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Abstract

:

(1) Background: The value of dual-energy CT angiography (DE-CTA) in the detection of peripheral arterial disease (PAD) has been widely recognized. We aim to evaluate the diagnostic accuracy of virtual non-contrast (VNC) imaging of DE-CTA compared to true non-contrast phase (TNC). (2) Methods: Our Internal Review Board (IRB) approved prospective study enrolled 40 patients (28 men, 12 women; median age 69 y, range 41–93 y) who underwent lower extremity DE-CTA for symptomatic PAD. Mean attenuation values of TNC and VNC were obtained by placing circular regions of interest (ROI) at five levels from the aortic to the popliteal arterial lumen, reported in Hounsfield units (HU), and compared using a two-sample t-test. The subjective quality of VNC images was assessed by two independent radiologists with 10 and 4 years of CTA-imaging experience according to a 4-point scale and verified by the intra-class correlation coefficient (ICC). Dose Length Product (DLP) values of each DE-CTA examination were also considered. (3) Results: Except for the external iliac artery, VNC attenuation values were significantly lower than the corresponding TNC values at all levels, with a mean difference ranging from 14.1 and 8.7 HU. At qualitative analysis, VNC images were considered excellent to diagnose in 40%, good in 50%, and sufficient in 10% of cases. No cases of non-diagnostic VNC imaging were reported. Avoiding the TNC phase, a mean reduction in DLP of 54% for each DE-CTA was estimated. (4) Conclusions: TNC and VNC images showed comparable reliability and diagnostic accuracy in the detection of PAD. VNC may be considered a promising substitute for TNC from the perspectives of dose reduction and workflow optimization.
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1. Introduction


Peripheral arterial disease (PAD) is characterized by arterial stenosis or occlusion anywhere from the aortoiliac axis to pedal arteries [1]. PAD has a high prevalence worldwide, occurring in up to 15% of the population over 70 years, and it is a prevalent cause of repeated hospitalizations and cardiovascular mortality [1,2,3,4].



After physical examination, imaging techniques such as Doppler ultrasound (DUS), computed tomography angiography (CTA), and digital subtraction angiography (DSA) are employed for PAD localization and definition [4]. DSA, historically the gold standard technique for PAD diagnosis, is nowadays limited to cases with a planned endovascular therapeutic intervention due to its numerous limitations, such as radiation burden, contrast medium load, high costs, and access site complications [5,6]. For pure diagnostic purposes, DSA has been replaced by other non-invasive imaging techniques.



In current clinical practice, CTA, magnetic resonance angiography (MRA) and duplex sonography (DUS) are commonly employed to assess the extent and severity of PAD.



In particular, CTA of the lower extremity runoff is nowadays the preferred imaging modality [4,7] because of its large availability, its high resolution, the fast acquisition, and the suitability of multi-planar reconstructions (MPR) [5,8,9,10]. CTA is also highly accurate in assessing significant luminal lesions and evaluating arterial walls [8,11]. CTA principal drawbacks include the lack of hemodynamic information, the exposure to ionizing radiation, and the use of iodinated contrast agents. The occurrence of “blooming” artifacts caused by highly calcified atheromas resulting in an overestimation of stenosis severity and in false positive findings is also an important limitation [3,4,5,8,11,12,13,14,15,16].



Despite new generation CT scanners and protocols minimizing these issues [17], the increasing use of dual-energy computed tomography angiography (DE-CTA) in the diagnostic assessment of PAD may overcome CTA limitations. Specifically, DE-CTA improves the assessment of the vessel lumen lowering the employed contrast media volume [18].



As “dual-energy CT” refers to the use of two-photon spectra, DECT is frequently referred to as “spectral CT”. In the DECT dataset, since X-ray attenuation depends on the atomic number (Z) of a material, low-Z, and high-Z materials can be differentiated if images are acquired at both high and X-ray spectra (low to high tube voltages) [16]. This process, known as material decomposition, can be obtained by a variety of methods depending on the type of DE-CT scanner (equipped with a double detector panel, two X-ray tubes, or a two-layered single detector panel). The acquisition of two imaging datasets with two different attenuation profiles is thus allowed [5]. In contrast to single-spectrum imaging, DECT imaging is also able to differentiate materials with similar attenuation coefficients based on chemical composition and atomic number [19,20,21,22,23,24,25]. Constituent materials characterized by high atomic numbers, such as iodine and calcium, can be easily differentiated by DECT processes, thus permitting the development of many clinical applications [26]. The DE technique has several applications for clinical imaging and can allow the reduction of the iodine contrast medium dose, as well as the radiation dose.



First, material decomposition algorithms may be applied for precise quantification of specific materials such as iodine uptake. They may also generate iodine maps from contrast-enhanced phases, which may be useful in the characterization of many clinical entities [26].



Moreover, post-processing algorithms allow the identification and removal of the calcium content of calcified plaques, obtaining a better evaluation of the contrast-enhanced vessel lumen, similar to DSA images [6,11,27,28,29,30,31,32,33,34,35,36,37]. Imaging of arteries may benefit greatly from these DECT reconstructions. Moreover, the algorithms applied for subtracting iodine content from acquisitions, called virtual non-contrast (VNC), can be used to evaluate unenhanced vessels instead of true non-contrast (TNC) acquisitions [24,38]. At present, several software tools and clinical applications of DECT have been developed. VNC algorithms may be applied to DECT images to identify the iodine content of every single voxel and to remove the iodine component of the CT number to create images lacking in contrast material enhancement. This analysis is based on a three-material decomposition including iodine, soft tissue, and another material in relation with the anatomical districted studied. The VNC algorithm is also able to quantify the iodine amount generating Iodine distribution maps. The selective removal of iodine content from post-contrast images, preserving calcium or other metallic devices is also performed with a good specificity. In vascular studies, this application may help to obtain a reconstruction of vessels without contrast from a post-contrast DE-CTA.



It has not been well established if the VNC is of acceptable quality to replace the TNC in arterial disease evaluation.



The purpose of our study is therefore to evaluate the diagnostic reliability of “virtual non-contrast” (VNC) images, obtained from the reprocessing of DE-CTA arterial scans acquired with third-generation scanners compared to baseline acquisition obtained without intravenous administration of iodinated contrast (TNC) in the study of PAD.




2. Materials and Methods


To evaluate the diagnostic reliability of VNC images obtained after DECT reconstructions, a suitable dataset was prepared. The data acquisition and elaboration is summarized in Figure 1 and described in detail in the following subsections.



2.1. Patient Population and Study Design


The present prospective single-center study obtained the Institutional Review Board approval of the University Politecnica delle Marche Internal Ethic Committee on 9 October 2021. Between September 2021 and May 2022, a total of 40 selected patients were enrolled. To be included, patients had to be previously submitted to a vascular evaluation for suspected chronic limb ischemia performed in the Vascular Surgery or Vascular Medicine Departments of our institution, consisting of clinical history record, physical examination, and measurement of ankle–brachial index (ABI). The clinical evaluation was also completed by a DUS examination and a laboratory test of renal function. All patients were then submitted to a CTA study of the lower limbs as required by the referring Vascular Surgeon for symptomatic PAD occurring with mild to severe claudication (Rutherford categories 1 to 3), rest pain, or non-healing minor or major ulcers (Rutherford categories 4 to 6). Patients previously submitted to stents intravascular placement, surgical revascularization, or primary amputations were excluded, as well as patients with symptoms consistent with acute limb ischemia [39].



Documented allergy to iodinated contrast medium, moderate or severe renal impairment (glomerular filtration rate < 45 mL/min), and congestive heart failure were also considered as exclusion criteria.



After the exclusion of previous allergic reactions to iodinated contrast medium, informed consent to the examination was obtained from all the participants.



Forty consecutive patients were examined for suspected PAD. Twenty-eight patients were males (median age 70 y, range, 45–85 y) and 12 patients were females (median age 69 y, range, 41–93 y). The median patient age was 69 years, ranging from 41 and 93 years. The calculated median body mass index (BMI) was 25.7 (range, 17–33.5).



Demographic and clinical characteristics of the study population were summarized in Table 1.




2.2. CT Study Protocol


All studies were performed on a third-generation Dual Source Dual Energy CT scanner (Siemens Somatom Force, Siemens Healthcare, Forchheim, Germany).



All patients were positioned supine, feet first. Both feet were stabilized with adhesive tape to avoid any movements during the examination. Additionally, before the CT exam started, an 18-gauge cannula was placed into a superficial vein located in the antecubital fossa or forearm for intravenous (i.v.) contrast medium injection.



All image acquisitions were performed in the craniocaudal direction with a scan length ranging from the infrarenal abdominal aorta to the toes.



Before CT scan, patients were required to perform a deep inspiration and to hold on breath during the acquisition.



Firstly, a baseline, non-contrast, single energy acquisition was acquired with the parameters reported in Table 2.



Subsequently, DE-CTA was obtained. A 120-kVp bolus-tracking acquisition (CARE Bolus, Siemens) was used to determine scan initiation by placing a region-of-interest (ROI) in the infrarenal abdominal aorta with a trigger threshold of 300 Hounsfield units (HU) and 8-s delay. Tubes A and B were operated with 90 and 150 kVp. Image quality reference was setted to 120–67 mAs. The rest of DE-CT scanning parameters were summarized in Table 1.



These scanning parameters, both of single-energy non-contrast baseline acquisition and of DE-CTA acquisition, were chosen in relation with our clinical and diagnostic experience.



For each examination, a volume of 1 mL/kg of iodinated contrast medium followed by 40 mL of saline solution at a flow rate of 4 mL/and was intravenously administered. Automatic exposure control (CareDose 4D™, Siemens Healthcare, Forchheim, Germany) was used to adapt the tube current to variations in patient attenuation, both between different patients and within any given patient.




2.3. DE-CTA Image Reconstruction


Transverse low- and high-kVp DE-CTA imaging data were reconstructed using a medium sharp convolution kernel (Qr40). A specific dual-energy post-processing workstation with a patented algorithm (Syngo MMWP version VA 20; Siemens Healthcare, Forchheim, Germany) was used for image analysis, generating VNC images from DE-CTA images.



The algorithm is able to quantify the iodine amount of every single pixel generating an iodine distribution map. VNC images were then reconstructed to 3-mm thick axial images. Multi-planar reformats (MPR; thickness, 1.5 mm; increment, 1.0 mm) and maximum-intensity projections (MIP; thickness, 10.0 mm; increment, 1.0 mm) in transverse, oblique coronal, and sagittal orientation were also obtained.




2.4. Image Analysis


All TNC and VNC images were reviewed by two radiologists with 12 (CF) and 9 (GA) years of experience in CTA on PACS workstations (Picture Archiving and Communication System; Centricity Radiology, GE Healthcare, Milwaukee). Only axial TNC and VNC images were assessed for qualitative and quantitative analysis.



Quantitative Analysis. The comparison of attenuation and noise between TNC and VNC images was made by drawing circular regions of interest (ROI) on both dataset images at the same level.



ROIs of approximately 0.5 cm2, as large as possible for vessel caliber and avoiding vessel wall, vessel defects, plaques, and stent materials at five arterial segments, were drawn.



ROIs were positioned within the infra-renal abdominal aorta, common iliac artery, external iliac artery, femoral artery, and popliteal artery lumens.



Mean attenuation values in Hounsfield units (HU) and the corresponding standard deviation (SD) were measured as shown in Figure 2. Measurements were performed using transverse standard and MPR images and repeated three times to minimize sampling inaccuracies related to breath or movement artefacts.



Qualitative Analysis. The two radiologists, blinded to clinical information and previous radiology reports of the examined patients, independently evaluated the quality of the CT images. The qualitative analysis was performed by using a 4-point Likert scale (4  =  excellent, 3  =  good, 2  =  moderate but sufficient for diagnosis, and 1  =  non-diagnostic) and included overall image quality, signs of residual contrast medium, possible subtracted calcifications, and stent structures.



The scores obtained with the two protocols were then compared and the inter-observer agreement was assessed, too. The specific artefacts were scored as yes/no.




2.5. Dose Radiation Calculation


Dose Length Product (DLP) and CT dose index volume (CTDIvol) values of each DE-CTA examination were also recorded from the automatically provided scan protocol to evaluate the absorbed radiation dose and its potentially harmful effects on the patient. DLP values were also standardized using gender-specific k coefficients (Kmale = 0.0056, kfemale = 0.0068) to obtain effective dose values (E). The effective dose values and estimated percentage of dose reduction were calculated.




2.6. Statistical Analysis


Data were analyzed using GraphPad Prism version 9.1.1 (GraphPad Software, Boston, MA, USA) statistical software. For all numerical values derived from multiple measurements, the mean value and SD were reported. The mean attenuation values of TNC and VNC images were compared using a paired measures test (t-test). A p-value < 0.05 was considered statistically significant.



The qualitative assessment was analyzed by the intra-class correlation coefficient (ICC) in the form of “Two-Way Random-Effects Model, absolute agreement, two raters/measurements”, and interpreted as follows: for values <0.4, the agreement was poor; for values between 0.4–0.59, the agreement was fair; for values between 0.6–0.79, the agreement was good; and for values between 0.8–1, the agreement was excellent.





3. Results


All DE-CTA examinations were successfully performed without any adverse events. VNC images were compared to baseline TNC scan images. No significative motion or breath artifacts were registered. Intravascular attenuation measurements were performed using ROIs as previously described and reported as HU ± SD for TNC and VNC images. The data were subsequently compared using a test for paired measures.



At the level of the infrarenal abdominal aorta, the mean intravascular attenuation value in TNC images was 47.1 ± 6.6 HU and the corresponding value in VNC images was 33.0 ± 8.2 HU (p < 0.00). For common iliac artery, the mean intravascular attenuation values were 47.8 ± 8.9 HU in TNC and 34.1 ± 11.4 HU in VNC images (p < 0.00).



At the level of the superficial femoral artery, the mean intravascular attenuation value was 48.5 ± 9.0 HU in TNC images while the corresponding value in VNC images was 38.2 ± 10.4 HU (p < 0.001).



At the level of the popliteal artery, the mean intravascular attenuation values were 49.4 ± 7.8 HU in TNC and 40.7 ± 9.6 HU in VNC images (p < 0.001).



Finally, for the external iliac artery, the same values were 46.6 ± 9.4 HU in TNC images and 33.1 ± 6.4 HU in VNC images (p = ns).



The results of the attenuation comparison of TNC and VNC images at the examined levels have been summarized in Table 3.



In all the examined regions, TNC images showed significantly higher attenuation values (p < 0.001) than VNC images, with a mean difference of attenuation ranging from 14.1 and 8.7 HU, except for the level of the external iliac artery, where no statistically significant differences in terms of attenuation were registered (p < 0.27). In detail, a mean intravascular attenuation difference of 14.1 HU between TNC and VNC images at the level of the infrarenal aorta, a difference of 13.7 HU at the level of the common iliac artery, a difference of 13.5 HU at the level of the external iliac artery, a difference of 10.3 HU at the level of the superficial femoral artery, and a difference of 8.3 HU at level of popliteal artery were detected. The cumulative results of this analysis have been reported in Figure 3. Furthermore, the comparison of intravascular attenuation detected in TNC and VNC scans demonstrated less difference in HU value as the vessel caliber decreases, from the abdominal aorta to the popliteal segment, as shown in the diagram in Figure 4.



Comprehensive results of the subjective qualitative analysis of VNC and TNC images performed by the two blinded observers were illustrated in Figure 5. All TNC images were rated as good in 10 (25%) cases and excellent in 30 (75%) cases (scores 3 and 4, respectively) while VNC images were rated as moderate in 4 (10%) cases, good in 20 (50%) cases, and excellent in 16 (40%) cases (scores 2, 3 and 4, respectively). All VNC images were judged sufficient for diagnosis. No cases of insufficiently diagnostic images were encountered by the two observers.



The calculated ICC for the assessment of VNC images was good (0.6) while the ICC of TNC images resulted was excellent (0.9).



No cases of significative artefacts related to the permanence of iodine traces or due to the removal of stents or other devices were reported after the assessment of VNC images. Furthermore, in VNC reconstructions, highly calcified plaques were never improperly removed but, at most, were slightly attenuated.



The mean Dose Length Product (mGycm) for TNC acquisition was 546 mGycm while the mean DLP related to the DE-CTA arterial phase without the TNC acquisition was 463.5 mGycm. CT dose index volume (CTDIvol) measured values were 3.7 (2.4–9.4) for TNC acquisitions and 3.5 (1.1–6.6) for DE-CTA examinations without the TNC phase. The effective dose value of TNC acquisition was 3.25 (1.72–5.39) mSv while the effective dose value of contrast-enhanced acquisition alone was 2.76 (0.89–5.19) mSv.



The cumulative dosimetric data of TNC and arterial phases acquisitions of all DE-CTA examinations have been summarized in Table 4.



Therefore, a single DE-CTA scan with the lack of the TNC phase and completed by VNC reconstructed images may have resulted in a reduction of the administered mean effective dose.




4. Discussion


This prospective study based on 40 consecutive extremities DE-CTA scans was carried out to compare the image quality of TNC to VNC images, including attenuation and noise, as well as estimating the potential reduction in radiation dose. Based on the study results, firstly, VNC showed a good reliability in the detection of PAD in comparison to standard TNC phase; secondly, VNC reconstructions reported a high diagnostic quality at subjective analysis; and, thirdly, DE-CTA scans with the single VNC reconstructed images could result in a reduction of the administered mean effective dose.



The role of CTA in the assessment of the extent and severity of symptomatic PAD has been widely recognized by both the latest Guidelines from the American College of Cardiology/American Heart Association and the European Society of Cardiology [4,13]. Due to the recent advances in protocols and post-processing reconstructions and in lowering the amounts of radiation dose and contrast, CTA has therefore effectively replaced DSA as a first-line examination for diagnosing PAD.



As reported by previous studies, the advancement of third generation DECT and material decomposition algorithms may help in limiting blooming artifacts caused by dense calcifications and high iodine concentrations. DECT also enables a better assessment of the arterial lumen, avoiding stenosis overestimations [16]. With these assumptions, DECT imaging may be considered a valid alternative to conventional maximum intensity projection (MIP) standard reconstructions [16].



After a careful literature review, several studies were found to have attempted to account for VNC reconstructions as an alternative to standard non-contrast phases, all with controversial results [40,41,42,43,44,45]. Most of these studies were limited to the aorto-iliac attenuation values, except for one series, which has also been extended to the femoral axis [40]. Our study is one of the few to evaluate arterial lower limb vessels from the aortic axis to popliteal segments.



Since the anatomy and pathophysiology of femoropopliteal axis leads to specific challenges for both percutaneous and endovascular treatment, its non-invasive diagnosis is crucial to define the appropriate treatment strategy [2,3,4]. A great part of clinically significative PAD arises from femoropopliteal calcified lesions. Furthermore, endovascular treatments of this district are often challenging due to the important reactions to injuries of the thick arterial walls, which are prone to scar, proliferate, and thrombose. For these reasons, VNC reconstructions may significantly improve the evaluation of highly calcified steno-occlusive lesions of these segments [5].



Some authors reported a substantial agreement of intravascular attenuation values measured in the abdominal aorta between VNC reconstructions and TNC acquisitions [40,41]. Other studies have instead demonstrated a statistically significant difference in attenuation values at the same level, as confirmed by our series [40,43].



A greater difference in attenuation between the two CT protocols was detected in proximal vessels (aorto-iliac axis) and less pronounced in distal vessels (popliteal artery), except for the external iliac artery. This phenomenon could be explained by the different behavior of the homogeneous iodine distribution in parenchymatous tissues compared to laminar intravascular flow. The latter may lead to inaccuracies during VNC reconstructions due to blood motion artifacts. As proof of this, the greater accuracy in attenuation measurements at the level of the external iliac artery may be due to its anatomical characteristics and its lower flow [40,41,42,43,44,45].



The significatively lower attenuation values of VNC Images could be due to the very high concentration of iodine during the arterial phase. This phenomenon determinates, against the expectations, an excessive iodine removal during reconstructions, and consequent lower HU-values in VNC images [45]. As previously suggested by Sauter et al. [45], this event may be reduced by the preference for contrast media with lower iodine concentrations, with the added advantage to reduce the iodine amount in older patients and those with chronic renal impairment. This interesting hypothesis is worth verifying in future studies.



Despite these considerations, the attenuation values measured in each arterial level have differed by 15 HU or less. The data provided by the vendor report a maximum average error of 10 HU in the performance of the reconstruction algorithm, which is better set for solid parenchyma rather than arterial vessels.



In the Sauter et al. [45] and Zhang et al. series [44], differences in attenuations between VNC and TNC images lower or equal to 10 HU were considered negligible, whereas differences between 10 and 15 HU were considered acceptable [44,45]. According to those results, our attenuation differences between TNC and VNC images were 10 HU or less in 40% of cases (superficial femoral artery and popliteal artery) and 10–15 HU in 60% (abdominal aorta, common iliac artery, and external iliac artery).



Even if a modified algorithm for calcium subtraction has been recently developed [5], allowing selective removal of calcified plaques, the arterial wall calcifications of the segments were included in VNC images by our post-processing algorithm. A slight attenuation, still enabling an accurate evaluation of the arterial wall and providing an improved luminal visualization, was only featured.



The results of the subjective analysis revealed a quality rated between good and excellent in 90% of VNC images examined. No reported non-diagnostic scores, no significative invalidating artifacts, and a good degree of concordance at inter-observer evaluation were found. These results are aligned with previous studies in demonstrating how subjective evaluation of image quality has not been significantly affected by VNC reconstruction [16,40].



The present study has several important limitations. Firstly, the single-center design was with a relatively small sample size. The second limitation is the heterogeneity of the study population in terms of demographic and clinical factors. In addition, the applicability of our results is limited to a DE-CTA dataset and to this vendor-specific Virtual Unenhanced analysis algorithm. As a last important limitation, the subjective scoring biases must be considered, regardless of the double-blinded and independent evaluations.



As future perspectives, given the limited size of the study group, our primary aim lies in enlarging the patient population in terms of size and indications. In addition to cases of clinically suspected PAD submitted to this study, in which DE-CTA with VNC reconstruction may help in establishing the degree of arterial stenoses, cases of treated PAD submitted to routinely follow-up DE-CTA should be further investigated. In such cases, DE-CTA imaging may contribute significantly to improve intravascular attenuation of stented arterial segments and in reducing prosthetic artifacts. The additional advantage of lowering radiation dose when repeated CT examinations are requested, as in post-operative follow-up, is also not insignificant.



Latest advanced DE-CTA technologies, such as rapid voltage-switching and energy-sensitive detector technology, should also be considered to obtain better results in terms of imaging quality and attenuation values.



In conclusion, despite the statistically significant difference in attenuation consisting in higher values of few HU in VNC compared to TNC, our quantitative analysis demonstrated the reliability of VNC images obtained by a third generation DECT scanner in the detection of PAD. A diagnostic quality ranging from good to excellent was also achieved. The further aim of reducing dose exposure with the introduction of VNC may be considered achieved with the finding of a 54% potential reduction of mean effective dose.



VNC reconstructions provided by DE-CTA, rather than being the current optimal alternative to standard baseline images, should be considered in a variety of selected cases. Routine multiphasic follow-up, when a reduction in radiation exposure is highly recommended or an overall acquisition time reduction is desirable, in cases of inaccurate or inconclusive non-contrast images, and to avoid unnecessary DSA exams, are some of these situations.



The use of post-processing algorithms working on remote servers such as VNC offers the additional (and not secondary) advantage of avoiding unneeded acquisitions and reducing the high amount of generated CT images sent to the picture archiving and communication system (PACS).



Nevertheless, in daily clinical practice, where time gain, dose reduction, and data storage saving are crucial, the DE-CTA protocol with VNC reconstructions may be useful for PAD detection and for an accurate treatment planning.
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Figure 1. General diagram of methodology workflow. VNC = virtual non contrast; TNC = true non contrast; DE-CTA = dual-energy computed tomography angiography; MPR = multi-planar reformats; MIP = maximum-intensity projections. 
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Figure 2. Arterial phase, true non-contrast (TNC) and virtual non-contrast (VNC) of dual-energy CTA run-off acquisition. In both TNC and VNC images, a circular region of interest (ROI) is placed at the level of the abdominal aorta, common iliac artery, external iliac artery, superficial femoral artery, and popliteal artery, avoiding vessel walls and plaques. 
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Figure 3. Bar graphs showing the comparison between mean attenuation values (HU) of true non-contrast (TNC) and virtual non-contrast (VNC) images in the different arterial segments analyzed: abdominal aorta, common iliac artery (AIC), external iliac artery (AIE), superficial femoral artery (AFS), popliteal artery (AP). 
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Figure 4. Differences in attenuation values (HU) between true non-contrast and virtual non-contrast images: the difference in HU value reduces as the vessel caliber decreases from the infrarenal aorta to the popliteal segment. AIC = common iliac artery; AIE = external iliac artery; AFS = superficial femoral artery; AP = popliteal artery. 
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Figure 5. Cumulative results of qualitative analysis of virtual non-contrast images: 40% rated with a score of 4 (excellent); 50% with a score of 3 (good) and 10% with a score of 2 (moderate but sufficient for diagnosis). No virtual non-contrast reconstructions were considered non-diagnostic: 0% rated with a score of 1 in qualitative analysis. 
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Table 1. Demographic and clinical characteristics of the study population.
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	Demographic
	n (Range)





	
	
Patients (n)





	40



	
	
Age (yrs)





	69 (41–93)



	
	
Weight (kg)





	77 (53–126)



	
	
Height (cm)





	171 (158–193)



	
	
BMI (kg/m2)





	25.7 (17–33.5)
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Table 2. Single energy computed tomography (CT) and dual-energy computed tomography (DE-CT) scanning parameters.
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	Parameters
	Single-Energy CT
	DE-CT





	Pitch
	0.6
	0.4



	Slice collimation
	3 mm (acquisition 192 × 0.6 mm2)
	1 mm (acquisition 192 × 0.6 mm2)



	Rotation time
	0.5
	0.5



	Field of view (FOV)
	300 mm
	300 mm



	Reconstruction slice thickness
	3 mm
	1 mm
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Table 3. Results of the comparison between true non-contrast (TNC) and virtual non-contrast (VNC) images in the different analyzed arterial segments: abdominal aorta, common iliac artery (AIC), external iliac artery (AIE), superficial femoral artery (AFS), popliteal artery (AP).
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	Anatomical Region
	Contrast Phase
	Mean Attenuation (HU)
	Standard Deviation (DS)
	p





	Aorta
	TNC
	47.1
	6.6
	<0.000



	
	VNC
	33.0
	8.2
	



	AIC
	TNC
	47.8
	8.9
	<0.000



	
	VNC
	34.1
	11.4
	



	AIE
	TNC
	46.6
	9.4
	<0.27



	
	VNC
	33.1
	6.4
	



	AFS
	TNC
	48.5
	9.0
	<0.001



	
	VNC
	38.2
	10.4
	



	AP
	TNC
	49.4
	7.8
	<0.000



	
	VNC
	40.7
	9.6
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Table 4. Mean CT dose index volume (CTDIvol), mean Dose Length Product (DLP) and effective dose € values in true non-contrast and virtual non-contrast acquisitions.
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	Parameters
	TNC
	VNC





	CTDI vol
	3.7 (2.4–9.4)
	3.5 (1.1–6.6)



	DLP (mGyxcm)
	546 (289–906)
	463.5 (150–871)



	E (mSv)
	3.25 (1.72–5.39)
	2.76 (0.89–5.19)
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