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Abstract
Ultrasound and Duplex ultrasonography in particular are routinely used to diagnose cardiovascular
disease (CVD), which is the leading cause of morbidity and mortality worldwide. However, these
techniques may not be able to characterize vascular tissue compositional changes due to CVD.
This work describes an ultrasound-based hybrid imaging technique that can be used for vascular
tissue characterization and the diagnosis of atherosclerosis. Ultrasound radiofrequency (RF) data
were acquired and processed in time, frequency, and wavelet domains to extract six parameters
including time integrated backscatter (TIB), time variance (Tvar), time entropy (TE), frequency
integrated backscatter (FIB), wavelet root mean square value (Wrms), and wavelet integrated
backscatter (WIB). Each parameter was used to reconstruct an image co-registered to
morphological B-scan. The combined set of hybrid images were used to characterize vascular
tissue in vitro and in vivo using three mouse models including control (C57BL/6), and
atherosclerotic apolipoprotein E-knockout (APOE-KO) and APOE/A1 adenosine receptor double
knockout (DKO) mice. The technique was tested using high-frequency ultrasound including
single-element (center frequency = 55 MHz) and commercial array (center frequency = 40 MHz)
systems providing superior spatial resolutions of 24 μm and 40 μm, respectively. Atherosclerotic
vascular lesions in the APOE-KO mouse exhibited the highest values (contrast) of −10.11 ± 1.92
dB, −12.13 ± 2.13 dB, −7.54 ± 1.45 dB, −5.10 ± 1.06 dB, −5.25 ± 0.94 dB, and −10.23 ± 2.12 dB
in TIB, Tvar, TE, FIB, Wrms, WIB hybrid images (n = 10, p < 0.05), respectively. Control segments
of normal vascular tissue showed the lowest values of −20.20 ± 2.71 dB, −22.54 ± 4.54 dB,
−14.94 ± 2.05 dB, −9.64 ± 1.34 dB, −10.20 ± 1.27 dB, and −19.36 ± 3.24 dB in same hybrid
images (n = 6, p < 0.05). Results from both histology and optical images showed good agreement
with ultrasound findings within a maximum error of 3.6% in lesion estimation. This study
demonstrated the feasibility of a high-resolution hybrid imaging technique to diagnose
atherosclerosis and characterize plaque components in mouse. In the future, it can be easily
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implemented on commercial ultrasound systems and eventually translated into clinics as a
screening tool for atherosclerosis and the assessment of vulnerable plaques.
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1. Introduction
Atherosclerosis is considered one of the main causes of cardiovascular disease (CVD) that is
the number one killer globally and the incidence of disease is increasing [1]. According to
the American Heart Association Statistics Committee and Stroke Statistics Subcommittee, 1
in 3 people are estimated to have one or more types of CVDs [2]. Genetically modified
mouse models provide a powerful tool for understanding the pathogenesis of human
cardiovascular diseases like human atherosclerosis [3]. Among available models, the
apolipoprotein E-knockout mouse (APOE-KO) that is particularly popular because of its
tendency to develop atherosclerotic lesions of similar complexity as those found in humans
[4]. In a previous report, our research group has demonstrated that by removing A1
adenosine receptor (AR) gene from APOE-KO, the resulting development of atherosclerosis
in APOE and A1 AR double knockout mice (DKO) was significantly decreased [5].
Accordingly, availability of these mouse models in cardiovascular research has motivated
the development of diagnostic imaging techniques to assess the cardiovascular function.

Several noninvasive imaging techniques have been used for the in vivo assessment of CVD
including electron-beam computed tomography [6], magnetic resonance imaging [7],
positron emission tomography [8], and optical coherent tomography [9]. Although
commercial ultrasound scanners have been used to image human hearts, they might not be
appropriate in small animal due to their limited spatial resolution (0.3–1 mm). Mice have
extremely small arteries (~0.07–1 mm in diameter) and elevated heart rates (500–800 beats/
min) which presents a great challenge for commercial ultrasound scanners. High-frequency
(>20 MHz) ultrasound systems were developed in order to achieve a spatial resolution of 50
μm or smaller and can provide adequate imaging of mouse vasculature [10].

High-frequency (high-resolution) ultrasound systems have been developed during recent
decades. In 1987, Sherar et al. [11] was the first to show the enormous potential of high-
frequency ultrasound for tissue imaging. Further developments in high-frequency ultrasound
were performed by Sun et al. [12,13] to image small animal hearts providing high-resolution
(≤50 μm). Most ultrasound studies on small animals are currently carried out using either
custom high-frequency ultrasound systems or the Vevo commercial systems (Vevo 770 and
Vevo 2100, VisualSonics Inc., Toronto, ON, Canada). However, the diagnosis, monitoring,
or treatment of atherosclerosis may require an imaging system able to provide both
quantitative morphological measurements and compositional characterization of the disease.
Such quantitative tissue characterization techniques are not available in the aforementioned
systems without the use of contrast agents.

Quantitative ultrasonic tissue characterization for the heart has been demonstrated by
Miller's group in 1980's [14,15]. They described the potential of using integrated backscatter
(IB) measurements to assess dog cardiac tissues using 3.5–5 MHz ultrasound transducers
[14]. Bridal et al. reported the use of ultrasonic parameters such as IB and attenuation to
characterize plaques in human arteries using high-frequency ultrasound (30–50 MHz), in an
in vitro study [16]. Tissue characterization techniques were also used to diagnose and
identify the composition of atherosclerosis in human arteries using 30 MHz and 40 MHz
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intravascular ultrasound imaging (IVUS) [17–19]. These techniques extract parameters from
ultrasound backscatters to render virtual histology maps for quantitative assessment of
atherosclerosis. IVUS elastography maps were also introduced to characterize
atherosclerotic plaque components by measuring mechanical stiffness [20,21]. However,
most of the aforementioned techniques are invasive and would not be ideal for monitoring
disease longitudinally. Noninvasive cardiovascular ultrasound elastography was recently
adopted to characterize atherosclerosis in human carotid artery. However, the resolution of
the technique (≥125 μm) is still a limiting factor in small animal models of atherosclerosis
[20]. For in vivo small animal studies, however, high-resolution (≤50 μm) tissue imaging
and characterization shall be required to assess the cardiovascular system and diagnose
CVD.

In this study, we demonstrated the feasibility of an ultrasound-based noninvasive tissue
characterization algorithm using high resolution (≤40 μm) hybrid imaging, which was
applied to diagnose atherosclerotic plaques. The algorithm was applied to RF data collected
from both a single-element transducer [22] and a commercial array systems (Vevo 2100) to
characterize atherosclerosis in mice. In addition, we investigate the use of novel ultrasonic
quantitative parameters extracted from the time and wavelet domains (time variance (Tvar),
time entropy (TE), wavelet root mean square value (Wrms), and wavelet integrated
backscatter (WIB)) to characterize atherosclerotic plaques and compare with existing
parameters (time integrated backscatter (TIB), frequency integrated backscatter (FIB)). The
technique was tested in vitro and in vivo using control and atherosclerotic mouse models.
This paper is organized as follows. Section 2 describes the ultrasound systems, tissue
characterization algorithm, and in vitro and in vivo experiments. The results are shown and
discussed in Sections 3 and 4, respectively. Finally, Section 5 provides the concluding
remarks of this study.

2. Materials and methods
2.1. Custom ultrasound system

The high-frequency ultrasound imaging system used for in vitro testing was described in
[22]. An ultrasound transducer (29–81 MHz) of 55 MHz center frequency and 9.7 mm focal
length was used (Olympus NDT Inc., Waltham, MA, USA). Received RF signals were pre-
amplified and filtered, then fed to a high-speed (400 MHz) 14-bits waveform digitizer
(Signatec Inc., Newport Beach, CA, USA). The imaging system used a PC for control,
synchronization, and further signal processing. The PC controlled precisely a two-axis
positioning system using ±1 μm resolution (Danaher Corp., Washington, DC, USA). The
positioning system was synchronized with the data acquisition to collect ultrasound RF
signals continuously on-the-fly during the transducer movement down to 8.5 μm apart. A
custom user-friendly computer graphical user interface (GUI) was designed using Microsoft
Visual C++ (Microsoft Corp., Redmond, WA) for control and data acquisition. Data was
then transferred to MATLAB 7.1 (MathWorks, Inc., Natick, MA, USA) for post-processing
and image reconstruction. To obtain a high-resolution B-mode ultrasound images, several
signal and image processing algorithms were applied to the high-frequency echo signals
[22,23]. This ultrasound system provided access to ultrasound data at all processing stages
including synthetic aperture focusing (SAF), envelop detection, and final B-mode processed
images, which was essential for the tissue characterization technique described below. The
SAF procedure was applied using the weighted synthetic aperture focusing to overcome the
limited depth of field for a highly focused single-element [24,25]. The system spatial
resolution was experimentally evaluated using a B-mode image for an 8 μm tungsten wire
immersed in water. The experimental values of the axial and lateral resolutions were
approximately measured to be 24 μm and 123 lm, respectively. An average signal to noise
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ratio (SNR) of 109 dB was estimated experimentally for the system using a planar reflector
(glass plate).

2.2. Quantitative ultrasound tissue characterization
Fig. 1 described the main procedures of the tissue characterization technique. First, a region
of interest (ROI) was segmented and extracted from the raw ultrasound data after SAF. ROI
was then divided into 2D kernels of small size, such as 0.15 mm × 0.15 mm with
approximately 90% overlapping. To reconstruct hybrid images, a vector Si,j was generated
for each spatial location (i, j) within the ultrasound scan. This vector was reconstructed from
the neighborhood pixels Pi,j within the kernel Ki,j, and defined as:

(1)

where n + 1 and m + 1 are the kernel length and width in pixels, respectively. For each
spatial location within the ROI, Si,j vector was reconstructed from ultrasound data. This
vector was considered a 1D signal incorporating embedded features of the neighborhood
characteristics, which can be used to extract different parameters in time-, frequency- and
wavelet-domains. In the following, S was used as a general notation for signals correspond
to any spatial location.

In time-domain three parameters were calculated. These parameters included the time-
domain integrated backscattering (TIB), time variance (Tvar), and time entropy (TE). The
time-domain integrated backscatter (TIB) parameter was evaluated as the average power of
ultrasound backscattered signals and was described in decibel (dB) [26] as:

(2)

where S is the signal voltage within the kernel, S0 the smallest voltage the system can detect,
and T the integral interval. The second parameter was the time variance (Tvar), which
measures the dispersion of signal samples around their mean value evaluated as:

(3)

where x is the sample number and M the mean value of S. In addition to these parameters,
Shannon entropy was adopted as a statistical descriptor of ultrasound signal variability
within a ROI in ultrasound imaging [27,28]. Shannon entropy (TE) of S was calculated as:

(4)

where S is the envelop signal and Sx the coefficients of S in an orthonormal basis [29]. Note
that Tvar and TE were evaluated using the envelop of ultrasound signals.

The second set of parameters was extracted from the frequency response of RF signals.
Komiyama et al. [18] have performed several studies and reported the usefulness of using
intravascular ultrasound integrated backscatter (FIB) images to characterize atherosclerotic
plaques in human arteries. Recently, our team reported that other parameters such as the
variance (Pvar) and maximum amplitude (Pmax) of the power spectral density (PSD) of
signal S can also be used for tissue characterization [23]. Here, similar procedures were
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followed where Burg algorithm was used to estimate the PSD of signal S for each spatial
location (PSDi,j). Burg parametric method for PSD estimation overcomes the limited
frequency resolution and spectral leakage effects of nonparametric estimation due to the
finite length of data [30]. The PSD was estimated using Burg autoregressive (AR) prediction
model for the signal S. In this work, the AR spectrum was calculated using a fast Fourier
transform (FFT) of 1024 length, determined as next power of 2 from length of S (585). A
12th order AR model was adopted to avoid excessive smoothing in the PSD curve by using
lower orders and hamming window was applied to minimize spectral leakage within the
range of frequency (22–81 MHz). We evaluated FIB as the normalized average power
calculated using the integral of PSD over the transducer frequency bandwidth with respect to
the PSD of a perfect reflector (PSDRef) [18], which is described as:

(5)

A glass plate of 2.4 mm thickness (⪢wavelength) perpendicular to ultrasound propagation
was used as the perfect reflector.

The last set of parameters was calculated from the approximation coefficients of wavelet
Daubechies 3 (db3). This kind of wavelet transformation is widely used in signal/image
time–frequency analysis, subsampling and denoising due to its stability, and has been
previously utilized in ultrasound applications [31]. In this work, single level discrete wavelet
transform (DWT) was used to decompose original RF signals into half size approximation
sequences without scarifying important frequency components within transducers'
bandwidth. The wavelet approximation signal W was evaluated by applying MATLAB
“dwt” function on the time signal S after normalization. Wavelet parameters such as the root
mean square value (RMS) of the approximation signal (Wrms) and the integrated backscatter
(WIB) were used. Generally, RMS is a statistical measure of the magnitude of varying
quantity. The RMS of the approximation signal (Wrms) was evaluated as:

(6)

where Wn is the wavelet approximation coefficient number n in W reconstructed from the
ROI, and N the total number of coefficients in W. The parameter WIB was evaluated using
wavelet decomposition defined as:

(7)

where WRef is the wavelet coefficients of the reference echo. Since the first wavelet
approximation was used in this study, K the integral interval length equals T/2.

Hybrid ultrasound images were reconstructed by calculating and assigning the value of each
parameter in any domain to the center pixel(s) of the kernel. These procedures were repeated
for all kernels within the ROI, suspected vessel lesion, selected for parametric analysis.
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2.3. Tissue preparation and animal protocols
All animals were cared in accordance with the protocol approved by the Animal Care and
Use Committee of the Health Science Center of West Virginia University. The generation
and initial characterization of A1 adenosine receptor knockout (A1KO) mice on C57BL/6
background have previously been described by Schnermann et al. [32,33]. Previous study
from this laboratory has shown a decrease in atherosclerosis development in DKO when
compared to APOE-KO in the same age [5]. Ultrasound tissue characterization was tested to
detect different progressions of atherosclerotic lesions in the DKO and APOE-KO mouse
models. The C57BL/6 mouse has no atherosclerotic lesions and was used as control.
Because atherosclerosis is known to be different between gender [34], all our mice
compared between groups were of the same gender.

While mice were under deep anesthesia with pentobarbital sodium (100 mg/kg ip), a
thoracotomy was performed. Aortas were gently extracted, and fat and connective tissue
were carefully removed. Aorta was cut off at the base of the heart. In vitro experiments were
conducted to investigate the efficacy of the system on reconstructing high-resolution B-
mode and hybrid images for such small objects (diameter ≈ 1 mm). Studies were performed
to image isolated aortas from different mouse types including the APOE-KO, DKO and
control. Objects were placed approximately at the transducer focus on a layer of silicone gel
lining a glass plate (perfect reflector) forming the reference echo as described earlier. RF
signals were collected using a separation distance down to 8.5 μm between adjacent signals.
Cross-sectional ultrasound scans down to 50 μm apart in the elevation direction were
acquired for each mouse artery covering from the aortic sinus to the thoracic aorta. After
ultrasound scanning, samples were sent to Research Histology Services at University of
Pittsburgh for histology processing. Aortas were embedded in paraffin blocks, and then
sectioned at 5 μm. Histology sections were stained using Masson Trichrome to highlight
collagen as an indicator for fibrotic tissue. Fibrotic tissue was stained as blue, muscle
filament was stained as red, and erythrocyte was stained as orange. In this study, short-axis
ultrasound scans of the vessels were particularly acquired to match with the orientation of
histology cross-sections during comparison. In order to correlate different plaque
components with the values of ultrasonic parameters, ROIs were chosen within different
cross-sections of the DKO and APOE-KO mouse models. The parameters' values were
evaluated and compared with the pathologic characteristics using pathologic photographs
and the ultrasound images such as in [26]. In this study, kernels within ROIs were set to one
of three plaque components including calcification, fibrosis, and lipid pool.

Additionally, a pilot study was performed to test the in vivo feasibility of the tissue
characterization technique using ultrasound data acquired via a commercially available
ultrasound machine. Ultrasound B-mode images and raw data after beamforming were
acquired using a high-frequency ultrasound machine for small animals imaging (Vevo 2100,
VisualSonics Inc., Toronto, ON, Canada). Imaging procedures were performed using the
MS 550D linear array transducer (22–55 MHz) of 40 MHz center frequency that can provide
axial and lateral resolutions of 40 μm and 80 μm, respectively. Mice were anesthetized and
maintained by isoflurane inhalation (1–3%) for up to 2 h. Supplemental heat and close
monitoring of temperature, pulse and respiration were provided during study. The chest area
was shaved and ultrasound gel was applied to maintain good coupling between the
transducer and animal skin and minimize the air contents. Ultrasound transcutaneous
scanning was performed for a 51-week female DKO and APOE-KO mice to acquire scans
from the aortic arch and its branches, particularly at the area of the brachiocephalic artery.
Lesions at the brachiocephalic artery, a small vessel (diameter ≈ 0.5 mm) connecting the
aortic arch to the right subclavian and right carotid artery, are common sites for
atherosclerosis development [35,36].
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3. Results
B-mode ultrasound images for the short-axis views of isolated mouse aortas were
reconstructed and compared with histology cross-sections to render approximately matched
couples for further analyses. ROIs were manually segmented in B-mode images, and then
quantitative hybrid images were reconstructed using the tissue characterization technique
described earlier. Fig. 2 shows images for the aortic arches of 70-week control, 50-week
DKO and APOE-KO mice. The adventitial layer was removed from all samples while
keeping the intima and media layers, where the majority of atherosclerotic lesions are
expected. Optical images acquired with the aid of microscope for the aortic arch of isolated
aortas of the control, DKO, and APOE-KO mice are shown in Fig. 2a–c, respectively. The
superimposed yellow dash lines indicate the location of the best-matched cross-sections used
in both ultrasound imaging and histology analysis. Fig. 2d–f depicts B-mode images of
selected cross-sections from control, DKO, and APOE-KO mice, respectively, while Fig.
2g–i shows the approximately-matched histology stained with Masson's trichrome. A
morphological matching was observed between B-mode and histology sections.

Ultrasound hybrid imaging was preformed for selected cross-sections in Fig. 2 to
characterize vascular tissue. Ultrasonic parameters in different domains were used to
reconstruct six different images for the control, DKO, and APOE-KO mice in Fig. 3a–c,
respectively. TIB images in the first row were reconstructed using the time-domain
integrated backscattering parameter that has been previously validated to characterize
plaques in human arteries using intravascular ultrasound imaging (IVUS) [17]. TIB images
of the APOE-KO mouse (Fig. 3c) showed lesions of different levels of TIB values at the
aortic cross-section. Atherosclerotic plaques in APOE-KO mouse exhibited higher values of
TIB and larger lesions (Fig. 3c) than those observed in two cross-sections of control and
DKO in Fig. 3a and b, respectively. The thick part of atheroma in the upper part (12 o'clock
position) within the short-axis view (Fig. 3c) exhibited the highest dB value (highest
contrast), however, other lesions diagnosed as atherosclerosis may show lower dB values
such as the stenotic lesion in the middle. TIB image of the DKO mouse (Fig. 3b) exhibited
lesions of lower TIB values (contrast) and distributed on areas smaller than of the APOE-KO
mouse. On the other hand, TIB image of the control mouse cross-section (Fig. 3a) exhibited,
relatively, homogenous cross-section (low contrast) with some small lesions of medium
scale dB values lower than those described in atherosclerotic mice (Fig. 3b and c). It was
observed that the TIB parameter showed the highest dB values, or highest contrast
resolution, in hybrid images of the APOE-KO mice, followed by the DKO, and control
mice, respectively, when using same dynamic ranges. Hybrid images for the same short-axis
view were reconstructed (rows following TIB in Fig. 3) using other parameters including
time variance (Tvar), time entropy (TE), frequency integrated backscatter (FIB), wavelet root
mean square value (Wrms), and wavelet integrated backscatter (WIB), respectively. For each
parameter, images were reconstructed using the same dynamic range for fair comparisons.
These ranges were selected to balance between the range of parameters' values and
visualization contrast. Generally, hybrid images reconstructed using other ultrasonic
parameters (second to sixth row in Fig. 3) exhibited noticeable contrast changes in vascular
tissues in areas similar to those observed in the TIB image when analyzing same cross-
sections of the control, DKO, and APOE-KO mouse models as will be described (Fig. 4).

To quantify the assessment of atherosclerosis using hybrid imaging ultrasonic parameters,
the mean value of each ultrasonic parameter was evaluated using n ROIs from the three
mouse models near the bifurcation where atherosclerosis was expected. On the other hand,
percentage (%) luminal occlusion, a parameter evaluated directly from histology was used to
demonstrate the progression of atherosclerosis in the control, DKO, and APOE-KO mouse
groups. Fig. 4a compared the mean and standard error (p < 0.05) of % luminal occlusion in
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different mouse types evaluated using n histology segments near the bifurcation. As
expected, the control group (n = 5) did not develop atherosclerosis and showed clear cross-
sections. The APOE-KO group (n = 5) showed more progression of atherosclerosis of 75.71
± 4.82% luminal occlusion, while the DKO group (n = 4) developed less luminal occlusion
(51.81 ± 9.74%). Fig. 4b–g depicted the mean value of ultrasound parameters and the
standard error (p < 0.05), which include TIB, Tvar, TE, FIB, Wrms, and WIB, respectively. The
bar plots compared the values of these parameters within the aortas of the control (n = 6),
DKO (n = 6), and APOE-KO (n = 10) groups. The APOE-KO model showed segments of
the highest ultrasonic parameters of −10.11 ± 1.92 dB, −12.13 ± 2.13 dB, −7.54 ± 1.45 dB,
−5.10 ± 1.06 dB, −5.25 ± 0.94 dB, and −10.23 ± 2.12 dB in TIB, Tvar, TE, FIB, Wrms, and
WIB images, respectively. A significant decrease in the same ultrasonic parameters (p <
0.05) was observed in lesions within the DKO mouse as −17.84 ± 2.67 dB, −19.26 ± 4.92
dB, −13.48 ± 1.82 dB, −9.10 ± 1.29 dB, −9.15 ± 1.25 dB, and −18.28 ± 2.57 dB in hybrid
images. The control mouse exhibited the lowest means of −20.20 ± 2.71 dB, −22.54 ± 4.54
dB, −14.94 ± 2.05 dB, −9.64 ± 1.34 dB, −10.20 ± 1.27 dB, and −19.36 ± 3.24 dB, using
same parameters respectively.

Quantitative ultrasound parameters were measured at different ROIs that have been
approximately matched with the histology of atherosclerotic lesions of DKO and APOE-KO
mice, and were set to one of three plaque components including calcification, fibrosis, and
lipid pool. Table 1 describes the mean and standard deviation of each ultrasound parameter
evaluated for each plaque component. All parameters exhibited similar characteristics where
calcified lesions (dark dense blue in histology images, n = 6) showed the highest values (p <
0.05) of −13.2 ± 9.4 dB, −16.3 ± 13.9 dB, −14.8 ± 8.8 dB, −10.1 ± 7.4 dB, −8.6 ± 5.2 dB,
and −14.2 ± 9.4 dB using TIB, Tvar, TE, FIB, Wrms, and WIB, respectively. Same parameters
exhibited values of −32.5 ± 15.2 dB, −31.2 ± 10.1 dB, −26.7 ± 11.4 dB, −20.0 ± 8.3 dB,
−18.5 ± 7.4 dB, and −31.3 ± 13.9 dB in fibrotic lesions (light blue in histology images, n =
13). Lesions of lipid pool (clear crystal in the histology images n = 8) exhibited values of
−42.4 ± 3.5 dB, −45.0 ± 3.0 dB, −33.0 ± 4.7 dB, −21.5 ± 1.8 dB, −20.3 ± 2.2 dB, and −35.8
± 5.2 dB using TIB, Tvar, TE, FIB, Wrms, and WIB, respectively. Ultrasound hybrid imaging
was used to estimate the area of calcified lesion within atherosclerotic plaque as a
percentage (%) of vessel cross-sectional area within the aortic arch region for DKO and
APOE-KO mice. Calcified lesions were determined using the threshold of the parameters'
values depicted in Table 1 for calcification and areas were normalized to vessel cross-
section. Fig. 5 compares % calcification evaluated from hybrid imaging using different
parameters with those evaluated blindly using histology cross-sections. Calcified lesions
were characterized in hybrid images of vessel cross-sections (n = 4) from the DKO and
APOE-KO mice, while no signs of calcification were found in the control. Calcified lesion
estimation errors of 0.02–3.6% can be observed in Fig. 5 by comparing histology and
ultrasonic hybrid measurements.

In vivo B-mode images for a long-axis view for the aortic arch of 51-week old female DKO
and APOE-KO mice are shown in the first row of Fig. 6. Yellow1 rectangles are
superimposed on B-scans to highlight ROIs at the brachiocephalic artery that was used in
our analyses. Reference echoes were approximated as the strongest reflections within RF
scans. In vivo ultrasound hybrid images were reconstructed for the ROI in each mouse type
using TIB, Tvar, FIB, and WIB are shown in the following rows (second to fifth) in Fig. 6,
respectively. Clean lumen was observed in Fig. 6a, where contrast changes in hybrid
imaging within the vessel wall were observed. These findings could be a sign of mild
atherosclerosis, if exists. However, luminal occlusions were observed in the APOE-KO

1For interpretation of color in Figs. 2 and 6, the reader is referred to the web version of this article.
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vessel of Fig. 6b. Values of ultrasonic parameters in the range of dB measured for fibrosis
and lipid pool (Table 1) were observed, which might indicate the existence of such plaque
components. Additionally, higher ultrasonic parameters were observed within the vessel
wall of APOE-KO mouse than those found in the DKO mouse (Fig. 6a). These in vivo
results were in agreement with both in vitro and histology findings in assessing
atherosclerosis within the DKO and APOE-KO mouse groups.

4. Discussion
This paper described an ultrasound-based imaging technique for diagnosing atherosclerosis
and characterizing atherosclerotic plaque in small animals. The ability of hybrid set of
images reconstructed using six ultrasonic parameters was tested to diagnose plaques in
atherosclerotic mouse models. Ultrasonic parameters such as TIB and FIB [18,26] were used
to reconstruct high-resolution (≤40 μm) images to characterize atherosclerotic lesions in
mouse models. In addition, novel parameters such as Tvar, TE, Wrms, and WIB were
described and compared to TIB and FIB and histology. All parameters exhibited significant
changes in their values (p < 0.05) in the hybrid imaging of control and atherosclerotic
vascular tissues (Figs. 3 and 4). Atherosclerotic lesions in APOE-KO mice differed in
ultrasonic parameters from control vascular ROIs by approximately 10 dB, 10.5 dB, 7.5 dB,
4.5, 5 dB, 9 dB in TIB, Tvar, TE, FIB, Wrms, and WIB images (Figs. 3 and 4). Whereas,
atherosclerotic lesions in DKO mice showed differences of approximately 2.5 dB, 2.0 dB,
1.5 dB, 1.0, 1.0 dB, 1.5 dB in TIB, Tvar, TE, FIB, Wrms, and WIB images from control
vascular ROIs, which are lower than those observed in APOE-KO lesions (Figs. 3 and 4).
Ultrasound findings were in agreement with the matching histologically characterized
vascular tissue from different mice (Figs. 2 and 3). Atherosclerotic vessels in the APOE-KO
model (Fig. 3c) showed more progression of atherosclerosis than the DKO model (Fig. 3b)
in hybrid imaging and higher values of all ultrasonic parameters (Fig. 4). However, both
atherosclerotic models exhibited higher values of ultrasonic parameters than those measured
in comparable vascular segments in the control mice (Figs. 3 and 4). In addition, the areas of
atherosclerotic lesions in DKO mouse were smaller than those observed in the APOE-KO
mouse (Figs. 3 and 6). This indicated slower atherosclerosis progression in the DKO mice
and was in agreement with our previous finding [5]. We believe that the use of combined set
of hybrid images for vascular tissue characterization instead of using a single parameter
shall improve the diagnosis and monitoring of atherosclerosis and help developing automatic
diagnostic technique.

A quantitative comparison between ultrasonic parameters (Fig. 4b–g) and histology (Fig. 4a)
was performed at possible lesions where atherosclerosis is expected in the aortic arch region
of the control, DKO, and APOE-DKO. Hybrid ultrasonic imaging exhibited the highest
contrast between various lesions in the APOE-KO mice (Fig. 4b–g), with an emphasis that
such technique could augment B-mode imaging to assess atherosclerotic plaques. On the
other hand, these parameters showed lower dB values in the images of the control and the
DKO mice than in the APOE-KO mice (Fig. 4b–g). These findings suggest a relationship
between the value of ultrasonic parameters and atherosclerosis progression as shown in the
bar plots in Fig. 4b–g. The change in ultrasonic parameters followed a similar trend to the
percentage luminal occlusion evaluated from histology (Fig. 4a) in assessing the
atherosclerosis progression in the three mouse models (control, DKO, and APOE-KO).
However, lesions diagnosed with atherosclerosis might show different ranges of dB values
based on the plaque components as explained in Table 1 for calcification, fibrosis, and lipid
pool. In the comparison between plaque compositions from histopathology and hybrid
imaging parameters (Table 1), it was found that calcified lesions exhibited the highest values
for all parameters, followed by fibrosis, then lipid pool. These changes in ultrasonic
parameters in different plaque compositions were in good agreement with those reported in
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previous studies [17,37]. Kawasaki et al. [17] correlated the TIB parameter with
atherosclerotic components, where calcification exhibited the highest dB values, then mixed
lesions of both calcification and fibrosis, followed by lesions of pure fibrosis, lipid pool, etc.
In this study, only three plaque components were characterized including calcification,
fibrosis, and lipid pool, since they showed significant differences in ultrasonic parameters (p
< 0.05) as reported earlier [17,37]. The size of calcified lesions within atherosclerotic
plaque, as a percentage of vessel cross-sectional area, was estimated using hybrid imaging,
and then compared with histology estimation (Fig. 5). Using cross-sections from the aortic
arch region of DKO and APOE-KO mice, estimation errors of 0.02–3.6% were reported in
calculating % calcification between ultrasonic parameters and histology calculations.
Parameters such as TE and FIB showed the lowest % calcification estimation error in both
DKO and APOE-KO (Fig. 5).

In this paper, most studies were in vitro that require sacrificing the animal. In spite of
showing the in vivo feasibility of the ultrasound hybrid imaging technique to characterize
atherosclerotic plaques in DKO and APOE-KO mice (Fig. 6), further investigations are
required. Investigations are needed to employ optimum procedures including reference echo
standardization to overcome the transducer diffraction effect via employing dynamic
focusing that increases the field of depth within the ROI, parameters' optimization, and
validation using a large number of animals. Ongoing research in our laboratory focuses on
applying such an in vivo technique, which will allow the long term monitoring of disease
progression or treatment. This study showed the feasibility of diag nosing atherosclerosis
and characterizing atherosclerotic plaque using only 2D hybrid imaging. In the future, this
algorithm can be extended to include 3D hybrid imaging for the complete volume
assessment of atherosclerosis progression.

Due to the small size of vascular cross-sections used in this study (≈1 mm), it was difficult
to render exactly matched ultrasound and histology. However, we were able to render
limited number of approximately matched vascular segments (n) in each mouse type to use
throughout the analyses as presented in Figs. 4 and 5 and Table 1. A major limitation of this
study is the relatively small number of animals that may not properly cover potential animal
variations. However, the main goal of this study was to demonstrate the feasibility of using
hybrid parameters to reliably characterize vascular tissue and validate histologically. Further
statistical analysis and correlation studies are needed to assess the sensitivity of each
ultrasonic parameter and correctly characterize atherosclerotic plaque and the specificity in
identifying normal tissue. In this work, we used the first approximation of wavelet
decomposition to calculate ultrasonic parameters (Wrms and WIB) using Eqs. (6) and (7).
The number of wavelet coefficients per kernel is half the number of time domain samples.
Consequently, the number of computations was dropped by half size compared to other
parameters calculated in the time domain. Further levels of decomposition may be tested,
which could decrease the number of computations by factors of 4, 8, or less, and more
parameters could be investigated as well.

5. Conclusion
An ultrasound-based hybrid imaging technique for vascular tissue diagnosis and plaque
characterization in mice is described. This technique extracts six parameters from time-,
frequency-, and wavelet-domains to reconstruct a set of ultrasound hybrid images. The
technique was tested mainly using 55 MHz high-frequency ultrasound single-element
imaging system providing maximum spatial resolution of 24 μm to characterize
atherosclerotic plaques in three mouse models. Mouse models included the control C57BL/
6, and atherosclerotic apolipoprotein E-knockout (APOE-KO) and APOE/A1 adenosine
receptor double knockout (DKO) mice of different progression of atherosclerosis. Novel
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parameters such as time variance (Tvar), time entropy (TE), wavelet RMS (Wrms), and
wavelet integrated backscatter (WIB), showed similar performance to the previously
investigated parameters including time integrated backscatter (TIB) and frequency integrated
backscatter (FIB), and histology findings in diagnosing atherosclerosis and characterizing the
plaque. Atherosclerotic lesions in APOEKO mice exhibited differences in ultrasonic
parameters from control vascular ROIs of approximately 10 dB, 10.5 dB, 7.5 dB, 4.5, 5 dB,
9 dB in TIB, Tvar, TE, FIB, Wrms, and WIB images. Whereas, atherosclerotic lesions in DKO
mice showed differences from control vascular ROIs of approximately 2.5 dB, 2.0 dB, 1.5
dB, 1.0, 1.0 dB, 1.5 dB in images, respectively, which were lower than those were observed
in APOE-KO lesions (p < 0.05). Moreover, the in vivo feasibility of the hybrid technique
was demonstrated using a 40 MHz linear array transducer attached to commercial ultrasound
scanner for small animal imaging. Hybrid ultrasound images showed good agreement with
histological finding and succeeded to quantitatively measure the percentage of calcified
plaque tissue with maximum error of 3.5%. This technique can be implemented in any
ultrasound machine providing RF accessibility. These findings demonstrated the potential
use of ultrasound hybrid imaging for noninvasive vascular tissue diagnosis, which can be
applied in both preclinical animal studies and human future clinical use. Ongoing research in
our laboratory focuses on validating and testing the technique in vivo using larger sample
size, and developing the 3D hybrid imaging for tissue characterization.
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Fig. 1.
A schematic diagram describes the main steps of the hybrid ultrasound imaging algorithm.
TIB, Tvar, TE, FIB, Wrms, and WIB are time integrated backscatter, time variance, time
entropy, frequency integrated backscatter, wavelet RMS, and wavelet integrated backscatter,
respectively.
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Fig. 2.
Different kinds of images for the aortic arch of control, DKO, and APOE-KO mice,
respectively, after removing the adventitial layer. (a)–(c) Optical images acquired with the
aid of microscope for the aortic arches of the control, DKO, and APOE-KO mice,
respectively. Arrows highlight suspected atherosclerotic lesions. The dash lines indicate
approximately cross-sections used in the following ultrasound imaging and histology, (d)–(f)
ultrasound B-mode images for the cross-sections indicated by dash lines at the bifurcation of
the control, DKO, and APOE-KO mice, respectively, and (g)–(i) approximately matched
histology sections stained with Masson's trichrome for the cross-sections used in ultrasound
imaging (d)–(f). Blue represents fibrotic tissue, red represents muscle filament, and orange
represents erythrocytes (thrombus). Darker dense blue represents possible calcification area.
Morphological matching is observed between various kinds of images (bar = 1 mm). (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.
Ultrasound hybrid images for the cross-sections in Fig. 2 of the control, DKO, and APOE-
KO mice. Images within the same row are reconstructed using same time, frequency, or
wavelet parameter. From top to bottom, parameters include time integrated backscatter
(TIB), time variance (Tvar), time entropy (TE), frequency integrated backscatter (FIB),
wavelet RMS (Wrms), and wavelet integrated backscatter (WIB), respectively. (a) Hybrid
images of the control mouse, (b) DKO mouse, and (c) APOE-KO mouse. Generally, the
APOE mouse (c) shows lesions of dB higher values (contrast) in all parameters distributed
on larger areas than the DKO mice (b) and the control (a) (bar = 1 mm).
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Fig. 4.
Bar plots compare findings of the histology and ultrasound hybrid imaging within the
bifurcation of the aortic arch of different mouse models. (a) Percentage luminal occlusion, as
an indication of atherosclerosis progression, in the control, DKO, and APOE-KO mouse
models. (n = histology cross-sections), and (b)–(g) mean values of ultrasonic parameters
including time integrated backscatter (TIB), time variance (Tvar), time entropy (TE),
frequency integrated backscatter (FIB), wavelet RMS (Wrms), and wavelet integrated
backscatter (WIB) at corresponding lesions within of the control, DKO, and APOE-KO
mouse models. (n = region of interests). Error bars represent the standard error (p < 0.05).
The APOE-KO mouse showed the largest luminal occlusion followed by the DKO.
Ultrasonic parameters showed similar behaviors to histology where all parameters showed
the highest values for the APOE-KO mouse followed by the DKO.
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Fig. 5.
Measurements of calcified areas as a percentage of vessel cross-sections evaluated from
ultrasound hybrid imaging and histology in atherosclerotic mice. (a) Percentage calcification
calculated for a DKO mouse, and (b) percentage calcification calculated for an APOE-KO
mouse. Ultrasound parameters include time integrated backscatter (TIB), time variance
(Tvar), time entropy (TE), frequency integrated backscatter (FIB), wavelet RMS (Wrms), and
wavelet integrated backscatter (WIB), respectively. Cross-sections were acquired at the
bifurcation of the aortic arch. Error bars represent the standard error (p < 0.05). Ultrasound
parameters were able to detect calcified lesions and some parameters including TE, FIB, and
Wrms showed good measurements agreement with histology for percentage calcification (n =
4 cross-sections).
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Fig. 6.
In vivo ultrasound images of long-axis views for the aortic arch area of 51-week-old (a)
DKO mouse, and (b) APOE-KO mouse. Images, from top to bottom row, include B-mode
with rectangles superimposed on the ROIs at the brachiocephalic artery, and ultrasound
hybrid imaging of ROI using time integrated backscatter (TIB), time variance (Tvar),
frequency integrated backscatter (FIB), and wavelet integrated backscatter (WIB),
respectively. In the DKO mouse, clean vessel lumen is observed with small dB changes in
parameters' values within the vessel wall. While at same location in the APOE-KO mouse a
thickened vessel wall was observed with luminal occlusion and dB values higher than those
observed in the DKO images in (a). These findings indicate more sever atherosclerotic
plaque in the APOE-KO mouse (bar = 0.5 mm).
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Table 1

The mean and standard deviation evaluated for each ultrasonic parameter at different components of
atherosclerotic plaques including calcification, fibrosis, and lipid pool using n regions of interest matched with
histology. Ultrasonic parameters include time integrated backscatter (TIB), time variance (Tvar), time entropy
(TE), frequency integrated backscatter (FIB), wavelet RMS (Wrms), and wavelet integrated backscatter (WIB).

Histology Parameter mean ± 1 SD (dB)

TIB Tvar TE FIB Wrms WIB

Calcification (n = 6) −13.2 ± 9.4 −16.3 ± 13.9 −14.8 ± 8.8 −10.1 ± 7.4 −8.6 ± 5.2 −14.2 ± 9.4

Fibrosis (n = 13) −32.5 ± 15.2 −31.2 ± 10.1 −26.7 ± 11.4 −20.0 ± 8.3 −18.5 ± 7.4 −31.3 ± 13.9

Lipid pool (n = 8) −42.4 ± 3.5 −45.0 ± 3.0 −33.0 ± 4.7 −21.5 ± 1.8 −20.3 ± 2.2 −35.8 ± 5.2
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