 

artery 

26.57 26.11 26.88 26.25 26.72 26.31 26.22 26.79 26.86 

Right 

pulmonary 

artery  

21.77 21.88 21.45 21.66 21.07 21.41 21.23 21.23 21.45 

LPA-left pulmonary artery, RPA-right pulmonary artery, STL-standard tessellation language 

 

Table 3. 2 Diameters of pulmonary arteries measured on original CT images, STL images and 3D printed model 

Measurements on 

datasets 

Pulmonary trunk 

(mean mm) 

Left main pulmonary 

artery (mean mm) 

Right main 

pulmonary artery 

(mean mm) 

Original CT images 25.93 26.20 21.63 

STL images 25.98 26.03 21.90 

3D printed model 25.85 26.02 21.84 

3D: Three-dimensional, CT: Computed tomography, STL: Standard tessellation language
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Table 3.3 shows SNR measurements at different CTPA protocols with corresponding 

radiation dose values. With 80 and 100 kVp protocols, SNR was slightly decreased 

when pitch was increased from 0.7 to 0.9 and 1.2, although this did not reach 

significant difference in measurements with these protocols (p=0.96-0.99). With 120 

kVp protocol, SNR was slightly increased with the increase of pitch in most of the 

measurements, with no statistical significance difference noted (p=0.97-0.99). 
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Table 3.3 Quantitative measurement of image quality and radiation dose in different CT scanning protocols 

Measurement 

locations 

80 kVp protocol 100 kVp protocol 120 kVp protocol 

Pitch 

0.7 

Pitch 

0.9 

Pitch 

1.2 

Pitch 

0.7 

Pitch 

0.9 

Pitch 

1.2 

Pitch 

0.7 

Pitch 

0.9 

Pitch 

1.2 

SNR at pulmonary 

trunk 13.28 12.79 11.41 20.29 14.68 13.36 17.18 19.46 18.99 

SNR at left main 

pulmonary artery 13.44 12.16 10.59 14.81 14.73 10.97 14.18 16.28 16.27 

SNR at right main 

pulmonary artery 10.25 10.84 10.08 15.11 10.97 11.19 15.21 17.35 15.72 

CTDIvol (mGy) 5.81 5.73 5.62 12.96 12.84 12.64 23.12 22.90 22.61 

DLP (mGy.cm) 128 128 128 286 286 286 510 511 514 

ED (mSv) 1.79 1.79 1.79 4.04 4.04 4.04 7.14 7.15 7.19 

SNR: Signal‑to‑noise ratio, DLP: Dose‑length product, ED: Effective dose, CTDIvol: Volume CT dose index 
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Table 3.3 also shows radiation dose values associated with these CTPA protocols. As 

shown in Table 3, CTDIvol and DLP remained almost the same despite the use of 

different pitch values, mainly due to the use of tube current modulation. With 80 kVp 

as the selected protocol, the effective dose was reduced by 55% and 75% when kVp 

was lowered from 100 and 120 kVp, respectively, while still maintaining diagnostic 

image quality. Figure 3.5 shows coronal reformatted CT images acquired with 9 

different protocols with good visualisation of the pulmonary trunk and left and right 

main pulmonary arteries. 

 

 

A 

B 
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Figure 3.5 CT pulmonary angiography scanning protocols in the 3D printed model. 

2D coronal reformatted images showing main pulmonary trunk, right and left main 

pulmonary arteries with 80 kVp, pitch 0.7, 0.9 and 1.2 (A), 100 kVp, pitch 0.7, 0.9 

and 1.2 (B), 120 kVp, pitch 0.7, 0.9 and 1.2 (C). 

 

3.4 Discussion   

 

This preliminary study has two main findings: Firstly, 3D printed pulmonary artery 

model has high accuracy in replicating anatomical structures, thus it can be used as a 

reliable tool for testing CT scans. Secondly, an optimal CTPA protocol can be 

developed through testing different scanning protocols on the 3D printed model, with 

a protocol of 80 kVp and pitch 0.9 being the optimal one with resultant low radiation 

dose but maintaining diagnostic image quality. 

 

3D printed models have been shown to enhance understanding of complexity of 

cardiovascular disease by demonstrating accuracy of delineating anatomical structures 

and pathologies, pre-operative planning and simulation, and medical education (6-15). 

Case reports and case series studies have proved successful applications of 3D printed 

models in assisting diagnosis and clinical management of congenital heart diseases 

including pulmonary artery abnormalities (29-33). A recent case report discussing the 

3D printed model of ventricular septal defect (VSD) and pulmonary atresia showed 

C 
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that 3D printing assisted the development of preoperative planning and treatment 

approach for managing this complex case (30). Sahayaraj et al further confirmed the 

clinical value of using 3D printed model in managing complex cardiovascular cases 

involving great vessels (31). The 3D printed model was found to have great value in 

improving understanding of the spatial relationship between cardiac chambers, VSD 

and great arteries, with biventricular physiologic repair successfully performed owing 

to the increased spatial perception provided by the 3D printed model. 

Biglino and colleagues provided an insight into the clinical applications of 3D printed 

heart model based on the perspective from different stakeholders (29). The 3D printed 

model was considered by surgeon and cardiologist to improve understanding of the 

3D relationship of different structures, such as better demonstrating the narrowed 

pulmonary artery and the dilated ascending aorta. Medical imaging specialist 

considered that 3D printed model improved communication in multidisciplinary 

meetings, thus allowing better decision-making in patient treatment. Further, a 

medical student indicated the great potential of 3D printed models in teaching anatomy 

and pathology (29).  

Despite promising results about the clinical value of 3D printed models, reports on the 

dimensional accuracy of 3D printed pulmonary artery model are scarce. Most of the 

current studies focus on the accuracy of 3D printed heart models, in particular, 

congenital heart disease with good correlation between 3D printed models and original 

source images (5-9). However, in their recent study, Ho et al reported the mean 

difference of more than 1.0 mm in aortic vessel diameters between contrast-enhanced 

CT images before and after 3D printing (34). The variance in dimensional accuracy 

was also demonstrated by Lau et al who showed the mean diameter difference between 

3D printed model of brain tumour and original images being 0.98%, which exceeds 

the recommended 0.5% deviation (35). Findings in this study showed high accuracy 

of the 3D printed pulmonary artery model with the mean difference less than 0.5% 

deviation in measurements between pre- and post-3D printing images. Thus, results of 

CT scans based on the 3D printed model could be used as a reliable source for 

determining optimal scanning protocols in terms of acquiring diagnostic images with 

radiation dose reduction. 
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Increased use of CTPA in clinical practice has raised concerns because of its 

associated high radiation exposure and potential risk of contrast-induced nephropathy 

(16, 20). Therefore, optimisation of CTPA protocol is a hot topic in the current 

literature with successful reductions in both radiation dose and contrast medium dose 

achieved. Findings of this study are in line with these previous reports on patient’s 

data (16, 20). Low tube voltage and low pitch value such as 80 kVp and 0.9 is preferred 

with acquisition of acceptable diagnostic images (similar SNR values) but low 

radiation dose when compared to the protocol of 100 or 120 kVp and high pitch value. 

The current multislice CT scanners are equipped with latest dose-reduction protocols, 

such as automatic tube current or tube potential modulation, therefore, high pitch is 

not recommended. The pitch of 0.9 as recommended by this study is consistent with 

Boos et al who also proposed the 70 kVp and pitch of 0.9 CTPA protocol (36). We 

did not include 70 kVp in this study as 100 or 120 kVp is commonly used in CTPA. 

Further, due to 3D printed model being static instead of having hemodynamic flow 

features, we did not assess the effect of changing contrast medium volume on image 

quality. This could be addressed in further studies. 

 

Despite promising results, this study has several limitations which need to be 

acknowledged. Firstly, the 3D printed model was based on a normal case without 

showing any sign of pulmonary embolism. Thus, no subjective assessment of image 

quality was conducted. Experiments on the optimal CTPA protocols in the detection 

of pulmonary embolism with use of 3D printed model are under investigation. 

Secondly, although the 3D printed model was made with elastic material, it still does 

not represent the real tissue properties of vascular wall. Further, the phantom was 

scanned in a static condition instead of representing realistic CTPA with blood 

circulating to the pulmonary arteries. Finally, due to including only one case, we did 

not perform Bland-Altman assessment of degree of agreement in measurements 

between pre- and post-3D printing images. Further studies should include more cases 

for generating 3D printed models, which would allow for more reliable detection of 

trends in bias. 
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In conclusion, we have shown the feasibility of generating patient-specific 3D printed 

pulmonary artery model with high accuracy in replicating normal anatomical 

structures. The 3D printed model is used to test different CT pulmonary angiography 

protocols with the protocol of 80 kVp, pitch 0.9 with 1 mm slice thickness and 

reconstruction interval of 0.6 mm being the optimal one. Future research based on 

simulation of pulmonary embolism with different CT scanning parameters is needed 

to determine the clinical value of 3D printed model in detection of pulmonary 

embolism with lower radiation dose while still maintaining diagnostic image quality. 
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Chapter 4  

 

Optimization of computed tomography pulmonary angiography protocols using 

3D printed model with simulation of pulmonary embolism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

4.1 Introduction 

 

Computed tomography pulmonary angiography (CTPA) is currently the preferred 

imaging modality for diagnosis of suspected pulmonary embolism (PE). With 

improved spatial and temporal resolution available with modern CT scanners, CTPA 

has high diagnostic accuracy in the detection of segmental and subsegmental PE (1-

3). However, the high radiation dose associated with CTPA is still a concern, given 

the high prevalence of PE and widespread use of less-invasive imaging for clinical 

diagnosis (1-5). Therefore, improvements in CT technique to minimize radiation dose 

are necessary. 

A number of strategies have already been developed which include low tube voltage 

(kVp), use of iterative reconstruction (IR) for reducing image noise, and use of high-

pitch protocols with fast speed CT scanners (6-13). Significant progress has been 

achieved with use of these dose-reduction strategies with radiation dose lowered to 

less than 2 mSv, according to some recent studies (14-16). Despite these promising 

results, further dose reduction by combining different parameters remains to be 

determined. Thus, the purpose of this study was to investigate the optimal CTPA 

protocols with use of different kVp and pitch values. Since it is unethical to scan 

patients with different CT protocols, we decided to use a patient-specific 3D printed 

pulmonary artery model with simulation of PE in the pulmonary arteries. In our 

previous paper, we described how we developed a 3D printed pulmonary artery model 

and confirmed its accuracy and validity in replicating normal pulmonary arteries by 

testing different CT scanning parameters on it (17). 

In this publication we describe how we extended our previous research by inserting 

thrombus in the pulmonary arteries to simulate PE, and scanning the model with 

different CTPA protocols. Although patient-specific 3D printed models have been 

reported in the literature with regard to their accuracy and usefulness in preoperative 

planning and simulation (18-23), to the best of our knowledge, this is the first study 

using a 3D printed pulmonary artery model with thrombus inside the arteries for 

determining optimal CTPA protocols. 
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4.2 Materials and Methods 

 

4.2.1 Selection of sample case and image post-processing and segmentation 

 

CTPA images of patients with suspected PE were retrospectively reviewed and one 

sample case with normal CTPA findings without any sign of pulmonary embolism 

was selected for generation of the pulmonary artery model with details provided in our 

previous study (17). 

The same approach was used to perform image post-processing and segmentation of 

CTPA images as described previously (17). Figure 4.1 shows the steps that were 

undertaken to generate a 3D segmented volume file for 3D printing of the pulmonary 

artery lumen. The 3D model was printed using an online printing service, Shapeways 

(24). An elastoplastic material was used to print the model since it has similar 

properties to that of arterial wall (25).
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Figure 4.1 Flow diagram shows the image post-processing and segmentation processes from 

original 2D CT images to creation of 3D printed model. Original DICOM images were used 

to create 3D volume rendering image for displaying contrast-enhanced vessels (blue colour-

pulmonary arteries, pink colour-aorta and its branches, white colour-left atrium and 

pulmonary veins). 3D volume rendering of pulmonary artery tree is segmented through a semi-

automatic segmentation approach with manual editing. STL (Standard Tessellation Language) 

file of 3D segmented volume data was generated for 3D printing of patient-specific 3D printed 

model. Reprinted with permission under the open access from (17). 

 

4.2.2 3D printing of pulmonary artery model with simulation of thrombus 

 

To simulate PE in the pulmonary arteries, animal blood clots which were obtained 

from a local butcher were inserted into the left and right main pulmonary arteries of 

the 3D printed model mimicking thrombus. To prevent the “thrombus” from moving 

during CT scans, the blood clots were large enough to be deployed in the main 

pulmonary arteries, thus remaining stable during the scans. 

 

4.2.3 CTPA scanning protocols 

 

The 3D printed pulmonary artery model with thrombi inside was placed in a plastic 

container which was filled with contrast medium to simulate contrast-enhanced CT 

examinations. The contrast medium OptirayTM 350 (Mallinckrodt Pty Ltd, NSW, 

Australia) was diluted to 7% with resulting CT attenuation of 200 HU similar to that 

of routine CTPA. CTPA scans were performed on a dual-source 128-slice CT scanner 

(Siemens Definition Flash, Siemens Healthcare, Forchheim, Germany) with beam 

collimation of 2 x 64 x 0.6 mm and gantry rotation of 330 ms. Tube current modulation 

was used for all scans while different kVp and pitch values were chosen (70, 80, 100 

and 120 kVp and pitch of 0.9, 2.2 and 3.2), resulting in a total of 12 datasets. A slice 

thickness of 1.0 mm with a 0.5 mm reconstruction interval was applied to all images, 

resulting in the voxel size of 0.29 x 0.29 x 0.29 mm3 for volumetric data. All images 

were reconstructed with sinogram affirmed iterative reconstruction (SAFIRE, 

Siemens Healthcare) at a strength level of 3, and a tissue convolution kernel of I30f. 
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4.2.4 Image post-processing and visualization of pulmonary embolism 

 

2D images in Digital Imaging and Communications in Medicine (DICOM) format 

were transferred to a workstation with Analyze V 12.0 (AnalyzeDirect, Inc., Lexana, 

KS, USA) for image post-processing and generation of 2D and 3D virtual intravascular 

endoscopy (VIE) images. VIE visualization provides intraluminal views of the arterial 

wall and abnormal changes such as stenosis due to calcification, plaque or thrombus, 

with details of generating VIE views described in our previous studies (26-30). In 

brief, a CT number thresholding technique was used to generate VIE views of the 

pulmonary artery and thrombus in these phantom images without being affected by 

artifact. Selection of an appropriate CT threshold is important to ensure that the VIE 

images are free from artifact with clear demonstration of intraluminal views of 

pulmonary artery wall and thrombus. Figure 4.2 is an example showing the 

relationship between VIE visualizations and different threshold selections. 

 

Figure 4.2 Generation of virtual intravascular endoscopy (VIE) of pulmonary embolism with 

selection of appropriate CT thresholds. Upper CT threshold was selected to start at 300 

Hounsfield unit (HU) showing the best visualization of intraluminal thrombus (long black 
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arrows). When upper threshold was reduced to lower levels, pierced artifacts (short black 

arrows) appeared in the arterial wall resulting in disruption of the arterial lumen. When upper 

threshold was increased to 400 HU, floating artifacts (white arrows) appeared in the arterial 

lumen affecting visualization of thrombus.  

 

 

 

 

4.2.5 Quantitative assessment of image quality 

 

To determine image quality among these CTPA protocols, quantitative assessment of 

image quality was performed by measuring the image quality in terms of signal-to-

noise ratio (SNR) in the main pulmonary arteries and within the thrombus regions. A 

region of interest (ROI) with an area of 25 mm2 (containing minimum 300 voxels) was 

placed in the main right and left pulmonary arteries to measure the SNR. In addition, 

a ROI with an area of 5 mm2 (containing 50 voxels) was placed within the thrombus 

region to measure SNR among these images. Figure 4.3 shows measurement of SNR 

in the main pulmonary arteries and within thrombus regions. Measurements were 

repeated three times at each location with the mean values used as the final to minimize 

intra-observer variability. All measurements were performed by two observers 

separately with excellent correlation between the observers (r=0.991, p<0.001) with 

mean values used as the final results. 

 

  

A B 
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Figure 4.3 Measurement of image quality to determine signal-to-noise ratio (SNR). A: 

measurement of image quality at the main pulmonary arteries. B: measurement of image noise 

within the thrombus at both sides of pulmonary arteries. 

 

4.2.6 Radiation dose measurement 

 

Volume CT dose index (CTDIvol) and dose length product (DLP) were recorded and 

compared between these CTPA protocols. Effective dose was calculated using a tissue 

conversion coefficient of 0.014 mSv/mGy/cm which is commonly used for calculation 

of chest CT dose (31). 

4.2.7 Statistical analysis 

 

Data were entered into SPSS 24.0 (IBM Corporation, Armonk, NY, USA) for 

statistical analysis. Continuous variables were presented as mean and standard 

deviation. A paired sample t test was used to determine whether there are any 

significant differences in SNR measured with different CTPA protocols. A p value of 

less than 0.05 indicates a statistically significant difference. 

 

 

 

4.3 Results 

 

CTPA scans were successfully tested on the 3D printed model with use of different 

imaging protocols. Table 4.1 shows SNR measurements at images acquired with 

different CTPA protocols. Apparently SNR measured within the thrombus on both 

sides was significantly higher in images acquired with higher kVp such as 100 and 

120 protocols than that in the low 70 and 80 kVp protocols (p<0.001). There were no 

significant differences in SNR measurements across all 100 and 120 kVp protocols 

(p>0.05), regardless of the pitch values. SNR was significantly lower in the high-pitch 
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protocols with 70 and 80 kVp, when compared to the protocols with use of pitch values 

of 0.9 and 2.2 (p<0.01). 
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      Table 4.1 Measurements of SNR in images acquired with different CTPA protocols and associated radiation dose 

Pitch values/ 

SNR and 

radiation 

dose 

70 kVp 80 kVp 100 kVp 120 kVp 

0.9 2.2 3.2 0.9 2.2 3.2 0.9 2.2 3.2 0.9 2.2 3.2 

Right main 

pulmonary 

artery 

37.06 

± 5.24 

30.69 

± 1.29 

27.42 

± 1.81 

 32.91 

± 0.60 

30.53 

± 4.41  

24.51 

± 1.63 

 29.06 

± 1.38 

28.01 

± 1.23 

30.89 

± 2.90 

36.13 

± 0.55 

39.15 

± 0.71 

42.09 

± 1.19 

Left main 

pulmonary 

artery 

40.22 

± 3.94 

29.89 

± 0.30 

20.87 

± 2.03 

35.27 

± 1.10 

28.35 

± 1.30 

25.63 

± 0.79 

34.38 

± 1.46 

31.31 

± 1.23 

36.86 

± 2.51 

58.83 

± 1.07 

47.54 

± 2.32 

67.30 

± 3.90 

Within right 

thrombus  

4.22 ± 

0.13 

4.16 ± 

0.02 

3.28 ± 

0.16 

4.84 ± 

0.30 

5.02 ± 

0.30 

4.92 ± 

0.37 

6.52 ± 

0.27 

6.44 ± 

0.33 

6.37 ± 

0.59 

10.55 

± 0.71 

9.10 ± 

0.65 

10.07 

± 1.41 

Within left 

thrombus 

6.02 ± 

0.50 

4.99 ± 

0.43 

4.83 ± 

0.49 

6.48 ± 

0.26 

6.49 ± 

0.42 

4.82 ± 

0.42 

13.02 

± 0.51  

12.36 

± 1.27 

10.61 

± 1.04 

13.27 

± 1.27 

11.73 

± 0.73 

10.89 

± 1.09 

CTDIvol 

(mGy) 
0.41 0.15 0.12 0.42 0.21 0.21 1.01 0.55 0.55 2.22 1.05 1.05 

DLP 

(mGy/cm) 
5.9 2.7 2.2 6.2 4 3.6 14.6 10.3 9.5 32.2 19.7 18.1 

Effective 

dose (mSv) 
0.08 0.04 0.03 0.09 0.06 0.05 0.20 0.14 0.13 0.45 0.28 0.25 

CTPA-computed tomography pulmonary angiography, SNR-signal-to-noise ratio 
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SNR measured outside the thrombus in the main pulmonary arteries did not show any 

significant differences among these images acquired with 100 and 120 kVp protocols 

(p>0.05), except for the 120 kVp and pitch 3.2 protocol which shows significantly 

higher SNR than in the low pitch protocols (p<0.05). Similarly, SNR measured in 

images (both left and right main pulmonary arteries) acquired with 70 and 80 kVp and 

pitch of 3.2 protocol was significantly lower than that in other protocols (p<0.05). 

Figure 4.4 is an example showing coronal reformatted images of these CTPA 

protocols. When pitch was increased to 3.2, image noise was increased with use of 

low kVp protocols such as 70 and 80 kVp as shown in Figs 4.4A and 4.4B. However, 

the thrombi in the pulmonary arteries are clearly displayed on these images, despite 

the use of low-dose protocols. 
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Figure 4.4 CTPA protocols with use of different kVp and pitch values. When pitch was 

increased to 3.2, image noise was increased with 70 and 80 kVp protocols (A and B). In 

contrast, no significant change of image quality was noted with 100 and 120 kVp protocols 

(C, D), regardless of pitch values. 

  

A 

B 

 

 

C 

 

  

D 
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3D VIE images were generated and compared across different CTPA protocols with 

clear visualization of intraluminal views of pulmonary artery lumen and thrombus. 

Figures 4.5 shows a series of VIE images generated with these CTPA protocols. As 

shown in the images, VIE views of the arterial wall and thrombus were not affected 

by changing the kVp values, although 100 and 120 protocols produced VIE images 

with relatively smoother intraluminal appearances (Figs 4.5A-4.5C). VIE images were 

not affected by changing the pitch from 0.9 to 2.2 (Figs 4.5A and 4.5B), however, 

when pitch was increased to the high-pitch mode of 3.2, images acquired with the 70 

kVp protocol were affected, with irregular appearances of arterial wall and thrombi 

when compared to those protocols with use of 100 and 120 kVp (Fig 4.5C). 

  

A 
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Figure 4.5 Virtual intravascular endoscopy (VIE) of thrombus in images acquired with 

different CTPA protocols. Intraluminal views of the thrombus are clearly demonstrated with 

CTPA protocols using different kVp and pitch values of 0.9 and 2.2 (4.5A and 4.5B). When 

high pitch of 3.2 was used, irregular appearance of the thrombus (arrows) and some artifacts 

(arrowhead) appeared in the low kVp 70 protocol when compared to other protocols (4.5C). 

VIE: virtual intravascular endoscopy; CTPA-computed tomography pulmonary angiography. 

 

Table 4.1 shows CTDIvol and DLP as well as effective dose associated with these 

scanning protocols. With kVp reduced from 120 to 70 and use of high-pitch CTPA 

protocols, radiation dose was reduced by 33-89% when compared to the low kVp and 

low pitch protocols without compromising image quality. 

 

 

B 

C 

A 
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4.4 Discussion 

 

In this phantom study, we simulated PE in the main pulmonary arteries based on a 3D 

printed model and tested different CTPA protocols comprising a range of kVp and 

pitch values. Quantitative assessment of image quality showed no significant 

differences when kVp was lowered from 120 to 100 or 80 kVp, or pitch was increased 

from 0.9 to 3.2. This led to a significant dose reduction by more than 80% with use of 

low-dose CTPA protocols. 3D VIE image visualizations of pulmonary artery and 

thrombus demonstrated similar findings, although visualization of the thrombus was 

affected when the high pitch of 3.2 was used in the 70 kVp protocol. This study further 

confirms the feasibility of using a low-dose CTPA protocol in the detection of PE 

while maintaining acceptable image quality. 

CTPA is currently recommended as the first line imaging modality in the diagnosis of 

suspected PE, given the high spatial and temporal resolution available with current CT 

scanners, and the high diagnostic yield (4, 13). Technical developments of CT imaging 

have led to significant dose reductions with use of various dose-saving strategies 

including low kVp, use of IR algorithms, tube current modulation, high-pitch protocol 

and use of dual energy CT (2, 32, 33). Low-dose CTPA using 70 or 80 kVp and high-

pitch mode has been proved to achieve diagnostic image quality compared to the 

standard CTPA protocol, while significantly reducing radiation dose (9, 11-14). 

However, research on the investigation of image quality in normal pulmonary arteries 

and pulmonary embolism is still limited. This study adds valuable information to the 

current literature by exploring a variety of CTPA protocols including the lowest kVp 

and highest pitch value of 3.2 that is available in the literature. 

A high-pitch CT protocol is available with fast speed CT scanners and decreases 

radiation dose significantly when pitch is increased from the standard 0.9 to 2.2 or 

more than 3.0. However, increasing pitch during CT scans is associated with 

compromising spatial resolution, which could increase image noise affecting 

diagnostic quality. We confirmed this in our study as image noise was increased in the 

70 and 80 kVp protocols with a pitch of 3.2 (Figs 4.4A, 4.4B). This is especially 

apparent when visualizing the intraluminal thrombus at the images acquired with 70 
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kVp and the 3.2 pitch protocol (Fig 4.5C). Despite this potential limitation, clinical 

studies have shown the feasibility of using high-pitch CTPA protocols in the diagnosis 

of PE without losing image quality (12-14, 34). 

Buchner et al (34) in their large single center study compared high-pitch CTPA (180 

mAs with filtered back projection and pitch 1.2, and 90 mAs with IR, pitch 3.0) with 

standard pitch (180 mAs and pitch 1.2) and 100 kVp in 382 patients. No significant 

difference was noticed in image quality among these 3 groups, while significant 

reduction of radiation dose was found in the high-pitch and low tube current group 

(p<0.001). Their results are consistent with other reports on the use of combining low 

kVp with high-pitch protocols (12-15). Lowering kVp to 80 or 70 in the high-pitch 

CTPA protocol could be challenging due to the potential risk of compromising image 

quality. This was observed in our study as the SNR measured with 70 and 80 kVp 

protocols was significantly lower than that measured with 100 or 120 kVp protocols 

(Table 4.1). Further, 3D visualization of intraluminal appearances of thrombus and 

pulmonary artery wall is affected by artifact due to increased image noise with 70 kVp 

and high pitch 3.2 protocol. Previous studies focused on 2D (axial and multiplanar 

reformation) images for detecting PE with low-dose CTPA protocols (12-15, 34), 

while in this study, we assessed both 2D and 3D VIE images acquired with different 

CTPA protocols and corresponding image quality for visualization of PE, thus, our 

results provide additional information to the current literature. 

With rapid developments in 3D printing techniques and increasing applications in the 

medical field, patient-specific 3D printed models have been shown to be highly 

accurate in replicating normal anatomical structures and pathologies (17, 20-23). Our 

recent study (17) has demonstrated the accuracy of a 3D printed pulmonary artery 

model with successful testing of different CT scanning protocols on the model. To our 

knowledge, this is the first report of using a patient-specific 3D printed pulmonary 

model for determining optimal CTPA protocols. Findings of this study are expected 

to encourage more research 3D printing techniques in other applications to develop 

low-dose CT protocols. 

There are some limitations in this study. First, despite a realistic 3D printed model 

being used for studying different CTPA protocols, the model was not placed in an 

environment which simulated normal anatomic regions such as lungs, ribs, bones or 
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heart. Thus, the radiation dose associated with these protocols is much lower than the 

actual value as reported in other studies due to the small field of view in these CT 

scans. Confirmation of results with simulation of normal thoracic structures are 

required. Second, only SNR was measured to determine image quality while no 

contrast-to-noise ratio (CNR) was measured. This is due to the reason that the 3D 

printed model was immersed in the diluted contrast medium instead of only filling the 

pulmonary arteries with contrast medium. Quantitative assessment of image quality 

using both SNR and CNR would allow us to draw robust conclusions. Third, 

pulmonary embolism was simulated in the main pulmonary arteries, while no blood 

clot was used in the peripheral arteries to simulate embolism. Although CTPA has 

high diagnostic value, accurate detection of peripheral (segmental or subsegmental) or 

small thrombus in the peripheral pulmonary artery branches with a low-dose protocol 

would be required. This is currently being investigated with the aim of simulating 

small emboli in the peripheral arterial branches. Finally, no subjective assessment of 

image quality was included due to the fact that the pulmonary emboli were large. This 

could be assessed in the ongoing study with simulation of peripheral pulmonary 

embolism with different CTPA protocols. 

In conclusion, we have demonstrated the feasibility of simulating pulmonary 

embolism in a 3D printed pulmonary model with different CT scanning protocols 

tested. Low-dose CTPA protocol is achievable with use of low kVp such as 70 or 80 

with acceptable image quality. When high-pitch of 3.2 is used for CTPA, kVp can be 

lowered to 80 or 100 without compromising image quality in most of the protocols. 

Use of a low-dose CTPA protocol by combining 70 kVp with high-pitch 3.2 should 

be avoided due to its negative impact on the image quality of both pulmonary arteries 

and thrombus, as well as on intraluminal visualization of thrombus and pulmonary 

artery wall. Further studies on a low-dose CTPA protocols for detection of peripheral 

pulmonary embolism are underway. 
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Chapter 5 

 

Patient-specific 3D printed pulmonary artery model with simulation of 

peripheral pulmonary embolism for developing optimal computed tomography 

pulmonary angiography protocols  
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5.1 Introduction 

 

Computed tomography pulmonary angiography (CTPA) is increasingly used in the 

diagnosis of patients with suspected pulmonary embolism (PE) due to its high 

sensitivity and specificity for detecting segmental and subsegmental PE (1-5). 

However, the high radiation dose associated with the increased use of CTPA 

examinations has raised concerns leading to the paradigm shift of developing optimal 

CTPA protocols to lower radiation dose while still achieving diagnostic images. Low-

dose CTPA protocols have been reported in some studies showing the feasibility of 

reducing tube voltage to 80 and 70 kVp with use of high pitch values with resultant 

effective dose of less than 2 mSv (6-13). The main disadvantage of lowering tube 

voltage during CTPA is associated with increased image noise, with noise further 

increased when a high pitch protocol is used. Use of iterative reconstruction (IR) 

algorithms have been shown to compensate for increased image noise arising from 

low kVp protocols, thus improving image quality for diagnosis of PE (14-17). This 

has created potential opportunities for developing low-dose CT protocols through 

combining low kVp and high pitch protocols with IR. 

 

Testing different CT protocols on a 3D printed realistic anatomy model represents a 

new research direction for investigation of optimal CT angiography protocols as 3D 

printed models accurately replicate both normal anatomical structures and pathologies 

(18-23). In our previous papers, we reported how we developed a patient-specific 3D 

printed pulmonary artery model with high accuracy, and tested different CTPA 

protocols on the model with simulation of thrombus in the main pulmonary arteries 

(24, 25). Through quantitative assessment of image quality, we concluded that low-

dose CTPA is achievable with tube voltage lowering to 100 and 80 kVp and use of 

high pitch 3.2 with more than 80% radiation dose reduction without compromising 

image quality. In this study we extended our previous research by simulating thrombus 

in the peripheral pulmonary arteries and scanning the model with different parameters 

using the latest CT scanner, the 3rd generation dual-source CT, Siemens Force. Further, 

advanced modelled iterative reconstruction (ADMIRE) available with the Siemens 

Force system is the latest IR algorithm which offers higher radiation dose reduction 

while reducing image noise and minimizing artifacts. The purpose of this study was 
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to determine optimal CTPA protocols for detection of small and peripheral thrombus 

in the pulmonary arteries with resulting low radiation dose and acceptable diagnostic 

images. 

 

5.2 Materials and Methods 

 

5.2.1 3D printed pulmonary artery model 

 

This study used the same 3D printed pulmonary artery model as reported in our 

previous papers (24, 25). The model was confirmed to be highly accurate in 

delineating anatomical structures of pulmonary arteries with successful simulation of 

pulmonary embolism in the main pulmonary arteries. 

 

5.2.2 Simulation of thrombus in the peripheral pulmonary arteries 

 

Animal blood clots were obtained from a local butcher with small amounts inserted 

into the peripheral pulmonary arteries to mimic pulmonary embolism. Figure 5.1 

shows selection of small thrombus for insertion into the distal pulmonary artery 

branches prior to CT scans. 
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A     B 

Figure 5.1 Procedure to insert blood clots in the 3D printed pulmonary artery model. A: Blood 

clots which were obtained from a local butcher were broken into small pieces. B: Insertion of 

small blood clots in the peripheral segments of pulmonary arteries in the 3D printed model. 

 

5.2.3 CTPA scanning protocols 

 

Similar to our previous papers, the 3D printed model with peripheral thrombus in the 

pulmonary arteries was immersed in a plastic container which was filled with diluted 

contrast medium to create a CT attenuation of 200 HU which is similar to that of CTPA 

examinations (Fig 5.2). CTPA scans were performed on a 3rd generation dual-source 

192-slice CT scanner (Siemens Force, Siemens Healthcare, Forchheim, Germany) 

with beam collimation of 192 x 0.6 mm and gantry rotation of 250 ms. The CTPA 

scanning protocols were as follows: 70, 80, 100 and 120 kVp, pitch of 0.9, 2.2 and 

3.2, resulting in a total of 12 datasets. The tube current was adjusted for CTPA 

protocols with pitch of 0.9 based on the kVp, with mAs of 121, 35, 42 and 52 

corresponding to 70, 80, 100 and 120 kVp, respectively. For higher pitch values of 2.2 

and 3.2, 80 mAs was used for the remaining protocols, regardless of the kVp values. 

All images were acquired with a slice thickness of 1.0 mm and 0.5 mm reconstruction 

interval, resulting in the voxel size of 0.31 x 0.31 x 0.31 mm3 for volumetric data. All 

images were reconstructed with ADMIRE (Siemens Medical Solutions, Forchheim, 

Germany) at a strength level of 3, and a tissue convolution kernel of Br40d. 
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Figure 5.2 3D visualization of 3D printed pulmonary artery model which was placed inside the 

container filled with contrast medium. Since the model was immersed into the water with diluted 

contrast medium with similar CT attenuation to that of routine CT pulmonary angiography, surface 

voxel projection was used to create 3D view of the model. 

 

 

5.2.4 Qualitative assessment of image quality 

 

Images were presented to two experienced thoracic radiologists (each with more than 

5 years of experience in interpreting chest CT images) in a random order without 

showing any information about the scanning parameters.  The two assessors were 

blinded to the scanning protocols and they assessed image quality independently using 

a 5-point Likert scale with a score of 3 or above indicating that image quality is 

diagnostic: 

 5: excellent visualization of thrombus with high confidence,  

 4: good visualization of thrombus with good confidence,  

 3: average visualization of thrombus with moderate confidence,  

 2: suboptimal visualization of thrombus with low confidence, and 

 1 poor visualization of thrombus with no confidence. 
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5.2.5 Quantitative assessment of image quality 

 

Quantitative assessment of image quality was determined by measuring the image 

noise in the main pulmonary arteries in terms of signal-to-noise ratio (SNR). A region 

of interest (ROI) with an area of >0.5 cm2 (containing minimum 500 voxels) was 

placed in both main pulmonary arteries to measure the SNR. Due to the presence of 

air bubbles in the pulmonary arteries, ROI was placed in the central part of the main 

pulmonary arteries to avoid inclusion of any air bubbles which could affect the 

measurements. Figure 5.3 shows SNR measurements in the main pulmonary arteries. 

Measurements at each location were repeated three times with the mean values used 

to reduce intra-observer variability. Two observers performed the measurements 

separately with excellent correlation between them (r=0.918, p<0.001). Mean values 

of measurements from these two observers were used as the final results. 

 

 

A                                                    B 

Figure 5.3 Measurement of signal-to-noise ratio (SNR) in the main pulmonary arteries. A and 

B: SNR measurements at the right and left main pulmonary arteries. 
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5.2.6 Radiation dose calculation 

 

Volume CT dose index (CTDIvol) and dose length product (DLP) were available on 

CT console after scans. These values were used to calculate effective dose based on a 

tissue conversion coefficient of 0.014 mSv/mGy/cm for chest CT dose calculation 

(26). 

 

5.2.7 Statistical analysis 

 

Data were analysed using SPSS 24.0 (IBM Corporation, Armonk, NY, USA). Mean 

and standard deviation were used to represent continuous variables. A paired sample 

Student T test was used to determine any significant differences in SNR measurements 

among different CTPA protocols. Inter-observer agreement for image quality 

assessment was assessed by kappa statistics: poor: k<0.20; fair: k=0.21-0.40; 

moderate: k=0.41-0.60; good: k=0.61-0.80, and excellent agreement k=0.81-1.00. A 

statistically significant difference was reached at a p value of less than 0.05. 

 

5.3 Results 
 

Insertion of small blood clots into the side or peripheral pulmonary was found to be 

challenging due to softness of the blood clots which were easily broken into small 

pieces during the insertion procedure (Fig 5.1). We managed to insert two small blood 

clots in the pulmonary arteries with one in the left segmental pulmonary arterial branch 

and another one in the distal segment of right main pulmonary artery simulating 

thrombus. CTPA scans with different protocols were successfully performed on the 

3D printed model with simulation of PE. 

 

Table 5.1 shows SNR measurements at the main pulmonary arteries corresponding to 

different CTPA protocols. Although low kVp 70 and 80 protocols were associated 

with increased image noise when compared to 100 and 120 kVp protocols, a high CT 

attenuation was found in these low kVp protocols in comparison with the high kVp 
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protocols (340-440 HU vs 210-260 HU). Thus, SNR measured with the 70 kVp 

protocols was found to be even higher than that with 80 or 100 kVp protocols as shown 

in the Table. There were no significant differences in SNR measurements across all 

CTPA protocols (p>0.05), regardless of the pitch or kVp values. SNR was slightly 

higher in the 120 kVp with pitch 0.9 and 2.2 protocols, however, this did not reach 

statistical significance compared to other protocols (p>0.05). 
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Table 5.1 Measurements of SNR in images acquired with different CTPA protocols and associated radiation dose 

Pitch values/ 

SNR and 

radiation dose 

70 kVp 80 kVp 100 kVp 120 kVp 

0.9 2.2 3.2 0.9 2.2 3.2 0.9 2.2 3.2 0.9 2.2 3.2 

Right main 

pulmonary 

artery 

39.69 ± 

4.39 

29.75 ± 

0.10 

31.66 ± 

1.49 

 31.33 ± 

0.50 

37.84 ± 

2.57  

35.83 ± 

1.04 

 26.48 ± 

2.12 

37.44 ± 

1.72 

39.17± 

1.85 

40.17 ± 

0.61 

43.35 ± 

1.55 
38.92 ± 2.00 

Left main 

pulmonary 

artery 

31.05 ± 

0.92 

30.81 ± 

1.43 

26.11 ± 

0.69 

28.24 ± 

1.10 

30.31 ± 

0.60 

28.27 ± 

1.85 

31.60 ± 

0.45 

29.90 ± 

1.11 

24.30 ± 

0.47 

40.43 ± 

1.94 

33.72 ± 

0.49 
27.68 ± 1.07 

CTDIvol 

(mGy) 
1.42 0.72 0.72 0.68 1.17 1.17 1.72 2.53 2.53 3.53 4.26 4.26 

DLP 

(mGy/cm) 
30.4 14.7 15.6 14.6 24 25.5 36.7 51.6 55 75.4 87.2 92.7 

Effective dose 

(mSv) 
0.42 0.20 0.21 0.20 0.33 0.35 0.51 0.72 0.77 1.05 1.22 1.29 

                                  

CTPA-computed tomography pulmonary angiography, SNR-signal-to-noise ratio, CTDIvol-volume computed tomography dose index, DLP-dose length product. 
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Figures 5.4-5.7 show coronal reformatted images acquired with different CTPA 

protocols demonstrating pulmonary emboli in the pulmonary artery branches. Despite 

low kVp or high pitch protocols, thrombi are still visible in all images, although 100 

and 120 kVp protocols allowed for better visualization of the small thrombus, 

especially at the left side. Inter-observer agreement was fair (k=0.333, p=0.118). The 

protocol of 70 kVp and pitch 3.2 was scored 3, the lowest score by these two assessors, 

indicating that images are still acceptable with the low-dose protocol. All of the 

remaining images were scored 4 or 5 by the two assessors. 

 

 

 

Figure 5.4 CTPA protocols with use of 70 kVp and different pitch values. A: Visualization of 

small thrombus in the left segmental pulmonary artery with low-attenuation filling defect 

(arrows).  Thrombus was more clearly visualized in pitch 0.9 and 2.2 protocols when 

A 

B 
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compared to the high pitch 3.2 protocol. B: Visualization of small thrombus in the distal part 

of right main pulmonary artery with filling defect (arrows) detected in all of the protocols. 

 

 

 

Figure 5.5 CTPA protocols with use of 80 kVp and different pitch values. A and B: The small 

thrombus is viewed as low-attenuation filling defect in the left segmental pulmonary artery 

(arrows in A) and right pulmonary artery (arrows in B) and thrombi are visible in all protocols, 

regardless of pitch values used. 

 

 

A 

B 
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Figure 5.6 CTPA protocols with use of 100 kVp and different pitch values. A and B: The small 

thrombus is viewed as low-attenuation filling defect in the left segmental pulmonary artery 

(arrows in A) and right pulmonary artery (arrows in B) and they are visible in all protocols, 

regardless of pitch values used. 

 

A 

B 
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Figure 5.7 CTPA protocols with use of 120 kVp and different pitch values. A and B: The small 

thrombus is viewed as low-attenuation filling defect in the left segmental pulmonary artery 

(arrows in A) and right pulmonary artery (arrows in B) and are visible in all protocols, 

regardless of pitch values used. 

 

 

 

Table 5.1 shows radiation dose values associated with these CTPA protocols. When 

kVp was reduced from 120 to 70 and pitch was increased from 0.9 to 2.2 or 3.2, 

radiation dose was reduced by up to 84% without compromising diagnostic image 

quality as evaluated by qualitative and quantitative assessments. It should be noted 

that CTDIvol remains the same for pitch of 2.2 and 3.2 protocols and this is due to the 

use of same mAs of 80 for these high pitch protocols. Therefore, as shown in the Table 

A 

B 
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5.1, the effective dose of these high pitch protocols remains unchanged or even slightly 

increased. Further, due to selection of different mAs corresponding to kVp values in 

the low pitch 0.9 protocols, the CTPA protocol of 80 kVp and 0.9 pitch resulted in the 

lowest dose compared to other protocols. This needs to be interpreted with caution. 

 

5.4 Discussion 

 

In this phantom study, we further confirmed the feasibility of low-dose CTPA 

protocols with simulation of thrombus in peripheral pulmonary arteries. Quantitative 

assessment of image quality did not show any significant differences among these 

CTPA protocols with 70 kVp protocols even producing higher SNR than that of 80 or 

100 kVp protocols. Qualitative analysis of image quality by experienced observers 

showed that all of the images are acceptable for detection of small thrombus, despite 

lowering kVp to 70 or increasing pitch to 3.2. Radiation dose reduction by more than 

80% could be achieved with use of low-dose CTPA protocol while maintaining 

diagnostic image quality. 

Low-dose CTPA has been reported in the literature with radiation dose down to 2 mSv 

or even less than 1.0 mSv (7-12). Lu et al compared 80 kVp and 2.2 pitch protocol 

with 100 kVp and pitch 1.2 in 100 patients with suspected PE with 50 cases in each 

group (8). No significant difference was found in subjective scoring of image quality 

between the two groups, while quantitative measurements of image quality were 

significantly higher in the low-dose protocol than the standard group, with significant 

dose reduction achieved in the low kVp and high pitch protocol (0.9 vs 1.7 mSv). Li 

and colleagues reported similar findings by using 70 kVp and high pitch 3.2 CTPA 

protocol in 80 patients with 40 in each group (9). Their results showed no significant 

difference in the subjective image quality but with significantly higher quantitative 

assessments in the low-dose group. Up to 80% dose reduction was noted in the 70 kVp 

and 3.2 protocol (0.4 vs 2.0 mSv). Our results are consistent with these findings. Low-

dose CTPA protocol comprising 70 kVp and 3.2 pitch was scored to be acceptable for 

detection of small thrombus in the pulmonary arteries, with more than 80% dose 

reduction. The effective dose of the low-dose protocol in our study is 0.21 mSv, almost 
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half of what has been reported by Li’s study. Thus, our study validates the feasibility 

of using lower kVp and high pitch CTPA protocol with further dose reduction. 

Despite the great benefit of reducing radiation dose with a high-pitch CT protocol, the 

disadvantage of increasing pitch is associated with increased image noise which could 

affect diagnostic quality. This was noticed in our recent paper with increased image 

noise in the 70 kVp protocol with a pitch of 3.2 affecting visualization of thrombus 

and pulmonary arterial wall (25). With the latest CT scanners, advanced IR algorithms 

are developed to improve image quality by reducing image noise associated with the 

use of low-dose CT protocols (27, 28). This is confirmed by findings in our study as 

the IR available with the Siemens Force scanner represents the latest algorithm used 

in image reconstruction for reducing image noise. A combination of low-dose protocol 

with advanced IR resulted in increased quantitative image quality, with low kVp 70 

and high pitch 2.2 and 3.2 protocols still producing diagnostic images, but with much 

lower radiation dose. 

 

3D printed models derived from patient’s imaging data are increasingly used in 

medical applications, with most of the studies focusing on the clinical value of patient-

specific 3D printed models such as pre-surgical planning and simulation, medical 

education and patient-doctor communication (18-23, 29, 30). A new research direction 

of clinical application of 3D printed models is to develop optimal CT scanning 

protocols for radiation dose reduction. Abdullah et al created a 3D printed cardiac 

phantom based on CT images of anthropomorphic chest phantom and inserted filling 

materials into the phantom to simulate different anatomical structures (31). CT scans 

of the 3D printed model showed that CT attenuations of these filling materials were 

similar to those from patient’s CT images (contrast medium, air, oil/fat and 

jelly/muscle). Despite the novel design of this cardiac insert phantom, testing different 

scanning protocols on the 3D printed model remains to be investigated. 

 

Our recent papers have addressed this limitation by developing a realistic pulmonary 

artery model with different CTPA protocols tested on the model with simulation of 

pulmonary embolism (24, 25). With model’s accuracy validated in the first paper, we 
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scanned the model with a combination of different kVp and pitch values on a 128-slice 

dual-source CT scanner by inserting thrombus in the main pulmonary arteries. A dose 

reduction of 80% was achieved with use of low kVp 80 and high pitch 3.2 protocol 

when compared to the standard 100 or 120 kVp protocols, while low-dose 70 kVp and 

high pitch 3.2 was not recommended due to high image noise (25). In the current study, 

we simulated small thrombus in peripheral pulmonary arteries and scanned the 3D 

printed model using the same CTPA protocols as in our previous paper, but on a latest 

CT scanner with use of advanced IR algorithm for image reconstruction. No 

significant differences were found in SNR measurements among all the protocols, with 

all images scored as diagnostic by two observers. Therefore, low-dose CTPA with 70 

kVp and high pitch 2.2 or 3.2 is acceptable for detection of small pulmonary embolism 

with dose reduction up to 80%. Findings of this study further advanced our previous 

research and others, thus contributing to the current literature by recommending low-

dose CTPA protocols with significant dose reduction. 

 

Some limitations in this study should be acknowledged. Limitations that have been 

addressed in our previous papers still apply to the current study, such as the necessity 

of simulating a realistic anatomical environment with lungs, ribs, heart and other 

thoracic structures. Although small thrombus was inserted into in the left peripheral 

pulmonary artery branch, we failed to insert the thrombus in other small branches of 

the right pulmonary artery due to difficulty with handling the soft blood clots during 

the procedure. This could be addressed in future studies by simulating peripheral 

pulmonary embolism which is made of materials with similar attenuation to that of 

blood but with solid properties which can be easily deployed in the 3D printed models. 

Finally, air bubbles which are present in the pulmonary artery branches could affect 

the visualization and assessment of image quality to some extent (Fig 5.8). This needs 

to be considered in further experiments with approaches undertaken to reduce the 

negative impact of air bubbles. 
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Figure 5.8 Air bubbles in the pulmonary arteries. Multiple air bubbles with different sizes are 

present in main and side branches of both pulmonary arteries which could affect assessment 

of image quality. 

 

In conclusion, we have simulated the small pulmonary embolism in the 3D printed 

pulmonary model and scanned the model with different CT pulmonary angiography 

protocols using the latest 3rd generation dual-source CT scanner with images 

reconstructed using the advanced IR algorithm. Low-dose CTPA protocols comprising 

low kVp 70 and high pitch of 2.2 or 3.2 result in more than 80% dose reduction, but 

still producing acceptable image quality as determined by quantitative and qualitative 

assessments. The small pulmonary embolism can still be detected on this low-dose 

CTPA protocol, further validating the feasibility of lowering kVp to 70 and increasing 

pitch up to 3.2 for diagnosis of patients with suspected pulmonary embolism. Findings 

of this study could stimulate further similar research to develop optimal CT scanning 

protocols in other areas based on realistic 3D printed models. 
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Chapter 6 

 

Double low-dose computed tomography pulmonary angiography in the 

diagnosis of pulmonary embolism 
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6.1 Introduction 

 

Computed tomography pulmonary angiography (CTPA) is the first line imaging 

modality in the diagnosis of patients with suspected pulmonary embolism (PE) owing 

to its high sensitivity and specificity (1, 2). Despite high diagnostic yield of CTPA in 

PE, appropriate use of CTPA needs to be medically justified due to its associated high 

radiation dose and widespread use of CTPA in clinical practice (3-5). Technological 

developments in CT scanners have allowed the CTPA to be performed widely in many 

clinical centres with significant reduction of radiation dose which used to be a major 

concern of CT imaging. Currently, low-dose CTPA is available with use of various 

dose-reduction strategies including low kVp, tube current modulation, high pitch 

protocol and use of iterative reconstruction algorithms with resultant effective dose of 

less than 2.0 mSv or even less than 1.0 mSv, according to some recent studies (6-10). 

Thus, significant progress has been achieved in reducing radiation dose associated 

with CTPA. 

Another concern related to CTPA is the risk of using contrast medium during contrast-

enhanced CT scans since contrast medium has potential risk of contrast-induced 

nephropathy (CIN). Characteristics of a contrast medium, including volume and 

osmolality may influence the risk of CIN. In patients with cardiovascular disease such 

as coronary artery disease and pulmonary embolism, reducing the risk of CIN is 

necessary since these patients are often associated with chronic kidney disease or with 

diabetes mellitus. This has drawn increasing attention in recent years with an attempt 

to reduce contrast volume or lower concentration of contrast medium during CT scans. 

Studies have shown the feasibility of reducing radiation dose and contrast medium 

dose or concentration in coronary CT angiography examinations (11-15). Similar 

trend has seen in CTPA protocols with regard to the recommendation of double low-

dose protocols aiming to reduce both radiation and contrast medium doses. 

Low-dose CTPA has been shown to be feasible with significant dose reductions while 

still maintaining diagnostic images (6-10, 16-20). We performed a systematic review 

of double low-dose CTPA through analysis of 13 studies reporting the use of low 

radiation and low contrast medium doses as reported in Chapter 2 (21). The review 

shows that radiation dose was reduced to up to 88% and contrast medium dose reduced 

up to 67% with acceptable image quality as evaluated by quantitative and qualitative 
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assessments. Although promising results are available in the literature, studies on the 

use of double low-dose CTPA protocols are still limited to certain clinical centres and 

not yet widely recommended. Thus, the purpose of this study was to further investigate 

the clinical application of CTPA in the diagnosis of pulmonary embolism with regard 

to the use of double low-dose protocol in routine practice without compromising 

diagnostic image quality. The study design is also based on our previous phantom 

experiments of testing various CTPA protocols on a patient-specific 3D printed 

pulmonary artery model with simulation of pulmonary embolism in the main 

pulmonary arteries and peripheral branches as reported in Chapters 3-5 (22-24). The 

phantom study confirms that kVp can be lowered to 80 or even 70 with use of high 

pitch mode of 2.2 or 3.2, with acquisition of acceptable CTPA images, with up to 80% 

dose reduction. According to these previous findings, a high-pitch CTPA protocol of 

3.2 was applied to some patients, making this study to be both retrospective and 

prospective in nature.  

 

6.2 Materials and Methods 

 

6.2.1 Participant recruitment 

 

A retrospective review of patients with suspected PE who underwent CTPA 

examinations during January 2017 and February 2018 was performed in a tertiary 

clinical center. Inclusion criteria included: confirmed presence of PE in at least one of 

the pulmonary artery branches and CTPA was successfully performed without any 

complications. The rationale of including only patients with confirmed PE in the study 

is to determine the clinical value of CTPA in the detection of PE as CTPA for 

diagnostic assessment of normal pulmonary arteries has been well studied in the 

literature. Patients younger than 18 years or allergic to contrast medium were 

excluded. Ethics approval was obtained from the local ethics committee and Curtin 

University Human Research Ethics. 

Participants were divided into three groups: Group 1 consisted of 23 patients who 

underwent CTPA using the 100 kVp and a pitch of 0.9 protocol as a low-dose protocol. 

Group 2 included 30 patients who underwent CTPA using the standard 120 kVp and 
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a pitch of 0.9 protocol, while Group 3 comprised 6 patients who received a CTPA 

protocol with 120 kVp and a high pitch 3.2. Participants in groups 1 and 2 were 

retrospectively included in the study, while participants in group 3 were prospectively 

recruited with use of high-pitch CTPA protocol with the aim of using low radiation 

dose and low contrast medium volume. Tube current modulation was applied to all 

patients. 

 

6.2.2 CTPA scanning protocols 

 

CT scans were performed on 64- and 128-slice CT scanners with details as follows: 

52 patients were scanned on a 128-slice dual-source CT (Siemens Definition Flash, 

Siemens Healthcare, Forchheim, Germany), 4 patients were on a 64-slice scanner (GE 

VCT, GE Healthcare, USA) and 3 cases were on a 64-slice GE Revolution (GE 

Medical Systems, Waukesha, USA), respectively. Contrast medium Iohexol 

(Omnipague 350, GE Healthcare, USA) was injected using a power injector with a 

flow rate of 5 ml/s, followed by a saline flush of 40 ml at the same injection rate. The 

volume of contrast medium was determined by each group’s scanning protocol, 

ranging from 20-30 ml to 35 to 45 ml. A testing bolus technique was used in all of the 

patients except in one patient which bolus tracking was used with a threshold of 150 

HU in the pulmonary trunk used as the triggering threshold to initiate scans. 

6.2.3 Image reconstruction 

 

All images were reconstructed with a soft tissue kernel using the standard filtered back 

projection. The slice thickness was 1 mm with 0.5 mm reconstruction interval. In 

addition to axial images, multiplanar reformations including coronal and sagittal views 

and maximum intensity projections were reconstructed to demonstrate the location of 

thrombus in the pulmonary arteries. 
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6.2.4 Quantitative image quality assessment 

 

Original images in digital imaging and communications in medicine (DICOM) format 

were transferred to a workstation with Analyze 12.0 (AnalyzeDirect, Inc., Lexana, KS, 

USA) of image post-processing and measurement. Quantitative assessment of image 

quality was determined by measuring signal-to-noise ratio (SNR) and contrast-to-

noise ratio (CNR) in the main pulmonary arteries. CT attenuation in the background 

was measured in the paravertebral muscle. A region of interest (ROI) (containing 

minimum 150 voxels) was placed in the pulmonary trunk with SNR and CNR 

calculated as follows: 

SNR=CT attenuation in pulmonary trunk/SD (image noise) 

CNR=(CT attenuation in pulmonary trunk-background CT attenuation)/SD (image 

noise) 

The standard deviation (SD) refers to the image noise measured in the pulmonary 

trunk. 

 

6.2.5 Qualitative image quality assessment 

 

Qualitative assessment of image quality was performed by two independent 

experienced radiologists (each with more than 5 years’ experience in reporting CTPA) 

using a 5-point scale: 

 5: excellent image quality 

 4: good image quality 

 3: moderate image quality 

 2: suboptimal image quality and  

 1: poor image quality 

 

Criteria for determining image quality was based on pulmonary arterial attenuation, 

image noise, presence of artifacts and diagnostic confidence in detecting PE. Both 



115 
 

observers were blinded to CTPA scanning protocols and clinical information and they 

scored the images separately. Inter-observer agreement was assessed by Cohen’s 

kappa statistics. A score of 3 or more indicates acceptable image quality. 

 

6.2.6 Radiation dose 

 

Volumetric dose index (CTDIvol) and dose length product (DLP) were available in 

CT console from each scanning protocol. Effective dose was calculated by multiplying 

the DLP with a tissue conversion factor of 0.014 mSv/mGy/cm (25). 

 

6.2.7 Statistical analysis 

 

Data were analysed using SPSS 24.0 (IBM Corporation, Armonk, NY, USA). 

Continuous variables were presented as mean ± standard deviation. One way analysis 

of variance (ANOVA) was used to determine if there is any significant difference in 

SNR and CNR between groups and within groups using different CTPA protocols. 

Kruskal-Wallis test was used to determine any significant difference in CTPA 

protocols with respect to image quality as assessed by two radiologists. A k value was 

calculated to determine inter-observer agreement k ≤ 0.20 as poor, k =0.21-0.40 fair, 

k =0.41-0.60 moderate, k =0.61-0.8 good and k > 0.81 excellent. A p value less than 

0.05 was considered statistically significant. 

 

6.3 Results 

 

6.3.1 Patient demographics 

 

There were no significant differences in patient’s age and gender among these three 

CTPA protocols (all p>0.05) (Table 6.1). The patient’s body weight in the 100 kVp 

protocol was significantly smaller than that in the 120 kVp protocols (p<0.001), while 

there was no significant difference in the body weight between 120 kVp standard pitch 

and high pitch protocols (p=0.27). Pulmonary embolism was presented in all cases 
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with both sides of pulmonary arteries having emboli in more than half of the patients 

(54%). Inter-observer agreement was good (k=0.78) for the diagnosis of pulmonary 

embolism. 

6.3.2 Image quality assessment 

 

All images were scored as diagnostic with a score of 3 given by one assessor and a 

score of 4 by another assessor in two cases. In the remaining cases, a score of 4 or 5 

was given in 13 and 44 cases by these two assessors, respectively. No significant 

difference was found in the qualitative assessment of image quality among the three 

groups (4.61 ± 0.45 vs 4.76 ± 0.48 vs 4.58 ± 0.49, respectively, p>0.05) (Table 6.1). 

Kruskal-Wallis test indicates that neither radiologist (observer) ‘sees’ any significant 

difference in CTPA protocols with respect to image quality scores (p=0.135 and 0.621 

for Radiologist 1 and 2, respectively). 

Similarly, there were no significant differences in SNR and CNR among these CTPA 

protocols, although the SNR and CNR measured with the 120 kVp and high pitch 3.2 

protocol were lower than those with the 100 and 120 kVp with standard pitch protocols 

(p=0.181 and 0.186 for SNR and CNR, respectively) (Table 6.1). Figure 6.1 shows the 

ANOVA analysis of SNR and CNR between and within groups. 
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  ANOVA 

 Sum of Squares df Mean Square F Sig. 

CNR Contrast to Noise Ratio Between Groups 153.825 2 76.912 1.734 .186 

Within Groups 2483.295 56 44.345 
  

Total 2637.120 58    

SNR Signal to Noise Ratio Between Groups 187.867 2 93.933 1.763 .181 

Within Groups 2984.490 56 53.294 
  

Total 3172.357 58 
   

 
      



118 
 

Figure 6.1. ANOVA analysis of SNR and CNR between and within these three different groups 

 

 

Table 6.1 Measurements of SNR and CNR associated with different CTPA protocols. 

Clinical and imaging 

characteristics 

Group 1 

100 kVp  

pitch 0.9 (n=23) 

Group 2 

120 kVp  

pitch 0.9 (n=30) 

Group 3 

120 kVp  

pitch 3.2 (n=6) 

P values  

Age (years) 52.77 ± 21.28 47.53 ± 16.78 48 ± 13.17 0.31-0.94 

Gender (M/F) 8/15 14/16 2/4 - 

Body weight (kg) 76.34 ± 4.38 95.6 ± 11.09 90.5 ± 3.61 <0.001/0.27* 

SNR 21.56 ± 6.40 22.06 ± 8.21 15.99 ± 4.99 0.09-0.96 

CNR 19.82 ± 5.88 19.71 ± 7.44 14.42 ± 4.75 0.06-0.77 

Qualitative assessment of  

image quality 
4.61 ± 0.45 4.76 ± 0.48 4.58 ± 0.49 0.23-0.90 

Contrast medium (ml) 35-45 35-45 20-30 - 

CTDIvol (mGy) 6.09 ± 1.14 10.06 ± 3.20 7.46 ± 0.69 <0.05 

DLP (mGy.cm) 173.83 ± 29.18 332.73 ± 126.24 238.08 ± 42.88 <0.001*/0.06-0.08# 

Effective dose (mSv) 2.43 ± 0.41  4.66 ± 1.76 3.33 ± 0.60 <0.001/0.08* 
* significant differences in CTDIvol and effective dose between 100 kVp and 120 kVp protocols, # but no significant difference between 120 kVp low pitch  and 

high pitch protocols. 
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6.3.3 Contrast medium volume 

 

The contrast medium ranged from 35 to 45 ml in the 100 and 120 kVp with standard 

pitch protocols, 20 to 30 ml in the 120 kVp with high pitch protocol, as shown in Table 

6.1. Figures 6.2- 6.4 are examples of image quality for Groups A-C with use of 

different CTPA protocols for demonstration of pulmonary embolism in 2D axial and 

coronal reformatted images. Despite the use of low contrast volume in the high-pitch 

protocol, image quality is still acceptable for detection of pulmonary embolism as 

shown in Figure 6.4. 

 

 

    

Figure 6.2 Computed tomography pulmonary angiography with use of 100 kVp, pitch 

0.9 and contrast medium of 40 ml in a 26-year-old male with diagnosed pulmonary 

embolism. Multiple emboli are seen at both sides of pulmonary arteries as shown on 

2D axial and coronal reformatted images (arrows in A and B). 
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Figure 6.3 Computed tomography pulmonary angiography with use of 120 kVp, pitch 

0.9 and contrast medium of 45 ml in a 71-year-old female with diagnosed pulmonary 

embolism. A large thrombus is seen in the pulmonary trunk extending to both sides of 

pulmonary arteries shown as filling defect on 2D axial and coronal reformatted images 

(arrows in A and B). 

 

  

A B 
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Figure 6.4 Computed tomography pulmonary angiography with use of 120 kVp, pitch 

3.2 and 25 ml contrast medium in a 59-year-old male with diagnosed pulmonary 

embolism. A: Multiple emboli are observed in both sides of pulmonary arteries shown 

as filling defect on 2D axial images (arrows). B and C: Maximum-intensity projection 

(MIP) images demonstrate emboli involving multiple pulmonary artery branches on 

both sides. 

 

 

6.3.4 Radiation dose 

 

There are highly significant differences in dose values between different CTPA 

protocols. CTDIvol, DLP and effective dose were significantly lower in the 100 kVp 

and standard pitch protocol than those in the 120 kVp with standard and high pitch 

protocols (p<0.05) (Table 6.1). In addition to the comparison of mean dose values 

among these groups, we further analysed the dose value differences in relation to each 

age group as shown in Table 6.2. ANOVA analysis shows there were no significant 

differences in these dose values among the four age groups (p>0.05). With use of 100 

kVp and standard pitch protocol in Group 1, a dose reduction of 48% was achieved 

when compared to Group 2. 

C 
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Table 6.2. Radiation dose based on different age groups. 

Dose/Ages <30 yrs 31-40 yrs 41-50 yrs >50 yrs P 

values 

CTDIvol 

(mGy) 

7.13 ± 3.44 8.24 ± 2.23 9.2 ± 3.46 7.92 ± 2.90 0.054 

DLP 

(mGy.cm) 

262.23 ± 

204.80 

282.89 ± 

99.10 

326.02 ± 

122.96 

246.59 ± 

88.68 

0.491 

Effective dose 

(mSv) 
3.67 ± 2.86 3.67 ± 1.39 4.08 ± 1.72 3.45 ± 1.24 0.20 

 

 

6.4 Discussion 

 

This study further confirms the usefulness of low kVp for radiation dose reduction in 

CTPA examinations. A significant dose reduction of 48% was achieved in the 100 

kVp and standard pitch protocol with use of less than 45 ml of contrast medium. 

Further, low contrast medium of less than 30 ml was found to be feasible in the 120 

kVp and high pitch CTPA protocol with acquisition of diagnostic images. 

CTPA is the first line imaging modality in the diagnosis of patients with suspected PE 

and it is widely used in many clinical centres. Previous concerns about high radiation 

associated with CTPA have been well addressed by applying various dose-reduction 

strategies with significant dose reduction achieved (6-10). Lowering kVp from 

traditional 120 to 100 and 80, or even 70 kVp is the common approach that has been 

shown to be effective in dose reduction (7, 8, 10). CTPA with use of 100 kVp offers 

high contrast concentrations in patients with normal body weight with reported 

effective dose of 3.6 mSv according to a study by Takahasi et al (26). The effective 

dose associated with 100 kVp group in our study is 2.43 mSv, while the CNR is the 

highest among all of the three groups (Table 6.1). This is consistent with the literature 

highlighting the reduction of radiation dose by reducing kVp to a lower level. 

Recent studies with use of latest CT scanners further confirms the feasibility of 

lowering kVp in combination with iterative reconstruction (IR) algorithms during CT 

angiographic examinations (9-13, 16, 17). With use of these combined dose saving 
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methods, low-dose or ultra low-dose CTPA is available with effective dose less than 

2 or lower than 1 mSv reported in some recent studies, mainly due to the use of high-

pitch in 70 or 80 kVp protocol (6, 7, 9, 27, 28). Use of high pitch 2.2 or 3.2 in the 120 

kVp CTPA does not lead to dose reduction as opposed to the use of low kVp and high 

pitch CTPA protocol. This has been confirmed in our previous phantom experiments 

and other studies. Schafer et al compared CTPA protocol of 120 kVp and pitch 3 with 

70 kVp and pitch 3 in patients scanned with 2nd and 3rd generation dual-source CT, 

respectively (29). The overall effective dose was 4.40 and 2.06 mSv for the 120 kVp 

and 70 kVp with high pitch protocols, indicating the important role of kVp in dose 

reduction. Our phantom experiments are consistent with their findings (23, 24). The 

highest radiation dose was noted in the 120 kVp with pitch of 2.2 or 3.2 protocols, 

while the lowest dose was seen in the 80 or 70 kVp with pitch of 2.2 or 3.2 protocols 

(up to 80% dose reduction) without compromising diagnostic image quality. The 

current study shows that up to 27% dose reduction was achieved when comparing 120 

kVp with pitch 3.2 to 100 kVp and pitch 0.9 protocols. 

The effective dose in this study is within the reported dose range, however, it is still 

higher than some reported low dose CTPA studies. This is due to the fact that no IR 

algorithms were applied in our data, mainly because of the use of 64- and 128-slice 

CT scanners in this cohort with image reconstructed using traditional filtered back 

projection (FBP). IR is a widely available image reconstruction algorithm due to 

improved image quality by suppressing image noise, thus significantly reducing 

radiation dose (30-32). Dose reduction up to 60% has been reported previously with 

use of IR when compared to FBP (33, 34). With implementation of high-pitch protocol 

combined with IR algorithms, further dose reduction of up to 75% can be achieved 

while maintaining diagnostic images (35). This is also confirmed in our previous 

studies with dose reduction of up to 80% in the high-pitch and low kVp (70 or 80) 

CTPA protocols (23, 24). Therefore, use of combined different dose-reduction 

strategies should be recommended in CTPA protocols. 

In addition to reduction in radiation dose, lowering contrast medium volume during 

CT angiographic examinations is another area that has attracted increasing attention 

in recent years because of the risk of CIN. Double low-dose CTPA represents the 

current research direction in CTPA and this has been confirmed by our recent 
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systematic review (21). The traditional approach of using 80-100 ml contrast medium 

has been replaced by low contrast medium such as 40-60 ml, followed by 30-60 ml 

saline flush (36). Some studies have reported that contrast medium can be even 

lowered to 20 ml with high-pitch CTPA protocol with acquisition of similar image 

quality when compared to the standard pitch CTPA, but with significant radiation and 

contrast medium dose reduction (37, 38). Our findings are in align with these reports 

as 20-30 ml contrast medium was used in the high-pitch CTPA protocol with resulting 

similar image quality as opposed to the 35-45 ml contrast medium used in the standard 

pitch protocols. This confirms the double low-dose CTPA protocol in routine 

diagnosis, although more cases are needed to validate these findings. 

This study has some limitations. First, this is a single centre experience with limited 

number of participants. Prospective studies with inclusion of large cohorts comprising 

different CTPA protocols should be conducted to confirm our findings. Second, CTPA 

scans were done on 64- and 128-slice scanners, without implementing IR in image 

reconstruction, which leads to relatively high radiation dose. Use of IR has been a 

common approach in many CT applications, thus further studies should include data 

analysis of images reconstructed with IR algorithms for more dose reduction. Third, 

low kVp such as 70 or 80 was not used in our cohort due to relatively large body mass. 

Furthermore, body mass index (BMI) was not available in most of the patients due to 

the retrospective nature of the study without recording BMI, although body weight 

was available in these patients. Using BMI to adjust kVp is a routine protocol and this 

should be followed in daily practice. Finally, we only included patients with confirmed 

pulmonary embolism, which could introduce bias in image analysis. Inclusion of 

patients with small or peripheral embolism is desirable for determining low-dose CT 

protocol, and this needs to be addressed in future studies. 

In conclusion, despite small sample size and retrospective nature, this study further 

confirms the feasibility of double low-dose CT pulmonary angiography in the 

diagnosis of pulmonary embolism. Low radiation dose can be achieved with use of 

100 kVp and standard pitch when compared to 120 kVp and standard or high pitch 

protocol, with dose reduction of nearly 50% while maintaining diagnostic image 

quality. Contrast medium can be reduced to 20-30 ml in the high-pitch CTPA protocol 
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producing similar image quality. Further research should focus on including more 

patients with testing different CTPA protocols. 
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7.1 Conclusion  

 

In this thesis, the research has investigated the feasibility of using low-dose CT 

pulmonary angiography for diagnosis of pulmonary embolism with the aim of 

reducing both radiation dose and contrast volume. This research has developed a novel 

patient-specific 3D printed model and tested different CT pulmonary angiography 

protocols for dose reduction strategies. 

A series of CT pulmonary angiography protocols comprising different kVp and pitch 

values were tested on the 3D printed pulmonary artery model with simulation of 

thrombus in the main and peripheral pulmonary arteries. Both quantitative and 

qualitative assessments of image quality indicated that low-dose CT pulmonary 

angiography allows for significant dose reductions of more than 80% when kVp was 

reduced from 120 to 80 or 70, and pitch increased from 0.9 to 2.2 or 3.2, without 

compromising diagnostic image quality. 

Patient data analysis has further confirmed that low-dose CT pulmonary angiography 

allows for detection of pulmonary embolism by comparing three different CT 

scanning protocols which involved low radiation dose and low contrast volume. Both 

radiation dose and contrast volume can be reduced with use of low-dose protocols 

while still acquiring diagnostic images. The research outcomes of this study are 

summarised as follows: 

 Low-dose CT pulmonary angiography can be achieved with use of low kVp 

such as 70 or 80, and high pitch mode of 2.2 or 3.2, with significant reductions 

in radiation dose while maintaining diagnostic images of detecting pulmonary 

embolism. When images are acquired with 64 or 128-slice CT, use of high 

pitch 3.2 in 70 kVp protocol is cautious due to high image noise which could 

negatively affect image quality. 

 Low-dose CT pulmonary angiography can be achieved with use of low kVp 

down to 70 and high pitch 2.2 or 3.2 when images are acquired with latest CT 

scanners, such as 3rd generation dual-source Siemens Force scanner along with 
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image reconstruction with use of advanced iterative reconstruction algorithms. 

No significant differences were found in image quality assessments, regardless 

of CT pulmonary angiography protocols, while more than 80% dose reduction 

was achieved. 

 Traditionally, anthropomorphic phantoms are used for dose reduction studies, 

however, they only represent average adult or paediatric patient sizes. 3D 

printed patient-specific models based on patient’s imaging data are highly 

accurate, thus offering unique opportunities for optimising CT protocols. This 

study has demonstrated its usefulness through developing a realistic 

pulmonary artery model with simulation of pulmonary embolism in the arteries 

and successfully tested different scanning protocols on the model. 

 Double low-dose CT pulmonary angiography is also feasible according to 

patient’s data analysis with use of low kVp or low contrast medium volume 

protocol. The contrast medium can be lowered to 20 or 30 ml without affecting 

image quality. 

Low-dose CT protocols represent the current research direction in CT angiographic 

imaging and this study has further confirmed its clinical value by significantly 

reducing radiation dose based on phantom experiments and patient’s study. 

Furthermore, double low-dose CT pulmonary angiography is feasible from a clinical 

perspective, highlighting the paradigm shift in the current CT practice which involves 

reductions in both radiation dose and contrast medium dose. 

 

7.2 Future research directions 

This study improves our understanding of the clinical value of low-dose CT 

angiography with regard to reductions in radiation dose/contrast medium volume and 

image quality. Research findings highlight the feasibility of using 3D printed 

pulmonary artery model for development of optimal CT protocols. This encourages 

more research on use of 3D printed realistic models in other applications to optimise 

CT protocols. However, there are some suggestions for the future research: 
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 Studies involving multi-centre sites with inclusion of a large population and 

diagnostic accuracy are necessary to allow robust conclusions to be drawn; 

 Despite usefulness of the 3D printed pulmonary model in this study, simulation 

of normal thoracic region with inclusion of lungs, ribs, heart and bones is 

preferable to create an environment similar to normal body tissues; 

 Iterative reconstruction algorithms are commonly used in modern CT scanners, 

however, judicious use of them is recommended due to potential negative 

impact on image quality. Further studies on the investigation of effect of 

different strengths of iterative reconstruction algorithms on image quality and 

radiation dose of CT pulmonary angiography are recommended; 

 Dual-energy CT is another promising technique showing potential value in the 

diagnosis of pulmonary embolism with low radiation dose and contrast 

medium, thus further studies could focus on comparing low-dose single energy 

CT with dual-energy pulmonary angiography. 

 Artificial intelligence (AI) is increasingly used in diagnostic radiology with 

rapid automated detection and characterization of lesions with high accuracy 

when compared to human performance. Future research may consider using 

integrating AI or machine learning tools into the clinical workflow for 

automated detection of pulmonary embolism (in particular, the small and 

peripheral thrombus) to assist clinical diagnosis and patient management. 
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Statement of Contribution of Others to (Optimization of computed tomography 

pulmonary angiography protocols using 3D printed model with simulation of 

pulmonary embolism). 

 

Aldosari S, Jansen S, Sun Z. Optimization of computed tomography pulmonary 

angiography protocols using 3D printed model with simulation of pulmonary 

embolism. Quant Imaging Med Surg 2018 (Epub ahead of print). doi: 

10.21037/qims.2018.09.15 (IF=2.231) 
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Appendix II:   Statements of contributions of others  

 

Statement of Contribution of Others to (Patient-specific 3D printed pulmonary artery 

model with simulation of peripheral pulmonary embolism for developing optimal 

computed tomography pulmonary angiography protocols). 
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simulation of peripheral pulmonary embolism for developing optimal computed 

tomography pulmonary angiography protocols. 2018 Quant Imaging Med Surg 2018 

(Epub ahead of print). (IF=2.231) 
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