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Abstract

Atherosclerosis and its thrombotic complications plague developed countries. The rupture of vulnerable
atherosclerotic plaques contributes to acute cardiovascular events and sudden cardiac deaths. Historically,
coronary angiography has proved an invaluable tool for the detection and treatment of coronary stenoses
that may cause myocardial ischemia; however, the method lacks the capacity to provide thorough
information about properties of the lesion (i.e. whether it is lipid-rich, fibrotic, or calcified). Recent
advances in electronics, biomaterials and microfabrication techniques have enabled novel multimodality
catheters for the assessment of atherosclerotic plaques, such as the integration of intravascular ultrasound
with photoacoustic microscopy or optical coherence tomography as well as the utilization of stretchable
electrodes for electrochemical impedance spectroscopy. These technologies enable the identification of the
complexity and composition of potentially unstable plaques as well as investigations of stenosis severity,
plaque formation, and remodeling in both humans and studied animal models. However, real-time detection
of vulnerable atherosclerotic lesions prepared for clinical trials remains an unmet challenge. In this
context, this review highlights existing and newly-emerged intravascular sensors to assess unstable plaques
and their compositions. Advantages and limitations, as well as further development and potential clinical

applications, will be thoroughly discussed.

Keywords.: Intravascular sensors; Atherosclerosis; PET; Fractional flow reserve; Multi-frequency

intravascular ultrasound.
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1. Introduction

Cardiovascular diseases, particularly coronary heart diseases, have been the leading cause of
mortality in the world [1-7]. Rupture of unstable plaques is a cause of acute coronary syndromes, which are
clinical manifestations of sudden reduction in perfusion and oxygenation to the myocardium, resulting in
heart attacks. The vulnerability and susceptibility of atherosclerotic plaques have been investigated to reveal
the relation with their compositions, the presence of associated inflammation, as well as the distributed
mechanical stress [8-10]. For instance, the rupture of the thin-cap fibroatheroma’s lipid-rich necrotic core
due to high mechanical shear stress would release thrombogenic contents into the blood stream, resulting
in occlusion [10, 11]. More than 18 million North Americans have atherosclerotic diseases, and both
morbidity and mortality remain appreciable [12]. In the U.S., the prevalence of overt coronary artery disease

is about 7 million with up to 2 million procedures performed annually [12, 13].

In hospitals, the gold-standard coronary angiography has been routinely employed to provide rapid
assessment of the coronary vasculature to detect localized stenosis for treatment [14]. Although
angiography is an invaluable tool to assess the entire coronary circulation system and to reveal localized
stenosis, the two-dimensional (2D) visualization depicts only the lumen, thus possessing obvious
limitations in structural and compositional analysis [14-17]. Therefore, a host of non-invasive three-
dimensional (3D) imaging techniques have been developed and utilized for intravascular assessment, such
as computed tomography (CT) angiography [18-20], magnetic resonance imaging (MRI) [21-23], single
photon emission computed tomography (SPECT) [24-26], and positron emission tomography (PET) [27-
29]. Nevertheless, these imaging tools still fail in characterizing and quantifying vulnerable plaques due to
the deficiency in spatial and temporal resolution in coronary artery assessment [16]. During the last two
decades, the development of catheter-based intravascular imaging techniques, such as intravascular
ultrasound (IVUS) and intravascular optical coherence tomography (IVOCT), enabled not only 3D
visualization but also quantification and characterization of atherosclerotic plaque burden. However, these

techniques are invasive, and the information provided are localized. While IVUS can provide 70-200 pm
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axial resolution, 200-400 um lateral resolution, and 5-10 mm imaging depth using 10-60 MHz ultrasonic
transducers, IVOCT technique possesses a much higher axial resolution (~10 um), enabling fibrous-cap
measurement, yet it only penetrates ~1.5 mm deep [16, 30]. This suggests that combining these two
techniques would provide complementary results, where images would incorporate both high resolution

detail near the artery lumen and the additional imaging depth needed for a more complete analysis.

During the past decade, we have attested tremendous applications of biosensors and biomedical
devices in healthcare and biological investigations. The advances in micro- and nano-fabrication and
electronics dovetailed with innovative biomaterials have enabled biocompatible miniaturized sensors and
systems with significant improvement in sensitivity, selectivity, longevity, and reliability [31-34]. The
existing platform of IVUS can be modified with additional miniaturized imaging modalities in order to
provide better assessment of high-risk atherosclerotic plaques. Near infrared reflection spectroscopy
(NIRS) has been used to realize the hybrid NIRS/IVUS catheter (by Infraredx Inc. — Burlington, MA),
which has been proven to be capable of providing lipid assessment [11, 35-37]. However, NIRS cannot
identify the relative location of the lipid core with respect to the lumen [11]. Previous studies reported the
size of human coronary artery catheter with integrated IVUS and photoacoustic microscopy (PAM) is in a
range of 1—4 mm, which provides a resolution of 19.6 pm, a 10-fold improvement over conventional
devices [38, 39]. IVUS/PAM catheters are capable of identifying chemical specificity of the optical
absorption of plaques [11, 17]. Furthermore, IVUS/PAM imaging could be combined with photothermal
therapy (PPTT), which is a potential tool to treat specific atherosclerotic plaques via a local delivery of gold
nanoparticles [17, 40, 41]. Using a nontraditional approach, Baer ef al. developed a millimeter wave-based
catheter for differentiation of atherosclerotic plaques by analyzing the scattering parameters (S-parameters)
of a two-port configuration using 2 miniaturized antennas located on the tip of the catheter [42, 43]. While
the method seemed promising, it has not been validated in animal models nor compared with existing

means.
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In the past several years, our team has developed several generations of flexible and stretchable
intravascular microsensors to investigate pre-atherogenic lesions associated with oxidative stress in high-
cholesterol-diet New Zealand White (NZW) rabbits using electrochemical impedance spectroscopy (EIS)
[44-50]. We have been successful in linking oxidized low density lipoprotein (0xLDL) on vessel walls with
distinct EIS signals [48]. For instance, oxLDL and foam cells infiltrating in the subendothelial layer has
resulted in elevated frequency-dependent EIS [48]. The application of EIS strategy was also further
employed to detect oxLDL-rich fibroatheroma using explants of human coronary, carotid, and femoral
arteries [46]. The results were correlated with 60 MHz IVUS and oxLDL staining [49]. Recently, we have
proposed and successfully developed an integrated catheter with both IVUS imaging and EIS, aiming to
assess mechanically unstable plaques when patients are undergoing diagnostic angiogram or primary
coronary intervention [51]. The experimental results with NZW rabbits demonstrated that topographic and
EIS detection of oxLDL-laden plaques exhibited enhancement over the results seen in EIS alone.
Furthermore, procedure time and X-ray exposure would be reduced when our newly developed device is

clinically deployed.

In the next sections of this review paper, several important approaches for intravascular assessment
of high-risk lesions will be presented and discussed. In detail, PET and '®F-Sodium Fluoride (NaF) will be
given in Section II, fraction flow reserve (FFR) and microelectromechanical systems (MEMS) will be
addressed in Section III, and dual-frequency and high-frequency IVUS will be reviewed in Section IV. In-
depth discussions about EIS, combined means, limitations and advantages, as well as future trends will

follow.

II. PET and "®F-Sodium Fluoride (NaF)

There is an unmet need for noninvasive imaging tools that can go beyond anatomic imaging to
identify prospective culprit lesions in coronary arteries [52]. Molecular imaging is thus positioned to play a
key role in the a priori identification of vulnerable plaques. Several well-known processes are involved in

atherosclerotic plaque progression, including inflammation, calcification, and neovascularization. These
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processes are well suited to evaluation using molecular imaging. The current armamentarium of molecular
imaging agents includes ligands for receptors on macrophages and neovascular endothelial cells, and
substrates for chemical reactions that selectively occur in vulnerable plaque, labeled with radioisotopes or
paramagnetic agents. Imaging of molecular radiopharmaceutical agents is done via many routes, but we
will focus on PET-CT scanning here. (PET/CT) imaging of atherosclerosis using '®F-sodium fluoride (**F-
NaF) shows the potential to determine pathologically high-risk nascent microcalcification [53]. PET-CT
scanning is based on the principle that when positrons and electrons collide, they annihilate each other and
generate a unique radiation signal that can be detected within the body in a safe, efficient, and non-invasive
manner. A variety of positron-emitting radiotracers can be designed to target a specific disease or process
of interest that can then be detected by the PET scanner. The resulting PET image is then fused with detailed
structural information from simultaneously obtained CT images to provide a map of activity within the
body, shown in Figure 1. Whilst combined PET-CT imaging has been widely used in cancer patients, the
complexities of correcting for motion meant that it has only recently become applicable to detect cardiac
disease. The precise molecular binding mechanism of '*F-NaF vascular uptake has been determined by

electron microscope, autoradiography, histology, preclinical and clinical PET/CT [53].

A potential target for molecular imaging of vulnerable plaques is vascular calcification—long
considered a hallmark of atherosclerosis with high affinity, selectivity, and specificity [53, 54]. Vascular
calcification is believed to occur in response to hypoxia [55], necrosis [56] , and chronic inflammation [57].
It has been linked with macrophage burden and neovascularization. From biomechanical analysis, it is
known that the presence of calcification on a distensible surface, such as the vascular endothelium, induces
a compliance mismatch of the vessel, making it prone to rupture, especially at the tissue-calcium interface.
The risk of rupture increases when multiple calcium deposits are present in close proximity [58]. As the
number of calcium deposits grows, the vessel becomes more vulnerable due to the increase in points of
tension and areas where the plaque is likely to rupture. '®F-NaF PET/CT imaging can clearly identify which

areas of macro- and microcalcification that are free of invasion in microcalcification in active unstable
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atherosclerosis detection. The use of '®F-NaF may open new interests to studying therapeutics for vascular
calcification. However, as the “spotty” calcification coalesces, the larger nodules become more stable as
the surface area exposed to vascular shear stresses decreases. Thus, there is a biphasic relationship of spotty

calcification and plaque vulnerability [58-60].

Currently, '3F sodium fluoride (*®F-NaF) is the only available imaging tracer known to identify active
mineral formation arrays (MFA)—a key feature of vulnerable atheroma [61]. In bone, fluoride binding to
areas of calcification is mediated via a chemical reaction with hydroxyapatite, a crystalline structure that is
also the main component of vascular mineralization. It was hypothesized that MFA and hydroxyapatite

would be abundantly found at the site of vulnerable, active plaque.

Irkle and colleagues demonstrated that '*F-NaF preferentially binds microcalcification because the
extent of fluoride adsorption depends on the surface area of the mineral. The complex structure of
microcalcification allows more binding of fluoride ions as compared to the relatively flat surface found in
macrocalcification. The presence of non-radioactive fluoride within calcified and soft tissue areas of carotid
endarterectomy specimens was measured via electron microscopy, and microcalcifications contained

greater levels of fluoride relative to macrocalcifications [59].

In a prospective study of 80 patients with myocardial infarction and stable angina, Joshi ef al. showed
that 'F-NaF identified vulnerable coronary lesions that were implicated in causing the infarction. The
results indicated a tissue to background ratio of 1.6 (1.40-2.25) vs 1.24 (1.06-1.38; p<0.0001) for non-
culprit coronary plaques. '®F-NaF uptake also correlated with 20 MHz IVUS findings of microcalcification,
necrotic core and positive remodeling. This study has generated enthusiasm for using '*F-NaF as a
potentially useful tracer for identifying vulnerable plaques at risk of rupture and in identifying so-called

“vulnerable patients” [62].

The mechanism for the identification of recently ruptured plaque has been hypothesized. It is known
that macrophages have the capacity to transform mesenchymal cells to an osteoblastic phenotype, and it is

likely that microcalcification may be mediated in large part due to the resident macrophages in highly
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inflamed plaque. '*F-NaF may therefore allow identification of plaques which have high inflammation and
increased metabolic activity reflected by high rates of hydroxyapatite deposition. This may at least partially
explain why '8F-NaF may be superior than '*F-FDG for identification of vulnerable plaque. Additionally,
the myocardium does not extract '8F-NaF for its metabolic needs; and therefore, patients do not have to
consume a special diet prior to the scan to suppress background uptake. This provides a promising future

for research with '8F-NaF as an imaging tracer of plaque vulnerability.

Nevertheless, PET imaging with '8F-NaF poses several challenges. This method requires long
examination, radiation exposure, and invasive technique. Localization of uptake may be difficult due to the
small size of the coronary arteries and superimposed cardiac and respiratory motion. Additionally, precise
anatomical localization is further complicated due to relatively low uptake in the surrounding organs.
Furthermore, cardiac and respiratory motion during a 30-minute scan significantly blurs the PET signal,
necessitating co-registration with coronary computed tomography angiography (CCTA). In Figure 2, we
show an example of an '®F-NaF case acquired at our institution. To partially mitigate motion of the
coronaries, end-diastolic imaging has been performed utilizing only 25% of the PET scan [62], but at the
expense of increased image noise. Recently, Rubeaux et al. have shown that computational motion
correction techniques can overcome these challenges [63]. '*F-NaF is shaping up to be a promising

molecular imaging agent.

III. Fractional flow reserve and microelectromechanical systems

Fractional flow reserve (FFR), defined as the ratio of maximum flow in the presence of a stenosis
to normal maximum flow, is the gold-standard invasive method for assessing the hemodynamic significance
in coronary lesions and coronary plaques associated with ischemia [64]. Basically, FFR is independent from
all changes in the systemic blood pressure, heart rate, and conditions that can increase the base-line

myocardial flow [65].

FFR was used to intervene to collateral blood supply to maximal myocardial perfusion [66]. In

addition to established FFR technologies, three new options are emerging that may simplify FFR use,
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eliminate adenosine, and change how patients are assessed both invasively and noninvasively. The
association between composition, sizes of plaque, and lesion-specific ischemia were reported through
coronary plaque quantification and FFR [64, 67]. Integrated in the FFR monitoring device, the electric or
optical fiber pressure sensor is the most significant sensing element to provide clinical measurements in
coronary artery disease (CAD) [68, 69].- Although FFR have clear clinical benefits, it is still not used in
many patients because of its costs, procedural times, and the use of adenosine as a stressor agent, which
can be unfamiliar to the patients [70]. Therefore, the new established FFR technologies may simplify FFR
use such as adenosine elimination and changing assessment between invasive and noninvasive methods for
patients. In this system, a pressure sensor integrated in a catheter is used to measure and calculate the ratio
between the coronary pressure distal to the stenosis and the aortic pressure during hyperemia, occurring
after ventricle contraction [71, 72]. In patients with multiple coronary lesions, FFR can be applied to
identify which lesion is the main cause to ischemia, which may contribute to less use of stents implanted,
leaving less adverse lesions alone. The reduction of stents based on FFR measurement may increase the

patient’s chances of less stent-related complications of in-stent restenosis and stent thrombosis [73].

Usually, an FFR value lower than 0.75-0.8 indicates a plaque that significantly obstructs blood flow
in the vessel [74]. Conventionally, after the intracoronary administration of adenosine to stimulate
hyperemia, a pressure guide wire is then directed towards the distal end of the plaque to measure the
pressure [75]. While FFR has been documented as the gold standard for determining the functional
significance of plaques in the coronary artery, there can be discrepancies due to the presence of certain
measurement conditions [76]. When measuring FFR, maximum hyperemia must be induced to provide the
most accurate readings for the pressures [77]. If hyperemia is not achieved, then the aortic pressure would
be lower than normal, resulting in an increased FFR value. A way of ensuring hyperemia is by routinely
administering adenosine during the procedure. Other concerns include the obstruction of blood flow by the
catheter (as small as 0.36 mm) or dampening aortic pressures due to residual contrast found on the catheter

[78]. Studies have also shown discrepancies when determining the specific cutoff values for determining
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the functional significance of the plaques [79]. In a 2004 study involving 55 patients with left main coronary
artery stenosis, the FFR cutoff value was determined to be 0.75 [80] . However, a 2008 study involving 3
patients with ambiguous results for left main coronary artery stenosis indicated that the cutoff value was
not clear [81], acknowledging a “grey area” for diagnosis is present between 0.75 and 0.8 [82]. A possible
reason for the presence of this grey area is the lack of standardization of FFR procedures across various
studies [83]. Because studies were limited in sample size, various conditions might be overlooked, such as
the nonrandomized samples or omission of certain disease types due to difficulty in measurement.
Therefore, a large multi-center study incorporating the same methodology in measurement should be

implemented to better understand correlations in FFR values.

Recently, microelectromechanical systems (MEMS) are widely applied in many areas due to the
growing demands for elaborate millimeter-scale or even micrometer-scale sensors [84]. Some MEMS-
based sensors have been proposed for the monitoring of flow properties and the measurement of fractional
flow reserve, supported by a computational-fluid dynamic algorithm derived FFR 3D model for non-
invasive coronary imaging [85]. Combined with CT scan, the system allows very well scanning the
anatomical plaques with an 80 percent correlation compared to invasive FFR [86, 87]. The system provides
a value that compares the arterial pressure downstream from the plaque (distal pressure) and the aortic
pressure during hyperemia through the availability of accurate pressure-sensing [88]. Additionally, MEMS
technology is critical in the development of FFR sensors. Because of the need to miniaturize the outer
diameter catheter below the millimeter scale, FFR sensors require the high architecture level of MEMS to
fit a pressure sensing system into the outer walls [71, 89]. However, maintaining flexibility for the catheter
to track the arterial system can still be a challenge, such as the design of a flex layout that could wrap into

a small structure needs the precision in fabrication processes.

The capacitive pressure sensor is one of the most developed and commonly used pressure sensors
for FFR measurement because it works with high pressure sensitivity and low temperature [84]. Capacitive

sensors are based on parallel plate capacitors. A simple structure of the capacitive pressure sensor is shown
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in Figure 3. The upper diaphragm of the capacitive pressure sensor is distorted by external force, which
leads to a change of capacitance between parallel plate capacitors. Recent studies reported an integration
of a capacitive MEMS pressure sensor and an application-specific integrated circuit (ASIC) for
intracorporeal physiological condition monitoring and coronary artery FFR measurements through piezo-
electric coronary pressure wires [71, 90]. Recently, Yang et al. [91] designed a flexible, tunable, and
ultrasensitive capacitive pressure sensor with micro-conformal graphene electrodes. The sensor was
carefully fabricated by using different methods including the traditional polymethylmethacrylate (PMMA)-
mediated transfer method, the ultraviolet-curable adhesive (UVA) mediated transfer method, and the micro-
conformal transfer method. This approach improved the sensitivity of capacitive pressure sensors. By
sandwiching the PDMS dielectric layer between the micro-structured graphene electrode and bottom
electrode, the capacitive pressure sensors with their diameter 0.67 mm obtained high, tunable sensitivity,

fast response speed, ultralow detection limit, high flexibility, and high stability [92].

Piezoresistive pressure sensors are also widely proposed for blood pressure measuring with low-
cost sensor fabrication and either on-chip- or discrete read-out circuitry [93]. Moreover, the sensors were
miniaturized, consisting of a 15 um thick cantilever, two sensing beams, and four wiring beams to work in
a triaxial force measurement sensor probe. The sensors are formed at the root of the cantilever and the
sidewalls of the two sensing beams, which are able to measure triaxial forces with a minimum detectable
force at the sub-micronewton level [94]. This design is further developed into the proof-mass mechanical
structural design parameters of a tri-axial piezoresistive accelerometer for the plaque structure stress
estimations, which is responsible for most myocardial infarctions [95]. The device would respond to the
highest achievable sensitivity with a single proof-mass approach and achieve a very low error (<1%) for
determining plaque regression and stabilization [96]. Increasing the piezoresistor’s fractional resistance
eventually increases sensor sensitivity with the longitudinal stresses applied in the x-, y-, and z-axis. W.
Park et al. developed a tri-axial piezoresistive sensor integrated with a mechanical stopper to increase the

stability and accuracy [97].
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IV. High-frequency and Dual-frequency IVUS

IVUS imaging has been a gold standard for diagnosing coronary artery diseases for over two
decades in both research and clinical practice. The IVUS instrument consists of a piezoelectric material
lining along the catheter wire and a transducer. Electric current passes through the piezoelectric material to
provide ultrasound by cycles of expansion and compression [98]. The transducer will receive the reflected
ultrasound by the tissue, which will be converted to an ultrasound image. Depending on the type of tissue
present (fibrous tissue, calcified tissue, lipid), the amount of ultrasound reflection will be different, creating
contrast that can be seen in the image. Common working frequencies for IVUS are from 20 to 60 MHz.
However, commercial IVUS transducers with 20 MHz to 40 MHz center frequencies are restricted with
problems of reduced sensitivity, shortened penetration depth, and distorted beam profile [99]. Recently,
Sung et al., developed a high-frequency (>60 MHz) IVUS transducer by using asymmetric electrodes for
improved beam profile [99, 100]. The new IVUS was built on asymmetric electrodes made from conductive
and non-conductive backing blocks, which was verified by the analysis of the signal line of the extent of
performance degradation. This system provided more uniform beam profile with better the signal to noise

ratio in IVUS image.

IVUS and OCT two commonly used coronary artery imaging modalities. IVUS at 40-45 MHz has
resolution on the order of 100 pm and penetration around 5~8 mm. On the other hand, OCT provides a
much better resolution of 10-20 um, but only 1.5 mm penetration depth is achievable. Our team researched
on integrated IVUS-OCT catheters, which could provide high resolution for superficial micro-structures
and moderate resolution for deep tissues [101, 102]. However, there is still a gap between conventional
IVUS and OCT in resolution for tissues beyond the penetration depth of OCT. Obtaining high resolution is
critical in quantifying and characterizing plaque burden. For example, the overlying thin-cap of the thin-
cap fibroatheroma is usually less than 65 pum thick, which is less than the typical resolution for IVUS [103].
Increasing the center frequency to 80 MHz or higher can improve the imaging resolution and fill the gap

between conventional [VUS and OCT, but at the cost of losing penetration depth. At 80 MHz, an attenuation
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coefficient of 10 dB/mm is expected for the coronary artery, which means that a penetration depth of 3 mm
can be achieved for a system with a dynamic range of 60 dB [104]. Although even higher frequency
ultrasound transducers (100-300 MHz) are achievable, high attenuation in blood and poor penetration depth

have limited their applications in IVUS [105].

Li et al. developed an 80 MHz intravascular ultrasound transducer made of PMN-PT free standing
film, with a 65% bandwidth and 23 dB insertion loss [105]. Its aperture size is 0.4 x 0.4 mm?. PMN-PT
was chosen as the piezoelectric material due to high electrochemical coupling coefficient and superior
dielectric constant. As shown in Figure 4(a)-(c), the lateral and axial resolutions were measured as 176 pm
and 35 pum [106]. Comparatively, commercial 40 MHz IVUS transducers normally have a lateral and axial
resolutions around 60 um and 300 um. /n vitro imaging of a normal rabbit aorta was performed to test the
transducer’s performance, as shown in Figure 4(d). During the experiment, the tip of the transducer was
positioned inside the lumen of the sample, which was immersed in water and supported by a sponge to
stand in a water tank. For comparison, a 35 MHz transducer was fabricated with the same material and
process, and it was tested with the same sample. Figure 4(e) shows the respective results for the 35 MHz
transducer. Both were displayed with a 50-dB dynamic range. Results indicate that the 80 MHz transducer

can better differentiate the endothelial wall and surrounding fatty tissue.

A later study from the same lab introduced transducers fabricated with PIN-PMN-PT. It was chosen
for its electrical and thermal stability, which allows it to maintain higher bandwidth and sensitivity after the
fabrication process compared to PMN-PT [107]. The higher electrochemical coupling coefficient and lower
acoustic impedance leads to a better resolution even at a lower frequency. Ex vivo testing revealed that a 41

MHz PIN-PMN-PT transducer can image at a resolution of 43 um.

As mentioned earlier, the major drawback in increasing the frequency of the IVUS transducer is
the decrease in penetration depth due to high attenuation. A potential solution is the development of dual-
frequency IVUS. Recently, Zhou’s group developed a dual-frequency IVUS imaging system to integrate a

conventional IVUS transducer (35 MHz) with an ultra-high frequency IVUS transducer (90-150 MHz) into
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one single catheter. It was reported to successfully image a human coronary artery in vitro [108]. In this
study, multiple frequency combinations were tested to determine the optimal balance between resolution
and penetration depth. Considering the electrical impedance match, transducers with frequencies of 35 and
90 MHz were made of PMN-PT, while transducers with frequencies of 120 and 150 MHz were fabricated
with LNO due to its lower dielectric permittivity and higher longitudinal sound speed [109]. The catheter
adopted a back-to-back configuration, which not only allowed for a smaller catheter size but also provided
easy co-registration. The overall size of the 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 and small enough to ensure the safety

in potential clinical use.

Figure 5 shows the images of a human coronary artery that was imaged by multi-frequency
catheters in vitro. Figure 5(a)-(¢) are images of the same sample acquired by transducers in the respective
frequencies of 35 MHz, 90 MHz and 120 MHz. These images were fused together to reveal more
information of the artery as shown in Figure 5(d)-(e). By combining the improved resolution from ultra-
high frequency IVUS transducers and the deep imaging depth of conventional IVUS transducers, the in
vitro human coronary artery imaging demonstrated the capability of the multi-frequency catheter to provide
a more comprehensive visualization of the vascular structure and to facilitate the assessment of the
vulnerable plaque. Looking at the data for the combinations of 35/90 MHz, 35/120 MHz, and 35/150 MHz,
results indicate that the 35/90 MHz combination yielded the best resolution and penetration depth due to
broader bandwidth. The 150 MHz transducer provided the worst results out of all high-frequency
transducers tested due to shallow penetration depth and poor imaging contrast. Similar results were seen
with a 36/78 MHz PMN-PT dual-frequency transducer, producing an axial resolution of 34 um and a lateral
resolution of 106 um [110]. Compared with other multi-modality intravascular imaging techniques, this

ultrasound-only imaging system was cost-effective and easy-to-use.

Dual-frequency intravascular transducers were also applied to harmonic imaging and acoustic

angiography [110-112]. For instance, Jiang and Dayton’s group reported a design and application of dual-
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frequency IVUS transducers in intravascular super-harmonic contrast imaging and angiography [111]. The
dual frequency transducer was designed as a stacked dual piezoelectric layer transduction structure. The
high-frequency receiving transducer (37 MHz) was put on top of the low frequency excitation transducer
(5.5 MHz). The two layers were acoustically isolated to prevent undesirable echoes and coupling using a
frequency-selective isolation layer [113]. The ability of the system to detect micro-vessels was confirmed
both ex vivo using porcine arteries and in vivo using the chorioallantoic membrane of a developing chicken
embryo. The group also developed a dual-frequency (2.25/30 MHz) cylindrical array, which was applied
to conduct real-time super-harmonic ultrasound angiography [114, 115]. Incorporating a PMN-PT
transducer with 8 transmission elements and 32 receiving elements, the overall size was successfully
controlled within 5 Fr (3 Fr = 1 mm) to fulfill the native size requirement for angiography. Compared to
their single-eclement dual-frequency IVUS transducer, the array transducer provided a higher CNR (16.6

dB vs 11 dB), improved axial resolution (162 um vs 616 pm), and real-time imaging speed.

Foster et al. have been working on dual-frequency IVUS imaging for over two decades [116, 117].
In their recent study, the design and fabrication of a 3-F dual-frequency catheter using a bidirectional PZT-
5H transducer stack with center frequencies of approximately 30 and 80 MHz were described [117]. PZT
was used because of its better stability over PMN-PT despite having less optimal technical specifications.
The ability of the high-frequency transducer to achieve significantly improved axial and lateral resolution
(16 and 120 um, respectively, vs. 50 and 220 um) at the expense of penetration depth was also discussed.
A low-density polyethylene (LDPE) sheath was incorporated in the catheter to mimic the clinical situation.
Noted issues include high insertion loss, rotational image distortion, and lowered sensitivity due to the

sheath.

While these studies have shown improvements to the resolution of ultrasound images and better
assessment to the morphological features of unstable plaques such as thin-cap fibroatheromas, in vivo
testing needs to be done in the future to understand actual detection improvements and potential attenuation

effects, as these studies have only verified through in vitro and/or ex vivo models. Blood was also indicated
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to attenuate ultrasound, which leads to the drawback of flushing the transducer before measuring [118,

119].

V. Discussion and Conclusions

Studies have attempted to determine the association of plaque rupture to the physiological stenosis
severity determined by fractional flow reserve and coronary flow reserve [120, 121]. The studies show
abnormal region myocardial blood flow through the stress-induced distal perfusion pressure with FFR
below 0.80, which results in hyperemia-induced vasodilation. Plaque rupture has been suggested to
independently affect FFR values, but controversy exists regarding using FFR to determine plaque instability
[87]. Recent reports have combined IVUS and FFR to study intermediate coronary lesions, in which results
indicate that there were no differences in the amount of atheromatous plaque measured by those methods
[87]. This could indicate that while FFR is currently the optimal measurement for plaque instability, it needs
to be combined with other methods for standardization or optimization. Future studies should be conducted
to determine the possible relationship between plaque morphology and FFR (and possibly additional
modalities, such as optical coherence tomography, or OCT). Studies have suggested that other diagnostic
tools, such as CCTA and electrical impedance spectroscopy (EIS), should be used in tandem with FFR to

provide a more accurate diagnosis.

In recent studies, CCTA is combined with FFR for the detection of lesion-specific ischemia in order
to improve coronary stenoses measurement noninvasively [122, 123]. Measuring fractional flow reserve by
CCTA (FFRcr) has also been proved to be a feasible and safe alternative to the conventional invasive
fractional flow reserve measurement [124]. Some researchers proposed techniques to improve the accuracy
and reliability of noninvasive FFR or FFRcr [125, 126]. In 2018, Dey D et al. used integrated machine
learning for calculating the ischemia risk score to predict lesion-specific ischemia [67]. This provides better
outcomes compared with quantitative plaque measures. Studies show that while CCTA and FFRcr display

equivalent clinical outcomes and quality of life, CCTA induces lower costs.
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Electrochemical impedance spectroscopy (EIS) is an approach to measure frequency-related
impedance of an electrochemical system, which can reveal the underlying electrochemical properties of
unstable plaques. Plaques display distinct electrochemical properties, which provides differentiation
between various grades of plaques [127]. Our team reported increases in frequency-dependent
electrochemical impedance magnitude in explants of atherosclerotic lesions in the human aortic arch by
nearly 1.5-fold compared to lesion-free sites [128]. Since blood vessels harbor resistance and store charges,
complex electric impedance (Z) as a function of frequency is exhibited on vessels. An alternating voltage
is applied to the site of interest, and the frequency dependent electric impedance can be calculated with the
measured current. Using equivalent circuits to simulate the impedance changes in magnitude and in phase

across a sweeping-frequency range, the underlying electrochemical properties can be revealed.

To obtain the EIS measurement of a plaque site, a typical EIS sensor contains 2 electrodes that
contact tissue. The impedance between the electrodes is considered as the tissue impedance. Some of the
sensors utilize the inflatable balloon structure to increase the pressure and contact area to obtain more
accurate results. We developed an EIS sensor to detect lipid-rich lesions in New Zealand white rabbits [49].
The concentric bipolar micro sensor is glued on the surface of a micro balloon. We also conducted EIS
measurements with a catheter-based 2-point micro-electrode and validations with IVUS system [51]. We
then further developed an IVUS-guided EIS sensor to decrease variability and increase reproducibility in
measurement and detection [129]. The integrated configuration is shown in Figure 6. The IVUS transducer
allows better alignment between the EIS sensor and the lesion. Because of the safety and relatively simple
deployment of an invasive EIS sensor, it is valuable for further development of EIS technique. Furthermore,
in order to acquire more complete and accurate results, EIS sensors can be integrated with IVUS and other

techniques.

The vulnerable plaque is a major cause of acute cardiovascular conditions, such as myocardial
infarction. Because of the plaque’s propensity to rupture, it can lead to repeated incidents of stenosis in

blood vessels. Therefore, identifying vulnerable plaques is critical to providing the most appropriate
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treatment for the patient. While coronary angiography is the gold standard for imaging the whole coronary
vessel system, it fails to distinguish vulnerable plaques due to the lack of spatial and temporal resolution or
deficient information in structural composition. Recent research has explored various imaging modalities
and sensors to identify vulnerable plaques based on the specific qualities of the plaque. Each modality has
its own strengths and weaknesses, leading researchers to develop combinatorial strategies for utilizing
multiple functionalities while reducing limitations. For example, PET-CT imaging with 'F-NaF ultilizes
the overall structural imaging from CT-scanning and the identification of calcified regions seen in
vulnerable plaques in the coronary arteries from PET with the sodium fluoride tracer. However, limitations
such as the difficulty in localizing the tracer and potential artifacts such as cardiac and respiratory motion
can decrease the effectiveness of the modality. Fractional flow reserve is an accurate and simple way to
assess the functional significance of plaques in the coronary artery. MEMS technology is widely utilized to
fabricate nanoscale and low-cost pressure sensors to assist obtaining pressure in vivo. To provide better
visualization of the thin fibrous cap seen in vulnerable plaques, high-frequency IVUS is developed to
increase the spatial resolution. Unfortunately, this has resulted in the decrease in penetration depth in
imaging. A potential solution is the incorporation of both low-frequency and high-frequency transducers in
dual-frequency IVUS for suitable spatial resolution and penetration depth. While studies have demonstrated
the feasibility of high/dual-frequency IVUS, in vivo testing has not been done to verify the capability of

these modalities to identify vulnerable plaques.
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Figure 1. How 18F-NaF PET-CT works. PET-CT scanners combine information about biological activity
(in this case microcalcification using '*F-Fluoride) from the PET scanner with anatomical information of
the heart from CT. When these images are fused together the microcalcification activity can be localized to
a specific plaque within the coronary arteries.



Figure 2. Panel of images demonstrate a '*F-NaF acquired at Cedars-Sinai Heart Institute. Panel A shows
the patient’s distal circumflex lesion (yellow star) with corresponding 60 MHz IVUS image (Panel B)
showing lipid-rich plaque with ultrasound attenuation from 9 to 12 o’clock (red arrow). Panels C and D
show a non-fused and fused CCTA, respectively. Panel D shows NaF uptake in the distal portion of the left
circumflex corresponding to the patient’s area of acute infarction and presentation with acute coronary

syndrome (green arrow).
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Figure 3. (A) Cross section of a simple capacitive pressure sensor. (B) Fabrication of the flexible pressure
sensors based on microconformal graphene electrodes. (B-a) Illustration diagram of fabrication process for
different conformal graphene electrodes. (B(b—d)) SEM images of smooth graphene electrodes (SGrE),
nanostructured graphene electrode (NGrE), and microstructured graphene electrode (MGrE) derived from
PMMA-based, UVA-based and microconformal transfer methods, respectively. (B(e)) Illustration
ofcapacitive pressure sensor based on MGrE. (B(f)) Schematic diagram of sensing mechanisms. (B(g))
Schematic diagram of grasping with the proposed pressure sensor [91].
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Figure 4. (a) Ultrasound wire phantom, displayed with a dynamic range of 45 dB; (b) axial and (c)
lateral envelopes of echo signals from the wire located 1.2 mm away from the transducer surface. (d)
Images of healthy rabbit aorta from 80-mHz PMN-PT free-standing-film transducer; and (e) 35-mHz
PMN-PT single-crystal transducer.



(b)

(d)

Figure 5. IVUS images of human coronary artery at (a) 35 MHz, (b) 90 MHz, and (c) 120 MHz. Fused
IVUS images of human coronary artery captured by (d) 35/90-MHz multi-frequency IVUS catheter and
(e) 35/120-MHz multifrequency 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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Figure 6. (A) Schematic of the [IVUS-guided EIS sensor for better detection of unstable plaques in the
artery. The IVUS transducer determines the positioning of the catheter and EIS sensor in relation to the
plaque, providing optimal measurement for the EIS sensor. (B) More-detailed schematic for the EIS
sensor. Attachment of the EIS sensor to the balloon allows radial adjustment from 2.3 mm to 6 mm in
diameter by inflating or deflating the balloon by air. The EIS sensor consists of a 2-point electrode
configuration, with each electrode 3 mm in length, 0.3 mm in width, and spaced 0.3 mm apart [129].
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