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A novel realistic three-layer phantom for intravascular ultrasound imaging
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Abstract

Intravascular ultrasound (IVUS) is an imaging modality that experienced a tremendous development over
the last 20 years. Phantoms for IVUS are rare and poorly documented. The aim of this paper is to propose
an original IVUS phantom that has geometries and specular textures closer to those of coronary arteries
than conventional tube-like phantoms. The proposed phantom has a three-layer aspect, reproducing the
intima, media and adventitia that compose the arterial wall. It is made of an agar-based compound, with
water, glycerol and cellulose particles. Fourteen phantoms were quantified using IVUS. Six phantoms were
evaluated by both photomacroscopy and IVUS. There was an excellent correlation between phantom
dimensions evaluated by photomacroscopy and the nominal values (mold dimensions). The IVUS quan-
tification of the phantom was closely correlated to the measurements obtained by photomacroscopy. These
results demonstrate that a multilayer phantom, with known and reproducible dimensions and with realistic

geometric and echographic properties has been developed.

Introduction

Intravascular ultrasound (IVUS) imaging is a
high-resolution real-time tomographic modality
that allows visualization of both arterial lumen
and wall structures, improving on the limitations
of angiography [1] that only provides a view-de-
pendent two-dimensional projection of the lumen.
IVUS allows a better understanding and assess-
ment of coronary artery disease and particularly of
plaque progression or regression, and response to
various forms of therapy. It also offers a better
guidance for balloon sizing, instrument selection
and optimal stent deployment [2]. The value of
IVUS, however, largely depends on the reliability
of the measurements that it provides.

By comparing the dimensions of an object
measured with a specific imaging modality, with

the true dimensions, it is possible to determine the
reliability of the imaging chain and its value for
quantification. Phantoms are necessary to perform
periodic verification of any imaging device cali-
bration, as part of a quality control schedule.
Ideally, each transducer should be calibrated prior
to an IVUS study, much as pressure transducers
are calibrated before each use [2]. Phantoms are
important to compare imaging modalities, evalu-
ate their limitations, and validate different algo-
rithms such as automated segmentation of the
different artery layers. An IVUS phantom can also
be useful for a better understanding of image
formation and material’s response to ultrasonic
interrogation. Phantoms can be used for the study
of tissue characterization [3] and may also allow
to reduce interobserver and interinstitutional
variability in multicenter clinical studies or when
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using more than one core laboratory in such trials
[4].

Simple tubes [5] and catheters [6] have been re-
ported as IVUS phantoms, but those have very
little similarity with in vivo characteristics and
echographic properties of arterial tissues. As
shown in Figure 1, tubes can reproduce neither the

texture nor the geometry of the different layers of

the artery. Other structures have also been used
including rubber O rings [7], casts from arteries [8,
9], wires [10], threads [11] and drilled holes in
blocks [12]. A phantom adapted for IVUS should
allow insonification from the lumen (internal flow
area), feature dimensions reproducing in vivo
morphology and show the different layers of the
arterial wall structure (intima, media and adven-
titia). Although phantoms have been developed for
Doppler and transcutaneous ultrasonography,
there is scarce information about an endovascular
phantom that could simulate the typical three-
layer appearance of the vessels, with different ste-
nosis severity, and typical clinical characteristics
such as eccentricity. The aim of the present paper is
to describe a new realistic coronary artery phan-

tom adapted to IVUS imaging, having known and
reproducible dimensions, showing geometric and
echographic properties that are more realistic than
presently available IVUS phantoms, and to evalu-
ate its utility for dimension measurements.

Material and methods
Phantom geomelry

Since a realistic phantom should reproduce the
anatomy of human arteries, a mold had to be de-
signed. This mold was machined in aluminum, be-
cause this metal is more durable than plastic, easy
to machine, and also allows using heat-curing
compounds. The mold was made of a male piece
and a two-piece female, in order to extract more
easily the phantom from the mold (Figure 2). The
molding of the phantom was comparable to that of
the plastic injection process by which a compound
is poured in a female piece. The male is then forced
in the female and the excess of material is evacu-
ated. The remaining material takes the geometry of

Figure 1. TVUS image of a silicone tube (A) as compared to the IVUS image of an in vivo coronary artery (B). Tubes and catheters are
often used as phantoms, but their textures, geometries and echographic properties are different than those of real coronary arteries.
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Figure 2. Schematic of the mold (left) in which the male piece (A), the female pieces (C), and the phantom (B) occupying the gap
between the two parts are identified. The region of interest of the phantom is the center section in which we can observe internal
diameters of 3, 4, 5, 6 mm and external diameters of 5.5, 6.5, 7.5 and 8.5 mm. Note the offset of the central axis of the male to that of
the female, resulting in a wall thickness ranging from 0.5 mm on one side to 2 mm on the other side. The picture (right) illustrates the
different pieces of the mold, and a sample of the original phantom in reference to a ruler (centimeters).

the cavity between the male and the female. The
mold was designed to have four internal diameters
(3, 4, 5, 6 mm) reproducing the range of lumen di-
ameters, and four external diameters (5.5, 6.5, 7.5,
8.5 mm) for the range of total arterial diameters, as
observed in human coronary and peripheral arter-
ies. The axis of the male was offset to that of the
female, therefore giving a non-uniform thickness to
the wall, ranging from 500 ym to 2 mm. By having
such offset, an asymmetric plaque was reproduced,
as observed clinically in more than 74% of plaques
[13, 14]. A tubular inlet allowed proper insertion of
the catheter in the center of the phantom lumen and
alignment parallel to the phantom symmetry axis.
The concentricity of the catheter with respect to the
axis of the phantom prevents some intensity arte-
facts and a nul angulation prevents geometric ar-
tefacts [15]. Indeed, the objective of the phantom is
to evaluate the accuracy of the imaging chain alone
and not the artefacts caused by the eccentricity and
the angulation of the catheters, which have been
studied in different investigations.

The four parts with internal diameters of 3, 4, 5
and 6 mm and the four parts having external di-
ameters of 5.5, 6.5, 7.5 and 8.5 mm, were positioned
in a way that the transition zones of the internal and

external diameters were not located at the same site
along the longitudinal axis. This allowed increasing
the number of different combinations of internal
and external diameters. The thick conic section on
the upper part of the phantom was designed to in-
crease mechanical structural strength.

Compound preparation

The compound prepared to create the phantom
consisted of 5 ml of glycerol, 8 g of high strength
agar gel (Sigma Chemical, St Louis, MO, A-6924),
1.5 g of cellulose particles (Sigma Chemical, St
Louis, MO, 50 um, S-5504) and 100 ml of water.
This compound was used to simulate the intima and
the adventitia layers. The media was created with
the same compound but without scatterers (cellu-
lose particles), in order to obtain an echolucent
compound. Also, an additional 20 ml of water was
necessary to decrease the viscosity of the compound
in order to simulate the thin media. The media
compound thus consisted of 5 ml of glycerol, 8 g
of high strength agar gel and 120 ml of water.
Both compounds had to be heated at 100 °C for
45 min. The heating process allows the compound
to become more homogeneous, to release the



374

microbubbles and is important for the hardening
process that will be triggered by the cooling.

Lamination

In order to reproduce the arterial layers observed in
vivo, different layers were applied on the original
phantom as it was when removed from the mold.
This original phantom simulated the innermost
arterial layer (intima) and was molded with a
compound having cellulose particles as scatterers.
This intima-like layer was relatively thick (500 ym
to 2 mm), to simulate atherosclerotic plaque. A
thin echolucent media (middle layer) was repro-
duced by laminating a layer of the same compound
as the one used for the original phantom, but
without cellulose scatterers. This lamination was
produced by a brief dip of the phantom into the still
warm compound solution. Once that thin echolu-
cent layer was applied and set, a third layer with the
same compound used for the original phantom was
applied (with scatterers), again by a brief dip into
the still warm compound. This last layer, simulat-
ing the adventitia, was easily differentiable from the
middle one because of the presence of diffusion
particles (cellulose). The resulting phantoms were
evaluated by photomacroscopy and IVUS, in order
to verify the accuracy and reproducibility of their
dimensions. All measurements were performed on
the internal and external borders of the original
phantom, without the two outer layers since those
are not molded but laminated and therefore less
reproducible. The reproducibility of the media-like
layer is dependent upon the viscosity of the still-
warm compound which is initially in a liquid phase
during the dipping.

Ultrasonography

A total of 14 phantoms immersed in water at 22 °C
were quantified by IVUS. For every phantom, in-
ternal and external diameters of the different sec-
tions along the longitudinal axis of the original
phantom were evaluated by four evenly spaced
readings (approximately 45° apart). For each sec-
tion, an average diameter was calculated from the
four readings, for both the internal and external
diameters. A total of 560 (14 phantoms x 4 sec-

tions x 5 readings for both internal and external
diameters) measurements were acquired by quanti-
tative coronary ultrasonography. IVUS was per-
formed with an imaging console manufactured by
Boston Scientific Corporation (Clearview model,
San Jose, CA). The catheter used was of a me-
chanical type, 3.2 F in diameter, and had a central
frequency of 30 MHz. The images were acquired
with an automatic pullback of 0.5 mm/s and stored
at a rate of 30 frames per second on a SVHS tape
recorder (Panasonic MD830). The internal and ex-
ternal diameters of the phantoms were measured
with a software provided with the instrument. The
speed of sound in the two compounds used to pro-
duce the different layers of the phantom was evalu-
ated by using a previously described method [16].
The measurement system consisted of a water res-
ervoir, a 10 MHz ultrasonic transducer (quality
factor = 7), a wideband ultrasonic pulser-receiver
(Panametrics Inc., Waltham, MA, model 5900 PR)
and a high-frequency analog-to-digital computer
board (Gage Applied Sciences Inc., Montreal,
Canada, model 8500). By measuring the thickness of
the agar-based compound material with a micro-
meter (=21 mm) and the resulting change of the
echoes transit time when the compound sample
was placed between the probe and the reflector, it
was possible to calculate the speed of sound into
the compound, knowing the speed of sound in water:

At = ZthiCkHeSS(l/Ccompound o I/Cw‘dtel’)

The speed of sound in water was measured by dis-
placing over a known distance the probe away from
the reflector. The change in transit time in water for
the known distance allowed to calculate the speed
of sound. All measurements were performed at
room temperature over eight different samples for
each of the two types of compound. A total of 16
samples were obtained from eight batches of com-
pounds produced on different days.

Photomacroscopy

The apparatus consisted of a numeric camera
mounted on a dissection microscope. Photoma-
croscopy was processed on a total of six of the 14
insonified phantoms. Images were saved on com-
pact disc (640 x 480, 8 bits). A total of 24 sections



were evaluated and four evenly spaced measure-
ments were again performed for each internal and
external diameter. Ultrasonography was per-
formed prior to the photomacroscopy analysis
because this last technique required a destructive
process in which the section was exposed to the
camera. Slices of the phantom were cut until the
section of interest was visible. Great care was taken
to ensure that the phantom geometry was not al-
tered by the razor blade. The cutting was done by
sliding the blade in order to minimize the pressure
of the blade on the phantom. The photomacro-
scopy device was made by Leica (Leica Microsys-
tems Heidelberg GmbH, model number MZ12).
The quantification software was Nothon Eclipse
(Empix Imaging, Inc, Mississauga, ON, Canada,
version V.5).

Results
Figure 3 shows IVUS images of the phantom as it
appears after the molding (A), when immersed in

blood mimic (B), and after lamination (C). All
three layers are clearly differentiable. The media
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is thinner than the other layers, and echolucent as
compared to the adventitia which is often difficult
to distinguish from the surrounding tissues.
The plaque is asymmetric, because of the offset
between the male and female axes of the mold.
Figure 4 shows images of the original phantom,
acquired by photomacroscopy. The lumen is cir-
cular and the different parts of external diameters
can easily be distinguished. It is also possible to
observe the internal diameters by transparency of
the material. The changes of the internal diameters
are located in between the changes of the external
diameters along the longitudinal axis. IVUS im-
ages of the multilayer phantom showed textures
that are much closer to those observed in vivo as
compared to tubes or currently developed phan-
toms made of machined plastic or uniform mate-
rial. Figure 5 depicts some IVUS images of in vivo
human coronary arteries as compared to the
phantom. Figure 6 presents linear regression of
the dimensions of the phantom evaluated by
photomacroscopy as compared to the nominal
values of the mold. Figure 7 represents linear re-
gressions of the dimensions evaluated by IVUS as
compared to those obtained by photomacroscopy.

Eccentic stencsk
Surrounding fssues .

Blood mirmic

Figure 3. IVUS image of the proposed phantom as molded (A), immersed in blood mimic (B), and with the three-layer aspect after

lamination (C).
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Figure 4. Image of the original phantom (before lamination), acquired by photomacroscopy. On the left is an image of a transversal
cut of the phantom, showing the uniform circularity of the internal diameter. On the right panel, an image of the exterior of the
phantom, as seen per photomacroscopy, is provided. The different external diameters of the original phantom are depicted.

The linear regression analysis performed to com-
pare the measurements obtained by photo-
macroscopy with the nominal dimensions
demonstrated that these two sets of data were
highly related. The slopes were 0.98 and 0.99 for
the internal and external diameters respectively.
The average differences between the two sets of
data were —0.6% and —0.1% for the internal and
external diameters respectively, meaning that the
phantom was slightly smaller than the nominal
dimensions of the mold.

The IVUS measurements of the phantom were
compared to those obtained by photomacroscopy.
The linear regression analysis demonstrated a high
relation between the two sets of data. The slopes
obtained were 1.04 and 1.05 for the internal and
external diameters respectively.

Figure 8(A) (top) represents the differences be-
tween the photomacroscopy and the nominal val-
ues plotted against the nominal values, in a Bland
and Altman fasion [17]. The data is summarized
into a mean difference and a standard deviation
for each nominal diameter. Figure 8(B) (bottom)
represents the differences between the ultrasono-
graphy and the photomacroscopy values plotted
against the nominal values. Again, the data is
summarized into a mean difference and a standard
deviation for each nominal diameter.

Discussion
Phantom material

Many materials have previously been used for the
elaboration of phantoms adapted to ultrasono-
graphy. Plexiglas [18], paraffin [19], silicone [20],
polyvinyl chloride [21] and rubber [22] have been
frequently chosen but cellophane [15], polyethylene
[6], polyester [23] and plastic foam [24] have also
been used. However, most of these materials have
been used when only the internal interface (fluid—
phantom) was of interest, and therefore attenua-
tion and impedance were not of critical concerns.
Since the objective of the proposed phantom was to
allow the creation of an image of the different layers
of the phantom wall, the impedance became im-
portant. For this reason, most of the above men-
tioned materials were inadequate. Silicone,
paraffin, Plexiglas and rubber indeed have acous-
tical impedances much larger than those of water
and biological soft tissues [25]. In contrast, an agar-
based compound has previously been used for the
creation of echography phantoms [26-29] and was
described as having echographic properties that
can be close to those of biological tissues. Ryan and
Foster did not use any glycerol in their phantom.
As scatterers, they utilized silica powder having an



average size between 1 and 5 ym in order to obey

the Rayleigh statistics (particles diameter <1/10 of

the wavelength). Images were obtained with a
42 MHz probe in their study. Rickey et al. used
glycerol in order to control the speed of sound in
their study. Their average scatterers size was 50 um
and their probe had a central frequency of 6 MHz.
The compound preparation used for our phantom
consisted in the one developed by Rickey et al. but

adapted to IVUS. This adaptation was required to
create a more resistant compound that would allow
a um wall phantom to handle passage of the
IVUS catheter. In our study, a 50 pym diameter
cellulose particle powder was utilized to simulate
the dimensions of the migrated smooth muscle cells
and the foam cells mainly located in the intima. The
sound velocity and the attenuation can be modified
by addition of glycerol and scatterers respectively,
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therefore allowing to obtain the desired specifica-

tions.

Photomacroscopy vs. nominal values

One could expect that an object molded in a gap
located between a male and a female piece would

lead to an undersizing of the external dimensions
and an oversizing of the internal dimensions, be-
cause of the molding process itself. In our study,
the internal and external dimensions of the phan-
tom were both slightly smaller than the mold,
suggesting that the phantom may have shrunk.
This small shrinkage might have been caused by
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the light beam generated by the lighting system of
the microscope that warms and dehydrates the
phantom material. This phenomenon might be
responsible for the slight undersizing of the
phantom (mean of 0.6% and 0.1% for the inside
and the outside diameters respectively). In abso-
lute values, these differences between photoma-
croscopy and nominal values were smaller than
0.1 mm over the entire range of diameters.

Ultrasonography vs. photomacroscopy

The average differences between both techniques
revealed an underestimation of the internal diam-
eters (—2.4%) and an overestimation of the
external diameters (4.6%) by IVUS. This phe-
nomenon may be explained by an increase of the
phantom thickness due to water absorption. In-
deed, the immersion of the phantom in water may
cause a slight expansion of the phantom material,
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leading to an increase of the outside dimensions
and a decrease of the inside dimensions. In addi-
tion, an overestimation of the transit times and
distances occurred because the IVUS measure-
ments were made in water instead of blood. A
correction factor of 0.953 (—4.7%) was reported to
counteract this phenomenon [30]. However, this
correction factor should be considered for the
distance covered in water, therefore in the lumen
only. No correction factor has been applied on the
data acquired in the present study because the
sound travelled in both water and phantom in
variable proportion for each section and for each
angle. The speed of sound in the phantom (original
phantom compound) was measured (n = 8) and
was equal to 1534 £ 6 m/s (1528 &+ 5 m/s for the
echolucent compound, n = 8). The effect of tem-
perature (22 °C vs. 37 °C) has been described as
relatively negligible over a 15 °C difference as
compared to the effect of the speed of sound in
water vs. blood [30]. The speed of sound in blood
at 37 °C has been reported to be 1540 m/s [18],
1560 m/s [25] and 1570 m/s [30], depending on
different factors such as the haematocrit [18].

Limitations

In the current study, the validation was performed
with the original phantom. Its reproducibility and
accuracy were high because of the molding pro-
cess. Although the compounds of the other layers
were also very reproducible, their thicknesses were
less obvious to reproduce from one phantom to
another, because of the manual input to the lam-
inating process and this may be considered a lim-
itation. It is possible to overcome this limitation by
molding the subsequent layers over the original
phantom. The original phantom, once molded,
could remain on the male piece of the mold in
order to preserve its dimensions, whereas the fe-
male piece could be replaced by a larger one,
machined to the desired external dimensions of the
media-like layer. Similarly, the third and last layer
could be molded over the previous ones. Never-
theless, the dimensions of the original phantom
(internal and external) and its echographic prop-
erties provide a robust material to perform cali-
bration.
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Although this phantom was not designed to
accommodate flow, an inlet and an outlet could be
incorporated to support perfusion under pressure.
The phantom could be reinforced by coating its
exterior with a stronger layer, and its elasticity
could be modified as desired. By creating com-
pounds with different mechanical properties the
phantom could be utilized to validate elastogra-
phy-based tissue characterization algorithms.
Further studies are planned to modify certain re-
gions in the phantom by locally incorporating
compounds having different echographic proper-
ties within the same layer in order to simulate
calcified nests or lipid pools for instance. This
would be of great interest to validate tissue char-
acterization techniques.

Conclusion

A phantom for IVUS imaging was molded with a
compound made of agar, glycerol, cellulose parti-
cles as scatterers, and water. This phantom was
laminated with compounds having different echo-
graphic properties to reproduce the characteristics
of the different layers of coronary and peripheral
arteries. The offset of the male axis of the phantom
to that of the female reproduced an asymmetric
stenosis. This phantom simulating coronary ar-
teries as observed in clinical practice demonstrated
that it is possible to obtain a robust and repro-
ducible IVUS multilayer phantom featuring much
more realistic geometry and ultrasonic properties
than currently developed phantoms. Studies by
quantitative ultrasonography and photomacro-
scopy have proven the original phantom to be
highly reproducible and precise. The phantom
could be used to calibrate IVUS devices and to
validate automated segmentation algorithm or
tissue characterization techniques.
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