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Abstract

Objectives To investigate if shear wave imaging (SWI) can
detect endoleaks and characterize thrombus organization in
abdominal aortic aneurysms (AAAs) after endovascular aneu-
rysm repair.

Methods Stent grafts (SGs) were implanted in 18 dogs after
surgical creation of type I endoleaks (four AAAs), type 11
endoleaks (13 AAAs) and no endoleaks (one AAA). Color
flow Doppler ultrasonography (DUS) and SWI were per-
formed before SG implantation (baseline), on days 7, 30 and
90 after SG implantation, and on the day of the sacrifice (day
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180). Angiography, CT scans and macroscopic tissue sections

obtained on day 180 were evaluated for the presence, size and

type of endoleaks, and thrombi were characterized as fresh or

organized. Endoleak areas in aneurysm sacs were identified

on SWI by two readers and compared with their appearance

on DUS, CT scans and macroscopic examination. Elasticity

moduli were calculated in different regions (endoleaks, and

fresh and organized thrombi).

Results All 17 endoleaks (100 %) were identified by reader 1,

whereas 16 of 17 (94 %) were detected by reader 2. Elasticity

moduli in endoleaks, and in areas of organized thrombi and

fresh thrombi were 0.2 £0.4, 90.0 +48.2 and 13.6 +4.5 kPa,

respectively (P <0.001 between groups). SWI detected

endoleaks while DUS (three endoleaks) and CT (one endoleak)

did not.

Conclusions SWI has the potential to detect endoleaks and

evaluate thrombus organization based on the measurement

of elasticity.

Key points

* SWI has the potential to detect endoleaks in post-EVAR
Sfollow-up.

* SWI has the potential to characterize thrombus organization
in post-EVAR follow-up.

* SWI may be combined with DUS in post-EVAR surveillance
of endoleak.

Keywords Abdominal aorticaneurysm - Shear wave elasticity
imaging - Endovascular repair - Endoleak - Thrombus

Abbreviations

AAA  Abdominal aortic aneurysm

CEUS Contrast-enhanced ultrasonography
CI Confidence interval

CT Computed tomography
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DSA  Digital subtraction angiography
DUS  Color flow Doppler ultrasonography
EVAR Endovascular repair

MRI  Magnetic resonance imaging

NIVE Non-invasive vascular elastography
ROI Region of interest

SG Stent graft
SWI Shear wave imaging
US Ultrasound

Introduction

Surgical treatment of abdominal aortic aneurysms (AAAs) is
increasingly being replaced by endovascular aneurysm repair
(EVAR) using stent grafts (SGs) [1]. Persistent blood flow
outside the SG and within the aneurysm, called endoleak, is
the main EVAR complication that can lead to AAA rupture if
not properly detected [2]. The incidence of endoleaks is be-
tween 10 % and 30 % [3, 4]. Because endoleaks can develop
at any time after EVAR, life-long imaging surveillance is
warranted.

Computed tomography (CT), considered to be the gold
standard for follow-up after EVAR [5], is able to accurately
assess 3D aneurysm morphology and to identify endoleaks.
However, CT adds to the cost of EVAR and exposes patients
to the risk of nephrotoxicity from the use of contrast agent and
the risk of exposure to ionizing radiation even if a lower dose
can be given using a single dual-energy CT acquisition in the
delayed phase [5-8]. Color flow Doppler ultrasonography
(DUS) is increasingly used for imaging after EVAR, but its
sensitivity and reproducibility in detecting endoleaks are low-
er than with CT [9]. Several authors have proposed the use of
contrast-enhanced ultrasonography (CEUS) to provide better
sensitivity [10-12]. In the absence of rational surveillance
protocols targeting those at greatest risk, CEUS is more ex-
pensive than DUS for routine observation [13]. CEUS is not
recommended for primary surveillance [13]. Three-
dimensional CEUS has received renewed interest as it may
be more sensitive than two-dimensional CEUS and CT, but
there are concerns about its specificity [13, 14]. Given its
requirement for the use of intravenous contrast agent, and
the longer examination time and greater cost, CEUS has not
gained wide acceptance in the clinical setting [15].

Dynamic elastography with shear wave imaging (SWI)
technology measures elasticity of the probed tissues in real
time [16]. Its originality lies in the fact that it assesses shear
wave propagation speed with ultrafast scanning. Since elastic-
ity moduli are related to shear wave speed, color-coded maps
can be produced to show quantitative local tissue stiffness in
kilopascals. To our knowledge, SWI has never been tested in
the context of AAA and EVAR follow-up. Compression
elastography has been attempted, but does not provide
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additional advantages in the detection and classification of
endoleaks in comparison with CEUS [17].

This work was supported by the following rationale.
Aneurysms without endoleaks should have higher elasticity
(Young's) modulus because of more mature thrombus organi-
zation. In areas of endoleak, we anticipated that stiffness mea-
surements would be invalid or low because liquid does not
support shear motion and hence shear waves cannot propagate
in liquid [18]. Hence, we hypothesized that SWI would be
able to detect endoleaks and characterize thrombus organiza-
tion. The goal of this study was to determine if SWI could
detect endoleaks and distinguish thrombus organization in
AAAs after EVAR in a canine model.

Materials and methods

The institutional Animal Care Committee approved all animal
procedures which were performed under general anesthesia in
accordance with guidelines of the Canadian Council on Animal
Care [19, 20]. Data were acquired between September 2011
and November 2013.

EVAR in a canine model

Fusiform AAAs were created surgically with a venous patch
taken from the external jugular vein in 18 mongrel dogs
weighing 25 — 50 kg [21, 22]. AAAs were constructed to create
endoleaks, with preservation of collateral (lumbar and inferior
mesenteric) arteries [21]. SGs were implanted 8 weeks after
surgery. Self-expandable SG iliac extensions (Zenith Flex;
Cook Medical, Bloomington, IN) were deployed under fluoro-
scopic guidance to exclude AAAs from flowing blood. Type I
endoleaks were created by deploying SGs with a short landing
zone (<10 mm), whereas type II endoleaks were created by
providing adequate seals at the proximal and distal necks (land-
ing zones >15 mm) with retrograde flow from collateral arter-
ies. For a model without endoleaks, collateral (lumbar and in-
ferior mesenteric) arteries were ligated during aneurysm crea-
tion, and SGs were implanted with landing >15 mm to exclude
aneurysms from systemic blood pressure. The initial plan was
to create five EVARs with type I endoleaks, seven with type II
endoleaks, and six without endoleaks.

The animals were also used to investigate another ultra-
sound (US) elastography technique: noninvasive vascular
elastography (NIVE) [23]. NIVE with the Lagrangian speckle
model estimator computes axial and lateral strain as shear
maps from radiofrequency US images [24]. The NIVE
Lagrangian speckle model estimator algorithm measures de-
formations induced by natural cardiac pulsations. SWI and
NIVE techniques were acquired on separate US units, and
the data were processed independently.
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Imaging, macroscopic examination, image registration

Dogs were examined by SWI and DUS (Aixplorer, Aix-
en-Provence, France) before SG implantation, and at
180 days after EVAR to detect endoleaks. Percutaneous
transfemoral angiography was performed to classify
endoleaks during SG implantation and before the animals
were sacrificed at 180 days. CT was performed and 3 —
5 mm consecutive macroscopic tissue cuts were obtained
before and after the animals were sacrificed . Based on
the craniocaudal level of axial acquisitions, —the CT
scans, DUS acquisitions, macroscopic tissue cuts and
SWI were registered and compared. SG position, and
aneurysm surface area and diameter in both the macro-
scopic cuts and the B-mode acquisitions were use as the
reference for coregistration with the CT scans.

Angiography

Digital subtraction angiography (DSA; Koordinat 3D II;
Siemens, Erlangen, Germany) was performed with serial
injections of 20 ml iodine contrast agent at 10 ml/s with a
5 F pigtail positioned first at the level of the suprarenal
aorta, then pulled to the aortic bifurcation. Iopamidol
408 mg/ml (Isovue 200; Bracco Diagnostic Canada,
Anjou, QC, Canada) was injected for baseline angiography
(SG implantation), and iothalamate meglumine 600 mg/ml
(Conray 60; Mallinkrodt Canada, Pointe Claire, QC,
Canada) was delivered before the animal was sacrificed .
Type 1 endoleaks were defined as opacification of aneu-
rysm sacs from the proximal (type IA) or distal (type IB)
neck and outflow through collateral vessels [25]. Type II
endoleaks were defined as retrograde aneurysm sac
opacification via collateral arteries [25].

B-mode and DUS examinations

All US examinations (SuperSonic, Aixplorer) were performed
by a vascular technologist with more than 20 years experience
employing a 256-element linear probe (SuperLinear™ SL15-
4) at 7.5 MHz. For data acquisition, the technologist performed
B-mode US, DUS and SWI in that order and exported the raw
data on a separate workstation for NIVE postprocessing. The
examination protocol included B-mode acquisition with mea-
surement of AAA maximum diameters and areas in three axial
planes at the proximal, middle and distal portions. DUS detect-
ed and delineated endoleak areas. Steer angle was first set at 0°,
then at 60° right anterior oblique and left anterior oblique. To
detect slow-flow endoleaks, the speed range scale was set at
10 cm/s, with smoothing of 0, low wall filter and the high-
definition frame rate set to middle.

SWI

SWI was performed after DUS with the same acquisition
planes as used for B-mode US and DUS as well as the same
probe. SWI parameters were smoothing of 5, opacity of 50 %,
and acoustic power as low as reasonably achievable. SWI was
analyzed independently by a graduate student (A.B.-G.). The
absence of elasticity values within the aneurysm outside the
SG with the presence of elasticity values on the posterior wall
of the aneurysm sac was defined as an endoleak. Areas with-
out signal and absence of signal beyond were identified and
deemed as technical failures. SWI was then registered with the
CT scan and macroscopic cuts based on the acquisition level
during SWI (proximal, middle or distal aneurysm portion),
aneurysm diameter and surface area, including relative SG
position. Regions of interest (ROIs) were defined in areas with
endoleaks, and fresh and organized thrombi based on the mac-
roscopic cuts. Elasticity moduli were measured using Q-Box.
Elastograms were independently reviewed by two readers
with 22 years experience in vascular imaging (G.S.) and
10 years experience in abdominal radiology (A.T.). A mini-
mum period of 6 months was retained between the CT scan
readings and blinded review of SWI to avoid reading bias by
reader 1.

CTscan

CT scans using a 64 detector row scanner (Somatom 64
Sensation; Siemens Medical, Forchheim, Germany) were per-
formed before injection of contrast agent and in the arterial and
venous phases after injection of 60 ml iohexol at 4 ml/s
(Omnipaque 300 mg I/ml; GE Healthcare, Mississauga, ON,
Canada). Prospective gating was done with collimation of
0.6 mm and pitch of 0.2 mm. The diastolic phase was selected
based on reconstruction of ten images per cycle, which typical-
ly represent 70 % of the cardiac cycle. Parameters were set at
120 kVp and 724 mAs. Endoleak areas were segmented on the
arterial or venous phase providing the best opacification and
largest area. Two software packages were tested: AquariusNET
iNtuition, v. 4.4.7 (TeraRecon, Foster City, CA) for ROI seg-
mentations, and ImagelJ, v. 1.47b (National Institutes of Health,
Bethesda, MD) for ROI measurements. Endoleak areas were
delineated by a graduate student under the supervision of a
vascular radiologist (G.S.).

Macroscopic examination

Six months after SG implantation, each dog was killed with a
barbiturate overdose (108 mg/kg, euthanyl forte; Bimeda-
MTC Animal Health Inc., Cambridge, ON, Canada).
Aneurysms were collected and fixed in buffered formalin.
The Exakt cutting system (Exakt GmbH, Norderstedt,
Germany) generated consecutive macroscopic cuts of 3 —
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5 mm, keeping the implant/tissue interface intact. In some
samples, the SG was removed and tissues were sent for his-
tology. On stereomicrographs, areas with endoleak-
compatible defects were identified, and thrombi were catego-
rized as fresh or organized. Areas of loose thrombi with black
or brown coloration were defined as fresh and corresponded
mostly to fibrin clots containing red blood cell phantoms and
very poor or absent fibrous organization on histology. In con-
trast, organized thrombi had a dense and yellowish appearance
indicating fibrous organization (Fig. 1). Macroscopic slices
provided the best correspondence for coregistration with other
imaging modalities for each ROI (endoleak, and fresh or or-
ganized thrombi).

Endpoint definition

Endoleaks were defined by their presence on CT or DUS and
confirmed by a defect in the macroscopic cut at the same level.
Endoleak areas on SWI were compared with those seen on
DUS, CT and macroscopic cuts. The endoleak surface area
ratio corresponded to the mean endoleak areas on the proxi-
mal, middle and distal acquisitions expressed as percentages
of'the total aneurysm surface area. Underestimated areas were
considered as less than half the areas measured on the macro-
scopic cuts. DSA classified endoleaks on the basis of the pres-
ence of antegrade or retrograde sacs occurring at the proximal
or distal neck (type I endoleaks) or retrograde flow through
collateral vessels (type II endoleaks).

Statistical analysis

Statistical analyses were performed with R software (version
3.2.1). The sizes of the endoleaks measured by the different
techniques (SWI, DUS, CT and histology) were compared
using ANOVA and post-hoc paired ¢ tests. Agreement between
the two readers for detection of endoleaks by SWI was assessed
using Cohen's kappa. Sensitivity and specificity were calculat-
ed for endoleak detection by SWI, DUS and CT. The elasticity
moduli were determined in different portions of the AAAs

(endoleaks, and organized and fresh thrombi) in ROIs.
Distributions were assessed for normality. Groups were then
compared using the Kruskal-Wallis test with statistical signifi-
cance set to P<0.001. Finally, for multiple comparisons the
Wilcoxon test with Bonferroni correction was used (P < 0.001).

Results

No complications occurred during creation of the AAAs, dur-
ing EVAR or during imaging.

Endpoint censoring

On the basis of the CT scans, DUS and macroscopic cuts
combined, four type I endoleaks (one type IA and three
type IB), 13 type II endoleaks and one complete seal were
observed 6 months after EVAR. One type I endoleak con-
verted into a type II endoleak, and five AAAs targeted for
complete seal showed type II endoleaks, most likely be-
cause some lumbar arteries were not accessible for liga-
tion. No perigraft collections were observed on the mac-
roscopic slides. Organized thrombi were seen on macro-
scopic cuts in all 18 dogs, while six AAAs showed fresh
thrombi.

Technical failure

Areas deemed to be non-analyzable on SWI (absence of signal
on the posterior wall) were estimated to represent 2 % of the
accumulated surface area of the SWI acquisitions.

Endoleak detection

Table 1 shows the endoleak areas detected by SWI, DUS and
CT at the time the dogs were sacrificed , with the macroscopic
cuts serving as the reference (the values shown are the means
of the areas traced in the proximal, middle and distal portions
of the aneurysms expressed as percentages). The endoleak

Fig. 1 Macroscopic (a 27.3 x23.5 mm) and histological slides
corresponding to the endoleak region (b 5.90 x 6.27 mm) and to fresh
and organized thrombi (¢ 7.44 x 9.11 mm) with hematoxylin, phloxine
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after death. Zones /, 2 and 3 correspond to endoleak, organized thrombus,
and fresh thrombus, respectively



Eur Radiol (2017) 27:2161-2169

2165

Table 1 Endoleak distribution,

surface area ratios and detection Dog DUS SWI* CT Histology  Endoleak =~ Comments
by different imaging modalities at no. type
the time the animals were killed
1 11.1+8.6 222+6.5 21.6+7.3 135+6.6 IB Detected by all techniques
2 62+5.1 21.9+9.2 7.5+1.7 55+25 I Detected by all techniques
3 0.3+0.6 17.4+11.3 50+23 3.1+27 11 Underestimated by DUS
4 08+14 6.1+3.4 0.7+0.9 24+16 1 Underestimated by DUS and CT
5 89+154 73+10.6 11.2+14.8 39+56 I Detected by all techniques, except
by reader 2 on SWI
6 0.0£0.0 3.0£23 3.1+19 1.7£1.7 II DUS failed
7 4.0+6.6 124+9.9 52+74 4.0+3.5 I Detected by all techniques
8 44+49 17.3+33 1.0£1.1 69+03 1T Underestimated by CT
9 1.8+3.2 2.5+43 0.0+£0.4 1.6£28 1I CT failed
10 69+109 11.6+123 8.7+£84 25+14 I Detected by all techniques
11 1.8+1.6 5.5+3.5 26+1.8 1L1£12 I Detected by all techniques
12 93+162 16.2+0.8 11.6+14.8 6.8+8.6 1I Detected by all techniques
13 14+24 5.0+5.1 0.6+1.0 32+£23 IB Underestimated by DUS and CT
14 14.2£9.0 18.5+8.6 11.8+145 124+7.0 1B Detected by all techniques
15 0.0£0.0 0.0+0.0 0.0£0.0 0.0+02 - No false-positive findings
16 0.0+£0.0 23+2.6 2.1+3.1 09+1.0 IA DUS failed
17 1.5+£2.5 83+3.8 3.3+39 1.6+1.1 I Detected by all techniques
18 0.0+£0.0 6.3+3.0 1.7+0.8 20+£12 1T DUS failed

The values presented are mean + SD endoleak surface area ratios on the proximal, middle and distal portions
expressed as percentages of the total aneurysm surface areas

DUS color flow Doppler ultrasonography, SWI shear wave imaging, CT computed tomography

#The SWI surface area values were determined by reader 1

areas measured by SWI were significantly different from the
areas measured by the other techniques, CT (P = 0.03), histol-
ogy (P=0.003) and DUS (P =0.004). It is possible that SWI
overestimated endoleak areas. Histology may have
underestimated endoleak areas because of the absence of
blood pressure. However, there was no difference in endoleak
areas between CT and histology (P = 0.40). Reader 1 detected
all 17 endoleaks (100 %) and reader 2 missed one endoleak
(94 %). There were no false-positive findings. The kappa co-
efficient was 0.64, which indicates good agreement [26]. Four
endoleaks detected by SWI were not revealed by DUS (three
endoleaks) or CT (one endoleak; Table 2). Examples of
endoleak detection discrepancies with the different imaging
modalities are given in Fig. 2 (with underestimation by
DUS) and Fig. 3 (CT failed to detect endoleak). The only
aneurysm without endoleak was completely sealed on imag-
ing (Fig. 4).

Elasticity modulus measurement

The mechanical properties of endoleaks, and organized and
fresh thrombi were significantly different at the time the ani-
mals were sacrificed (P < 0.001; Fig. 5). As expected, Young’s
moduli were close to zero (0.2+0.4 kPa, 95 % CI1 0.1 — 0.3
kPa) in endoleak areas, and fresh thrombi had lower values
(13.6+4.5 kPa, 95 % CI 10.7 — 16.5 kPa) than organized
thrombi (90.0 £48.2 kPa, 95 % CI 77.0 — 103.0 kPa). We also
compared the elasticity moduli of different ROIs in aneurysms
that had endoleak types I and II. As shown in Table 3, there

were no significant differences in elastic moduli according to
endoleak type (P>0.5). Cardiac pulsation and pressure
showed no correlation with the elasticity results.

Discussion

This experimental study evaluated SWI as a biomarker of
endoleak and thrombus stiffness in a canine model of AAA
and endoleaks after SG implantation. AAAs were evaluated
in vivo using SWI, DUS, DSA and CT and the findings were
correlated with ex vivo findings from macroscopic tissue sec-
tions. SWI provides real-time mechanical information on
AAA sac contents that is complementary to B-mode and
DUS assessments. Our results suggest that the SWI technique
following a complete DUS examination may help in detecting
slow-flow endoleaks and in thrombus characterization. Since
CEUS has also been proposed for monitoring patients after

Table2  Sensitivity and specificity of imaging methods in the detection

of endoleaks

Method True-  False-  True- False-  Sensitivity Specificity
positive positive negative negative (%) (%)

DUS 14 0 1 3 82.3 100

SWI

Reader 1 17 0 1 0 100 100

Reader2 16 0 1 1 94.1 100

CT 16 0 1 1 94.1 100

DUS color flow Doppler ultrasonography, SWI shear wave imaging, CT
computed tomography
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Fig. 2 Characterization of a type
I endoleak in dog 3 with axial
views obtained using the different
techniques where DUS
underestimated the endoleak
region (green arrows endoleak,
blue arrows fresh thrombus, black
arrows organized thrombus). a
Macroscopic cut

(27.3 x23.5 mm). b CT image
(35 x 35 mm). ¢ DUS image
(24.4 x 25.9 mm). d B-mode US
image (38.0 x 32.4 mm). e SWI
image (38.0 x 32.4 mm). f Color
scale and Q-Box values for SWI

45mm
)

EVAR [27, 28], a combination of this technique and SWI
could reduce the number of CT scans performed for
surveillance.

Because liquids do not support shear wave propagation,
zones of endoleaks, and even small endoleaks, were mapped
near 0 kPa [18]. This provides the opportunity to depict small
and/or low-flow endoleaks that are difficult to detect with
other techniques [9, 29]. There were no significant differences
in stiffness values between type I and II endoleaks. Unlike
DUS, shear wave elastography does not depend on flow and
is probably more suited to detecting the presence of liquid,
which could explain why SWI was able to characterize
endoleaks where DUS and CT failed.

Fig. 3 Characterization of a type
II endoleak in dog 9 with axial
views obtained using the different
techniques where CT failed
(green arrows endoleak, black
arrows organized thrombus). a
Macroscopic cut

(23.2x20.2 mm). b CT image
(32 x 32 mm). ¢ DUS image
(20.7 x 20.3 mm). d B-mode US
image (32.6 % 30.8 mm). e SWI
image (32.6 x 30.8 mm). f Color
scale and Q-Box values for SWI

a

5mm
=]
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SWI cannot differentiate areas containing static fluid as in a
sac hygroma from circulating blood as observed in an
endoleak. Both areas will display a value of 0 kPa. Therefore,
patients with sac hygroma could be falsely diagnosed as posi-
tive for endoleak. On the other hand, since sac hygroma is
associated with endotension these patients with liquid or soft
thrombus need to be followed closely to detect sac expansion
[30]. SWI could provide new information about the presence of
liquid and endotension for aneurysm surveillance.

SW1 is the only current imaging technology that enables the
characterization of thrombus stiffness [31]. High stiffness cor-
responds to organized, solid thrombi, whereas low stiffness
corresponds to fresh, soft thrombi. In our study, areas of fresh

3mm
e

|

+Q-Box™
Mean 0.6kPa
SD 0.7kPa
Diam 2.0mm
XQ-Box™
Mean 89.9kPa
SD 53.5kPa
Diam 2.0mm
AQ-Box™
Mean 0.8kPa
SD 0.4kPa
Diam 3.0mm

60

5Smm 0
=2
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Fig. 4 Characterization of an
aneurysm with complete seal in
dog 15 with axial views obtained
using the different techniques. a
Macroscopic cut

(22.7%23.4 mm). b CT image
(22.6 x 21.9 mm). ¢ DUS image
(26.9 x 26.5 mm). d B-mode US
image (31.8 X 31.0 mm). e SWI
image (31.8 x 31.0 mm). f Color
scale and Q-Box values for SWI

4mm
Lty

and organized thrombus areas showed different elasticity mod-
uli. Thus, the technique may allow monitoring of thrombus
organization, an important marker of aneurysm healing
[32-35]. Also, SWI can characterize fresh thrombi not detect-
able on CT, thus raising the possibility of depicting fresh throm-
bi associated with increasing pressure (endotension) in type V
endoleaks. Endotension is defined as aneurysm expansion
without the presence of endoleaks seen on CT or DUS.

Alternatively, magnetic resonance imaging (MRI) enables
detection of endoleaks and characterization of thrombus orga-
nization [36-38]. Fresh thrombus areas are more liquid and
can be associated with endotension [35]. However, MRI is
expensive, less accessible and limited by artefacts related to
stent struts, especially from stainless steel SGs [39].

Fig. 5 Elastic moduli of 300
endoleak, fresh thrombus and
organized thrombus. The boxes

250 +

indicate quartiles (red lines
medians), and the whiskers
extend to the minimum and
maximum. The differences in
elastic moduli between endoleak,
fresh thrombus and organized
thrombus are significant
(P<0.001)

200 +

100

Elastic modulus (kPa)

v
o

—mmm———

Endoleak

4mm 1 4mm

+Q-Box™
Mean 141.2kPa
Min 88.8kPa
Max 181.1kPa
SD 20.2kPa
Diam 2.0mm
+300 kPa XQ-Box™
Mean 106.2kPa
Min 30.1kPa
Max 146.8kPa
SD 24.9kPa
Diam 2.0mm
120 AQ-Box™
Mean 60.7kPa
60 Min 15.3kPa
Max 106.3kPa
o SD  26.1kPa
Diam 2.0mm
XQ-Box™
Mean  2.9kPa

4mm Min 0.1kPa
— Max 8.0kPa

SD 1.6kPa
Diam 8.0mm

Our study had some limitations. Our aneurysm model was
based on venous patch construction, and the pathophysiology
of AAA wall degeneration was not reproduced with loss of
elastin and vascular smooth muscle cells as well as increased
collagen content [40]. In the present work, we did not analyze
the mechanical properties of the aortic wall but only the AAA
sac contents, which is a realistic approach when compared to
clinical reality. Another limitation was that AAA diameters in
dogs range from 2 to 3 cm, which is less than in humans.
Consequently, we used a high-frequency linear probe
(7.5 MHz) to obtain the best compromise in terms of spatial
resolution and penetration. This caused some echo losses in
the far field and behind SGs. In the clinical setting, low-
frequency abdominal probes (range 3.5 to 5 MHz) would be

-T—

Fresh Thrombus  Organized Thrombus
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Table 3  Elasticity moduli of aneurysms ROIs in dogs with type I and
type II endoleaks

Aneurysm  Elasticity modulus (kPa) P
ROI value
Type I endoleaks Type II endoleaks

Mean+SD 95 % CI Mean+SD 95 % CI
Endoleaks 0305 0.0-0.6 02+0.3 0.1-03 0.59
Fresh thrombi  13.4+4.8 92-17.6 14.0+£4.7 9.4-18.6 0.86
Organized 90.1+45.0 64.6-115.6 88.8+£51.4 72.5-105.1 0.93
thrombi

required for better penetration. The color scale bar gives visual
information on elasticity moduli, but only Q-Box provides
actual local stiffness values. For future clinical purposes, data
calibration with ROI thresholds adapted to the characteriza-
tion of AAA sac contents is needed to differentiate thrombus
properties in real time.

Another limitation relates to study design. This study was a
preclinical feasibility and validation study. Its main objective
was to correlate SWI values with AAA sac contents on patho-
logical examination. Thus, we can draw conclusions on the
potential of the technology to detect endoleaks and characterize
thrombus organization, but assessment of this technique’s sen-
sitivity and specificity was limited because of the small sample
size, preclinical setting and high incidence of endoleaks (there
was only one sealed aneurysm).

In conclusion, this preclinical study confirmed the feasibil-
ity of SW1 in the follow-up of AAAs after EVAR. The present
work illustrates the potential of SWI to detect endoleaks and
characterize thrombus organization after EVAR, as indicated
by differences in stiffness values. The approach could be com-
bined with DUS surveillance of AAAs after EVAR, which is
currently widely practiced to reduce the cost of AAA follow-
up and exposure to ionizing radiation and contrast agents [13].
A phase Il clinical study is ongoing to evaluate the feasibility
and efficacy of SWI with a 3-6-MHz probe to detect
endoleaks and correlate thrombus organization with AAA
growth or shrinkage in 30 patients [41].
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