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Abstract: Purpose: To assess the diagnostic accuracy of BMI-adapted, low-radiation and low-iodine
dose, dual-source aortic CT for endoleak detection in non-obese and obese patients following en-
dovascular aortic repair. Methods: In this prospective single-center study, patients referred for
follow-up CT after endovascular repair with a history of at least one standard triphasic (native,
arterial and delayed phase) routine CT protocol were enrolled. Patients were divided into two groups
and allocated to a BMI-adapted (group A, BMI < 30 kg/m2; group B, BMI ≥ 30 kg/m2) double
low-dose CT (DLCT) protocol comprising single-energy arterial and dual-energy delayed phase
series with virtual non-contrast (VNC) reconstructions. An in-patient comparison of the DLCT and
routine CT protocol as reference standard was performed regarding differences in diagnostic accuracy,
radiation dose, and image quality. Results: Seventy-five patients were included in the study (mean
age 73 ± 8 years, 63 (84%) male). Endoleaks were diagnosed in 20 (26.7%) patients, 11 of 53 (20.8%) in
group A and 9 of 22 (40.9%) in group B. Two radiologists achieved an overall diagnostic accuracy of
98.7% and 97.3% for endoleak detection, with 100% in group A and 95.5% and 90.9% in group B. All
examinations were diagnostic. The DLCT protocol reduced the effective dose from 10.0 ± 3.6 mSv
to 6.1 ± 1.5 mSv (p < 0.001) and the total iodine dose from 31.5 g to 14.5 g in group A and to 17.4 g
in group B. Conclusion: Optimized double low-dose dual-source aortic CT with VNC, arterial and
delayed phase images demonstrated high diagnostic accuracy for endoleak detection and significant
radiation and iodine dose reductions in both obese and non-obese patients compared to the reference
standard of triple phase, standard radiation and iodine dose aortic CT.

Keywords: EVAR surveillance; low-dose CT; endoleak imaging; quantitative analysis

1. Introduction

Endovascular aneurysm repair has become a common treatment option for aneurysms
of the thoracoabdominal aorta. The occurrence of endoleaks following endovascular repair
is a significant risk factor for aneurysm sac growth and subsequent rupture and can occur
at any time after endograft placement, with incidence rates ranging from 15–30% within the
first month after surgery [1,2]. An endoleak is identified by observing sustained blood flow
within the excluded aneurysm sac, as indicated by changes in contrast opacification during
the arterial or delayed phase imaging. CT is the preferred imaging modality for detecting
and monitoring endoleaks after endovascular repair due to its widespread availability,
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high spatial resolution and high diagnostic accuracy, with a reported sensitivity of 83% and
specificity of 100% [3]. To confidently rule out endoleaks, a triphasic scanning protocol is
often used, consisting of a non-contrast acquisition followed by an arterial and delayed
phase scan [4]. Repetitive follow-up CT examinations result in significant cumulative
radiation exposure and repeated contrast administration with potential radiation and renal
adverse effects, highlighting the ongoing need to optimize radiation and iodine doses.

Double-low CT protocols are increasingly being developed to explore the lower limits
of radiation and iodine dose. Efforts to reduce dose also include the use of dual-energy CT
(DECT) techniques during the arterial or delayed phase. DECT allows the acquisition of
two sets of images at different energy spectra in a single scan, allowing the differentiation
of materials based on their attenuation coefficients at different energies [5]. By accurately
mapping of specific elements, material decomposition allows additional reconstructions,
such as virtual elimination of elements. One of the advantages of DECT in vascular studies
is the ability to generate virtual non-contrast (VNC) reconstructions. These are derived from
dual-energy data by removing the iodine signal from the original images, simulating the
appearance of non-contrast images without the need for an additional scan, thus reducing
radiation dose by replacing the non-contrast scan with VNC images [5,6].

If the patient’s body habitus permits, the tube voltage can be reduced from 120 kVp to
as low as 70 kVp, and the iodine load can also be decreased to 200 mg I/kg [7,8]. However,
the generalizability of many low-dose CT protocols to the wider patient population remains
uncertain, as studies have often excluded obese patients, omitted weight and BMI, or
separately optimized either radiation or iodine dose [7,9–13]. A recent study showed that
double-low aortic CT at 70–80 kVp and an iodine load of 200 mg I/kg can reliably detect
endoleaks after endovascular repair, albeit by excluding examinations with poor image
quality and not recording patient BMI [9].

Therefore, the aim of this prospective study was to assess the diagnostic accuracy
of BMI-adapted double low-dose aortic CT, including single-energy arterial phase and
dual-energy delayed phase acquisitions with VNC reconstructions, for the detection of
endoleaks in non-obese and obese patients following endovascular repair. This protocol
was evaluated against the reference standard of a triple-phase, standard radiation and
iodine dose aortic CT.

2. Materials and Methods

The patients included in this study were part of a prospective, single-center, cross-
sectional study (www.drks.de (accessed on 24 January 2024), DRKS00013082) approved by
the institutional review board. Written informed consent was obtained from all patients
prior to enrollment.

2.1. Study Design and Patients

Between November 2017 and August 2020, patients fulfilling the following inclusion
criteria were enrolled: age of 18 years or older, elective, clinically indicated, CT of the
thoracoabdominal aorta without the need of ECG synchronization and written informed
consent. Exclusion criteria were absolute contraindications to contrast administration,
known pregnancy, emergency, patients with symptoms of high-grade cardiac insufficiency
as assessed by a physical activity limitation questionnaire (New York Heart Association
[NYHA] class III or IV, Supplementary Table S1) [14], patients with acute psychosis or
other conditions with impairment of cognitive ability, and patients not able to cooperate.
Patients with a BMI < 30 kg/m2 (normal weight and overweight) were allocated to group
A, those with a BMI ≥ 30 kg/m2 (obese) to group B. For the present study, secondary
exclusion criteria were defined as follows: patients without endovascular repair of an
aortic aneurysm and patients without additional intra-individual standard-dose, triple-
phase, single-energy aortic CT in the same treatment situation as the study CT. Figure 1
summarizes the study flow.

www.drks.de


Diagnostics 2024, 14, 280 3 of 12

Diagnostics 2024, 14, 280 3 of 12 
 

 

phase, single-energy aortic CT in the same treatment situation as the study CT. Figure 1 
summarizes the study flow. 

 
Figure 1. Flowchart of study design. Patients with a body mass index (BMI) < 30 kg/m2 (normal 
weight and overweight) were allocated to group A, those with a BMI ≥ 30 kg/m2 (obese) to group B. 
AA = aortic aneurysm, (T)EVAR = (thoracic) endovascular aortic repair, and NYHA = New York 
Heart Association. 

2.2. Double Low-Dose and Reference CT Protocols 
All CT examinations were performed according to a BMI-adjusted low-iodine and 

low-radiation dose acquisition protocol (double low-dose CT, DLCT) using a 128-slice 
dual-source CT scanner (Somatom Definition Flash, Siemens Healthineers, Erlangen, Ger-
many) and a dual-head injector as defined in a previous study [15]. The DLCT included a 
dual-phase CT scan, consisting of a single-energy arterial phase and a dual-energy de-
layed phase. Virtual non-contrast (VNC) images were derived from the dual-energy scan. 
The reference protocol consisted of a standard-dose, triple-phase, single-energy CT scan 
with automatic tube voltage and current modulation. Details of the scan parameters of 
both CT protocols are provided in Supplementary Table S2. 

2.3. Endoleak Assessment 
Interpretation was performed by two board-certified radiologists (C.M. and F.R., 

with six and eight years of experience in vascular imaging) who evaluated the occurrence 
of endoleaks in each scan using a pre-defined hanging protocol comprising a single-en-
ergy arterial phase in axial and coronal views, a dual-energy delayed phase and a derived 
VNC reconstruction in axial view. Both readers independently reviewed all CT scans in 
random order to make a diagnosis, noting both the number and type of endoleaks as pre-
viously described [16]. The evaluation of true-positive and true-negative examinations for 
endoleak diagnosis using the DLCT study protocol followed the two-step approach out-
lined by Javor et al. [17]. If there was concordance between the two readers and the report 
of the reference triphasic CT scan for the presence or absence of an endoleak, the DLCT 
was considered true positive or true negative, respectively. In cases where there was any 
disagreement between the readers and the reference CT scan report, the subsequent im-
aging follow-up according to clinical routine analyzed by an independent board-certified 
vascular surgeon with access to all clinical information (P.G., with 10 years of experience 
in vascular imaging) determined the final diagnosis. The same independent expert with 
access to all clinical information also defined the type of the endoleak in cases with any 
disagreement between the two readers and the reference scan report regarding the endo-
leak type. 

2.4. Image Quality Evaluation 
Quantitative assessment of image quality was performed using dedicated image 

analysis software (Intuition v4.4.14, TeraRecon Inc., Durham, NC, USA) by drawing a re-
gion of interest (ROI) to measure vessel attenuation per HU values within the aortic lu-
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Figure 1. Flowchart of study design. Patients with a body mass index (BMI) < 30 kg/m2 (normal
weight and overweight) were allocated to group A, those with a BMI ≥ 30 kg/m2 (obese) to group
B. AA = aortic aneurysm, (T)EVAR = (thoracic) endovascular aortic repair, and NYHA = New York
Heart Association.

2.2. Double Low-Dose and Reference CT Protocols

All CT examinations were performed according to a BMI-adjusted low-iodine and
low-radiation dose acquisition protocol (double low-dose CT, DLCT) using a 128-slice dual-
source CT scanner (Somatom Definition Flash, Siemens Healthineers, Erlangen, Germany)
and a dual-head injector as defined in a previous study [15]. The DLCT included a dual-
phase CT scan, consisting of a single-energy arterial phase and a dual-energy delayed
phase. Virtual non-contrast (VNC) images were derived from the dual-energy scan. The
reference protocol consisted of a standard-dose, triple-phase, single-energy CT scan with
automatic tube voltage and current modulation. Details of the scan parameters of both CT
protocols are provided in Supplementary Table S2.

2.3. Endoleak Assessment

Interpretation was performed by two board-certified radiologists (C.M. and F.R., with
six and eight years of experience in vascular imaging) who evaluated the occurrence of
endoleaks in each scan using a pre-defined hanging protocol comprising a single-energy
arterial phase in axial and coronal views, a dual-energy delayed phase and a derived
VNC reconstruction in axial view. Both readers independently reviewed all CT scans in
random order to make a diagnosis, noting both the number and type of endoleaks as
previously described [16]. The evaluation of true-positive and true-negative examinations
for endoleak diagnosis using the DLCT study protocol followed the two-step approach
outlined by Javor et al. [17]. If there was concordance between the two readers and the
report of the reference triphasic CT scan for the presence or absence of an endoleak,
the DLCT was considered true positive or true negative, respectively. In cases where
there was any disagreement between the readers and the reference CT scan report, the
subsequent imaging follow-up according to clinical routine analyzed by an independent
board-certified vascular surgeon with access to all clinical information (P.G., with 10 years
of experience in vascular imaging) determined the final diagnosis. The same independent
expert with access to all clinical information also defined the type of the endoleak in cases
with any disagreement between the two readers and the reference scan report regarding
the endoleak type.

2.4. Image Quality Evaluation

Quantitative assessment of image quality was performed using dedicated image
analysis software (Intuition v4.4.14, TeraRecon Inc., Durham, NC, USA) by drawing a
region of interest (ROI) to measure vessel attenuation per HU values within the aortic
lumen, excluding the aortic wall, thrombus, plaques and calcifications. The following
sites were evaluated: the ascending and descending aorta at the level of the pulmonary
trunk, the suprarenal abdominal aorta at the level of the superior mesenteric artery, the
infrarenal abdominal aorta just above the aortic bifurcation, and the right common iliac
artery. For each measurement site, an additional circular ROI of 2 cm2 was placed on the
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same axial slice in the center of the right paraspinal or psoas muscles. Contrast-to-noise
ratio (CNR) and signal-to-noise ratio (SNR) were calculated as described elsewhere [18].
Subjective image quality was independently assessed by the two radiologists (C.M., F.R.),
who were blinded to any clinical data or other measurements and rated the images in
random order using a five-point Likert scale: 5 = excellent, 4 = good, 3 = moderate, 2 = fair,
1 = not diagnostic (Table 1). In cases where the two radiologists disagreed, only the lower
rating was counted, rather than the average of both ratings, to avoid overestimation of
image quality.

Table 1. Patient characteristics.

Parameter All Patients Group A Group B p Value

No. of Patients 75 53 22

Age * 73 ± 8 74 ± 8 73 ± 8 0.70

Male 63 (84) 45 (84.9) 18 (81.8) 0.74

BMI * 28.1 ± 4.3 26 ± 2.8 33.3 ± 2.6 <0.001

Patients with EL 20 (26.7) 11 (20.8) 9 (40.9) 0.13

Number of EL † 23/23 (100) 14/23 (60.9) 9/23 (39.1) 0.53

IA 1/23 (4.3) 1/23 (4.3) 0/23 (0)

IB 2/23 (8.7) 2/23 (8.7) 0/23 (0)

IIA 8/23 (34.8) 4/23 (17.4) 4/23 (17.4)

intercostal 2/23 (8.7) 1/23 (4.3) 1/23 (4.3)

lumbar 6/23 (26.1) 3/23 (13) 3/23 (13)

IIB 10/23 (43.5) 5/23 (21.7) 5/23 (21.7)

IMA/intercostal 1/23 (4.3) 1/23 (4.3) 0/23 (0)

IMA/lumbar 6/23 (26.1) 3/23 (13) 3/23 (13)

lumbar 3/23 (13) 1/23 (4.3) 2/23 (8.7)

IIIA 2/23 (8.7) 2/23 (8.7) 0/23 (0)
Unless otherwise specified, data are frequencies with percentages in parentheses. * Data are mean ± standard
deviation. † Data are numerators and denominators with percentages in parentheses, reflecting all endoleaks (EL)
detected in the patient population, considering the possibility of multiple ELs being identified in a single patient.
Patients were categorized based on their body mass index (BMI) into two groups: group A (BMI < 30 kg/m2) and
group B (BMI ≥ 30 kg/m2). IMA = inferior mesenteric artery.

2.5. Radiation Dose Evaluation

Volumetric CT dose index (CTDIvol) values, dose length product (DLP), tube po-
tential and scan coverage were taken from the dose report provided for each CT exam-
ination. Effective dose values were calculated by multiplying the DLP by the region-
specific conversion coefficient (k) for scans including the chest, abdomen and pelvis
(k = 0.015 mSv/mGy × cm), as previously described [19–21]. Intra-individual compar-
isons of radiation exposure parameters between the low-dose CT protocol and the clinical
routine CT protocol were performed in a subset of patients who had received both CT
protocols with the same scan region, CT scanner and contrast.

2.6. Statistical Analysis

Statistical analysis was performed using R software (version 4.0.3, R Foundation for
Statistical Computing). All statistical tests were two-sided and statistical significance was
indicated at a p value less than 0.05. Differences in baseline characteristics between group
A and group B patients were compared with the t-test for continuous variables and with
the X2 test for categorial variables. Interobserver reliability for endoleak detection was
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assessed using Fleiss’ kappa statistic [22], and Kendall’s coefficient of concordance was
used for subjective image grading. A two-tailed t-test was used for quantitative variables.
Sensitivity, specificity, positive predictive value, negative predictive value and overall
accuracy of endoleak detection were calculated.

3. Results
3.1. Study Population

Seventy-five patients (mean age 73 years ± 8, 63 males (84%)) were included in the
final study cohort, hereof 53 of 75 (70.7%) patients in group A and 22 of 75 (29.3%) patients
in group B. The median interval between DLCT and standard-dose CT was 380 days. The
majority of DLCT examinations (46 of 75, 61.3%) covered the entire aorta, whereas in 23 of
75 CTs (30.7%) only the abdominal aorta was examined. Table 1 provides an overview of
patient characteristics.

3.2. Endoleak Detection

Endoleaks were present in 20 of 75 (26.7%) patients (Table 1, Figure 2). A total of 11
of 53 (20.8%) patients in group A and 9 of 22 (40.9%) patients in group B were diagnosed
with endoleaks (p = 0.13). Two endoleaks were present in 3 of 75 (4%) patients, all of
which belonged to group A. An independent expert reading was required to establish the
ground truth diagnosis in 5 of 75 (6.7%) patients. This occurred in 3 of 75 (4%) patients
because of disagreement between the two radiologists and in 2 of 75 (2.7%) patients
due to disagreement with the clinical routine diagnosis. Diagnostic accuracy for endoleak
detection by reader 1 was 98.7% and 97.3% in the case of reader 2 (Table 2). In all 53 patients
with BMI < 30 kg/m2 endoleak status was identified correctly by both readers for all
patients. In patients with BMI ≥ 30 kg/m2, diagnostic accuracy was 95.5% for reader 1
and 90.9% for reader 2. One type IIB endoleak was not detected by either reader due to
lack of visualization on the DLCT. Another type IIA endoleak was detected by reader 1 but
not reader 2. Reader 2 missed one additional case with a type IIA endoleak. For this case,
the reference standard also relied on an independent follow-up CT to confirm endoleak
presence. Overall, interrater agreement on endoleak status as assessed by unweighted
Cohen’s Kappa was almost perfect: Kappa = 0.96 (p < 0.001).
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Excellent 43 (57.3) 34 (64.2) 9 (40.9)  
Good 29 (38.7) 18 (34) 11 (50)  
Moderate 3 (4) 1 (1.9) 2 (9.1)  
Fair 0 (0) 0 (0) 0 (0)  
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Delayed DE phase     
Average * 4.2 ± 0.7 (4.1, 4.4) 4.4 ± 0.6 (4.2, 4.6) 3.9 ± 0.8 (3.6, 4.3) 0.049 
Excellent 29 (38.7) 24 (45.3) 5 (22.7)  
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Figure 2. Representative examples of double low-dose CT (A–C) and reference standard CT (D–F) are
shown with identical window/level (W/L) settings for each phase. An endoleak (EL, arrowheads)
can be identified in the left lateral aspect of the excluded aneurysm sac adjacent to the stent struts in
both the arterial phase (B,E) and delayed phase (C,F) in the dual low-dose CT and standard-dose CT,
respectively. CTDIvol = volumetric CT dose index; VNC = virtual non-contrast.
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Table 2. Diagnostic performance in endoleak detection.

Parameter Sensitivity Specificity PPV NPV Accuracy

All patients

Radiologist 1 95 (19/20) 100 (55/55) 100 (19/19) 98.2 (55/56) 98.7 (74/75)

Radiologist 2 90 (18/20) 100 (55/55) 100 (18/18) 96.5 (55/57) 97.3 (73/75)

Group A

Radiologist 1 100 (11/11) 100 (42/42) 100 (11/11) 100 (42/42) 100 (53/53)

Radiologist 2 100 (11/11) 100 (42/42) 100 (11/11) 100 (42/42) 100 (53/53)

Group B

Radiologist 1 88.9 (8/9) 100 (13/13) 100 (8/8) 92.9 (13/14) 95.5 (21/22)

Radiologist 2 77.8 (7/9) 100 (13/13) 100 (7/7) 86.7 (13/15) 90.9 (20/22)
Unless otherwise specified, data are frequencies with numerators and denominators in parentheses, representing
the number of endoleaks detected by two radiologists on double low-dose CT using the predefined hanging proto-
col. Patients were categorized based on their body mass index (BMI) into two groups: group A (BMI < 30 kg/m2)
and group B (BMI ≥ 30 kg/m2). NPV = negative predictive value, PPV = positive predictive value.

3.3. Image Quality

Kendall’s coefficient of concordance for interobserver agreement on subjective image
quality ratings was 0.67 (p = 0.029) for arterial phase and 0.76 (p = 0.003) for delayed phase
images in all patients. The subjective ratings are summarized in Table 3. Only one delayed
phase scan in a male patient with a BMI 34.3 kg/m2 was rated as fair. No examinations
were rated as non-diagnostic. Quantitative image quality measures are summarized in
Figure 3 and Table S3. Average enhancement along the aorta was 337.7 ± 67.6 HU with
slightly lower measurements in group B patients (300.1 ± 45.2 HU vs. 353.4 ± 69.5 HU,
p < 0.001). Similarly, measurements for CNR (8.3 ± 1.7 vs. 10.4 ± 3.2, p < 0.001) and SNR
(9.7 ± 1.7 vs. 12.1 ± 3.3, p < 0.001) were also lower in group B patients.

Table 3. Subjective image quality of the DLCT protocol.

Parameter All Patients Group A Group B p Value

Arterial SE Phase

Average * 4.5 ± 0.6 (4.4, 4.7) 4.6 ± 0.5 (4.5, 4.8) 4.3 ± 0.7 (4.1, 4.6) 0.09

Excellent 43 (57.3) 34 (64.2) 9 (40.9)

Good 29 (38.7) 18 (34) 11 (50)

Moderate 3 (4) 1 (1.9) 2 (9.1)

Fair 0 (0) 0 (0) 0 (0)

Non-diagnostic 0 (0) 0 (0) 0 (0)

Delayed DE phase

Average * 4.2 ± 0.7 (4.1, 4.4) 4.4 ± 0.6 (4.2, 4.6) 3.9 ± 0.8 (3.6, 4.3) 0.049

Excellent 29 (38.7) 24 (45.3) 5 (22.7)

Good 36 (48) 25 (47.2) 11 (50)

Moderate 9 (12) 4 (7.6) 5 (22.7)

Fair 1 (1.3) 0 (0) 1 (4.6)

Non-diagnostic 0 (0) 0 (0) 0 (0)

Unless otherwise specified, data are frequencies with percentages in parentheses. * Data are mean ± standard
deviation, with 95% CIs in parentheses. Patients were categorized based on their body mass index (BMI) into two
groups: group A (BMI < 30 kg/m2) and group B (BMI ≥ 30 kg/m2). DE = dual-energy; SE = single-energy.
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Figure 3. Quantitative image quality of the double low-dose CT protocol across aortic locations. Data
are mean ± standard deviation. Patients were categorized based on their body mass index (BMI) into
two groups: group A (BMI < 30 kg/m2) and group B (BMI ≥ 30 kg/m2). CNR = contrast-to-noise
ratio, HU = Hounsfield units, and SNR = signal-to-noise ratio.

3.4. Radiation Dose

Scan regions of standard-dose CT and DLCT were identical in 12 of 75 (16.0%) patients
(Table 4, Figure 4). In these cases, scan lengths in the reference group and the study group
were 59.8 ± 10.8 cm (95%CI: 53.7, 65.9) and 64.2 ± 6.9 cm (95%CI: 60.3, 68.1) for arterial
phase scans (p = 0.08) and 31.7 ± 6.1 cm (95%CI: 28.3, 35.2) and 30.0 ± 6.8 cm (95%CI: 26.2,
33.8) for delayed phase scans (p = 0.38). Effective dose was significantly reduced by the
study protocol compared to the reference protocol for the complete scan protocol (6.1 ± 1.5
vs. 10.0 ± 3.6 mSv; p < 0.001) as well as individual scan phases: the arterial phase scan
(3.4 ± 1.2 mSv vs. 4.9 ± 1.9 mSv, p = 0.002) and the dual-energy delayed phase scan with
virtual non-contrast reconstruction in DLCT compared with single-energy delayed phase
scan and native scan in standard-dose CT (2.7 ± 0.6 mSv vs. 5.1 ± 1.9 mSv, p < 0.001).
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Table 4. Dose comparison between the CT protocols.

Parameter DLCT Protocol
n = 12

Routine CT Protocol
n = 12 p Value

Arterial phase

Scan length (cm) 64.2 ± 6.9 (60.3, 68.1) 59.8 ± 10.8 (53.7, 65.9) 0.08

CTDIvol (mGy) 3.6 ± 1.1 (3.0, 4.2) 5.4 ± 1.6 (4.5, 6.3) <0.001

DLP (mGy × cm) 229.9 ± 80.2 (184.5, 275.3) 326.5 ± 124.6 (256, 397) 0.002

ED (mSv) 3.4 ± 1.2 (2.8, 4.1) 4.9 ± 1.9 (3.8, 6.0) 0.002

Delayed phase

Scan length (cm) 30.0 ± 6.8 (26.2, 33.8) 31.7 ± 6.1 (28.3, 35.2) 0.38

CTDIvol (mGy) 5.9 ± 0.8 (5.5, 6.4) 5.4 ± 2.1 (4.2, 6.6) 0.24

DLP (mGy × cm) 176.5 ± 42.1 (152.7, 200.3) 168.2 ± 63.3 (132.4, 204.1) 0.55

ED (mSv) 2.7 ± 0.6 (2.3, 3.0) 2.52 ± 1 (2.0, 3.0) 0.55

Delayed and native phase *

Scan length (cm) 30.0 ± 6.8 (26.2, 33.8) 63.1 ± 12.0 (56.3, 69.9) <0.001

DLP (mGy × cm) 176.5 ± 42.1 (152.7, 200.3) 269.1 ± 67.6 (230.8, 307.4) <0.001

ED (mSv) 2.7 ± 0.6 (2.3, 3.0) 5.1 ± 1.9 (4.0, 6.1) <0.001

Complete scan

ED (mSv) 6.1 ± 1.5 (5.3, 6.9) 10.0 ± 3.6 (7.9, 12.0) <0.001

Data are mean ± standard deviation, with 95% CIs in parentheses. * Identical field of view of the delayed
and native phase. In the double low-dose protocol, virtual non-contrast images were reconstructed from the
dual-energy delayed phase scan. CTDIvol = volumetric CT dose index, DLCT = double low-dose CT, DLP = dose
length product, and ED = effective dose.
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Figure 4. Intraindividual comparisons of effective dose (boxplots) and scan length (bar charts and
error bars indicating mean ± standard deviation) between standard-dose CT and double low-dose
CT (DLCT) across different scan phases in patients with identical scan regions in both examinations.
Native scans were only acquired in the standard-dose CT protocol, whereas the DLCT included
delayed phase-derived virtual non-contrast reconstructions. ns = not significant, ** p < 0.01 and
*** p < 0.001.
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4. Discussion

This study prospectively evaluated the diagnostic accuracy of a BMI-adapted low-
iodine, low-dose, dual-source aortic CT protocol (DLCT) using 128-slice scanner technology
for the detection of endoleaks in patients with BMI < 30 kg/m2 and BMI ≥ 30 kg/m2

after endovascular aortic aneurysm repair. Endoleaks were detected with high diagnostic
accuracy of 98.7% and 97.3% by two independent radiologists. Compared with routine CT,
the DLCT protocol reduced effective radiation doses from 10 ± 3.6 mSv to 6.1 ± 1.5 mSv
(p < 0.001) and total iodine doses from 31.5 g to 14.5 g (54% reduction) in patients with BMI
< 30 kg/m2 and 17.4 g (44.8% reduction) in patients with BMI ≥ 30 kg/m2.

4.1. Dual Low-Dose Protocols for Patients Following Endovascular Repair

Both our study and the study by Chen et al. [8] evaluated dual low-dose protocols
for patients following endovascular repair, each demonstrating high diagnostic accuracy
using different methodologies. Chen et al. achieved an initial accuracy of 93.3%, which
increased to 100% after consensus revision, using a retrospective analysis of 60 patients who
underwent both standard and dual low-dose single-energy CT [8]. However, their study
excluded patients with poor image quality and included only those who underwent both
types of CT as part of routine follow-up. In contrast, our study achieved 100% accuracy
in patients with BMI < 30 kg/m2, with slightly lower accuracies of 95.5% and 90.9% in
patients with BMI ≥ 30 kg/m2. We used a two-phase dual-energy protocol with VNC
reconstructions, which may explain our lower effective radiation dose of 6.1 ± 1.5 mSv.
While Chen et al. reduced the effective radiation dose from 26.2 mSv to 12.7 mSv and the
iodine dose from 396.5 to 199.7 mg I/kg [8], direct comparison of dose savings between the
two studies is challenging due to different scan lengths.

4.2. Prior Studies on Diagnostic Accuracy of Dual-Energy Low-Radiation Dose CT Protocols

Since the introduction of dual-energy CT, there has been a trend to leverage its ma-
terial decomposition capabilities and condense protocols from the standard three-phase
protocol to two-phase protocols, facilitated by the ability to reconstruct VNC images from
spectral data. Several prior studies investigated diagnostic accuracy of dual-energy low-
radiation dose CT protocols for endoleak detection after endovascular aneurysm repair
using standard iodine doses ranging from 35–52 g iodine [17,23–25]. Compared to those
studies that used a similar two-phase scan protocol, our dose measurements are at the
lower end. Stolzmann et al. prospectively investigated a similar dual-phase dual-energy
protocol in 118 patients after EVAR utilizing a single-energy arterial phase scan at 120 kVp
and a dual-energy delayed phase scan. Reported doses are comparably high with a mean
CTDIvol of 14.2 ± 2.0 mGy for the arterial phase and 16.9 ± 2.4 mGy for the delayed phase,
compared with 3.6 ± 1.1 mGy and 5.9 ± 0.8 mGy in our study. They achieved a sensitiv-
ity of 100% and a specificity of 97% for endoleak detection in a population with a BMI
range between 18.4–36.5 kg/m2 [25]. Similarly, reported effective doses in a retrospective
study by Flors et al. investigating a dual-phase dual-energy CT protocol in 48 patients
after TEVAR were comparably high, with mean effective doses of 13.0 ± 4 mSv (range,
5.0–21.8 mSv) for the single-energy arterial phase and 4.3 ± 1.9 mSv (range, 1.9–11.4 mSv)
for the dual-energy delayed phase scan, compared with 3.4 ± 1.2 mSv and 2.7 ± 0.6 mSv in
our study [24]. Sensitivity and specificity both reached 100%; however, a BMI range of the
study population was not provided.

Our study protocol closely follows the ultra-low dose approach of a study by
Naidu et al. [26]. They achieved comparable image quality and endoleak detection accu-
racy with a single-energy CT protocol in 20 patients at 100 kVp with model-based iterative
reconstruction in delayed phase after injection of 2.2 mL/kg of 350 mg I/mL contrast
medium resulting in a mean CTDIvol of 3.4 mGy.
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4.3. Diagnostic Accuracy of Endoleak Detection with Low-Iodine Dose CT Protocols

Only a limited number of studies have addressed the diagnostic accuracy of endoleak
detection with low-iodine dose CT protocols. Patino et al. compared abdominopelvic
CT with a fixed iodine dose of 16 g using rapid-kilovoltage-switching dual-energy CT
and 120 kVp single-energy CT [27]. They reported sensitivities of 78.9% to 94.7% and a
specificity of 100% using 40 keV and 50 keV virtual monochromatic reconstructions for
endoleak detection. Image quality was considered diagnostic in all cases and comparable to
single-energy CT [27]. We aimed to further optimize this by implementing a two-step BMI-
adapted protocol that reduced the iodine dose to 14.5 g in patients with a BMI < 30 kg/m2

while maintaining diagnostic image quality and high diagnostic accuracy.
In contrast to type I and III endoleaks, which pose a significant risk due to the contin-

uous propagation of intra-aortic blood pressure to the former aneurysm sac, the clinical
implications of type II endoleaks remain a subject of ongoing debate [28,29]. These en-
doleaks are typically treated by endovascular or percutaneous interventions. A number of
studies have suggested that type II endoleaks do not affect overall survival rates, despite
the potential for further aneurysm sac enlargement [30,31].

While endoleak status was correctly identified in all non-obese patients with
BMI < 30 kg/m2, both radiologists missed the same case and one radiologist missed
one additional case with positive endoleak status in the group of obese patients with
BMI ≥ 30 kg/m2. Both cases were type II endoleaks and required additional imaging and
consensus reading to define the reference standard, indicating that both endoleaks were not
easily identifiable on routine CT imaging. However, the slight decrease in image quality in
obese patients despite higher iodine and radiation dose may have led to impaired detection
of low-flow endoleaks and suggests further adjustments to scan parameters in patients
with BMI ≥ 30 kg/m2 for future application in clinical routines.

4.4. Limitations

Our study has limitations. First, it is a single-center, single-scanner study with a
relatively small cohort of patients, which limits the generalizability of the results. Given
the potential for variation in diagnostic accuracy between different scanners and manufac-
turers, validation of these findings in a multi-center/multi-scanner setting may increase
the generalizability of our results. Second, the study cohort was not representative of all
types of endoleaks. The absence of type I and type III endoleaks in the obese group limits
the conclusions that can be drawn regarding the diagnostic accuracy for these subtypes
in obese patients. However, given that these types of endoleaks are usually high-flow
and often identified on arterial phase images, it is unlikely that their diagnostic accuracy
would be systematically lower than that of type II endoleaks. Third, patients’ BMI was
only recorded at the time of the study CT and not at the time of the reference CT, so that
potential variations in BMI between the two CTs could not be accounted for. Nevertheless,
it is unlikely that there is any systematic bias in BMI and therefore image quality and
radiation dose.

4.5. Conclusions

In conclusion, the implementation of a BMI-adapted, low-dose, dual-phase aortic CT
with virtual non-contrast reconstructions on a 128-row CT allowed significant radiation
and iodine dose savings while maintaining image quality and high diagnostic accuracy for
endoleak detection after endovascular repair in both non-obese and obese patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/diagnostics14030280/s1, Table S1: Questionnaire. Table S2:
CT Protocol Parameters. Table S3: Quantitative Image Quality of the DLCT Protocol.

Author Contributions: Conceptualization, C.M., F.R. and M.A.F.; Methodology, C.M., F.R. and M.A.F.;
Investigation, C.M., S.H., A.S., J.E., T.D.D., P.G., F.R. and M.A.F.; Data curation, C.M. and M.A.F.;
Writing—original draft, C.M. and M.A.F.; Writing—review & editing, C.M., A.S., P.G., H.-U.K., F.R.

https://www.mdpi.com/article/10.3390/diagnostics14030280/s1


Diagnostics 2024, 14, 280 11 of 12

and M.A.F.; Visualization, C.M. and M.A.F.; Project administration, F.R. and M.A.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of the Heidelberg University
Hospital (S-485/2017, 13 September 2017).

Informed Consent Statement: Written informed consent was obtained from all patients prior
to enrolment.

Data Availability Statement: The datasets presented in this article are not readily available because
the data are part of an ongoing study. Requests to access the datasets should be directed to the
corresponding author.

Acknowledgments: M.A.F. is a fellow of the Physician Scientist Program, Faculty of Medicine,
University of Heidelberg. For the publication fee, we acknowledge financial support by Deutsche
Forschungsgemeinschaft (DFG) within the funding program “Open Access Publikationskosten”, as
well as by Heidelberg University.

Conflicts of Interest: F.R. is, at the time of submission, an employee of Bayer Vital GmbH, Germany,
but the work presented herein dates to his previous employment at Heidelberg University Hospital.
The other authors declare no conflict of interest.

References
1. Daye, D.; Walker, T.G. Complications of endovascular aneurysm repair of the thoracic and abdominal aorta: Evaluation and

management. Cardiovasc. Diagn. Ther. 2018, 8, S138–S156. [CrossRef]
2. Picel, A.C.; Kansal, N. Essentials of Endovascular Abdominal Aortic Aneurysm Repair Imaging: Postprocedure Surveillance and

Complications. Am. J. Roentgenol. 2014, 203, W358–W372. [CrossRef]
3. Cantisani, V.; Ricci, P.; Grazhdani, H.; Napoli, A.; Fanelli, F.; Catalano, C.; Galati, G.; D’Andrea, V.; Biancari, F.; Passariello, R.

Prospective comparative analysis of colour-Doppler ultrasound, contrast-enhanced ultrasound, computed tomography and
magnetic resonance in detecting endoleak after endovascular abdominal aortic aneurysm repair. Eur. J. Vasc. Endovasc. Surg. 2011,
41, 186–192. [CrossRef]

4. Smith, T.; Quencer, K.B. Best Practice Guidelines: Imaging Surveillance After Endovascular Aneurysm Repair. Am. J. Roentgenol.
2020, 214, 1165–1174. [CrossRef]

5. Johnson, T.R.C.; Krauß, B.; Sedlmair, M.; Grasruck, M.; Bruder, H.; Morhard, D.; Fink, C.; Weckbach, S.; Lenhard, M.; Schmidt, B.;
et al. Material differentiation by dual energy CT: Initial experience. Eur. Radiol. 2007, 17, 1510–1517. [CrossRef]

6. Si-Mohamed, S.; Dupuis, N.; Tatard-Leitman, V.; Rotzinger, D.; Boccalini, S.; Dion, M.; Vlassenbroek, A.; Coulon, P.; Yagil, Y.;
Shapira, N.; et al. Virtual versus true non-contrast dual-energy CT imaging for the diagnosis of aortic intramural hematoma. Eur.
Radiol. 2019, 29, 6762–6771. [CrossRef]

7. Chen, P.-A.; Huang, E.; Chen, K.-T.; Chen, Y.-C.; Huang, Y.-L.; Chuo, C.-C.; Wu, F.-Z.; Wu, M.-T. Comparison of four con-
trast medium delivery protocols in low-iodine and low-radiation dose CT angiography of the aorta. Clin. Radiol. 2020, 75,
797.e9–797.e19. [CrossRef] [PubMed]

8. Chen, P.A.; Huang, E.P.; Chen, Y.C.; Chuo, C.C.; Huang, S.T.; Wu, M.T. Can Low-Iodine, Low-Radiation-Dose CT Aortogram
Reliably Detect Endoleak after Endovascular Aneurysm Repair of the Aorta? Diagnostics 2023, 13, 2228. [CrossRef] [PubMed]

9. Euler, A.; Taslimi, T.B.; Eberhard, M.M.; Kobe, A.; Reeve, K.M.; Zimmermann, A.; Krauss, A.; Gutjahr, R.; Schmidt, B.; Alkadhi,
H.M. Computed Tomography Angiography of the Aorta-Optimization of Automatic Tube Voltage Selection Settings to Reduce
Radiation Dose or Contrast Medium in a Prospective Randomized Trial. Investig. Radiol. 2021, 56, 283–291. [CrossRef]

10. Nijhof, W.H.; Baltussen, E.J.M.; Kant, I.M.J.; Jager, G.J.; Slump, C.H.; Rutten, M.J.C.M. Low-dose CT angiography of the abdominal
aorta and reduced contrast medium volume: Assessment of image quality and radiation dose. Clin. Radiol. 2016, 71, 64–73.
[CrossRef] [PubMed]

11. Ippolito, D.; Talei Franzesi, C.; Fior, D.; Bonaffini, P.A.; Minutolo, O.; Sironi, S. Low kV settings CT angiography (CTA) with low
dose contrast medium volume protocol in the assessment of thoracic and abdominal aorta disease: A feasibility study. Br. J.
Radiol. 2015, 88, 20140140. [CrossRef]

12. Shen, Y.; Sun, Z.; Xu, L.; Li, Y.; Zhang, N.; Yan, Z.; Fan, Z. High-pitch, low-voltage and low-iodine-concentration CT angiography
of aorta: Assessment of image quality and radiation dose with iterative reconstruction. PLoS ONE 2015, 10, e0117469. [CrossRef]

13. Apfaltrer, P.; Hanna, E.L.; Schoepf, U.J.; Spears, J.R.; Schoenberg, S.O.; Fink, C.; Vliegenthart, R. Radiation dose and image quality
at high-pitch CT angiography of the aorta: Intraindividual and interindividual comparisons with conventional CT angiography.
AJR Am. J. Roentgenol. 2012, 199, 1402–1409. [CrossRef] [PubMed]

14. New York Heart Association. Nomenclature and Criteria for Diagnosis of Diseases of the Heart and Great Vessels, 9th ed.; Lippincott
Williams and Wilkins: Philadelphia, PA, USA, 1994.

https://doi.org/10.21037/cdt.2017.09.17
https://doi.org/10.2214/AJR.13.11736
https://doi.org/10.1016/j.ejvs.2010.10.003
https://doi.org/10.2214/AJR.19.22197
https://doi.org/10.1007/s00330-006-0517-6
https://doi.org/10.1007/s00330-019-06322-5
https://doi.org/10.1016/j.crad.2020.06.017
https://www.ncbi.nlm.nih.gov/pubmed/32703542
https://doi.org/10.3390/diagnostics13132228
https://www.ncbi.nlm.nih.gov/pubmed/37443622
https://doi.org/10.1097/RLI.0000000000000740
https://doi.org/10.1016/j.crad.2015.10.007
https://www.ncbi.nlm.nih.gov/pubmed/26541440
https://doi.org/10.1259/bjr.20140140
https://doi.org/10.1371/journal.pone.0117469
https://doi.org/10.2214/AJR.12.8652
https://www.ncbi.nlm.nih.gov/pubmed/23169737


Diagnostics 2024, 14, 280 12 of 12

15. Fink, M.A.; Stoll, S.; Melzig, C.; Steuwe, A.; Partovi, S.; Böckler, D.; Kauczor, H.-U.; Rengier, F. Prospective Study of Low-
Radiation and Low-Iodine Dose Aortic CT Angiography in Obese and Non-Obese Patients: Image Quality and Impact of Patient
Characteristics. Diagnostics 2022, 12, 675. [CrossRef]

16. Stavropoulos, S.W.; Charagundla, S.R. Imaging Techniques for Detection and Management of Endoleaks after Endovascular
Aortic Aneurysm Repair 1. Radiology 2007, 243, 641–655. [CrossRef] [PubMed]

17. Javor, D.; Wressnegger, A.; Unterhumer, S.; Kollndorfer, K.; Nolz, R.; Beitzke, D.; Loewe, C. Endoleak detection using single-
acquisition split-bolus dual-energy computer tomography (DECT). Eur. Radiol. 2017, 27, 1622–1630. [CrossRef]

18. Apfaltrer, P.; Sudarski, S.; Schneider, D.; Nance, J.W.; Haubenreisser, H.; Fink, C.; Schoenberg, S.O.; Henzler, T. Value of
monoenergetic low-kV dual energy CT datasets for improved image quality of CT pulmonary angiography. Eur. J. Radiol. 2014,
83, 322–328. [CrossRef] [PubMed]

19. Christner, J.A.; Kofler, J.M.; McCollough, C.H. Estimating effective dose for CT using dose-length product compared with using
organ doses: Consequences of adopting International Commission on Radiological Protection publication 103 or dual-energy
scanning. AJR Am. J. Roentgenol. 2010, 194, 881–889. [CrossRef]

20. Shrimpton, P. Assessment of patient dose in CT. In European Guidelines for Multislice Computed Tomography Funded by the European
Commission; European Commission: Brussels, Belgium, 2004.

21. Shrimpton, P.C.; Hillier, M.C.; Lewis, M.A.; Dunn, M. National survey of doses from CT in the UK: 2003. Br. J. Radiol. 2006, 79,
968–980. [CrossRef]

22. Landis, J.R.; Koch, G.G. The Measurement of Observer Agreement for Categorical Data. Biometrics 1977, 33, 159–174. [CrossRef]
23. Ascenti, G.; Mazziotti, S.; Lamberto, S.; Bottari, A.; Caloggero, S.; Racchiusa, S.; Mileto, A.; Scribano, E. Dual-Energy CT

for Detection of Endoleaks After Endovascular Abdominal Aneurysm Repair: Usefulness of Colored Iodine Overlay. Am. J.
Roentgenol. 2011, 196, 1408–1414. [CrossRef]

24. Flors, L.; Leiva-Salinas, C.; Norton, P.T.; Patrie, J.T.; Hagspiel, K.D. Endoleak Detection After Endovascular Repair of Thoracic
Aortic Aneurysm Using Dual-Source Dual-Energy CT: Suitable Scanning Protocols and Potential Radiation Dose Reduction. Am.
J. Roentgenol. 2013, 200, 451–460. [CrossRef]

25. Stolzmann, P.; Frauenfelder, T.; Pfammatter, T.; Peter, N.; Scheffel, H.; Lachat, M.; Schmidt, B.; Marincek, B.; Alkadhi, H.; Schertler,
T. Endoleaks after Endovascular Abdominal Aortic Aneurysm Repair: Detection with Dual-Energy Dual-Source CT. Radiology
2008, 249, 682–691. [CrossRef]

26. Naidu, S.G.; Kriegshauser, J.S.; Paden, R.G.; He, M.; Wu, Q.; Hara, A.K. Ultra-low-dose computed tomographic angiography with
model-based iterative reconstruction compared with standard-dose imaging after endovascular aneurysm repair: A prospective
pilot study. Abdom. Imaging 2014, 39, 1297–1303. [CrossRef]

27. Patino, M.; Parakh, A.; Lo, G.C.; Agrawal, M.; Kambadakone, A.R.; Oliveira, G.R.; Sahani, D.V. Virtual Monochromatic Dual-
Energy Aortoiliac CT Angiography With Reduced Iodine Dose: A Prospective Randomized Study. Am. J. Roentgenol. 2019, 212,
467–474. [CrossRef]

28. Partovi, S.; Trischman, T.; Rafailidis, V.; Ganguli, S.; Rengier, F.; Goerne, H.; Rajiah, P.; Staub, D.; Patel, I.J.; Oliveira, G.; et al.
Multimodality imaging assessment of endoleaks post-endovascular aortic repair. BJR Br. Inst. Radiol. 2018, 91, 20180013.
[CrossRef]

29. Premnath, K.P.B.; Parkinson, T.J.; Pancione, L.; Salih, A.T. Proximal iliac limb extension and embolization: A new technique of
complete endovascular management of an unfavorably sited type III endoleak. Diagn. Interv. Radiol. 2021, 27, 570–572. [CrossRef]
[PubMed]

30. Vandenbulcke, R.; Houthoofd, S.; Laenen, A.; Buyck, P.-J.; Mufty, H.; Fourneau, I.; Maleux, G. Embolization therapy for type
2 endoleaks after endovascular aortic aneurysm repair: Imaging-based predictive factors and clinical outcomes on long-term
follow-up. Diagn. Interv. Radiol. 2023, 29, 331–341. [CrossRef] [PubMed]

31. Walker, J.; Tucker, L.-Y.; Goodney, P.; Candell, L.; Hua, H.; Okuhn, S.; Hill, B.; Chang, R.W. Type II endoleak with or without
intervention after endovascular aortic aneurysm repair does not change aneurysm-related outcomes despite sac growth. J. Vasc.
Surg. 2015, 62, 551–561. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics12030675
https://doi.org/10.1148/radiol.2433051649
https://www.ncbi.nlm.nih.gov/pubmed/17517926
https://doi.org/10.1007/s00330-016-4480-6
https://doi.org/10.1016/j.ejrad.2013.11.005
https://www.ncbi.nlm.nih.gov/pubmed/24361061
https://doi.org/10.2214/AJR.09.3462
https://doi.org/10.1259/bjr/93277434
https://doi.org/10.2307/2529310
https://doi.org/10.2214/AJR.10.4505
https://doi.org/10.2214/AJR.11.8033
https://doi.org/10.1148/radiol.2483080193
https://doi.org/10.1007/s00261-014-0166-1
https://doi.org/10.2214/AJR.18.19935
https://doi.org/10.1259/bjr.20180013
https://doi.org/10.5152/dir.2021.20369
https://www.ncbi.nlm.nih.gov/pubmed/34313244
https://doi.org/10.4274/dir.2022.22352
https://www.ncbi.nlm.nih.gov/pubmed/36987998
https://doi.org/10.1016/j.jvs.2015.04.389
https://www.ncbi.nlm.nih.gov/pubmed/26059094

	Introduction 
	Materials and Methods 
	Study Design and Patients 
	Double Low-Dose and Reference CT Protocols 
	Endoleak Assessment 
	Image Quality Evaluation 
	Radiation Dose Evaluation 
	Statistical Analysis 

	Results 
	Study Population 
	Endoleak Detection 
	Image Quality 
	Radiation Dose 

	Discussion 
	Dual Low-Dose Protocols for Patients Following Endovascular Repair 
	Prior Studies on Diagnostic Accuracy of Dual-Energy Low-Radiation Dose CT Protocols 
	Diagnostic Accuracy of Endoleak Detection with Low-Iodine Dose CT Protocols 
	Limitations 
	Conclusions 

	References

