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Abstract 
Peripheral artery disease (PAD) is commonly treated by peripheral artery stents during 

angiography procedure. This procedure is invasive and expensive, with associated 

complications and without the ability to give additional information about the stented 

vessels. To eliminate some of these deficits, a recent approach named dual-energy computed 

tomography angiography (DECTA) in peripheral arterial imaging has been developed, but 

whose diagnostic accuracy needs to be confirmed and a reduction of the associated radiation 

dose deserves to be investigated. Only a few studies have investigated the use of DECT 

applications in peripheral arterial stent evaluation, with results indicating that the image 

quality of DECTA is greater than that obtained with conventional computed tomography 

angiography CTA; but more evidence is needed to determine the optimal scanning protocols 

of DECTA in peripheral arterial stenting. The purpose of this study is to establish the 

optimise scanning protocols for DECTA of peripheral arterial stents, to enable reduction of 

the radiation dose and improvement of the image quality. 

This project was carried out in four stages. In Stage I, dose-saving scanning protocols were 

devised based on a systematic review of the literature, and in Stage II experiments on a 

phantom study were conducted with different DECTA protocols to determine an optimal 

scanning protocol. In Stage III, the devised optimal protocol obtained from Stage II was used 

in a clinical study to evaluate and compare two different volumes of contrast medium in 

peripheral artery imaging. In Stage IV, the optimal protocol obtained from Stage II and 

verified in stage III was also used in a group of prospectively recruited patients treated with 

peripheral arterial stents, aiming to achieve the main objectives of the project. 

A systematic review was conducted to determine the diagnostic performance of DECT in 

PAD based on an analysis of the current literature. Nine of the works studied, covering 286 

patients who underwent lower extremity DECTA, were analysed. The mean estimates of 

sensitivity and specificity of DECTA were 95.8% and 79.8%. Reduction of the contrast 

medium volume up to 50% was found to achieve an adequate image quality at the optimal 

kiloelectron volt (keV) setting. The mean effective dose of DECTA was similar to or lower 

than that of conventional CTA.   

In the phantom experiments, a custom-made peripheral arterial phantom, consisting of a 

main peripheral arterial tree and arterial branches, was developed with use of a computer-

aided design program to represent realistic anatomic dimensions. The aim of this study was 

to identify the optimal DECT scanning protocol for peripheral arterial stents while achieving 
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a low radiation dose while maintaining diagnostic image quality, as determined by an in vitro 

phantom study. A total of 15 stents of different sizes, materials and designs were deployed in 

the phantom. Thirty-six scans from pre-set gemstone spectral imaging (GSI) protocols (GSI-

36, -48 and -51), with 180 reconstructions at different virtual monochromatic spectral (VMS) 

images and adaptive statistical iterative reconstruction (ASIR) values, were evaluated in this 

study. Image quality indices such as CT attenuation, SNR, CNR and image noise were 

evaluated. A significant reduction of image noise with a higher SNR between the VMS 

images was achieved in all investigated GSI protocols. Radiation doses were evaluated and 

compared between different scans; the lowest dose was achieved with the GSI-48 protocol. 

An outcome of this study is the recommendation of the use of GSI-48 with pitch value 0.984, 

combined with 50% of ASIR at a low keV value. 

A prospective study consisting of quantitative and qualitative analysis was conducted, firstly 

to design an optimal CT imaging protocol by determining the feasibility of using a reduced 

contrast medium volume in peripheral arterial DECTA, and secondly to compare the results 

with those obtained using routine contrast medium volumes. A total of 34 patients who 

underwent DECT angiography for diagnosis of PAD were randomly assigned to two groups: 

a routine contrast volume group (n = 17), with 1.5 mL/kg and an injection rate of 4–5 ml/s; 

and a low contrast volume group (n = 17), with 0.75 mL/kg and an injection rate of 4–5ml/s. 

Six datasets of VMS images were reconstructed with ASIR at 50%. Qualitative and 

quantitative image quality was evaluated. The lowest image noise was found in the low 

contrast volume group between 65 and 70 keV, while the highest SNR and CNR were found 

at 65 keV. This suggests that the use of low contrast medium yields a respectable diagnostic 

image quality compared to the routine contrast volume; therefore, a reduction of 50% of 

contrast medium using VMS is recommended for peripheral arterial DECTA.  

Finally, Stage IV is a prospective study comparing two groups of patients, conducted to 

determine the optimal scanning protocols of DECTA in terms of radiation dose and image 

quality at different keV levels, compared with conventional CTA in patients treated with 

peripheral artery stents. This study involved recruitment of 29 patients with prior stent 

placement in peripheral arteries. A total of 56 uniquely identified stents with different types 

and diameters, which were located in common iliac arteries, external iliac arteries and 

superficial femoral arteries, were evaluated. Images were reconstructed with VMS imaging 

at 65, 68, 70 and 72 keV and ASIR at 50%, compared with conventional CTA. Qualitative 

and quantitative image quality were assessed. Image quality assessments from DECTA were 

found to be better that those from conventional CTA, with the lowest image noise achieved 

at 72 keV. Radiation dose was highly significant between DECTA and conventional CTA 
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scans (6.98 vs 19.78 mSv, p<0.0001). An optimal scanning protocol consisting of 72 keV 

and 50% ASIR is recommended as it leads to better image quality for DECTA in peripheral 

arterial stenting compared to conventional CTA. 

Results from this research show that with appropriate selection of DECT protocols, 

peripheral arterial stent may be evaluated by DECTA and provide a higher image quality at 

similar or even lower radiation doses than in conventional CTA. In addition, contrast 

medium volume may be reduced by up to 50% without showing deterioration in the image 

quality. With increasing use of DECT in the diagnosis of cardiovascular disease including 

peripheral arterial disease, implementation of optimal DECTA scanning protocols is of 

paramount importance for reduction of both radiation dose and contrast medium while 

preserving diagnostic quality.
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Chapter 1 General introduction 

1.1 Background 

Peripheral artery disease (PAD) is a common sign of atherosclerosis. PAD is one of the main 

diseases that affects large and middle-sized arteries in the human body. The location of 

atherosclerosis lesions in lower extremities is concentrated in the intima, and the pathologic 

feature of atherosclerosis is foam-cell formation. PAD prevalence is linked with age 

advancement [1,2]. When PAD becomes lifestyle-restricting, a revascularisation procedure is 

considered after a diagnostic imaging work-up. Common revascularisation methods are 

angioplasty and stent implementation for artery stenosis and occlusions in peripheral arteries 

[3,4]. However, as restenosis is usually found after the first year of stent implementation, 

follow-up examinations are essential to detect any restenosis and plan appropriate treatment 

before the stents are fully occluded [5]. Conventional digital subtraction angiography (DSA) 

is the standard follow-up procedure [6], but this is invasive and expensive, often causes 

complications, and does not provide information about the tissue surrounding the vessels. 

A range of less invasive and more affordable techniques have been developed during the last 

decade, including doppler ultrasound (DU), magnetic resonance angiography (MRA) and 

computed tomography angiography (CTA) [7]. DU is time-consuming, does not provide an 

overview of the affected area, and its effectiveness is dependent on the operator’s experience 

[8]. MRA as a follow-up procedure may be limited if there is a signal decrease or loss caused 

by metallic stents; other contraindications include such things as a pacemaker, implanted 

metal, or a claustrophobic patient [9]. CTA has become accepted as a robust alternative to 

invasive DSA for the diagnostic and evaluation of PAD. It plays an important role in 

vascular imaging because of its high temporal, spatial and contrast resolution as well as its 

wide availability. In addition, the optimal image quality of computed tomography (CT) 

imaging results in superior spatial and contrast resolution. However, in vascular imaging, 

CTA is limited by its high radiation dose and its inability to reliably differentiate between 

attenuation caused by a high intravascular iodine concentration and that caused by calcium 

[10, 11]. 

The main limitation on reducing radiation dose in CT is the resulting degradation of image 

quality caused by increased noise and reduced spatial resolution. If these limiting factors can 

be reduced or eliminated, CTA will become a viable replacement for conventional 
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angiography in the regular assessment of stent patency [12], as improvement of CT 

technology in both hardware and software will lead to lower radiation dose and better image 

quality. 

In recent years, various technological advances have been introduced to address the 

problems noted above. Dual energy computed tomography (DECTA) is one of the latest 

forms of CTA: based on the application of two different X-ray energies during the scan, 

iodine can be differentiated from calcification and other materials [13]. Further advantages 

of DECTA are (a) optional bone removal from images, (b) reduction of metal artefacts in 

images and (c) tissue re-composition quantification for better diagnostic accuracy [6]. 

Although DECTA qualifies as a valuable diagnostic tool for a stenting intervention follow-

up, the radiation dose delivery to patients is high at present and may lead to cancer in the 

future; lowering the radiation dose is therefore paramount. 

A range of dose optimisation techniques has been developed to address the problem of 

radiation risk from DECTA such as uses of low X-ray tube potential (kVp) and special scan 

and image reconstruction modes [14]; but their uses may have negative effects on image 

quality leading to inaccurate diagnosis because radiation is the source of the signal for 

structure visualisation and dose reduction weakens this signal for imaging, which may affect 

the diagnosis. The most common tube potential used in DECTA is 80 and 140 kVp, although 

other kVp can be selected from 70 to 100 kVp for low energy and 140 or 150 kVp for higher 

energy. As CT radiation exposure is approximately proportional to the square of the tube 

potential, a dose reduction can be obtained when lowering kVp and increasing the pitch 

values but image noise increases accordingly [15]. A range of iterative image reconstruction 

algorithms are usually available in the latest DECT scanners for use in conjunction with 

different dose reduction techniques, which offset their negative effect on image quality [5,6]. 

Recently, peripheral stents which have a lower atomic number, made by less dense materials 

and with thinner struts such as stainless steel (316 L) and Nitinol, reduce the chance of 

having metal artefacts [5]. In addition, extrapolating from the coronary literature, if 

peripheral CTA is performed at sub-millimetre resolution at least for larger stents, it should 

perform well in terms of blooming artefact reduction [14]. This may compensate for any 

degradation in image quality when used with dose reduction techniques and even achieve a 

better image quality, improving diagnostic accuracy. 

Previous studies have explored the effect of individual dose optimisation techniques in 

peripheral arterial stenting imaging [15,16]. However, intertwining effects between different 

factors such as lowering tube potential with special scan mode and the newer image 

reconstruction algorithm for dose optimisation are not well demonstrated. This indicates that 
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a comprehensive study to determine the feasibility of use of a range of techniques for 

radiation dose optimisation in DECTA for peripheral stenting imaging is necessary. 

1.2 Study aims and objectives 

This study aims to optimise the scanning protocol for DECTA in peripheral artery stenting to 

improve image quality and to reduce the radiation dose level. The specific objectives of this 

study are to address the following: 

1. Identify factors (machine related) that affect the image quality (including visualisation of 

stent lumen) and the radiation dose. 

2. Improve the scanning protocol according to the identified factors. 

3. Test the quality of images that are produced using the new imaging protocol. 

4. Apply the new scanning protocol in experimental and clinical settings. 

This study intends to lead to a reduction in the radiation dose delivered to patients and will 

therefore allow for safer use of DECTA as a follow-up examination for peripheral artery 

stenting. This will reduce the number of patients suffering from procedural complications 

associated with conventional angiography and furthermore help to minimise the risk of 

radiation-induced cancer. An improved DECTA procedure will likely reduce costs 

associated with the management of peripheral artery disease. This study will also pave the 

way for future studies in various body parts beyond the scope of this study. 

1.3 Thesis structure 

This thesis is subdivided into seven chapters. The manuscript consists of a series of research 

publications. The relationships between these chapters and the research papers are presented 

in the introductory and concluding chapters, where they are placed in a wider context. 

Because all chapters are stand-alone manuscripts, their formats may differ based on the 

requirements and formatting guidelines of each individual journal. In addition there is a 

small amount of unavoidable repetition, specifically in the methodology sections. 

Chapter One (this chapter) starts with an overview highlighting the importance of 

controlling peripheral arterial disease, and its prevalence among elderly population. It is 

followed by general information about the peripheral arterial disease management and 

imaging modalities used to diagnose and evaluate PAD. Finally, the goals of this study and 

thesis structure are outlined. 
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Chapter Two is a literature review including an overview of the background to this study 

and different imaging modalities, with focus on the use of computed tomography 

technology, its application to lower extremities imaging and its limitations. The principles of 

DECT and vascular application are also covered in this chapter. Peripheral arterial stents and 

the role of DECT on stents evaluation is also discussed, as are a wider range of factors 

affecting radiation dose and image quality on DECT angiography. 

Chapter Three offers a systematic review of identification of factors influencing image 

quality and radiation dose of DECTA in peripheral stenting, used as an indicator for devising 

potential dose saving scanning protocols. The outcomes from Chapters 2 and 3 are used to 

devise the suitable dose saving scanning protocols. 

Chapter Four is a phantom experiment on peripheral arterial stents evaluation using 

DECTA. A peripheral arterial phantom is manufactured to simulate normal lower extremities 

anatomy with different types and diameter stents and verified on DECT, to devise optimum 

DECTA scanning protocols for peripheral arterial stents. 

Chapter Five is a prospective study investigating image quality between two groups of 

patients with routine and low contrast volume for lower extremities DECTA using the 

proposed protocol based on Chapters 2 and 3 and presented in Chapter 4. 

Chapter Six is a prospective study derived from the optimal scanning protocol that was 

devised from the phantom study in Chapter 4. Four different virtual monochromatic spectral 

images are compared with conventional CTA to find the optimal DECTA protocol for 

peripheral arterial stents. 

Chapter Seven summarises the key findings and significances of this study. It provides links 

between the individual chapters originally presented as manuscripts. Finally, it outlines the 

implications of this study and recommendations for future studies. 
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Chapter 2 Literature review 
This chapter reviews the literature and previous research on peripheral arterial disease, 

aiming to cover the first and second objectives of this study, and comprises eight sections 

pertaining to the following topics: 

1. An introduction to the aetiology, risk factors, diagnosis, treatment and worldwide 

prevalence of PAD. 

2. A review of previously published research on different imaging modalities used for 

diagnosing and evaluating PAD, compared to the gold standard technique. The topics of 

discussion include the development of CT technology as a diagnostic tool for the 

evaluation of PAD and the outcomes of multidetector and dual energy CT for assessing 

PAD of the lower extremities. 

3. An introduction to the quantitative aspects of CT like radiation dose effects, quantities 

and measurements. 

4. The application of the stent in peripheral arteries, common locations and primary 

patency. This section reviews research literature related to the efficacy of DECT in the 

evaluation of peripheral arterial stents. 

5. The use of contrast medium in lower extremities and its optimisation with DECT. 

6. Details about image quality. 

7. Factors influencing radiation dose and image quality in DECT. 

8. Summary of the review of literature. 

2.1 Introduction 
2.2 Peripheral artery disease 

Aetiology – prevalence – risk factors – diagnosis – treatment 

Peripheral artery disease is one of the manifestations of atherosclerosis in the cardiovascular 

system, and usually occurs due to the formation and development of plaques, the result of 

accumulation of lipids and fibrous elements in the vessel walls [1]. PAD is the third most 

common vascular disease in the world and a common healthcare problem in developed 

countries, affecting more than 200 million individual globally, including ten to 16% of 

patients belonging to the age group 70 years and above [2]. Figure 2.1 shows that the 

incidence of PAD increases with age [3]. By year 2020, it is estimated, PAD will become the 

primary cause of death [4]. Furthermore, it is linked independently with cardiovascular 
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disease morbidity and mortality [5]. Between 2000 and 2010, the prevalence of PAD has 

increased about 25% worldwide, which qualifies it to be classified as a high risk disease [2]. 

 
Figure 2.1. Mean prevalence of peripheral arterial disease  

Reprinted with permission from Norgren L et al. [3] 
 

The risk factors for PAD are similar to those for atherosclerosis: gender, age and smoking 

history of patients, and a history of diabetes, hypertension and hyperlipidaemia [6]. 

Diagnosis of PAD is usually initiated with a physical examination, and an accurate record of 

the patient’s history. When PAD is suspected, the ankle brachial index (ABI) base line test 

confirms the diagnosis and predicts the severity of the disease [7]. Because of the limitations 

of ABI, diagnostic imaging is preferentially performed in patients who are at risk of 

atherosclerosis and require further evaluation, particularly patients with heavily calcified 

vessels [8]. Peripheral stenosis greater than 50% usually requires intervention 

revascularisation. Stent implementation or balloon angioplasty is the common corrective 

procedure to treat stenosis of the occluded PAD, making diagnosis of PAD possible through 

different imaging modalities and greatly reducing the need for investigative surgery, which 

was formerly essential for evaluation of this disease. These new modalities have replaced 

most of the old procedures. 

2.3 Imaging modalities in the diagnosis of PAD 

Planning of revascularisation procedures requires accurate mapping of the affected vessels. 

According to Rofsky et al. [9], it is essential to characterise both inflow and outflow from a 

lesion when planning lower extremity intervention. Recent developments in peripheral 
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arteries imaging technology present a wide range of diagnostic imaging modalities that 

facilitate proper management of the affected vessels, a feature that is vital for planning and 

evaluating intervention procedures in patients with PAD. The imaging modalities available 

for PAD diagnosis include conventional DSA, DU, magnetic resonance imaging (MRI), and 

CTA. In the following pages, each imaging technique is reviewed from the perspective of its 

diagnostic value and limitations. 

2.3.1 Digital subtraction angiography 

Digital subtraction angiography is an invasive procedure that requires catheterisation of the 

arterial system to introduce the contrast medium into the blood vessels, by either intravenous 

or intra-arterial administration [10]. Intra-arterial administration is preferred because 

intravenous administration results in dilution of the contrast medium. DSA is now performed 

only as part of an endovascular intervention. The technique offers high-resolution and high-

contrast 2D images with very high diagnostic accuracy, and is widely accepted as the 

reference standard for vascular imaging [11]. 

DSA has some disadvantages, which include invasiveness, risk of complications, potential 

contrast nephrotoxicity of iodinated contrast agents, mainly in patients with pre-existing 

renal impairment, allergic reactions to the contrast agent, and high radiation exposure of 

patients as well as staff. It is also expensive and time-consuming. To overcome these 

difficulties, DSA is being increasingly replaced by less invasive imaging modalities such as 

Doppler ultrasound, magnetic resonance angiography and multidetector CT angiography. 

2.3.2 Doppler ultrasound 

Duplex ultrasound refers to the examination of Doppler flow patterns in a specifically 

defined part within the vessel lumen, to identify the localisation of arterial stenosis. In the 

presence of stenosis, the DU flow pattern is graded by the ratio between (a) the peak systolic 

velocity of the abnormal vessel and (b) adjacent or contra-lateral normal vessels [12]. 

Although DU does not provide a direct overview of the suspect vessels, the ultrasound 

operator can draw up an illustration and succeed in distinguishing those patients requiring 

angioplasty from those requiring surgical reconstruction [13, 14]. 
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DU is used as a non-invasive imaging technique that provides both anatomical and 

functional information about PAD. It is also useful for following up angioplasty procedures 

in PAD patients [8]. The addition of colour flow imaging greatly improves the diagnostic 

performance of DU for evaluating aortoillic and femoropopliteal arteries [15]: a lack of 

visibility of the colour Doppler signal in the vessel is suggestive of arterial occlusion. The 

assessment of lower limb vessels by DU, however, is time consuming and sometimes 

technically challenging, leading to an incomplete evaluation of a patient’s peripheral arterial 

system. 

2.3.2.1 Diagnostic accuracy 

In PAD patients with more than 50% of stenosis or occlusion in the lower extremities, DU 

has a high sensitivity, ranging from 81% to 95%, and moderate specificity ranging from 88% 

to 84% [16]. In contrast, a recent study evaluating superficial femoral artery (SFA) for in-

stent re-instenosis reported sensitivity and specificity values of 88% and 84% respectively 

[16]. Baril et al. [17] compared SFA with DSA, for the identification of stenosis >80%, and 

reported high sensitivity (94%) with moderate specificity (74%). In their study, Krnic et al. 

[18] demonstrated the wide range of sensitivity displayed by DU when detecting significant 

arterial stenosis (46% to 88%). Low sensitivity (72%) was observed for significant 

obstruction detection in the pelvic region [18]. The accuracy of DU can be markedly 

improved, depending on the operator’s experience; it follows, therefore, that the diagnostic 

accuracy of DU in PAD is highly operator-dependent, necessitating caution during 

interpretation modality. 

2.3.2.2 Limitations 

Despite its safety and efficacy, DU suffers from several major drawbacks: its diagnostic 

accuracy may be restricted in some vascular territories, e.g., iliac arteries affected by twisted 

arterial anatomy or the existence of bowel gases. Moreover, the method is extremely 

operator dependent [19]. The presence of acoustic shadow limits its efficacy in identifying 

calcified vessels [20]; visualisation with DU is also restricted by stented calcified vessels. 

Furthermore, the procedure is time-consuming, does not provide a complete overview of the 

affected area, is dependent on the operator’s experience and patient’s body habitus for its 

reproducible documentation [19, 21, 22], and does not offer an accurate roadmap or detailed 

description of the length, severity, or type of the diseased portion of the vessel for the 

planning of possible re-interventions [23]. 
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2.3.3 Magnetic resonance angiography 

Over the past 20 years, the non-invasive technique of MRA has been increasingly used for 

confirming the diagnosis of suspected PAD. This technique uses strong magnetic fields to 

create cross-sectional images of different body regions. The use of MRI scanners for 

angiographic procedures does not expose the patient or operator to radiation. The dynamic 

imaging associated with MRA facilitates the evaluation of blood flow [24], and the direction 

and velocity of arterial blood flow can be visualised by phase-contrast MRA [25]. Peripheral 

MRA examination is applicable not only for the evaluation of vessels but also for the 

assessment of the anatomy and functioning of the surrounding areas [26]. 

Both contrast-enhanced magnetic resonance imaging (CE-MRA) and non-contrast-enhanced 

MRA can be employed to generate angiographic images. Although non-contrast MRA is a 

safe option, it has some technical snags, and CE-MRA is more accurate for stent evaluation. 

CE-MRA was first introduced into clinical practice in the early 1990s [27] but, owing to 

hardware limitations of MRI scanners at that time, the technique was not used for the lower 

extremities until the late 1990s [24]. The characteristics of the CE-MRA technique have 

come to be the backbone of clinical MRA, but if a patient shows contraindications for its 

use, an alternative imaging modality should be sought for the patient’s benefit. 

2.3.3.1 Diagnostic accuracy 

Performing peripheral MRA prior to intervention procedures achieves a sensitivity of 98% 

(range 92–100%), and a specificity of 96% (range 91–99%), for the detection of ≥50% 

arterial stenosis [25, 26, 28, 29]. A recent study of stent evaluation with CE-MRA using 

gadofosveset as the contrast medium concluded that both sensitivity and specificity were 

>95% for superficial femoral artery in-stent re-stenosis [30]. Notwithstanding these excellent 

results, MRI is not suitable for patients with contraindications for this procedure. In addition, 

stents cause susceptibility artefacts on the T1 weighted and CE-MRA, and the severity of 

artefacts depends on the stent material, geometry and size [31]. Accordingly, in most cases, 

in-stent re-instenosis cannot be accurately measured using MR angiography. 

2.3.3.2 Limitations 

The major drawback of MRA as a follow-up procedure for peripheral stents is that a 

decrease or loss in signal may well be caused by metallic stents, leading to inaccurate 

evaluation of vessel or stent patency [31, 32]. Nor can MRA visualise arterial calcifications, 

so if a surgical bypass is the appropriate decision, it could become a limitation for the 

selection of the anastomotic site [33]. Another issue is the length of time required to 



 

12 

complete the procedure. Moreover, the smaller field of vision required to perform an MRA 

scan in three phases, to cover the lower limbs, may lead to venous contamination [15, 34].  

There are several contraindications for MRI, including pacemakers, claustrophobia, metal 

implants, neuro stimulating devices, otological implants, and the unsuitability of gadolinium 

contrast in patients with renal insufficiency [35, 36]. Since obesity is considered to affect 

optimal accuracy with MRA, the smaller diameter-size of the magnet bore represents another 

limitation [33]. 

2.3.4 Computed tomography angiography 

2.3.4.1 Technological developments of CT angiography 

Since the introduction of computerised tomography in 1972, it has become the imaging 

modality of choice for the evaluation of a number of diseases [37]. Many generations of CT 

scanners have been developed over the years, ranging from single-slice to multi-slice CT (4-

slice to 320- and 640-slice), and single detector to multidetector CT, revolutionising the field 

of clinical imaging the world over. Slip ring technology plays a critical role in this revolution 

by enabling the continuous rotation of CT gantry for one second. As a result of its higher 

spatial and temporal resolution, scanning of the lower extremities is achieved in a very short 

time. The past few decades have witnessed rapid developments in CTA procedures with 

respect to many body regions. Several attempts have been made to validate CTA as a less 

invasive modality than, and more appropriate alternative to, conventional DSA for the 

mapping and evaluation of the vascular tree [19, 38, 39]. 

Modern CTA scanners are accurate, robust, cost effective and less invasive imaging 

instruments to be used in patients with coronary or arterial diseases. The inadequacies of 

earlier modalities succeeded in sparking the development of multi-detector computerised 

tomography angiography (MDCTA) as an alternative method for evaluating peripheral 

arterial disease [23, 32]. In comparison with DU and DSA modalities, CTA provides 3D 

datasets which open up more options while processing diagnostic images with high accuracy. 

Compared to MRA, the spatial resolution of CTA is much higher with a voxel size of 0.35 

x0.35 x 0.35 mm3 available with contemporary scanners. Additionally, the cost 

effectiveness, protocol reproducibility, availability of MRA scanners, and experienced staff 

gives the CTA an edge over others to become the modality of choice for lower extremities 

imaging. 
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2.3.4.1.1 MDCT 

CT reached its peak in the early part of this century, and is today considered a routine 

diagnostic modality. The introduction of spiral CT has given a new impetus to manufacturers 

to invest in this technology. The 4-slice multi-detector computed tomography (MDCT) was 

introduced in 1998, followed by the 16-slice and 64-slice systems in 2001 and 2004 [40]. It 

overcame the limitation of longitudinal coverage, enabling CTA of the lower extremities [41, 

42]. To fulfil the objective of reducing scanning time, manufacturers became creative: 

improvements in this modality were reflected in a high spatial and temporal resolution in CT, 

resulting in significant isotropic resolution levels and fast scanning equitation. Research 

literature reports the high diagnostic accuracy of CTA in many of the cardiovascular 

diseases, including PAD. 

2.3.4.1.2 Peripheral CT angiography by MDCT 

MDCT, or Multislice CT as it is also known, performs peripheral CTA efficiently, acquiring 

high resolution quality images within a short time. This technique involves the simultaneous 

injection of contrast medium via proper veins to achieve opacification of the arterial system. 

Scanning protocol relies on specific scanning parameters such as tube potential, amperage, 

gantry rotation time and table increment, coupled with contrast injection parameters like 

injection rate and injection duration. 

Scanning protocols vary from one CT scanner manufacturer to another. Reconstruction 

parameters for peripheral CTA include field of view (FOV), reconstruction kernels, slice 

thickness, and interval. The interval chosen in CTA scanning is usually smaller than the slice 

thickness; this produces an overlap of up to 50%, and generates reformat images inclusive of 

volume rendering, 3D and multiplanar reconstruction images. A disadvantage of MDCT is 

that image quality is slightly reduced, with an increase in the number of parallel slices 

because of scattered radiation and cone beam artefacts [43]. 

2.3.4.1.3 4- and 8-slice CT 

The design of detector arrays is the main feature differentiating the single-slice CT from the 

MDCT. The clinical applications of CT took a significant leap with the advent of four-slice 

CT scanners in 1998. These were designed with a parallel row of detectors in the z-direction, 

connected as a single detector to provide flexibility in slice thickness of the four obtained 

slices [44]. Initially there were two types of 4-slice MDCT detector: the fixed-array detector 

with equivalent size in the longitudinal direction consisting of detector elements, and the 

adaptive-array detector with different-sized detector rows in the longitudinal direction. 
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These technologies allowed for a thinner slice thickness, with beam collimation of 4 × 2.5 

mm, pitch of 1.5 and gantry rotation time of 0.5s, affording a coverage speed of 30 mm/s. 

The shorter time and thinner slice thickness facilitated scanning of the lower extremities, and 

improved the visualisation of 3D images and MPR [45]. Overlapping image reconstruction 

resulted in an adequate visualisation of the main peripheral arteries, and promoted the 

assessment of medium artery branches in the presence of minimum calcification [46]. The 

technical limitation for the 4-slice MDCT was the decreased z-axis resolution, which 

lengthened the scan time and caused discomfort to patients with mild or no inflow due to 

severe PAD [45, 47]. In 2000 the 8-slice MDCT was introduced to overcome the limitations 

of the 4-slice version, but despite the shorter scan time, the longitudinal resolution remained 

challenging. 

2.3.4.1.4 16-slice CT 

The encouraging results of clinical CTA spurred CT vendors to develop faster gantry 

revolution times to increase volume coverage and overcome this limitation of the earlier 

models: the 16-slice-CT emerged in 2002. Its improved features like the provision of near 

isotropic resolution data and marked reduction of time acquisition allowed for high quality 

procedures in lower extremities CTA [46]. These scanner systems used only adaptive array 

detectors [40] and improved volume coverage up to 27.5 mm/s using gantry rotation time, 

and 16 × 0.625 mm or 16 × 0.75mm collimation, depending on individual manufacturer. The 

16-slice achieved better longitudinal resolution for peripheral CTA than the 4- and 8-slice 

CTs [42]; visualisation of small arterial branches in the lower limb was vastly improved. 

However, image noise and high radiation dose were observed with this scanner, especially in 

the abdominal and pelvic regions. 

2.3.4.1.5 64-slice CT and beyond 

The 64-slice CT was introduced in 2004, with a single X-ray tube mounted opposite the 

detector array in the gantry [40]. Temporal resolution had been improved with a gantry 

rotation time of 0.33 seconds; scanning time was consequently reduced, permitting better 

utilisation of the contrast medium. The 64-slice CT scanner brought isotropic image voxels 

closer to reality: a minimum voxel dimension of 0.4 to 0.6 mm in the z-axis was attainable 

with a collimation of 64 × 0.625 and a volume coverage speed of 32 mm/s, resulting in a 

total coverage of 4 cm. Improved image quality with high sensitivity and specificity was 

evident in most cardiovascular procedures. A lower degree of invasiveness, higher accuracy 

and shorter procedural time makes this the preferred method for evaluation of PAD in the 

lower extremities [48]. However, radiation exposure is a serious concern with the 64-slice 
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scanner and needs to be addressed In particular, the radiation dose must be preserved in the 

context of the average annual background radiation, which is approximately 2–5 mSv [49]. 

2.3.4.1.6 CTA accuracy in PAD 

CTA is commonly used as an alternative to DSA in most arterial studies, due to its less 

invasive nature, cost effectiveness and high diagnostic value. As a result of its high accuracy, 

CTA has been confirmed as the method of choice for aortic artery evaluation [50]. Likewise, 

a considerable amount of literature has been published on the accuracy of CTA to evaluate 

PAD [45, 51-55]. In a study that set out to determine the accuracy of 64-slice CTA in 

peripheral arteries, Shareghi et al. [51] found its accuracy to be about 98%, compared to 

DSA. In another study, Ota et al. [54] reported a 99% accuracy using 4-slice CT for 

peripheral arterial CTA. Loswed et al. [55] used a 16-slice CT scanner for detecting more 

than 50% of stenosis in peripheral arterial disease, and reported a sensitivity and specificity 

of 100%. 

A meta-analysis by Sun [45] of relevant published articles between 2003 and 2005 found 

that, at all arterial levels, the use of 4-slice and 16-slice CTs for peripheral arterial evaluation 

displayed an accuracy of 91%. More recently, Met et al. [42] summarised the literature 

published from 1980 to 2008 in a systematic review and meta-analysis of MDCT scanners 

with 2 to 64 detector rows, and concluded that the overall sensitivity and specificity of 

peripheral CTA for detecting either stenosis greater than 50%, or occlusion, were 95% and 

96%, respectively. 

A recent single-centre study compared the diagnostic performance of the 64-slice CTA with 

DSA, for the detection of stenosis >70% on a per segment basis. CTA achieved a sensitivity 

of 99%, a specificity of 97% and an accuracy of 98% [56]. In a more recent systematic 

review and meta-analysis, Jens et al. [28] evaluated the diagnostic accuracy of CTA for 

identifying significant stenosis and occlusions, and reported values in the range of 92–97% 

and 93–98%, respectively, with summary estimates of 96% and 95% for sensitivity and 

specificity, in that order [28]. 

More specifically, early studies of the accuracy of CTA for the evaluation of peripheral 

stents revealed that the 4-slice CT yielded suboptimal results [42, 57]. Although the 16-slice 

CT produced more favourable results, its application was limited by its insufficient spatial 

and temporal resolution [51]. These shortcomings were overcome with the introduction of 

the 64-slice CT. In a study evaluating peripheral arterial stents, Li et al. [32] reported 

sensitivity values of 95.4% and 96.4%, and specificity values of 100% and 98.2%, with a 64-

slice CT scanner. Despite the proven accuracy of CTA in peripheral arteries, its use was 
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restricted because of beam hardening phenomena from vessel wall calcification, stent struts 

and adjacent bones. The quest to overcome these obstacles has led to the exploration and 

emergence of dual-source CT/dual energy CT, capable of using dual sources of energy. 

2.3.4.2 Dual source CT 

Recent developments in the field of CT scanners have rekindled interest in CTA 

applications. In this respect, one of the most important achievements of this century is the 

introduction of dual-source computed tomography (DSCT) in an attempt to overcome the 

limitations of the temporal resolution of conventional CT; it is now one of the most 

promising radiological diagnostic techniques [58]. Low-dose CTA has grown into an 

efficient, less invasive tool for the diagnosis of vascular disease with DSCT. The emergence 

of this technology paves the way for more anatomic and functional details with CT 

applications. A DSCT system offers image acquisition techniques that go beyond 

conventional CT, such as scanning that obeys patients. It deserves mention that 

improvements in CT technology did not stop at this point: DSCT-first generation entered the 

picture in 2006, complete with multiple-energy image acquisition for clinical applications 

[59]. 

DSCT was developed by Siemens Healthcare (Forchheim, Germany), based on two x-ray 

tubes (Fig. 2.2) to produce high and low energies of 140/80 for Somatom Definition (1st 

generation), 140/100 for Somatom Definition Flash (2nd generation), and subsequently 

Somatom Force (3rd generation) [60]. All DSCT scanners consist of two X-ray tubes and 

two parallel detectors with an angular offset of 90–95° [59, 61]. Each detector comprises an 

adaptive array of 40 rows. Both tubes can function independently with regard to kVp and 

mA settings as a single scanner. For the non-DECT procedure the second-generation kVp 

offers five options starting with 70 kVp, while in the third generation selection can be made 

from nine options of kVp ranging from 70 to 150 kVp (in 10-kVp increments). The third 

generation of DSCT launched in 2013 (Somatom Force), showed significant improvement in 

the temporal resolution to reach 66 ms. This model boasted of the following improvements: 

increase in slice thickness to 192 slices with rotation time up to 0.25 sec; increase in FOV to 

35.5 cm for detector B, and a new X-ray filter ‘Sn filter’ in both tubes in turbo flash mode 

[62]. The X-ray tube power was stepped up to 120 kW for both tubes, enabling tube current 

up to 1300 mA at low kVp values [62], and there was a resultant improvement in temporal 

resolution for cardiovascular imaging with DSCT systems. In addition, DSCT introduced the 

use of dual energy applications with the use of low and high energies to achieve a large 

range of energy spectra [63]. 
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2.3.4.3 Dual energy CT 

The birth of DECT added impetus to the development of MDCT in the last decade, making it 

one of the most exciting and promising breakthroughs in medical imaging technology. 

DECT added functional evaluation to the standard examination based on X-ray attenuation 

that is usually obtained in CT examination. It was originally initiated by Godfrey Hounsfield 

in 1973 when two images of the same slice were taken with different kVp to enhance the 

area with high atomic number [64]. Several technical snags meant it could not be used for 

clinical application, but the recent revolution in CT technology has revived interest in DECT 

[65-67], one of the latest forms of DSCT. The basic principles of DECT are not new: as early 

as 1973 Hounsfield described the use of two different kVp in the same location, and reported 

that the atomic numbers on images taken at low energy had higher values [64]. 

In current clinical practice there are two types of dual-energy computed tomography 

(DECT): dual-source (DS-DECT) and single-source (SS-DECT) (Table 2.1). The underlying 

principle of these systems is to differentiate materials based on the physical X-ray 

interactions with these materials. Both modalities, DS-DECT and SS-DECT, have 

advantages as well as limitations, and there are a number of important differences between 

them. The two systems can be used in both conventional and dual energy CT. The main 

concept of both types is the use of high and low energies, such as 80 or 100 and 140 kVp 

[65, 68, 69]. Details of dual energy specifications and application are given in the following 

sections.  
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Table 2.1 Comparison of performance parameters of the currently available most advanced dual energy CT scanners 

Specifications 64-slice dual source 
(Definition) 

128-slice dual source 
(Definition Flash) 

192-slice dual 
source (Somatom 
Force) 

64-DECT 
(Discovery 750HD) 

Philips IQon CT 
 

Detector configuration 2 x 32 x 0.625 2 x 64 x 0.625 2 x 96 x 0.6 64 x 0.625 2 x 64 x 0.625 

Slice thickness 0.625/1 mm 0.625/1 mm 0.5/1mm 0.625/1.25 mm 0.625/1mm 

FOV 26 cm 33 cm 35 cm 50 cm 50 cm 

Time between images 83 ms 75 ms NA 0.3 - 0.5ms NA 

Technique used for dual-
energy 

2 tubes 2 tubes 2 tubes Fast kVp switching Multi-layered detector 

 

Gantry rotation time for 
dual-energy mode 

330 ms 300 ms 250ms 350 ms 270 ms 

Temporal resolution for 
dual-energy mode 

165 ms 150 ms 125 ms 175 ms 135 ms 

Strengths For each tube potential, tube current and tube filtration can be selected 
independently 

Relatively low degree of spectral overlap, which improves contrast-to-
noise ratios in material-specific images 

Beam-hardening corrections are applied prior to image reconstruction 

Material-specific images to be created in the image domain  

Almost simultaneous 
acquisition of the 80- and 
140-kVp data set 

Allows dual-energy 
material-decomposition 
algorithms in either 
projection data or 
reconstructed images 

Decreases beam-
hardening artefacts in 
virtual mono-energetic 
images 

Ideal alignment of low- 
and high-energy datasets, 
rendering images less 
likely to motion artefacts.  
Perfect beam-hardening 
correction. Affords 
conventional and dual-
energy datasets with a 
single scan without 
changes of the clinical 
workflow. 
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Weaknesses Requires specialised hardware. 

A 90°-95° phase shift between low- and high-energy data. 

The use of both x-ray sources permits cross-scattered radiation which 
requires specialised scatter correction. 

Requires specific 
hardware 

Moderately high overlap 
of the energy spectra. 

Spectral separation is not 
feasible to be improved 
by applying filtration. 

The accuracy of the 
different energy 
separation is lower than 
the other systems using 
different X-ray tube 
voltages. Spectral 
separation cannot be 
improved by applying 
filtration.	Relatively high 
overlap of the energy 
spectra. 
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As discussed in the previous section, DECT involves the acquisition of two different data 

sets of images with different X-ray energies, within the same study [65]. The difference 

between high and low energies enables the differentiation of bodily elements/substances 

[70]. In the first generation of DS-DECT, the dual energy mode is limited by the FOV: one 

detector covers 50 cm FOV, while the other covers only 26 cm FOV [71]. The advantage of 

this scanner type is that the two types of dual energy tube can be operated at different kVp 

and mA settings [59]. The main disadvantage is that the FOV is limited to about 27 cm in 

diameter [70], and therefore is unable to cover a patient’s entire body [66]. 

The second generation of DECT, with a markedly improved temporal resolution, was 

introduced in 2009 to overcome this particular limitation [62, 72]. This model uses a 128-

slice CT with a wider FOV of 33 cm for detector B; on the downside, dual energy evaluation 

with DSCT is restricted by the relatively small FOV. Since the high- and low-energy 

projections are not concurrently attained at the same z-position, the image and raw data-

based dual energy algorithms are difficult to realise [40]. In the slightly more advanced third-

generation model, the FOV increased to 35.5 cm, but this increment was still insufficient to 

cover the patient’s entire body. Another challenge was presented by cross scatter radiation, 

formed because of the simultaneous activation of dual energy. 

The SS-DECT, developed by GE health care, is based on the use of a single X-ray tube with 

rapid kVp switching technology (Fig. 2.3), which uses a generator electronically that alternates 

the tube energy between 80 kVp and 140 kVp in less than 0.5 ms. The temporal resolution for 

dual energy acquisition in the fast switching is 175 ms. In this type of scanner, the key 

contributor to fast kVp switching acquisition is a detector called Gemstone spectral imaging 

(GSI), which is associated with higher optical properties (shorter afterglow) than other 

ordinary detectors [73]. Another advantage of SS-DECT is the utilisation of full FOV ‘50cm’ 

and the absence of cross scatter radiation. The disadvantages of this modality include a lack 

of current tube modulation; a likelihood of motion during the switching between energies, and 

resultant temporal misregistration; an inability to produce direct conventional images; and the 

impossibility of adding beam filtration for both kVp since it is a single source system [73].  
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Figure 2.2.Dual-x-ray-source geometry: Independent x-ray tubes, detectors and 
generators allow simultaneous collection of dual-energy data. Each tube can be 
operated by using optimal tube current settings and with optimum spectral filtration.  

Figure 2.3. Fast kilovoltage (kVp) switching: The x-ray tube potential is switched 
between successive views in either axial or spiral mode. Dual-energy processing can 
be performed by using projection or image data, with the temporal resolution 
remaining essentially unchanged.  

Reprinted with permission from McCollough et al.[74]. 
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DECT imaging, therefore, is dependent on the properties of variances in both X-ray 

attenuation and tissue attenuation; it is also sensitive to the object’s chemical composition. 

More specifically, DECT image quality is determined by the actual separation of the energy 

spectra. In a CT image, the CT value of each voxel is computed by averaging the 

contribution of different materials to the attenuation coefficient; however, as body regions 

consist of different tissue types, it is difficult for conventional CT to distinguish and classify 

them [74] because of the accumulative attenuation over the entire energy range for all tissues 

within the measured voxel. The addition of attenuation measurement at the second energy 

level in DECT, however, results in differences between the two energy spectra that are 

captured by the detectors to discriminate the chemical composition of different materials. 

DECT becomes clinically useful at this juncture, as the energy depends on the attenuation of 

the converted elements’ atomic numbers. 

Some materials exhibit different attenuation values – either higher or lower – upon exposure 

to an X-ray beam at different kVp values: this is the fundamental principle of DECT 

imaging. Substances with a high atomic number (Z) like iodine (I), xenon (Xe), and calcium 

(Ca), for which Z values are 53, 54 and 20 respectively, are attenuated to a greater quantity 

of low kVp than are high kVp photons [67]. The photoelectric effect takes place because the 

k-edge of these substances (I = 33 keV, Xe = 34.6 keV, Ca = 4.03 keV) corresponds more 

closely with the mean energy of the low-kVp source [75]. Consequently, a switch of X-ray 

energy produces variations in the K-shell absorption edges for different materials. The 

outcome is that the nearer the X-ray energy level is to the K-shell of a component, the more 

superior the attenuation [66]. DECT has the ability to differentiate materials with large Z 

values: e.g., iodine (Z = 53) can be separated from calcification (Z = 20) and from other 

materials as well [76] – a characteristic that is not available in traditional CTA. Additionally, 

at the desired energy level, DECT can produce virtual monochromatic images (MEIs) which 

have the benefits of reducing beam hardening artefacts and facilitating the precise 

measurement of the attenuated X-ray beam in DECT [69]. 

Since the capability of DECT for material differentiation enhances the improvement of 

iodine detection at low energies, vascular structure and related diseases can be visualised 

with better image quality and without an increase in radiation doses to patients, both of 

which are not usually possible with conventional CT imaging. Further advantages of 

DECTA are (a) bone removal algorithms and plaque display [66], (b) metal artefact 

reduction [77], and (c) tissue re-composition quantification for better diagnostic accuracy 

[78]. Although DECTA is at present a valuable diagnostic tool for the follow-up of stenting 

intervention, it requires the delivery of a high radiation dose to patients, which may pre-
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dispose the patient to cancer in the future; lowering the radiation dose is therefore of 

paramount importance. Rapid advances in CT technology have led to the reduction of both 

radiation dose and image noise; nevertheless, in order to address the radiation risk associated 

with DECTA, as in conventional CTA, a range of dose optimisation techniques has been 

developed, including the use of a low kVp and implementation of special scan and image 

reconstruction modes [79]. Again, these techniques may negatively affect the image quality: 

a reduction in the radiation dose weakens the imaging signal, and may adversely affect 

diagnoses. 

2.3.4.3.1 DECT clinical applications 

Although clinical applications of DECT have been increasingly accepted, only a few studies 

have investigated the use of bone algorithm peripheral arterial disease with DECT [80-82]. It 

has been found that the use of automated bone subtraction algorithms improves image 

quality. Brockmann et al. [78] evaluated the accuracy of DECTA by comparing the bone 

removal algorithm of DECT with the conventional bone removal algorithm of MDCT and 

the gold standard DSA in PAD, and reported that DECTA was superior to the conventional 

bone removal technique. In another study, Huang et al. [83] reported that DECTA improved 

image quality beyond MDCT and DSA. These studies did not take into account the issue of 

dose reduction as they were focused only on the accuracy of bone removal applications. 

Research has not yet been directed at addressing the radiation dose issue and image quality 

of DECT in PAD, although DECT has been widely reported as a useful application for the 

imaging of renal stones and gout [68]. A comparison between the efficacies of conventional 

MDCT and DECT in chest applications reveals that DECT is more valuable – even without 

an increment in radiation dose – than conventional MDCT. Zordo et al. [84] and Broucker et 

al. [85] reported a dose reduction of about 28% when using DECT for assessing pulmonary 

embolism when compared with single-source MDCT at 120 kVp with improved image 

quality.  

2.3.4.3.2 Spectral imaging with DECT 

Previously, all X-ray beams produced by MDCT were polychromatic. Since the arrival of 

DECT, to facilitate post-processing of spectral images the kVp, which was the conventional 

as a measure of energy, has been replaced with kiloelectron volts (keV), which is a 

simplified way to express X-ray energy. There are three elements in spectral CT imaging, all 

of which can be acquired by DECT: (i) X-ray sources producing different energies; (ii) a 

detector that can differentiate quanta of different energies, and (iii) material differentiation 

[37]. The second-generation DS-DECT makes possible the optimisation of the spectral 
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separation of photons by introducing Sn pre-filtration, the ‘tin filter’, which is a pre-filtration 

onto the 140 kVp used to filter the high energy spectrum and increase image contrast [61]. In 

the third generation of DS-DECT, the adding of Sn pre-filtration to the new Vectron x-ray 

tube strengthens the x-ray spectrum by removing low energy photons that are usually fully 

absorbed by the patient’s body. 

Spectral imaging can be obtained using conventional polyenergetic images (PEIs) to 

generate MEIs at different keV levels [69]. PEI is an image generated by conventional CT 

due to the full spectrum of photon energies with the kilovolt peak chosen by the CT 

technologist, e.g. 80, 100, 120 or 140 kVp [63]. MEI can be obtained from a pair of material 

density images and mass attenuation coefficients [86]. As the standard low and high tube 

potential of DECT are 80 kVp and 140 kVp, the mean effective energies are 53 keV and 72 

keV respectively [70] (effective energies range between 40 keV and 190 keV). 

Delesalle et al. [87] assessed the spectral optimisation of thoracic arteries and found that 

virtual monochromatic energy at 60 keV and 100 keV provided similar or better image 

quality than standard chest CTA. Maturen et al. [88] investigated endovascular aneurysms of 

the aorta and demonstrated high sensitivity in the detection of endoleaks using 55 keV MEI, 

compared with standard PEI. Sudarski et al. [89] stated that compared to dual-energy PEI, 

using a 70 keV MEI achieved a high contrast to noise ratio (CNR) in the abdominal arteries. 

They observed that the best images were obtained for the lower extremities with 60 keV, in 

comparison to PEI. Pehno et al. [90] compared the subjective and objective image quality of 

virtual MEI DECTA and PEI in aortoillic arteries, and demonstrated optimal contrast 

enhancement and improved image quality using 70 keV MEI in preference to single-energy 

CTA. Yu et al. [63] studied various sizes of phantoms to evaluate MEI at multiple keV levels 

for the optimisation of image quality in the chest region. The best image quality was seen 

with energies of 66 keV for the small, 68 keV for the medium, 70 keV for the large and 72 

keV for the extra-large phantoms [63]. In addition, this study concluded that the optimal 

MEI was used for each phantom, and that the noise levels were similar to, and the CNR 

better than, that observed in single-energy CT at 120 kVp with the same radiation dose [63]. 

Using a combination of low and high X-ray energies distinguishes DECT scanners from 

conventional MDCTs. 

2.3.4.4 Multi- energy CT 

The x-ray tube in CT scan produces a spectrum of energies in a polychromatic form. A set of 

images representing the x-ray attenuation characteristic for specific organ exposed to the x-

ray is the result of CT measurement and data reconstruction. In practice the detection 
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technology calculates the x-ray energy as mono-energetic CT measurements by conventional 

CT detectors, which are unable to deal with the spectrum of x-ray beam. Recently, energy-

selective X-ray detectors are developed to take advantage of the spectral energy in the x-ray 

beam resulting in multi-energy CT utilization. Therefore, the image reconstruction in CT 

scanner are based on two methods: image-based or projection-based reconstruction [65]. 

This process occurs at the detector level as the x-ray detection technology is the key to 

accomplish multi-energy CT. Consequently, the x-ray detectors can be categorized into two 

groups: energy-integrating and energy-discriminating [74]. Yet, all the available CT scanners 

use the energy-integrating detectors where the interactions between the x-ray beam and 

materials are accumulated over the total energy spectrum. While the energy-discriminating 

detectors deal with each photon, based on a specific threshold, the energy is counted and 

categorized into different energy bins [91]. 

The human body is a composite of vastly different tissues, and imaging techniques aimed at 

differentiating these tissues require many levels of energy to be accurate. DECT is limited in 

that it can distinguish only between two or three materials, and therefore is limited in scope. 

X-ray attenuation is subjected to the energy from photons. In CT scanners, the combination 

of robust X-ray generation and innovative detection technology allow for multi-energy CT 

applications. Theoretically, multi-energy CT is a more specific material disintegration 

technique, which can differentiate between more than three types of material in a single data 

set (Fig. 2.4). Multi-energy CT is also called spectral energy-selective spectroscopy, or 

energy sensitive CT [91]. 



 

27 
 

 
Figure 2.4. CT numbers of three known materials in low- and high-energy images, 
plotted on the y- and x-axis, respectively. Unknown materials are then mapped onto 
this plot to determine the percent composition of each of the three basis materials.  
Reprinted with permission from McCollough et al. [74]. 

In this technique a wide spectrum of photon energies is produced by a single X-ray tube, and 

detected by a special energy-sensitive detector, known as a photon-counting detector, which 

separates the beam into different energy bands [92]. This method classifies detected X-ray 

photons into energy bins [74, 93], and this ability for photon discrimination (leading to the 

distinguishment of the attenuation spectrum of all materials within the voxel) makes the 

detector’s response a key role in multi-energy generation. Photon-counting detectors are 

based on energy thresholds and provide a method to count any photon that reaches the 

detector, regardless of its energy. At this point, the multi-energy applications of clinical CTA 

show great promise because they rely on the k-edge of multiple contrast agents [93]. This 

modality is suitable for distinguishing high energy when heavier elements are used with 

contrast agents such as iodine, gadolinium, barium, platinum and gold [93]. It may be stated 

here that CT will graduate to multi-energy applications that generate images beyond the 

grayscales. This promising technique is presently under investigation, is restricted to 

research purposes only, and is not yet clinically applicable. 

2.4 Radiation dose in CT 

2.4.1 Radiation dose effects 

The main drawback of CT imaging is the use of ionising radiation, which brings with it risks 

of tissue impairment and cancer induction. The radiation dose in CT depends on peak tube 
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voltage, tube current and scan time [94]. The effects of the radiation dose may be represented 

in either a deterministic or a scholastic form. When the radiation dose touches the threshold 

dose level (which differs from one subject to another), deterministic effects are manifested, 

with the damage significantly correlated to the radiation dose. Studies have reported cataract, 

hair fall, and skin injuries as deterministic effects in patients who were irradiated beyond the 

threshold dose. In clinical practice, Bogaert et al. observed that deterministic skin effect 

occurs when the radiation dose exceeded the threshold dose at 2 Gy [95]. Scholastic effects 

of radiation, on the other hand, may manifest at any time, irrespective of the radiation dose 

and without any correlation to the threshold dose. The best examples of scholastic effects are 

genetic changes and radiation-induced cancer. The classic case of the atomic bomb explosion 

in Japan in the last century allowed for the estimation of cancer risk in survivors who had 

been exposed to high radiation [49, 96, 97]. Several studies have validated the link between 

cancer risk and radiation exposure: evidence for this is strong, good and reasonable at 

radiation exposures of greater than or equal to 100 mSv; between 50 and 100 mSv, and 

between 10 and 50 mSv [98, 99]. 

2.4.2 Radiation dose quantity and measurements 

Since CT is one of the major sources of radiation in medical imaging, and involves higher 

quantities of radiation than other radiological examinations, it is essential to ascertain the 

optimum method of dose measurement for this method. The available radiation parameters 

for CT dose monitoring include the following: (i) CT dose index (CTDI), comprising 

CTDI100, weighted CTDI (CTDIW), multiple scan average dose (MSAD), and volume CTDI 

(CTDIvol); (ii) dose length product (DLP), and (iii) effective dose (E). 

2.4.2.1 CT dose index (i) 

The computed tomography CTDI, which is the fundamental radiation dose parameter in CT, 

is an estimate of the average radiation dose in an irradiated volume. It reflects the amount of 

radiation absorbed in the production of one tomographic image during a single CT scan. Its 

measurement is very labour-intensive. CTDI is not expressed in terms of tissue but in terms 

of air, which considers the CTDI to be a step away from tissue dosimetry [100]. Since the 

CTDI represents an averaged dose to a standardised cylindrical phantom (16 cm and 32 cm 

diameter), the measurements are estimations and not a precise calculation of dose. The 

measurement of CTDI100 is a more convenient procedure, indicating the radiation exposure 

of a single axial scan over a length of 100 mm. This parameter can be used to derive CTDIw, 

which is the weighted average of CTDI100. A multiple parallel scan mode is a better option, 
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and is possible for CTA, or CTDIvol, but MSAD has the limitation of being time-consuming 

[94]. 

Measurements for CTDIvol and DLP (derived from CTDIvol to indicate the total absorbed 

dose during the examination) are usually available on recently developed CT consoles. 

However, these do not give the exact dose for a specific patient, but are based on the CT 

phantom used to determine body CTDI [94]. Since a body less than 32 cm actually absorbs a 

higher dose, and conversely a body greater than 32 cm absorbs a lower dose, this measure 

can only be regarded as providing an approximate estimation of the dose absorbed by a 

specific body part that has been exposed to the radiation dose.  

2.4.2.2 Dose length product (ii) 

Dose-length product is an indicator of the integrated radiation dose of a given scan protocol, 

and can be computed by integrating the CTDIvol value over the scan length. DLP represents 

the overall absorbed energy calculated from a particular scan protocol [101], obtained by 

multiplying CTDIvol with the given scan length in centimetres. DLP is available on the 

operator’s console as is CTDIvol. The system international unit (SI unit) for DLP is mGy * 

cm. Since it does not take into account the radiosensitivity of organs within the irradiated 

body area, DLP cannot be routinely used as an indicator of risk. To overcome these 

difficulties, the concept of E has been born. 

2.4.2.3 Effective dose (iii) 

Effective dose (E) is the most important parameter in CT imaging, of great value for 

weighing and comparing the potential biological risks of a given examination. 

Radiosensitivity of body tissues is taken into consideration by this measure [102, 103]; it 

also takes into account direct and scattered radiation for all exposed regions. Effective dose 

is used to estimate the radiation risk of the procedure, based on the Monte Carlo simulation 

for average patients [104]. Its value is given by multiplying each equivalent dose of a 

relative organ with the tissue-weighting factor (k) that is representative of the radiation 

sensitivity or risk of that particular organ, and aggregated over all exposed organs. 

In 2007 ICRP report 103 incorporated major changes into the tissue weighting factor values 

recommended and published in ICRP publication 60 [105]. Another recent research report 

proposed a new weighting factor for DECTA application for peripheral arteries, as DECT 

uses two different energy sources [106]. Without doubt, for the purpose of radiation safety 

and image quality, the basic protection concept when dealing with patient doses from MDCT 
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is the ‘as low as reasonably achievable’ (ALARA) principle, which makes sure that patients 

receive radiation doses as low as practically possible. 

2.5 Peripheral arterial stents 

Revascularisation is the preferred method for patients with PAD, both to improve the quality 

of life and to reduce the risk of amputation [2, 107]. Angioplasty and stent implantation are 

commonly used for artery stenosis and occlusions in peripheral arteries [7, 108]. This 

method is commonly employed with beneficial results in PAD patients [109, 110]. It must be 

emphasised that the use of stents requires careful evaluation – depending on the location and 

size of stents – to ensure patency; most stents are located in the aortic bifurcation, common 

iliac arteries, external iliac arteries, superficial femoral arteries and populeatial arteries. The 

size of the stent depends on its location and the extent of stenosis; it extends from ≤4 mm in 

the populeatial arteries, to ≥10mm in the aortic bifurcation. 

Endovascular interventions result in positive outcomes in treated patients, giving a success 

rate as high as 95% [111]; however, the restenosis rate is also high, at 60% in the first 12 

months [111, 112]. Most stents show a significant reclusion and restenosis rate, depending 

on the location and material used [107]. Stents in the superficial femoral artery display a 

restenosis rate of from 40% to 60% in the first year [113]. In comparison to angioplasty, 

however, the rate of restenosis in the SFA after one to two years is approximately 20–30% 

lower following primary stenting [33]. Table 2 displays the primary patency rate in 

peripheral vessels, for angioplasty with or without stents [3]. 

Some stents are associated with metal artefacts that restrict the diagnostic accuracy of the 

imaging modalities. In such instances, appropriate evaluation of stent patency can help in 

decreasing the rate of limb amputation and subsequent mortality. Evaluation of lower 

extremity arterial disease usually involves a series of non-invasive tests designed to indicate 

its level and severity. Consequently, vessel imaging has become an essential requirement of 

medical imaging. To fulfil this need, many methods have been designed and established to 

show a detailed picture of relevant blood vessels, along with their condition, and provide 

essential data needed for planning of therapeutic treatment and decision-making. 
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Table 2.2. A 5 year patency rates observed after different types of endovascular (stent) 
intervention, and patency rates observed according to the level of revascularisation 
procedure: iliac, femoro-popliteal and below the knee [3] 

 

2.6 Peripheral arterial stents evaluation by 
DECT 

Imaging of implanted stents by CTA is usually associated with blooming artefacts [32] that 

occur mainly due to the metal artefacts created by the stents. These blooming artefacts make 

stent struts appear thicker because they cause an underestimation of the stent lumen [22]. 

The metal artefacts, in turn, are the result of photon starvation and beam hardening [22]. 

Photon starvation induces a relationship between blooming artefacts and beam hardening 

artefacts because the quantity of photons that passes through high-density body regions is 

less than that which passes through normal body regions; this is considered to be the main 

factor preventing accurate evaluation of in-stent restenosis [114], adversely affecting image 

quality. The type and size of peripheral stents exert an obvious influence on the scanning 

protocol in MDCT, which determines the image quality. Much effort has been expended to 

minimise these artefacts, including a reduction in the amount of metal used in stents (a major 

remedial measure) [115] and the use of high kVp to reduce the photon starvation 

phenomenon [22]. This approach, however, is problematic, leading to a higher radiation dose 

to patients. 

Earlier studies reported that an association between beam hardening artefacts and stents is 

one of the major limitations in MDCT scanners [32, 51]; using DECT scanners could be an 

effective alternative to overcome these shortcomings. Huang et al. [83] observed that beam 

hardening correction with the help of pixel by pixel data during post-processing leads to 

contrast improvement in DECT. Similarly, Pinho et al. [90] and Matsumoto et al. [76] 

demonstrated a reasonable reduction in beam hardening and blooming artefacts with DECT. 

In DECT, virtual monochromatic images at high energy levels are able to reduce the 

artefacts caused by metal [63, 69, 76]. In the same way, the new reconstruction technique of 

iterative reconstruction (IR) with DECT may improve image quality and reduce radiation 

doses to patients [116]. Although extensive research has been carried out on radiation dose 

Endovascular Stents Primary Patency rates (%) 

Iliac stenting 80% 

Femoro-popliteal stenting 60–70% 

Femoro-popliteal stenting with DES 70–80% 

Below the knee angioplasty +/- stenting 30–60% 
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reduction and image quality, no single study exists which adequately covers the topic of 

peripheral arterial stents. 

Earlier studies have explored the effectiveness of individual dose optimisation techniques for 

imaging peripheral artery stents [114, 117], but there still remains a gap in information about 

the adjustment of a combination of factors such as tube potential, special scan mode, an 

improved algorithm for image reconstruction, and balancing attenuation, contrast and noise 

to optimise image quality. Reduction of radiation dose is not the only challenge in peripheral 

arterial CTA; the identification of in-stent restenosis still needs investigation, because the 

stent material can lead to an overestimation of the severity of a lesion. Blooming and beam 

hardening artefacts in conventional CTA limit the accurate assessment of restenosis. In a 

recent study, Zou et al. achieved a reduction in blooming artefacts by using DECT [118]. In 

a phantom study, 80% stent lumen visibility was reported with metal stents, and 100% with 

bio re-absorbable stents [119]. However, most available studies do not evaluate the 

diagnostic value of this modality in stent imaging. 

2.7 Contrast medium optimisation 

All CTA examinations involve the intravenous administration of a contrast medium to the 

subject. Contrast media expose the patient to the risk of developing contrast-induced 

nephropathy (CIN), which may lead to acute renal failure; it has been reported as the third 

leading cause of hospitalisation [120]. Decreasing the volume of contrast medium is 

clinically as important as reducing radiation dose, especially for patients who show risk 

factors for CIN or have renal insufficiency. Striking a balance between contrast medium, 

radiation dose and image quality is imperative when planning lower extremities CTA. 

Iodine and water exhibit a difference in the energy dependence of their linear attenuation 

coefficients, which gives rise to different CT numbers for iodine at different tube potentials. 

Bolus opacification more or less parallels the scanner speed in 4-, 8-, and even 16-slice CT 

systems [121], but CT scanners using 64 slices and beyond may simply out-run the 

opacification of the bolus through the arterial system [20]. Contrast delivery is also affected 

by patient-related factors such as cardiac output, body weight and peripheral arterial 

obstructive disease [122]. It follows that the contrast protocol must be considered one of the 

core aspects of CTA protocol optimisation in DECTA, because of the fast scanning time and 

ability to use the low kVp option. 

With respect to the use of low energy for evaluation of contrast medium enhancement in 

conventional CT, Utsunomiya et al. [123] observed that an energy value of 80 kVp produced 
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better contrast enhancement than 120 kVp, and required less volume of contrast medium. 

Nakayama et al. [124] evaluated the aorta using a 16-slice CT with 90 kVp and reported that 

a reduced volume of contrast material yielded vascular enhancement equivalent to that of 

standard tube voltage CTA. Manousaki et al. [117] employed 100 kVp with 16-slice CT and 

demonstrated that the evaluation and assessment of renal stents is feasible with a significant 

dose reduction. Similarly, when evaluating peripheral arterial CTA with a 64-slice CT 

scanner, Iezzi et al. [125] noted an appreciable reduction in radiation dose with the use of 80 

kVp, without compromising image quality. These studies also reported a higher attenuation 

of contrast on the investigated arteries with low kVp CTA than with standard kVp. However, 

low kVp results in decreased photon penetration and increased noise, because most of the 

photons are absorbed by the patient’s body. This occurs especially with large patients, and 

leads to degradation of image quality [126]. Large patients do not benefit from low-potential 

techniques because they require high beam penetration. A higher tube potential of more than 

140 kVp, on the other hand, will result in a reduction of soft tissue contrast, which affects the 

differentiation of soft tissues [65]. In contrast, the use of DECT for vascular angiography 

improves iodine enhancement with lower amounts of contrast medium [66, 90]. 

Lower tube voltage has been found to be closer to the k-edge of iodine, and may lead to a 

reduction in contrast volume [65, 78]. Previous studies of peripheral arteries DECTA have 

not dealt with contrast material volume reduction, with the exception of a report by Megibow 

and Sahani [126], who demonstrated a reduction in contrast volume of up to 30% in 

abdominal aortic aneurysms, when using DECT. Numerous investigators have shown that, 

for chest imaging, low contrast medium volume or concentration is accurately used in DECT 

[87, 89, 127, 128]. Yuan et al. [127] showed a 50% reduction in contrast medium volume in 

pulmonary embolism when image reconstruction was performed at 50 keV, while 

maintaining image quality with the same effective radiation dose. Finally, to the best of our 

knowledge, there is no study published on peripheral CTA or peripheral stent procedures, 

with respect to evaluating contrast material reduction using DECT. The overview from the 

literature points to the feasibility of a reduction in contrast material volume in the peripheral 

arterial stent protocol. In the present thesis, one of the objectives is to optimise contrast 

volume by using different keV sets. The utility of this optimisation in dual energy CT 

methods will be discussed in Chapter 4. 

2.8 Evaluation of image quality 

Image quality is a generic and subjective measure of the readability of an image; image 

quality optimisation is a very sensitive subject that must be evaluated by a qualified 
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observer. A reliable evaluation method is essential to ensure an acceptable, diagnostic 

quality of CT image optimisation [129, 130]. There are a number of parameters that directly 

measure image quality, but nothing can replace the dedicated participation of a trained and 

experienced reader. Assessment of image quality comprises both an objective and a 

subjective evaluation. 

2.8.1 Objective evaluation of image quality 

CT images can be assessed quantitatively by means of the following parameters: CT 

attenuation value or CT value (HU), image noise, SNR, CNR and spatial resolution. 

2.8.1.1 CT value 

CT value or CT number (mean attenuation expressed as Hounsfield Units or HU) is 

preferably measured in a homogeneous area or in a phantom organ, to avoid interference 

from structural information [94]. A difference in reconstruction algorithms significantly 

affects CT value. In peripheral CTA, CT value is assessed with the help of a circular tool 

which measures attenuation in the region of interest (ROI). It is recommended to draw the 

ROI as large as possible, in order to include maximum portion of the contrast-filled vessel in 

the image, and to exclude the calcified vessel walls. 

2.8.1.2 Image noise 

Image noise in CT is usually expressed as the standard deviation (SD) of the CT value in an 

ROI – assuming a normal distribution – and is measured in a homogeneous phantom, 

typically water [94]. The major source of noise in a CT image is the contribution made at 

different energy levels, by X-ray photons to the detectors. The first source is the quantum 

noise, which is dependent on tube potential, tube current, and the patient’s size, which has an 

obvious effect on low contrast resolution [131]. The second source of image noise depends 

on the system’s performance and its physical limitations, if any. The third source includes 

the reconstruction parameters; a strong determinant of image noise is the type of 

reconstruction filter used in the scanner [94]. Image noise is also inversely proportional to 

the square root of the radiation dose, and to the slice thickness. It is clinically desirable for 

patients of all sizes, and it has been proposed that some scanners should maintain a constant 

level of noise, which requires a large range of mA values, as different patient sizes affect X-

ray absorption [132]. Consequently, increased image noise in CTA procedures with lower 

tube potential may be acceptable due to the vascular enhancement that is associated with 

higher attenuation. Application of low kVp without considering the effects of other 

parameters can increase image contrast, but may also introduce streak artefacts. The 



 

35 
 

combination of low and high kVp in DECTA allows for a proper balance between the high 

contrast generated from the low kVp and, conversely, the low image noise from the high 

kVp [37]. Adjustment of weighting factors can help in attaining the required effect on image 

fusion. A combination of 50% weighting factors from both 80 and 140 kVp is reported to 

offer the highest SNR with optimal image enhancement [133]. Image noise characteristics 

are improved in second-generation DS-DECTA scanners, by means of a non-linear blending 

and a combination of Sn 140/100 kVp or Sn 140/80 kVp [134]. In the recent advanced DS-

DECT third-generation scanner, non-linear blending is achieved with both sources. There are 

no reports on the effect of non-linear mixing algorithms of DE on lower extremities DECTA. 

2.8.1.3 Spatial resolution 

Spatial resolution represents the ability of the system to distinguish small intricately spaced 

structures in an image. It is usually determined in a phantom by using test objects with large 

differences in CT values, to exclude overlapping from image noise. Factors affecting spatial 

resolution consist of focal spot size, detector size, displayed pixel size and motion [130]. 

Spatial resolution can be evaluated subjectively by visualisation of line pairs of increasing 

density [94]. Low contrast resolution is significantly affected by radiation dose and 

corresponding image noise. High spatial resolution is necessary in peripheral artery CTA, to 

enable an accurate detection of small arteries. Isotropic source data is essential for 

multiplanar image reconstruction, which means an optimal spatial resolution. 

2.8.1.4 Signal-to-noise ratio 

Signal-to-noise ratio (SNR) can be expressed as the CT value in HU divided by noise SD in 

the same homogenous ROI as shown in the equation below:  

SNR= CT value of specific ROI/ Image noise (SD)  (1) 

Increasing spatial resolution by decreasing pixel size at the same effective dose brings about 

a drop in the SNR per pixel. Therefore a high SNR is indicative that accurate information 

(signal) has overcome noise. SNR in CT imaging may be affected by many different 

confounding factors such as pitch and dose, which are detrimental to image quality. On the 

other hand, SNR is improved by new iterative reconstruction techniques that reduce image 

noise [135]. DECT depends on dual energy, so a higher contrast attenuation is normally 

associated with 80 kVp images with an inherently lower SNR. Conversely, lower 

contrast attenuation is normally achieved with 140 KVp images, which have better SNR 

[136]. A combination of these energies leads to a higher SNR. Furthermore, non-linear and 

linear blending images have been found to improve the SNR in vascular studies [136, 137]. 
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The common regions of interest that are used for measuring the SNR in peripheral arterial 

CTA are the aorto-iliac area, the femoro-popliteal region, and the lower leg segment, as 

shown in Fig. 2.5. 

 
Figure 2.5.The region of interest placed in the inner vessel lumen for measurement of 
SNR 

 

2.8.1.5 Contrast-to-noise ratio 

Contrast to-noise ratio (CNR) is estimated by dividing the difference between the attenuation 

values of contrast enhancement at two different areas, by the image noise equation 2 

(below): 

CNR꞊ (HU iodine− HU soft tissue)/Noise soft tissue   (2) 

CNR is an objective method to assess contrast resolution, and represents the ability of CT 

systems to reproduce two adjacent objects with similar CT values as separate structures 

[130]. When evaluating CT image quality through CNR, the results are typically a 

comparison of CNR variances between two methods, rather than direct CNR values. It 

follows that image noise and iodine CNR are essential parameters of image quality for the 

correct assessment of peripheral CTA procedures, and are usually employed to throw light 

on the interactive effect of iodine contrast enhancement and image noise. As was shown 

earlier with SNR, non-linear blending images and linear blending images also improve CNR 
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values [136, 137]. Optimal CNR can also be achieved at different keV, and may be affected 

by patient size. Yu et al. [63] noted that maximum CNR can be achieved in monochromatic 

images when the optimal energy is kept lower than that required for minimising image noise. 

This will occur when higher weighting factors are selected from lower energy levels. 

2.9 Factors influencing radiation dose and 
image quality 

DECT is considered a less invasive follow-up modality for peripheral arterial stents with 

high spatial resolution. Scanners vary in their image quality and radiation exposure; 

additionally, scanning and reconstruction parameters exert a significant effect on radiation 

dose and image quality. Scanning parameters include kVp, tube current (mA), rotation time, 

collimation and pitch. Reconstruction parameters comprise slice thickness, reconstruction 

kernel, FOV and IR, all of which have a marked effect on image quality but a lesser 

influence on radiation dose [138]. 

2.10 Scanning parameters  

2.10.1.1 Tube potential selection 

Object penetration depends on both the quality of the beam that is generated by the X-ray 

tube, where electrons are accelerated from cathode to anode, and the quantity of photons. In 

fact, low tube voltage causes an increase in CT tissue attenuation. Reduction in tube voltage 

benefits small patients by reducing their exposure to radiation. By and large, CT provides 

tube potential options ranging between 80 and 140 kVp, but DECT is based on dual sources 

of energy, requiring a wide range of X-ray spectra to obtain sufficient differences of tissue 

attenuation [65]. The standard low and high tube potential of DECT, i.e., 80 kVp and 140 

kVp, are used in most DECT scanners, but 100 kVp and 140 kVp can also be used in 

second-generation DECT scanners [70]. 

As previously stated, decreasing the low kVp will increase the attenuation of the contrast 

medium in CTA, but this is accompanied by greater image noise stemming from decreased 

tissue penetration by photons [89]. The use of higher kVp leads to less noise, but also to less 

contrast between materials, because contrast is generated by X-rays and absorbed by the 

body. In this situation a reduction of tube potential from 120 to 100 kVp for aortoillic 

arteries results in a 37% dose reduction [139]. Feuchtner et al. [39] reported a 50% dose 

reduction when tube potential ranged from 120 to 100 kVp. Iezzi et al. [140], who 

investigated the possibility of reducing radiation dose in abdominal aortic aneurysms, 
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decreased the kVp from 120 to 80 and achieved a 74% overall reduction. Apfaltrer et al. 

[141] demonstrated a fall in radiation dose of around 45–50% when performing aorta 

angiography using second-generation DSCT scanners with a high pitch and no compromise 

on image quality. Controlling tube potential in DECTs still faces restrictions, but the 

availability of several options leads to better evaluation of spectral energies. Thus, in DECT, 

the noisy 80-kVp data is balanced by the decreased noise of 140 kVp; the resulting 

combination of dual energies helps to maintain image quality. Changing tube voltage within 

a single protocol (according to the patient’s body habitus) presents difficulties [89], and this 

challenge has led to the exploration of tube potential modulation as a solution. 

2.10.1.2 Tube potential modulation 

The obvious strategy of using low tube potential for radiation dose reduction in CTA entails 

an increase of intravascular contrast, even at low photon energy, because of the higher 

attenuation of iodine. However, lower tube potential also leads to high image noise, and the 

objective of maintaining diagnostic image quality may remain unfulfilled, especially with 

obese patients. Low tube potential needs to be accompanied by higher tube current to 

overcome the deficiency of image noise. X-ray tubes in the most widely used CT systems are 

limited in their ability to produce maximum tube current, which, especially at low kVp 

DSCT, not only enables the use of different kVp but also allows the use of high mA with low 

kVp, to overcome the high noise that accompanies low kVp. The latest developments in 

scanners with automatic tube voltage selection suggest the potential to surmount these 

problems. 

Primarily, automated tube potential selection was introduced in Siemens scanners (CARE 

kVp), which are based on second-generation DSCT [89]. The optimal tube voltage is 

selected according to patient size and specific CT protocol [62]. In these scanning systems, 

tube current faced the limitation of being insufficient to produce high mA. This problem was 

overcome in the next generation systems by increasing the X-ray tube power to 120 kW, 

thereby producing tube current up to 1300 mA [62]. The efficacy of this option has been 

reported in single energy studies which achieved a 16-42% reduction in radiation dose 

compared with 120 kVp studies [142, 143]. Theoretically this option is difficult to use with 

DECT, because this modality needs a wide range of spectral energy. A few studies have, 

however, validated the use of this approach with DSCT. A phantom study conducted by 

Schindera et al. [144] confirmed a significant fall in radiation dose with the automatic tube 

potential selection system, compared to a standard 120 kVp protocol. In clinical practice 

Eller et al. [145] achieved a dose reduction of 12% in chest and abdominal CTA, and in a 

recent study on chest CTA by the present author, a dose reduction of 27% was achieved with 
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satisfactory diagnostic image quality [146]. Krazinski et al. [147] demonstrated an overall 

dose reduction of 20% in cardiovascular CTA, while Hough et al. [148] reported a 25% 

reduction in abdominopelvic CT, with the exception of one patient in whom a slightly higher 

radiation dose was noticed. The use of automated tube potential can, therefore, improve 

cardiovascular CTA protocol, with acceptable diagnostic image quality at a reduced 

radiation dose. 

2.10.1.3 Weighted average images 

DS-DECT uses two sources of energy coupled with the generation of different image sets 

such as 80 kVp, 140 kVp and weighted average images from a single acquisition, as a part of 

the post-processing procedure in the CT acquisition workstation [149]. Weighted average 

images are generated from the combined HU data attained by two X-ray sources of the 

DSCT, to simulate the image quality of a typical 120 kVp acquisition [150]. The weighting 

factor is measured by the ratio of the central 35-cm image density in third-generation 

scanners (33 cm and 26 cm in second-generation and first-generation scanners respectively), 

that is contributed by the 80-kVp datasets. Dual energy post-processing software adjusts the 

weighting factor, but this option is not available with SS-DECT. 

Some researchers have discussed the effect of weighting factors on radiation dose and image 

quality. Paul et al. [72] found that DECT in the carotid artery, employing different weighting 

factors from 0.0 to 1.0 of two datasets, affected both contrast enhancement and image 

quality. They also found that fused images with a weighting factor of 0.6 showed the highest 

CNR or SNR, compared to 80 or 140 images [72]. Behrendt et al. [133] also validated that 

using a weighting factor of 0.5 in aorta imaging with different weighting factors improved 

image quality. Other authors have reported that weighting factors of 0.3 and 0.4 achieved 

similar results in images, with characteristics comparable to those produced with 120 kVp 

[83, 89]. Consequently, the weighting factor of tube voltage has a direct impact on image 

quality. Optimum results may be obtained for peripheral angiography scanning, with 80 kVp 

and 140 kVp for small to medium-sized patients and 100 kVp and 140 kVp for large patients 

and, if possible, the usage of a weighting factor from 0.4 to 0.5. 

2.10.1.4 Tube current 

Another factor that compromises the radiation dose and enhances image quality is mA, 

although it is not as complicated as tube voltage. The tube current in most existing CT 

scanners can be adjusted up to 800 mA [37]. In third-generation DSCT scanners, mA up to 

1300 can be used in combination with low kVp [62]. An increase in tube current has a 

positive effect on image quality, in that image noise will decrease when mA is increased 
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[151] because image noise is inversely proportional to the square root of dose and slice 

thickness. Using the same approach, both radiation dose and image quality are directly 

affected by scan time. Minimising the radiation dose delivered to the patient, and 

maintaining diagnostic image quality, are both very important because of radiation risk. A 

majority of scanners employ a modulated tube current to decrease radiation dose. 

2.10.1.5 Tube current modulation 

Automatic tube current modulation is a tool used to modulate the radiation dose according to 

the patient’s body size in order to achieve optimal image quality relative to a specific body 

region. This concept was introduced in 1981 by Haaga et al. who used tube current variation 

to reduce the radiation dose, simultaneously maintaining image quality [152]. The first 

manufacturer who implemented this modulation technique was GE Healthcare in 1994, who 

effected a dose reduction of about 20% [132]. A further dose reduction from 40% to 50% 

was reported using the automatic tube current modulation in abdomen-pelvis adult CT [101]. 

The advantages of tube current modulation include control of radiation dose to the patient, 

limited artefacts from photon starvation, increased life of the X-ray tube, and control of 

image quality along the body region being scanned [37, 101]. 

Individual CT manufacturers have different definitions for automatic tube current 

modulation, but all of them share the same concept. Automatic tube current modulation can 

be defined as a device that works to adjust radiation dose by changing the mAs according to 

patient size and attenuation [100]. Consequently, the dose will increase on the greatest body 

thickness (shoulders and pelvis) and decrease on the thinnest body parts. The concept of 

using the automatic tube current modulation has been simplified by the major CT 

manufacturers for users as follows: on Toshiba CT scanners the CT user chooses the image 

quality based on a patient-equivalent water phantom and mAs is adjusted according to 

patient size to preserve image quality [153]. CT scanners from GE Healthcare have two 

methods for tube current modulation, auto mA and smart mA: auto mA adjusts mA only in 

the longitudinal direction to preserve a continuous noise index level, whereas smart mA 

adjusts mA on the x, y, and z axes to ensure a continuous noise index level [40]. Siemens CT 

scanners allow the CT user to specify mAs suited to the standard-sized patient, and also 

permit adjustment of tube current by angular modulation on the x, y, and z axes. On Philips 

CT scanners mA can be altered according to patient size to attain image noise levels similar 

to the defined reference image, prior to examination by the CT user. 

Use of automated tube current modulation with DECT may reduce the radiation dose to 

patients, but in the first-generation DS-DECT scanner this option was not activated. In the 



 

41 
 

second-generation system, tube current could be individually optimised. In contrast, the fast 

kVp switching scanner does not permit modulation because the dose cannot be optimised for 

the low and high settings in the DECT mode. 

2.10.1.6 X-ray beam, collimation, pitch and gantry rotation 

Other parameters that have a direct impact on both radiation dose and image quality are X-

ray beam, collimation, helical pitch and gantry rotation. The X-ray beam can be defined as 

an over-beaming effect. In this situation, the X-ray beam is extended to inactive detector 

areas, exposing patients to higher radiation doses [138]. The extended beam is not used for 

imaging purposes, compromising the procedural process in peripheral arteries, because, in 

MDCT, the radiation profile width is influenced by collimation and focal size [154]. Hence, 

collimation is determined based on specially chosen detector geometry or configuration to 

give shape to the X-ray beam. Thicker collimation decreases the over-beaming effect, while 

a narrower collimation leads to more over-beaming. Collimation should be as narrow as 

possible but must still allow for a reasonable table speed [151]. The compensation of a wide 

beam and a thinner slice optimise image quality and radiation dose efficiency [130]. In the 

post 64-slice CT era there is no longer a trade-off between resolution and scan speed, and 

this modality allows – even in obese patients – a fast, sub-millimetre scan protocol. 

Pitch is another parameter that affects image quality and radiation dose. Frequently pitch 

values between 1 and 2 are preferred, but with CTA it is preferable to have a pitch value of 

less than 1 to get an overlap image for generating 3D images. Pitch can be defined as the 

ratio of table feed per gantry rotation [37]. A faster table speed results in a higher pitch, 

leading to a reduced radiation dose but at the same time lowering spatial resolution [138]. In 

addition, the scan duration is decreased with an increase in the level of pitch. Lowering the 

pitch results in better image quality but requires a longer scan time and hence a higher 

radiation dose [72]. For CTA examinations which focus on peripheral vessels stent 

evaluation, a pitch smaller than 1 is optimal to improve spatial resolution along the z-axis 

and obtain results that are as close to isotropic datasets as possible, for better multi-planar 

reconstructions. 

Gantry rotation time is also related to radiation dose, and is defined as the time taken by the 

X-ray tube to complete a 360-degree revolution [138]. Correct usage of slip ring technology 

has made possible scanning of longer anatomic coverage with short time. The need for high 

temporal resolution has led to technical advances in MDCT for faster gantry rotation. 

Decreasing gantry rotation time has a similar result when reducing mA, and the faster the 
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gantry rotation, the lower the radiation dose; however, the reduction in gantry rotation time 

has a direct effect on the spatial resolution [154]. 

2.10.2 Reconstruction parameters  

The rapid advances in CT scanner technology are in alignment with Moore’s law, which 

predicts the doubling of the density of transistors on integrated circuits approximately every 

two years [155]. Nowadays most CT manufacturers offer software that runs on economical 

computers and is capable of post-processing data with innovative lighting effects, based on 

multiples of contrast-enhanced CT images [40]. CT image reconstruction is a mathematical 

process that creates images from X-ray projection data obtained at various different angles 

around the patient. This has a vital impact on image quality and consequently on radiation 

dose. To maintain optimal image accuracy and spatial resolution for a particular radiation 

dose, it is appropriate to reconstruct images with the lowest possible noise. In CT scanners 

the mathematical procedures that are generally used include filtered back projection (FBP) 

and IR. With the currently available MDCT and DECT scanners, high-quality image 

reconstruction can be tolerated that allows for isotropic resolution; this can help reduce the 

number of scans needed and, accordingly, the radiation dose to the patient [138, 154]. The 

reconstruction parameters mostly depend on the system software and include slice thickness, 

reconstruction kernel, reconstruction FOV and iterative reconstruction. 

2.10.2.1 Slice thickness 

Slice thickness is also considered to affect image quality. When a smaller slice thickness is 

used in the imaging of peripheral arteries, image noise increases because the number of 

photons that reach each voxel in an image is reduced in quantity relative to slice thickness. 

This lowers the spatial resolution, affecting image clarity. The reverse takes place when slice 

thickness is increased. Choosing an appropriate slice thickness requires a balance between 

edge sharpness and noise. In some recent studies on peripheral DECTA, a slice thickness 

greater than 1 mm providing optimal image quality has been seen to reduce the radiation 

dose [78, 80]. 

2.10.2.2 Filtered back projection 

Until recently, FBP was the common reconstruction algorithm widely used in CT scanners 

[116]. Its popularity may be attributed to the fact that FBP is an analytic reconstruction 

algorithm which expects the developed projection data to be noiseless in a high 

computational velocity and short time [156]. FBP initially filters data to improve certain 

image characteristics, then projects it back into the image space to re-create the image 
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volume. The underlying reason for using FBP is its computational simplicity, leading to fast 

image reconstruction. A drawback is that its image quality is limited, specifically with low 

radiation doses and with obese patients, because the back projection method and filtering 

involve noise, resulting in streak artefacts that cause degradation of the image [157, 158]. 

With the development of the computational capacity of CT reconstruction workstations, a 

new method of CT image reconstruction has emerged. The evaluation of these algorithms is 

done with a desire for further reduction in radiation dose without reducing image quality. 

2.10.2.3 Iterative reconstruction 

Over the last few years, rapid evolution of CT technology has led to the establishment of the 

IR algorithm in MDCT scanners, to overcome the image noise that occurs in some 

procedures and to reduce radiation dose [158, 159]. IR is an alternative to the conventional 

FBP method; it was primarily used in nuclear medicine studies [153]. All main vendors of 

CT scans offer IR algorithms with high velocity to be used in clinical practice, targeted to 

decrease image noise at lower doses [160-163]. The concept of IR, called algebraic 

reconstruction, was introduced before the FBP, but due to the limited computational power 

of CT it has been replace by the FBP [153]. Primarily, IR algorithms are designed to 

improve the quality of reconstructed images, using two steps for reconstruction, namely, 

forward and backward. The backward step is made up of a standard FBP which generates 

images from the projection data; the forward step produces projection data from images. 

These iterations are repeated for a specific time period to reach the final step of optimal 

image quality comparable with the FBP [159]. Reconstruction algorithms, by themselves, do 

not directly affect radiation dose reduction, only succeeding in improving image quality 

when low-dose CT is used. These improvements affect only image noise and contrast; 

accordingly, CT dose reduction is achieved indirectly using IR. By using nonlinear image 

processing, especially at a low CT dose, the IR technique can avoid undesirable disharmony 

between image noise and contrast [164]. 

Ranges of iterative image reconstruction algorithms are commercially available from all 

major CT manufacturers as one of the strategies for radiation dose reduction [159, 165]. The 

use of IR varies from one manufacturer to another as all have different ways of 

implementing the IR technique in their scanners. The available techniques include iterative 

reconstruction in image space (IRIS), which is iterating on the image domain only; sinogram 

affirmed iterative reconstruction (SAFIRE), and advanced modelled iterative reconstruction 

(ADMIRE) strength 3 by Siemens Medical Solutions. SAFIRE requires longer a 

reconstruction time than IRIS [62]. Adaptive iterative dose reduction 3D (AIDR-3D) 

(Toshiba Medical Systems) and iDose (Phillips Healthcare) are iterating in both raw data and 
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image domains, while adaptive statistical iterative reconstruction (ASIR) (GE Healthcare) 

and model based iterative reconstruction (MBIR) (Veo, GE Healthcare) differ from the 

others by iterating with forward and backward reconstruction steps [159]. MBIR requires 

longer computational time than the other, simpler IR methods. All these initially reconstruct 

data with an FBP, and subsequently perform multiple iterations with IR algorithms [157]. 

Many researchers have discovered that using IR in many CT procedures can effectively 

reduce radiation doses by at least 25% and up to 60% without significantly affecting image 

quality [164-167]. According to Leipsic et al. [166], up to a 25% dose reduction has been 

achieved in CT chest examinations using ASIR reconstruction. Winklehner et al. [165] 

confirmed high image quality and dose reduction of more than 50% using SAFIRE, 

compared to FBP in body CTA. Some researchers have found that using IR reduced image 

noise leads to increased CNR [168, 169]. Beam hardening artefacts have been solved using 

IR techniques [116, 165, 170]. A recent study evaluated coronary stents using IR techniques, 

and showed a significant noise reduction with higher SNR compared to FBP [115]. The key 

advantage of IR in DECT is the reduction of radiation dose. Using these methods with 

peripheral arterial stents may improve image quality with a lower radiation dose. Using these 

techniques may also offset the negative effects of a lower radiation dose on image quality 

[171]. As has been mentioned, managing these techniques wisely may overcome the 

deleterious effects of a lower radiation dose on image quality, particularly with the 

advancement of technology that is evident in DECT scanners. 

2.10.3 Image processing techniques 

DECTA image processing includes image-re-formatting processes such as multiplanar re-

formatting (MPR) in coronal, sagittal, oblique and curved planes, and specifically maximum 

intensity projection (MIP) and volume rendering (VR). It is difficult to evaluate vascular 

anatomy using axial reconstructions alone, but these reconstruction procedures allow better 

visualisation of the vessels’ details. 

2.10.3.1 Maximum intensity projection (MIP) 

When a peripheral arterial tree is presented in an angiographic style, assessment of arterial 

abnormalities is simple. This approach can be achieved perfectly with MIP or VR techniques 

[46]. MIP displays vasculature in a manner similar to conventional angiography, mainly 

when vessels are free or have minimal calcification. MIP thus becomes useful to create a 

DSA-like image, providing a road map for planning the treatment of peripheral arteries. 
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2.10.3.2 Volume rendering (VR) 

Volume rendering images are produced by an algorithm that builds 3D views by combining 

a set of axial CT images. VR is an essential tool for realistically analysing volume data, for 

describing complex vascular anatomy, and for recognising pathological changes [46]. It is 

the ideal tool for fast interactive exploration of peripheral CT angiography data sets. 

The main disadvantage of MIP and VR is that the presence of bones, calcified tissues and 

stents may limit the vascular flow in datasets. In the presence of calcified plaque, severe 

vessel wall calcification or stents, 2D MPR is crucial to evaluate vascular flow. Axial 

images, and sagittal, coronal or oblique MPRs are all useful for vessel evaluation in 

conjunction with VR. With DECTA applications, this limitation can be substantially reduced 

when monochromatic imaging spectral is used [134]. High energy images in DECT 

contribute to the optimal assessment of stenosis in severely calcified vessels, metal artefact 

reduction, and, to an extent, improvement in stent evaluation. Low energy in conventional 

CTA, on the other hand, is associated with higher image noise; but this can be improved with 

iterative reconstruction to yield good quality images [119]. These properties are particularly 

useful when DECTA is used; therefore, it is one of the main benefits arising from the 

enhancement of iodine attenuation on low-energy DECT images. 

2.11 Summary  

The use of DECT in peripheral arterial disease and stent evaluation has many potential 

benefits. Radiation doses can be reduced without compromising image quality; spectral 

imaging is another advantages; and using iterative reconstruction techniques with DECT in 

peripheral arterial stents may improve the overall procedure by decreasing both the noise and 

the radiation dose. With the use of a low contrast medium, this modality may eventually lead 

to better evaluation of stent patency in peripheral arteries. Multi-energy CT is a promising 

technique to overcome the limitations of DECT and differentiating three or more materials. 
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Chapter 3 Dual energy computed 
tomography angiography in 
the peripheral arterial 
imaging: A systematic 
review of image quality, 
radiation dose and 
diagnostic value1 

The usefulness of DECT technologies and how their application in lower extremities could 

improve the image quality was presented in Chapter 2. This chapter is a systematic review 

conducted to identify the factors affecting the image quality and radiation dose of DECTA in 

peripheral stenting. It also illustrates the diagnostic value of DECTA and the use of contrast 

mediums in peripheral arterial imaging. 

3.1 Introduction 

The recent development of dual-energy computed tomography (DECT) allows the utilisation 

of this technology for differentiation of materials, enhancing diagnostic accuracy when 

compared to conventional CT [1, 2]. The main advantage of DECT is the use of various 

kiloelectron volt (keV) values ranging from 40 to 190 keV, which leads to improvement in 

differentiating different materials, such as iodine mapping, and improvement in diagnosis of 

cardiovascular disease [3]. The main characteristics of DECT lie in its ability to produce and 

display either monochromatic or material differentiation in an image [4], such as separating 

iodine from calcification and other materials [5], a process beyond traditional single-energy 

CT. Use of DECT in clinical practice provides better image quality and may lower the 

radiation dose by eliminating the true unenhanced series as shown in DECT abdominal 

protocols [6–10]. The lower tube potential (kVp) in DECT not only has higher contrast 

                                                        

1 This chapter is a version of Almutairi A, & Sun Z, Dual energy computed tomography angiography 

in peripheral arterial imaging: a systematic review of image quality, radiation dose and diagnostic 

value, accepted 14 April, 2016 by Current Medical Imaging Reviews. 
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attenuation than the high kVp images, but is associated with a high contrast-to-noise ratio 

(CNR), achieving higher vascular enhancement with lower image noise [4]. 

The concept of using low kVp in DECT can be applied to evaluate peripheral arterial disease 

(PAD). Cardiovascular structure can also be assessed with improved accuracy when bone 

removal application is used in DECT [3, 11]. Virtual monochromatic images (MEIs) at the 

desired energy level can be produced by subtracting the iodine from the images [12]. 

Accurate detection and analysis of vessel wall calcification in the cardiovascular system, 

especially in lower extremities, is one of the main challenges for conventional CT 

angiography (CTA) due to blooming artefacts arising from heavy calcification [13, 14]; the 

use of DECT may overcome this limitation. Despite the advantages of DECT, the associated 

radiation dose is still a major concern in the medical field [15]. Furthermore, use of contrast 

mediums leads to the potential risk of contrast-induced acute kidney injury. Reduction of 

contrast medium during DECT is another research direction in the current literature [2, 16]. 

Although a number of studies of the use of DECT in lower extremities have been reported in 

the literature with promising results, their findings are variable. To the best of our knowledge 

there is no systematic review of the diagnostic value, image quality or radiation dose 

associated with DECT angiography (DECTA) in peripheral arterial disease;  thus, this 

systematic review is conducted to determine the diagnostic performance of DECT in PAD, 

based on analysis of the current literature. 

3.2 Materials and methods 

3.2.1 Literature searching and data selection criteria 

The literature search was performed by using different databases including PubMed, 

ProQuest, Medline and ScienceDirect. The keywords used for searching the eligible 

references included dual energy computed tomography, DECT and cardiovascular disease, 

dual source computed tomography and cardiovascular disease, DECT and peripheral 

angiography, DECT and radiation dose and image quality, diagnostic value of DECT in 

cardiovascular disease. The reference lists of identified articles were checked manually to 

obtain additional relevant articles. Article inclusion criteria were: 1) published between 2006 

and October 2015 (DECT was introduced in 2006); 2) published in the English language; 3) 

prospective and retrospective studies with at least 10 patients and with one DECT series 

performed and with (a) radiation dose or image quality comparison with conventional CTA 

or invasive angiography or (b) diagnostic value (in terms of sensitivity and specificity) in 
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comparison with conventional CTA or DSA. Exclusion criteria were review articles, 

comments to the editor, phantom studies, case reports and conference abstracts. 

3.2.2 Study selection 

Two reviewers independently assessed the title and abstract of the identified articles for 

eligibility based on the study design and procedure techniques. After this initial selection, the 

full texts of the potentially eligible articles were retrieved and assessed for eligibility by the 

both authors of this article independently. Agreement on the final data and results were 

resolved by consensus. Potentially missed relevant articles were identified by checking the 

reference lists of the included articles. 

3.2.3 Data extraction 

A data extraction sheet was developed, including the year of publication, number of subjects, 

their age, gender, body mass index (BMI), type of CT scanner, section thickness, 

reconstruction interval, gantry rotation time, beam collimation, pitch, tube voltage, and 

current. Radiation dose parameters were volume CT dose index (CTDIvol), dose length 

product (DLP), and effective dose (E). Image quality based on the image noise, signal-to-

noise ratio (SNR), and CNR data was also extracted. The accuracy of DECTA based on 

sensitivity and specificity was extracted from each study. Additionally, the use of contrast 

material for DECTA was extracted, including the following details: contrast medium type, 

contrast concentration mg/ml, flow rate mL/s, method of dose calculation, and CT threshold 

(HU) for scan initiation. 

3.2.4 Data analysis 

Data was entered into SPSS V 22.0 for statistical analysis (SPSS Inc, Chicago, IL, USA). 

Categorical variables were presented as percentages or frequencies. Diagnostic value of 

sensitivity, specificity, image quality and radiation dose were analysed with mean values 

reported and compared using the student T test. 

3.3 Results 

3.3.1 Study selection 

The initial search yielded 335 articles from all the databases examined in this study. A total 

of 18 studies met the selection criteria and nine [11, 14, 17–23] were found to be eligible for 

analysis. Four studies were excluded as they evaluated the venography system, while another 



 

62 
 

three evaluating the upper extremities were excluded as well; the remaining two did not use a 

dual energy mode. Figure 1 is the flow chart showing the search process for identifying 

eligible studies. Two types of CT scanner were used in these studies, with eight studies using 

the Somatom definition 64-slice dual-source CT [11, 14, 17–22], and one using a fast 

kilovoltage-switching 64-slice CT scanner [23]. The total number of patients included in 

these studies was 286, with a mean age of 67.5 years. Of these nine studies, only four 

reported the radiation dose [14, 17, 19, 24]; none compared the radiation dose with that of 

conventional CTA. For the scanning parameters used in these studies, the section thickness 

ranged from 1 mm to 1.5 mm and the reconstruction interval ranged from 0.65 mm to 1.5 

mm, with a pitch value from 0.55 to 0.984. Patients’ characteristics and scan parameters of 

DECT protocols are summarised in Table 1. 

 

Figure 3.1.Flow chart showing search strategy for identifying eligible studies 
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Table 3.1.Study characteristics of dual energy CT angiography in peripheral arterial disease 

Study /Year Body part No of 
patients 

Mean 
age 

(yrs) 

Male 
% 

Scanner 
type 

Technique 
used for 
DECT 

Collimator 
Setting 

Section 
thickness 

(mm) 

Recon. 
interval 

(mm) 

Pitch Algorithm mA Dose 
modulation 

Rotation 
time (msc) 

Meyer et al. 
2008 [11] 

Lower 
extremity 

50 67 68 
64 
DSCT 

2 tubes 
2 x 32 x 
0.6 

1 0.6 0.7 NA 56/238 NA 500 

Brockmann et 
al. 2008 [14] 

Lower 
extremity 

20 67 80 
64 
DSCT 

2 tubes 14 x 1.2 1.2 1 0.6 D30f 90/382 NA 500 

Yamamoto et al. 
2009 [17] 

Lower 
extremity 

20 73 55 
64 
DSCT 

2 tubes 
2 x 32 x 
0.6 

1 0.65 NA D30f 95/405 Yes 500 

Sommer et al. 
2009 [18] 

Lower 
extremity 

51 70.8 72 
64 
DECT 

2 tubes 
2 x 32 x 
0.6 

1.5 1 0.7 NA 80/340 Yes 500 

Kau et al. 2011 
[19] 

Lower 
extremity 

58 72 60 
64 
DSCT 

2 tubes 14 x 1.2 1.5 1 0.6 NA 90/390 NA 500 

Huang et al. 
2012 [20] 

Abdomen 
and lower 
extremity 

25 64.7 52 
64 
DSCT 

2 tubes 14 x 1.2 1.2 1.5 0.55 D20f 115/448 NA 500 

Sudarski et al. 
2013 [21] 

Abdomen 
and lower 
extremity 

18 67 72 
64 
DSCT 

2 tubes 14 x 1.2 1 1.5 0.6 NA 80/440 NA 500 

Swanberg et al. 
2014 [22] 

Lower 
extremity 

10 73 9 
64 
DECT 

2 tubes 
2 x 32 x 
0.6 

1.5 1 0.7 D30f 55/Auto No 500 

Abdulrahman et 
al. 2015 [23] 

Lower 
extremity 

34 52.1 25 
64 
DECT 

Fast kVp 
switching 

64 x 0.625 1 1 0.984 Standard 600 Yes 500 

Recon = reconstruction, NA = not available, mA = Milliampere 
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3.3.2 Image quality assessment 

Image quality parameters evaluated in these studies included image noise, SNR, CNR and 

ranking scales. Qualitative assessment of image quality using a four- and three-point ranking 

scale was performed in four studies, a three-point scale was used in three studies, in one 

study a four-point scale was used, and in the remaining study information about qualitative 

assessment was unavailable. For quantitative evaluation of the lower extremities, of the nine 

studies only three reported the SNR and CNR, comparing MEIs with polychromatic images 

[20, 21, 23]. A study by Sudarski et al. concluded that using a low keV of 60 resulted in 

higher attenuation and CNR and SNR (513 HU, 87, 13.2, respectively) compared to the 

polychromatic images (333 HU, 57, and 8.75, respectively). However, a recent study by 

Almutairi et al. found that 65 keV yielded the highest SNR and CNR (14.61 and 21.75) 

when peripheral arterial trees were evaluated [23]. One study reported the CNR was only 

additional to the coefficient of variance as another parameter to evaluate the image quality 

compared to DSA and CTA [18]; in this study the CNR ranged from 45 to 64.6 for vessels 

above the knee, which was claimed to be higher than those in DSA and CTA; however, for 

the subjective image evaluation of image quality on a 3-point scale in two other studies a 

higher value using DECTA was achieved [20, 23]. The quality of bone removal using a 

DECT application was reported in five studies, with general agreement that bone removal 

with DECT scored higher than with conventional CTA. 

3.3.3 Radiation dose 

The radiation dose was reported in three studies [11, 14, 23] with different approaches to 

calculating effective dose. Effective dose was estimated by multiplying the DLP with a 

conversion factor of 0.015 in two studies [11, 14], while the third used a conversion factor of 

0.0056 [23]. The mean effective dose for DECT protocols from these three studies was 9.51 

mSv, ranging from 7.56 to 11.18 mSv. The reported CTDIvol was 6.6, and 7.48 mGy for 

studies using Somatom definition 64 DSCT scanners and 9.05 mGy for the fast kilovoltage-

switching 64-slice CT scanner. Tube current modulation was applied in three studies, but 

none reported the radiation dose. 

3.3.4 Diagnostic value of DECTA 

The diagnostic value of DECTA was reported in four studies [11, 14, 19, 22]. Comparison of 

diagnostic values between DECTA and conventional CTA was reported in one study [14], so 

only analysis of the mean diagnostic value of DECTA in PAD was conducted. Summary 

estimates of the overall sensitivity and specificity of DECTA were 95.87% (95% CI: 84 to 
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97.2%) and 79.8% (95% CI: 78 to 97%) respectively. With regard to diagnostic performance 

in the four subdivisions of the arterial tree in the three studies that reported the data, the 

pooled sensitivity and specificity for aorta were 94.5% (95% CI: 89 to 100%) and 94% (95% 

CI: 88 to 100%), 88.4% (95% CI: 81 to 94.4%) and 92.9% (95% CI: 88 to 96.2%) for pelvis, 

84.5% (95% CI: 67 to 100%) and 93.3% (95% CI: 88 to 97.8%) for thigh, and 95.9% (95% 

CI: 91 to 100%) and 58.9% (95% CI: 38.7 to 86.9%) for calf. Two studies evaluated the 

accuracy of the bone removal algorithm, with sensitivity and specificity ranging from 84% to 

97.2% and 67% to 94% for stenosis greater than 50–74%. One study evaluated the accuracy 

of maximum intensity projections and found that DECTA had 84% sensitivity and 67% 

specificity when compared with DSA [19]. Another study evaluated the accuracy of 

selective CTA for below-knee arteries as a sensitivity of 100% and specificity of 89% [22]. 

3.3.5 Contrast medium assessment 

Table 2 shows details of the contrast mediums used in these studies during DECTA 

examinations. As shown in the table, the mean contrast volume and flow rate were 108.94 ml 

(66.47–160 ml) and 4.22 ml/s (3–5.5 ml/s) respectively. The contrast concentration used in 

DECTA was between 300 mg/ml and 400 mg/ml in all studies, and eight followed the 

protocol of using a saline chaser following administration of the contrast medium. Two 

approaches were used to monitor the contrast flow: by bolus tracking in two studies [18, 23], 

and specific threshold levels in six studies [11, 14, 17, 9–21] with CT attenuation between 

100 and 250 HU as the triggering threshold. Only one study offered a comparison of the 

effect of different contrast volumes [23]. The remaining study used a selective CTA and 

injection of contrast medium directly via catheter into the external iliac artery using an ultra-

low contrast volume (17.5 mL) [22]. 
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Table 3.2.Contrast protocols used in dual-energy CT angiography in peripheral arterial disease 

Study /Year Body part No of 
patients 

Mean 
age 

(yrs) 

Male 
% 

Scanner 
type 

Technique 
used for 
DECT 

Collimator 
Setting 

Section 
thickness 

(mm) 

Recon. 
Interval 

(mm) 

Pitch Algorithm mA Dose 
modulation 

Rotation 
time (msc) 

Meyer et al. 
2008 [11] 

Lower 
extremity 50 67 68 64 

DSCT 2 tubes 2 x 32 x 
0.6 1 0.6 0.7 NA 56/238 NA 500 

Brockmann et 
al. 2008 [14] 

Lower 
extremity 20 67 80 64 

DSCT 2 tubes 14 x 1.2 1.2 1 0.6 D30f 90/382 NA 500 

Yamamoto et 
al. 2009 [17] 

Lower 
extremity 20 73 55 64 

DSCT 2 tubes 2 x 32 x 
0.6 1 0.65 NA D30f 95/405 Yes 500 

Sommer et al. 
2009 [18] 

Lower 
extremity 51 70.8 72 64 

DECT 2 tubes 2 x 32 x 
0.6 1.5 1 0.7 NA 80/340 Yes 500 

Kau et al. 2011 
[19] 

Lower 
extremity 58 72 60 64 

DSCT 2 tubes 14 x 1.2 1.5 1 0.6 NA 90/390 NA 500 

Huang et al. 
2012 [20] 

Abdomen 
and lower 
extremity 

25 64.7 52 64 
DSCT 2 tubes 14 x 1.2 1.2 1.5 0.55 D20f 115/448 NA 500 

Sudarski et al. 
2013 [21] 

Abdomen 
and lower 
extremity 

18 67 72 64 
DSCT 2 tubes 14 x 1.2 1 1.5 0.6 NA 80/440 NA 500 

Swanberg et 
al. 2014 [22] 

Lower 
extremity 10 73 9 64 

DECT 2 tubes 2 x 32 x 
0.6 1.5 1 0.7 D30f 55/Auto No 500 

Abdulrahman 
et al. 2015 [23] 

Lower 
extremity 34 52.1 25 64 

DECT 
Fast kVp 
switching 

64 x 
0.625 1 1 0.984 Standard 600 Yes 500 

CM= contrast medium, HU = Hounsfield unit, NS = normal saline 
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3.4 Discussion 

Four key findings were found in this systematic review: first, improved image quality can be 

achieved with use of DECTA in PAD compared to conventional CTA. Second, there is good 

accuracy of DECTA in the diagnostic assessment of PAD. Third, the contrast medium can be 

reduced by up to 50% without compromising image quality. Finally, radiation dose may be 

higher in DECTA despite its improved diagnostic performance.  

Image quality degradation in conventional CT is caused by the polychromatic fauna of the x-

ray source and the ability of the CT detector to distinguish the energy. Currently there are 

two types of DECT in clinical practice: single source dual energy (achieving dual energy 

imaging with the use of fast kilovolt dynamic switching) and dual source dual energy 

(achieving dual energy imaging with the use of two x-ray tubes with different kVp). DECT 

is based on the MEI, and may be able to overcome the limitations of conventional CT and 

improve image quality. The post-processing flexibility of DECT data permits a wide range 

of monochromatic energy levels so that image contrast and noise can be balanced to obtain 

the best diagnostic information for the clinicians. The evaluation of peripheral arterial 

disease by DECT allows for acquisition of image quality beyond what has been obtained by 

conventional CTA. Huang et al. [20] reported that DECT improved vascular enhancement 

with the ability to assess the severity of stenosis beyond CTA and DSA in peripheral disease. 

For MEIs, lower keV was found to improve the image quality of enhanced vessels because it 

is close to the K-shell of iodine material, which is 33keV [4].  

Several studies have been published on image quality using different keV settings in the 

evaluation of PAD. Almutairi et al. [23] reported that 65 keV produced optimal image 

quality in peripheral DECTA, which is in accordance with a phantom study that evaluated 

peripheral arterial stents [24]. A study by Sudarski et al. [21] demonstrated the best image 

quality of MEI was at 60 keV for lower extremities. This is supported by studies 

investigating spectral imaging in thoracic arteries, with results showing that MEIs from 55 

keV provide better image quality than a standard chest CTA [2, 17, 25]. A recent study 

evaluating abdominal aorta aneurysms found higher accuracy at 55 keV than with standard 

CTA; while Pinho at al. [9] and Sudarski et al. [21] found optimal image quality was 

obtained at 70 keV in abdominal artery imaging. Improvement of the noise and contrast in a 

pixel-by-pixel way can be achieved using non-linear image blending techniques in vascular 

imaging [26]. A recent study by Lv et al. [27] reported that in a non-linear blending image in 

abdominal CTA the contrast enhancement was improved at a lower energy protocol. Despite 
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these encouraging results, more studies are needed to confirm the use of MEIs and non-linear 

blending images in peripheral arterial imaging protocols. 

The diagnostic value for CTA in the assessment of peripheral arteries has been reported with 

high accuracy [28–30]; recent advances in CT technology may further improve the 

diagnostic value. Using DECT applications for bone removal is more accurate and time 

efficient than conventional CTA applications, and several studies have concluded that DECT 

bone removal applications are superior [11, 14, 20, 23], None of these studies investigated 

the use of MEIs with bone removal in peripheral arterial protocols. so further research is 

needed to clarify the quality of MEIs with bone removal application in the lower extremities. 

The analysis of the available data in this review shows that DECTA is an accurate diagnostic 

tool compared with the standard reference DSA or CTA for detecting arterial lesions of the 

lower extremities, with overall good sensitivity and specificity. The results from most of the 

individual studies show that improvement of image quality using DECTA in peripheral 

arteries is highly significant. Brockmann et al. [14] reported a sensitivity of 97.2% and 

specificity of 94% when compared with DSA and CTA for diagnosing ≥50% stenosis. This 

is supported by Meyer et al. [11] who evaluated peripheral arteries by DECT, with a reported 

sensitivity of 93.1% and specificity of 78.2%. The lower accuracy of this review was mainly 

due to the results of the study by Kau et al. [19], who reported lower sensitivity of 84% (95% 

CI, 80–88%) and specificity of 67% (95% CI, 62–71%) when maximum intensity 

projections in DECT were compared with DSA. Thus, the results of the diagnostic value of 

DECTA in this review need to be interpreted with caution. 

Although diagnostic accuracy was moderate, as shown in this analysis, the selective CTA for 

assessing popliteal arteries conducted by Swanberg et al. [22] was reported to achieve a 

sensitivity of 100% and specificity of 89% at an ultra-low contrast medium volume. This 

new approach may lead to better evaluation of specific arteries and stents with minimum 

radiation dose and contrast medium. 

This review finds no consistency in these studies in terms of contrast flow rate and contrast 

monitoring. Baxa et al. [31] assessed the use of a low volume of the contrast material with a 

double-level test bolus method and concluded that this method could achieve high image 

quality with low contrast material volume. Another study compared different volumes of 

contrast medium and concluded that using a low contrast volume was no different from the 

usual contrast volume regarding image quality [23]. Reducing the contrast medium volume 

by up to 50% with DECT was found to be useful and did not affect the overall image quality. 

Therefore, low contrast volume is highly recommended at low kVp during DECTA in PAD. 
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This approach is supported by studies evaluating the contrast medium volume in pulmonary 

CTA [32, 33] and abdominal CTA [9], as low contrast and high contrast volumes return 

similar image quality. To reduce variances between patients, an individual contrast medium 

and scan time optimisation in lower extremities is recommended. 

Although the radiation dose associated with CT is always a main concern, dose reduction 

technique was not evaluated in most of the studies analysed in this review. However, the 

obtainable dose values mentioned in some studies are found to be similar to or even lower 

than those of conventional CTA. Applying the latest methods of calculating the effective 

dose with DECT in peripheral arterial studies may significantly reduce the radiation dose 

[23, 34]. A low effective dose in peripheral arterial protocol was achieved by using the new 

method of estimating the lower limb area with conversion coefficient k (0.0056 mSv/mGy) 

in DECTA. This approach was only recently applied to the clinical area, and the calculated 

dose in the other studies seems similar to those recorded in abdominal protocols. Further 

studies with a focus on dose reduction are indicated. 

There are some limitations in this review that should be acknowledged. First, the limited 

number of studies of DECTA in PAD did not allow us to perform a meta-analysis, so only a 

systematic review could be conducted. Second, insufficient information was provided in 

some studies, which lacked such things as dose reports or the diagnostic value of DECTA in 

PAD. Furthermore, different ranking scales were used in the various studies, and objective 

assessment of image quality was available in only a few. Third, inconsistent protocols among 

these studies represent another important limitation of our analysis. Finally, the 

heterogeneity that exists in these studies with various types of DECT scanning is another 

important limitation of our analysis. 

3.5 Conclusion  

This systematic review shows that DECT angiography may achieve optimal image quality at 

low keV values. DECT is an accurate diagnostic imaging technology in the assessment of 

peripheral arterial disease, with moderate diagnostic value but lower contrast medium, 

therefore reducing the risk of contrast-induced acute kidney injury. Reduction of the contrast 

medium volume up to 50% can achieve an adequate image quality at the optimal keV 

setting.   
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Chapter 4 Optimal scanning protocols 

for dual-energy CT 

angiography in peripheral 

arterial stenting: An in vitro 

phantom study2 

The factors that affect the image quality and radiation dose of peripheral arterial imaging has 

been presented in previous chapters. This chapter exploits these outcomes to address the 

third objective of this study, which is to test the quality of images that are produced using 

the advised imaging protocol. It is demonstrated by using a phantom to simulate the 

anatomical arteries with the use of different stents in different locations. Technical 

approaches to dose optimisation and image quality evaluation are covered in this chapter. 

4.1 Introduction 

The increasing prevalence of peripheral artery disease (PAD) is an important cardiovascular 

disease risk factor [1–3]. Stent placement for occlusive vascular disease is recognised as a 

safe and effective alternative treatment for PAD [4]. The main concern of stent implantation 

is the development of in-stent restenosis. Recent studies have shown a 30–55% restenosis 

rate after the first year of stent implementation [5–7], indicating that a follow-up 

examination for the patency of implanted stents is important. A number of imaging 

techniques have been used to evaluate stent patency, including digital subtraction 

angiography (DSA), multi-detector computed tomography (MDCT), doppler ultrasound and 

magnetic resonance imaging. DSA is the standard follow-up procedure for PAD, but it has 

gradually been replaced by less invasive techniques such as MDCT [8] which is associated 

with fewer procedure-related complications, shorter procedural time, and fewer motion 

artefacts [8]. Despite these advantages, MDCT has its weaknesses, including a higher rate of 

                                                        

2 This chapter is a version of the article by Almutairi et al., Optimal scanning protocols for dual-

energy CT angiography in peripheral arterial stents: an in vitro phantom study. Int J Mol Sci 2015; 

16(5):11531–49. 
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nephrotoxicity, a problem with blooming artefact caused by stent struts, and radiation-

induced malignancy. 

The latest MDCT systems such as DSCT and dual-energy computed tomography (DECT) 

are capable of addressing these weaknesses [9]. In particular, DECT has the ability to 

distinguish different materials at high density – for example, separating iodinated contrast 

from other materials [10]. In addition, beam-hardening artefacts, which usually result from 

the polychromatic energy of the X-ray spectrum, can be eliminated by using the 

monochromatic energy images (MEI) spectrum. Furthermore, suitable rotation time and use 

of iterative reconstruction can reduce the radiation dose [11]. Although extensive studies 

have been conducted on the use of DECT for cardiovascular disease, there is a paucity of 

literature focusing on the lower extremities, especially for stent patency evaluation [12–15]. 

Most previous studies of DECT were performed on dual-source DECT, which uses two x-

ray tubes [8, 15–18]. However, the fast kilovoltage switching CT scanner, using one x-ray 

tube and a full field of view (FOV) with the special detector gemstone spectral image (GSI) 

of GE medical systems, represents another advantage of DECT as it can improve image 

quality by reducing beam-hardening artefacts associated with stents. Furthermore, it can 

distinguish between materials such as contrast and soft tissue or other constituents by 

suppressing one material and enhancing the other with better temporal registration [19]. To 

the best of our knowledge, there is no report available in the literature on using the fast 

kilovoltage switching GE scanner for evaluating peripheral arterial stenting; thus, the 

purpose of this study is to identify an optimal DECT scanning protocol that provides a lower 

radiation dose and maintains image quality in peripheral arterial stents, based on an in vitro 

phantom study. 

4.2 Experimental Section 

4.2.1 Peripheral artery phantom design and stent 

placement 

The custom-made peripheral arterial phantom consisting of a main peripheral arterial tree 

and arterial branches was developed with use of a computer-aided design program to 

represent realistic anatomic dimensions. The phantom was made of poly methyl 

methacrylate with anatomical dimensions similar to the normal anatomy of a peripheral 

arterial tree, as shown in Figure 4.1. 
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Figure 4.1. Photograph of the phantom with stent insertions 

 

A total of 15 expired stents of different size, material and design was used in the 

experiments. Details of the stents are shown in Table 4.1. Of these fifteen stents, ten were of 

stainless steel (316 L), three of a platinum chromium alloy, one of Nitinol and one of cobalt-

superalloy. Stents were deployed into the simulated peripheral arteries modelled within the 

phantom. Stents with lumen diameters ranging from 2.75 to 3, 4, 5, 6, 7, and 8 mm, which 

closely matched their nominal diameter, were inserted into the arteries with two exceptions: 

the two Taxus Element stents with nominal diameters of 3mm were inserted into simulated 

arteries with a diameter of 2.5mm. 

Table 4.1.Details of the examined stents 

Model Material Manufacturer Diameter 
(mm) 

Length 
(mm) 

Stent No. 

Express LD 
316L stainless 
steel 

Boston 
Scientific 

7–8 27–37 (1,2,9,10) 

Absolute .035 Nitinol Abbott 6 40 3 

Wallstent-Uni 
Endoprosthesis 

Cobalt-
superalloy 

Boston 
Scientific 

5 40 4 
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Palmaz Genesis 
316L stainless 
steel 

Cordis 5 14 (5,6,11) 

Taxus Element 
316L Stainless 
steel 

Boston 
Scientific 

2.75 32 (7,14) 

Taxus Liberté 2nd 
Generation 

Platinum 
Chromium 

Boston 
Scientific 

3 28 8 

Promus Element 
Platinum 
Chromium 

Boston 
Scientific 

4 16 12 

Express Vascular SD 
316L stainless 
steel 

Boston 
Scientific 

4 15 13 

Monorail Liberté 
316L Stainless 
steel 

Boston 
Scientific 

3 28 15 

 

4.2.2 DECT scanning protocols and image 

reconstruction 

DECT scans were performed with a fast kilovoltage-switching 64-slice CT scanner 

(Discovery CT750 HD; GE Healthcare). Of the GSI-protocols that the manufacturer has 

developed as default settings, three (protocols 36, 48, and 51) were selected for this study, 

based on the lowest CTDIvol with acceptable diagnostic image quality to evaluate peripheral 

arterial stents. These protocols have been preset by the manufacturer to maintain constant 

tube power when switching the tube voltage back and forth, so changing the radiation dose 

was only possible by adjusting the pitch and/or rotation time. As a result, the three available 

pitch values, 0.516, 0.984, and 1.375, were tested, with the same beam collimation of 40 mm 

in all and fixed rotation times of 0.5, 0.7, and 0.8 seconds per rotation, respectively. The 

phantom was then positioned in the gantry in an orientation parallel to the z-axis of the 

scanner. 

The scanning parameters for the selected preset GIS-protocols are summarised in Table 4.2. 

Images were acquired with a coverage of 30 cm, ranging from aortic bifurcation to arteries 

below the knee. The raw data obtained from each scan was reconstructed in four image sets 

with five levels of adaptive statistical iterative reconstruction (ASIR): 0%, 30%, 40%, 50%, 

and 60%, and four kiloelectron volts (keV) of 60, 65, 70, and 75, with slice thicknesses of 1 

mm and 50% reconstruction overlap. Tube current modulation was not available in dual 

energy acquisition in this system for all protocols. 

A simulated intravenous contrast medium (Omnipaque 350, GE Healthcare, Milwaukee, WI) 

was used to represent the actual contrast-enhanced CT angiography. The contrast medium 

was diluted with normal saline to reach the attenuation of 250 Hounsfield units (HU), which 
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is the acceptable CT attenuation in peripheral CT angiography. The contrast medium was 

injected into the simulated arteries, which were sealed at both ends [20]. 

Table 4.2.Details of scan parameters by protocol 

Scan parameters Protocol 1 Protocol 2 Protocol 3 

GSI protocol GSI- 36 GSI -48 GSI -51 

Scan mode Dual-energy Dual-energy Dual-energy 

Tube potential 80/140 kVp 80/140 kVp 80/140 kVp 

Tube current 260 mAs 260 mAs 360 mAs 

Rotation time (s) 0.8 0.7 0.5 

Detector collimation (mm) 64 × 0.625 64 × 0.625 64 × 0.625 

Pitch 0.516, 0.984 and 1.375 0.516, 0.984 and 1.375 0.516, 0.984 and 1.375 

Table speed (mm/R) 20.62 39.37 55 

Reconstruction kernel Standard 

Section thickness (mm) 1 1 1 

Interval 0.5 0.5 0.5 

keV (60, 65, 70, and 75) 

ASIR (30, 40, 50, and 60) 
keV = kiloelectron volt, ASIR = adaptive statistical iterative reconstruction 
 

4.2.3 Quantitative image assessment 

Quantitative measurements were performed for DECT images at 1 mm slice thickness on a 

separate independent workstation with the GSI Viewer (ADW 4.6 General Electric 

Healthcare). The mean HU was obtained by placing a circular region of interest (ROI) in 

selected areas of the phantom for the 15 stents (iliac arteries, common femoral arteries, 

superficial femoral arteries, popliteal arteries, anterior tibial arteries, peroneal arteries, and 

posterior tibial arteries). Two ROIs were selected; the first was in the common femoral artery 

to measure the noise on an unstented area of the phantom. The second was in the stented 

lumen area on the axial images to measure the noise for all stents without inclusion of stent 

struts, as shown in Figure 4.2. Two stents – no. 7 and no. 14 – were difficult to place the ROI 

because of their small size with a limited lumen area being visualised; therefore we excluded 

them from the analysis. 
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Figure 4.2.The region of interest was placed in the inner stent lumen for measurement 
of image noise 

 

The selected ROI in an unstented area was in the femoral artery and within each stent at the 

same location for all protocols to measure the mean CT attenuation and image noise that was 

defined as the standard deviation (SD). The signal-to-noise ratio (SNR) for both the stented 

and unstented areas was calculated with the following formula: 

SNR = in stent lumen or nonstented area of CT attenuation in HU/ SD  (3) 

4.2.4 Qualitative assessment of image quality 

Three radiologists with 5, 15, and 20 years of experience in CT imaging performed a 

qualitative evaluation of the GSI viewer with identical window width, window level, and 

FOV. Different MEI series from each GSI protocol were evaluated randomly (between 60, 

65, 70 and 75 keV within each ASIR), with a total of 180 series reviewed by each 

radiologist. It was considered unnecessary to blind readers to the different energies because 

different values could easily be determined by visual inspection of the images[12]; however, 

they were blinded to other parameters. Intraobserver variability was not estimated because 

each radiologist assessed the images only once. Visualisation of the stent lumen was 

assessed using a 3-point scale (1 = poor image quality and non-diagnostic; 2 = adequate 

image quality; 3 = good image quality). 

4.2.5 CT dose 

A fixed scan length of 29.9 cm was used for all examinations. The volume CT dose index 

(CTDIvol) and dose-length products (DLP) were recorded for the calculation of effective 

dose, as shown in Table 4.3. Effective dose (E) was calculated for each protocol using a 

conversion factor of 0.015, taken from the normalised value of the effective dose per dose-

length product for peripheral arteries [21]. 
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Table 4.3.Summary of CTDIvol values, dose-length products, and effective doses 
across the protocols 

GE protocol Pitch CTDIvol DLP Effective Dose 

GSI-36 0.516 39.33 863.86 12.96 

GSI-36 0.984 10.30 457.56 6.86 

GSI-36 1.375 7.73 341.00 6.47 

GSI-48 0.516 17.28 759.13 11.39 

GSI-48 0.984 9.05 402.10 6.03 

GSI-48 1.375 6.48 299.72 4.50 

GSI-51 0.516 19.74 867.57 13.01 

GSI-51 0.984 10.34 459.66 6.89 

GSI-51 1.375 7.40 342.69 5.14 
GSI = gemstone spectral imaging, CTDIvol  = computed tomography volume dose index; DLP =  dose-length 
product 

4.2.6 Statistical Analysis 

All the data was entered into SPSS Statistics version 22.0 (SPSS Inc., Chicago, IL) for 

statistical analysis. Two data sets – the noise level and SNR (independent variable) responses 

obtained when ASIR = 0 – were used to produce 36 observations in a three-factor factorial 

analysis of variance (univariate ANOVA) model: GSI (three levels: GSI-36, GSI-48, GSI-

51), pitch (three levels: 0.516, 0.984, 1.375), and keV (four levels: 60, 65, 70, 75). 

The second part of the statistical analysis relates to the noise level and SNR in the nonstented 

area when ASIR > = 40; three levels, 40, 50, 60, were used to produce 108 observations in a 

four-factor factorial model. The highest order interaction in each analysis was employed as 

an estimate of residual (error) variation; when there was no significant interaction, the main 

effect was considered. Statistical significance was assessed by comparing the p values 

obtained in the F-tests corresponding to the main effect of GSI as well as to the interaction 

effect of pitch, keV, and ASIR. All tests were performed at the 5% significance level. 

4.3 Results and Discussion 

A total of 180 series acquired with virtual MEI imaging at 4-keV and 5-ASIR levels were 

reconstructed to determine the interaction between peripheral arterial stent image quality 

factors and scanning protocols. There was a significant reduction of image noise with MEI 

between 65 keV and 70 keV in all investigated preset GSI protocols (p <0.05). A significant 

reduction was observed at 65 keV for the unstented area, and for large stents and small stents 
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with both GSI48 and GSI-51. However, the mean HU was reduced as the keV increased for 

all protocols, as shown in Figure 4.3 (F). Results indicate that the preset GSI-48 scanning 

protocol with a pitch value of 0.984, 65 keV, and ASIR ≤ 50% achieved the optimal image 

quality compared with other protocols, as shown in Figure 4.3 (A–E). Figure 4.4 shows an 

example of a series of images acquired with protocols using 65 keV and three GSI settings. 
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Figure 4.3.Figures A-E show the comparison of noise level at different kiloelectron 
voltage (keV) with the three preset GSI protocols and three pitch values. Figures F and 
G represent the mean of CT value in unstented area and all stents with these scanning 
protocols. 
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Figure 4.4.A total of 13 stents (No. 7 and 14 were not included due to difficulty placing 
the region of interest in the area) with axial and coronal reformatted images 
demonstrated with three GSI protocols and three pitch values at a keV of 65. 

 

4.3.1 Image quality assessment 

The phantom data was analysed with a 3-GSI x 3-pitch x 4-keV factorial ANOVA. Each 

effect was tested with a mean standard error (MSE) of 71.27. There was a highly significant 

interaction of image noise and SNR with the GSI and pitch (p = 0.001). Similar findings 

were observed in the unstented area with highly significant effects. In addition, significant 

effects were found for these factors: GSI, pitch, and keV (p = 0.001). In contrast there was a 

significant interaction on the unstented area between GSI and ASIR (p = 0.015) and a very 

highly significant difference between keV and ASIR (p < 0.001). For noise level, two of the 

3-way interactive terms were statistically significant, namely GSI, pitch and keV; and GSI, 

pitch, and ASIR p < 0.001; the main effects and interactions for these are shown in Table 

4.4. The noise level (MSE = 89.04) was higher in GSI-36 than in the other two GSIs, as 

shown in Figure 4.3 (A-E) above.  
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4.3.2 Effect of keV on image quality 

There was no significant interaction between keV and GSI or pitch factors in the stented 

area. This does not mean that there was no effect of keV on image quality, but that the effect 

of keV on image noise was not dependent on GSI or pitch. The four noise-level means for 

keV range from 83.94 to 64.30 HU – and, incidentally, decreasing image noise occurred 

monotonically with increasing keV; the effect of keV on image noise was therefore 

independent of any other design effect. A similar effect was observed with the SNR. Unlike 

its effect on the unstented area, keV was found to be highly significant for both image noise 

and SNR (p = 0.001). Figure 4.5 compares the selected keV in different GSIs for both 

unstented and stented areas with different ASIR values. 

 
Figure 4.5.A and B are graphic representations showing the noise level when ASIR is 
used within the both unstented and stented areas, while C and D represent the means 
of SNR when ASIR is used. 
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4.3.3 Effect of GSI and pitch on image quality 

The interaction of GSI by pitch is highly statistically significant (p < 0.001). A significance 

interaction was observed on the unstented area. The main effects of GSI and pitch on noise 

level are also highly significant (p < 0.001), as shown in Table 4.4 (below). 

The marginal noise level means for the 3-GSI categories were 89.03, 62.86, and 61.92, 

indicating significant differences with the first GSI and with both the second and third GSI 

of around 27.11 and 0.94 HU, respectively. However, when the three GSI means were 

investigated for the first pitch category (84.90, 60.60, and 63.95), significant changes were 

observed. These changes varied with respect to both magnitude and direction, and presented 

as the significant interaction of GSI by pitch. 

4.3.4 Effect of stents on image quality 

The noise level in the unstented area showed a direct relationship between image noise and 

pitch value, with noise increasing when pitch increased. However, with large stents, lower 

image noise was found in GSI-36 and GSI-48 protocols, with a pitch value of 0.984. The 

medium-sized stent showed a lower noise achieved by a GSI-48 pitch of 0.984, a result 

different from that of the small stents where the best visualisation was achieved with the use 

of GSI-51 and a pitch of 0.516, as shown in Figure 4.6. 

A radiation dose reduction of about 50% was achieved in all protocols when the pitch value 

0.984 was used; a minimal reduction was observed when the pitch value was changed from 

0.984 to 1.375. 

4.3.5 Subjective image quality assessment 

The subjective grading of image quality showed a discrepancy between the readers of kappa 

= 0.24, which might be explained by the limited experience of those readers in clinical 

research. The box plots of the noise level for the three radiologists are shown in Figure 4.7. 
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Figure 4.6.A-E: A comparison of relationship between noise levels measured with 
different GSI protocols and pitch values at 65 keV with different diameters of stents. F 
represents the mean of CT values measured in all stents with the use of three GSI and 
pitch protocols 

 
Figure 4.7.Box plots demonstrate the radiologist’s evaluation of the image quality 
using a 3-point scale 

.
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Table 4.4.Results of factorial ANOVA 

Effects 
SNR SNR2 NL NL2 

F P F P F P F P 

GSI Main effect 11.806 0.001 86.658 0.000 947.509 0.000 572.661 0.000 

Pitch Main effect 10.992 0.002 302.411 0.000 102.664 0.000 1883.182 0.000 

KeV Main effect 13.424 0.000 192.161 0.000 230.042 0.000 894.644 0.000 

ASIR Main effect NA NA 157.416 0.000 NA NA 1291.264 0.000 

GSI * ASIR Two-factor interaction effect NA NA 3.823 0.015 NA NA 27.164 0.000 

KeV * ASIR Two-factor interaction effect NA NA 6.133 0.001 NA NA 3.652 0.010 

Pitch * ASIR Two-factor interaction effect NA NA 1.877 0.147 NA NA 68.25 0.000 

GSI * KeV Two-factor interaction effect 0.454 0.829 16.528 0.000 0.649 0.691 120.311 0.000 

GSI * Pitch Two-factor interaction effect 13.708 0.000 12.793 0.000 142.367 0.000 30.586 0.000 

Pitch * KeV Two-factor interaction effect 0.419 0.853 18.778 0.000 1.189 0.375 120.391 0.000 

GSI * KeV * ASIR Three-factor interaction effect NA NA 0.457 0.920 NA NA 1.727 0.123 

GSI * Pitch * ASIR Three-factor interaction effect NA NA 0.634 0.742 NA NA 9.842 0.000 

Pitch * KeV * ASIR Three-factor interaction effect NA NA 0.558 0.853 NA NA 1.326 0.268 

GSI * Pitch * KeV Three-factor interaction effect NA NA 21.545 0.000 NA NA 118.371 0.000 

 SNR: Signal to noise ratio in the stented area, SNR2: Signal to noise ratio in the unstented area, NL: noise level in the stented area, NL3 noise level in the 
unstented area, F: value of test statistic of F-test for corresponding effect; p: corresponding p value, GSI; gemstone spectral image protocol, keV: kiloelectron volt, 
and ASIR: adaptive statistical iterative reconstruction 
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4.3.6 Discussion 

This phantom study indicates that the effect of the pitch factor on keV and radiation dose is 

an important indicator for determining both radiation dose and image quality, as the lowest 

pitch is associated with the highest radiation dose and vice versa. The lowest radiation dose 

with sufficient image noise was obtained with the GSI-48 protocol with a pitch of 0.984 and 

65 keV. Overall, the GSI-51 protocol achieved the highest SNR and lowest noise level 

values with pitch values of 0.516 and 1.375 A pitch value of 0.516 was associated with the 

highest radiation dose, whereas a pitch value of 1.375 was associated with the highest image 

noise. To our knowledge, no study has been published comparing different DECT protocols 

with different pitch values. Results of this study show that the effect of the pitch value on 

image noise is strongly dependent on rotation time, as the protocol with the lowest rotation 

time (GSI-36) achieved both the highest SNR and the lowest image noise, and the protocol 

with the highest rotation time (GSI-51) achieved the highest image noise even when mAs 

was higher than that of the other protocols. 

It was found that the images acquired with approximately 65–70 keV had less image noise 

and higher SNR than other energies with lower noise levels and a lower SNR. Our results are 

similar to those reported from a chest study by Cheng et al. [14], who found that the MEI 

images at 65–70 keV resulted in less image noise and a better contrast-to-noise ratio. The 

findings of the current study are consistent with those of Yu et al. [22] who studied various 

phantom sizes to evaluate MEI at multiple keV levels to optimise chest image quality. They 

found that the best image quality was obtained with energies of 66 keV for small phantoms, 

68 keV for medium, 70 keV for large, and 72 keV for extra-large phantoms [22]. Similarly, 

Matsumoto et al. [23] reported that using 70 keV achieved the lowest image noise in a 

phantom study. Pehno et al. [12] compared the subjective and objective image quality of 

virtual MEI DECTA to PEI in aortoilliac arteries, demonstrating optimal contrast 

enhancement and improved image quality using 70 keV MEI compared with single-energy 

CTA. However, our findings show that the highest image noise was found with 60 keV, 

which differs from the finding of Sudarski et al. [24] that the use of 60 keV for lower 

extremities led to the best image quality when compared with the quality of conventional 

polyenergetic images (PEIs). These findings can be justified because the effect of stents on 

image noise is clearly evident when comparing small, medium, and large stents with 

different keV, as shown in Figure 5.4. The findings from these studies suggest that using 

keV between 65 and 70 with a pitch value of 0.984 achieves optimal image quality with a 

lower radiation dose in peripheral arterial DECT. 
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When iterative reconstruction is evaluated there is a significant difference between the 

unstented and stented areas. In the unstented area the image quality was improved when the 

ASIR was increased from 40% to 50%. This is similar to previous studies that showed that 

an ASIR of less than 40% did not improve image quality when compared with conventional 

PEIs [13, 25–27]. However, the current study shows that images with stents are not affected 

by any level of ASIR when they are applied with all the preset GSI protocols: therefore, 

based on the unstented area results, we recommend the use of 50% ASIR, with 65 to 70 keV 

in the peripheral arterial stent protocol with preset GSI-48 as the optimal protocol to replace 

conventional CTA. 

Our study has some limitations. First, although the experimental setup simulated a peripheral 

vascular tree, the idealised anatomic environment did not have surrounding organs, vessel 

walls or tissues. The nature of body vessels varies from those in a phantom, and this could 

affect the visualisation of stents to some extent. Another limitation is that this custom-made 

phantom represented only an average-sized adult, and absorption of low-energy radiation 

will differ for large- or small-sized patients. Finally, although the default manufacturer’s 

setting of 0.3 as the weighting factor for the low-energy tube was used to create virtual 120 

kilovolt reconstructions, there have been reports that a weighting factor of 0.5 improves 

image quality and would be better for vascular imaging [28]. This suggests that further 

studies are necessary to confirm our findings. 

4.4 Conclusions 

All preset GSI protocols were found to be suitable for the evaluation of peripheral arterial 

stents. This study recommends use of the faster rotation time with a pitch value of 0.984 and 

keV of 65–70 with 50% ASIR for peripheral arterial stent visualisation with DECT, as this 

protocol results in lower image noise and a lower radiation dose, but with acceptable 

diagnostic images.  
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Chapter 5 Dual energy CT angiography 
of peripheral arterial 
disease: feasibility of using 
lower contrast medium 
volume3 

Defining the optimal DECTA scanning protocol for peripheral arterial stents has been 

discussed in Chapter 4. This chapter focuses on contrast medium optimisation for lower 

extremities when DECTA is used, attempting to approach part of the final objective of our 

study, which is to apply the devised scanning protocol in experimental and clinical settings. 

It compares the use of routine contrast volume with reduced contrast volume in patient with 

peripheral arterial disease. 

5.1 Introduction 

Computed tomography angiography (CTA) has, over the last decade, become the preferred 

choice for diagnosing and evaluating peripheral arterial disease (PAD) in a manner 

comparable to invasive angiography [1]. Patients diagnosed with PAD are usually evaluated 

with CTA, which requires administration of iodinated contrast medium. The patient exposed 

to this technique faces the risk of developing contrast-induced nephropathy (CIN) [2–4]. 

With the onset of the 64-slice and post 64-slice CT era, scanning of the lower extremities 

could be achieved routinely in less than ten seconds. As this fast a scan may outrun the 

contrast bolus, large quantities of contrast volume are not essential for vascular studies [5]. 

Furthermore, low kilovoltage (kVp) levels have been shown to improve contrast 

enhancement in CTA [6, 7]. The disadvantages of this procedure lie in the beam hardening 

artefacts and the increase of image noise. 

Dual energy CT (DECT) is a recently developed form of multidetector CT (MDCT) scanners 

with the capability of compounding two different tube voltages (kVp range 80–140). The 

                                                        

3 This chapter is a version of the article by Almutairi A, Sun Z, Poovathumkadavi A, Assar T. Dual 

Energy CT angiography of peripheral arterial disease: feasibility of using lower contrast medium 

volume. PLoS ONE 2015; 10(9): e0139275. 
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main advantage of DECT is represented by material decomposition, by acquiring two image 

series at the same anatomic location simultaneously with use of different kVp (80 and 140 

kVp). Currently there are three systems available for the simultaneous acquisition of dual-

energy images during a single breath-hold: 64-slice dual-source CT, 128-slice dual-source 

CT (Definition and Definition Flash, Siemens Medical Systems) and high-definition 64-

MDCT (Discovery 750 HD, GE Healthcare) [8]. In the Siemens CT scanners, the two x-ray 

tubes use different kVp (80 and 140 kVp), while in the 64-MDCT, dual-energy imaging can 

be achieved with a single x-ray tube with fast kilovolt dynamic switching (from 80 to 140 

kVp) between two different energy levels of x-ray from view to view during a single 

rotation. This improved technique overcomes the disadvantages of a single kVp which is 

inherent in traditional MDCT scanners. The modification is brought about by combining the 

high and low kVp voltages to generate a variety of monochromatic CT images at multiple 

kilo-electron voltages (keV) ranging from 40 to 190 [9]. In this operation the contrast 

volume is utilised most efficiently. Additional benefits of DECT include the facilitation of a 

number of post-processing opportunities such as the reduction of contrast material dose 

given to patients when a low keV is applied [10, 11]. Appling the monochromatic images 

allows for the optimisation of image quality parameters like image noise and CT attenuation, 

with a low volume of contrast medium [11, 12]. 

Several reports have been published on the benefits of using (a) DSCT that employs low 

contrast medium volume and/or concentration protocols for imaging different body regions 

including coronary artery, thoracic and abdominal aorta, and lower extremities; and (b) low-

iodine concentration or low volume CTA showing good diagnostic images [13–21]. 

However, to the best of our knowledge, with respect to the diagnosis and assessment of 

PAD, the application of DECT and comparison of different amounts of both contrast 

medium volume and keV values have not been fully reported. The present study aims to 

determine the optimal scanning protocol for DECTA in peripheral arterial imaging by 

comparing two groups of patients who were administered either a routine or a lower contrast 

medium volume during DECTA scanning of the lower extremities. It is hypothesised that 

when weighed against the routine approach, lowering of the contrast medium volume will 

produce acceptable diagnostic images while reducing the risk of CIN. 

5.2 Materials and methods 

5.2.1 Patient population 

Thirty-four patients (25 male and 9 female) between 27 and 73 years of age, with a mean age 

of 52.73 ± 11.37 years, who had been advised to undergo peripheral arterial DECTA, were 
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selected for the study. The duration of the study period was September 2014 to March 2015. 

These subjects were randomly assigned to two groups as follows: 

Group 1, the routine contrast volume group, consisting of 17 patients (11 male and 6 

female), with a mean age of 52.21 ± 13.55 years, falling within the age range of 27–73 years. 

Group 2, the low contrast volume group, consisting also of 17 patients (14 male and 3 

female), with a mean age of 53.35± 9.48 years, falling within the age range of 32–67 years. 

Exclusion criteria for subjects included contraindication to intravenous administration of 

iodine contrast medium, and presence of renal dysfunction or renal failure. The study was 

approved by the Curtin Human Research Ethics (HR 167/2013) and King Fahad Specialist 

Hospital Committees (IRB-RAD029-FB). Informed written consent was obtained from all 

patients participating in the study. These consent forms were kept in a secure location which 

could only be accessed by investigators. The Institutional Review Boards (IRBs) approved 

this procedure. 

5.2.2 CT scanning protocol 

All CT examinations were performed on a fast kilovoltage-switching 64-slice CT scanner 

(Discovery CT HD 750; Gemstone Spectral Imaging, GE Healthcare, Milwaukee, WI) in the 

DE mode. The following features of GSI (Gemstone Spectral Imaging)-48 protocol were 

used: 

• collimation – 64 × 0.625 mm 

• pitch – 0.984 

• gantry rotation time – 0.7s 

• slice thickness – 1 mm 

• reconstruction interval – 1 mm 

• alternated 80 kVp and 140 kVp with the same X-ray tube by fast kVp switching 

• a constant tube current of 600 mAs, (tube current modulation is not available in DE 

acquisition in this system). 

Six sets of monochromatic images at 50, 55, 60, 65, 70 and 75 keV were reconstructed with 

adaptive statistical iterative reconstruction (ASIR) at 50%. 

The non-ionic intravenous contrast medium called Xenetix 350® (350 mg. Iodine/mL, 

Guerbet, Sulzbach, Germany), was injected using a power injector (Envision CT injector, 

Medrad) through an 18–20G catheter inserted into the median cubital vein. A bolus tracking 
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technique was used to initiate the scan in the abdominal aorta at the level of the celiac trunk 

with a threshold of 150 HU. Group 1 (routine group) was administered 1.5 mL/kg body 

weight and Group 2 (low contrast group) 0.75mL/kg body weight (a reduction of about 50%) 

of Xenetix, followed by 40 ml of a saline flush. The injection rate of contrast medium and 

saline solution was 4–5 ml/s for all subjects in both groups 

5.2.3 Qualitative assessment of image quality 

Two radiologists with 20 years and 15 years of experience in body imaging and CTA 

interpretation performed qualitative evaluations separately on a workstation with dedicated 

software (Gemstone Spectral Imaging Viewer, GE). The different virtual monochromatic 

spectral (VMS) image sets of each individual patient were evaluated randomly at 50, 55, 60, 

65, 70 and 75 keV energy levels, by each reader. It was deemed unnecessary to blind the 

readers to the altered energy levels because the different values could easily be detected by 

visual inspection of the images. 

The image quality of the different VMS series, as well as the 2D and 3D reformations 

(Maximum-Intensity Projection (MIP) and Multiplanar Reformations (MPR)), were 

subjectively analysed using a 4-point scale, where the scores were interpreted as follows: 1 – 

poor vessel opacification and non-diagnostic; 2 – fair vessel opacification; 3 – good vessel 

opacification; 4 – excellent vessel opacification. The evaluation was carried out for three 

body regions, the pelvic, thigh and leg regions. A score of 2 or above was considered 

clinically diagnostic. 

5.2.4 Quantitative assessment of image quality 

A single reviewer performed quantitative analysis on the same workstation. The CT 

attenuation (mean CT number in Hounsfield units) and noise (computed as standard 

deviation of the CT number in Hounsfield units) were calculated for the main peripheral 

arteries, including the common iliac, superficial, femoral and tibial arteries, by placing a 

defined Region of Interest (ROI) on all VMS series. ROIs were marked as large as possible 

in the vessel lumen. Areas with wall calcification that might cause artefacts were avoided. 

The CT attenuation of the background was also measured for all patients at the region of the 

muscle closest to the arteries under investigation. The mean CT attenuation and noise were 

calculated for individual subjects by averaging the values derived from both sides of the 

arteries under study. The signal-to-noise ratio (SNR) was calculated as mean CT value of 

ROI divided by the mean image noise (SD), while the contrast-to-noise ratio (CNR) was 
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calculated as mean CT value of vessel minus CT value of background muscle divided by the 

mean image noise (SD) of vessel, which is: 

CNR = (Mean vessel –Mean muscle)/SDvessel.   (4) 

5.2.5 Radiation dose estimation 

To arrive at the most effective radiation dose, the scan length was documented for each 

patient. Thereafter, the volume CT dose index (CTDIvol) and dose length product (DLP) were 

recorded from the CT console following individual examination of subjects. The 

multiplication product of DLP and a conversion factor for peripheral arteries examinations in 

the lower extremities [k = 0.0056 mSv/ (mGy × cm)] yielded the effective dose of radiation 

[22]. 

5.2.6 Statistical analysis 

Statistical analysis was performed with the help of commercial software SPSS version 22.0, 

(SPSS Inc., Chicago, Il). Quantitative variables were expressed as the mean ± SD and 

categorical variables as frequencies or percentages. Repeated measures (split plot) Analysis 

of Variance (ANOVA) was used to compare the CT value, noise, SNR and CNR of the VMS 

images at varying monochromatic energy levels. The analysis of covariance (ANCOVA) 

was used to compare six factors (group, gender, hypertension, smoking, diabetes and 

hyperlipidemia) with dependent variables such as scan time, scan range, DLP and effective 

dose. At the main plot level, the design was simple and fully randomised. Subsequently each 

participant was ‘split’ into 18 sub-plots, corresponding to the 18 combinations of three body 

regions with six voltage settings, to enable the application of 18 regimes to each of the 

participants and to facilitate recording of the output measure again, for each regime (hence 

the name, repeated measures). This experimental design produced a total of 34 x 18 = 612 

sub plots. A high degree of calcification in the arteries of the thigh and leg regions of two 

patients in Group 2 (low contrast medium group) made it necessary to exclude them from the 

analysis of quantitative image quality. A measure of the concurrence between the two 

radiologists for various parameters was elicited with the kappa coefficient of concordance, 

which provides information about inter-observer variability. Probability values of less than 

0.05 were considered statistically significant. 

5.3 Results 

Scans were successfully completed for each of the 34 enrolled patients. Table 5.1 displays 

patient characteristics and contrast protocols. 
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5.3.1 Scan time 

Analysis of risk factors demonstrated that four factors affected scan time:  

(a) Hypertension – a significant effect (p = 0.013) was seen to be exerted by hypertension, 

with the scanning time increasing from 23.5 seconds (non-hypertensives) to 24.5 seconds 

(hypertensives).  

(b) Diabetes – a highly significant effect (p = 0.004) was observed in the presence of 

Diabetes (diabetics vs non-diabetics 24.9 secs vs 23.4 secs).  

(c) Age – every additional year of age was reflected in a reduction of scanning time by 0.038 

seconds. The statistical test of significance was positive with p value being 0.032.  

(d) Body weight – a highly significant difference (p<0.001), was noted with each additional 

kilogram of body weight with an increase of 0.47 seconds (S 1–3 Tables). 

Table 5.1.Patient characteristics and contrast protocols 

 Routine contrast volume (n = 
17) 

Low contrast volume (n = 17) 

Patient characteristics   

Male: Female 11:6 14:3 

Age (yrs) 52.12 ± 13.17 53.35 ± 9.21 

Weight (kg) 77.07 ± 15.56 71.49 ± 13.87 

Height (cm) 162.65 ± 7.78 163.68 ± 8.55 

BMI (kg/m2) 29.84 ± 5.77 26.79 ± 5.49 

Contrast medium 

Contrast volume (mL) 116.00 ± 16.09 66.47 ± 6.83*** 

Flow rate (mL/sec) 4.74 ± 0.35 4.76 ± 0.39 

Contrast duration (sec) 25.01 ± 3.37 14.69 ± 2.34*** 

Scanning parameters and radiation dose 

Scanning time (sec) 24.27 ± 1.52 24.64 ± 1.16 

Scanning range (mm) 1244.18 ± 103.03 1272.12 ± 67.09 

DLP) (mGy.cm) 1238.52 ± 73.25 1257.53 ± 58.45 

Effective dose (mSv) 7.56 ± 0.53 7.57 ± 0.80 

Conversion factor for peripheral CTA = 0.0056 mSv/mGy*cm 

BMI = body mass index; DLP = dose length product 
*** p<0.001, highly significant 
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Table 5.2.Results of factorial ANOVA 

 CT value  Image noise SNR CNR 

Source   F p-value F p-value F p-value F p-value 

Group Hypothesis 67.898 0.001 19.115 0.001 15.897 0.001 20.976 0.001 

Body Part Hypothesis 18.240 0.001 45.943 0.001 42.011 0.001 172.846 0.001 

KeV Hypothesis 597.903 0.001 97.788 0.001 4.863 0.001 19.767 0.001 

Group * Body Part Hypothesis 6.352 0.002 2.684 0.072 3.071 0.047 5.904 0.003 

Body Part * keV Hypothesis 1.021 0.424 1.066 0.387 0.671 0.751 0.660 0.762 

Group * keV Hypothesis 17.543 0.001 0.863 0.506 0.169 0.974 0.092 0.993 

Group * Body Part * keV Hypothesis 0.362 0.962 0.039 1.000 0.077 1.000 0.041 1.000 

Group: routine contrast volume and low contrast volume, CT value: CT number in Hounsfield units, SNR: Signal to noise ratio in the stented area, 
CNR: Contrast to noise ratio, F: value of test statistic of F-test for corresponding effect; P: corresponding p-value, keV: kiloelectron volt. 
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Table 5.3.Objective and subjective image quality 

Body Part Contrast groups 
Kiloelectron volt 

(keV) 
CT value Image noise SNR CNR Likert score 

1 Pelvis 1 Routine contrast 
volume 

50 737.29 ± 138.88 62.56 ± 19.77 12.59 ± 3.44 13.37 ± 4.80 3.88 ± 0.33 
55 614.29 ± 115.27 53.05 ± 16.72 12.36 ± 3.36 12.91 ± 4.51 3.32 ± 0.67 
60 510.37 ± 94.07 37.44 ± 11.37 14.51 ± 3.68 15.90 ± 5.55 3.32 ± 0.72 
65 426.08 ± 77.49 30.17 ± 8.31 14.89 ± 3.69 15.36 ± 4.79 3.20 ± 0.82 
70 363.98 ± 64.53 27.70 ± 7.56 13.82 ± 3.43 13.89 ± 4.46 2.88 ± 1.10 
75 316.16 ± 57.68 29.59 ± 7.91 11.20 ± 2.92 10.49 ± 3.65 2.82 ± 1.11 

2 Low contrast 
volume 

50 536.26 ± 157.29 55.13 ± 17.78 10.20 ± 3.22 10.60 ± 4.10 3.64 ± 0.55 
55 447.18 ± 130.39 47.09 ± 14.96 9.98 ± 3.23 10.07 ± 3.73 2.73 ± 0.96 
60 373.45 ± 106.48 32.22 ± 11.66 12.37 ± 4.17 12.32 ± 5.60 3.14 ± 0.95 
65 312.60 ± 87.29 25.61 ± 9.28 13.18 ± 4.73 12.48 ± 6.59 2.82 ± 0.97 
70 267.08 ± 74.83 24.17 ± 7.83 11.85 ± 4.33 10.28 ± 4.41 2.53 ± 1.02 
75 230.74 ± 64.61 26.17 ± 7.68 9.58 ± 4.11 7.73 ± 3.15 1.91 ± 0.97 

2 Thigh 1 Routine contrast 
volume 

50 745.29 ± 184.23 56.04 ± 28.81 15.42 ± 6.30 24.07 ± 11.70 3.61 ± 0.58 
55 622.78 ± 150.15 47.19 ± 24.28 15.26 ± 6.05 23.24 ± 11.05 3.05 ± 0.80 
60 517.80 ± 122.39 36.52 ± 19.57 16.67 ± 6.64 28.04 ± 12.67 3.44 ± 0.70 
65 432.90 ± 101.88 30.16 ± 15.95 17.09 ± 7.39 28.96 ± 12.97 2.99 ± 0.90 
70 368.04 ± 97.45 26.18 ± 14.29 16.75 ± 6.94 25.98 ± 11.84 2.85 ± 1.00 
75 328.29 ± 74.25 25.01 ± 12.75 15.11 ± 5.55 19.88 ± 9.39 3.02 ± 1.18 

2 Low contrast 
volume 

50 508.48 ± 178.71 40.04 ± 12.06 13.57 ± 5.57 16.77 ± 7.49 3.41 ± 0.79 
55 430.54 ± 146.11 33.68 ± 10.31 13.70 ± 5.46 16.30 ± 6.96 2.38 ± 0.93 
60 360.21 ± 121.88 25.05 ± 9.36 16.08 ± 7.23 20.98 ± 9.73 3.11 ± 1.05 
65 304.78 ± 102.39 20.65 ± 9.24 17.36 ± 8.38 22.43 ± 11.20 2.47 ± 0.99 
70 266.48 ± 86.83 17.87 ± 6.63 16.55 ± 6.93 17.99 ± 8.21 2.67 ± 1.07 
75 235.53 ± 74.43 17.55 ± 5.48 14.49 ± 5.65 13.34 ± 5.54 2.05 ± 0.97 
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3 Legs 1 Routine contrast 
volume 

50 665.62 ± 185.87 72.80 ± 31.41 11.27 ± 6.72 24.43 ± 11.81 3.29 ± 0.94 

55 566.85 ± 155.02 61.67 ± 26.63 11.32 ± 6.66 23.64 ± 11.39 3.49 ± 0.74 

60 460.82 ± 131.12 48.06 ± 20.94 11.99 ± 7.38 28.33 ± 13.76 3.29 ± 0.92 

65 385.55 ± 114.27 38.75 ± 16.99 12.51 ± 7.83 28.96 ± 13.81 3.11 ± 0.78 

70 342.71 ± 97.26 35.08 ± 15.53 12.29 ± 7.49 24.72 ± 12.64 2.82 ± 0.84 

75 311.92 ± 86.02 32.43 ± 14.33 11.94 ± 6.81 20.27 ± 10.44 2.35± 1.02 

2 Low contrast 
volume 

50 500.62 ± 147.36 61.14 ± 43.33 11.39 ± 8.40 18.63 ± 7.31 3.50 ± 089 

55 425.86 ± 124.15 51.68 ± 36.71 11.62 ± 8.55 18.11 ± 7.03 2.64 ± 0.88 

60 348.15 ± 99.60 39.74 ± 28.57 11.99 ± 7.21 21.83 ± 8.43 2.96 ± 1.15 

65 289.41 ± 82.79 32.00 ± 23.72 12.60 ± 7.17 22.29 ± 8.74 2.65 ± 0.82 

70 257.90 ± 74.52 29.25 ± 21.98 12.62 ± 7.71 18.84 ± 7.56 2.29 ± 1.12 

75 232.62 ± 68.02 27.55 ± 23.72 12.38 ± 8.18 15.01 ± 6.23 2.11 ± 0.98 
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5.3.2 Image quality assessment 

Assessment of image quality was carried out by taking the overall mean CT value and mean 

noise for all body regions. It was seen to be significantly lower for the low volume contrast 

group than for the routine contrast group (p <0.001). A more detailed account of this 

parameter follows. 

In both groups, the CT value in the pelvis, thighs, and legs for all the keV ranges was 

>230HU, which is considered sufficient opacification for CTA examination. CT attenuation 

varied significantly within groups (p = 0.001), body parts (p<0.001) and keVs (p<0.001). 

The interaction between group and body part in terms of CT attenuation and CNR was 

significant (p = 0.002 and p = 0.003 respectively; Table 5.2). However, the mean CT 

attenuation was lower for the low contrast volume group than for the routine contrast volume 

group, recording statistically significant figures (p = 0.001). The marked difference in 

interaction between body parts in the two contrast groups was reflected in a huge drop from 

494 HU (routine/pelvis) to 361 HU (low/pelvis). An even larger drop was observed for the 

thigh region, and the largest drop was noticed for legs. These results were similar for both 

groups. The SNR, in contrast, remained slightly different, with a marginally significant p 

value (0.047) (Tables 5.3 and 5.4). 

No evidence of interaction effects was observed between body part and keV, nor between 

groups and body part by keV for the entire range of quality variables. The interaction 

between group by keV was highly significant (p<0.001). Reduction in CT values between 

routine and low contrast groups, with increase in voltage, were 28.1%, 27.8%, 27.3%, 

27.1%, 26.3% and 26.9% HU respectively, so it can be inferred that the difference between 

routine and low contrast uniformly came down with each rise in voltage.   
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Table 5.4.CT value, image noise, SNR and CNR 

Body part Contrast group CT value Image noise SNR CNR 

1 Pelvis 1 Routine contrast volume 494.69a 40.07a 13.23 a  13.66 a  

2 Low contrast volume  361.22 a (428)b 35.07a (37.6)b 11.19 a (12.2)b  10.58 a (12.1)b 

2 Thigh 1 Routine contrast volume  502.52 a 36.85a  16.05 a  25.03 a 

2 Low contrast volume  351.00 a (427)b 25.81a (31.3)b  15.29 a (15.7)b  17.97 a (21.5)b 

3 Legs 1 Routine contrast volume  455.58 a 48.13a  11.89 a  25.06 a 

 2 Low contrast volume  342.43 a (399)b 40.23a (44.2)b  12.10 a (12)b  19.12 a (22.1)b 

Total  1 Routine contrast volume 484.30 a 41.70 a 13.70 a 21.30 a 

2 Low contrast volume 351.60 a 33.70 a 12.90 a 15.90 a 
a Based on modified population marginal mean. 
b The marginal body part means. 
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Image noise was found to be lower in the low contrast volume group at 65 to 70 keV, but at 

the 70 keV energy level the noise either remained unchanged or increased to a small extent 

in the pelvic area (Figure 5.1). The highest values of SNR and CNR were obtained at 65 keV 

for both groups. Figure 5.1 portrays an example of image quality with different keV ranges, 

and Figure 5.2 displays the comparison of SNR and CNR figures across the keV ranges. 

Figure 5.3 shows an example of DECTA images acquired with different keV ranges. 

With respect to qualitative analysis, the mean scores of the CTA image quality indices for 

routine contrast and low contrast groups were 3.24 and 2.80 respectively. The lowest quality 

in both groups was attained in the leg region due to the incidence of severe calcification. The 

inter-reader concurrence for image quality grading was moderate (k = 0.33). Overall the 

qualitative assessment of image quality indicated that all the images were acceptable for 

clinical diagnosis. 

5.3.3 Radiation dose 

The difference in radiation dose was not statistically significant (DLP and effective dose) 

between the routine contrast and low contrast cohorts (p = 0.07). Routine contrast group 

figures were 1238.52 ± 73.25 mGy*cm and 7.56 ± 0.53 mSv (male: 7.36 ± 0.53 mSv, 

female: 7.93 ± 0.24 mSv), while the low contrast group readings were 1257.53 ± 58.45 

mGy*cm and 7.57 ± 0.67 mSv (male: 7.46 ± 0.78 mSv, female: 8.12 ± 0.68 mSv). 

5.4 Discussion 

The present study compares low volume with routine volume contrast medium for 

assessment of peripheral arteries using DECT on a clinical patient population, with the aim 

of evaluating the optimal contrast protocol of image quality, using virtual manipulation of 

keV-settings. To the best of our knowledge, no studies have been published comparing 

different contrast volumes with varying keV settings in DECTA of lower extremities. 

Results of the investigation demonstrate that contrast medium volume may be reduced by as 

much as 50% without compromising vascular visualisation. DECTA protocol of 65-keV 

with 50% ASIR resulted in the highest degree of CT attenuation and lowest image noise with 

a resultant increase in SNR and CNR, in comparison with the other VMS levels attained in 

both the groups. 

The findings of this study are consistent with previous reports in a phantom study [23], 

which illustrated the achievement of optimal image quality between 65 and 70 keV [23]. The 

results of the present experiment make obvious that a lower keV in peripheral DECTA 
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produces higher vascular enhancement in both groups, irrespective of contrast volume. The 

investigation reiterates the feasibility of reducing contrast medium volume by 50% without 

negatively altering diagnostic image quality. These findings are supported by Baxa et al. 

[17], who used only 40mL in their study of lower extremity DECTA imaging; they did not, 

however, make evaluate spectral imaging because they were assessing contrast delivery 

rather than scanning techniques. The reduction of contrast medium volume was not a priority 

in their study, and therefore, there was no significant difference in contrast medium volume 

between control (routine) and experimental (low dose) groups. The image quality at 65 keV, 

for both groups, was found to be optimal for lower extremity CTA with Dual Energy CT. 

This protocol could greatly minimise the risk of CIN in patients with renal insufficiency. 

In recent years a number of studies have focused on image quality using different virtual 

keV-values in imaging body vasculature [9, 24, 25]. Of them, only one study pertains to the 

evaluation of peripheral arteries through DECT at varying keV levels [9]. The authors 

discovered that best image quality for lower extremity CTA was attainable at 60 keV. 

Another study on abdominal CTA imaging with altered contrast volumes showed that up to 

70% of contrast volume could be used successfully with DECT. Other research has reported 

that contrast medium volume determines the optimal keV level [25]. Contrary to these 

findings, the present investigation demonstrates that an inferior image quality is produced at 

60 keV compared to 65 keV. This observation is supported by the postulation that 60 keV is 

the outcome of the 80 kVp, which corresponds to higher image noise [26]. 
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Figure 5.1.Comparison of CT attenuation and image noise measured at two contrast 
groups at different body parts with variable keV sets.  
A: Comparison of the measured CT values in the monochromatic images for the two 
contrast groups.  
B: comparison of the measured CT values of three body parts at different keV sets.  
C: image noise values in the monochromatic images for the two contrast groups.  
D: comparison of image noise of different body parts at different keV sets. 
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Figure 5.2.Comparison of SNR and CNR measured at two contrast groups at different 
body parts with variable keV sets. Comparison of calculated and measured SNR in 
monochromatic images with A showing the differences between the two contrast groups 
at different keV sets, B representing the SNR values of keV sets with three body parts, 
C showing the comparison of calculated and measured CNR in monochromatic images 
for the two contrast groups, and D demonstrating the CNR values of three body parts 
at different keV sets. In the range of 55–65 keV, both of the two curves increase sharply 
with the gradual rise in keV. Between 65 and 75 keV, both curves of the contrast values 
decrease sharply with 65 keV, resulting in the highest value. 

Several researchers have worked on the efficacy of VMS for visualising thoracic and 

abdominal arteries. Delesalle et al. studied the spectral optimisation of thoracic arteries and 

found that 60 keV and 100 keV produced either identical or better image quality than 

standard chest CTA [18]. Maturen et al., in their investigation of endovascular aneurysms of 

the aorta, established high sensitivity in the detection of endoleaks at 55 keV compared to 

standard CTA [27]. In another study, Sudarski et al. recommended that using 70 keV might 

achieve a higher CNR in abdominal arteries [9]. Pehno et al. compared the image quality of 

VMS DECTA with standard CTA in aortoillic arteries and demonstrated that optimal 

contrast enhancement improved image quality at 70 keV [24]. Applying these values for 

lower extremity DECTA may not be feasible because of inherent structural differences in 
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body regions. The present undertaking used 65 keV to attain a lower image noise and higher 

CNR and SNR, in order to promote efficient imaging of peripheral arteries. 

The type and severity of vascular disease have an enormous impact on blood flow velocity 

and contrast delivery. Improved image quality has been achieved in patients with PAD by 

employing faster table speed. In contrast, a lower table speed gives rise to better image 

quality in patients with abdominal aortic aneurysm [28]. It has been reported that aneurismal 

patients exhibit longer aortic peaks than non-aneurismal subjects [17]. With regard to the 

duration of the scan period, it was found in the present investigation that hypertensive 

patients need a lower scan time than non-hypertensives, while non-diabetic patients require a 

significantly shorter scan time than diabetic patients. Age and body weight were seen to be 

important influencing factors, producing significantly different readings for scan time. 

Clinicians need to consider all these findings while scanning patients with different risk 

factors so that the best possible desired CTA images may be obtained. More in-depth studies 

in this area are recommended due to the limited number of respondents participating in the 

present study. 
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 Figure 5.3.DECTA images acquired with different keV values using routine contrast medium. Examples of image quality of DECTA maximum-
intensity projection (MIP) are shown in a 53-year-old female with a body weight of 54 kg, using 80 ml of contrast medium. Comparison among 
DECTA acquisitions in the different virtual monochromatic energies (50, 55, 60, 65, 70 and 75 keV) shows higher image noise at 50 and 55 keV which 
affects visualisation of the vascular lumen details. VMS images acquired at 65 keV were shown to have better image quality (higher SNR and CNR) 
than other keVs. 
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Figure 5.4.DECTA images acquired with different keV values using low contrast medium. A series of MIP images of DECTA were obtained in a 43-
year-old male with body weight of 56 kg using 50 ml of contrast medium in the diagnostic assessment of peripheral arteries. Comparison among 
DECTA acquisitions in the different virtual monochromatic energies (50, 55, 60, 65, 70 and 75 keV) shows higher image noise at 50 and 55 keV 
which affects visualisation of the vascular lumen details. VMS images acquired at 65 keV were shown to have better image quality (higher SNR and 
CNR) compared to the other keVs.  
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Radiation dose did not show any marked difference between the experimental (lower dose) 

and control (routine dose) groups as a result of differences in DLP. The effective dose in this 

study was about 7.6 mSv for both groups, which is slightly higher than the 5.74 mSv 

reported by Dong et al. [21], but it is similar to the 7.0 mSv for DECT pulmonary 

angiography reported in a prospective randomised trial [4]. According to the effective dose 

range of various CT procedures [29], the radiation dose of DECTA in this study is within the 

acceptable limit, although a further reduction could be achieved with the advancement of 

new generation DECT. The effective dose in this study was calculated according to the latest 

methodology, and appears to be smaller than quantities used in previous studies because of 

the application of a new conversion coefficient for DECT of the lower extremities. 

Consequently, interpretation of results from this report needs to be carried out with care, 

particularly when making comparisons with results reported previously in the literature. 

5.4.1 Limitations of the study 

The present study is not without limitations:  

• A single scanning centre was approached and a relatively small number of patients were 

incorporated into the study. The reason for this is the still emerging role of DECTA in 

PAD, which rendered recruitment of a larger number of patients difficult. This limitation 

could be overcome with multi-centre studies. 

• No comparison has been made of DECTA with invasive angiography, which is regarded 

as the reference method for arterial imaging. As a result, no assurance of diagnostic 

accuracy is available in this study. The potential risk of radiation exposure, and the use 

of high volume contrast medium during invasive angiography, are responsible for its 

gradual replacement by less invasive and safer modalities such as CTA. 

• Measurement of attenuation was performed at only three levels. This may be justified by 

noting that the inclusion of numerous variables led to the evolvement of a combination 

of more than 600 subplots, making the results suitable for qualitative and quantitative 

analysis. 

• DECT application is still at the developing stage in routine clinical practice and readers 

are still familiarising themselves with the assessment of image quality, which is probably 

the reason for the moderate degree of inter-observer agreement seen in this study. 

• Inclusion of some patients whose body weight was ≥100 kg (which is associated with 

high image noise) made it difficult to apply the results of the present study. 
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5.5 Conclusion 

Investigation of the performance of DECTA in imaging peripheral arteries was carried out 

by comparing the efficacy of low volume of contrast medium with a routine volume of 

contrast medium. The outcome of the investigative study was that the image quality of 

DECTA obtained from both groups was clinically acceptable. The quality of DECTA 

peripheral artery images received at 65 keV and 50% ASIR, with low contrast medium 

volume protocol, was comparable to images received using the routine contrast medium 

volume DECTA. It may therefore be concluded that lowering the contrast medium volume 

by 50% may lead to diagnostically satisfying images during DECTA of peripheral arteries, 

while reducing the risk of CIN in susceptible patients. Needless to say, more detailed and 

substantial research is necessary to reiterate the findings of the present investigation. 
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Chapter 6 Dual energy CT angiography 

in imaging peripheral arterial 

stents: An investigation of 

optimal scanning protocols 

with regard to image quality 

and radiation dose4 

Contrast medium optimisation for peripheral arterial disease was discussed in Chapter 5. 

This chapter focuses on the DECTA protocol optimisation for peripheral arterial stents, 

addressing the final objective of our study which is to apply the devised scanning protocol in 

experimental and clinical settings. It compares DECTA with conventional CTA in patients 

with peripheral arterial stents. 

6.1 Introduction 

Arterial stenosis and occlusions of the lower extremities are frequently treated with either 

balloon angioplasty or stents. In-stent restenosis after peripheral artery angioplasty is 

considered one of the major problems of this procedure. Patency rates for iliac arteries 

stenosis in the follow-up range from 78% in the first-year to 61% after five years [1]. Digital 

subtraction angiography (DSA) is the standard follow-up procedure for peripheral arterial 

disease (PAD), but there are some drawbacks to this technique, including invasiveness and 

limited assessment of the vessel structures. Less invasive imaging techniques, such as multi-

detector computed tomography (MDCT), are increasingly used in clinical practice to serve as 

an alternative to DSA [2]. 

MDCT has the advantages of shorter procedural time, fewer motion artefacts, and the 

provision of 3D visualisations [2]. Despite these benefits it has its deficiencies, such as the 

potential risk of contrast medium-induced nephrotoxicity, the presence of blooming artefacts 

                                                        

4 This is a version of an article currently being considered by The International Journal of 

Cardiovascular Imaging: Almutairi A, Sun Z, Al Safran Z, AlZaabi S. Dual energy CT angiography in 

imaging peripheral arterial stents: An investigation of optimal scanning protocols with regard to image 

quality and radiation dose.  
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caused by stent struts, and high radiation dose. Further, MDCT has difficulty in 

differentiating different materials related to peripheral arterial stents. As assessment of in-

stent restenosis is closely related to the stent materials, this may lead to an overestimation of 

lesion severity. Blooming and beam hardening artefacts which are commonly seen in 

conventional CT angiography (CTA) hamper the accurate assessment of in-stent restenosis 

[3], but these artefacts can be eliminated in dual-energy CT (DECT) applications. Huang et 

al. reported an improvement of hardbeam correction with DECT [4]. In a recent study by 

Mangold et al, reduction of blooming artefacts in imaging peripheral stents with improved 

image quality was achieved when 70 or 80 keV was used [5]. Stent lumen visibility for small 

stents was reported in a phantom study at high keV when a third generation of dual-source 

and DECT was used [6]. For large stent evaluation such as those in peripheral arteries, 

DECT may improve stent visualisation and decrease blooming artefacts better than for small 

stents. 

DECT is a recently developed technique that offers a diversity of applications for improving 

image visualisation and material differentiation, based on CT attenuation obtained from two 

tube voltages [2, 7, 8]. The bone removal algorithm of DECT plays an important role in 

confirming the diagnosis and evaluation of the disease’s progress [7, 9, 10]. Image quality in 

general is improved with DECT due to the utilisation of low energies. Creation of different 

kilo-electron volts (keV) as monochromatic images may allow optimisation of image quality. 

To the best of our knowledge, only a few studies have been published on the role of DECT 

angiography (DECTA) in peripheral arterial stents [5, 6, 11,12], and evidence of optimal 

scanning protocols of DECTA in peripheral arterial stents as compared to conventional CTA 

is lacking. 

The aim of this study is to determine the optimal scanning protocols of DECTA in terms of 

radiation dose and image quality assessment at different keV levels in comparison to 

conventional CTA, in patients treated with peripheral arteries stents. We hypothesise that 

higher keV levels can be used to produce acceptable image quality at a lower radiation dose. 

6.2 Material and methods 

6.2.1 Patient population and stent characteristics 

Twenty-nine patients (27 males and 2 females, mean age, 57.88 ± 9.7 years, ranging from 38 

to 77 years and with a mean body mass index (BMI) of 27.76 ± 7.14) were prospectively 

enrolled in this study between September 2014 and December 2015. All patients had been 

diagnosed with PAD and were treated with peripheral arterial stents; 93.1% of the patients 
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were also diagnosed with diabetes mellitus (DM). For comparison with conventional CTA, 

we retrospectively reviewed 24 patients (23 males and 1 female, mean age 58.04 ± 10.53 

years, between 38 and 77 years of age and with a mean BMI of 27.38 ± 6.86) from the same 

population as the prospective study, but who had undergone conventional CTA for lower 

extremities prior to our data collection. Exclusion criteria for subjects included renal 

dysfunction or renal failure and contraindication to intravenous administration of the iodine 

contrast medium. The study was approved by the Curtin Human Research Ethics (HR 

167/2013) and King Fahad Specialist Hospital (KFSH-D) Committees (IRB-RAD029-FB). 

Informed consent was obtained from all participants. 

Stent manufacturer and stent details were available for 86% (48/56) of the stents. The mean 

stent diameter was 6.9 ± 1.3 mm (ranging from 4.0 to 9.0 mm), and the mean length was 

54.0 ± 29.6 mm (ranging from 9.0 to 150.0 mm). Five different stent types were used in this 

group of patients: ev3 Protégé Everflex self-expandable-nitinol (ev3 Endovascular Inc, 

Plymouth, MN) n=10; Abbott Omnilink (balloon mounted) cobalt chromium n=4; Cordis 

Genesis Balloon mounted nitinol (Cordis, Miami, FL) n=19; Cordis SMART self-

expandable stainless steel (Cordis, Miami, FL) n=8, and Boston Scientific Wall Stent self-

expandable	cobalt-based alloy (Boston Scientific Corp., Natick, MA) n=7. Thirty-five 

(62.5%) stents were located in the common iliac artery (CIA), six (10.7%) in the external 

iliac artery (EIA), and 15 (26.8%) in the superficial femoral artery (SFA). 

6.2.2 DECT scanning protocol 

All CT procedures were performed in the DE mode with a fast kilovoltage-switching 64-

slice CT scanner (Discovery CT HD 750; Gemstone Spectral Imaging, GE Healthcare, 

Milwaukee, WI) at KFSH-D. Details of the DECTA protocol have been described in Chapter 

5, and were recently published [13]. Four sets of virtual monochromatic spectral images 

(VMS) at 65, 68, 70 and 72 keV were reconstructed with adaptive statistical iterative 

reconstruction (ASIR) at 50%. 

Intravenous non-ionic iodinated contrast agent (1.5 ml/kg, 350 mgI/ml Xenetix, Guerbet, 

Sulzbach, Germany), was administered at flow rate of 4–5 ml/s followed by 40 ml of a saline 

chaser at the same flow of contrast, using a power injector (Envision CT injector, Medrad) 

through a minimum of 20G catheter in the cubital vein. A region of interest (ROI) was 

placed within the aorta close to the celiac trunk level with a threshold of 150 HU and CT 

acquisition was automatically initiated after five seconds. 
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6.2.3 Conventional CTA scanning protocol 

CT examinations were accomplished on two type of scanner: a Discovery CT HD 750, GE 

Healthcare, Milwaukee, WI), and a 64-slice CT scanner (Brilliance 64, Philips Medical 

Systems, Cleveland, Ohio) KFSH-D, with the following protocols: section thickness: 

1.0 mm, pitch values: 0.516 and 0.89; reconstruction interval: 50% overlap of the section 

thickness. Tube voltage was 120 kVp, with auto mAs and current modulation for all scans. 

6.2.4 Image reconstruction and image quality 

assessment  

The images were transferred to a 3D workstation (Gemstone Spectral Imaging Viewer, GE) 

for analysis. Post-processing reconstructions in multiple formats were obtained for all 

patients, including axial CT images, multiplanar reconstruction (MPR) and curved 

multiplanar reformation (CPR). Images were demonstrated with a window level and window 

width of 200/1200 HU to improve visualisation of the stent. 

If the stent lumen appeared darker than the contrast-enhanced vessel lumen proximal to the 

stent, then the stent was considered to be occluded. Homogeneous enhancement inside the 

stent lumen or the absence of in-stent restenosis if it was similar to the reference vessel was 

considered to be normal stent patency. 

According to the image quality in terms of stent lumen visibility, each stent was classified as 

patent or non-patent. The stent was considered patent when the lumen was noticeable and the 

contrast density of the lumen could be assessed without the effect of partial volume effects, 

metal artefacts caused by the stents and calcification in the arterial wall. Each peripheral 

artery was sub-divided into three zones based on the existing stent, including CIA, EIA and 

SFA locations, to allow appropriate analysis. 

6.2.4.1 Qualitative assessment 

Qualitative evaluations were performed independently by two experienced radiologists with 

21 and 15 years in cardiovascular CT imaging, on a workstation with dedicated software 

(Gemstone Spectral Imaging Viewer, GE). Each reader evaluated the different VMS image 

groups of each individual patient randomly. Because different VMS values could easily be 

detected by visual inspection of the images, it was considered unnecessary to blind the 

readers. 



 

125 

 

The image quality of the different VMS series was evaluated in three parts; the assessments 

were subjective and based on a 3-point scale as follows: 1 non diagnostic; 2 moderate but 

sufficient for diagnosis; 3 excellent. Image noise within the stent was also evaluated on a 3-

point scale: 1 – poor; 2 – adequate; 3 – good. Stent patency or lumen visualisation, was 

evaluated on a 4-point scale: 1 – stenosis or occlusion; 2 –   ≥50% or less lumen is opacified; 

3 –  50–74% lumen is visualised or opacified; 4 –  ≥75% excellent opacification or 

visualisation. A score of 2 or above in all three assessments was considered clinically 

diagnostic. 

6.2.4.2 Quantitative assessment 

CT attenuation values were performed at a workstation by a reader with 15 years of 

experience in CT. A circular region of interest (ROI) was placed over the enhanced area of 

the stent on axial images. Measurement of image noise (the standard deviation of the CT 

number in Hounsfield units) was attained for each peripheral arterial stent by placing a 

defined ROI on all VMS series. The area of the ROI on all VMS series and conventional 

CTA based on the stent size was marked as large as possible in the vessel lumen. When 

calcification was noticed the ROI was placed in a different region to avoid the artefact. 

Additional CT attenuation values were measured at the level of the artery proximal to the 

stent, and other CT attenuation values for the background image noise were taken at the 

muscle closest to the stent. 

Mean CT attenuation and image noise were computed for individual stents by averaging the 

values for each stent location resulting from both sides of the arteries. The signal-to-noise 

ratio (SNR) was calculated as a mean CT value of ROI divided by the mean image noise 

(SD), while the contrast-to-noise ratio (CNR) was calculated as a mean CT value of stent 

minus the CT value of background muscle divided by the mean image noise (SD) of a stent, 

which is: 

CNR= (Mean CT value stent –Mean CT value muscle) /SDstent.  (5) 

6.2.5 Radiation dose estimation 

The volume CT dose index (CTDvol) and dose length product (DLP) were recorded from the 

CT console for each subject. The multiplication product of DLP and a conversion factor (k) 

where {k = 0.0056 mSv/ (mGy × cm)} is the conversion coefficient which used for both 

DECTA and conventional CTA lower extremities examinations, to estimate the effective 

dose [14], and the effective doses were compared between the two protocols. 
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6.2.6 Statistical analysis 

A commercial software SPSS version 22.0 (SPSS Inc., Chicago, IL) was used in this study. 

A P value of <0.05 was considered to indicate a statistically significant difference. 

Quantitative variables were considered as mean ± standard deviation. Categorical variables 

were presented as counts and percentages. 

Statistical analyses were undertaken at two levels, as follows: 

(1) Patients were regarded as ‘blocks’ in a randomised block analysis of variance, 

with five imaging processes (four DECT, one conventional CT) as ‘treatments’. 

Duncan’s Multiple Range Test was employed to aid interpretation in those 

analyses exhibiting statistically significant treatment effects. 

(2) The effects of observed patient attributes (e.g., sex, BMI, stent type) on 

expressions of image quality were assessed via analysis of variance/covariance 

(the General Linear Model procedure in SPSS). Image quality for a given 

measure was taken as the arithmetic average of the corresponding four values 

within each patient from the DECT processes. Conventional CT values were 

excluded. Because of severe skewness in the observed frequencies of categorical 

attributes (e.g., 27 males, 2 females; 25 hypertensives, 4 non-hypertensives) a 

forward stepping search procedure was adopted, starting with each variable 

(whether factor or covariate) fitted alone. The variable yielding the most 

significant single contribution to the model was then fitted. Each of the 

remaining variables in the candidate pool were then also fitted, one at a time, to 

that model, then removed, and the variable yielding the most significant single 

contribution from among those was then fitted, along with the first variable so 

identified. This process continued, provided each term fitted made a significant 

improvement to the current model. As and when any two factors were fitted, 

then a term representing the interaction effects between them became eligible, 

and was added to the pool of candidate terms. The same protocol was employed 

as and when any factor and any covariate were fitted. 

A repeated measures analysis of variance, combining patient attributes (between-subjects 

level) and VMS profiles (within-subjects level) into a single analysis was considered, but 

frequency imbalances and variance/covariance heterogeneity issues rendered this 

inappropriate. 
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Interobserver variability was assessed with Cohen’s Kappa Statistic to measure the degree of 

‘more-than-chance’ agreement between the two readers for various parameters, and 

interpreted as follows: (k= 0.01–0.20, slight; 0.21�0.40, fair; 0.41�0.60, moderate; 0.61�

0.80, good; 0.81�1.0, excellent agreement). 

6.3 Results 

All procedures were successfully completed in all subjects without the incidence of any 

complications, and all examinations were of diagnostic image quality at good to excellent 

stent visibility. A total of 56 stents (one to three stents per patient) were evaluated. Patient 

characteristics are shown in Table 6.1. 

Table 6.1.Patient characteristics of the study groups 

Patient characteristics  Dual-energy CTA (n = 29) 

 Conventional CTA (n = 24) 

Male: Female 27:2 23:1 

Age (yrs) 57.88 ±9.71 58.04 ± 10.53 

Height (cm) 166.45 ± 8.06 166.46 ± 7.68 

Weight (kg) 75.33 ± 16.59 74.23 ± 16.38 

BMI (kg/m2) 27.76 ± 7.14 27.38 ± 6.86 

Radiation dose 

DLP) (mGy.cm) 1246.93 ± 44.12 1318.45 ± 450.31 

Effective dose (mSv) 6.98 ± 0.24 7.63 ± 2.48 

*Conversion factor for peripheral DECTA conventional CTA = 0.0056 mSv/mGy*cm  

CTA = Computed tomography angiography, BMI = body mass index; DLP = dose length product 
 
 

For quantitative analysis between subjects based on personal attributes associated with 

variations in DECT image quality, we found the average CNR varied significantly with BMI 

(P=0.027): a unit increase in BMI was associated with a decrease of 0.843 units of CNR, 

while average SNR appeared not to vary significantly with any of the available factors or 

covariates. The average CT value varied significantly with BMI (P=0.043): a unit increase in 
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BMI was associated with a decrease of 5.747 HUs. Average image noise varied significantly 

with type of stent (P=0. 025). CT attenuation of all VMS was found to vary significantly 

with DM (P = 0.037) and with BMI (P = 0.010). On average, diabetic patients exhibited 

190.056 HU more than non-diabetic patients, once controlled for BMI. Controlling for DM, 

each additional unit of BMI was associated with a reduction of 7.158 HU. The model 

accounted for 41% of total variation. Image noise was found to vary significantly with DM 

(P = 0.018). On average, patients with diabetes exhibited 18.66 noise units fewer than non-

diabetic patients. The model accounted for 29% of the total variation. The small number of 

observations for DECT and conventional CTA at CIA (19, 14), EIA (3, 2) and SFA (7, 6) 

combined with considerable clustering of cases in the binary categories of factors (gender, 

BMI, and DM) rendered almost all factor interaction effects untestable, as shown in Table 

6.2. 

6.3.1 Image quality assessment 

Image quality was assessed by taking the overall mean CT value and mean image noise for 

all stent zones. The image quality of 22 (39.3%) stents was good of a further 27 (48.2%) 

stents was moderate; the stent lumen was occluded in the remaining 7 (12%) stents. The 

reason for the interpretability of the images of these seven was the stent occlusion. 

Regarding quantitative image quality, DECTA images had less noise than CTA images, for 

CIA stents with high significance (P<0.001) and EIA stents with significance (P = 0.044). 

There were no significant differences for image noise of SFA stents between DECTA and 

CTA, but DECTA had greater CNR than the CTA images for both CIA and EIA stents, and 

very highly significant differences from the VMS images (P<0.001,) and (P = 0.005) 

respectively. Post hoc analyses using Duncan’s Multiple Range Test indicated that the mean 

CNR for the four VMS and conventional CTA was significantly different from the other four 

CNR means; although the test did not detect significant differences between the CNR means 

of the all VMS sets, it was very close (P = 0.053). For SNR there was no evidence of 

difference between the VMS and conventional CTA for CIA and SFA stents, but SNR was 

found highly significant (F (2, 7) = 46.81, P=0.006) for EIA stents. The main effect of CT 

attenuation on CIA stents was found to be a very highly significant difference between VMS 

on both CIA and SFA stents (F (18, 67) = 16.22, P<0.001), and (F (4, 23) = 4.80, P=0.006) 

respectively. Details of ANOVA results for quantitative image quality are shown in Table 

6.3, Fig. 6.1(A-D) and Fig. 6.2 (A-F), with an image example in Fig. 6.3 (A-D). 



 

129 

 

Reduction in CT values at all stent zones was associated with an increase in keV, with a 

reduction of 18 to 21% between 65 keV and 72 keV for all stent zones. Image noise was 

found to be highest at 65 keV and a very minimal change between 70 and 72 keV, as shown 

in Table 6.3. 
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Table 6.2.Quantitative assessment of image quality based on stents location 

Stent location  DECTA protocols CT attenuation Image noise SNR CNR 

1 CIA 
DECTA (19) 

65 462.20 ± 101.62 42.10 ± 17.72 12.88 ± 8.53 20.44 ± 16.80 

68 420.50 ± 90.43 38.45 ± 16.17 12.93 ± 9.11 19.37 ±13.40 

70 397.50 ± 87.52 38.51 ± 15.47 11.65 ± 7.62 17.65 ± 10.67 

72 374.50 ± 82.84 38.59 ± 15.54 10.93 ± 7.35 15.72 ± 8.81 

Conventional CTA (14)  428.70 ± 92.17 48.46 ± 23.70 11.11 ± 5.60 9.62 ± 4.92 

2 EIA 
DECTA (3) 

65 562.70 ± 36.50 32.78 ± 13.20 18.40 ± 8.49 20.20 ± 2.14 

68 508.80 ± 33.10 31.52 ± 13.27 17.42 ± 8.28 19.61 ± 3.33 

70 476.40 ± 31.20 31.34 ± 13.59 16.47 ± 8.01 18.38 ± 4.03 

72 446.20 ± 29.42 31.53 ± 14.04 15.33 ± 7.49 16.82 ± 4.55 

Conventional CTA (2)  637.00 ± 447.72 61.52 ± 39.67 10.12 ± 0.75 8.93 ± 1.43 

3 SFA 
DECTA (7) 

65 320.80 ± 199.60 48.19 ± 23.42 8.83 ± 9.65 18.87 ± 19.06 

68 288.90 ± 181.78 45.25 ± 21.04 8.46 ± 9.44 17.63 ± 17.81 

70 269.70 ± 171.10 43.95 ± 19.55 8.04 ± 9.05 16.14 ± 16.23 

72 251.70 ± 161.14 42.97 ± 18.26 8.90 ± 8.88 14.57 ± 14.88 

Conventional CTA (6)  427.10 ± 147.84 63.69 ± 17.84 7.52 ± 3.78 6.42 ± 3.58 

CT = number in Hounsfield units, SNR = Signal-to-noise ratio in the stented area, CNR = Contrast-to-noise ratio, Image process = comparison between 4 keVs 
and conventional CTA. CIA- = common iliac artery, EIA- = external iliac artery, SFA = superficial femoral artery. 
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Table 6.3.Results of ANOVA 

  CT value  Image noise SNR CNR 

Source df F p-value F p-value F p-value F p-value 

CIA (19) (18,67) 9.963 0.001 19.22 0.001 12.25 0.001 11.928 0.001 

Image process (5) (4,67) 6.966 0.001 6.066 0.001 1.274 0.289 7.445 0.001 

EIA (3) (2,7) 0.984 0.420 8.467 0.014 46.81 0.001 7.089 0.021 

Image process (5) (4,7) 0.486 0.747 4.341 0.044 9.707 0.006 9.900 0.005 

SFA(7) (6,23) 11.93 0.001 9.383 0.001 37.52 0.001 66.00 0.001 

Image process (5) (4,23) 4.804 0.006 1.804 0.162 0.795 0.541 2.556 0.066 

Df = degrees of freedom, CT value = CT number in Hounsfield units, SNR = Signal-to-noise ratio in the stented area, CNR = Contrast-to-noise ratio, F = 
value of test statistic of F-test for corresponding effect; P = corresponding p-value, Image process = comparison between 4 keVs and conventional CT, 
CIA = common iliac artery, EIA = external iliac artery, SFA = superficial femoral artery. 
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With regard to image quality based on stent type, CNR was obviously higher for all VMS 

than conventional CTA for all stents, while image noise was found to be low for all VMS 

compared with conventional CTA. The Omnilink stents achieved the highest CNR and the 

Wallstent stents recorded the lowest image noise. Cordis SMART stents received the lowest 

CT attenuation for all VMS while conventional CTA achieved high CT attenuation, as 

presented in Table 6.4.  

A total of 116 keV images of the stents were evaluated with 564 measurements in our study. 

The mean scores of protocol assessment for all VMS stes were 2.69 ± 0.46, 2.69 ± 0.46, 2.45 

± 0.46, 2.46 ± 0.49, respectively, and for stent patency assessment the scores of all VMS stes 

were 1.96 ± 0.49, 2.22 ± 0.56, 2.63 ± 0.48 and 2.81 ± 0.40 respectively. The scores of stent 

lumen assessment were, 3.00 ± 0.76, 3.17 ± 0.77, 3.36 ± 0.81 and 3.50 ± 0.78, respectively. 

Both readers ranked the 72 keV results as excellent. Inter-reader agreement was good on 

protocol assessment (k = 0.71), good on stent patency assessment (k= 0.78), and excellent on 

stent lumen assessment (k= 0.82). Overall, the qualitative assessments of image quality 

showed that all images were satisfactory for clinical use. 
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Table 6.4.Quantitative assessment of image quality based on stent type 

Stent type keV CNR SNR CT attenuation Image Noise 

Missing stent details (8) 65 12.13 ± 9.12 6.26 ± 6.50 272.42 ± 212.08 33.33 ± 25.85 

 68 11.37 ±8.43 6.37± 6.94 248.58 ±195.50 30.90 ± 24.48 

 70 10.44 ±7.59 6.15 ±6.78 232.70 ±183.85 29.90 ± 23.71 

 72 9.39 ± 6.74 5.79 ±6.38 217.84 ±172.95 29.27 ±23.08 

Conventional CTA (6)  10.38 ± 2.70 12.00 ± 3.15 472.76 ± 29.69 42.96 ± 15.41 

ev3 Protégé Everflex (self-expandable) (10) 65 14.06± 7.01 8.68± 8.22 395.17± 168.70 44.92± 23.87 

 68 14.14± 6.63 8.22± 4.65 359.52± 154.19 43.33± 23.46 

 70 13.21 ± 6.10 7.69±4.30 337.98 ±145.46 43.01± 23.35 

 72 12.13 ± 5.53 7.09 ± 3.88 317.87 ± 137.36 43.29 ± 43.64 

Conventional CTA (5)  7.54 ± 5.34 9.31 ± 6.05 383.13 ± 68.87 52.13 ± 18.19 

Abbott Omnilink (balloon Mounted) (4) 65 21.12 ± 4.67 18.72 ± 7.38 527.08 ± 80.65 33.32 ±11.17 

 68 21.04 ± 4.09 16.87 ±7.13 481.79 ±65.63 32.34 ± 10.94 

 70 20.21. ± 3.78 15.57 ±6.78 454.42 ± 56.66 31.53 ±10.73 

 72 18.95 ± 3.71 14.25 ±6.24 428.84 ± 48.29 30.75 ± 10.21 

Conventional CTA(3)  7.17 ± 1.10 8.56 ± 1.50 377.60 ± 84.49 47.42 ± 20.62 

Cordis Genesis (Balloon mounted) (19) 65 20.25 ± 17.91 14.13 ± 9.53 463.74 ± 150.95 33.61 ± 14.66 

 68 19.87 ± 14.39 13.70 ± 7.92 421.43 ± 136.53 32.32 ± 13.17 

 70 17.83 ± 11.91 12.79 ±7.07 396.12 ± 128.06 31.95 ± 12.70 
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Stent type keV CNR SNR CT attenuation Image Noise 

 
72 15.78 ± 10.21 12.90 ±9.64 373.43 ± 120.84 31.70 ±13.28 

Conventional CTA (17)  10.73 ± 4.12 12.23 ± 4.62 481.51 ± 133.57 46.52 ± 23.68 

Cordis SMART (self-expandable) (8) 65 9.99 ± 13.78 6.29 ±9.91 244.65 ± 226.47 42.32 ±36.80 

 68 8.64 ±10.32 6.85 ±10.90 222.82 ±207.30 37.65 ±33.98 

 70 8.21 ± 9.99 6.55 ±10.32 208.93 ±194.51 36.50 ± 33.04 

 72 7.39 ± 9.15 6.10 ±9.57 195.94 ±182.66 35.80 ±32.14 

Conventional CTA (4)  7.35 ± 3.70 8.38 ± 3.91 418.14 ± 154.87 57.91 ± 20.41 

Boston Scientific Wallstent (self-expandable) (7) 65 19.68 ±19.31 12.87 ±12.92 409.63 ± 267.01 34.12 ±21.86 

 68 18.70 ±17.91 13.20 ±12.98 375.90 ±246.53 30.76 ± 19.54 

 70 17.15 ± 16.19 12.92 ± 12.96 355.52 ± 234.33 30.58 ± 19.73 

 72 15.50 ± 14.75 12.59 ± 12.74 336.57 ± 223.10 30.56 ±20.23 

Conventional CTA (4)  4.60 ± 1.79 5.45 ± 1.95 336.94 ± 107.18 50.02 ± 21.70 
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Figure 6.1.Box-and-whisker plots of image quality.  
A-D: Comparison between the 4 VMS and conventional CTA of CT attenuation value (HU) and image noise in measured in CIA and SFA 
stents. Box-and-whisker plots (O, outliers) show difference of image quality in different stent locations.  

VMS- virtual monochromatic spectral, CTA-CT angiography, CIA-common iliac artery, SFA-superficial femoral artery 
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Figure 6.2.A line graph of comparison between the 4 VMS and conventional CTA for stents at CIA and SFA. A and D: CT attenuation (HU) shows the 
highest CT value at the lower keV; B and E: image noise demonstrates that the lowest image noise was found at 72 keV protocol and the highest 
image noise at the conventional CTA, followed by 65 keV protocol, and C and F contrast-to-noise ratio (CNR) of CIA shows that CNR decreased 
with increase in VMS; all the VMS were found to be better than conventional CTA.  

VMS = virtual monochromatic spectral, CTA =CT angiography, CIA =common iliac artery.  
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Figure 6.3.Example of mage quality of multiplanar reformatted images at different VMS of CIA stents at (a) 65 keV (b) 68 keV (c) 70 keV and (d) 
72keV. The protocol of 72 keV shows the optimal image quality.  

VMS = virtual monochromatic spectral; CIA = common iliac artery.
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6.3.2 Radiation dose 

On the basis of our protocols, DLP and effective radiation dose for lower extremities CTA 

acquisition in DECT (1246.93 ± 64.33 mGy*cm, and 6.98 ± 0.36 mSv, respectively) with 

fixed CTDIvol of 9.05 mGy, were significantly lower compared than those in conventional 

CTA the CTDIvol, DLP and the effective radiation dose (1318.45 ± 450.31mGy*cm and 7.36 

± 2.48 mSv) (P < 0.0001), although this has slightly significant difference (P= 0.047). 

6.4 Discussion 

In this stud, 56 peripheral arterial stents were evaluated using 64-section single source 

DECT, and 49 (88%) of these images were interpretable. Image quality of peripheral arterial 

stents using DECT can be useful with optimised keV. This implies that a perfect 

visualisation of the stent lumen may not always be seen in a single keV level only, and might 

vary depending on the stent characteristics. 

For technically adequate angiographic imaging, a CT attenuation of 250HU was generally 

used for vascular assessment. The results of this study demonstrate that a DECTA protocol 

of 70–72 keV with 50% ASIR and a minimum average CT attenuation of 251.70 HU results 

in diagnosable images that can distinguish between stent material and contrast, with optimal 

CT attenuation and low image noise in comparison with other VMS levels, and with high 

CNR compared to conventional CTA. 

The outcome of this study is consistent with findings in a phantom study Chapter 4, which 

demonstrated the acquisition of optimal image quality of VMS was achieved between 65 and 

70 keV [11]. Throughout the VMS, an increase in keV was associated with a decrease in 

mean all-stent attenuations. Higher in-stent attenuation probably results from beam-

hardening artefacts affected by the reconstruction algorithm [15]. With DECT, blooming 

artefacts in stents depend on the keV level, as higher keV is associated with lower blooming; 

however, the higher keV level leads to a significant reduction of CT attenuation, which may 

affect the diagnosis of in-stent stenosis evaluation. In the present study, the use of 70–72 keV 

in the differentiation between stent materials, contrast medium and neointimal hyperplasia in 

a run-off DECTA gave better results than the other two keV evaluated. 

Only a few studies have used DECT and monochromatic imaging in the evaluation of 

peripheral arterial stents, and most of these evaluate the imaging of coronary stents [16–18]. 

Their results studies vary in the identification of the optimal keV, ranging from as low as 55 

keV to >80 keV. However, a recent study found 70 and 80 keV achieved optimal image 



 

140 
 

quality with use of DECTA in 31 patients with 45 stents. Increasing keV to over 80 (90–150 

keV) did not show any improvement in either image quality or diagnostic confidence [5]. 

Studies that have evaluated lower extremities with DECT have found that optimal image 

quality falls between 55 to 70 keV [13, 19, 20]. 

In this study, the DECTA protocol of 72 keV was considered optimal for evaluating 

peripheral arterial stents as it returned the lowest image noise as well as good differentiation 

between the contrast medium within the stents and the neointima within the stents. In 

addition, the subjective judgement of image quality by both readers indicates that the 72 keV 

was the protocol achieving the best image quality. For the objective evaluation in CIA, EIA 

and SFA stents lower image noise was found with 70 keV, but the type of stent was a 

significant factor: the Boston Scientific Wallstent, Cordis Genesis and Abbott Omnilink had 

the lowest image noise and highest SNR and CNR in comparison with conventional CTA 

and other VMS values. This study’s findings therefore support the use of higher keV in 

DECTA of peripheral arterial stents. 

Radiation dose was significantly lower with DECT, with a mean DLP of 1276.53 mGy*cm 

compared with 1318.45 mGy*cm for conventional CTA.  The conversion coefficient used 

for calculation of the most effective dose for CTA of lower extremities followed most recent 

approaches, and seemed to result in smaller quantities than are used in literature. As stated, 

this new conversion coefficient is provided for lower extremities allowing for estimation of 

effective dose for clinical CTA was lower than reported in the literature as it was used high 

conversion coefficient factor. 

Our study has several potential limitations. The main limitation is the small number of 

participated subjects; this was unavoidable as our primary aim was to exploit a homogenous 

group in terms of implanted stent type and size. Moreover, as subjects could only be 

recruited from a single centre, a limited number were available for the study. There is also 

extreme imbalance, in the personal attributes of the subject factors; for example, of the 19 

subjects with first stents in the CIA zone only one was female and 18 were males; and 2 non 

diabetics and 17 diabetics in the DM factor. Further, a very limited number of stent types 

was evaluated in this study. A further concern is that we were not able to assess the treatment 

outcome, because we did not perform any DSA procedures, and no direct comparison could 

be drawn between DECTA and DSA. 
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6.5 Conclusion 

This prospective clinical study of DECTA in imaging peripheral arterial stents was carried 

out by comparing VMS with conventional CTA. The outcomes demonstrate that the image 

quality of VMS achieved with DECTA is clinically acceptable. Results of this study indicate 

that the image quality of DECTA in peripheral arterial stents is achieved at 70 keV and 50% 

ASIR, is higher compared with other VMS and conventional CTA. This protocol is 

considered optimal to achieve lower image noise with adequate clinically diagnostic images. 

Further studies based on a large population group are warranted. 
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Chapter 7 Conclusion and future 
directions 

7.1 Conclusion 

This chapter summarises the key outcomes in relation to the main aim and objectives of this 

study (as outlined in Chapter 1). Since the thesis is relevant to DECTA protocol optimisation 

for peripheral arterial stents, it is important to highlight the main aim of this study, which is 

to optimise the scanning protocol for DECTA in peripheral artery stenting to improve the 

image quality and to reduce the radiation dose level. Four specific objectives were proposed 

to address this aim: first, to pinpoint factors (machine related) that influence the image 

quality (including visualisation of stent lumen) and the radiation dose; second, to improve 

the scanning protocol in accordance with the identified factors; third, to inspect the quality of 

images that are generated using the advised imaging protocol; and fourth, to implement the 

new scanning protocol in experimental and clinical settings. 

Previous studies on peripheral arterial stents were reviewed in Chapters 1–3, with the 

importance of protocol optimisation demonstrated in the evaluation of peripheral arterial 

stents using CT scanning. Advances in CT technology have opened opportunities to improve 

image quality as well as to reduce the radiation dose administered to patients who undergo 

CTA examination of the lower extremities. Most previous studies have found that DECT 

improves the image quality compared with conventional CT, but very few have evaluated 

peripheral arterial stents using DECT. To help fill this gap Chapters 4–6 concentrated on 

DECTA protocol optimisation of peripheral arterial CTA, with an anthropomorphic phantom 

developed in Chapter 4 to assess peripheral arterial stents with different DECTA protocols. 

The conclusion of this chapter is in agreement with Chapters 2 and 3, all suggesting the use 

of a faster rotation time with pitch value of 0.984 combined with a reconstructed VMS 

between 65 and 70 keV with 50% of ASIR. The optimal protocol defined in these early 

chapters was implemented in the clinical studies reported in Chapters 5 and 6. These 

chapters also evaluated the recommended protocol and found that a low contrast medium 

achieved an optimal diagnostic image quality at 65 keV, while stent evaluation was best 

visualised at 72 keV.  

The major findings of this research are summarised as follows: 

• Using DECTA in peripheral arterial disease and stent evaluation can be achieved with a 

low radiation dose when a higher pitch value is used combined with appropriate IR 
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without compromising diagnostic image quality. Although this has been established in 

the literature in different DECT protocols, this study further validates the use of VMS in 

peripheral arterial stent evaluation compared with conventional CTA. 

• Although using iterative reconstruction techniques with DECT in peripheral arterial

stents was found to improve the overall performance by decreasing both noise and

radiation dose, ASIR values > 40% were found to further improve image quality.

• Using a low contrast medium with DECTA attained a satisfactory image quality when

lower extremities were investigated. With use of a low contrast medium, this modality

may eventually lead to better evaluation of stent patency in the peripheral arteries.

• For peripheral arterial stent evaluation, VMS images outperform conventional CTA with

better image quality as well as requiring a lower radiation dose. Image quality was found

to depend on the stent location in the peripheral artery tree and on the type of stent used.

7.2 Future directions 

Given the rapid progress of advanced CT technologies, methods for obtaining optimal 

protocols will soon become readily available and accessible. There are numerous issues for 

future research in the field of dual-energy CTA in peripheral arterial stenting. According to 

research reported in the literature, some issues can be further addressed: 

• Studies need to be conducted on DECT applications at different VMS to evaluate stent

types based on their materials.

• Research focusing on the diagnostic accuracy of DECT in peripheral arterial stents is

required, in particular with a focus on the long-term outcomes of peripheral arterial

stenting.

• More research into the differences between different DECT scanner applications for

peripheral arterial stent evaluation should be undertaken.

• Multi-energy CT represents a new diagnostic direction which may offer more material

differentiation, and thus may be useful for assessing the in-stent restenosis within the

peripheral arterial stents.

• A multicentre study is recommended to validate these findings.
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