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ABSTRACT
Objective: The purpose of this systematic review and meta-analysis was to investigate the diagnostic accuracy of
contrast-enhanced ultrasound (CEUS) for detection of endoleak after endovascular aneurysm repair (EVAR).

Methods: We searched electronic bibliographic databases for original articles comparing concurrent CEUS and
computed tomography angiography for detection of endoleak after EVAR. We assessed the methodologic quality of the
studies with the Quality Assessment of Diagnostic Accuracy Studies-2 tool. We constructed 2 � 2 contingency tables for
all selected studies including true-positive, false-positive, false-negative, and true-negative results for all endoleaks and for
type I and type III endoleaks. We used a mixed-effects logistic regression model to estimate summary sensitivity and
specificity. We developed hierarchical summary receiver operating characteristic curves and calculated the area under
the curve (AUC).

Results: We identified 26 studies reporting a total of 2638 paired scans in 2217 patients. The major risk of bias of the
selected studies pertained to blinding for the index test and the reference standard. The pooled sensitivity and specificity
of CEUS for all endoleaks were 0.94 (95% confidence interval [CI], 0.89-0.97) and 0.93 (95% CI, 0.89-0.96), respectively. The
AUC was 0.98 (95% CI, 0.93-0.99). The summary estimate of sensitivity and specificity for type I and type III endoleaks was
0.97 (95% CI, 0.8-1.00) and 1.00 (95% CI, 0.99-1.00), respectively. The AUC was 1.00 (95% CI, 0.99-1.00).

Conclusions: CEUS has a high sensitivity and specificity in the detection of endoleaks after EVAR. CEUS is a useful tool in
EVAR surveillance. (J Vasc Surg 2018;-:1-15.)
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Endovascular aneurysm repair (EVAR), first described in
1991,1 is a widely used alternative to open surgical repair
in patients with abdominal aortic aneurysm.2-5 The over-
all complication rate after EVAR is 30% to 40%6; such
complications include persistent aneurysm growth,
new aneurysm formation, endoleak, device migration
or kinking, stent graft thrombosis, infection, and access
site complications.2 Endoleak is the most common
complication of EVAR, with a reported incidence of 15%
to 45%, leading to secondary interventions in 8.7% of
cases during a mean period of 23 6 12 months.7-9

Duplex ultrasound has been increasingly used in EVAR
surveillance, with a reported sensitivity and specificity for
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endoleak detection of 62% to 83% and 90% to 97%,
respectively.10-12 Contrast agents in ultrasound surveil-
lance after EVAR have been introduced to provide
improved blood flow echogenicity.8,13-16 The appearance
of contrast agent outside of the stent graft lumen
but within the aneurysm sac is a sign of endoleak, and
the site of enhancement and time of appearance
compared with stent graft enhancement are used for
the classification of endoleaks.
At present, computed tomography angiography (CTA)

is the primary imaging modality for EVAR surveillance.17

Even though a tailored CTA protocol with unenhanced
arterial and delayed phases can play an important role
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in the detection of low-flow endoleaks, it may miss low-
flow endoleaks that can be visualized with contrast-
enhanced ultrasound (CEUS).2,15,16,18-20 CEUS has the
advantage of being more specific than CTA for low-flow
(hypodynamic) endoleaks and allowing better classifica-
tion of endoleaks as it provides hemodynamic informa-
tion, and it has been proposed by some as the first-
choice imaging modality for detection of endoleaks.21,22

In view of the existing controversy surrounding the
optimal strategy for EVAR surveillance, we believe that
a comprehensive, up-to-date systematic review and
diagnostic test accuracy meta-analysis will help guide
practices in surveillance imaging after EVAR. Our objec-
tive was to assess the diagnostic accuracy of CEUS for
the detection of endoleak after EVAR using CTA as the
reference standard.

METHODS

Criteria for considering studies
Types of studies. We included prospective and retro-

spective cohort or cross-sectional studies that assessed
the diagnostic accuracy of CEUS for detection of endo-
leak after EVAR. We excluded studies with a study pop-
ulation of fewer than 10 participants, studies in which the
interval between the index test and the reference stan-
dard was longer than 1 month, studies with no consec-
utive enrollment of patients, and studies in which the
index test was based on previous imaging test results.
Participants. We considered male or female partici-

pants of any age who underwent standard or complex
EVAR in an elective or urgent/emergency setting. All
patients, with or without a clinical suspicion of endoleak,
entered a follow-up protocol including the index test
(CEUS) and the reference standard (CTA). Patients in
whom performing the index test or the reference
standard was contraindicated were not included. We
considered studies that included participants with a
previous history of allergic reaction to contrast media
receiving corticoids and antihistamines before CTA and
participants with impaired renal function receiving
intravenous hydration and N-acetylcysteine before and
after CTA.
Index test. We defined CEUS as any vascular ultra-

sound examination (two-dimensional [2D] or three-
dimensional [3D], B-mode, or color Doppler ultrasound)
that was conducted with the intravenous administration
of a first- or second-generation contrast agent for
detection of endoleak after standard EVAR with a
bifurcated or aortouni-iliac device or after complex EVAR
with a fenestrated or branched device. The scanning
technique involves a convex multifrequency 2-5 MHz
probe with or without the use of contrast-specific
software and imaging with a low mechanical index
(usually between 0.1 and 0.2). Mechanical index is a
parameter of the acoustic power of the ultrasound
beam. When a low mechanical index is used, the
microbubbles of the contrast agent remain static,
resonating when interrogated with sound, enhancing
backscatter and increasing the detected signal. That
means that fewer microbubbles are destroyed and the
contrast agent remains in circulation for a longer time,
facilitating the detection of an endoleak.23

Fasting patients were scanned in the supine or lateral
position with gray-scale and color duplex ultrasound
before intravenous administration of the contrast agent.
Transverse and longitudinal scans were performed
before and after the administration of the contrast agent.
The amount of contrast agent to be administered and
whether it should be given as a bolus or in a continuous
fashion have not yet been clearly defined. The results of
the index test are dichotomous (positive or negative).
On CEUS images, the endoleak appears as an area of
increased echogenicity or as an area of color or power
Doppler signal beyond the graft but within the aneurysm
sac, which is absent on baseline unenhanced images.
We assessed the results of the index test with the

reference standard undertaken within a period of a
maximum of 30 days before or after the index test.
When an endoleak was detected in the index test but
not in the reference standard (CTA), we based the results
on digital subtraction angiography (DSA; when conduct-
ed) or any reference standard in each individual study to
categorize the results of the index test as true positive or
false positive.
Target condition. Endoleak is defined as the presence

of blood flow outside the stent graft lumen but within
the aneurysm sac after EVAR. On CEUS images, the
different types of endoleak appear as follows.

Type I endoleak is a high-flow leak synchronous with
graft enhancement, spreading from the proximal or
distal end of the prosthesis into the aneurysm sac
with a cranial or caudal direction, respectively.
Type II endoleak is most pronounced at the periphery
of the aneurysm sac, with no or a little delayed contact
with the prosthesis, commonly located in a posterior
or lateral position and usually associated with opacifi-
cation of collateral arteries. The flow of the contrast
agent is directed from the periphery to the graft and
is never synchronous to graft enhancement.
Type III endoleak is strictly adjacent to the prosthesis,
with a delayed contact with the margins of the
aneurysm sac, with or without opacification of
collateral vessels and usually synchronous to graft
enhancement.
Type IV endoleak is due to the porosity of the
prosthesis, and its appearance on CEUS images is
similar to a diffuse type III endoleak involving the
entire stent graft.

The diagnosis should be one of exclusion.
Reference standard. The reference standard for the

diagnosis of endoleak after EVAR was contrast-enhanced



Fig 1. Preferred Reporting Items for Systematic Reviews
and Meta-Analyses flow diagram.
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computed tomography (CT), usually conducted in two or
three phases: before the administration of an iodinated
contrast agent, early after the administration (arterial
phase), and in a delayed phase. The detection of an
endoleak is based on the identification of perigraft flow
that reflects the flow of contrast material outside the stent
graft and into the aneurysm sac. Endoleaks may be
detected in the early arterial phase (usually type I and type
III) or in the delayed phase (usually type II).

Search methods for identification of studies
English language and human species were used as

filters. We searched the following electronic bibliographic
databases: the Cochrane Library and PubMed/MEDLINE.
The last search was run in April 2017. We selected relevant
terms to identify eligible reports. Thesaurus headings,
search operators, and limits in these databases were
adapted accordingly. We undertook a second-level
search of bibliographic lists of relevant articles.

Data collection and analysis
Selection of studies. Two independent review authors

(D.K., N.K.) screened titles and abstracts that were identi-
fied from our literature searches. A third review author
(G.A.A.) acted as an adjudicator if agreement on discrep-
ancies in study selection could not be reached. We
retrieved the full text of all articles that were considered
relevant to the review and evaluated them against our
inclusion criteria.
Data extraction and management. One review author

(D.K.) extracted relevant data from the selected studies
and a second review author (N.K.) crosschecked the
collected data. Disagreement was resolved by consensus.
A third review author (G.A.A.) arbitrated if disagreement
persisted. We extracted the following data:

d Author, year, and journal of publication
d Study design (retrospective or prospective, cohort or
cross-sectional)

d Study population characteristics, clinical context in
which the test was evaluated (suspected endoleak),
and type of participant sample tested

d Type of reference standard, performance of reference
standard, manufacturer of CT devices, technical char-
acteristics and protocol used for scanning, and type
of iodinated contrast agent used

d Index test, performance of the index test, manufac-
turer of ultrasound devices, technical characteristics
and protocol used for scanning, type of contrast agent
used for CEUS scanning, and time between the perfor-
mance of the index and reference tests

d Information about quality assessment items of the
Quality Assessment of Diagnostic Accuracy Studies-2
(QUADAS-2) tool

d Data in 2 � 2 tables for calculation of diagnostic
accuracy parameters

Assessment of methodologic quality. We assessed the
methodologic quality of each study included in our
review using the QUADAS-2 tool. The four domains
assessed for risk of bias were participant selection
(enrollment of a consecutive or random patient sample,
avoidance of a case-control design, avoidance of inap-
propriate exclusions), index test (result interpretation
without knowing the results of the reference standard),
reference test (correct classification of the target condi-
tion, result interpretation without knowledge of the
results of the index test), and flow and timing (if all
patients received a reference standard or the same
reference standard, if all patients were included in the
analysis). In each domain, we answered the questions
with yes, no, or unclear and judged the risk of bias as low,
high, or unclear.

Statistical analysis and data synthesis. In the included
studies, the reference standard and index tests have
dichotomous outcomes. We constructed 2 � 2



Table. Studies included in meta-analysis with contingency tables of diagnostic accuracy

Study
No. of

patients
Scan
pairs Range of follow-up

Interval between CEUS
and CTA CEUSþ CTþ

Lowe et al30 99 100 Not stated Maximum4 weeks 44

Cantisani et al49 57 57 1-12 months Same day? (unclear) 7

Bredahl et al33 278 278 3-15 months 7 days 58

David et al32 181 181 1-48 months Maximum 6 days 37

Gargiulo et al40 22 22 1-35 months Within 30 days 2

Abbas et al39 23 30 Not stated 3.9 6 2.7 weeks 17

Gürtler et al34 132 200 Not stated Within 30 days 84

Perini et al22 62 62 1 week-1 month Maximum 7 days 5

Motta et al41 88 142 1 month-10 years Same day 34

Gilabert et al38 35 126 6-38 months Within 30 days 33

Sommer et al48 46 46 32 (616) months 1 day 17

Perini et al42 395 395 1 month-9 years Maximum 15 days 83

Cantisani et al21 108 108 1-24 months Maximum 1 week 20

Clevert et al31 35 35 No follow-up or protocol given Same day 3

Ten Bosch et al43 83 127 1-77 months Within 30 days 22

Mauro et al50 122 220 1-24 months Within 14 days 78

Iezzi et al35 84 84 1-24 months Same day 39

Clevert et al44 43 43 No follow-up or protocol given Within 1 day 15

Giannoni et al46 29 29 1 month-1 year Within 15 days 7

Dill-Macky et al47 24 24 2 days-32 weeks Same day or within 1 month 6

Henao et al13 20 20 1-36 months Same day 6

Bendick et al8 20 20 1-12 months Within 2 weeks 8

Giannoni et al16 28 78 3-24 months 7 days 8

McWilliams et al36 53 91 1-36 months Same day 4

McWilliams et al37 20 20 1 week-2 years Same day 3

Heilberger et al45 97 97 1-24 months Same day? (unclear) 26

CEUS, Contrast-enhanced ultrasound; CT, computed tomography; CTA, computed tomography angiography.
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contingency tables for all selected studies including true-
positive, false-positive, false-negative, and true-negative
results for any type of endoleak. We used a mixed-
effects logistic regression model to estimate summary
sensitivity, specificity, positive likelihood ratio, and nega-
tive likelihood ratio for the index test.24-26 We developed
hierarchical summary receiver operating characteristic
(HSROC) curves and calculated the area under the curve
(AUC). We applied the 0.5 continuity correction (standard
approach).
We generated forest plots with 95% confidence inter-

vals (CIs) for sensitivity and specificity for each study.
We calculated summary estimates of sensitivity and
specificity and created HSROC curves using “metandi”
and “midas” in Stata version 14 (StataCorp LP, College
Station, Tex).27,28

Investigations of heterogeneity. We computed the I2

index, which, for mixed models, is the intraclass correla-
tion coefficient that shows the percentage of variation
that is due to heterogeneity rather than to chance. The
diagnostic accuracy of CEUS is likely to be influenced
by the type of contrast agent used (first or second
generation) or the use of 3D images. Therefore, we inves-
tigated their effect including them as covariates in the
bivariate model.
Sensitivity and subgroup analyses. We investigated

the effect of potential sources of bias by removing
studies that were judged to be of high or unclear risk
of bias in one or more domains from the total set of
studies and reanalyzing this new set. We also examined
the diagnostic accuracy of CEUS for type I and type III
endoleaks, which are clinically more significant and
need interventional treatment. We calculated summary
estimates for sensitivity, specificity, positive likelihood
ratio, and negative likelihood ratio for the index test for
type I and type III endoleaks and developed HSROC
curves, as described before.
Assessment of reporting bias. We explored for small-

study effects, which is commonly used as a proxy for
publication bias, by assessing the relationship between
log diagnostic odds ratio and the inverse of the effective
sample size both visually through a funnel plot and
statistically by conducting a regression analysis weighted
by effective sample size.29



Table. Continued.

CEUSþ CT� CEUS� CTþ CEUS� CT� Sensitivity, % Specificity, %

5 2 49 96 91

1 0 49 100 98

11 10 199 85 95

4 1 139 97 97

0 1 19 67 100

1 0 12 94 92

8 3 105 97 93

1 2 54 71 98

0 3 105 89 100

0 1 92 97 100

1 2 26 89 96

20 16 276 84 93

3 0 85 100 97

1 0 31 100 97

45 5 55 98 91

12 2 128 97 91

8 1 36 98 82

2 0 26 100 93

1 0 21 100 95

2 2 14 75 88

3 0 11 100 79

2 0 10 100 83

21 0 52 100 71

16 14 57 22 78

6 0 11 100 65

4 1 66 96 94
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RESULTS
Results of the search. Our database search identified

80 studies, of which we selected 49 relevant articles for
further evaluation on the basis of title and abstract, and
we retrieved the full texts of these articles. Three articles
were discarded as they were case studies. Of the remain-
ing 46 studies, 19 were excluded with appropriate
reasoning. The remaining 27 studies met our inclusion
criteria and were included in qualitative synthesis. One
of these studies30 did not provide adequate data for
the construction of a 2 � 2 contingency table and was
excluded from quantitative synthesis. The study selection
process is depicted in a flow diagram (Fig 1). The
excluded studies and reasons for exclusion are presented
in Supplementary Table I (online only).

Description of studies. The studies selected for quanti-
tative synthesis reported a total of 2638 paired scans in
2217 patients. Five studies were retrospective,22,31-34 and
the remaining 21 studies were prospective8,13,16,17,21,35-50

The characteristics of the included studies are sum-
marized in the Table and the Supplementary Table II
(online only). A second-generation contrast agent
(Optison [GE Healthcare, Princeton, NJ] or SonoVue
[Bracco Imaging, Milan, Italy]) for CEUS was used in 21
studies,8,13,21,22,30-35,38-44,46,48-50 whereas the remaining 5
studies16,36,37,45,47 reported use of a first-generation
contrast agent (Levovist; Bayer HealthCare, Berlin,
Germany). In the majority of the studies, the contrast
agent was administered as a bolus at a dose of 1 mL or
2.5 mL. The CTA scanning protocol varied among the
studies and included biphasic or triphasic scanning. In
22 of the 26 studies8,13,16,21,22,30,32-36,38,40-44,46-50 (2456 of
2638 paired scans), CEUS was compared with CTA with
an arterial phase and a delayed venous phase; in two
studies37,39 (50 paired scans), a CTA protocol with an
arterial phase only without a delayed phase was used;
and in another two studies31,45 (132 paired scans), the
CTA protocol was not clearly defined. One study40

included participants having undergone EVAR with a
fenestrated device. Three studies reported use of 3D
CEUS.30,39,40

Methodologic quality of included studies. The results
of the methodologic quality assessment of the included
studies are presented in Fig 2. The major risk of bias
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a

Fig 3. Forest plots showing the summary sensitivity and specificity and the sensitivity and specificity of each study
for the detection of all types of endoleaks (a) and for the detection of type I and type III endoleaks (b) with
contrast-enhanced ultrasound (CEUS) compared with computed tomography angiography (CTA). The red vertical
dashed line indicates the pooled combined sensitivity and specificity. CI, Confidence interval.
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b

Fig 3. Continued.

8 Kapetanios et al Journal of Vascular Surgery
--- 2018



a b

Fig 4. Hierarchical summary receiver operating characteristic (HSROC) curve plot for (a) all types of endoleaks and
for (b) type I and type III endoleaks. The plots show the summary operating points (sensitivity and specificity, red
square) and the study estimates, the 95% confidence regions for the summary operating points, a summary curve
from the HSROC model, and a 95% prediction region for the curve (dotted lines). The prediction region around
the summary point indicates the region in which we would expect results from a new study to lie. The prediction
region is a region within which, assuming the HSROC model is correct, there is a 95% confidence for the true
sensitivity and specificity of a future study.
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pertained to blinding for the index test and the refer-
ence standard. Applicability concerns were mostly
related to the blinding of the index test. A low risk was
assigned if a study specifically stated that observers of
CTA and CEUS were blinded to the results of the other
test. The risk was considered unclear if the authors
did not explicitly provide this information. All studies
used an acceptable reference standard. Uninterpret-
able results and withdrawals were explained where
applicable.

Findings. The forest plot and a simple scatter plot
presenting the individual study sensitivity and specificity
for all types of endoleak are presented in Fig 3 and in the
Supplementary Fig (online only), respectively. In one
study,36 the sensitivity of CEUS using Levovist for the
detection of all types of endoleak was 22%. In this study,
the majority of endoleaks that were detected with CTA
and were missed with CEUS were type II endoleaks. The
authors reported the following as possible factors of low
sensitivity: the high-density contrast material around and
within the aneurysm sac after EVAR that could lead to a
possible diagnosis of a type II endoleak on CTA; the
enhancement of the rich network of lumbar collaterals
around the aorta; the streak artifact from the radiopaque
markers of the device or from embolization coils; and the
pre-existing areas of high density in the mural
thrombus. Summary estimates of sensitivity and spec-
ificity for all types of endoleak for the 26 studies that
were included in the meta-analysis were 0.94 (95% CI,
0.89-0.97) and 0.93 (95% CI, 0.89-0.96), respectively. The
positive likelihood ratio was 14.2 (95% CI, 8.6-23.2),
suggesting that the test is associated with the disease,
whereas the negative likelihood ratio was 0.06 (95% CI,
0.03-0.12). The AUC was 0.98 (95% CI, 0.93-0.99; Fig 4, a).
There was evidence of statistical heterogeneity (P < .001;
I2 ¼ 94%).
We explored potential heterogeneity using type of

contrast agent (first vs second generation) and type of
CEUS imaging (2D vs 3D) as covariates and found no
significant impact of such covariates on the pooled
sensitivity and specificity (P ¼ .30 and P ¼ .75, respec-
tively, for type of contrast agent and P ¼ .49 and
P ¼ .84, respectively, for type of imaging).
We performed a subgroup analysis of 25 studies report-

ing data on type I and type III endoleaks. One study40

failed to detect any type I and type III endoleak either
with CEUS or with CTA and was excluded from subgroup
analysis. Sensitivity and specificity for type I and type III
endoleaks ranged across the studies from 0 to 1.00 and
from 0.833 to 1.00, respectively (Fig 4, b). In two
studies,38,49 no type I or type III endoleak was found



Fig 5. The Deeks funnel plot asymmetry test. No significant asymmetry is observed. The test does not indicate
presence of publication bias (P ¼ .45). ESS, Effective sample size.
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with CEUS; thus, in those two studies, the sensitivity of
CEUS was 0%. Specificity was high in all studies, whereas
sensitivity varied widely, probably because not many
participants had the target condition. Summary esti-
mates of sensitivity and specificity were 0.97 (95% CI,
0.80-1.00) and 1.00 (95% CI, 0.99-1.00), respectively. The
positive likelihood ratio was 356.1 (95% CI, 86.5-1465.2),
and the negative likelihood ratio was 0.03 (95% CI,
0.00-0.22). The AUC was 1.00 (95% CI, 0.99-1.00; Fig 4, b).
There was evidence of statistical heterogeneity (P < .001;
I2 ¼ 93%).
We performed sensitivity analysis excluding studies that

had unclear or high risk of bias in one or several domains.
The pooled effect estimate for sensitivity and specificity
was 0.94 (95% CI, 0.89-0.99) and 0.94 (95% CI,
0.91-0.97), respectively.
Fig 5 shows the Deeks funnel plot. The Deeks funnel

asymmetry test is a graphical device for investigating
the possibility of publication bias or other sample size
effects by plotting the logarithm of diagnostic odds ratio
against the reversed quote of the root of effective sample
size (1/ESS1/2). In the absence of a sample size effect, the
points will form a symmetric funnel shape around the
overall estimate of effect. Nonpublication of small
nonsignificant studies will cause a gap in the plot and
introduce asymmetry.29 We found no evidence of a
small-study effect (P ¼ .45).
DISCUSSION
Summary of main results. We found that CEUS has a

high sensitivity (94%) and specificity (93%) using CTA as
the reference standard for the detection of any endoleak
after EVAR. More recent studies lying at the top of the
forest plots seem to have a higher specificity for all types
of endoleak (Fig 3, a). Potential factors reducing the
number of false-positive results, thus increasing the
specificity rates, are the following: use of second-
generation instead of first-generation ultrasound
contrast agents; use of specific ultrasound software
(tissue harmonic imaging), reducing the color imaging
artifacts; use of improved CT protocols with delayed
phases; and continuous instead of bolus injection of the
contrast agent in CEUS (longer examination time),
improving the diagnosis of low-flow endoleaks.13,35,37,46

We also found that for type I and type III endoleaks,
CEUS has an even higher sensitivity and specificity (97%
and 100%, respectively). This is a significant and clinically
relevant finding, considering that such endoleaks are
associated with an increased risk of rupture and mandate
immediate interventional treatment. On the contrary, the
risk of rupture with type II endoleaks remains unclear, and
it is advised that these endoleaks be treated only in cases
of an increase in aneurysmal sac size.51,52

In view of the constantly evolving field and the ongoing
research with a large number of studies having been
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published in recent years, we undertook an updated
systematic review and meta-analysis. Our findings
corroborate the results of previous systematic reviews
and meta-analyses investigating the diagnostic accuracy
of CEUS in comparison with CTA for the detection of
endoleak after EVAR.10,17,53,54 Our meta-analysis included
a considerably larger number of studies (n ¼ 26) and
paired scans (n ¼ 2638) compared with previous reviews.
The selected studies were published between 1997 and
2017. During the past decade, new ultrasound contrast
agents have been developed, and the ultrasound
software and hardware have evolved.
We found evidence of significant statistical heterogene-

ity among the studies, which may be arising from
inherent interobserver and intraobserver variation in
studies of diagnostic imaging techniques, as ultrasound
is operator dependent and results can vary between
experienced technologists in the same laboratory. Other
possible factors of heterogeneity include the type of
contrast agent (first or second generation) and the type
of CEUS imaging (2D or 3D). Regression analysis failed
to demonstrate a significant impact of such variables
on pooled sensitivity and specificity. Moreover, we
endeavored to explain heterogeneity by conducting sub-
group analysis for type I and type III endoleaks. Such
analysis found a high sensitivity and specificity of CEUS
compared with previous meta-analyses.10,53 This finding
indicates the importance of CEUS for the early detection
and treatment of type I and type III endoleaks and the
potential to obviate subsequent sac enlargement and
possible rupture.
Mirza et al17 were the first to apply a bivariate meta-

analysis model to investigate the diagnostic accuracy of
duplex ultrasound and CEUS against CTA. Meta-analysis
of seven studies describing 285 patients (285 paired
scans) found a pooled sensitivity and specificity of 0.98
and 0.88, respectively. Karthikesalingam et al10 per-
formed a meta-analysis of 11 studies (790 patients, 961
paired scans) comparing CEUS with CTA for the detec-
tion of any endoleak and found a summary sensitivity
and specificity estimate of 0.96 and 0.85, respectively,
and the AUC was 0.97. Meta-analysis of eight studies
(454 patients, 639 paired scans) by Chung et al54 found
a lower sensitivity (0.91) and specificity (0.78); however,
their results should be interpreted with caution because
they used separate pooling for summary estimates and
applied the Moses-Littenberg model, which is not
currently recommended for diagnostic test accuracy
meta-analysis. In a recently published systematic re-
view55 that included 11 studies evaluating the accuracy
of CEUS, the summary estimates for sensitivity and spec-
ificity were 0.94 (95% CI, 0.85-0.98) and 0.95 (95% CI,
0.90-0.98), respectively. Interestingly, seven studies
providing estimates before and after administration of
the contrast agent found a significant improvement
with use of contrast material. Regression analysis of these
seven studies showed that CEUS was significantly supe-
rior in terms of sensitivity but not specificity.55

CTA is considered to be the “gold standard” imaging
technique for surveillance after EVAR with a high sensi-
tivity (70%) and specificity (98%) for the detection of
endoleak.6 Some authors report a sensitivity of up to
88% for CTA detection of abdominal aortic aneurysm-
related adverse events within a year after EVAR.56

Repeated CT imaging has been associated with
increased risk of radiation-induced cancer or nephrotox-
icity resulting from administration of contrast media.57-59

Other disadvantages of CTA include difficulty in deter-
mining direction of flow and a relatively high cost.10

Therefore, alternative imaging modalities have been pro-
posed for EVAR surveillance, such as color duplex ultra-
sound, CEUS, and magnetic resonance imaging.35,60 In
case of controversial results between CTA and CEUS
regarding the presence and type of endoleak, especially
if those results are correlated with sac enlargement, DSA
can be used for the diagnosis, classification, and treat-
ment of endoleak. However, DSA is a costly and invasive
diagnostic modality with an associated complication
risk. It is therefore proposed that DSA be used only
when treatment is mandatory.30

Compared with CTA, CEUS has several advantages,
including lower cost, no radiation exposure, and no
need for iodinated contrast agents. Furthermore, CEUS
provides real-time dynamic scanning compared with
CTA, which provides mainly morphologic information.
Especially for type II endoleaks, hemodynamic informa-
tion on blood flow direction provided by CEUS can
help with selecting the appropriate technique for endo-
vascular reintervention.61

Nevertheless, CEUS has limitations that include subop-
timal visualization in obese patients or where there is
extensive wall calcification, subcutaneous emphysema
after intervention, bowel gas, ascites, and abdominal
wall hernia. Difficulties with obtaining optimal images
can also result from reflection of sound by the stent
(especially in polytetrafluoroethylene endoprostheses).
CEUS cannot provide information on stent graft migra-
tion or fracture, but this limitation can be overcome by
combining the test with plain abdominal radiog-
raphy.22,60 Furthermore, the examination is operator
dependent and requires a learning curve.
There is no study included in our meta-analysis explicitly

stating that CEUS failed to show benefit compared with
conventional duplex ultrasound imaging. In a meta-
analysis conducted by Mirza et al,17 the sensitivity of unen-
hanced ultrasound compared with CTA for the detection
of endoleak was 77%, whereas the sensitivity of CEUS
compared with CTA was 98%. The AUC was also higher
(0.96 for CEUS vs 0.94 for duplex ultrasound). The authors
reported that these results could have been influenced by
the interobserver and intraobserver variability and varia-
tion in instrument quality. In one of the studies included
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in our meta-analysis, CEUS was also more sensitive than
color duplex ultrasound compared with CTA (sensitivity,
58% vs 93%).21 Similarly, Karthikesalingam et al10 reported
in their meta-analysis that CEUS had a higher sensitivity
for the detection of all types of endoleak than standard
duplex ultrasound (96% vs 74%); however, for type I and
type III endoleaks, the authors found no statistical evi-
dence for any difference in the sensitivity between
CEUS and duplex ultrasound.
CEUS is not widely available in many ultrasound labora-

tories as it requires special equipment and training and is
more expensive. We focused on examining the accuracy
of CEUS and not duplex ultrasound vs CTA in an effort to
clarify whether CEUS should be more widely accepted
and applied in cases of controversial results from
different imaging modalities regarding the identification
and characterization of an endoleak.
The high false-positive rate of CEUS compared with

CTA may reflect a higher sensitivity in detection of true
low-flow endoleaks, which are usually type II endo-
leaks.8,15,62 Another reason of the high false-positive rate
of CEUS compared with CTA could be Doppler color im-
aging artifacts that are markedly increased in intensity
with the use of a contrast agent. These artifacts could
be reduced with the use of specialized ultrasound soft-
ware, such as tissue harmonic imaging, which enhances
the strength of the echo received from flowing blood,
resulting in the detection of true low-flow endoleaks.
The more recent application of 3D CEUS with multiple

reconstruction planes gives the operator the advan-
tages of viewing the path of endoleak with maneu-
vering of the 3D reconstruction and of examining the
images in sagittal, coronal, transverse, and oblique
planes simultaneously.39,40

Image fusion of 3D CEUS and CTA or magnetic reso-
nance angiography (MRA) is a novel technology that
uses positional information obtained from a sensor
attached to the ultrasound probe. MRA or CTA images
are seen to move simultaneously with the examined
ultrasound imaging plane, and this technique could
increase the accuracy of CEUS in detection of anchorage
and integrity defects of stents.31

Several studies comparing CEUS with CTA for the
detection of endoleak have shown that the accuracy of
CEUS is comparable to that of CTA, if not better, particu-
larly for the detection of late type II endoleaks.10,17,53,54 In
one of the reviewed studies,43 the majority of the addi-
tional endoleaks (38 of 40) identified with CEUS to those
detected with CTA were type II endoleaks. In another
study,21 CTA failed to identify four patients with a type
II endoleak who were diagnosed with CEUS and MRA.
Three of those four patients required coil embolization
as the endoleak was associated with sac expansion,
and it was confirmed with catheter angiography. The
sensitivity of CEUS for the detection of endoleak is com-
parable to that of CTA. CEUS has the advantage of using
no radiation or nephrotoxic contrast agents. However, it
has the limitations of color duplex ultrasound, it is
more expensive than standard color duplex ultrasound,
it demands special equipment and expertise, and it is
not a practical option for many ultrasound laboratories.

Strengths and weaknesses of the review. Our review
was conducted according to the standards set by
the Cochrane Diagnostic Test Accuracy Working
Group.63 We conducted a comprehensive literature
search with clinically relevant inclusion criteria and
included a large number of paired scans. We used
hierarchical summary models that have been
proposed for meta-analysis examining the diagnostic
accuracy of tests. We assessed the methodologic
quality of the included studies using the QUADAS-2
tool and found acceptable quality for most of the
included studies. We tried to explain sources of het-
erogeneity by subgroup analyses and using clinical
factors as covariates. Furthermore, we identified no
evidence of a small-study effect.
Our results should be interpreted in the context of the

review’s limitations. Five of the 26 included studies
were retrospective. We found significant statistical het-
erogeneity, which probably reflects clinical between-
study heterogeneity pertaining to different scanning pro-
tocols, use of first- or second-generation contrast agents,
use of 2D or 3D CEUS imaging, variation in interval be-
tween CEUS and CTA, different modes of contrast agent
infusion (bolus or continuous), and different types of ul-
trasound and CT scanners. Interobserver variation and
potential observer bias (in some studies, it was unclear
whether the ultrasound operator was blinded to CTA re-
sults) might have accounted for the observed heteroge-
neity. In the majority of the included studies, the
characteristics for technical identification of various types
of endoleak with CEUS are not reported. Some
studies8,16,32,38,42,44,45,48,50 classify the different types of
endoleak according to the site and etiology. Given the
fact that the technical criteria for endoleak classification
are based on the site and the origin of the endoleak, we
assumed that all studies used the same endoleak classi-
fication, even though they do not give a detailed defini-
tion of the different types of endoleak.

Applicability of findings to the review question. CEUS
has significant advantages as an additional test to CTA; it
provides hemodynamic data and could be useful for the
diagnosis or accurate classification of an endoleak,
particularly in cases with aneurysm growth and no endo-
leak detected on CTA. Our findings also suggest that
CEUS has a high diagnostic accuracy and could be
used as a screening test for the detection of endoleak af-
ter EVAR, given the significant advantages compared
with CTA. However, CEUS is not suitable for the evalua-
tion of a stent graft migration and should probably
be combined with another imaging modality. The
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identification of the exact nature and origin of endoleak
plays an important role in decision-making. Endoleaks
that are missed or misclassified with duplex ultrasound
or CTA can be identified and correctly classified with
CEUS. DSA could verify the type of endoleak and allow
reintervention if required.

CONCLUSIONS
Implications for practice. CTA is considered the

gold standard for the detection of endoleak after EVAR.
However, concerns have been raised because of the
cumulative radiation exposure and the nephrotoxic
impact of repeated contrast-enhanced CT scans.64

CEUS has the advantages of using non-nephrotoxic
contrast agents and no radiation exposure. We found
that CEUS has a high sensitivity and specificity for
detection of endoleak. We found an even higher sensi-
tivity and specificity for type I and type III endoleaks.

Implications for research. CEUS imaging for the detec-
tion of endoleaks is a relatively new approach that is not
widely accepted for EVAR surveillance. More research is
needed to investigate the role of new techniques such
as 3D CEUS and image fusion. The role of CEUS in com-
bination with other imaging modalities, such as plain
abdominal radiography, in EVAR surveillance remains
to be defined in future studies.
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Supplementary Table I (online only). Excluded studies and reasons for exclusion

Excluded study Reason for exclusion

Bakken and Illig65 Review article

Bargellini et al14 Selected patients were included on the basis of CDUS results

Cantisani et al66 Systematic review article

Cassagnes et al67 Review article

Chung et al54 Systematic review and meta-analysis study

Clevert et al68 The study examined the use of CEUS in the classification of endoleaks, no comparison
with CTA results

Gürtler et al69 Comparison between CEUS and compression elastography in follow-up after EVAR

Hertault et al70 Comparison between CTA and contrast-enhanced cone beam CT and CEUS

Iezzi et al60 Review study

Jung et al71 Selected patients were included on the basis of previous test results

Karthikesalingam et al10 Systematic review

Millen et al72 Selected patients included in the study on the basis of previous test results

Mirza et al17 Systematic review and meta-analysis study

Ormesher et al73 Comparison between three-dimensional CEUS and DSA during EVAR

Pfister et al74 Comparison between two-, three-, and four-dimensional US and image fusion for measurement
of AAA diameter after EVAR

Verhoeven et al75 Review article

Yang et al76 Selected patients were included on the basis of CTA results

Zimmermann et al77 Comparison between B-mode US and CDUS with CEUS for the detection and characterization
of endoleaks after EVAR

Zimmermann et al78 Comparison between portable and high-end ultrasound system for the detection of endoleaks
(CEUS was the “gold standard”)

AAA, Abdominal aortic aneurysm; CDUS, color duplex ultrasound; CEUS, contrast-enhanced ultrasound; CT, computed tomography; CTA, computed
tomography angiography; DSA, digital subtraction angiography; EVAR, endovascular aneurysm repair; US, ultrasound.
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a b

Supplementary Fig (online only). Simple scatter plot for all types of endoleaks (a) and for type I and type III
endoleaks (b). The size of the nodes is proportional to the sample size of each study.
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Supplementary Table II (online only). Characteristics of included studies

Author Year Type of study Type of endograft
US contrast agent, quantity,
method of administration

Type of US
scanner

Lowe et al30 2017 Prospective Not stated SonoVue, 1-mL bolus
(more if needed; maximum 5mL)

Philips iU22

Cantisani
et al49

2017 Prospective Endurant II, Zenith, Excluder,
Treovance

SonoVue, 1.2- mL bolus Toshiba Aplio 500

Bredahl et al33 2016 Retrospective Zenith Flex SonoVue, 1-mL bolus
(second bolus 2 minutes later)

Philips iU22

David et al32 2016 Retrospective Excluder, Talent, Endurant SonoVue, 2.4-mL bolus Aplio XV, XG,
Aplio 500

Gargiulo et al40 2014 Prospective Not stated SonoVue, 2.5-mL bolus and a
second
bolus of 2.5 mL before 4D CEUS

iU22 (Philips), Matrix
array (X6-1, Philips)

Abbas et al39 2014 Prospective Not stated SonoVue, 2-5 mL iU22 (Philips), Curefab
3D system

Gürtler et al34 2013 Retrospective Not stated SonoVue, 1-mL bolus Siemens ACUSON
Sequoia 512, Siemens
ACUSON S2000

Perini et al22 2012 Retrospective Cook Medical SonoVue, 2.5-mL bolus GE Vivid 7, GE Vivid 9,
Philips iE33

Motta et al41 2012 Prospective Talent, Endurant, Excluder,
Zenith, Anaconda, E-vita

SonoVue, 2.4-mL bolus Esatune, MyLab 25
(Esaote Biomedica)

Gilabert et al38 2012 Prospective Zenith, Excluder, LifePath SonoVue, 2.4-mL bolus Antares, Sequoia
(Siemens)

Sommer et al48 2012 Prospective Not stated SonoVue, 1-mL bolus injection ACUSON Sequoia 512
(Siemens)

Perini et al42 2011 Prospective Zenith, Talent, Anaconda, or
fenestrated endografts
(Cook Medical)

SonoVue, 2.5-mL bolus GE Vivid 7, GE Vivid 9,
Philips iE33

Cantisani
et al21

2011 Prospecrive Excluder, Talent, Powerlink,
Jomed

SonoVue, 2.5-mL bolus Aplio XV (Toshiba),
Technos MPX
(Esaote Biomedica)

Clevert et al31 2011 Retrospective Not stated SonoVue, 1-mL bolus Siemens ACUSON
S2000, GE Logiq E9

Ten Bosch
et al43

2010 Prospective Talent SonoVue, 5 mL continuous Aloka SSD-5000

Mauro et al50 2010 Prospective Anaconda, Excluder, Talent,
Vanguard, Zenith

SonoVue, 2.4-mL bolus HDI 5000, iU22
(Philips)

Iezzi et al35 2009 Prospective Talent, Excluder, Zenith,
Vanguard, AneuRx

SonoVue, 1.2-mL and 2.4-mL bolus Philips HDI 5000

CEUS, Contrast-enhanced ultrasound; CT, computed tomography; CTA, computed tomography angiography; 3D, three-
dimensional; 4D, four-dimensional; MDCT, multidetector computed tomography; N/A, not applicable; US, ultrasound.
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Supplementary Table II (online only). Continued.

Criterion for endoleak
detection by CEUS Type of CT scanner

CT slice
thickness CT delay time

Criterion for
endoleak detection

by CTA

Not stated Siemens SOMATOM,
dual phase

1 mm Not stated Not stated

Presence of contrast
enhancement within
the aneurysm sac

Triphasic protocol,
SOMATOM 64
(Siemens)

1.2 mm 120 seconds Not stated

Contrast enhancement
in the residual sac

Helical 64-slice CT,
biphasic

3 mm 55 seconds Attenuation inside
the residual sac
on the contrast-
enhanced
sequence

Contrast enhancement
within aneurysm
scan

Siemens SOMATOM 64,
triphasic protocol

1.2 mm 120 seconds Not stated

Not stated Triple-phase, 64-slice CT
scanner (GE)

1 mm 180 seconds Not stated

Not stated 16-Slice helical scanner
(Siemens Sensation),
arterial phase only

1 mm N/A Not stated

Not stated Biphasic 16-, 64-, or 128-
detector SOMATOM
Sensation (Siemens)

0.75 mm,
0.75 mm,
1 mm

Semiautomatic Not stated

Not stated Triple-phase, 64-slice
Philips Brilliance 64

1 mm 70 seconds Not stated

Not stated Triple-phase 64-MDCT
SOMATOM Sensation
(Siemens)

1.2 mm 180 seconds Not stated

Hyperechogenic
flow region outside
the endograft and
within the aneurysm
sac

Triple-phase, helical
SOMATOM Plus 4,
multidetector
SOMATON Sensation
64 (Siemens)

1 mm Automatic Increase in the
attenuation
coefficient outside
the endograft and
within the
aneurysm sac

Not stated 128-Section MDCT
scanner (SOMATOM
Definition ASþ;
Siemens), time-
resolved CTA

0.6 mm N/A Not stated

Not stated Triple-phase, 64-slice
Philips Brilliance 64

1 mm 70 seconds Not stated

Not stated Triple-phase, 64-slice
SOMATON Sensation
(Siemens)

1.2 mm 120 seconds Not stated

Not stated Not stated Not stated Not stated Not stated

Flow and spectral
signals within the
aneurysm sac during
infusion of US
contrast agent

Triple-phase, 16-slice
SOMATON Sensation
(Siemens)

3 mm 70 seconds Contrast enhancement
outside the endograft
within the aneurysm
sac in arterial or
venous phase

Contrast enhancement
into the residual
aneurysm sac

Biphasic, 16-slice GE
LightSpeed scanner

5 mm 2 minutes Not stated

Presence of color
duplex signal beyond
the graft

Triple-phase, helical,
SOMATOM Plus 4
Volume Zoom

1-2.5 mm 60 seconds Not stated
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Supplementary Table II (online only). Characteristics of included studies

Author Year
Type of
study Type of endograft

US contrast agent, quantity,
method of administration

Type of US
scanner

Clevert et al44 2008 Prospective Not stated SonoVue, 1- to 1.2-mL bolus Siemens ACUSON Sequoia
512

Giannoni et al46 2007 Prospective Excluder, Vanguard, Talent SonoVue, bolus injection
dose not stated

Sequoia ACUSON (Siemens)

Dill-Macky
et al47

2007 Prospective Not stated SH U 508A, 0.5-mL bolus
(during 10 seconds)

HDI 5000 (Philips)

Henao et al13 2006 Prospective Not stated Optison, 3 mL continuous Philips iU22

Bendick et al8 2003 Prospective Not stated Optison, 1-mL bolus Logiq 700 (GE)

Giannoni et al16 2003 Prospective Vanguard (bifurcated and
straight),
straight Passager, straight
Parodi

Levovist SHU508 A, 300-mL
bolus
(within 1 minute)

ACUSON 128
XP 10

McWilliams
et al36

2002 Prospective Not stated Levovist, 100-mL continuous
infusion

Dyna-View
SSD-1700, ProSound
5500 (Aloka)

McWilliams
et al37

1999 Prospective Vanguard, Stentor, AneuRx Levovist, 300 mg/dL,
not stated

Diasonics Spectra (Sonotron
Ltd)

Heilberger
et al45

1997 Prospective Chuter, Stentor, EGS aortic
endograft

Levovist, dose and method of
administration were not
stated

Not stated
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Supplementary Table II (online only). Continued.

Criterion for
endoleak

detection by CEUS Type of CT scanner
CT slice
thickness CT delay time

Criterion for
endoleak

detection by CTA

Contrast extravasa-
tion

between aneurysm
wall and prosthesis

Biphasic 16- or
64-detector SOMA-

TOM Sensation
(Siemens)

3 mm, 0.3 mm Semiautomatic Contrast material
extravasation
between
aneurysm wall
and prosthesis

Only type II was
defined (as
persisting
flow from patent
lumbar or
mesenteric
arteries within the
aneurysm sac and
outside the
endograft)

Triphasic, Siemens
SOMATOM Sensation

Cardiac 64

Not stated Not stated Not stated

Not stated Biphasic, type
of scanner
not stated

2.5 mm (arterial phase),
5 mm (delayed phase)

2 minutes Not stated

Not stated Biphasic, LightSpeed
Ultra (GE)

1.5 mm 70 seconds Not stated

Not stated Not stated Not stated Not stated Not stated

A “color” or “energy”
ultrasound signal
accompanied
by a
corresponding
Doppler arterial
signal within the
aneurysm sac and
outside the
endograft

Triple phase,
SOMATOM Plus-S
scanner (Siemens)

1 mm 1-2 minutes An endoleak was
diagnosed if
contrast medium
was detected
within the sac and
outside the
endograft

Color flow within
the aneurysm sac
outside the stent
graft

Biphasic Hi-Speed
Advantage, (GE)

5 mm 60 seconds Blush of contrast
material in the
aneurysm sac
outside the stent
graft on either the
arterial or delayed
phase

Evidence of color
Doppler flow
within the sac
outside the stent
graft

Spiral, only arterial
phase, Hi-Speed
Advantage (GE)

Not stated N/A Contrast material
blush within the
aneurysm sac
outside the stent
graft

Endoleak defined as
extraluminal flow

Not stated Not stated Not stated Not stated
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