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Abstract—We have developed dual lumen probes incorporating a forward-viewing matrix array transducer with
an integrated working lumen for delivery of tools in real-time 3-D (RT3-D) interventional echocardiography. The
probes are of 14 Fr and 22 Fr sizes, with 112 channel 2-D arrays operating at 5 MHz. We obtained images of
cardiac anatomy and simultaneous interventional device delivery with an in vivo sheep model, including:
manipulation of a 0.36-mm diameter guidewire into the coronary sinus, guidance of a transseptal puncture using
a 1.2-mm diameter Brockenbrough needle, and guidance of a right ventricular biopsy using 3 Fr biopsy forceps.
We have also incorporated the 22 Fr probe within a 6-mm surgical trocar to obtain apical four-chamber
ultrasound (US) scans from a subcostal position. Combining the imaging catheter with a working lumen in a
single device may simplify cardiac interventional procedures by allowing clinicians to easily visualize cardiac
structures and simultaneously direct interventional tools in a RT3-D image. (E-mail: warren.lee@duke.edu)
© 2003 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

The increasing variety of interventional cardiac proce-
dures developed in recent years has underscored the
requirement for an imaging method that offers satisfac-
tory visualization of cardiac structures and interventional
devices. Many of these procedures, such as catheter-
based electrophysiological mapping and ablation, are
conventionally performed under fluoroscopic guidance.
However, the inability to image soft tissue structures
using fluoroscopy, as well as the risks of prolonged
exposure to ionizing radiation, have motivated a search
for alternative imaging modalities to guide these inter-
ventional procedures.

Recent innovations in the field of minimally inva-
sive cardiac surgical procedures have also prompted the
need for improved visualization and guidance. New pro-
cedures, such as left ventricular or biventricular pacing
for the treatment of congestive heart failure, have shown
impressive results in reduced morbidity and improved
quality of life (Abraham et al. 2002a, 2002b). However,
these pacing methods require the placement of leads

within or on the right ventricle (RV) and left ventricle
(LV) (Izutani et al. 2002). These procedures would ben-
efit from the ability to better visualize both the pace-
maker lead and its contact with the cardiac structure.
Minimally invasive surgical procedures have also been
developed for coronary artery bypass grafts, aortic and
mitral valve surgery and repair of atrial septal defects.
These procedures require monitoring of cardiac function,
such as cardiac output and ejection fraction, both during
surgery and postoperatively. Such long-term monitoring
and measurements are conventionally performed using
2-D transesophageal echocardiography (TEE).

Intracardiac echocardiography (ICE) is an imaging
method that has been shown in recent studies to be useful
in guiding interventional procedures where transthoracic
echocardiography (TTE) and TEE are less favorable
(Bartel et al. 2002). Intracardiac transducers are built on
catheters that are directed into the cardiac chambers and
vessels. There are several advantages of the intracardiac
approach over the transthoracic approach. One of these
advantages is a consequence of the reduced scan depth,
which allows a higher operating frequency and resultant
improvement in resolution. Intracardiac echo also re-
solves problems that may arise using TTE due to poor
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acoustic windows. Until recently, ICE was limited to 2-D
monoplanar scanning acquired by rotating a circularly
scanned piston transducer (Chu et al. 1994), or using 1-D
phased-array US catheters (Bruce et al. 1999). These
devices have shown promise imaging interventional car-
diac procedures, but have intrinsic limitations associated
with 2-D scanning to guide interventional devices that
are manipulated in 3-D.

During the past several years, real-time 3-D
(RT3-D) US imaging has gained increasing utility in the
field of cardiology. Originally developed at Duke Uni-
versity by von Ramm and Smith (Smith et al. 1991; von
Ramm et al. 1991), RT3-D echocardiography addresses
the inherent limitations associated with conventional im-
aging techniques such as monoplanar US and fluoros-
copy. Recent studies have demonstrated the effectiveness
of RT3-D echocardiography for the monitoring of left
ventricular function (Schmidt et al. 1999), detection of
perfusion defects (Camarano et al. 2002), reduced scan-
ning times in dobutamine stress echo examinations (Ah-
mad et al. 2001), guidance of RV endomyocardial biopsy
(McCreery et al. 2001), measurement of peak LV flow
velocities (Tsujino et al. 2001) and evaluation of con-
genital cardiac abnormalities (Fleishman et al. 1996).

In RT3-D echocardiography, a 2-D matrix array
transducer is used to steer and focus the US beam
throughout a 3-D volume. Within the acquired volume of
data, multiple real-time, simultaneous B and C scans are
displayed as well as RT3-D rendered volumes, 3-D
pulse-wave Doppler and 3-D color flow Doppler.

The miniaturization of these 2-D matrix-array trans-
ducers has made RT3-D ICE possible. We have previ-
ously described several matrix-array, side-viewing cath-
eter configurations including a 5-MHz, 12-Fr design
(Light et al. 2001; Smith et al. 2002) and a 7-MHz, 9-Fr
design (Lee and Smith 2002). We discussed the feasibil-
ity of using these catheters as stand-alone imaging de-
vices for the guidance of interventional electrophysiol-
ogy. In this paper, we describe the design, fabrication
and testing of forward-viewing, dual-lumen catheter con-
figurations allowing RT3-D ICE and simultaneous inter-
ventional tool delivery and visualization in a single de-
vice. By combining the forward-viewing transducer
probe with a working lumen, a clinician may first iden-
tify the tissue region to be treated and then, predictably,
deliver the interventional device while imaging the entire
process in real-time 3-D. This forward-viewing inte-
grated device may result in a simplification of interven-
tional procedures over those guided using a side-viewing
catheter transducer, where the interventional device must
be positioned independently of the imaging device, and
delivery of the interventional device is not as predictable
as when they are prealigned.

The devices are of 14-Fr and 22-Fr catheter sizes,
with 112-channel matrix-array transducers operating at 5
MHz. We have utilized these devices to guide cardiac
interventions in the in vivo sheep model including ma-
nipulation of a 0.36-mm (0.014”) diameter guidewire
into the coronary sinus, which is a prelude to the intro-
duction of over-the-wire pacing leads into the coronary
sinus for procedures such as biventricular pacing (Blanc
et al. 1997). We also used them to guide transseptal
puncture using a 1.2-mm diameter Brockenbrough nee-
dle (Daig Corporation, Minnetonka, MN), a procedure
frequently used to gain access to the left atrium in the
course of radiofrequency (RF) catheter ablation of ar-
rhythmogenic sites in the pulmonary veins (Lesh et al.
2000). In addition, they were used for guidance of an RV
biopsy using a 3-Fr biopsy forceps (Pentax Medical
Corporation, Orangeburg, NY), useful in the diagnosis of
rejection in cardiac allograft recipients (Caves et al.
1974). We have also used the 22-Fr device to obtain
apical four-chamber views using a surgical trocar to
position the catheter subcutaneously from a subcostal
approach. From this position, it may be possible to
monitor cardiac function and to evaluate the effective-
ness of the site of biventricular pacemaker lead place-
ment during surgery. It may also be possible to monitor
cardiac function with minimal invasiveness during car-
diac surgery and in the postoperative period.

METHODS

Real-time three-dimensional ultrasound system
We used the model 1 commercial US system (Volu-

metrics Medical Imaging, Durham, NC) to acquire 3-D
pyramidal scans in real-time. The system has up to 512
transmit and 256 receive channel capabilities, and em-
ploys 16:1 parallel receive mode processing to generate
4100 B-mode lines at a maximum rate of 60 volumes/s.
Two B-mode images and up to three C-mode images are
displayed simultaneously. These images can be tilted at
any angle and positioned to any depth within the pyra-
midal scan volume. The system can also display RT3-D
rendered volumes by integrating and spatially filtering
the data between two user-selected C-mode planes. Fig-
ure 1 shows the 14-Fr forward-viewing catheter with tool
port, as well as a schematic of the scanned pyramidal
volume and display planes.

Transducer fabrication
The transducers used in this study operate at 5 MHz,

with 112 active elements in a 10 � 14 matrix, arranged
in the pattern shown in Fig. 2. The simulated azimuth
and elevation acoustic beam profiles were obtained using
Field II software (Jensen and Svensen 1992), assuming a
Gaussian-shaped excitation centered at 5 MHz with a
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�6-dB fractional band width of 30%. Figure 3A and B
shows the simulated acoustic beam vs. angle, indicating
a �6-dB beam width of 12° in azimuth, and 8.7° in
elevation. Figure 3C and D shows the �6-dB and
�20-dB contours of the beam width in mm vs. depth out
to 60 mm. By using the �6-dB beam width as an estimate of lateral resolution, Fig. 3C and D shows that,

at a depth of 30 mm, the transducer has a lateral resolu-
tion of 6.3 mm and 4.5 mm in the azimuth and elevation
directions, respectively. Due to the wide angular beam
width of these interventional cardiac transducers, we
modified the Volumetrics 3-D scanner to display a se-
lectable field of view of 65°, 90° or 120°, with a maxi-
mum receive-mode angular sampling interval of 2°.

The transducers were constructed on a multilayer
flexible interconnect circuit (MicroConnex, Snoqualmie,
WA) with methods previously described (Fiering et al.
2000). The flex circuit is shown in Fig. 4A, and a closeup
of the diced array is shown in Fig. 4B. The transducer
was then attached to a triangular shaped acoustic backing
of loaded epoxy, shown in Fig. 5. A ribbon-based cable
(Microflat, W.L. Gore & Associates) was fed through an
8-Fr catheter lumen and the distal end of the cable was
terminated onto the solder pads of the flex circuit. The
proximal end of the ribbon cable was terminated to a
connector leading to the system cable of the scanner. The
14-Fr catheter was completed by using a cyanoacrylate
to bond a 1.3-mm diameter polyimide tube to the 8-Fr
imaging catheter. The polyimide tubing served as the
working lumen through which the interventional tools
were delivered. The 22-Fr catheter was completed by
juxtaposing a 9-Fr working lumen with the 8-Fr imaging
catheter and sealing the assembly with a heat-shrinkable

Fig. 1. The 14-Fr forward-viewing matrix-array catheter with
tool port, showing acquired pyramidal volume of data and
display planes. By integrating and spatially filtering between
the C-planes, a 3-D rendered image is displayed in real-time.

Fig. 2. Matrix-array pattern showing aperture sizes in azimuth
and elevation dimensions.

Fig. 3. Simulated beam plots of the transducer. (A)Azimuth and
(B) elevation beam plots vs. angle. (C) –6 and (D) –20-dB
contours of the azimuth and elevation beam width in mm vs.

depth to 60 mm.
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polyolefin tube. Figure 6 shows a photograph of the
completed intracardiac transducers, including the 14-Fr
dual-lumen forward-viewing array in Fig. 6A, and the
22-Fr dual-lumen forward-viewing array inserted into a
6-mm diameter surgical trocar in Fig. 6B.

Measurements
The impulse response and power spectrum were

measured to characterize the transducer. The impulse
response was obtained by transmitting with a Panamet-
rics Model 5073PR (Waltham, MA) pulser/receiver, and
observing the reflection from an aluminum block with a
Tektronix model TDS744A digitizing oscilloscope (Wil-
sonville, OR). The spectrum was obtained using a Pana-
metrics 5605A Stepless Gate and a Hewlett-Packard
model 3588A spectrum analyzer (Palo Alto, CA).

Animal model
The in vivo images in this study were acquired using

a sheep model. The study was approved by the Institu-
tional Animal Care and Use Committee at Duke Univer-
sity and conformed to the Research Animal Use Guide-
lines of the American Heart Association. A total of 15 to
22 mg/kg of IM injected ketamine hydrochloride was
used to sedate the animals. A 20-gauge IV catheter was
placed in the saphenous vein for the purpose of IV fluid
administration, and the animal was placed on a water-
heated thermal pad. The animals were mechanically ven-
tilated with 95 to 99% oxygen and 1 to 5% isoflurane for
anesthesia. A nasogastric tube was passed to the stomach

to prevent rumenal typany. A femoral arterial line was
placed on the left side via a percutaneous puncture, and
electrolyte and respirator adjustments were made based

Fig. 4. (A) Multilayer flexible interconnect circuit showing the
array and solder pads. (B) Closeup of the diced array. The
interelement spacing is 0.15 mm, the saw kerf is 0.025 mm and

the elements are 0.125 mm on a side.

Fig. 5. Photograph of the flex circuit attached to an acoustic
backing, showing the forward-viewing orientation of the array.
The pyramidal scanned volume is shown schematically on the

photograph for reference.

Fig. 6. Photograph of the completed dual lumen US probes. (A)
14-Fr forward-viewing with tool port; inset � closeup of trans-
ducer face. (B) 22-Fr forward-viewing with tool port in surgical

trocar; inset � closeup of transducer face.
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on serial electrolyte and arterial blood gas measurements.
Sodium chloride (0.9%) was continuously infused using
an IV maintenance fluid. Throughout the procedure,
blood pressure, lead II ECG and temperature were con-
tinuously monitored. For the open chest procedures, the
heart was exposed by median sternotomy.

Intracardiac echocardiography
We used both open- and closed-chest sheep models

to obtain our images. Use of the open-chest model al-
lowed confirmation of the relative locations and orienta-
tions of the transducer probe with respect to the cardiac
structures imaged by manual palpation, and the closed-
chest experiments demonstrated the capability of utiliz-
ing the transducers in a more clinically relevant setting.
The images shown include user-selected B-scans, C-
scans and rendered volumes. In those figures where
C-scans are shown, the C-scan plane is defined by arrows
on either side of the B-scans. In those figures where
rendered images are shown, the rendered volume is de-
fined by the data in between the arrows that are at the
side of (or below) the B-scans. For a schematic drawing
of the B-scans, C-scans and rendered volumes, refer to
Fig. 1. White dots on the right side of the B-scans
indicate 1-cm depth increments. It should be noted that
the scales for the B-scans do not correspond to the
rendered images and, also, that the rendered images
should not, in general, be used for measurements. In the

experiments where interventional devices were intro-
duced through the working lumen of the transducer
probe, the device is seen in the central axis of the B-scan
images. The identification of the tips of the devices as
seen in the US images was verified using x-ray fluoros-
copy.

RESULTS

Transducer characterization
An illustrative pulse-echo impulse response and

spectrum is shown in Fig. 7. The transducer element has
a �6-dB band width of approximately 36% and center
frequency of 5.0 MHz. The �6-dB and �20-dB pulse
widths, indices of axial resolution, are 0.63 �s and 1.31
�s, respectively.

Images

Phantoms. Figure 8A shows a 6-cm deep B-scan
image of the tissue-mimicking CIRS phantom (model
40). The phantom contains two sets of six wires arranged
in a “�” shape. The axial spacing of the wires from left
to right in the image is 5, 4, 3, 2, 1 and 0.5 mm. From the
image, we see that the transducer has axially resolved the
2-mm targets. Figure 8C and D includes a B-scan and
tilted C-scan, respectively, of a 2-cm diameter (�20-dB
contrast) cyst at a depth of 5 cm in a tissue-mimicking

Fig. 7. Illustrative impulse response and spectrum. The trans-
ducer has �6-dB and �20-dB pulse lengths of 0.63 and 1.31 s,
respectively. The center frequency is 5.0 MHz and the �6-dB

fractional band width is 36%.

Fig. 8. (A) 6-cm deep B-scan of the CIRS phantom showing
“�” shape of the wire targets. (B) Tilted C-scan taken at the
plane indicated by the arrows in the B-scans showing wires. (C)
2-cm diameter, �20-dB contrast cyst in a tissue-mimicking

phantom. (D) Tilted C-scan showing cyst.
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phantom. The cyst images indicate that the transducer/
system should be able to detect important anechoic tar-
gets in vivo, such as the coronary sinus.

In vivo manipulation of a guidewire into the coro-
nary sinus. In a clinically relevant procedure, the 14-Fr
catheter was inserted into the jugular vein and advanced
prograde into the superior vena cava and then into the
right atrium (RA). The coronary sinus (CS) ostium was
located and a 0.36-mm (0.014”) diameter guidewire was
advanced through the working lumen and guided into the
coronary sinus. Figure 9A is a photograph of the guide-
wire emerging from the working lumen of the 14-Fr
catheter. Figure 9B and C shows a 5-cm deep B-scan and
simultaneous 3-D rendered view of the guidewire being
inserted into the coronary sinus. The alignment of the
tool port with the imaging catheter along with the com-
bined sector scan and 3-D rendered view eased manipu-
lation of the guidewire into the CS.

In vivo RV biopsy guidance. The 14-Fr catheter was
further advanced into the RV, and a RV biopsy was
performed using a 3-Fr biopsy forceps. Figure 10A is a
photograph of the 3-Fr biopsy forceps with jaws in the
open position emerging from the working lumen of the
14-Fr catheter. Figure 10B and C shows 3-D rendered
volumes of the biopsy forceps (F) in the open and closed
positions, respectively, near the RV endomyocardium
(E). Guidance of the forceps toward the endomyocar-
dium and confirmation of the open/closed position of the

forceps was easily achieved with the forward-viewing
dual-lumen transducer.

In vivo transseptal puncture guidance. The 22-Fr
catheter was inserted into the RA through a small inci-
sion that was closed using a pursestring suture. A 71-cm
long, 1.27-mm diameter Brockenbrough needle was in-
serted into the working lumen of the forward-viewing
transducer and advanced into the RA. The needle was
then used to perform a transseptal puncture so that access
to the left atrium (LA) could be obtained. Figure 11A
shows a photograph of the needle emerging from the
working lumen of the 22-Fr catheter, and Fig. 11B and C
shows a simultaneous 6-cm B-scan and 3-D rendered
volume of the needle piercing the atrial septum. Visual-
ization of the needle and its guidance across the atrial
septum was aided by the forward-viewing dual-lumen
transducer.

In vivo subcutaneous apical four-chamber view.
The 22-Fr catheter was inserted through the skin from a
subcostal approach using a surgical trocar, and advanced
to the pericardial surface to obtain an apical four-cham-
ber view. Figure 12A is a 10-cm deep 90° B-scan show-
ing all four chambers of the heart. Figure 12B is a 3-D
rendered view of the LV and crescent-shaped RV. The
3-D data shown in the images could aid in the placement
of pacing leads and assessment of cardiac function dur-
ing and after surgery.

DISCUSSION

We have tested the feasibility of using forward-
viewing matrix-array catheters to guide interventional

Fig. 9. (A) Photograph of the 14-Fr catheter with 0.36-mm
guidewire emerging from tool port. (B) 5-cm deep B-scan
showing guidewire (W) being directed into the coronary sinus
(CS). (C) Simultaneous 3-D rendered view of the volume of
data in between the arrows to the left of the B-scan, showing

the guidewire inserted into the coronary sinus.

Fig. 10. (A) Photograph of the 14-Fr catheter with 3-Fr biopsy
forceps emerging from tool port. (B), (C) 3-D rendered views
of the forceps jaws (F) in the open and closed positions,

respectively, near the RV endomyocardium (E).
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cardiac procedures with RT3-D ICE. The catheters con-
tain a working lumen for interventional tool delivery. We
have presented images acquired during in vivo interven-
tional procedures, including manipulation of a guidewire
into the CS, RV biopsy and transseptal puncture using a
Brockenbrough needle. The collinear alignment of the
interventional tools with the 3-D imaged volume allows
simple, predictable visualization of the tool position and
manipulation inside the heart. We have also presented
four-chamber images obtained by inserting the forward-
viewing probe subcutaneously with a surgical trocar. The

images may be used to evaluate cardiac function during
surgery and postoperatively.

Limitations of the devices mainly revolve around
their physical size. The 14-Fr and 22-Fr sizes are too
large for routine clinical use. Size reduction could be
achieved by using a smaller flex circuit or by, more
efficiently, using the available catheter space with cus-
tom-extruded dual-lumen catheters instead of juxtapos-
ing two separate catheters. Another limitation is the lack
of mechanical steering that would also facilitate clinical
use. Nevertheless, the devices demonstrate the potential
for simplifying cardiac interventional procedures.

Improvements in image quality can be achieved by
utilizing more transducer channels and by utilizing high-
er-frequency transducers. We have developed transtho-
racic matrix-array transducers operating at 10 MHz
(Light et al. 2000), and this technology can be extended
to our intracardiac matrix arrays. With these improve-
ments, RT3-D echo using interventional probes could
become a valuable clinical tool for simplifying cardiac
interventional procedures.
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