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Abstract

:

The purpose of this study was to evaluate virtual-non contrast reconstructions of Photon-Counting Detector (PCD) CT-angiography datasets using a novel calcium-preserving algorithm (VNCPC) vs. the standard algorithm (VNCConv) for their potential to replace unenhanced acquisitions (TNC) in patients after endovascular aneurysm repair (EVAR). 20 EVAR patients who had undergone CTA (unenhanced and arterial phase) on a novel PCD-CT were included. VNCConv- and VNCPC-series were derived from CTA-datasets and intraluminal signal and noise compared. Three readers evaluated image quality, contrast removal, and removal of calcifications/stent parts and assessed all VNC-series for their suitability to replace TNC-series. Image noise was higher in VNC- than in TNC-series (18.6 ± 5.3 HU, 16.7 ± 7.1 HU, and 14.9 ± 7.1 HU for VNCConv-, VNCPC-, and TNC-series, p = 0.006). Subjective image quality was substantially higher in VNCPC- than VNCConv-series (4.2 ± 0.9 vs. 2.5 ± 0.6; p < 0.001). Aortic contrast removal was complete in all VNC-series. Unlike in VNCConv-reconstructions, only minuscule parts of stents or calcifications were erroneously subtracted in VNCPC-reconstructions. Readers considered 95% of VNCPC-series fully or mostly suited to replace TNC-series; for VNCConv-reconstructions, however, only 75% were considered mostly (and none fully) suited for TNC-replacement. VNCPC-reconstructions of PCD-CT-angiography datasets have excellent image quality with complete contrast removal and only minimal erroneous subtractions of stent parts/calcifications. They could replace TNC-series in almost all cases.
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1. Introduction


Endovascular aneurysm repair (EVAR) has become the primary treatment option for a wide variety of aneurysms of the descending aorta and some types of aortic dissection [1,2]. After EVAR, patients require lifelong surveillance involving regular multiphasic CT angiography (CTA) examinations. For the confident exclusion of endoleaks, a triphasic scan protocol is frequently applied, comprising a non-contrast acquisition followed by an arterial and venous phase scan [3]. These follow-up scans lead to substantial cumulative radiation exposure in this patient cohort [4,5,6].



As a dose reduction strategy for these patients, much scientific work has explored the use of dual-energy CT protocols for arterial phase acquisition. Based on dual-energy information, the iodine-containing contrast material can be quantified and subtracted, resulting in a ‘virtual non-contrast’ (VNC) series. In theory, these could be used as a substitute for a prior ‘true non-contrast’ (TNC) acquisition [1,7]; in practice, however, studies reported diverging results [8,9,10,11,12,13,14]. Therefore, initial non-contrast scans are still widely performed in this clinical context [3].



Hitherto, many of the algorithms underlying the VNC-series suffered from an imperfect differentiation of calcium vs. iodine resulting in the erroneous partial subtraction of calcium on the VNC-series. Consequently, calcifications appeared less dense on VNC- than on TNC-series, and calcium scores derived from the former had to be mathematically transformed to approximate those derived from the latter [15].



Photon-counting detector CT (PCD-CT) systems preserve the energy information of each photon generating spectral data for every scan [16,17,18]. The perfect spatiotemporal congruence of the various spectral components acquired allows for more advanced reconstruction and postprocessing applications, such as a novel multi-step calcium-preserving extension of the VNC algorithm. The routine availability of spectral data, together with these novel VNC algorithms, might obviate the need for initial non-enhanced scans in EVAR patients. This study analyzes if and to what extent this hypothesis holds true.




2. Materials and Methods


2.1. Patient Selection


The local institutional review board approved this retrospective study with a waiver for informed consent. Consecutive patients status post endovascular aneurysm repair (EVAR) who had undergone clinically indicated CT of the aorta on a novel PCD-CT between May and July 2021 were included according to the following inclusion criteria: (1) the patient was status post-EVAR with aortic stent prosthesis, (2) the patient had undergone a biphasic CT scan of the aorta (non-contrast scan and arterial phase scan), (3) CT raw data had successfully been transferred to a long-term archive.




2.2. CT Scan Protocol, Contrast Protocol, and Radiation Dose


All scans were acquired on a novel dual-source PCD-CT (NAEOTOM Alpha, Software Version Syngo CT VA40, Siemens Healthineers, Erlangen, Germany) in the supine position. For the non-contrast scan, the scan range was restricted to the stent-graft location, either the chest or abdomen. According to institutional standards, the CTA scan range included chest and abdomen for stent-grafts in the thoracic aorta but was restricted to the abdomen for stent grafts in the abdominal aorta.



Non-contrast scans were performed at 120 kVp tube voltage. Because of the novelty of the scanner, protocols for thoracic stent graft follow-up initially equaled those for the workup of suspected acute aortic pathologies, applying a moderately higher dose for the unenhanced scan (image quality level: 90). After a few weeks, this was reduced to 41 and affected the last two including patients with thoracic stent grafts. All patients with abdominal stents graft underwent unenhanced scanning at an image quality level of 41.



CTAs were performed with a tube voltage of 120 kVp and an image quality level of 64. Pitch was 1.5 for abdominal stent-grafts and 3.4 for thoracic stent-grafts to eliminate motion artifacts.



All scans were performed using a spectral acquisition technique (‘Quantum plus’, Siemens Healthineers) with detector-based primary thresholding of 20, 35, 65, and 70 keV.



The contrast material protocol was biphasic: 100 mL of iodinated contrast material (Ultravist 300, iopromide, Bayer, Leverkusen, Germany) were injected at 5 mL/s via an antecubital vein followed by a saline bolus of 30 mL injected at the same flow rate. Arterial phase scans were started using a bolus tracking technique; with a delay of 7 s after intraluminal enhancement in the ascending or abdominal aorta (depending on the stent graft position) reached 150 HU.



Dose Length Product (DLP) was used as an estimator for effective radiation dose and was retrieved from the automatically archived patient protocol along with the volumetric CT Dose Index (CTDIVol).




2.3. Image Reconstruction


Axial TNC-series were reconstructed on the scanner console as 70 keV mono-energetic images using a body kernel (Br40, QIR 3, Siemens Healthineers) with a slice-thickness and increment of 5 mm and matrix size of 512. The novel PureCalcium algorithm has recently been described in detail by Emrich et al. [19]; briefly, the algorithm performs a series of routines to subtract iodine while preserving calcium. This comprises an initial detection step in which, based on the spectral properties of calcium, a ‘non-calcium mask’ is generated; after a denoising step performed by application of spectral iterative reconstruction (Q.I.R., Siemens Healthineers), this mask helps preserve full calcium contrast despite subsequent spectral iodine removal from the dataset in VNCPC (PureCalcium VNC) series.



Using raw data of the CTA scan, conventional VNC-series (VNCConv) were reconstructed on the scanner console, while reconstruction of VNCPC-series was performed on an offline workstation (RekonCT, version 15.055, Siemens Healthineers). For all VNC-reconstructions, the same axial orientation, kernel (Br40, QIR3), matrix size, and slice thickness/increment (5 mm) settings were applied as for TNC-series.




2.4. Image Analysis


Quantitative image analysis was performed on a dedicated workstation (Syngo.via, VB60A, Siemens Healthineers). On all TNC-, VNCConv- and VNCPC-series, six circular regions of interest (ROIs) were positioned in the aortic lumen; two of these proximal to the stent, two within the stent lumen, and two distal to the stent. The mean and standard deviation (SD) of CT-values (in Hounsfield units, HU) were derived from all ROIs. Image noise was defined as SD of CT-values, and signal-to-noise ratio (SNR) was calculated using the following formula:


    S N R   R O I   =     M e a n   C T v a l u e s   R O I       S D   C T v a l u e s   R O I      











Mean of noise and SNR were calculated per aortic level (proximal to, within, and distal to the stent) and on a per-patient basis.



Subjective image quality analysis was performed on a clinical PACS viewing workstation (DeepUnity 1.0, Dedalus Healthcare Group, Bonn, Germany). All analyses were independently performed by three experienced radiologists (C.SM., B.J., and S.B.) with 14, 8, and 6 years of experience in cardiovascular imaging.



To evaluate overall image quality, readers were shown axial TNC-, VNCConv-, and VNCPC-series in random order (randomized across patients) after removing all identifying labels, including the reconstruction algorithm and scan protocol used (TNC vs. VNCConv vs. VNCPC). Image quality was assessed on a 5-point Likert-scale (1 = very poor/non-diagnostic, 5 = excellent/highest diagnostic quality).



Subsequently, only TNC-series were unblinded and used to create the duplets (TNC|VNCConv) and (TNC|VNCPC) for each patient. These were again separately presented in random order (randomized across patients). Using the TNC-series as a reference, readers evaluated the presence and extent of (1) erroneous calcium removal, (2) erroneous removal of stent structures, and (3) residual contrast material using 5-point Likert-scales for each variable (1 = subtraction of all calcifications/all stent parts/significant contrast material residua, 5 = no subtraction of calcifications/stent parts/no contrast material residua). Using these duplets, experts were asked if they considered the respective VNC-series a suitable substitute for the TNC-series using a 3-point Likert scale (1 = not suited, 2 = mostly suited, 3 = fully suited); this was to be based on the estimated likelihood of a diagnostic error caused by its use (1: diagnostic error possible, 2: diagnostic error conceivable but very unlikely, 3: diagnostic error inconceivable).




2.5. Statistical Analysis


Statistical analyses were performed using R version 4.1.0 (R Foundation for Statistical Computing, Vienna, Austria, https://www.R-project.org/, accessed on 1 December 2021). The Shapiro-Wilk test was applied to assess normality, and continuous data were compared using the t-test if normally distributed; otherwise, the Wilcoxon-Mann-Whitney test was used. Differences between groups with categorical variables were assessed using the Chi-squared test. Differences in quantitative parameters of >2 groups were assessed using the Friedman test with subsequent pairwise comparison using the Wilcoxon signed-rank test. To assess inter-reader agreement, Fleiss’ Kappa was calculated and interpreted as follows: <0.00, poor agreement; 0.00–0.20, slight agreement; 0.21–0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80, substantial agreement and >0.81, excellent agreement [20]. Data are presented as mean ± SD, as median with interquartile range (IQR), or with 95% confidence interval (95% CI) as individually indicated. Differences were assumed statistically significant at p-values ≤ 0.05.





3. Results


3.1. Patients, Scan Parameters and DLP


Twenty consecutive patients after EVAR who had undergone biphasic CT scans of the aorta (non-contrast and arterial phase) on a novel PCD-CT were included in this study. The cohort consisted of 17 men and 3 women (age 68.5 ± 9.8; range: 52–84). Eleven patients had stent-grafts in the descending thoracic aorta and were scanned with a pitch of 3.4; nine patients had stent-grafts in the abdominal aorta and were scanned with a pitch of 1.5. Table 1 details patient demographics and scan parameters.




3.2. Quantitative Image Analysis


Image noise in VNCPC-series more closely resembled TNC-series (ΔnoiseVNC-PCvsTNC = 1.8; p < 0.001) than image noise in VNCConv-series (ΔnoiseVNC-Conv vsTNC = 3.7; p < 0.001). SNR was lower both in VNCPC- (ΔSNR = 0.8; p < 0.001) and VNCConv-series (ΔSNR = 1.4; p < 0.001) than in TNC-series. Quantitative image parameters are presented in detail in Table 2.




3.3. Subjective Image Quality Analysis


Subjective image quality was substantially higher in VNCPC-series than in VNCConv-series (4.2 ± 0.9 vs. 2.5 ± 0.6; p < 0.001). Representative images of the TNC-series and VNCConv-/VNCPC-series are presented in Figure 1.



Unlike in VNCConv-series, in VNCPC-series only tiny parts of stents (4.7 ± 0.7 vs. 3.8 ± 1.2; p = 0.003) and calcifications (4.6 ± 0.5 vs. 3.0 ± 0.6; p < 0.001) were erroneously subtracted (Figure 2 and Figure 3).



Contrast removal in the aorta was complete for all patients in both VNCConv- and VNCPC-series. In 5 cases (25%, 5/20), there was incomplete subtraction of contrast material in the subclavian vein (Figure 4) which might be attributed to the high density of undiluted contrast material at this location.



Table 3 provides an overview of the subjective image quality parameters. There was no difference in subjective image qualities between patients scanned with a pitch of 3.4 (n = 11) and patients scanned with a pitch of 1.5 (d.n.s.).



Readers considered 95% (19/20) of VNCPC-series as suitable substitutes for TNC-series (75% (15/20) fully suited, 20% (4/20) mostly suited), while only 75% (15/20) of VNCConv-series were deemed most suited (and none fully suited) to replace TNC-series (Χ2 = 11.02; p = 0.004).





4. Discussion


In this study, we evaluated VNCConv- and VNCPC-series derived from CT angiographies of the aorta on a novel PCD-CT as potential substitutes for TNC-series in follow-up scans after EVAR. The main findings of our study are: (1) expert readers rated 95% (19/20) of VNCPC-series as fully or mostly suited to replace TNC-series; (2) VNCPC-series exhibited high image quality with complete aortic contrast removal and only minimal erroneous subtraction of stent parts or calcifications; (3) VNCPC-series showed lower image noise, higher SNR, and smaller CT-value differences to TNC-series than VNCConv-series.



Since the introduction of DECT, many studies have explored using material differentiation algorithms to generate VNC-series from contrast-enhanced datasets as substitutes for TNC-series in various clinical scenarios [7,10,11,20,21,22,23,24] but reported diverging results. Furthermore, these approaches require access to a DECT-scanner and usually the selection of specific dual-energy acquisition protocols before image acquisition. Thus, VNC-TNC-substitution-strategies have not found wide clinical adoption. With PCD-CT systems routinely providing spectral information, one of the significant hurdles for the clinical implementation of the VNC-series has been eliminated [16,17,18,25,26,27]. The reliable availability of VNC-series would considerably lower cumulative radiation dose in many patient cohorts, particularly in patients post-EVAR who require lifelong follow-up imaging.



With endoleaks being the most common complication after EVAR, their safe exclusion is of paramount concern [28,29]. To be suitable substitutes for TNC-series, VNC-series must meet the following requirements: (1) reliable virtual contrast removal in the region of interest; (2) preservation of all calcifications, as erroneously subtracted calcifications might lead to the false diagnosis of an endoleak; (3) preservation of all stent struts to avoid the false diagnosis of stent fractures or displacement.



Both VNCConv- and VNCPC-series showed complete contrast removal in all regions of interest. In some cases, undiluted contrast material in remote veins was still visible. However, due to the venous localization, this did not compromise image quality.



In contrast to VNCConv-series, VNCPC-series overwhelmingly preserved calcifications. Even though calcifications and individual stent struts appeared slightly less dense and sometimes ‘sharper’ than on TNC-series in some cases, there was only a single instant (5%, 1/20) in which a solitary small calcification was erroneously removed. This remained the only case in which readers judged VNCPC-series as not suited to replace TNC-series; in 95% (19/20) of cases, however, readers considered VNCPC-series fully or mostly suited. In VNCConv-reconstructions, on the other hand, smaller calcifications and parts of the stent were often entirely removed, clearly prohibiting their use as TNC-substitutes.



Although CT-value consistency between TNC- and VNC-series has been reported for DECT data, we found small HU-deviations for both VNCPC- and VNCConv-reconstructions (D: 5.3 HU and 11.2 HU, respectively). These deviations may be related to the novelty of the scanner, data type, and algorithm and might be corrected in the future. However, for their use as TNC-substitutes, these minor CT value deviations are irrelevant. Similarly, the marginally higher image noise in VNCConv- and VNCPC-series was associated with a slightly reduced subjective image quality but was not considered prohibitive for their use as TNC-substitutes.



Overall, VNCConv-series showed significantly lower subjective and objective image quality than both TNC-series and VNCPC-series and exhibited relevant subtractions of stent parts or calcifications. In summary, our study provides the first evidence that based on spectral PCD-CT data, VNCPC-series with good to excellent diagnostic quality can routinely be derived from CTA datasets acquired with pitch values of 1.5 and 3.4; and that these are considered fully or mostly suited to substitute TNC-series in post-EVAR follow-up scans by expert readers.



These results are partially in line with but also somewhat diverge from findings of previous studies that have demonstrated very high diagnostic qualities for VNC-series [8,9,10,11,14]. One reason might be that the VNCConv-reconstruction algorithm is optimized for DECT data rather than spectral data from PCD-CT. It should be noted that this study presents our initial clinical experience on a novel PCD-CT scanner. Future adjustments of the reconstruction algorithms (e.g., an adaption of VNCConv-reconstructions for spectral data) will likely improve their diagnostic performance further.



This study has several limitations: First, we used raw data acquired on a novel CT scanner and a prototypic reconstruction algorithm not commercially available at the time of data acquisition. There will likely be technical adjustments to this algorithm, which might further improve the diagnostic quality of the VNC-series. Second, at the time of data acquisition, the generation of VNCPC-reconstructions from CT raw data required a dedicated workstation and a processing time of 20–45 min. Implementation in clinical routine will only be feasible once VNCPC-series can be generated on the scanner without significant delay. Third, some stent-grafts use a polymer-based sealing technique frequently resulting in prolonged contrast material retainment within the polymer [30]; in these cases, VNC series are of limited use and TNC acquisitions will likely still be mandatory for follow-up scans. Fourth, this is a retrospective single-center study with somewhat heterogeneous scan protocols. Certainly, larger studies in a prospective study setting need to confirm these findings in patients representing a broader clinical spectrum. That our results hold true regardless of whether one tube-detector system (pitch: 1.5) or both (pitch: 3.4) are used can also be viewed as a strength of our study.




5. Conclusions


VNCPC-reconstructions from PCD-CT angiography datasets have high image quality with complete aortic contrast removal and only minimal erroneous subtraction of stent struts and calcifications and are considered as fully or mostly suited to substitute TNC-series in almost all cases. This strategy should significantly reduce cumulative radiation dose in patients post-EVAR.
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Figure 1. Representative PCD-CT images of a 72-year-old male patient after thoracic EVAR (A–D) and a 67-year-old male patient after abdominal EVAR (E–H). 
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Figure 2. Erroneous removal of stent struts in VNCConv-reconstructions demonstrated in corresponding axial images in a patient after thoracic EVAR. White arrows demonstrate stent struts (reference: TNC-series A,D) that despite lower density are well visualized in VNCPC-reconstructions (B,E) but are absent in VNCConv-reconstructions (C,F). 
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Figure 3. Stent after EVAR in the thoracic aorta with peripheral and central calcifications in the aneurysm sac. (A) TNC-series, (B) VNCPC-series, and (C) VNCConv-series. White arrows point to calcifications that show lesser density in VNCPC- and full subtraction in VNCConv-reconstructions. White arrowheads show missing stent struts in VNCConv-series. 
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Figure 4. High-density contrast accumulation in the right subclavian vein (white arrow) is visible in the arterial phase scan (A) but not in the TNC-series (B). Residual non-subtracted contrast in both VNCPC- (C) and VNCConv-series (D). 
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Table 1. Patient Characteristics and Dose Parameters.
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	Number of Patients in Each Group/Subgroup (n)
	Value





	Age, years
	20
	68.5 ± 9.8



	Gender, male
	
	17 (85%)



	Total DLP, mGy·cm
	20
	442 ± 245



	DLP, mGy·cm
	
	



	Unenhanced
	
	



	Total
	20
	207 ± 115



	Chest
	11
	280 ± 107



	Abdomen
	9
	117 ± 30



	CTA
	
	



	Total
	20
	229 ± 134



	Chest + Abdomen
	14
	315 ± 125



	Abdomen only
	6
	124 ± 23



	CTDIvol, mGy
	
	



	Unenhanced
	
	



	Total
	20
	6.0 ± 3.0



	Chest
	11
	7.9 ± 2.8



	Abdomen
	9
	3.6 ± 0.7



	CTA
	
	



	Total
	20
	3.4 ± 1.7



	Chest + Abdomen
	14
	4.3 ± 1.7



	Abdomen only
	6
	2.2 ± 0.4







Data are n (percentage) or mean ± standard deviation. CTA = computed tomography angiography, CTDIvol = volumetric CT dose index, DLP = dose length product.
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Table 2. Quantitative image quality parameters compared between TNC-, VNCPC-, and VNCConv-series.
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	TNC
	VNCPC
	VNCConv
	Friedman X2
	p
	Subgroup Analysis
	p





	CT values/HU
	44.4 ± 15.5
	39.1 ± 15.8
	33.2 ± 15.9
	19.6
	0.006
	TNC/VNCPC

TNC/VNCConv

VNCPC/VNCConv
	0.013

<0.001

<0.001



	Noise/HU
	14.9 ± 7.1
	16.7 ± 7.1
	18.6 ± 5.3
	22.8
	0.003
	TNC/VNCPC

TNC/VNCConv

VNCPC/VNCConv
	<0.001

<0.001

0.021



	SNR
	3.3 ± 1.6
	2.5 ± 1.3
	1.9 ± 0.9
	25.0
	<0.001
	TNC/VNCConv

TNC/VNCConv

VNCPC/VNCConv
	<0.001

<0.001

<0.001







Data are displayed as mean ± standard deviation (SD). VNCPC = PureCalcium virtual non-contrast series; VNCConv = ‘conventional’ virtual non-contrast series; SNR = signal-to-noise ratio; TNC = true non-contrast.
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Table 3. Qualitative CT parameters compared between VNCPC- and VNCConv-series.
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	VNCPC
	Cohen’s κ (95% CI)
	VNCConv
	Fleiss’ κ (95% CI)
	p





	Image Quality
	4.2 ± 0.9
	0.68 (0.44–0.78)
	2.5 ± 0.6
	0.62 (0.43–0.77)
	<0.001



	Calcium Subtraction
	4.6 ± 0.5
	0.75 (0.66–0.82)
	3.0 ± 0.6
	0.58 (0.40–0.71)
	<0.001



	Stent Subtraction
	4.7 ± 0.7
	0.72 (0.58–0.81)
	3.8 ± 1.2
	0.62 (0.49–0.77)
	0.003



	Contrast Subtraction Aorta
	5.0 ± 0.0
	1.0 (1.0–1.0)
	5.0 ± 0.0
	1.0 (1.0–1.0)
	1



	Contrast Subtraction Total
	4.3 ± 0.8
	0.86 (0.71–0.95)
	4.0 ± 1.1
	0.79 (0.66–0.89)
	0.091







Data are displayed as mean ± standard deviation (SD). VNCPC = PureCalcium virtual non-contrast series; VNCConv = ‘conventional’ virtual non-contrast series; CI = confidence interval.
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