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Purpose: With the continuous development of new stent grafts and implantation techniques, it
has now become technically feasible to treat abdominal aortic aneurysms (AAA) with challenging
anatomy using endovascular repair with standard, fenestrated, or branched stent-grafts. In vitro ex-
perimentations are very useful to improve stent-graft design and conformability or imaging guidance
for stent-graft delivery or follow-up. Vascular replicas also help to better understand the limitation of
endovascular approaches in challenging anatomy and possibly improve surgical planning or training
by practicing high risk clinical procedures in the laboratory to improve outcomes in the operating
room. Most AAA phantoms available have a very basic anatomy, which is not representative of the
clinical reality. This paper presents a method of fabrication of a realistic AAA phantom with a visible
thrombus, as well as some mechanical properties characterizing such phantom.
Methods: A realistic AAA geometry replica of a real patient anatomy taken from a multidetector
computed tomography (CT) scan was manufactured. To demonstrate the multimodality imaging ca-
pability of this new phantom with a thrombus visible in magnetic resonance (MR) angiography, CT
angiography (CTA), digital subtraction angiography (DSA), and ultrasound, image acquisitions with
all these modalities were performed by using standard clinical protocols. Potential use of this phan-
tom for stent deployment was also tested. A rheometer allowed defining hyperelastic and viscoelastic
properties of phantom materials.
Results: MR imaging measurements of SNR and CNR values on T1 and T2-weighted sequences
and MR angiography indicated reasonable agreement with published values of AAA thrombus and
abdominal components in vivo. X-ray absorption also lay within normal ranges of AAA patients
and was representative of findings observed on CTA, fluoroscopy, and DSA. Ultrasound propagation
speeds for developed materials were also in concordance with the literature for vascular and abdomi-
nal tissues.
Conclusions: The mimicked abdominal tissues, AAA wall, and surrounding thrombus were de-
veloped to match imaging features of in vivo MR, CT, and ultrasound examinations. This phan-
tom should be of value for image calibration, segmentation, and testing of endovascular de-
vices for AAA endovascular repair. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4803497]
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I. INTRODUCTION

Abdominal aortic aneurysm (AAA) can be defined as a pro-
gressive enlargement of the aorta leading to its potential rup-
ture. The risk of rupture is clinically determined by the rate
of increase of the AAA and by its maximal diameter.1 Usu-
ally, preventing treatment is indicated for asymptomatic AAA
measuring more than 50 mm in diameter. Even though surgi-
cal repair of an aneurismal segment by a vascular graft is a
standard procedure, endovascular aneurysm repair (EVAR) is
a promising less invasive alternative with reduced rates of im-
mediate mortality/morbidity and a more rapid recovery than
open surgery for patients.2–5 The main limitations of EVAR
are the occurrence of an incomplete seal of the endovascular
graft (endoleak) or persistent pressurization of the aneurysm
sac without blood flow in the sac (endotension).6, 7

The success of EVAR depends on reliable baseline assess-
ment of anatomy, appropriate selection of the endograft, and
sensitive postdeployment imaging monitoring of the graft for
complication detection.8 Patients with a short or angulated
proximal neck, the presence of thrombus atheroma or severe
calcification in the neck, and tortuous or small iliac arteries
are not eligible for EVAR.9, 10 With the continuous develop-
ment of new stent grafts and implantation techniques, it has
now become technically feasible to treat AAAs with challeng-
ing anatomy, especially short and angulated necks. Such pro-
cedures are possible with suprarenal fixation, and fenestrated
and branched stent grafts to preserve the patency of renal or
visceral arteries.

Experimental and numerical studies of EVAR are in devel-
opment to investigate endoleaks and endotensions providing
relevant information for the development of new stent-graft
designs but up to now they are not validated.11 Among oth-
ers, in vivo animal experimentations have played an impor-
tant role in the understanding of the mechanisms underlying
the development of AAAs and are still an interesting means
for validating new endovascular techniques.12, 13 Animal ex-
perimentations have also been relevant to human diseases by
giving more detailed information on the healing process fol-
lowing EVAR and the genesis of endoleaks.14, 15 These animal
models are expensive, difficult to control or repeat, and mea-
surement accuracy cannot always be precisely determined.16

Furthermore, animal lesions do not adequately simulate the
complex 3D anatomy and, in particular, the thrombus fre-
quently observed in large human AAAs.15 Also, the stent
must often be downsized to fit animal vessels, which are
smaller than human ones.17

On the other hand, in vitro experimentations are very use-
ful in the development phases of stent grafts and in improving
implantation techniques. In vascular replicas, the knowledge
of the shape of the simulated vessel is helpful to understand
the impact of the surgical anatomy on stent-graft delivery and
conformability, and can simulate high-risk clinical procedures
to improve outcome.16 Furthermore, since advanced guid-
ance in the angiographic suite involves registration of sev-
eral imaging modalities, vascular phantoms compatible with
these different modalities are very helpful to validate the accu-
racy of multimodal registration and segmentation methods.18

They are also useful to evaluate image artifacts produced by
endovascular metallic devices19 and in hemodynamic flow
studies.20 However, most AAA phantoms available are sim-
ple and not physiologically shaped while others only mimic
the lumen or the external wall of the artery.16, 21–23 Some oth-
ers represented the intraluminal thrombus by simply thicken-
ing the external wall of the mimicked artery.17, 24, 25

It is well known that intraluminal thrombus may reduce
aneurysm wall shear stress26, 27 and that the size of the throm-
bus provides different protection against rupture.26, 28 Throm-
bus extension especially in the vicinity of landing zones im-
pacts patient and stent-graft selection.17 It is, thus, impor-
tant that the vascular phantom represents accurately the lu-
men and the thrombus for both stent-graft implementation and
flow studies. Hence, there is a real need for realistic in vitro
models for evaluating endovascular techniques, testing new
endovascular materials, and for training purposes ahead of
in vivo studies. The purpose of this study was to develop a
realistic complex geometry of an AAA with a vascular lu-
men and a distinct thrombus having similar imaging prop-
erties than human’s one in magnetic resonance angiography
(MRA), computed tomography angiography (CTA), digital
subtraction angiography (DSA), and ultrasound (US).

II. MATERIALS AND METHODS

II.A. Image processing and rapid prototyping

The molded realistic AAA geometry was a replica of
a multidetector computed tomography (MDCT) scan taken
from a patient with an AAA before undergoing surgery. The
scanning parameters were the following: pitch 1, slice thick-
ness 1 mm, collimation 0.75, and viewing field 300 (Somatom
Sensation 16, Siemens, Erlangen, Germany). The examina-
tion was performed with intravenous contrast at 4 ml/s for a
total of 100 ml.

To recover the 3D geometry, the outer arterial wall and
the luminal boundary were manually segmented with SliceO-
matic (version 4.2, TomoVision Inc., Montreal, QC, Canada)
by considering the image gradient. The 3D model was trans-
ferred into PolyWorks (version 8.1, InnovMetric Inc., Que-
bec City, QC, Canada) to smooth and resample the contours
and to produce output files compatible with stereolithography
[Figs. 1(a) and 1(b)]. Two epoxy resin skeletons represent-
ing the smoothed surface of the lumen and the lumen with
the thrombus [Figs. 1(c) and 1(d)] were generated by stere-
olithography (Dorval Technologies, Montreal, QC, Canada).
These positives were then used to create the master silicone
molds (i.e., negative molds) to cast the replicas of the lumen
and AAA thrombus.

II.B. Design of the vascular wall and vessel lumen

The lost-material casting method was based on isomalt,29

which is a commercial sugar polyalcohol widely used as a
sweetener. It was melt at a temperature between 145 ◦C and
150 ◦C and poured into a two-part silicone mold to reproduce
the shape of the lumen. After casting, the isomalt core was
cooled at room temperature for 2 h. It was then extracted from
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FIG. 1. Stereolithography compatible input images of the lumen (a) and lu-
men with the thrombus (b) sent to the stereolithography process to create
epoxy resin skeletons representing the lumen (c) and lumen with the throm-
bus (d). The skeletons in (c) and (d) were used to create the master silicone
molds of the AAA geometry; the holders on the resin skeletons were re-
moved from the silicone molds. Note that the iliac bifurcations were artifi-
cially jointed together for attachment to a single connector of the phantom.

the mold and slightly hand-polished to remove unavoidable
residues at the mold junctions. The diameter of the proxi-
mal neck of the AAA was estimated at 22.7 mm, while the
AAA larger luminal diameter was 38.5 mm. To avoid diffu-
sion of contrast material during imaging (typically gadolin-
ium in MRA or iodine in CTA and DSA), a thin membrane
of liquid polyurethane (product number ren-6400-1, Hunts-
man International, Mississauga, ON, Canada) was uniformly
painted onto the surface of the isomalt core (dark for black
and white display in Fig. 2). Time was allowed for the dry-
ing of polyurethane before surrounding it with a gel mimick-
ing the AAA thrombus (white upstream of the bifurcation in
Fig. 2).

II.C. Design of the gel mimicking thrombus

For a typical volume of 500 ml, the gel mimicking the
AAA thrombus was made of a mixture of 35 g of agar (num-
ber A-6924, Sigma Chemical, St-Louis, MO), 20 g of glycerol
(number G-5516, Sigma Chemical), 0.5 g of sodium azide to
prevent bacterial growth (number S-2002, Sigma Chemical),
15 g of cellulose particles (Sigmacell, number S-5504, Sigma
Chemical), and 430 ml of distilled water. The mixture was
heated at 60 ◦C and stirred to get a homogeneous gel. The
isomalt core painted with the thin polyurethane layer repre-
senting the wall of the aorta was placed into the second sil-
icone mold. The gel mixture was then poured into the mold
to obtain the thrombus. The maximum AAA diameter (lumen

FIG. 2. AAA phantom with the isomalt core painted with polyurethane (in
dark for black and white display) used to create the lumen and thrombus
(upstream of the bifurcation) before pouring the mimicking agar-oil gel of
the abdomen within the polyethylene container.

+ thrombus) was 51 mm. Time was allowed for the solidifi-
cation of the gel before demolding.

II.D. Process for manufacturing the vascular phantom

As illustrated in Fig. 2, the AAA phantom was enclosed in
a polyethylene container, the inner of it having a semicylin-
drical shape surrounding the vessel geometry. The 42-cm di-
ameter of the semicylindrical cavity was similar to a typical
human adult abdomen and its length was 50 cm. The next
step of the fabrication process relied on introducing the cast
of the lumen with thrombus into the phantom container that
included connectors for a tubing system made of one inflow
at the proximal portion of the aorta and two outflows, one for
each iliac artery (Fig. 2). The use of external tubing enabled
filling the AAA lumen with contrast agent for imaging or with
a mimicking fluid for flow circulation experiments, if desired.

Then, a first layer of a mixture of agar-paraffin gel was
poured into the phantom and 72 spherical markers were im-
planted at precise known positions in that layer of gel, ac-
cording to the manufacturing process described previously.30

These fiducial markers can be used for calibration, rescaling,
and fusion of 3D images obtained from these different modal-
ities, and 3D image reconstruction from angiographic plane
views. Markers were inserted at controlled angular positions
and a depth of 3 mm from the bottom cylindrical surface of
the phantom. They were divided in eight sets of nine mark-
ers each. For each set, the glass balls of 3-mm diameter were
contained in nonsymmetrical cross-sectional and longitudinal
planes to facilitate image localization. For the same reason,
in each cross-sectional planar set, the beads were implanted
at different angular positions on either side of the cylindrical
symmetry axis. A period of 3 h was allowed for the solidifica-
tion of the first layer of gel. As reported by Cloutier et al.,30

the use of paraffin oil (number 06712029, Fisher Scientific,
Fairlawn, NJ) in that layer of gel allows glass balls to be vis-
ible in MRA. Those balls were also distinguishable on CTA,
DSA, and US images.
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A second layer of gel was designed to have similar imag-
ing properties as an average human abdomen in MRA, CTA,
DSA, and US examinations. Twenty-three liters of a mixture
gel were prepared, 1 liter at a time, by using for each liter 32 g
of agar, 2 g of glucosamine (D-glucosamine 6-sulfate, number
G-8641, Sigma Chemical) to stabilize the emulsion, 1 g of
sodium azide, 214 ml of paraffin oil, and 788 ml of distilled
water. Each liter of the mixture was prepared separately and
stirred until the gel-oil emulsion became homogeneous, i.e.,
until the water and oil did not separate after stirring. Then,
23 liter of gel were stirred all together and heated at 60 ◦C dur-
ing 15 h before being poured into the phantom to fill the con-
tainer up to the cover made of a polyethylene sheet. To avoid
drying out of the agar-oil gel, a rubber gasket was installed
between the cover and the container. A thin layer of water
was introduced between the second layer of the gel and the
polyethylene cover to avoid air trapping and to ensure acous-
tic coupling for US measurements.

To create the vessel lumen, the phantom was submerged in
a water bath, at room temperature, for several hours. As the
water got in contact with isomalt through the tubing system, it
started dissolving out of the phantom via the plastic tubes. At
the end, a conduit with a polyurethane wall having the shape
of the isomalt luminal cast was produced, surrounded by the
simulated AAA thrombus and gel mixture mimicking abdom-
inal tissues.

II.E. Mechanical testing of (static) hyperelastic
phantom materials and density measurements

Mechanical tests were done with specimen samples as per
Brown,31 i.e., of cylindrical shape (diameter of 25 mm, thick-
ness of 5 mm) and were conducted in a rheometer (Anton
Paar “Physica MCR 501”, Graz, Austria). Shear strain (static)
tests were conducted to assess the limit of rupture in terms
of shear stress. Three specimen samples were used for every
static test, namely, for the agar-oil gel mimicking abdominal
tissues, the agar-glycerol gel simulating the thrombus, and the
polyurethane mimicking the AAA vascular wall. All speci-
men samples were undergoing a vertical force of 4 N, in order
to simulate average physiological conditions (i.e., weight of
surrounding soft tissues and blood pressure). Materials were
also poured into small vials for density measurements.

II.F. Image acquisitions

To demonstrate the multimodality imaging capability of
the new AAA phantom (i.e., with fiducial markers and a
thrombus visible in MRA, CTA, DSA, and US), image acqui-
sitions were performed by using standard clinical protocols.
Multimodality image acquisitions were performed at room
temperature and no flow was circulating in the phantom (static
condition).

II.F.1. MR-angiography

MRA imaging was performed with a 1.5 T unit (Avanto,
Siemens, Erlangen, Germany). The phantom was first filled

with serum saline and imaged using a body array coil with
the following axial and coronal T1 weighted spin echo (SE)
sequences: repetition time (TR) = 574 ms, echo time (TE)
= 13 ms, flip angle (FA) = 180◦, and voxel size = 1.2
× 0.6 × 5 mm. Then axial and coronal T2 fast spin
echo (FSE) sequences were acquired with TR = 4030 ms,
TE = 115 ms, FA = 180◦, and voxel size = 1.2
× 0.6 × 5 mm. The phantom vessel was filled with 9 ml
of 0.5 mole/l gadopentetate dimeglumine solution (Prohance,
Bracco Diagnostics, Princeton, NJ) diluted in 250 ml of 0.9%
NaCl solution giving a 1.8 mmole/l concentration. The same
axial and coronal T1 weighted acquisitions were repeated.
Then, a high resolution three-dimensional fast low angle shot
(FLASH) gradient echo (GE) sequence in the coronal plane
was acquired (TR = 3.2 ms, TE = 1.1 ms, FA = 20o, voxel
size = 1.0 × 0.7 × 1.2 mm). For each sequence, the region
of interest (ROI) was taken for signal intensity measurement
in the lumen, agar-glycerol thrombus, agar-oil mimicked ab-
domen, agar-oil peripheral layer containing fiducial markers,
and outside the phantom to calculate the following parame-
ters: signal-to-noise ratio (SNR) = mean signal/standard de-
viation of the background noise and contrast-to-noise ratio
(CNR) = SNRA − SNRB, where A and B are two different
ROIs within the image.

II.F.2. CT-angiography

For CTA, the aortic lumen was filled with a 2.8% v/v (vol-
ume concentration) solution of 430 mg/ml iothalamate meg-
lumine (Conray 43, Mallinckrodt Medical, Pointe-Claire, QC,
Canada) diluted in a 0.9% NaCl solution. The phantom was
imaged with a Somatom Sensation 64-slice scanner (Siemens,
Erlangen, Germany) by using a collimation of 64 × 0.6 mm,
a pitch of 0.45, a rotation time of 0.37 s, a slice thickness
of 1 mm, and a reconstruction interval of 0.7 mm. Acquisi-
tion parameters were a current intensity of 217 mA, a peak
voltage of 120 kV, a matrix size of 512 × 512, and a field
of view of 38 cm. Then, 3 mm coronal and sagittal mul-
tiplanar reformations (MPR) and maximal intensity projec-
tions (MIP) were generated. ROIs were drawn in the lumen
with and without contrast, agar-glycerol thrombus, agar-oil
abdominal gel, and agar-oil peripheral fatty layer to mea-
sure the density in Hounsfield unit (HU) of the main phantom
components.

II.F.3. X-ray angiography

In DSA, the phantom was filled with a contrast solution of
iothalamate meglumine at 141 mg/ml (Conray 30, Mallinck-
rodt Medical, Pointe-Claire, QC, Canada). Digital spot film
acquisitions at 0◦ and 45◦ RAO (right-anterior-oblique) and
LAO (left-anterior-oblique) projections were performed on an
Axiom Artis dTA unit (Siemens, Forcheim, Germany) by us-
ing the following parameters: field-of-view = 32 cm, tube-
intensifier distance = 100 cm, table height = 80 cm, matrix
size = 1024 × 1024, current intensity = 400 mA, and peak
voltage = 70 kV.
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FIG. 3. MRA examination of the phantom. (a) T1 weighted spin echo se-
quence without contrast, (b) T1 weighted spin echo sequence with contrast,
and (c) T2 weighted sequence without contrast. The differentiation between
the lumen, the thrombus, and the agar-oil abdominal gel is well demonstrated
on all acquisitions and signal intensities are similar to those observed clin-
ically. (d) T1 weighted spin echo sequence, showing a plane with visible
fiducial markers in the peripheral fatty layer (hyposignal intensity). (e) T1
weighted 3D FLASH gradient echo sequence with contrast injection. The lu-
men, thrombus, agar-oil abdominal gel, and peripheral fatty layer can still be
differentiated. No clinical MRA examination of the patient used as a model
to build this phantom was available for comparison.

II.F.4. Ultrasound

Finally, a Vivid Five ultrasound scanner (General Electric
Medical Systems, Milwaukee, WI) with a 192-element lin-
ear array probe (FLA 10 MHz) was used to collect B-mode
cross-sectional images. The vessel lumen was filled with de-
gassed water to allow US transmission. Acoustic velocities
of the agar-glycerol mimicked thrombus and agar-oil gel sim-
ulating the abdominal tissue of the phantom were measured
using a pulse transit time technique, similar to that described
by Madsen et al.32 The experimental method is described in
Cloutier et al.30

II.G. Stent deployment and fluoroscopy

To demonstrate the technical feasibility of a stent deploy-
ment in our AAA phantom, a bifurcated abdominal aortic

stent graft (28 mm diameter bifurcated main body graft,
10 mm diameter ipsilateral, and 12 mm diameter contralat-
eral iliac legs, Zenith Cook Medical, Bloomington, IN) was
inserted through the right iliac connector of the phantom for
the main body and the left iliac connector for the left il-
iac limb. The delivery systems (22 French introducer for the
main body and 16 French for the left iliac) were introduced
along a 0.035 mm stiff guide wire (Lunderquist, Cook Medi-
cal, Bloomington, IN) under fluoroscopic guidance and stents
were deployed as recommended in the instruction for use.

III. RESULTS

III.A. The AAA phantom with a thrombus

Figures 3–6 provide opportunities to judge the quality of
the representation of the AAA phantom in different modali-
ties and the visibility of fiducial markers when present in the
imaging plane. Figures 4 and 6 also allow comparing these
representations with the US and CTA exams of the patient that
served as a model for this AAA phantom. In MRA (Fig. 3),
the thrombus area was hypointense in T1 and T2 weighted SE
sequences, and T1 weighted FLASH-GE sequence. It could
be differentiated on each sequence from the lumen without
contrast on T1 and T2 weighted SE sequences, and with con-
trast on T1 weighted SE and T1 weighted FLASH-GE se-
quences. Since no flow was circulated in the phantom, only
the lumen signal of the T1 weighted FLASH-GE sequence
was representative of the clinical reality. SNR and CNR val-
ues of the different components of the phantom are detailed
in Tables I and II.

In CTA (Fig. 4), the thrombus presented a higher density
(25 HU) than the agar-oil gel mimicking the abdominal tis-
sue and fat (−28 HU). The peripheral agar-oil layer of the
phantom was more hypodense (−38 HU). Fiducial markers
did not produce image artifacts and were well delineated on
axial and coronal reformations and MIP. After contrast en-
hancement, the lumen density was estimated at 120 HU. In
order to compare CT imaging features of the phantom with
real patient data, we measured on the original clinical CT of
the selected patient for AAA prototyping, the following den-
sities in HU: (1) the most hyperdense and hypodense portions

FIG. 4. (a) Axial CTA scan acquisition showing the thrombus with a slightly higher density than the surrounding agar-oil gel of the abdomen and a strong
enhancement of the lumen by the contrast agent. (b) Coronal acquisition showing the differentiation between the lumen, the thrombus, and the surrounding
tissue. Fiducial markers are well delineated in both panels. (c) Coronal acquisition of the patient used as a model to build this phantom.
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FIG. 5. Digital spot film acquired with the DSA unit showing the lumen of
the AAA and fiducial markers in the background (arrow). No clinical DSA
examination of the patient used as a model to build this phantom was avail-
able for comparison.

of the AAA thrombus, (2) AAA lumen, (3) retroperitoneal
fat, and (4) psoas muscle and small bowel. All these mea-
surements have been taken before and after iodine contrast
injection (Table III). In angiography (Fig. 5), only the lumen
filled with contrast was seen and fiducial markers were well
observable in the background of the image.

FIG. 6. (a) Ultrasound B-mode image showing a longitudinal view of the
lumen and thrombus of the AAA. A strong attenuation of the echo signal is
seen at the bottom of the image. This is due to the thick layer of polyurethane
that was used to prevent puncture of the vessel wall when deploying the stent-
graft; this is a requirement that we did not have to consider in the previous art
(see Refs. 29 and 30). (b) Longitudinal ultrasound acquisition of the patient
AAA used as a model to build this phantom.

TABLE I. SNR values of the different components of the AAA phantom (lu-
men, thrombus, mimicked abdomen, and fatty layer embedding glass ball
markers).

SNR Thrombus Abdomen Fatty layer Glass balls

T1 SE 49.6 91.8 108.1 66.2
T2 SE 6.3 15.1 12.0 7.0
FLASH-GE 2.6 8.3 28.1 23.2

In US imaging (Fig. 6), the lumen, the thrombus, and
fiducial markers (not seen on this example) were visible.
The propagation speeds within the agar-oil gel of the mim-
icked abdomen (1458 m/s) and that of the agar-glycerol AAA
thrombus (1493 m/s) were similar to reported values of bio-
logical tissues.33 Shadowing artifact is seen at the bottom of
the image.

III.B. Stent deployment

The procedure was technically successful. The guide
wires, catheter, delivery catheters, and stent-graft components
were easily inserted into the phantom through the iliac limbs
and well tracked under fluoroscopic guidance. Angiography
images of the stented aortic phantom showed the full deploy-
ment of the graft and of its iliac branches (Fig. 7). A priori
knowing the exact 3D geometry of the vessel lumen allowed
to choose the appropriate stent configuration.

III.C. Mechanical properties and densities

The three major constitutive materials of the phantom,
i.e., agar-oil mixture of the abdomen, agar-glycerol throm-
bus gel, and polyurethane vessel wall were found to have
hyperelastic stress–strain curves with a logarithmic shape
(Figs. 8–10), while real biological tissues such as bowels and
arteries are characterized by exponentially shaped hyperelas-
tic stress–strain relations,34 and real thrombi present an al-
most linear elastic behavior.35 Therefore, we cannot directly
compare tested “close viscoelastic” mimicking materials with
“stiffening hyperelastic” and “linear elastic” biologic materi-
als. Indeed, biological tissues that exhibit a stiffening nonlin-
ear behavior, mainly due to collagen fibers, are not easy to
replace with artificial substitutes.

Densities of the mimicking structures used for the
thrombus and the surrounding materials were measured at
1.04 mg/cc for the thrombus, 0.98 mg/cc for the surrounding
gel, and 1.04 mg/cc for the polyurethane wall.

TABLE II. CNR values of the different components of the AAA phantom.

CNR Thrombus/abdomen Abdomen/fat layer Fat layer/glass balls

T1 SE − 42.2 − 16.3 41.9
T2 SE − 8.8 3.1 5.0
FLASH-GE − 5.7 − 19.8 4.8
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TABLE III. Clinical values (HU) obtained from the CTA of the patient used
as a model for our AAA phantom.

Unenhanced CT Enhanced CT

Aortic lumen 53 250
Hyperdense thrombus 60 63
Hypodense thrombus 50 44
Retroperitoneal fat − 101 − 99
Psoas muscle 68 55
Small bowel 44 87

IV. DISCUSSION

IV.A. Design challenges

The development of a new patient specific AAA phantom
with a thrombus was a great challenge considering the physics
of each imaging modality (MRA, CTA, DSA, and US) and
the choice of the materials needed to mimic clinical image
features of the lumen, thrombus, and abdominal surround-
ing tissues. Indeed, besides the choice of the appropriate
concentration of agar, water, and other compounds (paraf-
fin oil, cellulose particles, polyurethane) to confer proper
imaging properties, this composition had to be molded and
to permit stability over time. Several empirical tests had to be
realized to get the best compromise between MR relaxation
times, x-ray absorption, and speed of sound. Few groups

FIG. 7. CTA image showing a stent graft deployed into the lumen of the
AAA phantom and a visible thrombus. Fiducial markers are seen in the back-
ground of the image.

FIG. 8. Shear stress τ as a function of applied shear strain ϒ for the agar-oil
gel mimicking the abdominal aorta.

FIG. 9. Shear stress τ as a function of applied shear strain ϒ for the agar-
glycerol gel mimicking the thrombus.

FIG. 10. Shear stress τ as a function of applied shear strain ϒ for the
polyurethane mimicking the vessel wall.
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who developed multimodality phantoms had to deal with
these disparities inherent to each modality. Frayne et al.36

used polyester resin for their vessel wall. This relatively
poor tissue mimicking material created artifacts in US and
truncation artifact in MRI. Moreover, Dabrowski et al.37 used
stainless steel ball bearings as fiducial markers. These created
artifacts in US and CT and could not be used in MRI. Note
that in the proposed vascular phantom, the tissue mimicking
agar-based gels is isotopic and homogenous while in patients,
the abdominal aorta is surrounded by bone structures, by
retroperitoneal fat, and structures with different tissue densi-
ties (e.g., psoas muscle, bowel, etc.). Thus, the heterogeneous
nature of the abdomen could not be considered in the
current design nor were realistic mechanical properties of the
different structures. Nevertheless, an important feature of this
phantom for calibration and image registration purposes is
the visibility of image markers in all modalities. As reported
earlier,30 this was another important challenge to consider.

The relative hyposignal observed in the simulated throm-
bus on T1 that was more pronounced on T2-weighted spin
echo sequences is in accordance with clinical observations
of organized thrombus in AAA patients.38, 39 Kramer et al.40

reported in AAA patients SNR values of 16 in organized
thrombi on EKG-gated T1-weighted spin echo sequences.
This SNR is lower than the value of 50 reported in our study.
However, since with EKG gating the TR value depends on
the RR wave interval, the weighting was probably between
T1 and T2 explaining a lower signal in this clinical situa-
tion. On T2-weighted sequence, SNR values are in good con-
cordance with those reported by Kramer et al.40 (13 versus
6). The SNR values of the simulated abdomen and periph-
eral fat on T1 weighted sequence were also realistic with a
hyperintense signal less pronounced on the abdominal than
the fat layer component, similar to retroperitoneal and ab-
dominal fats and subcutaneous adipose tissues. The signal de-
crease of the simulated abdomen on T2-weighted spin echo
sequence was also typical of clinical observations. This was
confirmed by higher absolute CNR values between the throm-
bus and the abdomen, and the abdomen and the fat layer on
T1-weighted spin echo sequence, as compared with the T2-
weighted sequence. Finally, the more hyperintense signal in
the peripheral fat layer was helpful to discriminate the fidu-
cial markers on T1-weighted sequences, as shown by the SNR
value of 66.

The thrombus was homogeneous whereas 47% of AAA
patients present areas of higher signals on T1 and T2 due to
the presence of nonorganized thrombus.41 This can be a limi-
tation but it is difficult to recreate all the variability associated
with the thrombus maturation in vitro. Regarding the AAA
lumen, since the phantom was not connected to a pump for
flow circulation in acquired MR images, the luminal signal
observed in our experiments was different from that of a real
patient on T1 and T2 weighted SE sequences, where a flow
void is expected because of proton dephasing. Nevertheless,
we could differentiate the different parts of the phantom on
tested MR sequences and a strong hypersignal was found on
GE-enhanced T1 weighted gradient acquisition, as observed
in real patients.

CT densities observed for the patient and our phantom
were quite similar. Indeed, as shown in Table III, in vivo
thrombus densities ranged between 44 and 63 HU, whereas
our phantom thrombus was measured at 25 HU. The retroperi-
toneal fat was evaluated between −101 and −99 in vivo,
whereas the peripheral layer of the phantom was measured
at −38. Finally, psoas and small bowel density values ranged
between 44 and 87 HU for the patient. The value of agar gel
around the AAA was evaluated at −30 HU. Since the ab-
dominal compartment is made of abdominal/retroperitoneal
fat mixed with bowels and retroperitoneal muscle, this value
is a good compromise between fat and other tissue densities.
The HU values in CTA for the surrounding abdomen mate-
rial (−28 HU) and the thrombus (25 HU) are in reasonably
good agreement with clinical values obtained for the patient
(Table III) and values cited in the literature considering that
the contrast between both tissues can be modulated by vary-
ing the window width of the ROI.42 Yoshizumi et al.43 esti-
mated the mean distribution of the abdominal fat at −92 HU.
D’Souza et al.44 mentioned that HU numbers for most soft
tissues (excluding fat) lie in the range of 20–90, while Toku-
naga and Hanaizumi45 noted that HU values of AAA thrombi
range from 50 to 270, according to its structural organization.
On the other hand, Tomoda et al.,46 in a case study, obtained
a HU number of 68 for the thrombus. Roy et al.47 observed
that area of hyperdensity can be observed in the thrombus and
wall of ruptured aneurysm due to the presence of intramural
hematoma.

To avoid image distortion in US imaging, Madsen et al.32

suggested the use of mimicking tissues with speeds of sound
ranging from 1460 to 1640 m/s. The current study revealed
values of 1493 m/s for the mimicked thrombus and 1458 m/s
for the simulated abdomen. Bullen et al.48 mentioned that
the subcutaneous fat has a propagation speed of 1476 m/s.
Muscles and soft tissues such as the liver are characterized
by speeds of sound ranging from 1540 to 1600 m/s.42 The
propagation speed varies in AAA artery wall according to the
organization of the thrombus (associated with levels of colla-
gen and cholesterol).49 These authors obtained a mean speed
of sound of 2000 m/s for calcified arteries. According to the
literature,50 the speed of sound for the selected polyurethane
mimicking the artery wall in our study was 1500 m/s. We
can, thus, conclude that selected materials provided accept-
able representation of real AAAs and surrounding biological
tissues. As noticed in Fig. 6, the shadowing observed at the
bottom of the image was due to the combined attenuation of
the different materials.

IV.B. Mechanical properties in the context
of an endovascular intervention

Previous in vitro studies reported that the most important
components of any AAA phantoms are its reproducibility,
consistency of material properties and thicknesses, and me-
chanical behavior (i.e., stiffness and compliance).51–54 While
our phantom provides a good representation of the clinical
reality from geometric and imaging standpoints, aspects that
are innovative, further investigation would be needed to define
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adequate materials representing nonlinear viscoelastic prop-
erties of real AAAs. As mentioned by Corbett et al.,54 be-
cause the abdominal aorta is surrounded by visceral organs,
abdominal muscles, and the spine, it is difficult to reproduce
in vitro a model that would mechanically behave as in vivo.
However, we believe our model could fairly represent the lin-
ear mechanical behavior of soft tissues in the physiological
range of—relatively small-–deformations, as it is reflected by
the satisfying correlation we obtained from an imaging stand-
point (based on linear mechanical properties, i.e., elasticity
moduli). Obviously, a thorough comparison of vasculature de-
formation based on in vivo studies/data is still needed for the
sake of validation.

The imaging compatibility with all modalities is relevant
to optimize new endovascular techniques of stent-graft imple-
mentation (fenestrated or branched stent-grafts), and to vali-
date new techniques of 2D/3D fusion between DSA and cone-
beam CT, and potentially between intravascular US and DSA.
Although we could efficiently release an endovascular stent
grant in the phantom, the current prototype could be inaccu-
rate to simulate the geometric deformation occurring during
AAA endovascular repair because mechanical properties of
the AAA phantom did not reflect the complexity of biological
tissues. This is likely to happen since EVAR involves large
deformations and rotations of the vascular structure and its
surrounding medium, especially for the iliac arteries. There-
fore, it is absolutely necessary to conduct in vivo studies to
capture the real complex mechanical response of the abdomi-
nal region, which would ensure a realistic phantom design. In
this regard, Demirci et al.55 developed a valuable algorithm
to assess the in vivo 3D geometry of deformed stent-grafts,
directly by x-ray projection, which would provide accurate
clinical data.

Further works on the development of an AAA multi-
modality phantom may, thus, include a greater number of
mechanobiological aspects, such as an atherosclerotic lesion,
a more realistic intraluminal thrombus material, with porosity
and calcifications.

V. CONCLUSION

In this study, a multimodality imaging phantom of a pa-
tient specific AAA geometry with fiducial markers and im-
age features visible in MRA, CTA, DSA, and US has been
developed. Another objective was to provide a visible realis-
tic AAA thrombus in all tested modalities. Measurements of
SNR and CNR values on T1 and T2 weighted sequences in-
dicated reasonable agreement with reported values of human
soft tissues in vivo. X-ray absorption was also in the range of
HU numbers seen clinically for AAA scans. Ultrasound prop-
agation speeds matched with the literature on phantoms and
ex vivo biological tissues. This study also showed the feasibil-
ity of using this phantom to simulate fluoroscopy-guided stent
graft deployment in a realistic AAA. Such simulation may
help planning efficient endovascular intervention by improv-
ing stent development. However, future achievements should
focus on better mimicking mechanical properties of AAA
constituents.
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