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Abstract. A dual-element needle transducer for intravascular ultrasound imaging has been developed. A low-
frequency element and a high-frequency element were integrated into one device to obtain images which con-
veyed both low- and high-frequency information from a single scan. The low-frequency element with a center
frequency of 48 MHz was fabricated from the single crystal form of lead magnesium niobate-lead titanate solid
solution with two matching layers (MLs) and the high frequency element with a center frequency of 152 MHz was
fabricated from lithium niobate with one ML. The measured axial and lateral resolutions were 27 and 122 um,
respectively, for the low-frequency element, and 14 and 40 um, respectively, for the high-frequency element.
The performance of the dual-element needle transducer was validated by imaging a tissue-mimicking phantom
with lesion-mimicking area, and ex vivo rabbit aortas in water and rabbit whole blood. The results suggest that a
low-frequency element effectively provides depth resolved images of the whole vessel and its adjacent tissue,
and a high-frequency element visualizes detailed structure near the surface of the lumen wall in the presence of
blood within the lumen. The advantages of a dual-element approach for intravascular imaging are also dis-
cussed. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JM1.2.2.027001]
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1 Introduction

Vulnerable atherosclerotic plaques that are prone to rupture and
lead to coronary acute events have common histopathological
features. The pathological characteristics have been observed
to present positive remodeling of vessel walls including a
thin fibrous cap associated with a large lipid core, and macro-
phage infiltration through the thin fibrous cap.'™ The thin
fibrous cap that defines vulnerable plaques has a thickness of
less than 65 um and is located near the surface of the lumen
wall.® A large lipid core normally settles inside the arterial
wall and is covered by this thin fibrous cap. Because of the struc-
tural peculiarities compared to a normal arterial wall, vulnerable
plaques may be visualized by the combined use of deep penetra-
tion and high-resolution imaging strategies for detecting both
the large lipid core and thin fibrous cap.

Magnetic resonance imaging’® and coronary computed
tomography®!® have been widely used for noninvasive imaging
modalities to diagnose atherosclerosis. These noninvasive imag-
ing techniques, however, do not have the capability of identify-
ing high-risk patients by differentiating between vulnerable and
stable plaques. Catheter-based techniques have been developed,
such as intravascular ultrasound (IVUS), and were typically
used to visualize the internal structure of coronary arteries.!'
'3 Compared to a conventional single-frequency TVUS, which
typically uses a center frequency between 20 and 40 MHz
with a resolution of 100 to 300 ym,'*!'* the low-frequency
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and high-frequency dual-element imaging approaches make it
possible to acquire a deep penetration depth image of the
whole vessel and a higher resolution image of vessel anatomy
close to the catheter at the same time.!>!®

Intravascular optical coherence tomography (IOCT) has been
introduced to characterize plaque vulnerability with high-reso-
lution imaging capability (10 to 40 ym) at the expense of pen-
etration depth.'”"' Combined IVUS and IOCT imaging has
been developed to increase the diagnostic accuracy of vulner-
able plaques.”**' The most challenging part of IOCT imaging,
however, is that blood needs to be cleared from the lumen since
it significantly absorbs and scatters the light.*> Clearing blood
from the lumen can be achieved by vessel occlusion and/or
flushing via a guide catheter.>~° The issues with blood clearing
are that it significantly limits imaging time, which prevents the
acquisition of long arterial walls, and incomplete blood clearing
may unexpectedly degrade image quality.?*>® Occlusion may
also induce other side effects such as hemodynamic instability
and arrhythmias.® The dual-element IVUS approach requires
neither blood clearing from the lumen nor significant modifica-
tion of an imaging system.

In this paper, we have proposed and developed a dual-
element needle transducer by combining low- and high-fre-
quency elements for IVUS imaging to achieve deep penetration
depth and high resolution at the same time. Separately fabricated
acoustic stacks for low- and high-frequency elements were
assembled into a needle to form a dual-element needle
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transducer. Pulse-echo response and resolution tests were per-
formed to characterize the performance of both elements
of the transducer. Images of tissue-mimicking phantoms and
ex vivo rabbit aortas in water and in rabbit blood, using the
newly developed dual-element needle transducer, were obtained
and analyzed.

2 Materials and Methods

2.1 Tissue-Mimicking Phantom and Rabbit Aorta
Preparation

Tissue-mimicking phantoms, containing 9% by weight gelatin
(300-g bloom, type A, Sigma-Aldrich, Inc., St. Louis,
Missouri), 1% by weight 5-um silica particles (Min-U-Sil 5,
Mill Creek, Ohio), and 1% by weight 40-um silica particles
(Min-U-Sil 40, Mill Creek, Ohio), were made [Fig. 1(a)].
When making the tissue-mimicking phantoms, a hollow rod
with 5-mm outer diameter was positioned in the middle of a
cuvette before the gelatin and silica mixture was poured into
the cuvette to mimic the lumen of an aorta. To solidify the gel-
atin and silica mixture, the cuvette was then placed in the refrig-
erator for an hour. After removing the hollow rod from the
hardened tissue-mimicking phantom, in order to create a
lesion-mimicking area at the surface of the lumen wall, small
gaps, which are denoted as three thick lines in Fig. 1(a), were
intentionally made by cutting the surface of the lumen with a
razor blade. Normal New Zealand white rabbit aortas (NRASs)
with fatty tissue and rabbit blood with ethylenediaminetetraace-
tic acid were obtained from Sierra for Medical Science, Inc.
(Whittier, California). Fatty tissue, which covered the aorta,
was not removed. After a rabbit aorta was placed in the middle
of the cuvette, a 9% by weight gelatin solution was poured to fill
the cuvette, which was then placed inside the refrigerator for an
hour. The solidified gelatin block fixed the rabbit aorta through-
out the experiments to stabilize it for imaging. AXD and LTD in
Fig. 1(b) stand for axial and lateral directions in polar coordi-
nates, respectively.

(a) Cuvette

elissue-mimicking e
® Phantom with a hole

Silica particles

Lesion-mimicking area

2.2 Fabrication of a Dual-Element Needle
Transducer

The acoustic stack for the low-frequency element of the needle
transducer was composed of two matching layers [MLs in
Fig. 2(a)], a piezoelectric material [PM in Fig. 2(a)], and a back-
ing layer [BL in Fig. 2(a)]. The single crystal form of lead mag-
nesium niobate-lead titanate solid solution (PMN-PT, IBULE
Photonics, Incheon, Republic of Korea) was used as a PM with
a thickness of 40 um and an aperture size of 0.57 X 0.57 mm?.
The mixture of Insulcast 501 epoxy (American Safety
Technologies, Roseland, New Jersey) and 2- to 3-um silver par-
ticles (Aldrich Chemical Co., Milwaukee, Wisconsin) was cast
over the PM to form an inner, or first, ML with a final thickness
of 10 um. A conductive silver epoxy (E-Solder 3022, Von Roll
Isola Inc., New Haven, Connecticut) was molded on the back
side of the PM to form a BL. The thickness of the BL was
approximately 1 mm. The second ML was formed at the end of
the fabrication process on top of the inner, or first, ML.

The acoustic stack of the high-frequency element comprised
one ML, a PM, and a BL [see Fig. 2(a)]. Two 36-deg-rotated
Y-cut lithium niobate plates (LiNbO;, Boston Piezo-Optics,
Bellingham, Massachusetts) were lapped down to the desired
thickness of 15 um. A conductive silver epoxy was cast on one
side of the PM to form a BL with a thickness of approximately
1 mm. The aperture of the high-frequency element acoustic
stack was also 0.57 X 0.57 mm2. The ML was applied at the
end of the fabrication process on top of the PM.

The high-frequency element [HE in Fig. 2(b)] and low-fre-
quency element [LE in Fig. 2(b)] acoustic stacks were press-
focused with a stainless steel ball of 5-mm diameter to make
a focal point at approximately 2.5 mm. The f-number of both
elements was approximately 4.3. An elliptical hole was made at
the distal end of a stainless steel hypodermic needle with inner
and outer diameters of approximately 0.9 and 1.06 mm, respec-
tively. A silver wire with a thin insulating jacket was connected
to the BL of each acoustic stack using a conductive silver epoxy.
HE and LE acoustic stacks with silver wires attached were

(b) Cuvette

Gelatin block

Rabbit aorta with
fatty tissue

Fig. 1 Schematic diagram of tissue-mimicking phantom and rabbit aorta specimen for imaging.
(a) Tissue-mimicking phantom, containing 9% by weight gelatin, 1% by weight 5-um silica particles,
and 1% by weight 40-um silica particles, was placed in a cuvette with a lumen in the middle of the phan-
tom. Lesion-mimicking area was made (thick solid lines) by cutting the surface of lumen. (b) Rabbit aorta
specimen with fatty tissue (hatched area) was fixed by 9% by weight gelatin without scatterers to stabilize
the specimen for imaging. AXD and LTD stand for axial and lateral directions, respectively.
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Fig. 2 (a) Press-focused acoustic stacks for a low-frequency element and a high-frequency element are
composed of one or two matching layers (MLs) on top of piezoelectric materials (PMs) followed by back-
ing layer (BL). The focus of an acoustic stack was at approximately 2.5 mm and the size of an acoustic
stack was 0.57 x 0.57 mm?. (b) Fabricated acoustic stacks for low-frequency element (LE) and high-fre-
quency element (HE) were integrated in series within the stainless steel hypodermic needle with the outer
diameter of 1.06 mm. The center-to-center distance between LE and HE was 1.5 mm.

placed side by side in the elliptical hole at the distal end of
the stainless steel hypodermic needle. The center-to-center dis-
tance between HE and LE was 1.5 mm. The gaps between
the acoustic stacks and the stainless tubing were filled in
with an insulating epoxy (Epo-Tek 301, Epoxy Technologies,
Billerica, Massachusetts).

The whole area of the distal end of the stainless steel needle,
including the low- and high-frequency elements, was sputtered
with a chrome/gold electrode at a thickness of approximately
150 nm to make a ground connection between the acoustic
stacks and the stainless steel hypodermic needle. The silver
wires from the low- and high-frequency elements were con-
nected to two separate SMA connectors. As the last step in the
fabrication process, using a PDS 2010 Labcoater (Specialty
Coating Systems, Indianapolis, Indiana), parylene was depos-
ited on top of the inner, or first, ML of the low-frequency
element as the second ML and on the lithium niobate PM of
the high-frequency element as a single ML. The thicknesses of
parylene MLs of the low- and high-frequency elements were 3
and 1.5 um, respectively.

2.3 Transducer Characterization

Pulse-echo response and spatial resolution of the developed
dual-element needle transducer were measured using an ultra-
sound biomicroscopy (UBM) system. The UBM system was
composed of a main computer, a one-channel analog-to-digital
acquisition card (A/D card, CS122G1, DynamicsSignals LLC.,
Lockport, Illinois), a three-dimensional (3-D) translation stage
(ILST00HA, Newport, Irvine, California) with controller
(ESP301-3N, Newport, Irvine, California), and a pulser/receiver
(5910PR, Panametrics, Waltham, Massachusetts). The reliable
minimum increment motion of the 3-D translation stage of
the UBM system was 0.3 ym. A quartz block was used as a
reflecting target for pulse-echo measurements at the focus of
the low- and high-frequency elements. Time domain echo wave-
forms and their frequency spectra were estimated. The center
frequency (f.) and the —6 dB bandwidth (BW) were deter-
mined by
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where f1 and f, are —6 dB cut-off frequencies from the esti-
mated spectra. The dual-element needle transducer was
mounted on a 3-D translation stage of a UBM system and trans-
lated with a step size of 1 um to acquire scan lines to obtain two-
dimensional (2-D) cross-sectional images of tungsten wire tar-
gets. The tungsten wire targets with diameters of 20 and 4 ym
were used for resolution characterization of the low- and high-
frequency elements. The point spread function (PSF) at the
focus of each element was plotted along the axial and lateral
directions from the 2-D cross-sectional images of tungsten
wire targets to measure the axial and lateral resolutions. The
axial and lateral resolutions were then determined by using
the —6 dB points on the PSF plots.

2.4 Experimental Setup and Signal Processing

An imaging system was developed to image tissue-mimicking
phantoms and rabbit aortas with fatty tissue, which were filled
with water or rabbit blood (Fig. 3). The developed dual-element
needle transducer was attached to a 3-D translation stage to con-
trol the position of the transducer. The cuvette, containing phan-
tom or aorta, was placed on top of the stepper motor (Zaber
Technologies, Inc., Vancouver, British Columbia, Canada)
and was rotated to acquire 2564 scan lines during a 360-deg
turn as shown in Fig. 3. Water or rabbit blood was injected inside
the lumen (Figs. 1 and 3). The dual-element needle transducer
was connected to the pulser/receiver, which was controlled
by a function generator (Agilent 33250A, Agilent, Loveland,
Colorado). The sequence among the function generator, the
stepper motor, and the A/D card was controlled by a custom-
built LabVIEW (National Instruments, Austin, Texas) program.
Once the stepper motor rotated the cuvette by one increment
(360 deg /2564 scanlines = 0.14 deg /each scanline), the cu-
vette was stationary for 10 ms to acquire one scan line. At
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Fig. 3 A schematic view of the experimental setup. Tissue-mimicking phantom or rabbit aorta, which was
filled with water or rabbit blood, was located in a cuvette. A dual-element needle transducer was attached
to a three-dimensional translation stage. A stepper motor rotated the cuvette, which was coaxially aligned
with the dual-element needle transducer and was stationary for 10 ms to acquire one scan line. During a
360-deg turn of the cuvette, 2564 scan lines were acquired and each scan line was composed of 8200
samples which corresponded to approximately 4.1 us along the axial direction.

the same time, the function generator triggered the pulser/
receiver and the A/D card received a trigger signal from the
pulser/receiver. The pulser/receiver triggered the dual-element
needle transducer to emit a pulse and to receive backscattered
ultrasound echoes. Radio frequency (RF) raw data of the emitted
pulses and backscattered ultrasound echoes were digitized by
the A/D card with a sampling rate of 1 GHz and saved at com-
puter storage from channel 1 of the A/D card for offline process-
ing. Each scan line had 8200 samples, which corresponded to a
4.1 us in the axial direction [AXD in Fig. 1(b)]. The 26 and
40 dB gains were applied to the received RF raw data of the
low- and high-frequency elements, respectively. After one im-
aging plane was obtained by the low-frequency element, the
transducer was moved up by 1.5 mm to image the same plane
with the high-frequency element.

The stored RF raw data for each element were high-pass fil-
tered to remove the DC offset and were then used to construct
scan-converted images of the tissue-mimicking phantom or rab-
bit aorta. Quadrature demodulation was used to baseband the RF
raw data followed by a low-pass filter with the cut-off frequency
of 0.5 f. x BW/100 MHz. The scan conversion of R-theta
data was performed to transform polar coordinates to rectangu-
lar coordinates. Bilinear interpolation was also applied to
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construct cross-sectional images of the tissue-mimicking phan-
toms and aortas.

3 Results

3.1 Pulse-Echo Response and Resolution of
Dual-Element Needle Transducer

Time domain pulse-echo waveforms and their spectra of the
low- and high-frequency elements are presented, as shown in
Fig. 4. The measured center frequency (f.) and —6 dB BW
of the low-frequency element of the dual-element needle trans-
ducer were 48 MHz and 86%, respectively [Figs. 4(a) and 4(b)].
The measured f. and —6 dB BW of the high-frequency element
were 152 MHz and 28% [Figs. 4(c) and 4(d)].
Two-dimensional cross-sectional images of 20- and 4-uym
tungsten wires obtained by the low- and high-frequency
elements of the dual-element needle transducer are shown in
Figs. 5(a) and 5(d). Axial and lateral beam profiles of 2-D
cross-sectional images of the low- and high-frequency elements
are presented, as shown in Figs. 5(b), 5(c) and 5(e), 5(f). The
measured axial and lateral resolutions of the low-frequency
element were 27 and 122 ym using the —6 dB widths in
Figs. 5(b) and 5(c). The measured axial and lateral resolutions
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Fig. 4 (a) Time domain pulse-echo waveform and (b) its spectrum of the low-frequency element. The
center frequency and the —6 dB bandwidth (BW) were estimated as 48 MHz and 86%. (c) Time domain
pulse-echo waveform and (d) its spectrum of the high-frequency element. The center frequency and the
BW of the high-frequency element were measured as 152 MHz and 28%, respectively.

of the high-frequency element were 14 and 40 um [Figs. 5(e)
and 5()].

3.2 Imaging of Tissue-Mimicking Phantom and Ex
Vivo Rabbit Aorta

Figures 6(a) and 6(b) show the images of a tissue-mimicking
phantom obtained by the low- and high-frequency elements
of the dual-element needle transducer, respectively. The
dynamic ranges of Figs. 6(a) and 6(b) are 60 and 30 dB, respec-
tively. Figure 6(c) shows the combined image of the images in
Figs. 6(a) and 6(b), which demonstrates the high-resolution im-
aging capability near the lumen wall while the deep region is
also visualized. Three solid arrows in Figs. 6(a) and 6(b) indicate
the lesion-mimicking area [solid lines in Fig. 1(a)]. The image
obtained by the low-frequency element is not able to show the
lesions-mimicking area [Fig. 6(a)]; however, the image obtained
by the high-frequency element clearly shows the artificial
lesions as shown in Fig. 6(b).

The cross-sectional images of a normal NRA, which is filled
with water, are presented. Figures 7(a) and 7(b) show NRA
images obtained by the low- and high-frequency elements.
Solid and dashed arrows in Fig. 7(a) indicate the NRA and sur-
rounding fatty tissue, respectively. The boundary between water
and NRA and NRA and fatty tissue are clearly distinguished as
shown in Fig. 7(a). The image in Fig. 7(b) visualizes the surface
of the lumen wall with high resolution at the expense of pen-
etration depth. The dynamic ranges of Figs. 7(a) and 7(b) are
60 and 30 dB, respectively.
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Figure 8 demonstrates images of a normal NRA with the
presence of rabbit whole blood in the lumen. Figure 8(a),
which was obtained by the low-frequency element of the
dual-element needle transducer, presents the clear boundary
among rabbit blood, NRA [solid arrow in Fig. 8(a)], and
fatty tissue [dashed arrow in Fig. 8(a)]. The image of the
same cross section of the NRA, obtained by the high-frequency
element, is shown in Fig. 8(b). The surface of the lumen wall of
the NRA is clearly shown in Fig. 8(b) with high resolution and is
distinguishable from the scattering caused by the rabbit blood.
Scattering from rabbit blood exists in the lumen of NRA as
shown in Figs. 8(a) and 8(b). Figure 8(c) shows the combined
image of Figs. 8(a) and 8(b). The dynamic ranges of Figs. 8(a)
and 8(b) are 60 and 30 dB, respectively.

4 Discussion

To evaluate the performance of low- and high-frequency ele-
ments of a dual-element needle transducer, corresponding
image pairs were constructed and compared. High-frequency
element images provided detailed morphologic information as
shown in Figs. 6(b), 7(b), and 8(b), which may be used to
improve the detection of a thin fibrous cap (<65 um), thought
to be one of the main pathological features of vulnerable pla-
ques. The high-resolution image also facilitated the identifica-
tion of the lesion-mimicking area, indicated by solid lines in
Fig. 1(a) and arrows in Fig. 6(b). The same region could not
be discerned by the low-frequency element as shown in
Fig. 6(a). On the other hand, low-frequency images visualized
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Fig. 5 (b) Axial and (c) lateral beam profiles of the low-frequency element obtained from (a) the two-
dimensional (2-D) cross-sectional image of a 20-um tungsten wire target. Measured axial and lateral
resolutions were 27 and 122 um. (e) Axial and (f) lateral beam profiles from (d) the 2-D cross-sectional
image of a 4-um tungsten wire target obtained from the high-frequency element. The axial and lateral
resolutions were measured as 14 and 40 ym, respectively.

(b) 6
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6
6 4 2 2 4 6
mm

Fig. 6 Tissue-mimicking phantom images obtained by (a) the low-frequency element and (b) the high-
frequency element of a dual-element needle transducer are shown. (¢) Combined images of (a) and
(b) are also shown in one axis with the normal gray-scaled image of (a) and a red-scaled image of
(b). Solid arrows in (a) and (b) indicate the artificially created lesion-mimicking area on the surface of
a lumen wall. In image (b), which is obtained by the high-frequency element, artificially created lesions
are clearly visualized.
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(b) -4

-2

mm

(c) -4

mm

Fig. 7 Normal ex vivo rabbit aorta images obtained by (a) the low-frequency element and (b) the high-
frequency element of a dual-element needle transducer in water. In (a), the solid arrow indicates the
rabbit aorta and the dashed arrow indicates fatty tissue. Water, rabbit aorta, and fatty tissues are clearly
distinguished in (a). High-resolution image visualizes surface near the lumen wall of the rabbit aorta in (b).
(c) Combined image is shown with the gray-scaled image of (a) and a red-scaled image of (b).

the fatty tissues surrounding the aorta as well as the entire lumen
wall, indicated as dashed and solid arrows in Figs. 7(a) and 8(a).
Even though the lumen of the aorta was filled with whole rabbit
blood, the lumen wall and surrounding fatty tissues were clearly
distinguishable as shown in Fig. 8(a). Due to the greater tissue
penetration of low-frequency ultrasound, the low-frequency
element was able to provide complementary information on ves-
sel remodeling that was not available from the high-frequency
element.

In this paper, the high-frequency element with a center fre-
quency of 152 MHz and f-number of 4.3 had a lateral resolution
of approximately 40 um, which is comparable to that of OCT.'*
The high-frequency element had 28% —6 dB BW [Fig. 4(d)],
which seems to be a relatively low fractional BW. Low —6 dB
BW resulted in coarse axial resolution, which limited the diag-
nostic capabilities of the high-frequency element.” However,
the absolute BW of the high-frequency element is still large
compared to typical low-frequency transducers. Absolute BW

(a) -4

mm

of the high-frequency element was approximately 43 MHz,
which corresponds to the 100% fractional BW of a transducer
with a center frequency of 43 MHz. Therefore, the high-fre-
quency element has the capability to resolve fine structures
in the axial direction as well as the lateral direction due to supe-
rior axial and lateral resolutions of 14 and 40 um, respectively.

The high-frequency element has the capability to delineate
the presence of the thin fibrous cap because the high-frequency
element has a higher spatial resolution compared to the thick-
ness of the thin fibrous cap, which is normally less than 65 pm.°
The thin fibrous cap will be recognized as a much brighter
region in IVUS images than other plaque components if the
high-frequency is used.’>*! High frequency induces stronger
scattering than low frequency does and fibrous tissue, which
forms the thin fibrous cap, generates more increased echogenic-
ity than other plaque components such as the necrotic core does.

To further increase the axial resolution of the high-frequency
element, a two ML scheme, similar to the low-frequency

(c) 4

mm

-4 2 2 4
mm

Fig. 8 Normal ex vivo rabbit aorta images, acquired by (a) low-frequency element and (b) high-frequency
element, are shown with the presence of rabbit whole blood in the lumen. (c) The combined image of (a)
and (b) is shown with the gray-scaled image of (a) and a red-scaled image of (b). Scattering from blood
inside the lumen is clearly visible in all images. Three different layers such as blood, aorta, and fatty
tissue are clearly distinguished in (a). The image in (b) delineates the surface of the aorta wall with
high resolution with the presence of whole blood in the lumen.
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element, may be used.’? Alternatively, electrical matching of
the transducer may also be used to increase axial resolution.
Besides —6 dB BW, sensitivity was also an important factor
for transducers with such a small aperture size. To increase
the sensitivity of transducers, both elements were press-focused.
Compared to unfocused transducers, focused transducers are
able to deliver much more energy at the point of interest.
Focusing increased the energy near the lumen wall to acquire
high-resolution images, particularly for the high-frequency
element, which had to image micrometer-sized structures, such
as the thin fibrous cap. The focal distance of approximately
2.5 mm was chosen after considering the fact that the typical
inner diameter of the human coronary artery is usually less than
4.5 mm.*

Images of normal rabbit aortas did not present significant
morphological abnormalities that come from a diseased artery.
In this paper, only normal rabbit aortas were imaged because of
the difficulty in acquiring an animal specimen with atherosclero-
sis-related disease.’* Because the validation of a dual-element
needle transducer has been confirmed, the imaging of a diseased
coronary artery will be performed as future work.

The outer diameter of the current dual-element needle trans-
ducer was 1.06 mm. For future applications, the outer diameter
should be smaller than 0.7 mm in order to place the transducer
inside the catheter sheath in which it rotates for successful trans-
lation to clinical use. In conjunction with the size of the trans-
ducer, coregistration of two elements may also pose a problem.
In this paper, two individual elements were linearly aligned with
a 1.5 mm center-to-center distance and images obtained by the
two elements were manually compared until similar pairs were
acquired. From the image coregistration point of view, concen-
tric focusing, which shares the same focal point, was the best
solution; however, concentrically focused elements are usually
too large to be used in IVUS catheters. Three-dimensional
reconstruction of the coronary artery with the low-frequency
and high-frequency information from one scan promises to
improve the understanding of vessel and plaque pathology.
Three-dimensional reconstruction may enhance the histophatho-
logic function of dual-element IVUS by visualizing the precise
architecture of coronary arteries.

5 Conclusions

We have developed a dual-element needle transducer for IVUS
imaging. Two separate acoustic stacks for a low-frequency
element and a high-frequency element were integrated into
one transducer. The developed dual-element needle transducer
successfully provided images of tissue-mimicking phantoms
and ex vivo rabbit aortas in water or with the presence of
blood with high resolution and deep penetration.
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