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Abstract

:

Purpose: The novel photon-counting detector (PCD) technique acquires spectral data for virtual monoenergetic imaging (VMI) in every examination. The aim of this study was the evaluation of the impact of VMI of abdominal arterial vessels on quantitative and qualitative subjective image parameters. Methods: A total of 20 patients that underwent an arterial phase computed tomography (CT) scan of the abdomen with a novel PCD CT (Siemens NAEOTOM alpha) were analyzed regarding attenuation at different energy levels in virtual monoenergetic imaging. Contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) were calculated and compared between the different virtual monoenergetic (VME) levels with correlation to vessel diameter. In addition, subjective image parameters (overall subjective image quality, subjective image noise and vessel contrast) were evaluated. Results: Our research showed decreasing attenuation levels with increasing energy levels in virtual monoenergetic imaging regardless of vessel diameter. CNR showed best overall results at 60 keV, and SNR at 70 keV with no significant difference to 60 keV (p = 0.294). Subjective image quality was rated best at 70 keV for overall image quality, vessel contrast and noise. Conclusions: Our data suggest that VMI at 60–70 keV provides the best objective and subjective image quality concerning vessel contrast irrespective of vessel size.
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1. Introduction


Dual-energy computed tomography (CT) detector technology has been used for reconstructions with virtual monoenergetic imaging (VMI), offering further information to clinical radiologists [1,2,3,4,5,6]. Advantages of VMI are, for example, higher lesion conspicuity in oncology imaging at lower energy levels and higher attenuation, which could help in case of insufficient intravascular enhancement (e.g., in case of a missed contrast medium bolus) [7].



Recently, a photon-counting imaging technique using a cadmium telluride detector became usable in a clinical context [8]. The detector directly counts the photons and converts them into electric signals proportional to the energy of the photon. By assigning them to predefined energy bins, spectral information can be acquired with every examination. In addition, electronic noise can be exterminated, which improves overall image quality [8,9,10,11]. Previous studies with dual-energy technology showed that lower virtual monoenergetic (VME) keV levels, closer to the k-edge of iodine, result in higher intravascular attenuation [12,13]. Additionally, the virtual monoenergetic energy threshold of 70 keV has proven to provide better contrast-to-noise ratio (CNR), signal-to-noise ratio (SNR), and subjective image quality compared to conventional polychromatic images [14,15].



Higashigaito et al. carried out research on the image quality of a clinical photon-counting CT by putting a single region of interest (ROI) in the descending aorta, the portal vein, and the inferior cava vein, and comparing it to conventional polychromatic reconstruction [8]. Their images were acquired in a portal venous phase. They showed a significant increase in CNR at 50 keV in vascular structures compared to conventional imaging. They also showed a higher CNR for vascular structures at 40, 50 and 60 keV compared to the energy-integrating detector CT, and they concluded that 50 keV might be the “best tradeoff between improvement of CNR and subjective image quality of portal–venous abdominal” photon-counting CT.



These results suggest that reconstructing VMI of photon-counting CT scans in the arterial phase might show comparable results. Our aim was to compare VME images at different energy thresholds regarding objective and subjective image quality with a particular attention to intravascular contrast enhancement. In addition, we wanted to evaluate how vessel size affects the measured attenuation, SNR and CNR at different VME energy thresholds.




2. Materials and Methods


The present study was approved by the local ethics committee in Mainz, Germany (State Chamber of Physicians, number 2022-16314) and conducted in accordance with the Declaration of Helsinki.



2.1. Data Acquisition


We retrospectively analyzed 20 datasets of patients which underwent a contrast enhanced (CE) CT scan on a photon-counting CT scanner (NAEOTOM Alpha, Siemens Healthineers, Forchheim, Germany) between December 2021 and January 2022 which included an arterial phase of the abdominal vessels. We analyzed the arterial contrast phase of the abdomen including the iliac vessels. Exclusion criteria were arterial dissections, stent grafts, or any devices that could affect the intravascular attenuation (e.g., coil embolizations). CT scans were performed after intravenous injection of 100 mL of contrast medium (Xenetix 350, containing 76.78 g/100 mL Iobitridol, Guerbet, Roissy, France) with a flow rate of 4 mL/s followed by a bolus of 50 mL saline solution with a flow rate of 4 mL/s. The contrast medium was administered through an antecubital 18-gauge intravenous catheter using a CT Motion XD8000 (Ulrich Medical, Ulm, Germany) power injector. The scan was triggered by an ROI which was placed in the descending aorta using the CARE Bolus software (Siemens Healthineers, Forchheim, Germany). The tube current was modulated along the z-axis according to patient diameter and attenuation was calculated from both topograms. The tube voltage was automatically switched between 100 and 120 kV, and the scans were performed in a cranio-caudal direction. We used a pitch of 0.80 and an increment of 0.70 mm. The data were sent to a syngo server (Siemens Healthineers, Forchheim, Germany). The spectral post processing (SPP) datasets were analyzed with a slice thickness of 1 mm in a Qr40 kernel. Radiation was measured using DLP and CTDI. We also calculated patient diameter according to O’Neil et al., as they showed that it correlates directly with BMI [16]. Effective dose was calculated with Radimetrics 3.4.0 (02.02.2022) (Bayer AG, Leverkusen, Germany) according to ICRP 103 using individual Monte Carlo simulation with phantoms adapted to patient size and mAs modulation. The scan range was adapted to the phantom for every patient. The doses were verified by using a conversion factor of 0.015 for the abdomen and 0.014 for the chest according to the American Association of Physicists in Medicine [17].




2.2. Objective Image Parameters


Using syngo software version VB60A_HF04 (Siemens Healthineers, Forchheim, Germany), the following vessels were analyzed: descending aorta, coeliac trunk, superior and inferior mesentery arteries, left and right renal arteries, left and right common iliac arteries, lineal artery, gastroduodenal artery, and common and proper hepatic arteries. Three ROIs were placed in each of the vessels and the vessel diameter was measured at the same level. For the abdominal aorta, the measurements were always placed at the level of the diaphragm, the renal arteries and the aortic bifurcation. For the smaller vessels, the measurements were placed at their origin, then further along their course with at least a few millimeters distance from the prior measurements in the non-calcified, non-atherosclerotic parts of the vessels. If doubled arteries were found, the measurements were placed in the artery with the larger diameter.



These placements were performed at 70 keV with window settings of center = 150 and width = 1200 in accordance with Rassouli et al. and Sudarski et al. [1,14]. Additionally, we also placed ROIs in the left psoas muscle and intra-abdominal bowel air to calculate signal-to-noise ratio as well as contrast-to-noise ratio. The ROIs were made as large as possible in order to minimize the influence of fatty streaks within the muscle or other relevant attenuation changes. The attenuation of these ROIs—including the standard deviation—was measured using VMI at different virtual energy levels from 40 keV to 190 keV in steps of 10 keV.




2.3. Subjective Image Parameters


Two independent radiologists (ten years’ expertise and twelve years’ expertise) reviewed the images for subjective overall image quality using a five-point scale from 1 to 5 (1 = very poor, 5 = optimal), image noise (1 = major noise, 5 = none) and diagnostic assessability of vessel contrast and vessel wall (1 = not diagnostic, 5 = best prerequisites for adequate vascular diagnostics). For detailed information, see Table 1.




2.4. Data Analysis


CNR and SNR were calculated according to Szucs-Farkas et al. [18]



with


SNR = HUartery/noiseartery








and


CNR = (HUartery − HUmuscle)/noiseair








with noise being the standard deviation in the corresponding measurement.



The following statistical analyses were performed using R (4.2.2). A p-value less than 0.05 was considered statistically significant. For the results, categorial variables were shown as counts, and continuous variables as mean and standard deviation. Cohen’s Kappa was used to assess interrater reliability. A Kappa statistic between 0.61 and 0.8 was rated as substantial agreement, and above 0.81 as almost perfect according to Landis and Koch. A Kappa of 0 meant poor, between 0 and 0.2 slight, 0.21–0.4 fair, and 0.41–0.6 moderate agreement [19]. Analysis of variance (ANOVA) and post hoc t-tests were used to analyze objective image parameters for significant differences between the different energy levels. Vessels were grouped according to their size (less than 5 mm, 5–9 mm, 10–14 mm, 15–20 mm, and above 20 mm) and subgroup analyses were performed. Additionally, we performed ANOVA to check for relevant differences in objective parameters after grouping the vessels. The results were adjusted with correction factors depending on the Mauchly test of sphericity. If relevant differences were found, a post hoc t-test for dependent samples was executed.





3. Results


3.1. Patient Data


Our study included 14 male (70%) and 6 (30%) female patients with an average age of 55 years, ranging from 27 to 86 years. Further population data are shown in Table 2.



Due to a preceding surgery, one patient underwent a resection of the gastroduodenal artery.



Figure 1 offers a general impression of the image changes with increasing virtual monoenergetic keV settings.




3.2. Complete Dataset


3.2.1. Attenuation


The current study shows decreasing attenuation of the abdominal vessels with increasing energy threshold levels. Figure 2 shows the mean of all examined vessels with the corresponding energy level.



Noise (standard deviation of the vessel attenuation) showed best values at the energy level of 80 keV (average of 27.5) and 70 keV (average of 28.4). Noise was highest at 40 keV (average of 119.1) and increased after a minimum at the energy levels of 70/80 keV to an average of 42 at the threshold of 190 keV.




3.2.2. CNR


The mean CNR in our study was highest at 60 keV (15.9) with a gradual decrease over higher energy levels (e.g., average at 80 keV: 8.27, at 90 keV: 6.71). CNR at 40 keV (13.1) was higher than at 50 keV (11.3) (p < 0.001), as shown in Figure 3.




3.2.3. SNR


SNR showed a flat curve with a maximum at 70 keV (average 15.0) and the second highest SNR at 60 keV (average 14.7), as shown in Figure 4. SNR showed no significant differences between the energy levels of 50 keV and 80 keV, and between 60 keV and 70 keV. All other compared energy thresholds were significantly different from each other regarding SNR, CNR and attenuation.





3.3. Grouping by Vessel Diameter


We grouped the objectively measured image parameters by vessel diameter and identified vessels smaller than 5 mm as the ones with the highest standard deviation of SNR. HU, CNR and SNR grouped by vessel diameter can be seen in Figure 5, Figure 6 and Figure 7. The scatterplots in Figure 8 visualize the spreading of the parameters with smaller vessel size.



3.3.1. Attenuation


Overall attenuation was lower in smaller vessels which is visualized in Figure 3 (e.g., at 60 keV vessels smaller than 5 mm showed an average of 421 HU, and vessels between 5 and 9 mm an average of 451 HU, p < 0.001).



Regarding attenuation, we found statistically relevant differences in all subgroups for all energy levels (see also Figure 5).




3.3.2. CNR


CNR showed a dip from 40 keV to 50 keV for vessels smaller than 19 mm and a gradual increase for vessels bigger than 20 mm between these two levels with a peak at 60 keV. This maximum is also visible for the smaller vessel diameters.



Small vessels (<5 mm) showed no significant difference regarding CNR between the levels of 40 keV and 70 keV (p = 0.129); this was also seen for vessels between 10 and 14 mm (p = 0.190). Vessels between 15 and 20 mm showed no significant difference between the thresholds of 40 and 50 keV (p = 0.132) and 150/160 keV (p = 0.061). The biggest vessels (>20 mm) had significant differences at all energy thresholds besides 40/50 keV (p = 0.204), 40/70 keV (p = 0.187), 50/70 keV (p = 0.238) and 180/190 keV (p = 0.101). The CNR with the corresponding vessel size of the different energy levels can be seen in Figure 6.




3.3.3. SNR


The SNR curve was flatter for smaller vessel diameters than for vessels with diameters larger than 20 mm.



For SNR, no statistically relevant differences regarding small vessels less than 5 mm could be seen at 40/90 keV (p = 0.672), 50/60 keV (p = 0.070), 50/80 keV (p = 0.546), 60/70 keV (p = 0.221), 60/80 keV (p = 0.525) and 70/80 keV (p = 0.158). The vessel diameter of 5–9 mm showed no significant differences between the levels of 60 and 70 keV (p = 0.946); the same could be seen for vessels between 10 and 14 mm (p = 0.497) and 15–20 mm (p = 0.213). The biggest vessel subgroup showed a p-value of 0.046 at this pairing. Vessels bigger than 20 mm showed no statistically relevant differences between the energy levels of 170/180 keV (p = 0.916), 170/190 keV (p = 0.156) and 180/190 keV (p = 0.052). SNR for different vessel sizes is shown in Figure 7.



Noise optimum at 80 keV was statistically significant compared to 70 keV overall and in all vessel diameter subgroups.





3.4. Subjective Parameters


Vessel contrast at 70 keV was rated best (with a 5 for each examination by both readers) with a gradual increase of the ratings up to this maximum and a decrease up to 190 keV. The levels 50–80 keV all showed at least one rating of 5. For 190 keV, all examinations were rated with the value of 1.



Noise and image quality showed best values for both readers at 70 keV as well. The best rating of 5 for noise was only seen at the levels of 80 and 90 keV; overall image quality was given the best rating at the levels of 60–90 keV. Both show an increase up to 70 keV as with vessel contrast, and a decrease for energy levels above 70 keV.



The interobserver reliability with Cohen’s Kappa for subjective image noise showed fair agreement for both readers regarding image quality (0.237) and moderate interrater reliability for image noise (0.461) and vessel contrast (0.430).





4. Discussion


The aim of our study was to evaluate VMI originating from spectral datasets of a photon-counting detector CT scanner regarding objective and subjective image quality, with a focus on abdominal vessels and an additional focus on their size.



Our study showed significant differences regarding objective image parameters at almost all energy thresholds. The highest SNR was seen at 70 keV (with no significant difference to 60 keV). The best CNR was seen at 60 keV, which is in line with the findings of Martin et al. [20]. Noise was lowest at 80 keV, which is also in accordance with the findings of Sudarski et al. [1] for dual-source dual-energy CT. They also showed that SNR was highest at 70 keV regarding abdominal arteries even though there was no significant difference between monoenergetic and polyenergetic images in attenuation, contrast-to-noise ratio and noise overall. Albrecht et al. showed in a study with dual-energy imaging a superior CNR of monoenergetic images at 40–70 keV compared to the linearly blended images using Mono+ reconstruction [6].



In our study, attenuation increased with lower energy levels, resulting in an enhancement of vascular contrast, which can be explained by the approach to the k-edge of iodine and thus the absorption maximum [21,22]. This is also reflected by the increasing values of the Likert scale with lower keV. The smallest vessels showed the biggest standard deviation regarding SNR, which is most likely the result of some aberrant measurements which are shown in Figure 3. Due to smaller vessel sizes, the placed ROIs were naturally smaller as well, and therefore, bigger or smaller attenuations within the ROIs could lead to these aberrant values.



The standard window at 40 keV showed a blooming of the intravascular contrast medium which could lead to an overestimation of the vessel diameter and hide changes to the vessel wall, equivalently to Doerner et al. [23]. Despite offering the best vessel attenuation, image noise was elevated because the lower energy level is closer to the k-edge of iodine (33.2 keV) [21,22,24].



Buls et al. showed a decrease in contrast medium use and radiation at the energy level of 80 keV by using iterative reconstructions [25]. Therefore, optimizing the energy level by picking the most appropriate threshold in VMI instead of setting the tube voltage could result in the use of less contrast medium to obtain a feasible vessel contrast and therefore also result in less risk for the patient or vulnerable patients [21,25,26,27,28,29].



Additionally, higher keV levels showed better reduction in metal artifacts, for example for total hip replacements on a dual-layer CT scanner [30]. Even fewer metal artifacts were seen with special metal artifact reduction reconstruction algorithms [30,31,32,33]. Our study showed low intravascular contrast enhancement for energy levels above 100 keV with a slight decrease up to the maximum of 190 keV. This trend can be seen for all vessel subgroups, but these energy levels are important for metal artifact reduction [34]. Further studies should evaluate the best trade-off regarding metal artifact reduction and vessel contrast (e.g., in imaging of the runoff of both legs in peripheral arterial disease in patients with hip or knee replacements and consecutive metal artifacts).



The interrater reliability showed only fair interobserver agreement for subjective image quality, but a clear optimum regarding image quality can be seen at 70 keV as both readers rated all examinations with a 5 at this energy level. This differs from other previous studies such as Graafen et al. [7] which showed best subjective parameters (e.g., objective image quality) at energy levels of 50 and 60 keV, maybe because our study not only included intravascular contrast but also the assessability of the vascular wall which suffers from increased noise at lower energy levels. Albrecht et al. also showed best subjective image quality results at 70 keV [35].



We also did not reconstruct images with different strengths of iterative reconstruction, which showed an improvement in CNR through noise reduction in the research of Sartoretti et al. [36]. Regarding subjective noise and vessel contrast, a peak can be seen at 70 keV along with moderate interobserver reliability. This differs from objective noise measurement (which was statistically best at 80 keV) but might correlate with the small absolute difference in noise between these two energy levels.



Our study has some limitations, mostly due to its retrospective design and single-center character, but also to the number of patients included. Further studies with larger sample sizes are needed to confirm the results of our study. In addition, only bigger vessels (for example the aorta) should be examined to get more reliable and stable results as smaller vessels showed a few very high values (especially in SNR) which can be a result of the above-discussed smaller ROIs. In addition, different levels of iterative reconstruction should be considered for further research.




5. Conclusions


Our study suggests that photon-counting VMI is feasible to optimize the visualization of abdominal arteries. According to our data, VMI shows the best results for the combination of CNR, SNR, and vessel attenuation for VME images at an energy level of 60–70 keV.







Author Contributions


Conceptualization, D.D., S.W., A.H. and D.O.; Methodology, D.D.; T.J.V., C.B. and D.O. Validation, A.H., S.W., H.L.K., D.O. and M.F.F.; Formal Analysis D.D., D.O., A.H., J.P., M.F.F. and H.L.K.; Investigation, D.D., J.P., C.B. and H.L.K.; Resources, A.H., S.W. and T.J.V.; Data Curation, D.D. and M.F.F.; Writing—Original Draft Preparation, D.D., H.L.K. and C.B.; Writing—Review and Editing, J.P., D.O., S.W., A.H. and T.J.V.; Visualization, M.F.F. and D.D.; Supervision, S.W., A.H. and T.J.V.; Project Administration, D.D., D.O., C.B., A.H. and S.W. All authors have read and agreed to the published version of the manuscript.




Funding


The authors received no funding for this research.




Institutional Review Board Statement


The present study was approved by the local ethics committee in Mainz, Germany (State Chamber of Physicians, number 2022-16314) and conducted in accordance with the Declaration of Helsinki.




Informed Consent Statement


Patients consent was waived due to the retrospective design of this study.




Data Availability Statement


The data presented in this study is available on request from the corresponding author. The data is not publicly available due to ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest regarding this research.




References


	



Sudarski, S.; Apfaltrer, P.; Nance, J.W., Jr.; Schneider, D.; Meyer, M.; Schoenberg, S.O.; Fink, C.; Henzler, T. Optimization of keV-settings in abdominal and lower extremity dual-source dual-energy CT angiography determined with virtual monoenergetic imaging. Eur. J. Radiol. 2013, 82, e574–e581. [Google Scholar] [CrossRef] [PubMed]

	



Ren, H.; Zhen, Y.; Gong, Z.; Wang, C.; Chang, Z.; Zheng, J. Assessment of Virtual Monoenergetic Images in Run-off Computed Tomography Angiography: A Comparison Study to Conventional Images From Spectral Detector Computed Tomography. J. Comput. Assist. Tomogr. 2021, 45, 232–237. [Google Scholar] [CrossRef] [PubMed]

	



Michalak, G.; Grimes, J.; Fletcher, J.; Halaweish, A.; Yu, L.; Leng, S.; McCollough, C. Selection of optimal tube potential settings for dual-energy CT virtual mono-energetic imaging of iodine in the abdomen. Abdom. Radiol. 2017, 42, 2289–2296. [Google Scholar] [CrossRef] [PubMed]

	



Doerner, J.; Wybranski, C.; Byrtus, J.; Houbois, C.; Hauger, M.; Heneweer, C.; Siedek, F.; Hickethier, T.; Grosse Hokamp, N.; Maintz, D.; et al. Intra-individual comparison between abdominal virtual mono-energetic spectral and conventional images using a novel spectral detector CT. PLoS ONE 2017, 12, e0183759. [Google Scholar] [CrossRef] [PubMed]

	



Beeres, M.; Trommer, J.; Frellesen, C.; Nour-Eldin, N.E.; Scholtz, J.E.; Herrmann, E.; Vogl, T.J.; Wichmann, J.L. Evaluation of different keV-settings in dual-energy CT angiography of the aorta using advanced image-based virtual monoenergetic imaging. Int. J. Cardiovasc. Imaging 2016, 32, 137–144. [Google Scholar] [CrossRef]

	



Albrecht, M.H.; Scholtz, J.E.; Husers, K.; Beeres, M.; Bucher, A.M.; Kaup, M.; Martin, S.S.; Fischer, S.; Bodelle, B.; Bauer, R.W.; et al. Advanced image-based virtual monoenergetic dual-energy CT angiography of the abdomen: Optimization of kiloelectron volt settings to improve image contrast. Eur. Radiol. 2016, 26, 1863–1870. [Google Scholar] [CrossRef]

	



Graafen, D.; Muller, L.; Halfmann, M.; Duber, C.; Hahn, F.; Yang, Y.; Emrich, T.; Kloeckner, R. Photon-counting detector CT improves quality of arterial phase abdominal scans: A head-to-head comparison with energy-integrating CT. Eur. J. Radiol. 2022, 156, 110514. [Google Scholar] [CrossRef]

	



Higashigaito, K.; Euler, A.; Eberhard, M.; Flohr, T.G.; Schmidt, B.; Alkadhi, H. Contrast-Enhanced Abdominal CT with Clinical Photon-Counting Detector CT: Assessment of Image Quality and Comparison with Energy-Integrating Detector CT. Acad. Radiol. 2022, 29, 689–697. [Google Scholar] [CrossRef]

	



Willemink, M.J.; Persson, M.; Pourmorteza, A.; Pelc, N.J.; Fleischmann, D. Photon-counting CT: Technical Principles and Clinical Prospects. Radiology 2018, 289, 293–312. [Google Scholar] [CrossRef]

	



Flohr, T.; Petersilka, M.; Henning, A.; Ulzheimer, S.; Ferda, J.; Schmidt, B. Photon-counting CT review. Phys. Med. 2020, 79, 126–136. [Google Scholar] [CrossRef]

	



Wehrse, E.; Klein, L.; Rotkopf, L.T.; Wagner, W.L.; Uhrig, M.; Heussel, C.P.; Ziener, C.H.; Delorme, S.; Heinze, S.; Kachelriess, M.; et al. Photon-counting detectors in computed tomography: From quantum physics to clinical practice. Radiologe 2021, 61, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Schabel, C.; Bongers, M.; Sedlmair, M.; Korn, A.; Grosse, U.; Mangold, S.; Claussen, C.D.; Thomas, C. Assessment of the hepatic veins in poor contrast conditions using dual energy CT: Evaluation of a novel monoenergetic extrapolation software algorithm. Rofo 2014, 186, 591–597. [Google Scholar] [CrossRef] [PubMed]

	



Grant, K.L.; Flohr, T.G.; Krauss, B.; Sedlmair, M.; Thomas, C.; Schmidt, B. Assessment of an advanced image-based technique to calculate virtual monoenergetic computed tomographic images from a dual-energy examination to improve contrast-to-noise ratio in examinations using iodinated contrast media. Investig. Radiol. 2014, 49, 586–592. [Google Scholar] [CrossRef] [PubMed]

	



Rassouli, N.; Chalian, H.; Rajiah, P.; Dhanantwari, A.; Landeras, L. Assessment of 70-keV virtual monoenergetic spectral images in abdominal CT imaging: A comparison study to conventional polychromatic 120-kVp images. Abdom. Radiol. 2017, 42, 2579–2586. [Google Scholar] [CrossRef]

	



Yamada, Y.; Jinzaki, M.; Hosokawa, T.; Tanami, Y.; Abe, T.; Kuribayashi, S. Abdominal CT: An intra-individual comparison between virtual monochromatic spectral and polychromatic 120-kVp images obtained during the same examination. Eur. J. Radiol. 2014, 83, 1715–1722. [Google Scholar] [CrossRef]

	



O’Neill, S.; Kavanagh, R.G.; Carey, B.W.; Moore, N.; Maher, M.; O’Connor, O.J. Using body mass index to estimate individualised patient radiation dose in abdominal computed tomography. Eur. Radiol. Exp 2018, 2, 38. [Google Scholar] [CrossRef]

	



McCollough, C.; Edyvean, S.; Gould, B.; Keat, N.; Judy, P.; Kalender, W.; Morin, R.; Payne, T.; Stern, S.; Rothenberg, L. The Measurement, Reporting, and Management of Radiation Dose in CT. AAPM Rep. 2008, 96. [Google Scholar] [CrossRef]

	



Szucs-Farkas, Z.; Strautz, T.; Patak, M.A.; Kurmann, L.; Vock, P.; Schindera, S.T. Is body weight the most appropriate criterion to select patients eligible for low-dose pulmonary CT angiography? Analysis of objective and subjective image quality at 80 kVp in 100 patients. Eur. Radiol. 2009, 19, 1914–1922. [Google Scholar] [CrossRef]

	



Landis, J.R.; Koch, G.G. The measurement of observer agreement for categorical data. Biometrics 1977, 33, 159–174. [Google Scholar] [CrossRef]

	



Martin, S.S.; Kolaneci, J.; Czwikla, R.; Booz, C.; Gruenewald, L.D.; Albrecht, M.H.; Thompson, Z.M.; Lenga, L.; Yel, I.; Vogl, T.J.; et al. Dual-Energy CT for the Detection of Portal Vein Thrombosis: Improved Diagnostic Performance Using Virtual Monoenergetic Reconstructions. Diagnostics 2022, 12, 1682. [Google Scholar] [CrossRef]

	



Seyal, A.R.; Arslanoglu, A.; Abboud, S.F.; Sahin, A.; Horowitz, J.M.; Yaghmai, V. CT of the Abdomen with Reduced Tube Voltage in Adults: A Practical Approach. Radiographics 2015, 35, 1922–1939. [Google Scholar] [CrossRef] [PubMed]

	



McCollough, C.H.; Boedeker, K.; Cody, D.; Duan, X.; Flohr, T.; Halliburton, S.S.; Hsieh, J.; Layman, R.R.; Pelc, N.J. Principles and applications of multienergy CT: Report of AAPM Task Group 291. Med. Phys. 2020, 47, e881–e912. [Google Scholar] [CrossRef] [PubMed]

	



Doerner, J.; Luetkens, J.A.; Iuga, A.I.; Byrtus, J.; Haneder, S.; Maintz, D.; Hickethier, T. Poly-energetic and virtual mono-energetic images from a novel dual-layer spectral detector CT: Optimization of window settings is crucial to improve subjective image quality in abdominal CT angiographies. Abdom. Radiol. 2018, 43, 742–750. [Google Scholar] [CrossRef] [PubMed]

	



Martin, S.S.; Wichmann, J.L.; Weyer, H.; Scholtz, J.E.; Leithner, D.; Spandorfer, A.; Bodelle, B.; Jacobi, V.; Vogl, T.J.; Albrecht, M.H. Endoleaks after endovascular aortic aneurysm repair: Improved detection with noise-optimized virtual monoenergetic dual-energy CT. Eur. J. Radiol. 2017, 94, 125–132. [Google Scholar] [CrossRef]

	



Buls, N.; Van Gompel, G.; Van Cauteren, T.; Nieboer, K.; Willekens, I.; Verfaillie, G.; Evans, P.; Macholl, S.; Newton, B.; de Mey, J. Contrast agent and radiation dose reduction in abdominal CT by a combination of low tube voltage and advanced image reconstruction algorithms. Eur. Radiol. 2015, 25, 1023–1031. [Google Scholar] [CrossRef]

	



Nakaura, T.; Awai, K.; Maruyama, N.; Takata, N.; Yoshinaka, I.; Harada, K.; Uemura, S.; Yamashita, Y. Abdominal dynamic CT in patients with renal dysfunction: Contrast agent dose reduction with low tube voltage and high tube current-time product settings at 256-detector row CT. Radiology 2011, 261, 467–476. [Google Scholar] [CrossRef]

	



Ichikawa, S.; Motosugi, U.; Shimizu, T.; Kromrey, M.L.; Aikawa, Y.; Tamada, D.; Onishi, H. Diagnostic performance and image quality of low-tube voltage and low-contrast medium dose protocol with hybrid iterative reconstruction for hepatic dynamic CT. Br. J. Radiol. 2021, 94, 20210601. [Google Scholar] [CrossRef]

	



Araki, K.; Yoshizako, T.; Yoshida, R.; Tada, K.; Kitagaki, H. Low-voltage (80-kVp) abdominopelvic computed tomography allows 60% contrast dose reduction in patients at risk of contrast-induced nephropathy. Clin. Imaging 2018, 51, 352–355. [Google Scholar] [CrossRef]

	



Overhoff, D.; Jost, G.; McDermott, M.; Weber, O.; Pietsch, H.; Schoenberg, S.O.; Attenberger, U. Low kV Computed Tomography of Parenchymal Abdominal Organs-A Systematic Animal Study of Different Contrast Media Injection Protocols. Tomography 2021, 7, 815–828. [Google Scholar] [CrossRef]

	



Neuhaus, V.; Grosse Hokamp, N.; Zopfs, D.; Laukamp, K.; Lennartz, S.; Abdullayev, N.; Maintz, D.; Borggrefe, J. Reducing artifacts from total hip replacements in dual layer detector CT: Combination of virtual monoenergetic images and orthopedic metal artifact reduction. Eur. J. Radiol. 2019, 111, 14–20. [Google Scholar] [CrossRef]

	



Wellenberg, R.H.; Boomsma, M.F.; van Osch, J.A.; Vlassenbroek, A.; Milles, J.; Edens, M.A.; Streekstra, G.J.; Slump, C.H.; Maas, M. Computed Tomography Imaging of a Hip Prosthesis Using Iterative Model-Based Reconstruction and Orthopaedic Metal Artefact Reduction: A Quantitative Analysis. J. Comput. Assist. Tomogr. 2016, 40, 971–978. [Google Scholar] [CrossRef] [PubMed]

	



Neuhaus, V.; Grosse Hokamp, N.; Abdullayev, N.; Rau, R.; Mpotsaris, A.; Maintz, D.; Borggrefe, J. Metal artifact reduction by dual-layer computed tomography using virtual monoenergetic images. Eur. J. Radiol. 2017, 93, 143–148. [Google Scholar] [CrossRef] [PubMed]

	



Higashigaito, K.; Angst, F.; Runge, V.M.; Alkadhi, H.; Donati, O.F. Metal Artifact Reduction in Pelvic Computed Tomography With Hip Prostheses: Comparison of Virtual Monoenergetic Extrapolations From Dual-Energy Computed Tomography and an Iterative Metal Artifact Reduction Algorithm in a Phantom Study. Investig. Radiol. 2015, 50, 828–834. [Google Scholar] [CrossRef]

	



Albrecht, M.H.; Vogl, T.J.; Martin, S.S.; Nance, J.W.; Duguay, T.M.; Wichmann, J.L.; De Cecco, C.N.; Varga-Szemes, A.; van Assen, M.; Tesche, C.; et al. Review of Clinical Applications for Virtual Monoenergetic Dual-Energy CT. Radiology 2019, 293, 260–271. [Google Scholar] [CrossRef]

	



Albrecht, M.H.; Trommer, J.; Wichmann, J.L.; Scholtz, J.E.; Martin, S.S.; Lehnert, T.; Vogl, T.J.; Bodelle, B. Comprehensive Comparison of Virtual Monoenergetic and Linearly Blended Reconstruction Techniques in Third-Generation Dual-Source Dual-Energy Computed Tomography Angiography of the Thorax and Abdomen. Investig. Radiol. 2016, 51, 582–590. [Google Scholar] [CrossRef]

	



Sartoretti, T.; Landsmann, A.; Nakhostin, D.; Eberhard, M.; Roeren, C.; Mergen, V.; Higashigaito, K.; Raupach, R.; Alkadhi, H.; Euler, A. Quantum Iterative Reconstruction for Abdominal Photon-counting Detector CT Improves Image Quality. Radiology 2022, 303, 339–348. [Google Scholar] [CrossRef]








[image: Diagnostics 13 00938 g001 550] 





Figure 1. Sagittal images with focus on the abdominal aorta at different virtual monoenergetic levels to visualize the changes: (a) 40 keV; (b) 50 kV; (c) 60 keV; (d) 70 keV; (e) 80 keV; (f) 90 keV; (g) 100 keV; (h) 110 keV; (i) 120 keV; (j) 130 keV; (k) 140 keV; (l) 150 keV; (m) 160 kV; (n) 170 keV; (o) 180 keV; (p) 190 keV. 






Figure 1. Sagittal images with focus on the abdominal aorta at different virtual monoenergetic levels to visualize the changes: (a) 40 keV; (b) 50 kV; (c) 60 keV; (d) 70 keV; (e) 80 keV; (f) 90 keV; (g) 100 keV; (h) 110 keV; (i) 120 keV; (j) 130 keV; (k) 140 keV; (l) 150 keV; (m) 160 kV; (n) 170 keV; (o) 180 keV; (p) 190 keV.



[image: Diagnostics 13 00938 g001]







[image: Diagnostics 13 00938 g002 550] 





Figure 2. Decreasing mean vessel attenuation of all examined vessels with increasing virtual monoenergetic energy threshold levels. 
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Figure 3. CNR of all examined vessels based on the VME threshold with a maximum at 60 keV. 
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Figure 4. SNR of all arterial vessels grouped by the corresponding VME level; maxima can be seen at 60 keV and 70 keV. 
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Figure 5. Attenuation grouped by vessel diameter ((A) for less than 5 mm, (B) for 5–9 mm, (C) for 19–14 mm, (D) for 15–19 mm and (E) for more than 20 mm) dependent on energy level. 
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Figure 6. CNR grouped by vessel diameter ((A) for less than 5 mm, (B) for 5–9 mm, (C) for 19–14 mm, (D) for 15–19 mm and (E) for more than 20 mm) according to the used energy threshold. 
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Figure 7. SNR grouped by vessel diameter ((A) for less than 5 mm, (B) for 5–9 mm, (C) for 19–14 mm, (D) for 15–19 mm and (E) for more than 20 mm) at different energy levels. 
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Figure 8. Scatterplots of the values of HU, CNR and SNR correlated with vessel diameter. 
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Table 1. Five-point Likert Scale for judging image quality, image noise and vessel contrast.
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	Image Quality
	Image Noise
	Vessel Contrast





	1
	Very poor
	Major noise
	Not diagnostic



	2
	Poor
	More than average noise
	Poor



	3
	Acceptable
	Average noise
	Acceptable



	4
	Good
	Minor noise
	Good



	5
	Optimal
	None
	Optimal
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Table 2. Population data including age, calculated patient diameter which correlates directly with body mass index [16], computed tomography dose index (CTDI vol), dose length product (DLP) and effective dose calculated as described in Section 2.1.






Table 2. Population data including age, calculated patient diameter which correlates directly with body mass index [16], computed tomography dose index (CTDI vol), dose length product (DLP) and effective dose calculated as described in Section 2.1.











	
	Overall
	Female
	Male





	Age (years)
	55.15 ± 16
	56.57 ± 12.18
	54.38 ± 18.14



	Diameter (cm)
	30.68 ± 4.57
	28.39 ± 4.12
	31.91 ± 4.46



	CTDI vol (mGy)
	7.90 ± 3.92
	5.14 ± 2.57
	9.03 ± 3.85



	DLP (mGy * cm)
	330.57 ± 198.48
	226.49 ± 155.8
	374.36 ± 198.75



	Effective Dose (mSv)
	4.92 ± 2.97
	3.33 ± 2.36
	5.58 ± 2.96
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