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Abstract — Atrial fibrillation, the most common type of cardiac
arrhythmia, now affects more than 2.2 million adults in the US
alone. Currently, electrophysiological interventions are
performed under fluoroscopy guidance, which besides its
harmful ionizing radiation does not provide adequate soft-tissue
resolution. Intracardiac echocardiography (ICE) provides real-
time anatomical information that has proven valuable in
reducing the fluoroscopy time and enhancing procedural success.
We developed two types of forward-looking ICE catheters using
capacitive micromachined ultrasonic transducer (CMUT)
technology: MicroLinear (ML) and ring catheters. The ML
catheter enables real-time forward-looking 2-D imaging using a
24-element 1-D CMUT phased-array that is designed for a center
frequency of 10 MHz. The ring catheter uses a 64-element ring
CMUT array that is also designed for a center frequency of 10
MHz. However, this ring-shaped 2-D array enables real-time
forward-looking volumetric imaging. In addition, this catheter
provides a continuous central lumen that enables convenient
delivery of other devices such as RF ablation catheter, EP
diagnostic catheter, biopsy devices, etc. Both catheters are
equipped with custom front-end IC’s that are integrated with the
CMUT arrays at the tip of the catheters. The integration of the
IC’s with the CMUT arrays was accomplished using custom
flexible PCB’s. We also developed several image reconstruction
schemes for the ring catheter on a PC-based imaging platform
from VeraSonics. We performed a variety of bench-top
characterizations to validate the functionality and performance
of our fully integrated CMUT arrays. Using both catheters, we
demonstrated in vivo images of the heart in a porcine animal
model. We have successfully prototyped the first CMUT-based
ICE catheters and proven the capabilities of the CMUT
technology for implementing high-frequency miniature
transducer arrays with integrated electronics.
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Atrial fibrillation is the most common type of cardiac
rhythm disturbance that now affects over 2.2 million adults in
the United States alone [1]. Catheter-based electrophysiological
(EP) procedures have proven essential for improved diagnosis
and treatment of cardiac arrhythmias. These interventions are
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commonly guided under fluoroscopy, which exposes both the
patient and the physician to harmful ionizing radiation [2].
Additionally, fluoroscopy does not provide adequate
anatomical information that is essential for accurate guidance
of the catheters in the heart, even in the presence of contrast
agents [3]. Hence, the use of echocardiography (ICE) catheters
in EP interventions is gaining more attention. In addition to
benefits in reducing the fluoroscopy time, ICE has proven
useful in improving visualization and procedural success [4].

We developed two types of ICE catheters for forward-
looking real-time imaging using fully integrated CMUT arrays.
In this paper, we provide a short description of the components
of these catheters and their method of integration. Also, we
present some in vivo imaging results using a porcine animal
model acquired with these catheters.

IL.

We developed two types of forward-looking ICE catheters
using CMUT technology: ML and ring catheters. The ML
catheter provides real-time forward-looking 2-D imaging [Fig.
I(a)]. It uses a 1-D CMUT phased-array integrated with
custom front-end electronics at the tip of the catheter. The ring
catheter enables real-time forward-looking volumetric imaging
using a ring-shaped 2-D CMUT array [Fig. 1(b)]. Additionally,
this catheter provides a continuous central lumen that enables
convenient delivery of other devices such as RF ablation
catheter, EP diagnostic catheter, biopsy devices, etc. The ring
array is also closely integrated with custom front-end
electronics at the catheter tip.

ICE CATHETERS

III. METHODS

A. CMUT Arrays

The two CMUT array types used in these catheters were
fabricated using the standard polysilicon sacrificial release
process with through-wafer via interconnects [5]. Both
arrays were designed for a center frequency of 10 MHz. The
ML CMUT array is a 24-element 1-D phased array [Fig. 2(a)].
The ML die measures 1.7 mm x 1.3 mm and the array elements
have a pitch of 63 um. The CMUT ring array is a 64-element
ring-shaped 2-D array with the array elements distributed along
the periphery of the device [Fig. 2(b)]. Each array element
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Figure 1. Conceptual drawing of the catheters. (a) ML Catheter. (b) Ring
Catheter.

measures 90 pm x 110 pm that correspond to an active
capacitance of about 0.3 pF. The outer and inner diameter of
the device measure 2.5 mm and 1.6 mm, respectively. The
singulation of the arrays and also the fabrication of the ring
array’s inner hole were performed using a single step deep
reactive ion etching process.

B.  Custom-Designed Front-End Electronics

In a typical catheter assembly the micro-coaxial cable
accounts for a capacitance of about 200 pF. Therefore, direct
connection of small transducer elements with low capacitance
to the imaging system suffers from low SNR. We designed
custom front-end IC’s for close integration with the CMUT
arrays at the catheter tip to improve the SNR and the image
quality. The chosen circuit architecture provides seamless
integration with the imaging system requiring only a single
cable per TX/RX channel [6]. The IC provides a dedicated low-
noise amplifier for each element of the CMUT array. This
circuit architecture was implemented in a 24-channel and 8-
channel configuration for the ML array and the ring array,
respectively (Fig. 3). For the ring array, eight IC’s are used to
address the 64 elements. Also the ring IC’s were polished to a
final thickness of 200 um to enable tight packaging.

C. Catheter Assembly

We designed custom flexible PCB’s (flex) to integrate the
CMUT arrays and the IC’s.
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Figure 2. Optical picture of (a) CMUT ML array and (b) CMUT ring array.

For the ML catheter, the flex is a long strip that provides
matching pads to the CMUT ML array and the ML IC in the
center but on the opposite sides. 80-um solder balls were
deposited on the pads of both dies. The IC was first flip-chip
bonded to the flex. After the solder reflow process, the CMUT
was flip-chip bonded to the opposite side of the flex followed
by another reflow process. The flex legs were then folded
under the ML array. 48-AWG micro-coaxial cables were
terminated on the cable pads at the end of the flex legs and the
catheter was finalized in a 9F shaft. Figure 4(a) shows the 9F
ML catheter at different stages of the assembly process.

The ring flex is composed of 8 long and narrow legs that
intersect at the center of the flex. 80-um and 60-pm solder
balls were deposited on the pads of IC’s and the CMUT ring
array, respectively. The ring array and all the eight IC’s were
flip-chip bonded to the flex followed by a single reflow
process. The flex legs were then folded under the ring array.
Similar to the ML catheter, 48-AWG micro-coaxial cables
were terminated onto the cable pads on the flex. A total of 100
cables were required to provide all the electrical connections
to the IC’s. Instead of a 9F catheter shaft, the first ring catheter
was assembled in a 12F shaft to ease the integration with the
large number of cables. Figure 4(b) shows the ring catheter at
different stages of the assembly process. There are 244 solder
interconnects involved in the integration of the ring array and
the IC’s. All these connections have to work for a fully
functional catheter.
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Figure 3. Custom front-end electronics. (a) 24-channel implementation for
the ML array. (b) 8-channel implementation for the ring array. Eight IC’s are
used for a ring catheter.

D. Real-Time Imaging

A commercial GE Vivid 7 imaging system (GE Healthcare,
Wauwatosa, WI) and a PC-based imaging system (VeraSonics,
Inc., Redmond, WA) were used in imaging experiments.

The Vivid 7 was programmed for conventional phased-
array B-mode imaging. We programmed the VeraSonics
platform specifically for imaging with the ring catheter. The
image reconstruction is based on the full synthetic phased-array
imaging. We also included Hadamard coding using all the 64
elements to improve the SNR [7]. Norton’s weightings for full-
aperture resolution [8] and cosine apodization are also
implemented in our image reconstruction [9].

IV. RESULTS

We characterized the imaging performance of the catheters
using imaging phantoms and in vivo porcine animal models.

Figure 5 shows the in vivo imaging results with the ML
catheter. The top image shows the tricuspid valve with the
catheter placed in the right atrium. The bottom image shows an
RF ablation catheter during ablation and its surrounding heart
tissue. Both these images were acquired using the GE Vivid 7
imaging system.
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Figure 4. Catheters in different stages of the assembly process. (a) ML
catheter. (b) Ring catheter.

Figure 6 shows two images acquired with the ring catheter
that demonstrate its volumetric imaging capability. The top
image is from a commercial gray-scale phantom (Model RMI
403GS LE gray scale phantom, Gammex, Inc., Middleton, WI)
that clearly shows the three embedded nylon wires. This image
was acquired using our VeraSonics imaging platform. The
bottom in vivo image shows a guide-wire that was inserted into
the heart through the inner lumen of the ring catheter. This
image was acquired using the GE Vivid 7 imaging system.

V. CONCLUSIONS

We have successfully prototyped the first CMUT-based
ICE catheters for forward-looking real-time imaging. We also
demonstrated in vivo imaging performance of both catheters in
porcine animal models. These results demonstrate the
capabilities of the CMUT technology for implementing high-
frequency miniature transducer arrays fully integrated with
front-end electronics.

We are currently continuing to work on improving our ring
catheter for the next generation. We will try to reduce the
number of cables for better catheter steerability and also reduce
the size of the catheter to 9F.
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Figure 5. In vivo imaging performance of the ML catheter. Images were
acquired using the GE Vivid 7 Imaging system. (a) View of tricuspid valve
from right atrium. (b) Observation of an RF ablation catheter during abation
and the sorrounding tissue.
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