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The objective was to design a vascular phantom compatible with digital subtraction angiography,
computerized tomography angiography, ultrasound and magnetic resonance angigiytepgty
Fiducial markers were implanted at precise known locations in the phantom to facilitate identifi-
cation and orientation of plane views from three-dimensid@BeD) reconstructed images. A vas-

cular conduit connected to tubing at the extremities of the phantom ran through an agar-based gel
filling it. A vessel wall in latex was included around the conduit to avoid diffusion of contrast
agents. Using a lost-material casting technique based on a low melting point metal, geometries of
pathological vessels were modeled. During the experimental testing, fiducial markers were detect-
able in all modalities without distortion. No leak of gadolinium through the vascular wall was
observed on MRA after 5 hours. Moreover, no significant deformation of the vascular conduit was
noted during the fabrication proce@onfirmed by microtome slicing along the vegsé&he poten-

tial use of the phantom for calibration, rescaling, and fusion of 3-D images obtained from the
different modalities as well as its use for the evaluation of intra- and inter-modality comparative
studies of imaging systems are discussed. In conclusion, the vascular phantom can allow accurate
calibration of radiological imaging devices based on x-ray, magnetic resonance and ultrasound and
quantitative comparisons of the geometric accuracy of the vessel lumen obtained with each of these
methods on a given well defined 3-D geometry. 2004 American Association of Physicists in
Medicine. [DOI: 10.1118/1.1739300
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[. INTRODUCTION nisms of wave propagation in biological tissues are required
to reconstruct the images, and acoustic inhomogeneities of

. tissues can also lead to geometric distortibfiae sources of
mography angiographyCTA), ultrasonographyUS) and image artifacts for MRA include geometric distortions due to

magnetic resonance angiogragyRA) are commonly used . ) o
g glog ) y tlswe nonhomogeneity of the scanner fields, and magnetic in-

to detect and investigate the severity of vascular disease X ih the | d obi This is wh .
including stenoses, thromboses, development of collaterafractions with the imaged object. This is why comparative

vessels, aneurysms, or vascular malformations. Even aft&fudies of 3-D imaging techniques, under the same experi-
calibration, no imaging technique is error free. Even if CTA, mental conditions, are necessary to assess the accuracy and
especially with multi-slice isotropic imaging platforms, is determine the advantages and limitations of each method.
considered the technique with the best 3-D spatial resolution Multimodality vascular flow phantoms are ideal tools as
and lowest image distortiohplane x-ray angiography is still they provide a way of testing the geometric accuracy, with
considered as a gold standard for clinical studies evaluatingasy reproducibility of the experimental conditions, when
arterial diseasesSHowever, image distortion in angiography different modalities are considered. They can also be used to
is a concerr. For ultrasound, assumptions on the mecha-compare the blood flow velocity patterns obtained by ultra-

Digital subtraction angiographyDSA), computerized to-
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sound and magnetic resonance imaging. Ideally, multimodal- 7 )
ity phantoms have to meet three major requirements. First g 7 E’
they must be compatible with all imaging modalities evalu- o ! : _
o | | drying of the biogel

ated, i.e., it is important that the materials involved in the
construction of phantoms allow clearly the identification of
the shape of the vessel lumen on the images, with no ol
minimum artifacts. Second, they should be anthropomorphic,
i.e., their geometry should mimic as close as possible the
complexity of real human vessels. Finally, they should con-
tain markers visible in all modalities for image calibration,
rescaling and fusion. »
Several compounds were used to prepare tissue
mimicking phantoms~° Burlew et al® proposed a mixture
of agar, graphite particles, distilled water angpropanol.
Otherg® developed a variation of this formulation by using
glycerol instead oh-propanol to increase the acoustic veloc-
ity of the tissue-mimic, and cellulose scattering particles in-
stead of graphite to provide the desired acoustic attenuatiorE
Fatty and other materials like evaporated milk-based or saf-
flower oil with kerosengand tofd® have also been used. As
discussed later, the properties of those different tissue-mimibardly identifiable or visible on the other image modalities.
materials can influence the visualization of fiducial markerdn Dabrowski et al,'” eight stainless steel ball bearings

inside the phantom
and to allow
pressurization

E Cover to avoid
7
I
|
f
!
f
1
i

First layer (agar-based gel +
oil) containing the fiducial
markers surrounding the
vessel

Cerrolow (low-melting
point metallic alloy) cast
of the vessel

1. 1. Exploded perspective view of the vascular phantom before filling the
bx with an agar-mimicking tissue.

in multimodality imaging systems. pushed into an agar gel with a syringe needle were used as
o fiducial markers. However, ball bearings introduced artifacts
A. Existing vascular phantoms in both US and CTA images. Consequently, they suggested

Several approaches have been proposed to create realistising as few fiducial markers as possible and to reduce the
vascular phantoms, namely stereolithography, the casting dfall diameter(as small as 0.119 cnto reduce artifacts in
real vessels and lost-material methods. Stereolithograph§TA. However, small balls could not be easily detected in
was used to build 3-D replicas of coronary and cerebrovasS images. Although not originally proposed as markers for
cular vessels with stenosEs™® Until recently, this method vascular phantoms, Hit developed external markers at-
allowed only fabricating rigid-wall phantoms with an irregu- tached to the skin that could be used for multimodality im-
lar lumen surfacé® However, with recent developments in aging (PET, MRA and CTA. These markers comprised a
technologies and materials, rapid prototyping technology angpherical silicone rubber void that could be filled with fluids
stereolithography now offer an increased geometric flexibil-chosen so that the markers appeared with high contrast on
ity and a better accuracy in the production of realistic threethe images. However, the marker fluids were absorbed into
dimensional flexible modef$:'® Studies were also per- the rubber over a period of a few days. Consequently, mark-
formed on phantoms derived from real vessels harvested o#rs had to be used within 36 hours of being filled.
cadavers®~'8 However, the geometry of each artery is
unique and unknown, and they cannot be duplicated if thé. Objectives of the study

vessel is damaged. The casting of wax or cerrolow is inter- |t gnnears from the above review that there is still a need
esting éolsrlegg(r)oduce realistic vessels with a smooth innefyr 5 multimodality vascular phantom being able to calibrate
surface> ™" The lost casting materig.g., cerrolowis itferent radiology imaging apparatuses. Our goal in this
usually filled in a two-part mold and.therm|cally removed to study was thus to create a new phantom compatible with all
create the vessel lumen. Geometries of the human carotighscyjar imaging modalities with markers visible in DSA,
bifurcation and cranial blood vessels were produced with thist-l—A, MRA and US. As performed by othefsthe vessel
method. lumen was surrounded by a tissue-mimicking material repro-
ducing realistic image patterns in CTA, MRA and US. An-
other interesting aspect was the design of an artificial vessel
wall providing no image interference and avoiding the diffu-
Fiducial markers are very useful in the identification andsjon of contrast materials. The diffusion of gadolinium or
orientation of plane views in DSA, CTA, MRA and US. They other contrast agents through tissue-mimicking materials can
can also be used for calibration, rescaling and fusion of 3-Ihe a concern for phantom desi@ﬁq_
images obtained from these different modalities, and 3-D-
image reconstruction from angiographic plane views. To outl. METHODS
knowledge, only two vascular phantoms provided fiducial
markers. Fraynet al® used three distinct sets of lead-cored
nylon fishing line as fiducial markers. However, even if the As illustrated in Fig. 1, the vascular phantom was en-
markers were visible in the projection radiography, they wereclosed in a polyethylene container, the inner of it having a

B. Use of fiducial markers

A. Process for manufacturing the vascular phantom
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semi-cylindrical shape surrounding the vessel lumen. The di-
ameter of the semi-cylindrical cavity was 101.6 mm and its
length was 228.6 mm. In the container, a first semi- Top view
cylindrical layer of an agar—oil mixture of controlled thick- e ° ° °
ness contained a series of glass balls of 3-mm diameter. The . e -
rest of the container was filled with a block of agar-based gel @E o o o © _E‘eﬁ
(not shown in Fig. 1 with a semi-cylindrical shape at the :
bottom superimposed on the first layer of the agar—oil mix- - - - \
ture. The second layer of agar gel filled the box up to the a o ° )
cover consisting of a polyethylene sheet. To avoid drying out
of the agar-based gel and to seal the phantom during pres- . Fiducial glass balls
surization of the lumen, a rubber gasket was installed be- = (0.d. 3 mm)
tween the cover and the container. A thin layer of water was Cross-sectional view
introduced between the second layer of agar and the polyeth-
ylene cover to ensure continuous acoustic coupling for ultra- i N i
sound measurements. ‘ NP A S/
The vascular canal ran through the second layer of agar e GED D
and was connected to rigid tubing at both extremities. Garo- R
lite tubing going through the end walls of the container were
used. They had the same inner diameter as that of the arterigs. 2. schematic of the top and cross-sectional views of the vascular phan-
canal, thus ensuring a smooth geometric transition betweenm showing the positioning of the fiducial makemutside diameter, o.d.
the lumen and the external tubing. Garolite is a materiai=3 mm) within the first layer of agar—oil gel.
made of a continuous-woven glass fabric laminated with an
epoxy resin. They were inserted in polypropylene bulkhead ) N _
unions screwed in the end walls of the container. The rigid@" See four holes to fill the liquid mixture of agar—oil, and a
tubing at the extremities of the phantom provide a means ofemi-cylindrical cavity containing removable screws. The

connecting the vessel to external devices such as a pump RPtiom part of the template was also semi-cylindrical and
generate fluid circulation inside the phantom, if required. ©NCe it was fixed over the phantom, it allowed pouring the
bottom half of the circular first layer of gel. It contained 25

removable pins, all of the same diamet8rmm), jutting 3
B. Composition of the two layers of gel and mm out of the semi-cylindrical surface. These pins were used
positioning of the markers to ensure precise positioning of the fiducial markers in the

"}V

For the first layer, a mixture of agar—oil gel was prepared
by using a volumeV of a mixture containing 3 weight per-
cent of agar and 97 weight percent water. Then a voluii3e
(33%) of paraffin oil (petrolium distillated solvent dewaxed
paraffin, Fisher Scientific, Fairlawn, NJ, #01-184-150&s
added. The mixture was heated and energetically stirred until
the gel-oil emulsion became stable, i.e., water and oil did
not separate after stirring. The gel was poured into the phan-
tom by using a special template to obtain a thickness of 4.8
mm. Time was allowed for the solidification of the gel before
inserting the glass balldiducial markers

As shown in Fig. 2, twenty-five geometrical fiducial hole to fill the gel
markers were implanted at precise known positions in the Bottom view
first layer of agar—oil gel, i.e., at controlled angular positions
and a depth of 3 mm from the upper cylindrical surface of
the layer. They were divided in five sets of five markers each.
For each set, the five balls were contained in cross-sectional
and longitudinal planes of the phantom. One set was placed
in the central axis, and the two sets on both sides were placed
at nonsymmetrical locations to facilitate image localization.
For the same reason, in each cross-sectional planar set, the S
balls were implanted at nonsymmetrical positions on either Removable
side of the symmetry axis. screw

A template was deSIgned to position the glass balls withi 1G. 3. Top and bottom views of the template used to pour the bottom half

the first layer of agar—oil gelsee Fig. 3 The templat(? WaS  of the first layer of agar—oil gel. Removable screws were used to create
fixed on the top of the phantom. From the upper view, oneholes allowing the positioning of the fiducial glass ball markers.

Top view

Removable
screw
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70 % 90 %

Fic. 5. A cerrolow piece used to mimic a vessel with a double stenosis
geometry of 70% and 90% area reductions.

aging of a vessel with fiducial markers, a simple axi-
symmetrical double stenoses model was designed. The
hole to fill the gel stenoses had area reduction grades of 90% and 70%. The
Fic. 4. The bottom view of the second template used to pour the upper halglameter of th.e nonO.bStrUCted. pa.rt of the artery was 7.9 mm.
of the first layer of agar—oil gel mixture. A 58°C melting point cerro-indium alloy corécerrolow
136, Cerrometal Products, Bellefonte, PA, US#as cast in
a two-part aluminum preheated mold designed to reproduce
phantom gel. The template was designed such that the spatiee shape of the artery. After casting, the metallic core was
between it and the phantom inner surface had a constaepboled at room temperature for two hours. It was then ex-
thickness. Two alignment pins on the template and corretracted from the mold and hand-polished to remove surface
sponding holes on the top of the phantom container ensureiregularities(see Fig. 5. To avoid the diffusion of contrast
a correct positioning. Aftea 3 hour solidification of the gel, materials, a thin layer of liquid latex was uniformly sprayed
the pins were unscrewed and the template removed. Thento the surface of the cerrolow core. Time was allowed for
glass balls were manually implanted in the holes created athe drying of latex.
ter removal of the pins and template. The elasticity of the gel The covered cerrolow positive arterial core was then in-
allowed easy insertion of the balls. stalled in the phantom container. It was positioned above the
A second semi-cylindrical 3.2 mm-thick layer of agar—oil circular poured agar—oil gel layer shown in Fig. 2, and it was
gel mixture(upper half was poured to cover the markers and supported at both ends of the phantom by the garolite tubes
fill the holes. As for the first bottom half layer, a secondin which its extremities were inserted. The phantom was then
semi-cylindrical templatéshown in Fig. 4 was used to ob- covered by the rubber gasket and polyethylene sheet shown
tain a circular layer of the required thickness. The agar—oiin Fig. 1, and positioned vertically. A small hole was made in
layer was allowed to solidify for another three hours. Afterthe corner of the polyethylene sheet from which the remain-
solidification, the two layers of the agar—oil gel could not being space in the phantom container was completely filled
distinguished from one another, both visually and on the acwith liquid agar gel(second layer The gel was poured at
quired images obtained from all radiographic imaging mo-45 °C. This temperature was found to be a good compromise
dalities. because it is high enough to allow pouring before solidify-
As reported by otherSthe tissue-mimicking gel mixture ing, and it is sufficiently low, compared to the melting point
surrounding the vascular conduit shown in Fig. 1 was comof cerrolow 136, to avoid softening and deformation of the
posed of 3 weight percent of agar, 8 weight percent of glycarterial-shaped core. The vertical positioning of the phantom
erol, 3 weight percent of cellulose particles and 86 weightalso allowed us to eliminate possible binding of the cerrolow
percent of water. Glycerol was added to the mixture to in-bar due to gravity. This was required because the cerrolow
crease the acoustic velocity of the gel, so that it became clodear is losing its rigidity following the pouring of agar. The
to the value in living tissue§1540 m/3. The cellulose par- agar gel was allowed to solidify at room temperature for
ticles (Sigmacell, Sigma Chemical, St. Louis, MO, #S-5504 approximately 10 hours. Distilled water was then added to
were added as an ultrasound scattering agent to provide bdil the space between the solidified agar and the polyethyl-
ter contrast between the vessel and the surrounding gel iene sheet before closing the small hole through it with a
B-mode ultrasonic imaging. This mixture also allowed us torubber plug.
mimic tissue contrast in CTA and MRA. In a first step, agar, To create the vessel lumen, the vertically oriented phan-
glycerol and water were mixed together. The resulting mixtom was heated in a water bath at 65 °C for 2 to 3 hours. As
ture was stirred and heated until the agar powder was conthe temperature inside the phantom reached 58 °C, cerrolow
pletely dissolved and a clear gelling liquid was obtained.started melting out of the phantom via the garolite tubes.
Then, cellulose was added, the mixture was stirred again andemoval of the molten cerrolow created in the gel a conduit
cooled down to the proper temperature for pouring into thewith a latex wall having the shape of the initial cerrolow
phantom, i.e., 45°C. cast. Small residual cerrolow particles were removed by in-
jection of hot water in the conduit with a syringe.

C. Design of the vascular wall and lumen

The lost-material casting technique, based on the cerroIO\P - Tissue-mimic ultrasound properties

alloy and appropriate molding, can allow fabricating vascu- The acoustic propertieaelocity, attenuation, scatteripg
lar pathologies with no axis of symmetry. To demonstrate theof agar-based gel made of glycerol and cellulose particles
feasibility of the current phantom for multimodality 3-D im- (the second layer of the phantprare well described in the
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polyvinyl perimental approach was also used to measure the speed of

water water sound in standard agar gel, and a comparison was made with
S S e

the literature’

E. Geometric assessments of the vessel lumen
diameter

For each step involved in manufacturing the vascular
phantom, several factors could affect the geometric accuracy
of the lumen. One major advantage of the current phantom is

NS e —— the possibility of using the computer assisted desiQAD)
water |  material file, used to fabricate the mold of the vessel lumen, as the
polyvinyl 3-D geometric gold standard for the calibration of the mul-

timodality imaging methods. Therefore, it was mandatory to
validate the different steps of the fabrication process.

1. Molding of cerrolow

The geometric accuracy following the molding of cer-
rolow was first tested by comparing the inner 7.9 mm diam-
eter of the aluminum mold to the diameter of a cerrolow rod
casted in it. The cerrolow bar was prepared according to the
method described earlier. At three different positions along
the bar, the diameter was measured five times by using a
microcaliper following rotation of the rod. The diameters
obtained (= 15) were then compared to the theoretical mea-
sure of the mold.

. _ _ 2. Heating the phantom
Fic. 6. Experimental set-up used to measure the acoustic velocity of the

agar—oil gel(identified as the material on the figir@ecause the acoustic In order to evaluate the impact of heating cerrolow on the

impedance of agar gel is close to that of water filling the reservoir, a thinagar—gel structural stability, two phantoms were made using

plate of polyvinyl was inserted on the top of the agar tissue sample 19 7 9 ;yy diameter stainless steel rod instead of cerrolow to

produce acoustic impedance mismatches and thus to help identify the fron- . .

tiers of the different echoes. pr_oducc_e the lumen inside Fhe.gel. After removing the rod by
sliding it through the garolite inlets, one model was cut per-
pendicularly into ten thin slices of 20am with a micro-

literature’ However, since this can have an impact on thetome’ while the other model was heated at 65°C in water for

accurate 3-D registration of the fiducial markers, the acoustié’® hgurs, tco?:fd down to the dambﬁ_r;wt telmperatcljjlre arld cu]E
velocity of the agar—oil gel forming the first layer of the according 1o the same procedure. 1he lumen diameter o

phantom was measured using a pulse transit time techniqtﬁ1 '(c:rhoﬂ::rg v;a_s”:r;er;a;l;redr:t g}ltehg'féirni&angIeasng':]he:tlég'Ca
similar to that described by Madsenal?® The experimental Icroscope. sures ©0)

setup is shown in Fig. 6. The distance from the transducer t(()n: 50) models were then compared.

fixed targets located in a water bath was measured with a o

pulser/receivefPanametrics, Waltham, MA, #5900 Pfom - Fressurizing the vessel lumen

the 10 MHz radio-frequency signal digitized with a Gage Two agar—gel models surrounding a cerrolow stick of 7.9
8500 PC cardGagescope, Montreal, Canada 40-us du- mm diameter covered with latex were prepared. The agar—
ration ultrasound pulse was transmitted through a knowrgel models were heated at 65 °C to melt the cerrolow and to
thickness of tissue-mimic and the speed of socimechs mea-  produce the lumen within the phantom. The lumen of each of
sured according to the following equation;ga,_oi=Cwaer ~ them was then filled with an agar—gel at a pressure of 20 and
X(tat+ty)/t,, wherec, e iS the speed of sound in water at 100 mm Hg, respectively. The pressure was maintained until
room temperaturé€1480 m/3, t,, shown in Fig. 6, is the the gel hardened. Each model was then cut perpendicularly
propagation time in the block of agar—oil, ang is the into either six(20 mm Hg or five (100 mm Hg thin slices of
propagation time difference for the echo to reach the botton200 um with a microtome, and the diameter of the gel cyl-
of the water tank in the presence or absence of the agar—aider inside the latex wall was measured at five different
block of material. The measurement was repeated for threangles with the Leica microscope. The diameters of the agar
different samples with different concentrations of paraffin oilrod (n=30 or 295 were then compared with the measures
in the agar gel0%, 33% and 100%at room temperature made on the cerrolow stick to evaluate the need of pressuring
(22°C). As described earlier, the concentration of 100%, fothe vessel to stretch out the latex layer. This may be neces-
example, was obtained by mixing an equivalent volume ofsary for an accurate calibration of radiographic imagers since
agar gel and paraffin. To validate our method, the same exatex and agar gel do not bind together.

Medical Physics, Vol. 31, No. 6, June 2004
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4. Possible degradation over time

time
Finally, in order to evaluate the impact of storage on the

geometric accuracy of the agar gel, another model was con

structed with a stainless steel rod of 7.9 mm diameter. T

maintain consistency, although it was not necessary for th

removal of the rod, the model was heated in water at 65 °

for two hours. Then, the agar block was removed from theFic. 7. MRA cross-sectional images of the phantom with@eft panej and

phantom and a portion of it was cut perpendicularly into fivewith ((ight_ pane) t_he use of a I_atex membrane to simulate th_e vessel wall.

thin slices of 20Qum with a microtome, while the other part The diffusion testing of gadolinium was performed over a period of 5 hours.

was conserved for 30 months in a solution of water and

sodium azide(0.1%, Sigma Chemical, St. Louis, MO,

#S2002 at 4 °C. The addition of sodium azide to the water x 390 mm, matrix size 194x 512, slab thickness60 mm,

allowed us to eliminate the bacterial proliferation. After 30 effective slice thickness1.67 mm, 50% overlap, number

months, the second part of the agar block was also cut intexcitation=1).

five thin slices. The tube diameter of each slice was mea-

sured at five different angles for each block with the Leica

microscope, and the values < 25) were compared. . RESULTS

A. Effectiveness of the latex membrane to prevent
diffusion of contrast agent

F. Image acquisitions The possible diffusion of gadolinium through the vessel

All image acquisitions were performed by using standardvall was tested in MRA. Figure 7 shows 5 hours testing
clinical protocols. DSA projections were acquired on a DFPwithout and with the latex membrane. As seen on the left
2000 unit(Toshiba, Tokyo, Japarby using the following Panel, important diffusion within the agar gel was noted
parameters (field-of-view 17 cm, tube—intensifier distance When the phantom was constructed without spraying the cer-
=100 cm, table height80 cm, matrix size-1024x 1024, rolow bar with latex. On the contrary, the use of the latex
current density:400 mA and peak voltage70 kV). The  barrier avoided diffusion. For instance, no significant change
vascular phantom was filled with a contrast solution of io-in the vessel cross-sectional area was noted over the obser-
thalamate meglumine at 300 mg/if€onray 30, Mallinck-  vation period of 5 hours. In the current study, no diffusion
rodt Medical, Pointe-Claire, QC, Canad&or the CT-scans, testing was performed with x-ray iodine contrast or ultra-
the vessel lumen was filled with a 2.8% solution of 430sound bubbles. Because of the latex barrier, no diffusion for
mg/ml of iothalamate megluminé&Conray 43 diluted in a  both contrast agents are expected.

0.9% NaCl solution. The phantom was scanned with a

PQ5000 scanndPhilips Medical System, Best, The Nether-

landg by using a slice thickness of 1 mm, a pitch of 1.25 mmB. Tissue-mimic ultrasound properties

and a reconstruction interval of 1 mm. Other parameters for As described in Sec. Il, two compounds were used to
all CTA scans were a current density of 200 mA, a peak ) C S

voltage of 120 kV, a matrix size of 52512, and a field of create the first and' second semll—cyllndrlcal Iayers' of agar-
view of 25 cm. An ATL Ultramark 9 HDI ultrasound system based gels. In the first layer thaF includes the fiducial mark-
(Philips Medical System, Bothell, WA, USAwith a 38-mm ers, the gel was made of 3 Welghtopgrcent of agar and'97
aperture linear array probéL7-4) was used to collect weight percent of water to which 33% in volume of paraffin

B-mode images at 5 MHz. The focal point of the uItrasoundOII was added. According to Table I, the speed of sound in

' .hhis compound was 14850.9 m/s, which is lower than the
beam was set near the center of the vessel lumen filled WIth ) ed of sound in biological tisSUEE540 m/3. As a refer-
distilled water. A 3-D imaging systertLife Imaging, Lon- b 9 '

don, ON, Canadawas used for the B-mode image acquisi- ence, the velocities for other volume concentrations of par-

. . . 8ffinic oil are also given. The sound velocity in the agar gel
tion and display. A discrete movement step motor was useOf the second layef3% agar, 8% glycerol, 3% cellulose and
to longitudinally scan the phantom at a slow velocity of 0.25 Y gar, gy :

0,
mm/s. The 2-D cross-sectional images had a dimension 0§6/° watef was 1545-1.1 m/s, as expecteld.

256X 256 pixels. Magnetic resonance imaging was per-

formed with a 1.5 Tesla unitMagnetom Vision, Siemens,

Erlangen, Germany The phantom vessel was filled with a TABLE.|. Acoustic properties of agar—ge! V\{ith a different concentration of
1.8 millimole/L of gadopentetate dimeglumine solutiéga- ~ Paraffin oil at 22°C (mean standard deviation

dolinium,” Magnevist, Berlex, Lachine, QC, Canadiiluted % of paraffin oil Speedm/s)

in a 0.9% NacCl solution. A high resolution three-dimensional

fast low angle shotFLASH) sequence in the coronal plane ng,/o ﬁgié'g

using a body array coil was usétepetition time=4.6 ms, 100% 146909

echo time=1.8 ms, flip angle30°, field of view=293

Medical Physics, Vol. 31, No. 6, June 2004



1430 Cloutier et al.: A multimodality vascular phantom 1430

fiducial marker

fiducial marker

Fic. 9. A cross-sectional view of the phantom imaged on a digital comput-
erized tomography scanner. Five fiducial markers are clearly seen on this
image section.

Fic. 8. Lateral angulation view of the phantom imaged on a digital subtrac-FIg' 8. Flgures 10 and 11 show the Phantom |maged \_Nlth

tion angiography scanner. Twenty of the twenty-five fiducial markers areéB-mode ultrasound and MRA, respectively. For all imaging

clearly visible on this scan projection. The other five markers are underneatmodalities, the lumen with double stenoses and fiducial

the stenosed vessel. markers were clearly identifiable without a significant arti-
fact.

C. Geometric measurements of the vessel lumen
diameter IV. DISCUSSION

The geometric accuracy following the molding of a 7.9  The components and proportions of the agar and agar—oil
mm diameter cerrolow bar was tested by comparing the avgel mixtures, as well as the fiducial markers, had to be cho-
eraged diameter of the cerrolow stick with that of the alumi-Sen so that they met two major requirements: first, materials
num mold. The agreement was withirn 0.5% (—0.04
+0.06 mm), which is satisfyin¢the slight hand polishing of
the cerrolow bar following its removal from the mold may
partially explain this differenge The geometry of the mold
or that of the CAD file can thus be considered as the gold
standard lumen diameter of the phantéimhigh precisions
are assured during the fabrication of the mold addition, it
appears that heating the model in water at 65 °C for 2 hours
had no effect on the geometric accuracy of the agar—gel. The
diameter difference between the stainless steel rod and that
of the sliced lumens measured with a microscope, following
heating (~0.11+0.07 mm) or not ( 0.10=0.07 mm) of the
gel was similar p=0.44, t-tesh and within —1.4% of the
true diameter of the rod.

The need of pressurizing the lumen to extend the latex
layer has been tested by comparing the theoretical diameter
of 7.9 mm to the average diameter of two lumens filled with
an agar gel at 20 and 100 mm Hg, respectively. The results
showed that at 100 mm Hg of pressure, the average diameter
differences of the gel cylinder inside the latex layer were
similar to the desired geometry-(0.004+0.18 mm), while
a slight difference {0.20+0.30 mm, —2.5%, p=0.006,
t-tes) was noted for the model filled with agar at 20 mm Hg.
Finally, it appeared that the agar—gel slightly shrunk over the
storage period of 30 months-(0.2620.08 mm, —3.3%, p
<0.001,t-tesh.

D. Visualization of the phantom with the multimodality
radiographic imagers

Figure 8 presents a DSA image plane obtained from a fiducial markers
lateral angulatlon view, whereas a CTA cross-section of th 16. 10. 3-D volumes of the phantom imaged with a B-mode ultrasound

same yascular phant.om is S'hown in Fig. 9. The pi'n(?UShi_Ogcanner. The fiducial markers aligned with the plane views selected were
distortion of the angiographic scanner is clearly visible inclearly visible.
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fiducial marker gel versus 1 to 10 cit for different kinds of glasses, at 90
kVp), will appear clearly both in DSA and CTA images, as it
can be seen in Figs. 8 and 9. In acoustic imaging, the contrast
between two adjacent materials results from a difference in
acoustic impedance. Agar gels are known to have an acoustic
impedance of about 1:510° g/cm 2s ! (see Ref. & For a
mixture of agar gel with oil, the acoustic impedance is
slightly lower according to Table(the acoustic impedance is
proportional to the sound velocity Therefore, as far as
acoustic imaging is concerned, fiducial markers could be
made of any materials having a mudfor example ten
times greater impedance, for them to be clearly seen. On the
other hand, the material of the fiducial markers should not
have a too high mismatch in acoustic impedance to avoid
exaggerated attenuation and shadowing behind the markers.
In the specific example described in the present study, glass
balls (impedance of 14 10° g/lcm 2s !; see Ref. 24were
used as markers. They appeared as white bright spots on
B-mode ultrasound imagedsee Fig. 10 For MRA, contrast

is essentially based on the difference in relaxation tiffes
gitudinal relaxation timeT; and transverse relaxation time
T,). MRA sequences are usually-weighted because they
are performed after gadolinium bolus injection inducing a
shortening of bloodT; value. As the recovered spin-echo

Fic. 11. A horizontal section view of the phantom visualized on a magneticsigna| is a decreasing function @, materials with short
resonance imaging scanner. A row of five fiducial markers is clearly visible, itudinal | ti ti ' bright oF ighted
in hypo-signal; the other twenty markers are not seen on this 2-D planéongl udinal relaxation ume appear brig n-weighte

view. Since the window width setting to visualize the markers was narrowjmages. In the current study, metallic markers could not be

the signal intensity in the lumen appears saturated. used because they create artifacts that prevent a precise de-
termination of the center of the markers on images. Small
glass balls were used instead because they are compatible

used to manufacture the phantom had to create no or minwith MRA in addition to being a good selection for ultra-

mum artifacts on images in any modality; and second, theéound and x-ray. Since th, of agar gel is low, and not

markers had to be easily detected and identified. Markersery different from that of glassT; around 1000-1200 ms

appear clearly on phantom images if there is high contrasglass markers cannot easily be detected when inserted in

between them and the material in which they are inserted. Rgar—gel alone. As fat componerfesg., adipose tissues on

was strategically decided to use solid markers to prevent theedical images) are known to have shorter values Bf

risks of diffusion into the surrounding agar gel, which could (around 200-500 msit was decided to add oil into the

happen if one had chosen to use liquid markers consisting ¢fgar-based gel layer in which markers were inserted. The

a fluid embedded in sealed caviti@sg., encapsulated MRA signal level of the agar—oil gel mixture was then much

contrast agents such as gadolinium, or any other mateffals higher, and the fiducial glass markers thus appeared as black

Using the fabrication techniques presented here, sophistsphereghypo-signal on a light-gray background, as can be

cated multimodality anthropomorphic phantoms of knownseen in Fig. 11.

geometries are possible. The ability to create many exact

duplicates of the r_nodel perr_nits i_nvestigators to _perform _si-B_ Other technical considerations

multaneous experiments on identical models at different sites

or at different moments. Moreover, one phantom may be As agar-based gels contain a great amount of water, mix-

used for repeated experiments system calibration and qualiff}g them with a high proportion of oil or fat component can

assurance applications. If a phantom should become danke difficult (problems of homogeneity of the mixture result-

aged or lost it can be easily replaced since identical cast§d in the apparition of oil bubbles inside the gel malyix
may be made from the mold. and, with excessive oil concentration, the resulting mixture

may not be able to harden. For this reason, although high oil
concentrations provide better contrast with glass markers, the
proportion of oil included in the preparation of the gel was
For imaging techniques based on x-(®SA, CTA), con-  selected to be in the range of 30%-50% in volu{®8% in
trast on the images results from a difference in x-ray absorpthe examples presented heréhis was found to be a good
tion of the different materials. Consequently, materials likecompromise between contrast, homogeneity of the mixture
glass, which have an absorption coefficient significantlyand hardening.
higher than that of agar—defaround 0.24 cm® for agar— Degradation of the latex membrane mimicking the vessel

A. Rationale for the selection of glass markers
embedded in an agar—oil mixture gel
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wall was observed over time. This seemed to be due to thg. CONCLUSION
absence of a dry barrier between latex and the aganugde

. . . In this article, the process for manufacturing a novel mul-
of 86% watey surrounding the vessel. To circumvent this P g

_ timodality vascular imaging phantom was presented. Fidu-
problem, a thin layer of polyurethane was recently addedg| markers embedded in the structure of the phantom were
over the latex membrane before introducing the cerrolow ba{:learly identifiable on each radiographic imaging modality
within the phantom. This strategy seems to provide a solutested(digital subtraction angiography, computerized tomog-
tion for this problem and it is expected to increase the longraphy angiography, B-mode echography and magnetic reso-
term durability of the phantom. Polyurethane may also benance angiographyThe phantom was recently validated as
advantageous in future developments to avoid the need &f tool for the calibration of multimodality images of cylin-
pressurizing the lumen at 100 mm Hg for an accurate assessdrical vessel sizes ranging between 0.93 and 6.24%fim.
ment of its dimension. For instance, latex binds to the stiffewas also used to optimize peripheral MRA acquisition
polyurethane membrane and it may thus be possible to ugearameters for the purpose of quantifying peripheral vascular
the phantom at the atmospheric pressure if this So|utioﬁtenose§? Finally, a nitinol stent with tantalum markers
proves successful. was recently implanted in the structure of the vascular phan-

We are aware that the use of latex alone may also b#Mm to evaluate artifacts produced on MRA and CTA

o - - - imaging?®
problematic if one considers flow experiments. For instanceMa9'Ng:

the pressure drop downstream of a stenosis may create pul-

satile oscillations of the latex membrane under physiological
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