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Abstract

Acute coronary syndrome (ACS) is frequently associated with the sudden rupture of a vulnerable 

atherosclerotic plaque within the coronary artery. Several unique physiological features, including 

a thin fibrous cap accompanied by a necrotic lipid core, are the targeted indicators for identifying 

the vulnerable plaques. Intravascular ultrasound (IVUS), a catheter-based imaging technology, has 

been routinely performed in clinics for more than 20 years to describe the morphology of the 

coronary artery and guide percutaneous coronary interventions. However, conventional IVUS 

cannot facilitate the risk assessment of ACS because of its intrinsic limitations, such as insufficient 

resolution. Renovation of the IVUS technology is essentially needed to overcome the limitations 

and enhance the coronary artery characterization. In this paper, a multi-frequency intravascular 

ultrasound (IVUS) imaging system was developed by incorporating a higher frequency IVUS 

transducer (80 to 150 MHz) with the conventional IVUS (30–50 MHz) system. The newly 

developed system maintains the advantage of deeply penetrating imaging with the conventional 

IVUS, while offering an improved higher resolution image with IVUS at a higher frequency. The 
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prototyped multi-frequency catheter has a clinically compatible size of 0.95 mm and a favorable 

capability of automated image co-registration. In vitro human coronary artery imaging has 

demonstrated the feasibility and superiority of the multi-frequency IVUS imaging system to 

deliver a more comprehensive visualization of the coronary artery. This ultrasonic-only 

intravascular imaging technique, based on a moderate refinement of the conventional IVUS 

system, is not only cost-effective from the perspective of manufacturing and clinical practice, but 

also holds the promise of future translation into clinical benefits.

I. Introduction

Vulnerable plaque has been hypothesized as an unstable atherosclerosis plaque building up 

on the walls of arteries, whose rupture is primarily responsible for acute coronary syndrome 

(AC S) and sudden cardiac death [1]. The thin-cap fibroatheroma (TCFA), which is the 

phenotype of vulnerable plaque, possesses the unique morphological features of a thin 

fibrous cap (<65 μm) and a large necrotic core underneath [2]. These morphological features 

at a tiny scale are frequently used as the indicators of TCFA, and can be used to facilitate the 

risk assessment of AC S. High-resolution intravascular imaging techniques, which can 

identify TCFA precisely, are essentially needed to provide a detailed anatomic structure of 

the coronary artery wall with the goal of evaluating the plaque vulnerability [3], [4].

The catheter-based grayscale intravascular ultrasound (IVUS) imaging, based on the 

echogenicity of acoustic waves, has been clinically available for 20 years to provide the 

cross-sectional visualization of the coronary artery wall and the quantitative evaluation of 

the lumen dimensions and the plaque area [5], [6]. The aperture size of the piezoelectric 

transducer incorporated at the catheter tip, usually smaller than 0.8 mm, is strictly limited by 

the confined size of the coronary artery lumen and the curvy structure of coronary artery 

system [7]. The typical center frequencies of IVUS transducers range from 20 to 40 MHz, 

providing 70 to 200 μm axial resolution, 200 to 400 μm lateral resolution, and 5 to 10 mm 

imaging depth [8], [9]. As a result, the spatial resolution of conventional IVUS is 

insufficient to measure the thin fibrous cap thickness, which is usually less than 65 μm. A 

newly developed RF backscatter spectrum analysis algorithm, Virtual Histology IVUS 

system (VH-IVUS), is capable of predicting the plaque vulnerability by characterizing 

plaque composition [10]–[12]. It is also a fact that data analyzed by VH is displayed on the 

order of 250 μm, which intrinsically downgrades the reliability of detecting the thin fibrous 

cap with this technique [13]. Super-harmonic IVUS imaging has been recently developed to 

image coronary vasa vasorum during contrast agent injection; however, in vivo validation 

and long-term optimization of this technique are needed to prove its capability to perform 

accurate vulnerable plaque assessment [14]. Optical coherence tomography (OCT), which 

utilizes back-scattered infrared light to generate high-speed and high-spatial-resolution (10 

to 30 μm) images of microstructures of blood vessels such as the thin fibrous cap, is 

hypothesized to be a substitute for IVUS [15], [16]. However, the penetration depth through 

blood and vascular tissues of OCT is shallow. A synergistic approach combining IVUS and 

OCT seems favorable by simultaneously providing the deep penetration depth of IVUS and 

the high spatial resolution of OCT [17]. Several designs of integrated IVUS-OCT catheters 

have previously been evaluated both in vitro and in vivo to demonstrate the feasibility of this 
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dual-modality intravascular imaging technique, which allows more accurate plaque 

characterization than using IVUS or OCT alone [17]–[20]. Nevertheless, technical 

requirements such as advancing IVUS-OCT catheter design, increasing the imaging speed, 

and enhancing the accuracy of the co-registration between IVUS and OCT images must be 

satisfied before this technique can be implemented in clinical practice [20]. In addition, the 

manufacturing cost of such a hybrid system will be dramatically increased because two 

independent systems must be integrated into one single unit, which requires deliberation 

between translational strategies and long-term clinical utility [21]. Given the fact that OCT 

is the optical analog of ultrasound, a question is then raised: can ultra-high frequency 

ultrasonic imaging be considered as an alternative and cost-effective solution to replace 

OCT? Ultra-high frequency IVUS at 80 MHz has been previously investigated and proved 

to be able to improve artery characterization with much higher axial resolution [22]. Even 

though there is a foreseeable drawback that higher frequency ultrasound will have stronger 

attenuation in the blood and vascular tissue, such transducers at 80 MHz center frequency 

can still provide an imaging depth of 2 mm, which is comparable to the penetration depth of 

OCT. In addition, further increasing the frequency and bandwidth of the ultrasound 

transducer is a possible approach to reach the axial resolution level of OCT.

Although it is hard to identify the vulnerable plaques with conventional IVUS because of its 

low resolution, it is still a reliable technique that cannot be easily substituted in the near 

future because of its accurate and deeply penetrating imaging capability [4]. Therefore, 

compared with integrated IVUS-OCT, incorporating another transducer at a higher 

frequency into the current IVUS system seems to be a simpler and more cost-effective 

approach to overcome the resolution limit of IVUS [4]. In this paper, we present the 

development of a multi-frequency IVUS system by integrating a conventional transducer (35 

MHz) and an ultrahigh-frequency transducer (80 to 150 MHz) into a single catheter. Three 

prototypes of the multi-frequency IVUS catheters with different frequency combinations 

(35/90 MHz, 35/120 MHz, and 35/150 MHz) were fabricated and evaluated. The two 

transducer elements were arranged in a back-to-back configuration to facilitate automatic 

image co-registration at the same longitudinal location of the artery. The flexible catheters 

were miniaturized to have an outer diameter of 0.95 mm and a front rigid length of 2 mm to 

enable the catheters’ clinical compatibility. The multi-frequency IVUS imaging was 

assessed with a tissue-mimicking phantom with and without the presence of blood to 

evaluate the imaging depth, resolution, and contrast-to-noise ratio (CNR) of the imaging 

system. In vitro intravascular imaging of human cadaver coronary arteries with 

atherosclerosis was conducted to demonstrate the merit of multi-frequency IVUS which 

possesses the complementary nature of both low-frequency and high-frequency transducers. 

The system provides the deep penetration to image the whole artery wall of the low-

frequency transducer and the fine resolution in the lumen area of the high-frequency 

transducer, allowing more comprehensive visualization of the coronary artery. These results 

suggest that the multi-frequency IVUS system appears to be a feasible and cost-effective 

approach to overcome the current limitations of conventional IVUS systems.
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II. Method

A. Catheter Design and Fabrication

The square element size of transducer was restricted to be less than 0.8 mm in the 

conventional IVUS catheter. To fit the two transducers into the small catheter, the transducer 

element size and thickness were fixed to be 0.5 × 0.5 mm and 0.3 mm, respectively, for 

various center frequencies (35 MHz, 90 MHz, 120 MHz, and 150 MHz) in this study. Many 

different piezoelectric materials, including piezoceramics, piezoelectric polymers, and 

ferroelectric single crystals, can be used when designing a single- element transducer. 

Choices between the materials are made based on the piezoelectric properties and the 

specific requirements of the designed transducers such as center frequency, aperture size, 

and focal depth. Electromechanical coupling coefficient (kt), piezoelectric coefficient (d33) 

and dielectric permittivity ( ), listed in Table I, are the major parameters that 

determine the performance of a transducer [23]. Because the transducer aperture size is 

already determined in this study, the effects caused by dielectric permittivity should be 

carefully taken into account during the material selection because the dielectric permittivity, 

together with the surface area of piezoelectric material, determines the electrical impedance 

of a transducer [22]. An electrical impedance of 50 Ω properly matched to the electronics 

will result in an optimized sensitivity in both transmitting and receiving. Pb(Zr, Ti)O3 (PZT) 

ceramics have been widely used in fabrication of IVUS transducers in the frequency range 

of 20 to 50 MHz [24]. Compared with PZT, the recently developed single crystal 

Pb(Mg1/3Nb2/3)–PbTiO3 (PMN-PT) (from H. C. Materials Inc., Bolingbrook, IL) exhibits 

improved piezoelectric performance because of its outstanding kt and d33 (Table I), making 

it a more favorable candidate for ultrasonic transducer fabrication [25]. In addition, PMN-

PT is more suitable for high sensitivity, small aperture ultrasound transducer application in a 

frequency range of 20 to 100 MHz, such as IVUS transducers, because of its superior 

dielectric permittivity value ( ), which causes the electrical impedance of the 

transducer to be better matched with the 50-Ω electronics within a tiny surface area. In 

consequence, PMN-PT was used in this study to fabricate the 35-MHz and 90-MHz 

transducer elements for the multi-frequency IVUS catheter. Nevertheless, for a center 

frequency over 100 MHz, the electrical impedance mismatch between the PMN-PT 

transducer and the acquisition platform will become significant for the same element size, 

and it is very challenging to further miniaturize the aperture size of the element to be less 

than 0.3 mm. A need for materials with even lower dielectric permittivity arises for 

fabricating transducers with center frequency of over 100 MHz. Lead-free single-crystal 

lithium niobate (LiNbO3 or LNO) provides a comparable kt to PZT, a much lower dielectric 

permittivity, and high longitudinal sound speed (v ~ 7340 m/s). It is suitable for designing 

sensitive large-aperture, high-frequency single-element transducers [26]. Therefore, LNO 

was selected to fabricate the 120-MHz and 150-MHz transducer elements.

The combination of two transducer elements in the multi-frequency IVUS catheter shares a 

similar principle with the integration of a transducer and optical probe in the IVUS-OCT 

catheter, as well as the hybrid catheter design for the other multi-modality intravascular 

imaging systems. The design scheme of the intravascular catheter should not only allow for 

the technical feasibility but also fulfill the clinical requirements. Several studies on the 
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design of integrated IVUS-OCT catheters have been reported individually [17]–[20]. Each 

of the designs carries its own features and limitations. Based on the curvy structure of the 

cardiovascular system, a catheter with small outer diameter (OD), short front rigid length, 

and high flexibility is required to enable the safe delivery of catheter to the coronary artery 

[20]. Given the fact that the cardiovascular intervention procedure is time-limited, the multi-

frequency IVUS system should be able to facilitate accurate fusion of two IVUS in a real-

time manner. Based on the previous IVUS-OCT catheter designs, three design schemes for 

the multi-frequency IVUS catheter, with different configurations of how the two transducers 

of the same shape are aligned, are presented and summarized in Fig. 1. These design 

schemes include aligning the two transducers in the configurations of left-and-right, fore-

and-aft, and back-to-back. For the left-and-right configuration [Fig. 1(a)], on-line image co-

registration can be achieved by implementing a simple post-processing algorithm because 

the two transducers are imaging the same cross section within each image frame. However, 

this design scheme has an enlarged OD that is almost double that of the single-element 

IVUS catheter. The fore-and-aft configuration [Fig. 1(b)] has a satisfactory OD that is the 

same size as the single-element IVUS catheter, but the increased front rigid length makes it 

less flexible when going through sharp turns in the cardiovascular system. Moreover, image 

co-registration must be performed through pull-back scanning because the two transducers 

have a separation of more than 0.5 mm, which may result in inaccurate image co-registration 

for the artery walls, which will be changing dynamically during each cardiac cycle. As 

shown in Fig. 1(c), the back-to-back configuration provides a solution to the image co-

registration problem in the fore-and-aft configuration because the two transducers generate 

images of the same cross section within one frame. This design scheme is preferred to the 

other two because it aligns the two transducers in the thickness direction, thus having the 

most effective use of space inside the cylindrical housing, and consequently offers a small 

OD and short front rigid length. Furthermore, based on the unique feature of back-to-back 

configuration, the real-time image co-registration at two frequencies can be accomplished by 

simply rotating one of the IVUS images of the same cross section by 180°.

In this study, three prototypes of back-to-back multi-frequency IVUS catheters with 

different frequency combinations (35/90 MHz, 35/120 MHz, and 35/150 MHz) were 

fabricated and evaluated. The general fabrication techniques described by Cannata et al. 

were used to prepare the single-element IVUS transducer before assembling them into a 

catheter [26]. The PMN-PT single crystals were lapped to 30 and 28 μm for the IVUS 

transducers operating at 35 and 90 MHz, respectively. LNO wafers of 22 and 15 μm were 

also acquired to fabricate the transducers at 120 and 150 MHz. All of the wafers were 

sputtered with a 1500-Å chrome/gold layer on both sides to serve as the front and back 

electrodes. Because of the difficulties of lapping the piezoelectric material down to a 

thickness less than 5 μm, only the 35- and 90-MHz transducers had a matching layer made 

of a mixture of Insulcast 501 (ITW Polymers Coatings North America, Montgomeryville, 

PA) and 2 to 3 μm silver particles. The matching layer was cast on to the front electrode of 

piezoelectric material, and then lapped to the designed thickness listed in Table II. 

Conductive epoxy (E-Solder 3022, Von Roll USA Inc., Schenectady, NY) was cast onto the 

back electrodes of the wafers, and all of the wafers were lapped to a thickness of 0.3 mm. 

The transducer element, together with the backing layer, was diced into a 0.5 × 0.5 mm 
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square shape. The front electrode and back electrode were connected to the shielding wires 

and central wires of the coaxial cable insulated by the epoxy, respectively. A parylene layer 

(PDS2010, Specialty Coating Systems Inc., Indianapolis, IN) was deposited on to the entire 

element of the transducers to serve as the second matching layer of the 35- and 90-MHz 

transducers, and the first matching layer for the 120- and 150-MHz transducers. The 

thickness of the parylene layer for each transducer is listed in Table II. The two elements of 

different center frequencies were carefully aligned into the back-to-back configuration 

before being inserted into a two-window stainless steel cap (0.95 mm OD and 2 mm length). 

A polyimide layer was bonded by epoxy between the two backings of the IVUS transducers 

so as to further insulate the electrical signals. A triple-wrapped torque coil (OD: 0.9 mm) 

was connected to the catheter cap, covering the two electrical wires of the transducers to 

provide smooth torque translation. The two coaxial cables, a total of four electrical wires, 

were then connected to the separated channels of an eight-channel slip ring (SRH0317, 

Prosper M&E Tech Co., Hangzhou, China) to allow for the IVUS signal coupling for the 

two transducers during the rotational scan. The schematic and photograph of a back-to-back 

multi-frequency IVUS catheter were shown in Figs. 2(a) and 2(b). The overall size of the 

multi-frequency IVUS catheter is 0.95 mm in diameter with a front rigid length of 2 mm, 

which is comparable to the size of a commercial IVUS catheter.

B. Phantom Preparation and Experimental System Setup

An agar-based tissue-mimicking phantom with silicon carbide powder as the sound scatters 

(Fig. 3), having a 3-mm diameter lumen in the center, was fabricated to evaluate the CNR 

and the imaging depth of the multi-frequency IVUS catheter [28], [29]. A polyimide tube 

with a 1.5 mm OD and a 50 μm wall thickness was placed right next to the central lumen. A 

graphite rod with a 0.5 mm OD was placed at a distance of 0.5 mm away from the border of 

central lumen. The polyimide tube wall was designed to be a resolution target which was an 

analog to the thin fibrous cap. The graphite rod was a target with strong acoustic reflection.

The experimental imaging setup is illustrated in Fig. 4. A low-frequency pulser (AVTECH 

AVB2-TB-C, Avtech Electrosystems Ltd., Ogdensburg, NY) and a high-frequency pulser 

(AVTECH AVB2-TC-C, Avtech Electrosystems Ltd.) were used to excite the low-

frequency transducer (35 MHz) and the high-frequency transducer (90, 120, and 150 MHz), 

respectively. The received RF signals were amplified by 33 dB (Miteq AU1114, Miteq Inc., 

Hauppauge, NY), and digitized by a 12-bit data acquisition board (Alazar Technologies Inc., 

Pointe-Claire, Canada) at a sampling frequency of 1.8 Gsample/s. Two function generators 

were used to synchronize the pulser/receiver, digitizer, and the motor unit, and one of them 

has a 50 μs time delay with respect to the other. The saved RF data were processed and 

displayed using a custom-developed LabVIEW program (National Instruments, Austin, TX). 

During the imaging experiments, the catheter tip was positioned inside the central lumen of 

the phantom and the catheter was rotated by the motor unit while the phantom and the slip 

ring were kept stationary.
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III. Results and Discussion

A. Transducer Characterization

Pulse-echo testing [26] was performed to evaluate the performance of the transducers. An 

X-cut quartz target, placed at an approximate distance of 1.9 mm away from the transducers, 

was used as a reflecting target during the tests. The received echo signals in the time domain 

and the frequency responses of the 35-MHz transducers of the three catheters were recorded 

and only one of them, as a representative, is shown in Fig. 5(a). The echo signals and the 

frequency responses of the 90-, 120-, and 150-MHz transducers from the pulse-echo testing 

are displayed in Figs. 5(b)–5(d), respectively. To evaluate the axial and lateral resolution of 

the transducers, 6-μm-diameter tungsten wire targets were imaged. The measured center 

frequency, −6-dB fractional bandwidth, axial resolution, and lateral resolution of these 

transducers are listed in Table III.

The measured center frequencies of these transducers are in reasonably good agreement with 

the designed center frequencies. The comparisons in Fig. 5 also show that as the center 

frequency of the transducer increases, the amplitude of the echo signals decreases. These 

transducers exhibit various bandwidth characteristics. The −6-dB fractional bandwidths of 

35- and 90-MHz transducers are 47.4% and 42.0%, respectively, which is attributed to the 

better piezoelectric properties of the PMN-PT single-crystal as well as the presence of the 

silver epoxy matching layer. However, because of the missing of the matching layer, the 

120- and 150-MHz transducers made from LNO exhibit narrower bandwidths of 24.1% and 

28.1%, respectively. Theoretically, a broader bandwidth will result in a shorter pulse length 

during the monocycle excitation, and then a better axial resolution of a transducer can be 

achieved because of the broadband characteristics [30]. It should be noted that the axial 

resolution of the 90-MHz transducer is even better than that of the 120-MHz transducer. 

This can be explained by the narrowband characteristics of the 120-MHz transducer. These 

results suggest that the high-frequency transducers ranging from 90 to 150 MHz in this 

study are potentially capable of resolving the thin fibrous cap in the axial direction. The 

lateral resolution is primarily dependent on the beam width within the imaging range. 

Generally, the center frequency of a transducer has a dominant influence on the lateral 

resolution, and hence a higher frequency transducer is able to provide better lateral 

resolution. The measured lateral resolutions of different transducers are consistent with this 

theory; the 150-MHz transducer provides the best lateral resolution of 87.3 μm. The axial 

resolution (17.2 μm) of the 150-MHz transducer can reach the same level as OCT. However, 

given that the lateral resolution of the IVUS transducers in this study is approximately four 

times the axial resolution, the lateral resolution of IVUS is the least competitive aspect when 

comparing them to OCT.

B. Tissue-Mimicking Phantom Imaging

To evaluate the imaging capability of the multi-frequency IVUS catheter, tissue mimicking 

phantom images without the presence of blood were initially acquired. The central lumen 

and the polyimide tube were filled with deionized water. A phantom image [Fig. 6(a)] 

captured by one of the three 35-MHz IVUS demonstrated an imaging depth of 5 mm at this 

frequency. The graphite rod was clearly distinguished from the surrounding agar with a 
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strong echo signal followed by an acoustic shadow. The front and back surfaces of the 

polyimide tube could be identified, but the actual thickness of the polyimide tube could not 

be precisely resolved because of insufficient resolution. Another important evaluation 

parameter of an IVUS image is the CNR, which is also critical for the detection of sub-

resolution targets. The CNR was calculated as [23], [31]

where meant and meann stand for the mean of the signal of the imaging target and the mean 

of the background noise; vart and varn represent the signal variance of the imaging target 

and the background noise. In this case, the imaging target is the agar and the background 

noise is the water-filled lumen within the polyimide tube. The CNR of the phantom image of 

the 35-MHz transducer is 5.1. The phantom images of the 90- and 120-MHz transducers are 

shown in Figs. 6(b) and 6(c), respectively. Because resolution has been improved, the front 

and back surfaces of the polyimide tube could be better differentiated. A more detailed 

structure around the boundary of the graphite rod could be visualized. Moreover, because of 

the stronger attenuation of higher frequency ultrasound, a significant decrease in imaging 

depths, about 2 mm and 1 mm compared with 5 mm for the 35-MHz transducer, was 

observed at 90 and 120 MHz, respectively. At the same time, the CNRs of the images at 90 

and 120 MHz decreased to 2.1 and 1.6, respectively. Fig. 6(d) shows the phantom image 

generated by the 150-MHz transducer. Although the resolution of the image was further 

improved, the image could only penetrate to less than 500 μm in depth and provided weaker 

contrast for the strong acoustic reflectors, such as surface of polyimide tube and boundary of 

graphite rod. Thus, it appears that transducer at such frequency is not suitable for IVUS 

imaging applications.

Despite the decreased penetration depth and CNR, IVUS transducers of 90 and 120 MHz are 

still capable of providing valuable high-resolution information around the inner lumen area. 

The fused phantom images captured by the 35/90-MHz and 35/120-MHz catheters are 

shown in Figs. 7(a) and 7(b), respectively. The image co-registration in each imaging pair is 

accomplished by simply rotating one of the IVUS images by 180°. These results suggest that 

the multi-frequency catheters can achieve better characterization of the artery tissue by 

integrating the deep imaging depth of lower frequency transducer and the high resolution of 

the higher frequency transducer.

To further investigate the feasibility of the multi-frequency catheters in a setup that is closer 

to clinical settings, tissue-mimicking phantom imaging was performed with the presence of 

blood. The center lumen of the phantom was filled with fresh swine blood and the polyimide 

tube was still filled with deionized water. As expected, a slightly decreased penetration 

depth of 4 mm and a reduced CNR value of 3.2 were obtained in the image at 35 MHz [Fig. 

8(a)] because of the strong attenuation of the blood in the lumen. As shown in Figs. 8(b)–

8(d), the much stronger attenuation of the higher frequency ultrasonic waves in the blood 

dramatically limits the imaging depth and degrades the image quality. These results indicate 
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that to improve imaging depth with a high-frequency transducer may require the temporary 

removal of luminal blood during the in vivo imaging, similar to the flushing mechanism in 

OCT, which is an intrinsic drawback of multi-frequency IVUS imaging.

C. In Vitro Intravascular Imaging

Human cadaver coronary artery images acquired at 35, 90, and 120 MHz are displayed in 

Fig. 9. The 35-MHz transducer provides more complete morphological information of the 

coronary artery because of the deep penetration depth [Fig. 9(a)]. With the 90-MHz 

transducer, the three-layered structure (intima, media, and adventitia) indicated by the red 

arrow is identified in Fig. 9(b) because of the improved axial resolution. However, it is 

blurred and not apparent in Fig. 9(b). In Fig. 9(c), although the 120-MHz transducer can 

only image through the intima layer because of the limited penetration depth, an 

improvement in both axial resolution and lateral resolution is achieved, indicated by a 

reduced speckle size in the image of the intima layer. The fused image pairs acquired by the 

35/90-MHz and 35/120-MHz integrated catheters are shown in Figs. 10(a) and 10(b), 

respectively. The integrated image pairs, combining the advantages of the high-resolution 

superficial image of lumen area offered by the high-frequency IVUS transducer (90 or 120 

MHz) and the deep penetration image of the entire artery wall provided by the low-

frequency transducer (35 MHz), yield a more comprehensive visualization of the artery wall 

and plaque volume.

The performance of the IVUS transducers used in this study are summarized in Fig. 11, 

including center frequency, imaging depth, imaging contrast, and imaging resolution. The 

results are in agreement with the classic ultrasound theory that increasing the center 

frequency of the transducer results in better imaging resolution and decreased imaging 

depth. Even though different piezoelectric materials were selected to fabricate the IVUS 

transducers at different center frequencies, there was still some electrical impedance 

mismatch between the IVUS transducers and electrical system because the transducer 

aperture size was fixed at 0.5 mm. Future implementation of a matching circuit into the 

system will potentially solve this issue and improve the overall performance of the multi-

frequency IVUS catheter. The lateral resolution of the multi-frequency IVUS catheter 

system is almost three to four times worse than the axial resolution, which is also the 

technical barrier and natural shortcoming of all other IVUS systems. There is a significant 

gap between the conventional IVUS and the competitive technology OCT, indicated by the 

red dot, regarding the image resolution and penetration depth. Combining a higher 

frequency IVUS transducer in the frequency range of 90 to 120 MHz with the conventional 

IVUS catheter is a more feasible and simpler solution to reduce the limitation caused by 

insufficient resolution and fill the gap between the conventional IVUS and OCT. However, 

the requirement of temporary removal of luminal blood, with the goal of eliminating the 

stronger attenuation effect for higher frequency ultrasound, is a weakness of this technology 

that must be addressed in the future. Although further increasing the center frequency of the 

transducer to 150 MHz or higher could theoretically reach the resolution level of OCT, the 

extremely shallow imaging depth and reduced imaging contrast will dramatically degrade 

the image quality. Thus, it may not be worthwhile to use a transducer with such high 

frequencies for IVUS applications. As discussed previously, because of its broadband 
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characteristics, the 90-MHz transducer exhibits a better axial resolution than the 120-MHz 

transducer. This suggests that the integration of a broader bandwidth transducer is favorable 

to further renovate the multi-frequency IVUS catheters. The newly developed micro-

machined PIN-PMN-PT single-crystal 1–3 composite transducer at 40 MHz for IVUS 

application, providing an improved axial resolution of 43 μm and a comparable penetration 

depth to conventional IVUS transducers, was investigated [17], [32]. For the possible 

implementation of 1–3 composite material in multi-frequency IVUS imaging, the proposed 

1–3 composite transducers in a frequency range of 60 to 90 MHz, indicated by the blue 

dashed dot in Fig. 11, serves as a more promising substitute for the high-frequency 

transducers in the multi-frequency IVUS catheters so that the enhanced resolution can be 

achieved without excessively sacrificing imaging depth. Furthermore, the mechanical 

flexibility of 1–3 composite material makes it possible to mechanically focus such a tiny 

transducer with the intention of further improving the lateral resolution in the near future.

IV. Conclusion

We have successfully developed and prototyped multi-frequency IVUS imaging system 

catheters with three different frequency combinations prepared using PMN-PT and LNO 

single crystals. The multi-frequency IVUS catheter, with a clinically compatible size of 0.95 

mm in diameter, features the back-to-back arrangement of a conventional IVUS transducer 

and a high-frequency IVUS transducer to achieve accurate co-registration of two IVUS 

images. The performance of the high-frequency IVUS transducer at different frequency 

ranges (90, 120, and 150 MHz) was evaluated and compared with find the optimal 

frequency range for the high-frequency transducer in the multi-frequency IVUS catheter, 

considering imaging depth, imaging resolution, and CNR. Tissue-mimicking phantom 

imaging with and without the presence of blood shows that the multi-frequency catheter 

carries the complementary strengths of the deep imaging depth of the conventional IVUS 

and the high resolution of the high-frequency transducer. On the other hand, these results 

also point out a potential weakness of the multi-frequency catheter, which is that flushing of 

the luminal blood is required to ensure the functionality of this technique. The in vitro 

human cadaver coronary artery imaging demonstrates the capability of the multi-frequency 

catheter to provide more comprehensive visualization of the vascular structure and to 

facilitate the assessment of the vulnerable plaque. Compared with other multi-modality 

intravascular imaging techniques, the multi-frequency IVUS imaging capitalizes the 

advantage of cost-effectiveness because only a moderate modification of the current 

commercial IVUS system is needed. Additionally, the apparent clinical utility of this 

ultrasonic only technology can be promptly explored during the translational stage because 

most of the interventional physicians are familiar with the ultrasound technology. The future 

translation of the multi-frequency IVUS imaging into clinical use will not only consolidate 

the leading status of the IVUS technology in the interventional cardiology practice, but also 

lead to patient benefits.
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Fig. 1. 
Illustrations of design schemes of multi-frequency IVUS catheter: (a) left-and-right 

configuration, (b) fore-and-aft configuration, and (c) back-to-back configuration.
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Fig. 2. 
(a) Diagram of back-to-back multi-frequency IVUS catheter. Middle: 3-D diagram. Left-

bottom: sectional diagram. (b) Photograph of a multi-frequency IVUS catheter prototype. 

Enlarged photograph: side view (top) and front view (bottom) of catheter tip.
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Fig. 3. 
Illustration of agar-based tissue-mimicking phantom: (a) 3-D diagram and (b) sectional 

diagram.
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Fig. 4. 
A diagram of the multi-frequency IVUS imaging system.
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Fig. 5. 
Pulse-echo measurement results. Time-domain echo signals and frequency responses of (a) a 

representative 35-MHz transducer, (b) 90-MHz transducer, (c) 120-MHz transducer, and (d) 

150-MHz transducer.
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Fig. 6. 
Tissue-mimicking phantom images without presence of blood at (a) 35 MHz, (b) 90 MHz, 

(c) 120 MHz, and (d) 150 MHz. Dynamic range: 45 dB. Scale bar: 1 mm.
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Fig. 7. 
Fused tissue-mimicking phantom images captured by (a) 35/90-MHz multi-frequency IVUS 

catheter and (b) 35/120-MHz multi-frequency IVUS catheter. White: 35-MHz ultrasound 

image. Orange: 90-MHz ultrasound image. Green: 120-MHz ultrasound image. Dynamic 

range: 45 dB. Scale bar: 1 mm.
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Fig. 8. 
Tissue-mimicking phantom images in presence of blood at (a) 35 MHz, (b) 90 MHz, (c) 120 

MHz, and (d) 150 MHz. Dynamic range: 45 dB. Scale bar: 1 mm.
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Fig. 9. 
IVUS images of human coronary artery at (a) 35 MHz, (b) 90 MHz, and (c) 120 MHz. 

Dynamic range: 50 dB. Scale bar: 1 mm.
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Fig. 10. 
Fused IVUS images of human coronary artery captured by (a) 35/90-MHz multi-frequency 

IVUS catheter and (b) 35/120-MHz multi-frequency IVUS catheter. White: 35-MHz IVUS 

image. Orange: 90-MHz IVUS image. Green: 120-MHz IVUS image. Dynamic range: 50 

dB. Scale bar: 1 mm.
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Fig. 11. 
Summaries of IVUS transducers’ performances at different center frequencies in this study, 

including imaging depth, imaging contrast, and imaging resolution. Red dot: OCT. Dashed 

blue dot: 1–3 composite IVUS transducer.
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TABLE I

Piezoelectric Properties of Materials for IVUS Imaging Application.

Type

PZT-5H [27] PMN-PT [25] LNO [26]

Ceramic Single crystal Single crystal

kt 0.51 0.58 0.49

d33 (pm/V) 593 2000 6

1470 5229 39

v (m/s) 4580 4610 7340

Za (MRayl) 36.0 36.9 34

Transducer fabrication in this study 35 and 90 MHz 120 and 150 MHz
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TABLE II

Properties of the Materials Used in IVUS Transducer Fabrication [26].

Material Use Density (g/cm3)
Longitudinal 

sound speed (m/s) Acoustic impedance (MRayl)

Insulcast 501 and 2–3μm silver 
particles

1st Matching layer for 3.86 1900 7.3

30 MHz (12 μm)

90 MHz (5 μm)

Parylene Second matching layer for 1.18 2200 2.6

30 MHz (12 um)

90 MHz (5 μm);

First matching layer for

120 MHz (3 μm)

150 MHz (2 μm)

E-Solder 3022 Backing layer 3.20 1890 5.9

EPO-TEK 301 Insolating epoxy 1.15 2650 3.1
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TABLE III

Measured Center Frequencies, Bandwidths, and Resolutions of the Representative Transducers Used in This 

Study.

Designed center frequency (MHz) 35 90 120 150

Measured center frequency (MHz) 33.6 91.2 120.0 149.7

−6-dB fractional bandwidth (%) 47.7 42.0 24.1 28.1

Axial resolution (μm) 46.0 21.5 25.7 17.2

Lateral resolution (μm) 231.5 123.5 105.3 87.3
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