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Abstract

:

Purpose: To investigate the diagnostic performance of noise-optimized virtual monoenergetic images (VMI+) in dual-energy CT (DECT) of portal vein thrombosis (PVT) compared to standard reconstructions. Method: This retrospective, single-center study included 107 patients (68 men; mean age, 60.1 ± 10.7 years) with malignant or cirrhotic liver disease and suspected PVT who had undergone contrast-enhanced portal-phase DECT of the abdomen. Linearly blended (M_0.6) and virtual monoenergetic images were calculated using both standard VMI and noise-optimized VMI+ algorithms in 20 keV increments from 40 to 100 keV. Quantitative measurements were performed in the portal vein for objective contrast-to-noise ratio (CNR) calculation. The image series showing the greatest CNR were further assessed for subjective image quality and diagnostic accuracy of PVT detection by two blinded radiologists. Results: PVT was present in 38 subjects. VMI+ reconstructions at 40 keV revealed the best objective image quality (CNR, 9.6 ± 4.3) compared to all other image reconstructions (p < 0.01). In the standard VMI series, CNR peaked at 60 keV (CNR, 4.7 ± 2.1). Qualitative image parameters showed the highest image quality rating scores for the 60 keV VMI+ series (median, 4) (p ≤ 0.03). The greatest diagnostic accuracy for the diagnosis of PVT was found for the 40 keV VMI+ series (sensitivity, 96%; specificity, 96%) compared to M_0.6 images (sensitivity, 87%; specificity, 92%), 60 keV VMI (sensitivity, 87%; specificity, 97%), and 60 keV VMI+ reconstructions (sensitivity, 92%; specificity, 97%) (p ≤ 0.01). Conclusions: Low-keV VMI+ reconstructions resulted in significantly improved diagnostic performance for the detection of PVT compared to other DECT reconstruction algorithms.
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1. Introduction


Portal vein thrombosis (PVT) is a frequently encountered complication in patients with hepatic malignancy or liver cirrhosis [1,2]. The early detection of PVT is essential in these subjects to provide therapeutic intervention and prevent irreversible organ damage [2,3]. The detection or rule-out of PVT can be challenging because decreased blood flow in the portal and intrahepatic vessels in patients with liver diseases often leads to poor intravascular contrast opacification [3].



Several studies have demonstrated that virtual monoenergetic imaging (VMI) in dual-energy CT (DECT) allows for the optimization of contrast conditions and image quality [4,5,6,7]. As iodine attenuation increases with decreasing kilo electron volt (keV) levels towards the iodine k-edge at 33 keV, vascular enhancement can be improved using VMI DECT reconstructed at low energies. However, this option was limited to using traditional VMI reconstructions at the very low-keV range because of a concurrent increase in image noise [4,6,7,8]. A refined image-based algorithm (VMI+), however, has been shown to overcome this limitation and provide a superior contrast-to-noise ratio (CNR) at low energies (40–60 keV) compared to both its predecessor technique and standard linearly blended DECT image reconstruction [9,10,11]. In a prior study, Schabel et al. found superior CNR and subjective image quality for the visualization of intrahepatic vessels at 40 keV [12]. Furthermore, Bongers et al. reported on the improved delineation of thrombotic material in a phantom model using VMI+ [13]. However, the actual impact of DECT-derived monoenergetic reconstructions on the diagnostic accuracy for the detection of PVT in vivo has not been investigated to date.



Therefore, we aimed to investigate the impact of the noise-optimized VMI+ reconstruction algorithm on the visualization, diagnostic confidence, and accuracy for the detection of PVT in patients with liver disease.




2. Materials and Methods


2.1. Study Cohort


This single-center study was approved by the local institutional review board with a waiver for written informed consent. We retrospectively analyzed our institutional CT databases to identify patients with malignant or cirrhotic liver disease and suspected PVT who had undergone DECT examinations between September 2014 and October 2017 within the clinical routine. The query yielded an initial target population of 174 subjects. Patients without an adequate reference standard (n = 51), as well as patients with severe motion artifacts (n = 4) or deviations from the standard contrast media injection protocol (n = 12), were excluded. For an estimation of the CT radiation dose, the volume CT dose index (CDTIvol), the dose length product (DLP), and the effective dose of each examination were recorded.



The final study population consisted of 107 patients (mean age, 60.1 ± 10.7 years), including 68 men (mean age, 59.9 ± 9.2 years) and 39 women (mean age, 60.4 ± 12.8 years) (Table 1). The mean body mass index was 25.1 ± 6.7 kg/m2. Figure 1 presents a flowchart of patient inclusion based on recommended Standards for Reporting of Diagnostic Accuracy criteria (STARD) [14].




2.2. Reference Standard


In total, 38 (36%) of the 107 patients recruited in our study were diagnosed with PVT. The entity was considered present on contrast-enhanced DECT when a hypodense-filling defect within the lumen of the portal vein (partial occlusion) or no portal vein opacification (complete occlusion) could be observed. In the group of patients with PVT, a total of 12 patients showed an extension of the thrombus into portal vein branches (n = 5), the splenic vein (n = 2), or the superior mesenteric vein (n = 5). Duplex ultrasonography was performed within two weeks before or after the DECT (median of 5 days, range 1–14 days) in all subjects, confirming the presence or absence of PVT. An additional consensus reading was performed for all patients by two radiologists with more than 8 years of experience in abdominal CT imaging (J.L.W. and L.L.) to determine the final diagnosis based on all available clinical and imaging data. No conflicts were reported between the radiologic interpretation of the DECT and sonography data.




2.3. DECT Technique


DECT examinations were performed using a third-generation dual-source DECT scanner (Somatom Force, Siemens Healthineers, Forchheim, Germany) operated in dual-energy mode. The two X-ray tubes were set to different kV tube voltages (tube A, 80–100 kV and tube B, 150 kV with tin filter). The reference tube current–time products for tube A and tube B were 190 mAs and 95 mAs, respectively. Furthermore, the following settings were used: rotation time, 0.5 s; collimation, 2 × 192 × 0.6 mm; and pitch, 0.6. Patients were scanned in expiratory breath hold from the anterior diaphragm to the aortic bifurcation. Non-ionic contrast media (Imeron 350, Bracco, Milan, Italy) at a dose of 1.2 mL per kilogram of body weight with a maximum of 120 mL were injected at a flow rate of 3 mL/s through a peripheral vein of the forearm, followed by an 80 mL saline flush. The arterial phase automatically started 7 s after a threshold of 120 Hounsfield units (HU) was reached in the descending aorta using bolus tracking software (CareBolus, Siemens Healthineers). Portal-venous DECT imaging data were acquired 80 s after contrast media injection. Only portal-venous phase DECT data were used for further post-processing and image analysis.



Standard M_0.6 linearly blended images were reconstructed, merging 60% of the low-keV and 40% of the high-keV spectra and using third-generation Advanced Modeled Iterative Reconstruction software (Admire, Siemens Healthineers; strength level, 3) with a smooth tissue kernel (Qr36). Furthermore, monoenergetic images were reconstructed at energy levels ranging from 40–100 keV in 20 keV increments using the VMI and VMI+ technique, respectively, on a commercially available 3D Workstation (syngo.via. version VB10B, Siemens Healthineers). All series were reconstructed with a section thickness of 3 mm and an increment of 2 mm.




2.4. Quantitative Analysis


A radiologist with 3 years of experience in abdominal CT imaging (I.Y.) measured attenuation differences (given in HU) in the portal vein and portal branch (prior and subsequent to the thrombus formation, if visible), as well as in the splenic and superior mesenteric vein. Furthermore, attenuation measurements were performed in the psoas major muscle and abdominal fat. For each measurement, the region of interest (ROI) was drawn as large as possible, while the inclusion of surrounding perivascular tissue was carefully avoided. The standard deviation (SD) for each attenuation value was recorded. In accordance with prior studies, we calculated the signal-to-noise (SNR) and contrast-to-noise ratios (CNR) using the following formulas [4,10,11]:


   SNR =     mean   signal   intensity   ( portal   vein )     standard   deviation   of   attenuation   ( subcutaneous   fat )     










   CNR =     mean   signal   intensity     (   portal   vein   )     -   mean   signal   intensity   ( psoas   muscle )     standard   deviation   of   attenuation   ( subcutaneous   fat )     












2.5. Qualitative Analysis


Two radiologists with 4 and 5 years of experience in CT imaging (M.H.A. and S.S.M.) participated in the qualitative image analysis, which was performed in several reading sessions for M_0.6, 60 keV VMI, 40 keV VMI+, and 60 keV VMI+ series. The decision to assess monoenergetic images at the three aforementioned keV values was based on the quantitative image analysis and previous studies that have reported the highest subjective image quality at 60 keV [6,15]. One series per patient was evaluated during each read-out. A time interval of at least one week was kept between ratings to minimize potential recall bias. For all criteria, five-point Likert scales were used. Noise was assessed (ranging from 1 = extensive noise to 5 = sharp image without perceivable noise), in addition to contrast (ranging from 1 = poor contrast to 5 = excellent contrast), subjective image quality (1 = poor image quality to 5 = excellent image quality), and suitability for PVT assessment (ranging from 1 = inappropriate for PVT assessment to 5 = outstanding suitability to assess PVT).




2.6. Diagnostic Accuracy


Diagnostic accuracy analyses were performed for the same image reconstructions that were assessed in the qualitative image analysis (M_0.6, 60 keV VMI, 40 keV VMI+, and 60 keV VMI+). DECT images were independently assessed by the same two radiologists who participated in the qualitative image analysis. Reviewers were asked to score their diagnostic confidence regarding the presence or absence of PVT (ranging from 1 = no evidence of PVT, to 5 = PVT is certainly present) [11]. The radiologists were allowed to freely alter window settings to adjust contrast and signal intensity. Readers were aware that the study focused on the imaging and detection of PVT but were blinded to all clinical findings and the number of included patients that were negative for PVT.




2.7. Statistical Analysis


Statistical analysis was performed using commercially available software (MedCalc Statistical Software for Windows, Version 17.9, Ostend, Belgium). The Kolmogorov–Smirnov test was used to examine the normality of data distribution. Continuous variables are expressed as means ± standard deviation (SD), and ordinal variables are expressed as medians with interquartile ranges (IQR). Categorical variables are presented as numbers with corresponding percentages. Subsequently, data showing a Gaussian distribution were evaluated using the analysis of variance (ANOVA). For data of unequal variance, the Wilcoxon matched-pairs test was applied.



Interobserver agreement among the two reviewers was assessed by means of Cohen’s kappa coefficient (κ) analysis and interpreted as follows [16]: κ = <0.20, poor agreement, κ = 0.21–0.40, fair agreement, κ = 0.41–0.60, moderate agreement, κ = 0.61–0.80, good agreement, and κ = 0.81–1.0, excellent agreement.



In an intention-to-diagnose approach, PVT detection confidence scores of 1 and 2 were regarded as negative, and scores of 3–5 were considered positive for PVT and compared to the reference standard [17,18]. Receiver-operating characteristic (ROC) analysis with area under the curve (AUC) values was calculated. Accuracy, sensitivity, and specificity were determined from the defined threshold by the Youden index. For all used tests, a p value ≤ 0.05 was considered to indicate a statistically significant result.





3. Results


The mean CDTIvol of all examinations was 7.7 ± 1.8 mGy, and the mean DLP was 396.9 ± 2.9 mGy·cm. This resulted in an average effective dose of 6.7 ± 2.9 mSv.



3.1. Quantitative Analysis


Quantitative image quality parameters are summarized in Table 2 and illustrated in Figure 2. The highest intravenous attenuation was found for the 40 keV VMI and 40 keV VMI+ series (396.3 ± 106.4 and 390.7 ± 59.4 HU, respectively), without significant differences (p > 0.05). However, significantly higher noise was found for traditional VMI images at 40–60 keV compared to all other reconstructions (p < 0.01). The quantitative image quality of VMI+ revealed a gradual increase from high to low keV levels, showing the greatest CNR at 40 keV (9.6 ± 4.3), which was significantly superior compared to all other series (p < 0.01). VMI+ series at 60 keV also showed superior quantitative image quality in comparison with M_0.6 images (CNR, 7.0 ± 2.8 vs. 3.8 ± 1.7) and all traditional VMI series (p < 0.01). The 60 keV VMI reconstructions showed the best objective image quality of the traditional VMI series (CNR, 4.7 ± 2.1), which was also significantly increased compared to the M_0.6 series (p < 0.01) (Figure 3). VMI reconstructions at 80 and 100 keV differed not significantly from the corresponding VMI+ series (p = 0.30 and p = 0.64, respectively).




3.2. Qualitative Analysis


The ratings of the qualitative image analysis are summarized in Table 3, including the associated κ values. Intravenous contrast was rated superior for VMI+ reconstructions at 40 keV (p < 0.01) with moderate agreement among readers (κ, 0.58). Noise ratings for 40 keV VMI+ and 60 keV VMI series (medians, 2 and 3, respectively) were significantly lower than those of M_0.6 and 60 keV VMI+ reconstructions (both medians, 4) (p < 0.01). VMI+ images at 60 keV were rated the best regarding subjective image quality (median, 4) (p ≤ 0.03; κ, 0.58), while VMI+ images at 40 keV showed the highest suitability for PVT assessment (median, 4) compared to the three other evaluated series (p < 0.01) (Figure 4) and revealed a good agreement between both raters (κ, 0.63).




3.3. Diagnostic Accuracy


The diagnostic performance for the diagnosis of PVT was highest using 40 keV VMI+ series (sensitivity, 96%; specificity, 96%; AUC, 0.99) compared to all other reconstructions (all p ≤ 0.01). Furthermore, VMI+ at 60 keV (sensitivity, 92%; specificity, 97%; AUC, 0.97) showed a superior diagnostic performance compared to 60 keV VMI (sensitivity, 87%; specificity, 97%; AUC, 0.95) and M_0.6 image reconstructions (sensitivity, 87%; specificity, 92%; AUC, 0.94). Table 4 summarizes the indices of diagnostic performance. Figure 5 illustrates the AUC of the ROC analyses.





4. Discussion


This study aimed to assess the impact of the VMI+ algorithm on the visualization and diagnosis of PVT in patients with malignant or cirrhotic liver disease. We found enhanced diagnostic accuracy for the detection of PVT using 40 keV VMI+ reconstructions. Furthermore, our data show that low-keV VMI+ images were found most suitable by the radiologists for analyzing PVT and provided the greatest diagnostic confidence compared to traditional VMI and standard image series.



The noise-optimized VMI+ algorithm has been specifically developed to enable a high image contrast without an increase in noise, which is known to be a major limitation of traditional VMI [5]. In a previous study, Schabel et al. demonstrated image quality improvements using VMI+ reconstructions at 40 keV compared to VMI and linear-blended images in 25 patients with poor contrast conditions of the liver [12]. Our results are consistent with these findings, as 40 keV series revealed the highest CNR. More importantly, our data indicate that this increase in venous contrast opacification translates into greater diagnostic accuracy for PVT detection. Such improved diagnostic performance for thrombus assessment has been previously assumed by Bongers et al., who demonstrated the benefits of VMI+ series at 40 keV for thrombus delineation in a phantom model [13]. We therefore recommend that VMI+ should be preferred over VMI in DECT of hepatic and mesenteric veins. Furthermore, other investigators demonstrated that low-keV VMI+ results in improved diagnostic performance for the diagnosis of pulmonary embolism in poor contrast conditions or the scenario when only a venous-phase acquisition is available [19,20]. Both aforementioned in vivo studies and our current investigations are in accordance using the same principle of enhancing vascular iodine attenuation for improved detection of thrombotic material.



Notably, observers preferred VMI+ reconstructions at 60 keV in the qualitative image analysis of our study. We presume that a substantial increase in contrast cannot completely outweigh the noise increase in 40 keV VMI+ reconstructions in terms of general subjective image quality, even though providing higher CNR and ultimately enhanced detection rate of PVT. This explanation has also been suggested in other recent studies investigating VMI+ [9,11,21].



The results of our study could potentially have important clinical implications. Suboptimal contrast opacification of the portal vein in CT examinations remains a limiting factor in both the diagnostic confidence and accuracy of PVT assessment [22]. In patients with chronic liver disease, portal hypertension usually leads to a decreased inflow of contrast agent into the portal vein from the splanchnic circulation. Increasing the amount of contrast material a priori is mostly not a suitable solution, as patients with liver disease suffer frequently from concomitant renal impairment (for instance, in the scenario of hepato-renal syndrome) [23,24]. Even though the debate regarding the influence of intravenous administration of iodinated contrast material on renal function is ongoing [25,26,27], limiting the amount of contrast media remains a priority to avoid contrast-induced nephropathy [28,29,30]. In this context, the reconstruction of low-keV noise-optimized VMI+ series may be a viable solution for dose-neutral enhanced contrast opacification of the portal vein and better delineation of potential intraluminal thrombus. The feasibility of this approach may further be supported by the recent innovation that low-keV VMI+ images can be reconstructed automatically and routinely from the DECT scanner console without requiring mandatory manual reconstruction.



Several limitations of our study need to be considered. First, we enrolled patients retrospectively and our study population was composed entirely of patients with chronic or malignant liver disease. The absence of other diseases may limit the applicability of our results to other types of PVT. Second, since we reconstructed nine image series in total for the quantitative image analysis, we only evaluated VMI and VMI+ series in 20 keV intervals from 40 to 100 keV and omitted the analysis of energy levels of 50, 70, and 90 keV. The results may vary using different keV levels. Third, we stipulated rating scores of 1–2 as negative and scores of 3–5 as positive for the absence or presence of PVT, respectively. This might have influenced the diagnostic performance analysis and artificially increased the observed sensitivity, although the intention-to-treat approach is commonly used for such diagnostic accuracy studies [17,18]. Finally, we assessed only the portal venous phase of contrast enhancement in this study without consideration of unenhanced and arterial phase images. However, unenhanced scans have shown only minimal benefits for thrombus detection [31].



In conclusion, we demonstrated that low-keV VMI+ reconstructions at 40 keV allow for significantly improved diagnostic performance for the detection of PVT compared to other DECT reconstruction algorithms.
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Figure 1. The analytic population included 107 patients with malignant or cirrhotic liver disease and suspected portal vein thrombosis (PVT) who had undergone dual-energy CT (DECT) examinations of the abdomen. PVT = portal vein thrombosis. 
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Figure 2. The box-and-whisker plots demonstrate the results of the quantitative image analysis (variables are presented as means ± SD). Signal-to-noise (SNR, A) and contrast-to-noise ratios (CNR, B) in the portal vein were compared between linearly blended M_0.6, standard virtual monoenergetic imaging (VMI), and noise-optimized VMI+ series at different keV levels. 
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Figure 3. Axial DECT images of a 90-year-old woman with liver cirrhosis and portal vein thrombosis (arrow). Noise-optimized virtual monoenergetic imaging (VMI+) series at 40 keV (A) show higher vascular attenuation of the portal vein and a better delineation of the thrombus compared to 60 keV VMI+ (B), 60 keV VMI (C), and standard linearly blended M_0.6 images (D). On color duplex ultrasonography, some color signals are visible within the boundaries of the thrombus (E). 
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Figure 4. Coronal DECT images of a 67-year-old man with subtle portal vein thrombosis at the confluence of the superior mesenteric and splenic vein (arrow). The thrombus is best visible in 40 keV noise-optimized virtual monoenergetic imaging (VMI+) (A), followed by the 60 keV VMI+ series (B), whereas the detection using 60 keV VMI (C) and standard M_0.6 (D) series is hindered. 
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Figure 5. Results of the diagnostic performance analysis. The receiver operating characteristic (ROC) curves, derived from the ratings of the two readers for the detection of portal vein thrombosis, were highest for 40 keV noise-optimized virtual monoenergetic imaging (VMI+) series (AUC, 0.99) compared to 60 keV VMI+ (AUC, 0.97), 60 keV VMI (AUC, 0.95), and M_0.6 image reconstructions (AUC, 0.94) (p < 0.01). 
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Table 1. Patient characteristics.
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	Characteristic
	Value





	Age (years)
	60.1 ± 10.7



	Male patients
	68 (64%)



	Female patients
	39 (36%)



	BMI (kg/m2)
	25.1 ± 6.7



	PVT present
	38 (36%)



	PVT absent
	69 (64%)



	Liver disease:
	



	Liver cirrhosis
	n = 27



	HCC
	n = 35



	Liver metastasis
	n = 45







Age (years) and BMI (kg/m2) are presented as mean value ± standard deviation (SD). Other data are numbers of patients, with percentages in parenthesis. BMI = body mass index. PVT = portal vein thrombosis. HCC = hepatocellular carcinoma.
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Table 2. Quantitative image analysis. Portal vein attenuation (HU), signal-to-noise (SNR) and contrast-to-noise ratio (CNR) were compared between linearly blended M_0.6, standard virtual monoenergetic imaging (VMI), and noise-optimized VMI+ series at different keV-levels in various selected abdominal areas.






Table 2. Quantitative image analysis. Portal vein attenuation (HU), signal-to-noise (SNR) and contrast-to-noise ratio (CNR) were compared between linearly blended M_0.6, standard virtual monoenergetic imaging (VMI), and noise-optimized VMI+ series at different keV-levels in various selected abdominal areas.

















	
	M_0.6
	40 VMI
	60 VMI
	80 VMI
	100 VMI
	40 VMI+
	60 VMI+
	80VMI+
	100 VMI+





	Portal vein

attenutation (HU)
	127.9 ± 23.8
	396.3 ± 106.4
	195.5 ± 44.0
	117.9 ± 22.6
	84.8 ± 32.3
	390.7 ± 59.4
	194.7 ± 29.7
	119.5 ± 18.7
	86.1 ± 16.6



	SNR
	
	
	
	
	
	
	
	
	



	Portal

vein
	7.5 ± 2.0
	4.2 ± 1.7
	7.7 ± 3.1
	7.6 ± 2.2
	3.8 ± 1.0
	14.0 ± 5.7
	11.7 ± 4.1
	9.7 ± 3.1
	7.6 ± 2.3



	Portal

branch
	7.5 ± 2.1
	4.2 ± 1.7
	7.6 ± 2.9
	7.7 ± 2.1
	3.8 ± 1.0
	13.1 ± 5.1
	11.3 ± 3.6
	9.8 ± 2.8
	7.9 ± 2.2



	SMV
	7.2 ± 2.0
	4.2 ± 1.7
	7.7 ± 3.2
	7.6 ± 2.3
	3.7 ± 1.1
	14.0 ± 5.9
	11.5 ± 4.1
	9.5 ± 3.0
	7.3 ± 2.1



	Splenic

vein
	7.7 ± 2.5
	4.4 ± 1.7
	8.0 ± 3.2
	7.9 ± 2.4
	3.9 ± 1.1
	14.7 ± 5.9
	12.2 ± 4.1
	10.1 ± 3.1
	7.8 ± 2.3



	Liver

parenchyma
	5.4 ± 1.4
	2.2 ± 0.9
	4.8 ± 0.9
	5.8 ± 1.5
	3.3 ± 0.8
	7.4 ± 3.1
	7.3 ± 2.5
	7.3 ± 2.2
	6.6 ± 1.9



	Average
	7.1 ± 2.0
	3.8 ± 1.5
	7.1 ± 2.9
	7.3 ± 2.1
	3.7 ± 1.0
	12.6 ± 5.1
	10.8 ± 3.7
	9.3 ± 2.8
	7.5 ± 2.1



	CNR
	
	
	
	
	
	
	
	
	



	Portal

vein
	4.2 ± 1.6
	3.4 ± 1.5
	5.3 ± 2.3
	4.1 ± 1.6
	1.4 ± 0.7
	11.0 ± 4.8
	7.9 ± 3.2
	5.1 ± 2.1
	2.9 ± 1.4



	Portal

branch
	4.2 ± 1.8
	3.4 ± 1.5
	5.1 ± 2.2
	4.1 ± 1.7
	1.4 ± 0.9
	10.1 ± 4.4
	7.5 ± 2.9
	5.2 ± 2.0
	3.2 ± 1.5



	SMV
	3.9 ± 1.7
	3.4 ± 1.5
	5.2 ± 2.4
	4.0 ± 1.8
	1.3 ± 0.8
	11.0 ± 5.0
	7.7 ± 3.2
	4.9 ± 2.0
	2.6 ± 1.3



	Splenic

vein
	4.4 ± 2.1
	3.6 ± 1.6
	5.5 ± 2.5
	4.3 ± 1.9
	1.5 ± 0.8
	11.7 ± 5.0
	8.3 ± 3.3
	5.5 ± 2.3
	3.1 ± 1.6



	Liver

parenchyma
	2.1 ± 1.0
	1.4 ± 0.7
	2.4 ± 1.1
	2.2 ± 0.9
	0.9 ± 0.5
	4.4 ± 2.3
	3.5 ± 1.6
	2.6 ± 1.2
	1.9 ± 1.0



	Average
	3.8 ± 1.7
	3.0 ± 1.4
	4.7 ± 2.1
	3.7 ± 1.6
	1.3 ± 0.7
	9.6 ± 4.3
	7.0 ± 2.8
	4.7 ± 1.9
	2.7 ± 1.4







Data are means ± standard deviation. VMI = virtual monoenergetic imaging, VMI+ = noise-optimized virtual monoenergetic imaging, HU = Hounsfield unit, SNR = signal-to-noise ratio, CNR = contrast-to-noise ratio, SMV = superior mesenteric vein.
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Table 3. Qualitative image analysis. The image parameters image noise, image contrast, image quality, and suitability were compared between linearly blended M_0.6, standard virtual monoenergetic imaging (VMI) at 60 keV, and noise-optimized VMI+ series at 40 keV and 60 keV levels.
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	Parameter
	M_0.6
	60 keV VMI
	40 keV VMI+
	60 keV VMI+





	Image

noise
	4 (2–5)

[0.62; 0.49–0.76]
	3 (1–4)

[0.63; 0.50–0.76]
	2 (1–4)

[0.63; 0.50–0.76]
	4 (4–5)

[0.64; 0.49–0.79]



	Image

contrast
	3 (2–4)

[0.25; 0.07–0.44]
	3 (1–4)

[0.54; 0.36–0.71]
	5 (3–5)

[0.58; 0.43–0.73]
	4 (2–5)

[0.47; 0.31–0.63]



	Image

quality
	3 (2–4)

[0.54; 0.39–0.69]
	3 (1–4)

[0.67; 0.54–0.81]
	3 (1–4)

[0.46; 0.30–0.63]
	4 (3–5)

[0.58; 0.42–0.73]



	Suitability
	3 (1–4)

[0.61; 0.47–0.76]
	3 (1–4)

[0.33; 0.17–0.50]
	4 (3–5)

[0.63; 0.49–0.77]
	3 (2–5)

[0.58; 0.44–0.72]







Results of the qualitative image analysis are reported as medians with interquartile ranges in parenthesis. Cohen’s kappa coefficients (κ) with 95% confidence intervals (CI) are displayed in brackets. VMI = virtual monoenergetic imaging, VMI+ = noise-optimized virtual monoenergetic imaging.
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Table 4. Diagnostic performance of linearly blended M_0.6, standard virtual monoenergetic imaging (VMI) at 60 keV, and noise-optimized VMI+ series at 40 keV and 60 keV levels for the detection of portal vein thrombosis (PVT).
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	Parameter
	M_0.6
	60 keV VMI
	40 keV VMI+
	60 keV VMI+





	Sensitivity
	87%

[0.77–0.94]
	87%

[0.77–0.94]
	96%

[0.89–0.99]
	92%

[0.84–0.97]



	Specificity
	92%

[0.87–0.96]
	97%

[0.93–0.99]
	96%

[0.93–0.99]
	97%

[0.93–0.99]



	AUC
	0.94

[0.90–0.97]
	0.95

[0.91–0.98]
	0.99

[0.98–1.00]
	0.97

[0.93–0.99]



	p-value
	p < 0.001
	p = 0.001
	N/A
	p = 0.012







Sensitivity and specificity are presented as percentages with corresponding 95% confidence intervals (CI) in brackets. VMI = virtual monoenergetic imaging, VMI+ = noise-optimized virtual monoenergetic imaging, AUC = Area under the curve. p-values refer to the comparison with 40 keV VMI+ values.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
35

30

25

20

30

25

20

15






nav.xhtml


  diagnostics-12-01682


  
    		
      diagnostics-12-01682
    


  




  





media/file2.png
4 )

Inclusion criteria

All patients with malignant or cirrhotic liver disease and
suspected PVT who had undergone DECT between
September 2014 and October 2017

n = 174 patients

J

CT exclusion criteria

» No adequate reference
standard (n = 51)
Deviations from the
contrast media injection
protocol (n = 12)

» Motion artifacts (n = 4)

Y

/

Duplex ultrasonography

n = 107 patients

A
[ \

PVT present PVT absent

n = 38 patients n = 69 patients






media/file5.jpg





media/file3.jpg
FEE LS PP
5 @ o o T B P





media/file1.jpg
Inclu

n criteria

Al patients with malignant or cirhotic liver disease and
suspected PVT who had undergone DECT between

‘September 2014 and October 2017

n=174 patients

Duplex ultrasonography

n =107 patients

CT exclusion criteria

No adequate reference
standard (n = 51)

+ Deviations from the
contrast media injection
protocol (n = 12)
Motion arifacts (n = 4)

PVT present

n =38 patients

PVT absent

n =69 patients





media/file7.jpg





media/file10.png
Sensitivity

100

80

o
o

1N
o

20

M 0.6
VMI+ 40
VMI+ 60
VMI 60

1-Specificity





media/file9.jpg
100

80

60

40

20

0 20 40 60 80 100

1-Specificity





media/file0.png





media/file8.png





media/file6.png





