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ARTICLE INFO ABSTRACT

Keywords: Rationale and objectives: Evaluation of the diagnostic value of linearly blended (LB) and virtual
Endovascular aortic aneurysm repair monoenergetic images (VMI) reconstruction techniques with and without metal artifacts reduc-
Stent

tion (MAR) and of adaptive statistical iterative reconstructions (ASIR) in the assessment of target
vessels after branched/fenestrated endovascular aortic repair (f/brEVAR) procedures.

Materials and methods: CT scans of 28 patients were used in this study. Arterial phase of exami-
nation was obtained using a dual-energy fast-kVp switching scanner. CT numbers in the aorta,
celiac trunk, superior mesenteric artery, and renal arteries were measured in the following re-
constructions: LB, VMI 60 keV, VMI MAR 60 keV, VMI ASIR 60 % 60 keV. Contrast-to-noise ratio
(CNR) and signal-to-noise ratio (SNR) were calculated for each reconstruction. Luminal diameters
(measurements at 2 levels of stent) and subjective image quality (5-point Likert scale) were
assessed (2 readers, blinded to the type of reconstruction).

Results: The highest mean values of CNR and SNR in vascular structures were obtained in VMI
MAR 60 keV (CNR 12.526 + 2.46, SNR 17.398 + 2.52), lower in VMI 60 keV (CNR 11.508 +
2.01, SNR 16.524 + 2.07) and VMI ASIR (CNR 11.086 + 1.78, SNR 15.928 + 1.82), and the
lowest in LB (CNR 6.808 + 0.79, SNR 11.492 + 0.79) reconstructions. There were no statistically
significant differences in the measurements of the stent width between reconstructions (p > 0.05).
The highest subjective image quality was obtained in the ASIR VMI (4.25 + 0.44) and the lowest
in the MAR VMI (1.57 + 0.5) reconstruction.

Conclusion: Despite obtaining the highest values of SNR and CNR in the MAR VMI reconstruction,
the subjective diagnostic value was the lowest for this technique due to significant artifacts. The
type of reconstruction did not significantly affect vessel diameter measurements (p > 0.05).
Iterative reconstructions raised both objective and subjective image quality.

Dual-energy computed tomography
Virtual monoenergetic images
Iterative reconstructions
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Abbreviations

LB linearly blended

VMI virtual monoenergetic images

MAR metal artifact reduction

ASIR Adaptive Statistical Iterative Reconstructions
f/brEVAR fenestrated/branched Endovascular Aneurysm Repair
CNR Contrast — to — Noise Ratio

SNR Signal - to- Noise Ratio

AAA Abdominal Aortic Aneurysm

SMA Superior Mesenteric Artery

TC Celiac Trunk

CTA Compute Tomography Angiography

DECTA Dual-Energy Computed Tomography Angiography
Al Artifact Index

MPR Multiplanar Reconstruction

RRA Right Renal Artery

LRA Left Renal Artery

SD Standard Deviation

RCIA Right Common Iliac Artery

ICC Interclass Correlation Coefficient
CI Confidence Interval

1. Introduction

Abdominal aortic aneurysms (AAAs) are a common medical condition [1] and one of the main causes of death in developed
countries [2]. Endovascular aortic repair (EVAR) is currently the principal treatment method for AAAs [3]. Use of fenestrated and
branched stent-grafts in EVAR (f/bEVAR) allows repair procedures of juxtarenal and thoracoabdominal aneurysms. However, due to
the potential life-threating complications, EVAR patients need lifelong diagnostic surveillance [3,4].

A successful f/brEVAR procedure is defined as completed with exclusion of the aneurysm sac from circulation, preserved patency of
the stent-graft and its branches, and no endoleaks (except type II endoleaks) [5]. Higher complexity of the procedure and device
requires the use of additional stent-grafts supplying the celiac and mesenteric arteries, which results in a higher frequency of com-
plications [6]. Target vessel stenosis and occlusion is a complication responsible for 23.5 % of repeated interventions following
f/brEVAR procedures [7]. Stenosis of the superior mesenteric artery (SMA) or the celiac trunk (TC) can lead to potentially
life-threating consequences [5]. In most cases, significant stenosis (blockage of >50 % of the vessel lumen [8]) and occlusion of the
blood vessel occurs gradually through progressing occult stenosis. In some cases, stenosis is due to a kink in the target artery stent,
unrecognized intraoperatively. The phenomenon emphasizes the need for a careful assessment of the target vessel stents using
diagnostic imaging.

Computed tomography angiography (CTA) is the main diagnostic technique used in the follow-up of patients after EVAR [9]. Its
modification, dual-energy CTA (DECTA), has demonstrated a high diagnostic value in patients after EVAR and those with various
cardiovascular conditions [10,11]. Several papers have been published in which a high diagnostic value of DECTA is demonstrated, e.
g. in the detection of pulmonary embolism [12,13], assessment of the coronary vasculature and functional evaluation of the
myocardium [14,15], differentiation of venous thrombosis from iodine flux artifacts [16], active arterial bleeding [17], radiation
decreasing the contrast volume [18], radiation dose reduction [19,20].

DECT allows reconstruction of Virtual Monoenergetic Images (VMIs) to enhance the contrast of intravascular iodine and sur-
rounding tissues, improving the diagnostic value of the examination in terms of, e.g., assessment of vascular stenosis, detection of
endoleaks, post-procedural assessment of thoracic aorta [9,21-28]. Use of monoenergetic reconstructions with low photon energies
(40-60 keV) permits obtaining very high attenuation values associated with the properties of the K absorption curve characteristic of
iodine [29]. However, such reconstructions contain a high level of image noise which decreases the contrast-to-noise ratio (CNR) and
potentially reduces the diagnostic value of images. The use of high-keV VMI reconstructions (>100 keV) allows reducing blooming
artifacts caused by hyperdense structures (i.e. calcified plaques, metal stents), which is particularly useful in cardiac-CT [30]. Re-
constructions in the range of 130-150 keV allow optimal imaging of the lumen of stents of <3 mm in diameter, with a potential
concurrent reduction of ionizing radiation dose [31,32]. Moreover, these reconstructions improve the diagnostic value of examinations
plagued with artifacts associated with calcified plaques and contrast material influx [33,34].

Adaptive statistical iterative reconstruction (ASIR, GE Healthcare, Milwaukee, WI, USA) is one of the methods aimed to decrease
noise and improve image quality. Such reconstructions allow reducing image noise and artifacts, as well as improving diagnostic
confidence and increasing the conspicuity of subtle abdominal lesions and cardiovascular conditions [35-38].

In addition to image noise, artifacts associated with stent-graft elements or past endovascular procedures (e.g. coils after endoleak
treatment) also negatively affect the diagnostic value of CTA images. These artifacts hamper the visualization of endoleaks and stent



W. Kagzimierczak et al. Heliyon 9 (2023) 20700

lumen, reducing diagnostic accuracy [39-42]. The basic methods of metal artifact reduction (MAR) include the MAR algorithms,
iterative techniques and dual energy tomography [43]. Use of VMI with a high photon energy range alongside the MAR algorithms has
shown a high diagnostic value in assessing orthopedic implants [43,44]. Only a few studies of the effect of MAR on the CTA diagnostic
value in assessing endoleaks [42] and the patency of stents following f/brEVAR [41] have been conducted to date. To our knowledge,
there have been no studies comparing various reconstruction techniques in the assessment of stents in target vessels after f/brEVAR.

The aim of the study was to evaluate several VMI reconstruction techniques with and without MAR and ASIR reconstructions in the
assessment of target vessels after f/brEVAR procedures.

2. Materials and methods
2.1. Population

The study involved 28 patients (5 women, 23 men, mean age 72,1, range 62.9-86.9) after a f/brEVAR procedure, referred for 28
CTAs performed in the period from August 2019 to December 2020. The ethics committee of our University approved this prospective
study, and all patients provided their written informed consent. A follow-up examination was conducted in every patient 1 month after
stent-graft implantation. The exclusion criteria were: known adverse reactions to iodinated contrast media and impaired renal
function (glomerular filtration rate <30 mL/min).

2.2. CT scanning protocol and image reconstruction

All CT scans were obtained using a dual-energy fast-kVp switching scanner (Discovery 750 HD, GE Healthcare, Wisconsin, USA).
The standard examination protocol consisted of three phases: one non-enhanced and two post-contrast dual-energy acquisitions —
arterial and delayed-phase. The arterial phase was acquired with the use of the GSI-40 preset, with the following scan parameters:
helical, 0.8 s tube rotation time, 40 mm detector coverage, pitch factor: 0.985:1, 35 cm DFOV. An intravenous administration of 80 mL
of Ominpaque 350 (GE Healthcare) non-ionic iodine contrast to the peripheral vein at a rate of 4 mL/min was performed. The contrast
agent was followed by saline bolus chaser. A bolus tracking tool was used, triggering the start of arterial acquisition once 125 HU was
exceeded in the region of interest (ROI) positioned in the proximal descending aorta. The delayed phase was performed automatically
60 s after the onset of the arterial phase.

All measurements and reconstructions were performed on a dedicated GE Healthcare console (GSI Viewer, Advantage Workstation
Release 4.7, GE Healthcare). Images were reconstructed for further analysis using linear blending (70 % 140 kVp, 30 % 80 kVp), VMI,
ASIR 60 % VML, MAR VMI. All VMI image series were reconstructed at energy levels from 40 to 90 keV (with 10 keV increments).

2.3. Assessment of objective image quality

Circular regions of interest (ROIs) were placed in the aortic lumen at the level of the main stent-graft module, visceral adipose
tissue, one of the psoas muscles, celiac trunk (TC), superior mesenteric artery (SMA), right renal artery (RRA), left renal artery (LRA).
An automatic ROI propagation tool was used. The ROIs were placed in the aorta and in the lumen of the stents in target vessels in two
areas — one with no artifacts and one containing the worst artifacts. An automatic ROI propagation tool was used, “cloning” ROIs in all
of the investigated reconstructions. All measurements were performed by scaling an ROI as large as possible without including cal-
cifications, plaques, vessel borders or stent material. The mean ROI sizes were 69 mm? in the aorta, 252 mm? in the adipose tissue, 151
mm? in the psoas muscle and 4 mm? in stents in target vessels.

Mean attenuation and image noise defined as standard deviation (SD) in the subcutaneous adipose tissue were registered. Contrast-
to-noise ratio (CNR) was calculated using formula 1.

Formula 1. Contrast to noise ratio.

CNR=(A\-A,)/ N

Signal-to-noise ratio (SNR) was calculated using formula 2.
Formula 2. Signal to noise ratio.

SNR=A, /N

In both formulas 1 & 2: A, is the mean attenuation of the artery lumen (aorta, common iliac artery), A, is the mean attenuation of the
psoas muscle, N is noise (SD in the visceral adipose tissue).

The differentiation between the mean attenuation at the worst artifacts and the standard CT numbers (part of vessel without ar-
tifacts) were calculated using formula 3.

Formula 3. ACT

ACT= CT maxartitact— CTstandara

To quantify severity of artifacts, the Artifat Index (AI) was calculated using formula 4.
Formula 4. Artifact index



Table 1

Objective image quality in the aorta and stents — no-artifact and maximum-artifact areas.

Parameter

LB (A)

VMI 60 (B)

MAR VMI 60 (C)

ASIR 60 % VMI 60 (D)

P

No artifacts

Max. artifacts

No artifacts

Max. artifacts

No artifacts

Max. artifacts

No artifacts

Max. artifacts

No artifacts

Max. artifacts

CT attenuation,
HU

Noise

CNR

SNR

Aorta

TC

SMA

RRA

LRA

Aorta

TC

SMA
RRA

LRA
Aorta

TC

SMA

RRA

LRA

296.75 £
56.74
313.47 +
73.63
324.13 +
63.81
353.96 +
82.04
358.05 +
93.16
30.96 +
10.57
5.81 £+ 4.22

6.34 + 4.42

6.78 + 4.26
7.89 + 5.05

7.22+ 4.3
10.49 £ 3.43

11.03 £ 3.99

11.46 £+ 3.83

12.57 £+ 4.58

11.91 £+ 3.63

296.65 +
56.63
349.61 +
171.47
397.4 +
196.33
390.31 £+
117.35
373.94 £
102.52
29.5 + 6.33

4.53 + 4.26

6.12 + 6.77

8.1 £7.96
7.64 £ 5.11

5.94 + 4.47
10.66 + 3.73

12.25 + 6.19

14.22 +7.75

13.94 £+ 5.08

12.2 +4.24

485.22 +
93.52
490.77 +
115.46
514.88 +
101.47
581.32 &
124.36
573.53 £
134.01
37.11 +
10.45
10.52 £ 5.63

10.71 + 6.26

11.39 + 5.55
13.41 + 6.54

12.36 + 5.54
14.37 +£5.37

14.56 £ 6.31

15.23 + 5.41

17.26 + 6.54

16.2 + 5.46

480.13 +
97.6
553.38 +
233.44
615.28 &
240.52
653.82 +
214.08
593.34 +
167.15
37.23 £10.8

9.23 £ 5.61

10.71 £ 7.5

13.38 4+ 9.58
13.86 + 6.6

10.36 + 6.11
14.24 +5.97

15.71 £ 7.46

18.38 £ 10.1

19.03 + 7.15

15.26 + 6.21

496.25 +
94.51
565.36 =
169.28
545.72 &+
115.96
598.79 +
134.73
634.28 +
205.84
38.44 +
11.08
10.53 £ 5.91

12.21 +£7.24

11.71 £ 5.74
13.22 + 6.75

13.71 + 8.44
14.26 £+ 5.66

15.94 + 7.18

15.44 £+ 5.49

16.95 + 6.84

17.44 £+ 8.52

499.56 +
118.92

586.3 +
239.36

654.8 +
182.63
728.71 £ 211

643.32 +
224.76
37.93 +
10.39

9.64 £ 6.05
11.46 + 8.25

13.92 +£7.78
15.98 + 8.27

11.63 + 8.56
14.49 £+ 6.26

16.32 + 8.38

18.78 + 8.26

20.99 +9.15

16.41 + 8.54

486.58 +
93.52
494.6 +
115.43
519.38 &
101.27
585.27 &+
128.18
581.42 +
138.92
38.48 £
11.05
10.24 £ 5.6

10.46 + 6.22

11.11 £ 5.41
13.08 + 6.63

12.15 + 5.58
13.97 £ 5.4

1418 £ 6.3

14.83 +5.27

16.81 + 6.64

15.87 + 5.55

480 + 97.58

556.65 +
229.47
624.07 +
248.73

616 + 163.17

588.99 +
171.47
38.53 £11.4
8.97 £ 5.45

10.46 + 7.12

13.26 + 9.61
12.59 4+ 5.98

10.15 + 6.91
13.8 £5.8

15.29 + 7.03
18.09 +
10.12

17.57 + 6.45

14.89 + 6.97

p < 0.001; CB>AD
>BA
p<0.001;CD,B>A

p<0.001;C,D,B>A
p<0.001;C,D,B>A
p<0.001;C,D,B>A

p < 0.001; B>A D,C
>B,A
p < 0.001; CLD>A B
> D,A
p < 0.001; C,D>A B
>D,A
p<0.001;CB,D > A
p <0.001;B,C,D> A

p<0.001;C,B,D>A
p <0.001;C,D>AB
>D,A
p < 0.001; C,D>A B
>D,A
p < 0.001; C,D>A B
>D,A
p<0.001;B,C,D>A

p < 0.001; C,D>A B
>D,A

p <0.001;C,B,D > A
p=0.001;C,D,B > A
p <0.001; C,D,B > A
p < 0.001;C,B,D > A
p <0.001; C,B,D > A

p < 0.001; C,B>AD
> BA

p < 0.001; CCD>A B
>D,A

p =0.005; C,B,D > A

p=0.001;C,B,D > A
p < 0.001; C,D>AB
>D,A
p=0.001;C,B,D > A
p < 0.001; C,D>AB
>D,A

p =0.031;B,D > A

p = 0.006; C,B,D > A
p=0.001;C,D>AB

>D,A
p=0.021;B > A

CT attenuation and CNR, SNR given as means =+ standard deviation.

LB - Linearly Blended, VMI - Virtual Monoenergetic Images, MAR — Metal Artifacts Reduction, ASIR — Adaptative Statistical Reconstructions, CNR — Contrast-to-Noise Ratio, SNR — Signal-to-Noise Ratio.
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Al=+VSDI1? — SD2?

where SD1 is the standard deviation in ROI placed in max. artifacts, and SD2 is standard deviation in region without artifacts.
2.4. Assessment of luminal diameters, artery stenosis and image quality

Measurements were conducted using the following reconstructions: LB, VMI 60 keV, MAR 60 keV, ASIR 60 % 60 keV, by two
independent readers blinded to the type of reconstruction (a specialist with 6 years of experience, a radiology resident with 3 years of
experience) at one-week intervals. Measurements of each stented target vessel were conducted at the distal end of the stent and in the
section with the greatest stenosis of the vessel in the proximal section of the stent. Multiplanar reconstructions (MPRs) were used for all
measurements for the appropriate angulation of vessels. Because of the expected (and described in the literature [45,46]) effect of the
preset window settings on the perception of the vessel width, the preset window settings (W, 400 HU; L, 100 HU) were not modified.

After measurements were performed in a patient, the readers were asked to rate the overall image quality of the reviewed
reconstruction on the 5-point Likert scale:

. Artifacts preventing the assessment of stents proximally and distally,

. Artifacts preventing the assessment of stents proximally or distally,

. Significant artifacts preventing the assessment of one of the stent walls,
. Minimal artifacts with no significant effect on the examination quality,
. High-quality picture with no artifacts,

a s wN -

The assessment of the intra-reader agreement was performed by a repeated evaluation of 20 % of measurements from randomly
selected patients two weeks after the previous evaluation. The assessment of the inter-reader agreement was also performed.

2.5. Statistical analysis

A repeated-measures ANOVA test (followed by paired t-tests with Bonferroni correction as a post-hoc procedure) was used to
compare four repeated measures (LB vs VMI vs MAR vs ASIR) of quantitative variables. The concordance of measurements of quan-
titative variables was assessed with ICC (Intraclass Correlation Coefficient) type 2 (according to the Shrout & Fleiss classification).
Significance level for all statistical tests was set at 0.05. R Statistical Software (v4.1.2; R Core Team 2021) was used for computations.

ROI 2: 6.3mm2 m=586 Av=646.2
ROI3: 75.4mm2 m=-31 Av=80.1
RO 1: 62.9mm2 m=449 Av=619.0

Fig. 1. VMI ASIR 60 keV axial images for the objective evaluation of image quality. The marked regions were ROIs in regions without artifacts in the
main stentgraft module (ROI 1 — Av. 619 HU), LRA (ROI 2 - Av. 646,2 HU), psoas muscle (ROI 3 — Av. 80,1 HU), adipose tissue (ROI 4 — Av.
—110,1 HU).
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3. Results
3.1. Patient population

A total of 28 patients (5 women, 23 men, mean age 72.1 years, range 62.9-86.9) were included in the study. All examinations took
place 30 days after the procedure of stentgraft implantation due to abdominal/thoracoabdominal aortic aneurysms. The examination
is performed as part of the routine diagnostic protocol following EVAR procedures [3,4]. During the study, 108 stents in the following
target arteries were assessed: 25 in the TC, 28 in the SMA, 28 in the RRA and 27 in the LRA. One patient had no stents in either the TC or
in the LRA (TC not covered by stentgraft, LRA with clotting). In 2 patients, the stentgraft was implanted below the TC. The patients’
mean body mass index was 28 + 3.3.

3.2. Objective image quality

The results of objective image quality of reconstructions: LB, VMI 60 keV, MAR VMI 60 keV, ASIR 60 keV are summarized in
Table 1. CT attenuation measurements in each of the analyzed vessels (aorta, TC SMA, RRA, LRA, RCIA) demonstrated the lowest mean
values in the LB reconstruction (statistically significant differences, p < 0.05). Noise defined as SD in the subcutaneous adipose tissue
was the lowest in the LB reconstructions, although the CNR and SNR values measured in no-artifact and maximum-artifact areas were
the lowest for the LB reconstruction as well (p < 0.05). The highest CNR and SNR in target vessels were noted for the MAR VMI 60 keV
reconstructions, in both no-artifact and maximume-artifact areas. Fig. 1 shows an example of ROI positioning.

Analysis of CNR in VMI 40-90 keV showed the highest CNR values for VMI with a low photon energy (40 keV). In contrast, SNR was
the highest for the VMI 70 keV reconstructions. The correlations of CNR and SNR with VMI 40-90 keV, within TC shown as an example,
are presented in Fig. 2 (A-D).

The results of analysis of differences in CT numbers in regions without artifacts and in maximum artifacts in vessels and Artifact
Indexes summarized in Table 2. The AHU values of the artifacts were lowest in linearly blended images (40.41 + 23.92 HU) and
highest in the MAR reconstructions (67.245 + 61.13). The artifact index was highest in the VMI 60 keV images (173.78 + 52.50) and
lowest in linearly blended images (116.81 + 65.19).

3.3. Stent lumen diameter assessment

Vessel diameters measured by 2 readers at two points (maximum stenosis at proximal 2/3 of the stent length, as well as the distal
end) in the LB, VMI 60 keV, MAR VMI 60 keV and ASIR 60 keV reconstructions did not reveal any statistically significant differences (p
> 0.05). Table 3 and Fig. 3 present examples of analyses performed for RRA measurements.

A TC CNR - No artifacts B TC CNR - Max. artifacts
14 + 14 -
. —— LB . —— LB
12 ‘\\o—%. —=— VMI 5 :\. —=— YMI
'EA‘—HA\. —e— MARS VMI B \e\o\ —e— MARS VMI
o 7 " '\\\:—\\:\+ ASR I o 104 e S —A— ASRVMI
z 84 z
6 1 o ) o o 3 . $7
4 ® 6 - © ) o o : o
A
2 4 - \a
T T T T T T T T T T T T
40 50 60 70 80 90 40 50 60 70 80 90
Energy / keV Energy / keV
] C TC SNR - No artifacts D TC SNR - Max. artifacts
16 S — LB 179 — —— 1B
— — " —— VM 16 '-\,/:?‘ —— VM
18 A e T —e— MARS VMI 154 A /‘ —e— MARS VMI
'\—\_./ —— ASIR VMI o == —— ASIR VMI
<1 [ 1
zZ 124 z
7] . 713 o .
o o o o o o o o o o % o
A 12 4
10 4 LS ] = s
T~ 1 \.
8 10
T T T T T T T T T T T T
40 50 60 70 80 90 40 50 60 70 80 90
Energy / keV Energy / keV

Fig. 2. (A-D). Contrast-to-noise ratio (A, B) and signal to noise ratio (C, D) in no-artifact and in maximume-artifact measurements in the celiac trunk
in the LB, VMI, ASIR 60 %, MAR reconstructions (monoenergetic images 40-90 keV).
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Table 2

The comparison of AHU and Artifact Index in evaluated reconstructions.
Parameter LB VMI 60 MARS VMI 60 ASIR 60 % VMI 60
AHU 40,41 + 23,92 63,83 + 33,43 67,245 + 61,13 51,26 + 43,03
Artifact Index 116,81 + 65,19 173,78 £+ 52,50 140,74 + 35,72 156,75 + 65,73

AHU:HU max artifacts — HU no artifacts-
A\HU and Artifact Index given as means + standard deviation.
LB - Linearly Blended, VMI - Virtual Monoenergetic Images, MAR — Metal Artifacts Reduction, ASIR — Adaptative Statistical Reconstructions.

Table 3
Comparison of measurements of the right renal artery stent width in LB, VMI, MARS VMI, ASIR VML
Parameter Measurement Mean SD Median Min Max Q1 Q3 P
RRA prox. LB 3.21 0.52 3.15 2.2 4.5 3.00 3.50 p = 0.875
VMI 3.14 0.54 3.10 2.2 4.5 3.00 3.35
MARS VMI 3.20 0.55 3.05 2.2 4.1 2.80 3.65
ASIR 60 % VMI 3.20 0.51 3.20 1.8 4.4 3.00 3.42
RRA dist. LB 3.50 0.83 3.35 2.4 5.7 3.08 3.73 p = 0.545
VMI 3.52 0.87 3.35 2.4 5.7 3.05 3.75
MARS VMI 3.56 0.92 3.50 2.1 5.5 2.70 4.22
ASIR 60 % VMI 3.62 0.92 3.45 2.5 6.0 2.90 3.87

p - repeated measures ANOVA.
LB - Linearly Blended, VMI - Virtual Monoenergetic Images, MAR — Metal Artifacts Reduction, ASIR — Adaptative Statistical Reconstructions, SD —
Standard Deviation, Q1 — Quartile 1, Q3 — Quartile 3.

-
—

(¥
1

RRA prox. RRA dist.
O LB O vMI B MARSVMI B ASIR VMI

Fig. 3. Comparison of measurements of the right renal artery stent width in the proximal part and distal end of in LB, VMI, MARS VM, ASIR 60
% VML

3.4. Subjective image quality

Detailed results are summarized in Table 4 and Fig. 4. Data in tables are mean of ratings of both readers. Overall, subjective image
quality was the lowest for MAR VMI 60 keV (mean rating 1.57 & 0.5), lower in a statistically significant manner compared with LB and
VMI (p < 0.001). The highest subjective image quality was offered by ASIR VMI 60 keV (mean 4.25 + 0.44). Fig. 4 presents differences
in image quality of the ASIR VMI 60 keV and MAR VMI 60 keV reconstructions.

3.5. Intra-reader, inter-reader reliability

The repeatability of the vessel diameter intra-reader measurements is summarized in Table 5. The concordance of most mea-
surements was excellent or, at worst, fair. The concordance of inter-reader measurements was fair to excellent.

Table 4
Subjective image quality (2 readers).
Rating LB-A VMI - B MARS VMI - C ASIR VMI - D P
mean + SD 3.96 + 0.58 4+ 0.67 1.57 £ 0.5 4.25 + 0.44 p < 0.001
median 4 4 2 4
quartiles 1-3 4-4 4-4 1-2 4-4.25 D>ACBA>C

p - Friedman test + post-hoc analysis (Wilcoxon paired tests with Bonferroni correction).
LB - Linearly Blended, VMI - Virtual Monoenergetic Images, MAR — Metal Artifacts Reduction, ASIR — Adaptative Statistical Reconstructions, SD —
Standard Deviation, Q1 — Quartile 1, Q3 — Quartile 3.
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Fig. 4. Subjective image quality of reconstructions (data are mean of 2-readers ratings).

Table 5

Intra-reader agreement on measurements.
Parameter Measurement 1 (mean + SD)  Measurement 2 (mean + SD)  ICC 95 % CI Agreement (Cicchetti) ~ Agreement (Koo & Li)
TC prox. 489 +1.2 4.56 + 0.99 0.707  0.133 0.932  Good Fair
TC dist. 5.64 + 1.61 5.71 + 1.66 0.975 0.893 0.995  Excellent Excellent
SMA prox. 4.94 +1.21 487 +1 0.897 0.660 0.973 Excellent Good
SMA dist. 5.56 + 1.68 5.42 + 1.65 0.990  0.945 0.998  Excellent Excellent
RRA prox. 3.06 £+ 0.25 3.11 £ 0.53 0.523 —0.526  0.872  Fair Fair
RRA dist. 3.38 £ 0.66 3.29 +0.59 0.583  —0.001 0.875  Fair Fair
LRA prox. 3.37 £ 0.46 3.18 £ 0.42 0.526  —0.084 0.865  Fair Fair
LRA dist. 3.79£0.71 3.63 £0.73 0.796 0.364 0.949 Excellent Good

TC - Celiac trunk, SMA — Superior mesenteric artery, RRA — Right renal artery, LRA — Left renal artery, SD - Standard Deviation, ICC — Interclass
Correlation Coefficient, CI — Confidence Interval.

4. Discussion

Our comparison between the 40-90 keV VMI, MAR and ASIR images revealed slight differences in CNR, SNR and noise levels
between these reconstructions. Based on the objective image quality parameters (highest CNR in 40 keV images, highest SNR in 70 keV
images) and prior studies, which reported improvements in the quantitative image quality in low-energy VMIs [34,47-51], we chose
60 keV images to assess the subjective image quality of the above-mentioned reconstructions. There is published literature in which the
highest SNR and CNR values in angiography examinations were obtained with VMI 60 keV images [52-54]. In our view, the selected
value of 60 keV allows assessing both target vessels and endoleaks, the latter of which are the main reason for repeated CTA in this
group of patients. There are a number of studies demonstrating the value of low level keV reconstructions in detecting endoleaks [24,
28,55-57]. Therefore, we considered VMI 60 keV reconstructions as the optimal compromise in assessing target vessels and endoleaks.
Analyses performed did not demonstrate any statistically significant differences in the vessel diameters measured in those re-
constructions. Measurements within stents in no-artifact and maximum-artifact areas showed similar differences in CT attenuation,
with higher mean values for the measurements of areas with artifacts. This translated into the SNR and CNR values which were higher
for the measurements of areas with artifacts. This phenomenon is associated with beam hardening artifacts, contributing to an increase
of the mean beam energy [58]. Use of iterative algorithms provided superior image quality and reduced noise compared with standard
LB and monoenergetic reconstructions. Therefore, the use of ASIR protocols can efficiently improve the subjective and objective image
quality by reducing image noise and may ultimately permit reduction of radiation dose in CTA.

In contrast to what we expected, the parameters of the quantitative analysis of examinations, reaching the highest values for the
MAR VMI 60 keV reconstruction, were opposite to the results of the qualitative analysis of examinations, in which that type of
reconstruction obtained the lowest score. Despite the reduced image noise and high scores in the quantitative assessment, the
considerable number of artifacts in most sections completely prevented the evaluation of stents and of the main stent-graft module
(Fig. 5A-D). Blurred stent sections within the main stent—graft module prohibited a reliable assessment of their length and width. In
part of the cases another issue was noticed in MAR reconstructions — obscuration of endoleaks and additional artifacts mimicking
endoleaks presence (Fig. 6 A, B). The results of this analysis are in accordance with some published studies showing a decreased
diagnostic value of angiographic examinations employing the MAR technique [59-61]. Most studies, however, demonstrated
increased the quantitative and qualitative parameters with MAR, also in stent imaging [41,62]. Most of the published literature
indicated high-VMI (>100 keV) MAR as offering optimal results [51,60,62-65], although its use is associated with a significant
decrease in contrast between soft tissue structures and the contrast agent in blood vessels. High VMI values (>100 keV) are generally
not recommended for the assessment of the vascular system and negatively impact the possibility of assessing potential vessel
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Fig. 5. (A-D). Case presenting differences in the subjective image quality in LB images (A - rated 5-points), VMI 60 keV (B - rated 4-points), VMI
ASIR 60 % 60 keV (C - rated 5-points) and VMI MAR 60 keV (D - rated 1-point on Likert scale).

diameters and stenoses [32,66,67]. Our results of the qualitative evaluation of the MAR reconstructions, differing from a large part of
the available literature, may be due to the difference in the equipment (data acquisition technique) and MAR software used, both
originating from different manufacturers.

The results of this study should be considered alongside its limitations. First, the patient population was relatively small. Second,
the results are specific to the DECT acquisition and postprocessing technique, as well as algorithms specific to one vendor. Third, for
the subjective image quality assessment, we chose 60 keV virtual monoenergetic images, based on the objective image quality results
(with high CNR and SNR values at 60 keV) and general recommendations regarding DECT angiography [11,21-26]. Therefore, the
results (especially those of the MAR qualitative analysis) should be considered within the narrow kiloelectron volt level range used (60
keV). Further investigations could elucidate if different kiloelectron volt levels may significantly impact the subjective image quality.

5. Conclusion

In conclusion, the use of MAR algorithms caused a decrease in the diagnostic value of the examination (a large decrease in the
parameters of qualitative image assessment) by generating artifacts prohibiting stent assessment. The use of iterative algorithms
increased the qualitative and quantitative image parameters compared with the VMI and LB reconstructions and should be considered
for inclusion in the diagnostic protocols. The type of reconstruction used did not significantly affect the measurement of stent width in
target vessels in patients after f/brEVAR.
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Fig. 6. (A, B). Case presenting type III endoleak in the same slice in VMI ASIR 60 % 60 keV (A) and VMI MAR 60 keV (B). MAR images show
simultaneous obscuration of the endoleak (horizontal arrow) and additional artifacts mimicking the presence of the endoleak (vertical arrow).
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