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T a g g e d H 1 Bicolor K-edge spectral photon-counting CT imaging for the diagnosis of thoracic endoleaks: A dynamic phantom studyT a g g e d E n d

Purpose: The purpose of this study was to investigate the feasibility of identifying and characterizing the three most common types of endoleaks within a thoracic aorta aneurysm model using bicolor K-edge imaging with a spectral photon-counting computing tomography (SPCCT) system in combination with a biphasic contrast agent injection. Materials and methods: Three types of thoracic endoleaks (type 1, 2 and 3) were created in a dynamic anthropomorphic thoracic aorta phantom. Protocol consisted in an injection of an iodinated contrast material followed 80 seconds after an injection of a gadolinium-based contrast agent (GBCA). The phantom was scanned using a clinical prototype SPCCT during bicolor phase imaging consisting in an early distribution of GBCA and a late distribution of iodine. Conventional and spectral images were reconstructed for differentiating between the contrast agents and measuring their respective attenuation values and concentrations inside and outside the stent graft. Results: Conventional images failed to provide specific dynamic imaging contrast agents in the aneurysmal sac and outside the stent graft while spectral images differentiated their specific distribution. In type 1 and 3 thoracic endoleaks, GBCA concentration was measured outside the stent graft at 6.1 § 3.7 (standard deviation [SD]) mg/ mL and 6.0 § 4.0 (SD) mg/mL, respectively, in favor of an early blood flow. In type 2 thoracic endoleak, iodine was measured outside the stent graft at 24.3 § 5.5 (SD) mg/mL in favor of a late blood flow in the aneurysmal sac. Conclusion: Bicolor K-edge imaging enabled SPCCT allows a bicolor characterization of thoracic aorta endoleaks in a single acquisition in combination with a biphasic contrast agent injection.
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Multidetector computed tomography Photon-counting CT Thoracic aorta T a g g e d E n d T a g g e d H 1 1. IntroductionT a g g e d E n d T a g g e d P Endoleak is a common complication of thoracic aorta endovascular aneurysm repair (EVAR) that can occur in 10 to 20% of patients [1]. They are characterized by the presence of blood flow between the aortic wall and the stent graft, and are classified into five types depending on their mechanism; of which, types 1, 2 and 3 are the most frequent ones [2]. Endoleaks can lead to aneurysm growth and T a g g e d E n d T a g g e d P sometimes rupture with, for example, an estimated 0.5-0.9% risk of rupture in the presence of a type 2 endoleak, explaining the recommendation for an early identification using conventional computed tomography (CT) and treatment using minimally invasive techniques [3]. However, conventional CT is limited by its inability to differentiate between contrast enhanced blood and highly attenuating materials often present in and nearby the aneurysm sac such as calcification, stent grafts or embolization materials (glue or ethylene vinyl alcohol copolymer) [4,5]. In addition, conventional CT does not provide a dynamic evaluation of the iodinated contrast material distribution, which limits the identification of the endoleak mechanism. Altogether, these limitations explain the need for a standard triphasic protocol to identify and characterize an endoleak. A triphasic protocol generally consists in an unenhanced phase followed by an arterial, and then a venous phase after intravenous administration of an Recently, new detectors with energy-resolving capabilities called photon-counting detectors (PCDs) have been implemented in CT systems enabling spectral capabilities. Contrary to conventional CT in which all the photon energies are integrated, the PCDs enable measurement of the energy of each photon and its classification within an energy window [8][9][10][11]. Spectral photon-counting CT (SPCCT) systems allow obtaining a decomposition of an image between different materials as a function of their proper attenuation, through mainly the Kedge imaging technique, which opens the door to monocolor and bicolor imaging capabilities [11,10]. Monocolor imaging is defined as the ability to differentiate one contrast agent from the surrounding tissue while bicolor allows a differentiation between two different atoms-based contrast agents. The perspective of such techniques is to take benefit from the specific identification of a contrast agent distribution within a tissue allowing new approaches in CT imaging such as molecular imaging [12,13]. In addition, bicolor imaging enables a simultaneous identification in a single acquisition of two contrast agents that by injecting them at a different time of injection may provide a dynamic evaluation of a tissue or cavity such as previously performed for the liver parenchyma imaging [14]. Altogether, SPCCT may hold great promises for improving the endoleak imaging by providing the advantages of the spectral imaging features.T a g g e d E n d T a g g e d P The purpose of this study was to investigate the feasibility of identifying and characterizing the three most common types of endoleaks T a g g e d E n d T a g g e d P within a thoracic aorta aneurysm model using bicolor K-edge imaging with a SPCCT system in combination with a biphasic contrast agent injection.T a g g e d E n d T a g g e d H 1 2. Materials and methodsT a g g e d E n d T a g g e d H 2 2.1. Thoracic aorta phantomT a g g e d E n d T a g g e d P A synthetic human thoracic aorta, was constructed using a silicone rubber life-size model of a patient specific thoracic aorta aneurysm geometry using a three-dimensional printing technique (Fig. 1) [15]. The thoracic aorta model was fed by an extracorporeal membrane oxygenation (ECMO) with a speed of 2800 revolution per minutes (i.e., a flow equal to 1.5 liter per minute). This flow represents approximately one-third of the cardiac outflow in an adult male of 70 kg. The main container was of six liters of water while in both ECMO lines, pump, filter and prosthesis, the volume was of two liters. A dilution of the contrast agent similar to the dilution of the contrast agent in the human body during clinical CT examination was obtained [16]. The proximal part of the aorta model was connected to the flow circuit. The distal part of the aorta model was divided in two ducts: one flowing in the main container and then going back to the ECMO and one flowing in the left subclavian artery. The duct connected the subclavian artery was used in endoleak type 2 for feeding the aneurysm through a collateral aortic branch.T a g g e d E n d T a g g e d F i g u r e T a g g e d H 2 2.2. Endoleak modelsT a g g e d E n d T a g g e d P A type 1 endoleak was created by implanting the graft (Valiant thoracic graft, Medtronic) from the isthmus to the descending aorta with a sufficient gap to allow a proximal endoleak. A type 2 endoleak was created by implanting the graft between the left carotid and the left subclavian artery, enabling a delayed flow from the subclavian artery into the aneurysm (Fig. 1). A type 3 endoleak was created by implanting a graft from the isthmus to the descending aorta and a second graft downstream the first one with a smaller diameter and a short overlap length.T a g g e d E n d T a g g e d H 2 2.3. Spectral photon-counting computed tomographyT a g g e d E n d T a g g e d P The SPCCT system was a clinical large field of view (50 cm inplane) prototype system equipped with energy-sensitive PCD of 2mm-thick cadmium zinc telluride with a pixel pitch of 270 £ 270 mm 2 at isocenter, bonded to Philips' proprietary ChromAIX2 application-specific integrated circuit, relying on the direct conversion high band gap semiconductor of cadmium zinc telluride [17]. Each channel offered pulse-height discrimination with five controllable energy thresholds that were set at 30, 51, 62, 72, and 81 keV for optimized image quality on gadolinium-based contrast agent (GBCA) and iodine enhanced images [18]. Further technical details are described elsewhere [19,20].T a g g e d E n d T a g g e d H 2 2.4. Imaging protocolT a g g e d E n d T a g g e d P Specific imaging of endoleaks was based on one helical acquisition of the aortic phantom during the bicolor phase (T2) (i.e., after consecutive injections of an iodinated agent and a GBCA). An additional helical acquisition during the monocolor phase after an iodinated agent injection (T1) was performed for comparison purpose with imaging during T2. Acquisition parameters were a tube voltage of 120 kVp, a tube current of 100 mAs, a rotation time of 0.33 s and a pitch of 0.4. Conventional and spectral material decomposition images in water, iodine and gadolinium were reconstructed with a field-of-view of 220 mm, a matrix of 512 £ 512 and a slice thickness of 0.5 mm, which corresponded to a voxel size of 0.43 £ 0.43 £ 0.50 mm 3 .T a g g e d E n d T a g g e d H 2 2.5. Contrast agent protocolT a g g e d E n d T a g g e d P A volume of 65 mL of an iodinated contrast agent (400 mg/mL, iomeprol, Iomeron Ò , Bracco Imaging) was injected at 5 mL/s preceding by 80 s a volume of 70 mL of a GBCA (0.5 M, gadoteridol, Prohance Ò , Bracco Imaging). Injection times were based on the clinical practice in order to simulate a venous enhancement of the aneurysm sac with the iodinated agent at T1 (representing the monocolor imaging phase, at 80 s), and an arterial enhancement with the GBCA at T2 (representing the bicolor imaging phase, at 15 s).T a g g e d E n d T a g g e d H 2 2.6. Image analysisT a g g e d E n d T a g g e d P Regions-of-interest of more than 50 pixels were manually drawn by an experienced radiologist in cardiovascular imaging (S.A.S-M. with seven years of experience) inside the aortic lumen and the aneurysm 'sac on the conventional and spectral images (iodine and GBCA K-edge images). CT attenuation and concentrations of iodine and GBCA were measured in their respective images to evaluate the biodistribution of each agent and classify the endoleak type.T a g g e d E n d T a g g e d P During the monocolor phase (T1), conventional images showed high enhancement in the aortic lumen, as well as in the aneurysm sac in all the endoleaks with overall lower values than in the lumen. Similarly, during the bicolor phase (T2), enhancement was greater in the lumen than the sac for the types 1 and 3. In the type 2, enhancement was lower in the lumen than in the aneurysmal sac, indicating a possible accumulation of either one of the two contrast agents or both agents combined in the sac. For all conventional images, high densities arising from the stent graft were visible, limiting the assessment of the aneurysm sac and the quantification of CT attenuation due to strong streak artifacts (Figs. 2,3,4).T a g g e d E n d T a g g e d H 2 3.2. Bicolor spectral photon-counting CT imagesT a g g e d E n d T a g g e d P 3.2.1. Monocolor phase (T1) analysisT a g g e d E n d T a g g e d P Similarly to the conventional CT images, a high concentration of iodine was observed within the aortic lumen and aneurysm sac. A lower concentration of iodine was observed in the aneurysm sac only in the type 2 endoleak. Gadolinium K-edge images did not show any signal in the lumen (Figs. 234). Only noise was measured with a mean value below to 1 mg/mL.T a g g e d E n d T a g g e d P 3.2.2. Bicolor phase (T2) analysisT a g g e d E n d T a g g e d P In type 1 and 3 endoleaks, iodine images showed a moderate concentration of iodine within the aortic lumen and aneurysm sac. Gadolinium K-edge images showed a high concentration of GBCA in the aortic lumen and the aneurysm sac but in a lower magnitude in the aneurysm sac. These findings indicated the presence of a blood flow between the aortic lumen and the aneurysm sac during early enhancement phase on gadolinium K-edge images combined to a persistent delayed enhancement of the aneurysmal sac on iodine images. Altogether, these findings indicated either a type 1 or 3 endoleaks (Figs. 2 and4).T a g g e d E n d T a g g e d P In the type 2 endoleak, iodine images showed an 8-fold increase in concentration within the aneurysm sac than in the aortic lumen while the gadolinium K-edge images showed a high concentration of GBCA only in the lumen. These findings indicate first the absence of a blood flow between the aortic lumen and the aneurysm sac during early enhancement phase on gadolinium K-edge images combined to a delayed enhancement of the aneurysmal sac on iodine images. Altogether, these findings indicate a type 2 endoleak (Fig. 3).T a g g e d E n d T a g g e d P Finally, gadolinium K-edge images did not show the stent graft, while it was visible on both conventional and iodine images. Quantitative results are reported in Table 1 and lation [9,19,20,23-26]. While conventional images failed to provide dynamic information in the aortic model, spectral images through Kedge imaging allowed informing on the dynamic enhancement of the aortic lumen and aneurysm sac. For type 1 and 3 endoleaks, iodine and gadolinium K-edge images showed similar quantitative and qualitative distribution both in the aortic lumen and aneurysm sac during the bicolor phase. This is explained by a large communication T a g g e d F i g u r e T a g g e d E n d T a g g e d P with the aneurysm sac, such as created experimentally. It is noteworthy to mention that for type 1 endoleak, concentration of iodine during the bicolor phase was lower in the aneurysm sac than in the aortic lumen. This finding is probably a marker of a faster clearance of the agent from the aneurysm sac than what was found in type 3, explaining the faster flow in the aneurysm sac for type 1, as shown with time resolved CT [27]. For type 2 endoleak, iodine and gadolinium K-edge maps demonstrated a delayed enhancement in the aneurysm sac. This is explained by the delayed flow in the afferent subclavian vessel created experimentally. In addition, as shown on the GBCA-enhanced images during the bicolor phase, no early flow was observable, which is expected in type 2.T a g g e d E n d T a g g e d P The present study provides one more evidence of the capabilities of bicolor imaging for improving the current CT protocols. First, it allows providing in one acquisition a dynamic evaluation of a tissue enhancement. In the same line, Si-Mohamed et al. have provided evidence for simultaneous evaluation of a liver arterial phase using a GBCA and a liver portal phase using an iodinated contrast agent [14]. Second, it allows decreasing the ionization radiation burden by suppressing the need for a triphasic protocol. This is particularly of concern in patients followed for an endovascular aortic treatment, as demonstrated by Kalef-Ezra et al. who found a median cumulative radiation dose of 62 mSv in the first year following abdominal EVAR [28]. Third, bicolor imaging allows avoiding spatial misregistration caused by patient motion and breathing between each phase of the T a g g e d E n d T a g g e d P protocol particularly within the aneurysm sac which would be of great interest for automatic detection and measurement of endoleaks using machine learning methods for example [29]. Even if motion correction and post-processing techniques are available, the suppression of this issue would increase spatial resolution particularly needed for endoleak task imaging. Altogether, these evidences are highlighting the strengths of bicolor imaging. Nevertheless, one strong limitation should be noted. Use of two contrast agents simultaneously in vivo should be carefully evaluated as well as the cumulative volume of agents injected. The main limitation is the volume of GBCA needed for reaching the current sensitivity threshold of K-edge imaging, that is strongly limited by the noise as highlighted in the present study [11,30]. However, sensitivity is expected to be improved in a near future with further noise handling algorithms such as with regularized iterative methods during the material decomposition process [31], during the reconstruction process [32] or in a one-step algorithm that would embed both process [33]. Another strong advantage of SPCCT relies in the improvement in spatial resolution achieved by the PCDs, which is particularly of interest for vascular and stent imaging [34,35] [20]. Hence, SPCCT is holding great promises for endoleak imaging either due to its spatial resolution or spectral capabilities such as showed in the present study.T a g g e d E n d T a g g e d P Our study has limitations. First, we did not implant calcium within the aortic phantom. Nevertheless, previous studies have shown ability of SPPCT to distinguish between calcium and contrast agent [12,13,36,37]. Indeed, with a K-edge energy equal to 50.2 Kev, gadolinium map excludes calcium elements (i.e., K-edge energy equal to 4.03 Kev). Two acquisitions were performed. The purpose was to have a fair comparison between the bicolor GBCA distribution and the monocolor iodine distribution. Nevertheless, by showing similar distribution between those, our observations showed that only one SPCCT is needed. Iodine concentrations during the monocolor phase were greater than GBCA ones during the bicolor phase. Nevertheless, this was expected due to higher atom load injected using an iodinated agent concentration of 400 mg/mL by comparison with a GBCA concentration of 78 mg/mL. This highlights a limitation for the use of current contrast agents with CT and suggests that the development of GBCA suitable for SPCCT imaging is needed.T a g g e d E n d T a g g e d P In conclusion, SPCCT allows identifying three most frequent types of thoracic endoleaks in a dynamic model of thoracic aorta aneurysm. Bicolor imaging enabled by SPCCT K-edge imaging, provides dynamic enhancement of the aortic lumen and aneurysm sac in only one acquisition that allows characterizing the endoleak types. 
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Fig. 1 .

 1 Fig. 1. Imaging and phantom characteristics. (A) Illustration of the contrast agent enhancement within the aortic lumen during monocolor (T1) and bicolor (T2) phases (purple indicates iodinated contrast agent; Green indicates gadolinium-based contrast agent). (B) Photograph of the aortic phantom model with visualization of the aneurysm sac (white star) and the aortic lumen (open star). (C) Complete phantom set-up with illustration of the contrast agent flow in a type 2 endoleak model (purple arrowheads indicate iodinated contrast agent; Green arrowheads indicate gadolinium-based contrast agent).T a g g e d E n d

  T a g g e d H 2 2.7. Statistical analysisT a g g e d E n d T a g g e d P The normality of the distribution of quantitative variables was assessed using Shapiro-Wilk test. Quantitative variables were expressed as means § standard deviations (SD) and ranges [21].T a g g e d E n d T a g g e d H 1 3. ResultsT a g g e d E n d T a g g e d H 2 3.1. Conventional CT imagesT a g g e d E n d

Fig. 2 .

 2 Fig. 3. Spectral photon counting computed tomography qualitative imaging of a type 2 endoleak during the monocolor (A1-A5) and bicolor (B1-B7) phases of enhancement on conventional CT (A1), spectral iodine (in purple) and gadolinium K-edge (in green) images. Enhancement in the aneurysm sac (purple arrowhead) and in the aortic lumen (purple star) is seen on iodine images during the monocolor phase while enhancement is only visible in the aortic lumen on gadolinium K-edge image (green star) during the bicolor phase. Instead, a high enhancement of iodine is seen in the aneurysm sac (purple arrowhead) during the bicolor phase indicating a delayed endoleak.T a g g e d E n d

Fig. 4 .

 4 Fig. 4. Spectral photon counting computed tomography qualitative imaging of a type 3 endoleak during the monocolor (A1-A5) and bicolor (B1-B7) phases of enhancement on conventional CT (A1), spectral iodine (in purple) and gadolinium K-edge (in green) images. Enhancement in the aneurysm sac (purple arrowhead) and aortic lumen (purple star) is seen during the monocolor phase, such as on gadolinium K-edge image (green star and arrow) during the bicolor phase indicating an early endoleak.T a g g e d E n d

  Fig. 5. Graphs show spectral photon counting computed tomography quantitative analysis of type 1 (A-B), 2 (C-D) and 3 (E-F) endoleaks during the bicolor phase (T2) of enhancement on conventional CT (A, C, E), spectral iodine (in purple; B, D, F) and gadolinium K-edge (in green; B, D, F) images. Differences in CT attenuation values between the lumen and aneurysm sac are lower with conventional CT by comparion with those obtained with spectral images, which allows the identification and characterization of each endoleak type.T a g g e d E n d
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Table 1

 1 Results of the quantitative analysis performed in the aortic lumen and aneurysm sac during monocolor (T1) and bicolor (T2) phases.

	Endoleak type	Phase	Region of interest	Attenuation (HU)	Iodine concentration (mg/mL)	Gadolinium concentration (mg/mL)
	1	T1	Aortic lumen	741 § 35 [701-768]	36.6 § 4.5 [32-41]	N/A
			Aneurysm sac	556 § 110 [458-675]*	27.7 § 12.4 [20-42]*	N/A
			Background	29 § 7.5 [24-38]	1.7 2.1 [0.1-4.2]	0.7 § 1.1 [À0.7-1.4]
		T2	Aortic lumen	353 § 39 [314-392]	3.1 § 2.0 [2-5]	8.3 § 3.8 [4.5-12.1]
			Aneurysm sac	258 § 50 [208-308]*	1 § 4.5 [À3.5-5.5]**	6.1 § 3.7 [2.4-9.8]*
			Background	30 § 3.3 [27-34]	1.0 § 0.8 [0.3-2.2]	0.8 § 0.8 [À0.2-1.8]
	2	T1	Aortic lumen	730 § 40 [690-780]	36.7 § 3.5 [33-41]	N/A
			Aneurysm sac	522 § 27 [490-550]*	10.2 § 1.2 [33-41]**	N/A
			Background	37 § 11 [29-53]	0.3 § 0.1 [0.2-0.8]	0.9 § 0.2 [0.7-1.2]
		T2	Aortic lumen	344 § 36 [308-380]	2.3 § 4.9 [À2.2-5.8]	4.7 § 7.2 [À3.3-10.5]
			Aneurysm sac	540 § 39 [501-579]*	24.3 § 5.5 [18.8-19.8]**	0.3 § 3.2 [À2.9-3.5]**
			Background	34 § 2.6 [31-37]	0.4 § 0.1 [0.3-0.6]	0.8 § 0.1 [0.7-1]
	3	T1	Aortic lumen	753 § 42 [711-790]	35 § 3.1 [31-38]	N/A
			Aneurysm sac	499 § 120 [353-599]*	22.4 § 9.9 [11.6-32]*	N/A
			Background	23 § 5.4 [19-31]	0.3 § 0.2 [0.1-0.7]	1.1 § 0.2 [0.9-1.4]
		T2	Aortic lumen	313 § 33 [280-346]	2.5 § 5 [À2.3-7.7]	7.3 § 3.8 [3.5-11.1]
			Aneurysm sac	258 § 42 [216-300]*	2.7 § 4.5 [À1.8-7.2]*	6 § 4 [2-10] *
			Background	35 § 3.1 [33-40]	0.1 § 1.0 [0.1-0.3]	0.9 § 0.5 [0.4-1.6]

Variables are expressed as means § standard deviations; numbers in brackets are ranges.

* Indicates a variation in CT attenuation or concentration of contrast agents in the aneurysm sac by comparison with the aortic lumen. One symbol (*) indicates a variation < 50%. Two symbols (**) indicate a variation > 50%. HU = Hounsfield unit. N/A indicates that no value was measured because of the absence of GBCA injected during the monocolor phase (T1).
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