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Abstract

Intravascular ultrasound (IVUS) is one of the most commonly-used interventional imaging 

techniques and has seen recent innovations which attempt to characterize the risk posed by 

atherosclerotic plaques. One such development is the use of microbubble contrast agents to image 

vasa vasorum, fine vessels which supply oxygen and nutrients to the walls of coronary arteries and 

typically have diameters less than 200 µm. The degree of vasa vasorum neovascularization within 

plaques is positively correlated with plaque vulnerability. Having recently presented a prototype 

dual-frequency transducer for contrast agent-specific intravascular imaging, here we describe 

signal processing approaches based on minimum variance (MV) beamforming and the phase 

coherence factor (PCF) for improving the spatial resolution and contrast-to-tissue ratio (CTR) in 

IVUS imaging. These approaches are examined through simulations, phantom studies, ex vivo 
studies in porcine arteries, and in vivo studies in chicken embryos. In phantom studies, PCF 

processing improved CTR by a mean of 4.2 dB, while combined MV and PCF processing 

improved spatial resolution by 41.7%. Improvements of 2.2 dB in CTR and 37.2% in resolution 

were observed in vivo. Applying these processing strategies can enhance image quality in 

conventional B-mode IVUS or in contrast-enhanced IVUS, where signal-to-noise ratio is relatively 

low and resolution is at a premium.
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1. Introduction

According to the World Health Organization, ischemic heart disease was the leading cause 

of death globally in 2012 [1]. In assessing ischemic heart disease, intravascular ultrasound 

(IVUS) is the imaging modality of choice because it allows direct visualization of stenotic 

coronary arteries and accumulated plaques with minimal invasiveness. Conventional 

grayscale (B-mode) IVUS imaging is useful for determining plaque extent and morphology 

[2], for guiding percutaneous coronary interventions (PCI), and for assessment of stent 

placement in follow-up imaging [3]. However, grayscale IVUS cannot reliably identify 

vulnerable plaques, i.e. those which are likely to rupture and produce ensuing ischemic 

cardiac events such as myocardial infarction [4, 5].

Several strategies for assessing plaque vulnerability based on spectral content of 

radiofrequency IVUS data have recently been evaluated in the clinical setting [3, 6–8]. 

However, these emerging techniques have yet to demonstrate the diagnostic power necessary 

for widespread clinical adoption. In addition to imaging strategies based on ultrasound 

elastography [9], optical coherence tomography (OCT) [10], or photoacoustics [11, 12], 

several promising techniques for contrast-enhanced IVUS imaging have been presented, 

including approaches which utilize echoes from microbubble contrast agents within intra-

plaque vessels at subharmonic [13, 14], second harmonic [15, 16], or ultraharmonic 

frequencies [14, 17], and an approach using radial modulation imaging with a clinical 

transducer [18].

Specifically, contrast-enhanced intravascular ultrasound imaging provides information on 

plaque morphology by imaging the vasa vasorum—blood vessels which supply the arterial 

walls. Intra-plaque hemorrhage from defective vasa vasorum is believed to contribute to the 

development of vulnerable plaques [5]. The vasa vasorum itself may be divided into two 

structures, the primary vasa vasorum, which supplies vessel walls directly (mean diameter 

~160 µm), and the secondary vasa vasorum (mean diameter ~70 µm), which in turn supplies 

the primary vasa vasorum [19]. These diameters represent resolution benchmarks for vasa 
vasorum imaging.

Despite the demonstrated promise of contrast-enhanced IVUS, there are several technical 

challenges which have prevented this imaging approach from realizing its full clinical 

potential. First, the resonance frequencies of commercial microbubble contrast agents are 

typically <10 MHz [20], while transducers used in coronary IVUS typically operate at 

frequencies >20 MHz, making them poor excitation sources for microbubbles. While this 

may be partially addressed through aforementioned approaches such as radial modulation, 

subharmonic, or second harmonic imaging, bandwidth limitations in commercial IVUS 

transducers generally result in reductions in either transmit pressure, receive sensitivity, or 

both. Forming images from subharmonic echoes leads to poor resolution which is 

undesirable for the goal of imaging the fine vasculature of the vasa vasorum. In small vessels 

containing relatively few microbubbles, sensitivity is also at a premium, accentuating losses 

due to operating off-resonance when transmitting or receiving.
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We have recently developed a prototype dual-frequency transducer which allows for 

excitation of microbubbles at 6.5 MHz and reception of superharmonic echoes at 30 MHz 

with a −6 dB fractional bandwidth of 59% [21, 22]. Several other dual-frequency transducers 

for microbubble contrast agent imaging have recently been fabricated by our group as well 

as others [23–27]. Forming images from echoes near 30 MHz produces high resolution 

images of microbubbles. Because the amplitude of tissue harmonic echoes is low relative to 

microbubble echoes at these frequencies, this imaging scenario permits acquisition of high 

contrast-to-tissue ratio (CTR) images of vasculature alone [28, 29]. This work in assessing 

vasa vasorum with catheter-based transducers builds on previous studies which have 

demonstrated the ability to quantify microvascular tortuosity in vessels on the order of ~200 

µm [30, 31] using a large, external dual-frequency transducer.

In recent years, the application of Capon (minimum variance) beamforming to ultrasound 

imaging has received great attention due to its ability to offer improved resolution by 

adaptively steering toward on-axis scatterers [32–34]. More recently, several groups have 

reported improvements to classical minimum variance beamforming when applied to 

ultrasound imaging by reducing computational complexity or improving robustness [35, 36], 

applying coherence factor weightings [37], or implementing in the frequency domain [38]. 

In general, these authors report increased spatial resolution, increased contrast, and 

decreased contrast-to-noise ratio (CNR) in B-mode ultrasound images as a result of applying 

minimum variance beamforming techniques [32–38].

An alternative adaptive approach for the improvement of spatial resolution and image 

contrast is the application of the phase coherence factor (PCF), which is computed using 

channel data but applied after beamforming. Camacho et al. first presented the phase 

coherence factor as an approach for decreasing sidelobe contributions in ultrasound images, 

with concomitant improvements in lateral resolution and beamsummed signal-to-noise ratio 

(SNR) [39]. More recently, Hasegawa and Kanai demonstrated the application of the phase 

coherence factor to increase resolution in echocardiography while using sub-aperture 

beamforming to reduce suppression of echoes from diffuse, speckle-producing targets, such 

as those in the cardiac wall which are essential for diagnosis [40].

Adaptive beamforming and adaptive imaging remain unexplored in the context of contrast-

enhanced ultrasound imaging, despite the fact that microbubbles represent an ideal target for 

a beamformer having high point target resolution. Additionally, when a dual-frequency 

contrast imaging approach is used, echoes originating from tissue scatterers will be 

minimized due to the low energy generated by tissue relative to microbubbles at high 

frequencies [28]. This may mitigate the reduced performance of minimum variance 

ultrasound imaging that occurs when there is a high degree of correlation between signals 

acquired on neighboring elements.

In this work, we investigate approaches for improving the CTR and spatial resolution in 

contrast-enhanced intravascular ultrasound imaging using both minimum variance 

beamforming (MV) and the phase coherence factor (PCF). These techniques are applied to 

prototype dual-frequency IVUS ultrasound transducers [21], which provide high-contrast, 

high-resolution images in an 8 French form factor. It should be noted that the experiments 
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presented in this work represent a scenario in which the majority of microbubbles in the 

main artery have been cleared by saline flush in order to image microbubbles in the vasa 
vasorum, an approach which is analogous to that described for intravascular optical 

coherence tomography where saline boluses are commonly used during percutaneous 

interventions to clear red blood cells for imaging vessel endothelium [41]. To our 

knowledge, this is the first application of adaptive beamforming to either contrast-enhanced 

ultrasound or intravascular ultrasound imaging.

2. Background

2.1 Imaging system

The transducer used in this work has previously been described by Ma et al. [21, 26]; its 

characteristics are given in Table 1. Briefly, this transducer utilizes a single low frequency 

element to transmit signals which induce nonlinear microbubble oscillations and a separate 

high frequency element to receive only the higher harmonics produced by microbubbles 

(Figure 1). Both elements are composed of lead magnesium niobate-lead titanate (PMN-PT) 

single crystal in a stacked configuration such that the high frequency element is positioned 

in front of a larger low frequency element. The transmitting element had an aperture 

measuring 0.6 mm by 3 mm (lateral by elevational) while the receive element had an 

aperture of 0.6 mm by 0.5 mm. This transducer was mounted on the end of a hypodermic 

needle and the needle hub was attached to the drive shaft of a stepper motor. Motor rotation 

and data acquisition were controlled through LabView (National Instruments, Austin, TX) 

via a microcontroller (Arduino UNO, Torino, Italy) running a custom program. The stepper 

motor and its electronics were mounted on a computer-controlled three-axis motion stage 

(Newport, Irvine, CA) to allow automated pullback for acquisition of three-dimensional 

imaging data. At each step along the pullback direction, the transducer was rotated through 

360° for a total of 400 acquisitions (0.9° step size). For this prototype system, approximately 

2 seconds were required to acquire each image slice (a full 360° rotation).

2.2 Minimum variance beamforming

Ultrasound beamforming consists of applying complex weights to an acoustic wave field 

which has been spatially sampled in the lateral direction by a discrete number of transducer 

elements and in the axial direction by a discrete number of samples. In conventional (delay-

and-sum) beamforming, spatiotemporal filtering is achieved by applying a data-independent 

amplitude weighting or apodization (for example, a rectangular or Gaussian window) to 

acquired data in the lateral direction, with delays providing focusing to individual points in 

the field. Alternatively, amplitude weightings may be computed which depend on the 

acquired sampled data, thus adaptively forming a beamsum.

While adaptive processing techniques are typically utilized for array configurations, 

transmitting and receiving from the same element at successive locations produces received 

signals containing the same information when a small step size is maintained and focusing 

delays are applied. For the parameters used in this study, from one step to the next, the 

percent overlap is 97% for the low frequency beam and 62% for the high frequency beam for 

a step size of 0.9° at a depth of 0.5 mm using one-way beams simulated in Field II. While 
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this overlap is relatively high for B-mode IVUS imaging, due to microbubble motion, 

differences in microbubble size, and because superharmonic imaging of microbubble 

contrast agents is at least partially destructive in nature, populations of microbubbles are 

likely to produce different signals from one pulse to the next, which would be expected to 

yield significantly reduced correlation in dual-frequency IVUS relative to B-mode IVUS. 

However, previous studies indicate that 1) lower amplitude superharmonic signals may be 

produced without microbubble destruction [42], and 2) superharmonic signals produced by 

microbubbles exhibit partial correlation across short spatial distances [28]. Thus while the 

performance of the signal processing techniques presented here would be expected to exhibit 

less improvement and greater variation for superharmonic imaging of microbubbles than for 

B-mode IVUS, some improvement can still be expected due to this microbubble partial 

coherence, which has also been reported by others [43].

In the case of mechanically-rotated IVUS, the received data matrix X is an [m × n] matrix 

containing n axial samples at each of m acquisition angles. In minimum variance 

beamforming, the [m × 1] weight vector w is defined as:

(1)

(2)

where a is the steering vector, in this case an m × 1 vector of ones because the data has 

already been delayed. Receive beamforming delays are computed according to the equation:

(3)

where rp is the point in the field (xp, zp), rTx and rRx are the coordinates of the transmit and 

receiving elements, and c is the speed of sound. In this work, sampling frequency fs = 100 

MHz, yielding a delay resolution of 10 ns. The turning radius is 0.45 mm.

The solution to the constrained optimization problem posed by Equations 1 and 2 is:

(4)

where R is the [m × m] sample covariance matrix:

(5)
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and a is the steering vector. In this work, delays were applied prior to computation and 

application of the weight vector w, as is customary in ultrasound adaptive beamforming [32–
38]. Delays were updated every 60 samples (0.46 mm) and for every angular step (0.9°).

In the approach implemented in this work, w is computed only for sub-apertures of size m=7 

with an angular spacing of 0.9° and a rectangular sliding window. The total acquired depth 

was subdivided into non-overlapping axial segments of n=60 samples (0.46 mm) to compute 

adaptive weightings that vary through depth. After computation of R from acquired data, the 

windowed sum for a given sub-aperture and axial segment can be computed directly using

(6)

Because power minimization techniques are heavily dependent on SNR, diagonal loading is 

often performed by adding a constant to the diagonal of the covariance matrix (i.e. 

uncorrelated noise), in order to improve robustness to noise:

(7)

where I is an [m × m] identity matrix and τ is the degree of diagonal loading. Synnevåg et 

al. reported diagonal loading with τ proportional to the trace of R [34], while Vignon and 

Burcher selected τ based on the eigenvalues of R [33]. Adjusting the degree of diagonal 

loading allows tuning between robustness to electronic noise and rejection of off-axis 

energy. That is, for heavy diagonal loading, w defaults to conventional beamforming, while 

for low-level diagonal loading, Equation 4 is more susceptible to electronic noise. In this 

work, we selected τ = 0.01·tr{XXT}, where tr{·} is the trace operator, as preliminary 

simulations indicated that this value of τ ensured robustness while maintaining 

approximately the same resolution as lighter levels of loading.

2.3 Phase coherence factor processing

In order to increase the CTR in mechanically-steered contrast-enhanced IVUS imaging, 

signals arising from subsequent acquisitions over several closely-spaced angular positions 

can be treated as a sub-aperture. This sub-aperture beamsum is Y[n] as defined in Equation 

6. While minimum variance and related beamformers have demonstrated improved 

resolution, they also require increased computation and produce images with increased 

speckle variance relative to the conventional delay-and-sum beamformer [32–38]. An 

alternative approach to adaptive imaging for the improvement of spatial resolution and 

contrast is the application of the phase coherence factor (PCF), which operates on 

beamformed data Y rather than on channel data X.

The PCF was computed using the phase of delayed radiofrequency (RF) data as previously 

described [39, 40]. Delays were applied identically to the other processing cases according 

to Equation 3. Briefly, for every ith depth sample in the axial direction, the phase σi was 

obtained via the analytical signal as described by Camacho et al. [39], as well as the 

auxiliary phase σi
A, in which π was added to σi if σi < 0 and -π was added to σi if σi > 0 to 
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avoid phase discontinuities at ± π [40]. The standard deviation of the phase across all 

received lines in a sub-aperture (in this work, m=7 angular positions) were computed for 

both σi and σi
A, where the standard deviation of σi is denoted as σi and that of σi

A, is 

denoted as σi
A. The minimum of σi and σi

A, denoted σmin, was used in the computation of 

the phase coherence factor as follows:

(8)

where , the nominal standard deviation for a uniform distribution of phases 

between −π and +π. In order to allow for tuning of the phase coherence factor, the modified 

version of PCF was used [39]:

(9)

where γ=1 yields increased sidelobe suppression and γ=0 is the non-adaptive case (no PCF 

weighting).

The phase coherence factor is then applied by using the value of the PCFγ to weight the 

output of the sub-aperture beamsummed data at each depth:

(10)

3. Simulations and experiments

3.1 Simulations

The point spread function (PSF) due to transmitting and receiving with a single element for 

an ideal point source at a depth of 5 mm was simulated using Field II [45]. Electronic SNR 

was fixed at 15 dB by adding white Gaussian noise to the received channel signals. Point 

spread functions were then computed for the cases of no summation, summation with a 

rectangular window, minimum variance windowing, rectangular windowing with application 

of the phase coherence factor after beam summation, and minimum variance windowing 

with application of the phase coherence factor after beam summation (m=7 angular positions 

with a step size of 0.9°). The diagonal loading parameter τ (Equation 7) was τ = 

0.01·tr{XXT} for all minimum variance sums. The PCF control parameter γ was set to 0.25.

In order to assess the performance of minimum variance beamforming and the phase 

coherence factor in mechanically-steered intravascular ultrasound, intravascular ultrasound 

images were simulated for each processing case using Field II [45] by positioning a point 

target at a known location. Transducer properties were matched to the actual transducer, as 

described in Table 1. Because Field II cannot simulate the nonlinear scattering of tissue or 

microbubbles (there is no known tool for simulating the superharmonic signal produced by 

microbubble destruction), pulse-echo simulations at the higher receiving frequency (30 
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MHz) were used in order to both approximate resolution, which for superharmonic imaging 

of microbubbles depends primarily on the receiving transducer [28], and to allow analysis of 

the various processing techniques on background tissue scattering. By using a 30 MHz 

pulse-echo simulation, we preserve the relationship between the aperture and the wavelength 

of the propagating wave used in forming the image, ensuring simulated images having 

similar spatial dimensions and resolution as the dual-frequency IVUS scenario. These 

simulations differ from the dual-frequency imaging scenario in that the high frequency 

transmit aperture would be replaced with a low frequency transmit aperture, which would 

emit a broad beam to excite microbubbles and produce superharmonic signals, yielding an 

acoustic field full of approximately omnidirectional sources. The use of a pulse-echo 

approach also allows for evaluation of the proposed processing techniques for B-mode 

imaging.

The acoustic scattering of the point target was 14 dB greater than the mean scattered 

amplitude of the background, approximately the CTR previously reported using this 

transducer [21]. Background scatterers had random scattering amplitude and locations 

within the field of view and the scatterer density was set to 10 scatterers per resolution cell. 

50 simulations were performed for electronic SNRs of 6 dB, 10 dB, 15 dB, and 20 dB, 

which are similar to those observed in vivo for dual-frequency imaging of microbubbles 

with the described transducer [22]. Contrast was computed for each simulated image using 

the following equation:

(11)

where Sin and Sout are the mean pressure signals inside and outside of the target, 

respectively, at equivalent depths after envelope detection. Lateral resolution was computed 

for each simulated image at the −6 dB level from the peak of the target after envelope 

detection but before scan conversion.

3.2 Phantom imaging

Imaging performance was assessed using a custom tissue-mimicking phantom having an 

attenuation of 0.44 dB/cm/MHz [46]. This phantom was characterized up to 25 MHz after 

fabrication to measure attenuation and verify the presence of fully-developed speckle at the 

transmit frequency. The phantom had three straight channels comprised of 200 µm-inner 

diameter cellulose tubing at depths of 4.0 mm, 4.5 mm, and 7.1 mm. For phantom 

experiments, lipid-shelled microbubble contrast agents (108 microbubbles/mL) were infused 

through the flow channels at a mean velocity of 17.7 mm/s using a calibrated syringe pump 

(PHD2000, Harvard Apparatus, Holliston, MA, USA). Radiofrequency data were acquired 

as the IVUS transducer was pulled through the center of the phantom along a distance of 

15.0 mm with step size of 200 µm. Acquired radiofrequency data were digitized at 100 MHz 

(Signatec PDA14, Corona, CA) and filtered using a 7th-order Butterworth bandpass filter 

(−6 dB pass band 24.75–30.25 MHz) in Matlab (The Mathworks, Natick, MA). The same 

processing cases were examined as in simulations: no summation, rectangular windowing, 

minimum variance windowing, rectangular windowing with application of the phase 
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coherence factor after beam summation, and minimum variance windowing with application 

of the phase coherence factor after beam summation. The same PCF tuning parameter (γ = 

0.25) and diagonal loading parameter (τ = 0.01·tr{R}) used in the simulations were applied 

to PCF and MV weightings, respectively, on phantom data. Final images were displayed in 

Matlab with 30 dB dynamic range to assess tube diameter.

For the simulated images, targets occurred in known locations, however manual target 

identification was required for phantom data. Manual regions of interest (ROIs) were drawn 

in each slice using ImageJ (NIH, Bethesda, MD) to assess contrast-to-tissue ratio (CTR) for 

each type of processing. In order to measure tube diameter, the image was loaded into 

ImageJ and the tube diameter was determined by drawing a straight line across the target in 

the lateral (circumferential) direction while displaying only the brightest 6 dB in an image. 

The observer was not blinded to the data. CTR was computed for each experimentally 

acquired image using the following equation:

(12)

where C and T are the mean pressure signals from regions microbubble contrast agent and 

tissue, respectively, at equivalent depths and after envelope detection. Improvements in 

lateral resolution due to applying adaptive windows were evaluated using paired t-tests.

3.3 Ex vivo and in vivo imaging

In order to assess the performance of these techniques for imaging vasa vasorum, both ex 
vivo and in vivo models were utilized. In the ex vivo model, mesenteric arteries from Rapacz 

familial hypercholesterolemic pigs (RFH) [47–49] were used in place of human arteries. 

These arteries were obtained from the Francis Owens Blood Research Lab (FOBRL, Chapel 

Hill, NC, USA). RFH pigs are genetically predisposed to develop atherosclerotic lesions 

which closely mimic the pathology found in humans. RFH pigs have been used previously to 

evaluate contrast enhancement methods for detecting vasa vasorum during the progression of 

atherosclerosis [50]. Specimens were collected within 24 hours of euthanasia and 

immediately stored in phosphate buffered saline (PBS) solutions at −20°C until the time of 

the experiment. After thawing, one specimen was sutured and attached to a custom fixture to 

allow the vessel to be stretched to the approximate in vivo length [51]. A 200 µm-diameter 

tube was positioned outside the artery to simulate a deep vessel of the vasa vasorum and 

contrast agents were flowed through the vessel at a mean velocity of 88.5 mm/s using the 

same syringe pump. The artery was submerged in a tank filled with PBS, and both B-mode 

and dual-frequency mode pullbacks were acquired. All procedures were approved by the 

University of North Carolina Institutional Animal Care and Use Committee (IACUC).

In addition, we utilized an animal model having vasculature similar in diameter to the 

vessels of interest (<200 µm), the chorioallantoic membrane (CAM) in chicken embryos. 

This animal model has been used in several previous contrast-enhanced ultrasound studies 

and presents a network of vessels having the desired diameter [17, 52–54]. Fertilized 

chicken eggs (broiler line, Ross 708) were acquired from a local source (North Carolina 
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State Chicken Educational Unit, Raleigh, NC, USA) and refrigerated at 6°C for 3–7 days 

until incubation. Eggs were first incubated in ovo at 37.5°C with 70% relative humidity for 3 

days, turning every 4 hours using an automated egg rocker (Model 4200/3200, Farm 

Innovators, Plymouth, IN, USA). After 3 days of incubation, eggs were cracked and 

embryos explanted into disposable holders as described by Schomann, et al. [55]. Embryos 

were then incubated for 14 days in a humidified incubator at 37.5°C, 70% humidity, and 

2.0% CO2 (NAPCO 8000 Series, Thermo Scientific, Waltham, MA, USA). After growing to 

day 14 (Hamburger and Hamilton stage 39–40 [56]), two embryos were imaged using the 

system in Figure 1. The vitelline vein was cannulated to allow the injection of MCAs at a 

concentration of 1010 microbubbles/mL at a mean velocity of 8.8 mm/s using the same 

syringe pump. This represents a higher concentration relative to those used previously with 

subharmonic or ultraharmonic imaging [13, 17], although imaging depth, vessel diameter, 

and type of contrast agent used differ among these studies. The chicken embryo was 

prepared for imaging by coupling the transducer to the adjacent CAM structure with 37°C 

PBS. Three-dimensional pullbacks were performed over a distance of 4 mm with a step size 

of 200 µm. In vivo and ex vivo data were acquired and processed in the same manner as in 

the phantom imaging study. Final images were displayed in ImageJ with 30 dB dynamic 

range.

4. Results

4.1 Simulations

In Figure 2, typical point spread functions (PSFs) are shown for rectangular windowing, MV 

windowing, rectangular windowing with application of PCF (γ=0.25), and MV windowing 

with application of PCF. Each PSF is normalized relative to its own peak, and the −6, −10, 

and −20 dB contours are shown. The −6 dB beam areas are 2.27, 2.45, 2.21, 2.27, and 2.14 

mm2 for no summation, rectangular windowing, MV windowing, rectangular windowing 

with PCF, and MV windowing with application of PCF, respectively. While summation 

increases SNR over the non-summed case, any weighting other than rectangular apodization 

necessarily decreases the beamsummed energy, although it does so with benefit of improved 

resolution and contrast. The peak levels relative to the no summation case are +10.3 dB for 

rectangular window, +2.1 dB for MV, +7.5 dB for PCF, and +1.58 dB for MV and PCF.

At these small sub-aperture sizes (m=7 angular positions), improvement due to summation is 

less than it would be for typical array-based ultrasound imaging, however there is 

improvement in SNR due to summation alone, with additional reduction in beamwidth 

(improvement in resolution) due to MV weighting. MV weighting provides clear 

improvements to the point spread function and beam area relative to other cases, while PCF 

alone provides reduction in off-axis energy relative to rectangular windowing. Combining 

MV and PCF improves the resolution (reduces beam area) while still maintaining 

suppression of off-axis energy.

In Figure 3, illustrative IVUS images from simulation data are shown for each processing 

case. Each image is normalized to its own maximum and displayed with a dynamic range of 

40 dB. Summation with a rectangular window clearly increases the lateral extent of the point 

target while decreasing the level of the background tissue relative to the point target. When 
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MV windowing is applied, speckle variance increases, as previously reported with minimum 

variance beamforming. Application of the phase coherence factor produces images with 

small but visible improvements in contrast even at γ=0.25, also consistent with previous 

publications [39, 40]. This improvement in contrast may be due to reduction of off-axis 

contributions (Figure 2) in a relatively low SNR environment. Note that the theoretical 

diffraction-limited resolution for this transducer at this depth and frequency is 535 µm.

The lateral resolution and contrast measured across all 50 simulated images at each SNR are 

summarized in Figures 4 and 5, respectively. While simulated images are displayed with 40 

dB of dynamic range in Fig. 3 (display dynamic range in IVUS is typically 17–55 dB [57]), 

in order to fully display the characteristics of the image, including the background, this 

dynamic range makes it difficult to visually assess spatial resolution difficult (for example, 

at the −6 dB level). For this reason, the spatial extent of the target at the −6 dB level is given 

in Fig. 4 as a standard measurement of resolution. The results observed in simulations with 

varying values of γ (Figures 4 and 5) are directly applicable to B-mode IVUS processing. 

Specifically, at γ=0.25 and γ=0.5, PCF processing produces the highest image contrast 

(Figure 5A–B). Adding PCF to MV processing increases contrast over MV alone. As γ 

increases, the improvement to image contrast due to PCF processing decreases, where 

contrast is approximately equal to that of summation alone when γ=0.75 (Figure 5C) and is 

worse than summation alone when γ=1.0 (Figure 5D). This could be due to PCF processing 

enhancing relatively bright scatterers which may be randomly positioned at the focus in the 

“background” region of the image. PCF processing is observed in simulations to impair 

resolution as the SNR increases, particularly at low values of γ. This is believed to be 

because there is little energy in the PCF beam at low SNRs, since only 7 channels are 

summed in this case unlike in the case in which PCF is applied to arrays having many 

channels.

At γ=0.25, MV processing improves lateral resolution as SNR increases (Figure 4A), 

providing approximately equivalent lateral resolution relative to the rectangular window case 

for SNR=10 dB and higher resolution for all SNR values greater than 10 dB. Combining 

PCF and MV processing ensures higher resolution at the lowest SNR values but otherwise 

provides similar resolution to MV alone. PCF processing alone provides similar resolution 

to the summation alone case.

For γ=0.5, PCF processing provides high resolution at low SNR values (Figure 4B). As SNR 

increases, the lateral resolution increases until it is approximately equal to the case of 

summation with a rectangular window. Combining MV and PCF ensures high resolution at 

all SNR values for γ=0.5. For γ=0.75 (Figure 4C), PCF processing further improves lateral 

resolution and yields improved resolution relative to summation with a rectangular window 

or no summation for all SNR values. Combining PCF and MV processing at γ=0.75 

provides higher resolution than that provided by either PCF or MV alone, particularly at 

high SNR values. This trend continues for γ=1.0 (Figure 4D), which provides slightly higher 

resolution than γ=0.5 for both PCF alone and combined MV and PCF processing. However, 

contrast is low for combined PCF and MV (and any case involving MV) due to the high 

speckle variance of MV processing.
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4.2 Phantom imaging

Illustrative slices through the phantom volume containing the three tubes with microbubble 

contrast agent are shown in Figure 6. The full view of the acquired IVUS image (with 

conventional processing, no summation) is displayed in Fig. 6A, while magnified views of 

the central tube for each processing type are displayed in Fig. 6B–F. CTR and measured tube 

diameter for every slice in the 15 mm pullback are summarized Figure 7. While summation 

with a rectangular window was expected to produce inferior lateral resolution to the no 

summation case (as was observed in simulations), we found similar resolutions at the −6 dB 

level for these two processing types in phantom testing. This may be due to the reduced 

contrast in the “no summation” images, as noisy pixels in final “no summation” images may 

have been included when measuring the target lateral extent. Minimum variance weighting 

improved resolution by 41.7% at the cost of only a slight decrease in CTR (0.34 dB relative 

to the rectangular window case). Applying the phase coherence factor alone yields an 

increase in CTR of 4.2 dB but only a slight improvement in resolution (21.8% relative to the 

no summation case). Applying both MV and PCF produces improvements in both CTR (4.1 

dB) and resolution (41.7%). All improvements in resolution due to application of MV, PCF, 

or MV and PCF weighting are statistically significant relative to the rectangular window 

case (p<0.01, all cases).

4.3 In vivo imaging

Single slice IVUS images acquired in a 15-day-old chicken embryo are shown for the 

various types of processing in Figure 8. Vessel diameter and CTR are reported in Table 2 for 

the two embryos. CTR was computed by measuring the mean pixel brightness in the central 

vessel (Figures 8 and 9) and also in a region outside the vessel at the same depth. Vessel 

diameter was measured manually in the same central vessel in ImageJ at the −6 dB level as 

described in Section 3.2. Both CTR and vessel diameter were measured for every slice 

which contained the vessel. Measurements were averaged across these slices for each 

animal. The characteristics observed in simulation and phantom studies persist: any form of 

summation improves CTR by increasing SNR, while MV windowing improves spatial 

resolution over non-adaptive windowing at the expense of CTR.

Summation with a rectangular window yields a mean increase in CTR of 3.20 dB relative to 

no summation, while summation with a rectangular window and PCF produces a nearly 

identical improvement in CTR of 3.19 dB. While CTR is relatively similar for summation 

with a rectangular window, rectangular window with PCF, or MV window with PCF, 

measured vessel diameter decreases with the adaptive processing as the PSF decreases in 

width as demonstrated in Figure 2. MV windowing, PCF with rectangular windowing, and 

MV windowing with PCF yielded mean decreases in vessel diameter (i.e. improvement in 

resolution) of 28.0%, 30.7%, and 37.2%, respectively (Table 2).

4.4 Ex vivo imaging

The results of 3D pullback imaging in the porcine artery are shown in cross sections in 

Figure 9 and in volume renderings in Figure 10. This image provides a view of the type of 

data that might be provided by utilizing this imaging approach clinically: B-mode 

(grayscale) IVUS imaging data providing vessel anatomy (transmit and receive at 30 MHz) 
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is combined with dual-frequency imaging data (transmit 6.5 MHz, receive 30 MHz, shown 

in red) providing visualization of the microtube simulating the vasa vasorum along the larger 

excised porcine vessel. The described processing techniques were applied to both the B-

mode and dual-frequency data. Summation across m=7 elements visibly enhances the ability 

to visualize the contrast agent in the 200 µm tube. Images similar to these could prove 

diagnostically valuable for assessing plaque vulnerability, planning interventional 

procedures, or for post-procedural monitoring.

5. Discussion

5.1 Simulations

As seen in the PSF simulations (Figure 2), which are normalized to the peak level of each 

case, applying either MV weighting or the phase coherence factor reduces the sidelobe 

contributions while maintaining most of the SNR gains due to summation. This result is 

consistent with the simulated images, in which contrast increases similarly for all summed 

cases (Figure 5), with resolution also improving in the cases in which MV processing is 

applied (Figure 4). The resolution improvement due to MV weighting increases with 

increasing SNR but exists at all SNR levels tested. For the mechanically-steered IVUS 

imaging scenario explored in this work, additional improvements due to weighted 

summation might be realized by decreasing angular step size while maintaining the same 

angular extent in each sub-aperture in order to increase the number of channels in a sum.

The level of diagonal loading employed in the MV processing in this work was the 

minimum level necessary to ensure improvement in resolution while maintaining robustness 

for all SNR levels examined (6–20 dB electronic SNR). Further study of the selection of 

diagonal loading parameter τ is of future interest, particularly the multi-parameter 

optimization of τ and the PCF parameter γ, which may be of general interest for B-mode 

IVUS imaging.

In the future, dual-frequency images might be simulated by using tools similar to those used 

in photoacoustics such as the k-wave toolbox [58]. Because the low frequency beam is used 

only for exciting microbubbles to produce superharmonic signals, every microbubble within 

this broad beam would produce a superharmonic signal and could thus be modeled as an 

omnidirectional acoustic source. As shown in our previous experimental work, resolution 

depends primarily on the high frequency receiving transducer [28].

5.2 Phantom and in vivo imaging experiments

In phantom studies, application of MV weights and the PCF both produced improvements in 

resolution (Fig. 7A), with all summed cases exhibiting similar CTR (Fig. 7B), as in the 

simulations when SNR≤ 15 dB (Fig. 5A). This behavior was also observed in vivo in the 

vessels of the chorioallantoic membrane of the two chicken embryos (Table 2), with a 37% 

improvement in resolution and 2.2 dB improvement in CTR when both MV weighting and 

PCF were applied. Given the relatively low SNR in vivo in the no summation case (14 dB)

[21], it is possible that diameter estimation in this case is limited by the SNR, leading to 
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underestimation. However, the simulation results (Fig. 4) suggest an improvement of 36% at 

an SNR of 14 dB (Fig. 4A), which is similar to the result in Table 2.

High variances in measurements of CTR in phantom and in vivo experiments when either 

MV or PCF were applied are indicative of the dependence of these processing techniques on 

SNR, which is consistent with simulations and previous work investigating adaptive 

beamforming techniques [32–38]. However, the PCF, which was applied only at low levels 

in the experiments this work (γ = 0.25) appears to be more robust than adaptive 

beamforming such as MV in a low-SNR environment. The unique nature of this data, in 

which echoes originate only from microbubbles with very low-amplitude tissue echoes, must 

also be considered, as it is quite different from B-mode ultrasound data to which MV and 

PCF have previously been applied. Specifically, the fully-developed speckle present in B-

mode ultrasound images is not expected to be present in these dual-frequency contrast-

specific images, though this has not been examined in detail. Acquired in vivo images of the 

fine vasculature in the CAM demonstrate an additional challenge in that some echoes arise 

from microbubbles in sub-resolution vessels, making these regions appear noisy when they 

are actually filled with microbubbles in vessels that are still too small to resolve in spite of 

the described improvements. This effect has previously been accounted for in vivo using a 

metric known as volumetric vascular density [59].

Additionally, because the underlying nature of the data is different between simulations (B-

mode) and experimental data (dual-frequency broadband superharmonic), there are observed 

differences in image contrast. The primary performance limitation of the transducer is its 

SNR, so although the SNR was varied within realistic ranges for the simulations, the 

acquired dual-frequency data acquired with this transducer typically has CTR (i.e. contrast) 

which is limited by SNR rather than by the amplitudes of the physical signals produced by 

the contrast and the tissue [22].

In quantifying observed improvements in the phantom images presented in this article, 

(Figure 7), we are able to measure vessel diameters closer to 200 µm when using adaptive 

processing techniques (i.e. 282 µm for 200 µm tubes, Figure 7B). We have also observed 

modest improvements to both contrast-to-tissue ratio and the ability to measure vessel 

diameters in vivo in a chicken embryo model (Figure 8, Table 2), which is encouraging for 

high resolution IVUS imaging in an in vivo environment such as for vasa vasorum imaging.

5.3 Considerations for implementation and implications for vasa vasorum imaging

In this article we have demonstrated the potential benefits to both image contrast and spatial 

resolution due to applying two adaptive processing techniques to contrast-enhanced IVUS 

imaging. These benefits occur with the same hardware and acquisition parameters that we 

have previously used with this prototype system. However, as all processing presented in this 

work was performed offline, a potential challenge exists in implementing these techniques in 

real-time. In the initial paper describing the application of the phase coherence factor in 

ultrasound, Camacho et al. discuss in detail the efficient implementation of this technique 

[39], suggesting that PCF may be able to be implemented in a commercial IVUS system. 

Implementing adaptive beamforming may be more difficult and costly, though several near-
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real time implementations of adaptive beamformers with large array-based systems have 

recently been demonstrated [60–63].

Another consideration for this particular technique, which utilizes superharmonic echoes 

from partial destruction of microbubbles [42], is the frame rate, which needs to be kept 

sufficiently low to allow microbubble reperfusion. While IVUS imaging in general strives to 

maintain higher rotation rates to allow for averaging and high frame rates, decreased rotation 

rates which are necessary to allow for microbubble reperfusion also provide increased 

computation time. For reduced rotation rate IVUS such as for superharmonic microbubble 

imaging, sub-aperture beamforming could provide an alternative means of improving SNR 

and contrast given that averaging across multiple revolutions may be impractical due to the 

influence of motion artifacts at these lower rates. For IVUS in general, the techniques 

presented in this article could be applied by saving RF data (i.e. during a single pullback) 

and reconstructing afterwards to yield a higher resolution image. For B-mode IVUS, 

averaging signals acquired from the same angular positions could be used to improve SNR 

while maintaining constant resolution, although the adaptive signal processing techniques 

presented in this article have also demonstrated improved resolution relative to the no 

summation case in simulations of B-mode IVUS images (Figure 4).

In this article, we have described signal processing approaches which allow formation of 

images in which a 200 µm tube measures 282 µm using a prototype dual-frequency 

transducer. We have also demonstrated the ability to image 200–300 µm vessels in an animal 

model, with the proposed processing yielding a mean decrease in vessel diameter of 37.2%. 

Further improvements in resolution may be realized by the development of new transducer 

prototypes. The reported improvements in resolution may also be helpful in other 

applications of intravascular ultrasound such as peripheral vascular disease or in endoscopic 

ultrasound.

6. Conclusions

In this work, we have applied sub-aperture beamforming to data acquired using a prototype 

mechanically-steered IVUS transducer at adjacent angular locations. Specifically, 

conventional and minimum variance beamforming were applied to sub-apertures of seven 

elements, and the phase coherence factor was applied after summation. These approaches 

were demonstrated in tissue-mimicking phantoms, an ex vivo porcine artery, and in vivo 
using a chicken embryo model. In phantom studies, PCF processing improved CTR by a 

mean of 4.2 dB, while combining PCF and MV processing decreased spatial resolution by 

41.7%. Combining both techniques demonstrated preservation of both benefits, with mean 

improvements of 2.2 dB in contrast and 37.2% in resolution observed in vivo. Additional 

gains may potentially be realized in the future by optimizing selection of tuning parameters 

for these adaptive techniques to better match the SNR. Applying these processing strategies 

can enhance image quality in IVUS, a low-SNR imaging technique where resolution is at a 

premium.
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Highlights

• Methods for improving spatial resolution and sensitivity in intravascular 

ultrasound (IVUS) imaging are proposed.

• The two approaches are based on minimum variance (MV) beamforming and 

the phase coherence factor (PCF).

• The efficacy of the approaches is evaluated in simulations and in experiments 

with tissue-mimicking phantoms, ex vivo porcine arteries, and chicken embryos 

(in vivo).

• In contrast-enhanced IVUS, improvements in both contrast-to-tissue ratio and 

spatial resolution can be achieved by appropriate application of the proposed 

techniques.
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Figure 1. 
Diagram of dual-frequency mechanically-steered transducer and (inset)) photograph of 

prototype transducer used in this study. The lighter central region is the receive element, 

which is positioned in front of longer transmit element. The total length of the transmit 

element is 3 mm.
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Figure 2. 
Contours of PSFs at −6 dB, −10 dB, and −20 dB are shown for processing with no 

summation, summation with a rectangular window, MV window, rectangular window and 

PCF, and MV window and PCF, all with 15 dB of SNR at 0.5 cm depth. Each PSF is 

normalized to its own peak. −6 dB beam areas (bottom right) are given for each PSF. The 

central of 7 acquisitions occurs at 0°.
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Figure 3. 
Example image simulated using Field II with a single point target at a depth of 5 mm 

(SNR=15 dB). All images are displayed on the same scale with a dynamic range of 40 dB. 

Entire simulated image with conventional processing (region of interest indicated by the 

white box) and magnified views of the point target with (B) conventional processing (no 

summation), (C) Summation with a rectangular window, (D) Summation with a minimum 

variance window, (E) Summation with a rectangular window and application of the phase 

coherence factor, and (F) Summation with a minimum variance window and application of 

the phase coherence factor.
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Figure 4. 
Simulated lateral resolution as a function of SNR for 4 different values of PCF tuning 

parameter γ. (A) γ = 0.25, (B) γ = 0.50, (C) γ = 0.75, and (D) γ =1.0. Lateral resolution is 

determined by measuring the lateral extent of a sub-resolution point target as in Figure 1. 

The theoretical diffraction-limited resolution λz/D = 535 µm at f0 = 28 MHz, z = 5 mm, D = 

0.5 mm. Each point represents 50 simulations.
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Figure 5. 
Simulated image contrast as a function of SNR for 4 different values of PCF tuning 

parameter γ. (A) γ = 0.25, (B) γ = 0.50, (C) γ = 0.75, and (D) γ =1.0. Contrast is determined 

by applying Equation 11 within a region containing a known target and at a second region at 

an equivalent depth.

Lindsey et al. Page 25

Ultrasonics. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Illustrative slices through the center of the tissue-mimicking phantom (A) with three parallel 

tubes filled with microbubble contrast agent at distances of (1) 7.1 mm, (2) 4.5 mm, and (3) 

4.1 mm. (B) Full image view (no summation) indicating the region of interest, and 

magnified views of the center tube with (C) no summation, (D) summation with a 

rectangular window, (E) MV window, (F) rectangular window with PCF, and (G) MV 

window with PCF.
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Figure 7. 
(A) Mean vessel diameter in a tissue mimicking phantom (Figure 6) as a function of 

processing type across all slices in the acquired 3D phantom pullback. Improvements in 

resolution due to application of MV, PCF, and MV+PCF weighting are statistically 

significant relative to the rectangular window case (p<0.01 in all cases). (B) Contrast-to-

tissue ratio as a function of processing type across all slices in the acquired 3D phantom 

pullback.
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Figure 8. 
In vivo slices through vessels of the chorioallantoic membrane in a 15-day-old chicken 

embryo with (A) no summation, (B) rectangular window, (C) minimum variance window, 

(D) rectangular window and phase coherence factor, and (E) minimum variance window and 

phase coherence factor. Scale bar indicates 1 mm.
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Figure 9. 
Cross-section views of ex vivo porcine arteries (grayscale) and an adjacent tube filled with 

microbubble contrast agent (red) positioned outside of the vessel to mimic vasa vasorum. 

Scale bar indicates 1 mm.
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Figure 10. 
3D renderings of imaging data acquired via motorized pullback in a porcine artery with a 

tube filled with microbubble contrast agent positioned outside of the vessel to mimic vasa 
vasorum.

Lindsey et al. Page 30

Ultrasonics. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsey et al. Page 31

Table 1

Characteristics of the prototype transducer used in this work.

Parameter Transmit element Receive element

Center frequency (MHz) 6.5 30

−6 dB bandwidtth 20% 59%

Thickness (µm) 300 65

Width (mm) 0.6 0.6

Length (mm) 3 0.5
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