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Abstract

We have previously reported on the equivalent scatterer size, attenuation coefficient, and axial strain
properties of atherosclerotic plague ex-vivo. Since plaque structure and composition may be damaged
during a carotid endarterectomy procedure, characterization of in-vivo properties of atherosclerotic
plaque is essential. The relatively shallow depth of the carotid artery and plaque enables non-invasive
evaluation of carotid plaque utilizing high frequency linear array transducers. We investigate the
ability of the attenuation coefficient and equivalent scatterer size parameters to differentiate between
calcified, and lipidic plaque tissue. Softer plaques especially lipid rich and those with a thin fibrous
cap are more prone to rupture and can be classified as unstable or vulnerable plaque. Preliminary
results were obtained from 10 human patients whose carotid artery was scanned in-vivo to evaluate
atherosclerotic plaque prior to a carotid endarterectomy procedure. Our results indicate that the
equivalent scatterer size obtained using Faran’s scattering theory for calcified regions are in the
120~180 um range while softer regions have larger equivalent scatterer size distribution in the
280~470 pum range. The attenuation coefficient for calcified regions as expected is significantly
higher than that for softer regions. In the frequency bandwidth ranging from 2.5~7.5 MHz, the
attenuation coefficient for calcified regions lies between 1.4~2.5 dB/cm/MHz, while that for softer
regions lies between 0.3~1.3 dB/cm/MHz.
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Introduction

Previous ultrasound based in-vivo clinical analysis of atherosclerosis was performed utilizing
intravascular ultrasound (IVUS) techniques on coronary arteries [1-6]. Wilson et al. [7] using
IVUS radiofrequency (RF) data identified regions with a high attenuation vs. frequency slope
as degenerative plaque. Nair et al. [4,8] attempted to predict coronary plague composition using
IVUS RF data analysis, and concluded that regularized autoregressive analysis can improve
the spatial accuracy of parametric mapping of collagen, fibrin, muscle, nuclei, elastic fibers,
and calcium. Leung et al. [6] performed in-vivo IVUS elastography studies on human patients.
Although IVUS provides higher spatial resolution, it also suffers from problems such as
reverberation artifacts, increased frequency dependent attenuation etc in addition to being an
invasive procedure. These problems impact the accuracy of ultrasonic tissue characterization
(UTC) parameters and strain estimations performed. In-vivo UTC methods have also been used
extensively to characterize the liver [9-11], breast [12], and cardiac muscle tissue [13-16].

However, relatively fewer in-vivo UTC studies have been performed on the carotid artery using
external clinical linear array transducers [17-20]. Urbani et al. [18] illustrated that the
integrated backscatter (IBC) computed in-vivo was effective for differentiating between lipidic,
fibrotic, and calcified plague in human atherosclerotic carotid plaques. However, newer studies
of carotid plaque characterization are based on the estimation of displacement and strain in
carotid atherosclerotic plaque [17,19,20]. In addition, many of the previous carotid plaque
studies were ex-vivo studies [21-25]. Ultrasonic attenuation [21,26], IBC [21-24,27], and other
scattering parameters such as the slope, midband fit (MBF) and the zero frequency intercept
of power spectra of the RF echo signals [24,28] have all been utilized for UTC based analysis
of carotid plaque tissue.

Waters et al. [24] reported that IBC and MBF based UTC parameters provided good agreement
with plague composition obtained from histological analysis on fixed carotid endarterectomy
plaque specimens. Waki et al. [23] correlated histological results obtained ex-vivo with in-
vivo IBC values obtained by processing RF data from the carotid artery of patients and
volunteers scanned using a SONOS 5500 system with a 7.5 MHz linear-array transducer. They
concluded that the low IBS values at the interface of atherosclerotic lesions in the carotid artery
suggest the presence of a thin fibrous cap frequently associated with unstable or vulnerable
plaque.

One of the motivations for the analysis of carotid plaque in-vivo is due to the possible damage
to plague morphology and structure during carotid endarterectomy procedures. In addition, the
relatively shallow depth of the carotid artery and plaque enable the utilization of high frequency
clinical linear array transducers to non-invasively characterize atherosclerotic carotid plaque.
The ability to identify plaques that are unstable or prone to rupture can significantly aid the
clinician in choosing appropriate interventional procedures. Different features that have been
associated with vulnerable, unstable or symptomatic plaques include the presence of surface
ulcerations, inflammation, presence of a thin fibrous cap overlying a significant lipid core,
presence of intra plaque hemorrhage and new vessel formation in the plaque [29-32].
Moreover, in-vivo evaluations before surgery are important to obtain information regarding
both plague composition and structure which may provide useful information regarding the
need for immediate intervention in these patients.

Materials & Method

In-vivo attenuation coefficient and equivalent scatterer size estimation

We have previously reported on a reference phantom based power difference method to
calculate attenuation in small tissue samples ex-vivo [26]. We will utilize this method to
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compute the attenuation coefficient and to estimate the attenuation compensated equivalent
scatterer size parameter [25] from the ultrasound RF data recorded. The reference phantom
used is a tissue mimicking (TM) effective scatterer size phantom, where the uniform region is
scanned to obtain the reference RF data. The background is composed of 48 um diameter glass
beads, with the attenuation coefficient of the background material of 0.5 dB/MHz/cm. After
each patient was scanned, the reference phantom was scanned immediately using the same
system settings. For both attenuation and equivalent scatterer size estimation, the transducer
was set to a center frequency of 6.15 MHz, with the bandwidth from 2.5MHz~7.5MHz. The
line density was set to the maximum, i.e. 508 lines over the 38mm width of the transducer. The
focus was set just below the plaque location.

For in-vivo estimation of the attenuation coefficient we use a similar approach as in the ex-
vivo situation. Based on the B-mode images obtained from the RF data, we mark the top and
bottom boundaries of the plaque, and calculate the thickness of the plaque using this approach.
Data windows containing 512 RF data points from each A-line were selected from the region
just below and above the plaque to estimate the power spectrum. Short-time Fourier transform
(STFT) analysis using a Hanning gated 256 point non-overlapping data segments were used
to compute the power spectrum. Three STFT were computed over each A-line data segment
(axial direction), along with the STFT computed over 20 A-lines in the lateral direction
averaged to compute the power spectrum. The axial direction is defined as the beam
propagation direction, while the lateral direction refers to data within the ultrasound scan plane
of the linear array transducer. Since the sampling rate was 40MHz, and A-line density was
38mm/508 A-lines, the final power-spectrum was obtained from a 2-D block with dimensions
of (512x1.54)/(2x40) = 9.86 mm in the axial direction and 20x(38/508) = 1.5 mm in the lateral
direction. For each block, an attenuation coefficient value is estimated. In a similar manner to
the ex-vivo situation, we assume that the attenuation coefficient has a linear dependence with
frequency. For a plaque segment of length L mm in the lateral direction, the computation
generates N=INT[L/1.5] estimation points, where INT denotes the integer value. We calculate
the mean attenuation coefficient and standard deviation from the N estimation values. The
mean attenuation is then utilized to correct the power spectra of the ROI prior to the scatterer
size estimation. Unlike the ex-vivo situation, where we can average several estimates obtained
from multiple data sets or imaging planes, under in-vivo imaging conditions the sonographer
has to hold the transducer steady on the patient skin (for data acquisition), the acquired data is
always along a single imaging plane. Therefore, the estimated attenuation value fluctuates, if
only a single block of data is utilized. The fluctuations are significantly reduced, by averaging
several estimated values to reduce fluctuations in the value of the attenuation coefficient.

The power spectra for the reference phantom, at the same depths as the regions selected in-
vivo are calculated in a similar manner. We average 25 independent STFT realizations to obtain
the expected value or power spectrum for the reference phantom. Finally the power difference
approach is utilized to calculate the attenuation coefficient of plaque in-vivo [26]. The power
difference method requires the computation of the normalized power spectrum (normalized
using the reference phantom data collected at the same depth) both above and below the region
of interest (ROI), namely plaque in the in-vivo scans along with regions at similar depths in a
reference phantom. The difference between the two normalized power spectra are utilized to
calculate the attenuation coefficient. The other advantage of using a reference phantom is that
we can average data from multiple scan planes to obtain smooth reference power spectra, thus
reducing the estimation error. This concept was presented in detail in [26]. In addition, note
that since the in-vivo plaque structure is more complicated than the ex-vivo situation (which
only contain the excised plague), and the uniform reference phantom may not completely
compensate for all system parameters. For the power difference method RF data was selected
in regions with no plaque for the upper ROI and below the plaque for the second ROI [26].
After the attenuation coefficient was calculated, Faran’s scattering theory for glass beads
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similar to that described for the ex-vivo situation was used to estimate an equivalent scatterer
size parameter.

Following data acquisition, different ROl in the plaque were identified by a radiologist from
the ultrasound B-mode and color-flow Doppler images. The radiologist blinded to the UTC
results identified 16 ROI’s from the 10 subjects that included 8 calcified regions and 8 soft
regions. Generally, on ultrasound B-mode images, calcified regions appear brighter and have
increased acoustic shadowing below the plaque, while soft regions appear as darker areas and
usually have no associated shadowing below the plaque. Color-flow Doppler imaging was
utilized to indicate the absence of blood flow in these ROIs. Figure 1(a) presents the ultrasound
B-mode image for a patient that depicts a large calcified plaque inside the carotid artery. Color-
flow Doppler imaging also indicates the absence of any blood flow in these ROI as shown in
Figure 1(b).

Experimental Setup—In-vivo data acquisition on patients with carotid stenosis and plaque
was performed at the University of Wisconsin-Madison Hospitals and Clinics, under a protocol
approved by the UW-Madison Institutional review board (IRB) for data acquisition on human
patients. Ultrasound RF data were acquired on patients who provide written consent to
participate in the study. Patients were scanned using a Siemens Antares system (Siemens
Ultrasound, Mountain View, CA, USA) equipped with the Axius direct ultrasound research
interface (URI), which provides 16 bit digitized echo signals at a sampling rate of 40 MHz. In
addition to the RF data acquisition a complete carotid clinical ultrasound study was performed.
This included color-flow Doppler imaging to determine regions and velocities of blood flow
and to guide acquisition of ultrasound B-mode data loops. Patient scanning was performed as
a standard clinical carotid examination, where the sonographer places the transducer on the
skin surface at the location of carotid artery. A VFX 9-4 linear array transducer was used for
patient scans. The lateral resolution was also set to the highest value, i.e. 508 A-lines for an
image field width of 38 mm, and a single transmit focus was set just below the plaque.

In-vivo Experimental Results

Attenuation Coefficient and Equivalent Scatterer Size Estimation—Plaque ROl are
classified using the radiologist’s identification of these regions as either soft or calcified
plaques (The B-mode and color Doppler images for plaque classification were read by Dr.
Mark Kliewer, M.D. who is a board-certified radiologist). Observe from Figure 2, that the
attenuation coefficients for calcified regions are significantly higher than that for softer regions.
In the frequency bandwidth ranging from 2.5~7.5 MHz, the attenuation coefficient for calcified
regions lies between 1.4~2.5 dB/cm/MHz, while that for softer regions were between 0.3~1.3
dB/cm/MHz. Acoustic shadowing is one of the diagnostic signs radiologists utilize to
characterize the plaque type, and the quantitative results presented in Figure 2 verifies this
readings. Figure 3, presents RF segments and the corresponding power spectra obtained over
a block of RF data indicated in the figure for both calcified (hyperechogenic) and
hypoechogenic regions, i.e. originating from softer and lipid rich plaques. Note that the power
spectra obtained from hypoechogenic regions (Figure 3 ii (c)) in the plaque contains
significantly higher frequency content when compared to the RF data obtained from the
calcified plaques (Figure 3 i (c)). This observation also illustrates in the number of zero-
crossings visualized in the RF segments in Figure 3 (b).

In a similar manner the equivalent scatterer sizes estimated using Faran’s scattering theory, are
shown in Figure 4. The results in Figure 4, indicate that the equivalent scatterer size for calcified
regions lies in the range 120~180 pum, while that for soft plaque regions are in the 280~470
pm range. Bar plots of the mean and standard deviation of the attenuation coefficient and
equivalent scatterer size for calcified and soft plaques shown in Figure 5, show that the mean
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attenuation coefficient for calcified plaque is 2.21+0.47dB/MHz/cm, and 0.86+0.50dB/MHz/
cm for softer plaques. For the equivalent scatterer size parameter, calcified plague demonstrates
consistent values of scatterer size of 132+7um, while softer plaques indicate scatterer sizes in
the 308+110um range.

Figure 6 presents a plot of the attenuation coefficient versus the equivalent scatterer size
estimated using Faran’s scattering theory for the same ROI. Note that the attenuation coefficient
and equivalent scattering size parameter for soft and calcified plaques are clustered in different
regions, indicating that a combination of the attenuation and scatterer size can be utilized as a
tool to distinguish soft from calcified plaque. This result is also corroborated by our ex-vivo
results [25] which indicate similar clustering of the equivalent scatterer size and attenuation
coefficient computed over the same ROL.

Receiver Operating Characteristic Analysis

Receiver operating characteristic (ROC) analysis is utilized to evaluate the ability of these UTC
parameters to classify different plague types. We rely on the radiologist’s reading of soft and
calcified plague as the standard to divide our sample pool into these 2 categories. We have
arbitrarily chosen calcified plaque as the True category, and soft plaque as the False category.
ROC analysis for the attenuation coefficient parameter involves the following steps: We utilize
the attenuation coefficient parameter B calculated from the in-vivo data set. The parameter B’
is varied as the decision-making threshold value, where we make a decision that the sample
with parameter 3 > B’ are Positive, while samples with parameter 3 < B’ are Negative. We then
compare our test conclusion with the standard, to obtain a true positive fraction (TPF) which
is the ratio of sample number in the True category that also tested as positive versus the total
number in the True category. The false positive fraction (FPF) is the ratio of sample number
in False category that tested as positive versus the total number in the False category. Obviously
TPF and FPF are functions of the threshold value . A plot of the TPF vs. FPF is referred to
as the ROC curve. The area under the curve (AUC) is a non-parametric value that describes
the performance of the test. Higher values of the AUC indicate that the test has an improved
ability to delineate or differentiate between the two categories..In a similar manner, we also
calculate ROC curves for the equivalent scatterer size parameter. Figure 7 and Figure 8 show
the ROC curves for the attenuation coefficient and equivalent scattering size parameter
obtained using Faran’s theory.

The AUC values obtained from the ROC curves in Figure 7 and Figure 8 are 0.984 and 0.875
respectively. From the AUC values, we conclude that both these UTC parameters are good
candidates for the separation of soft from calcified plaque tissue. The results also indicate that
the attenuation coefficient is a better indicator of calcified plaque when compared to the
equivalent scattering size parameter. Since only a limited number of samples are included in
this study, the ROC curves and AUC values obtained are very preliminary results. With
additional samples, the ROC curves and AUC values would provide useful indicators of the
ability of these parameters to predict plaque type.

Discussion

In this paper, we perform an in-vivo carotid artery plaque characterization using a conventional
clinical diagnostic ultrasound imaging system. In-vivo characterization of carotid plaque is
difficult since the artery and plaque are embedded within tissue layers. Tissue background
between the ultrasound transducer and carotid plaque contain skin, fat, muscle tissue, artery
wall, and blood. Ultrasound beam refraction and reflection are factors that also complicate
power spectral analysis of plaque tissue. In addition, patient motion and respiratory artifacts
introduce additional errors.
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In-vivo UTC analysis demonstrates that the attenuation and equivalent scatterer size parameter
are significantly different in soft and calcified plaques. For calcified plaques, the attenuation
coefficient is usually higher, and the equivalent scattering size parameter is smaller. This
conclusion is similar to that obtained in our ex-vivo analysis. Plots of attenuation coefficient
versus the equivalent scattering parameter estimated using Faran’s scattering theory reveal the
clustering of calcified and soft plaque. This clustering illustrates that this method can be utilized
to distinguish calcified plaque and soft plaque under in-vivo imaging conditions.

In this preliminary in-vivo study, we utilize ROC curves to analyze the performance of UTC
parameters, i.e. attenuation coefficient, and equivalent scattering size parameter. However, due
to the limited sample number, the ROC curves obtained have a discrete zigzag shape. The area
under the ROC curves for the attenuation coefficient parameter was 0.984 and 0.875 for the
equivalent scatterer size parameter respectively. These values are quite high and indicate that
these UTC parameters are excellent candidates for the characterization and differentiation of
atherosclerotic plaque.

We have also presented equivalent scatterer size and attenuation coefficient results estimated
on ex-vivo plaque tissue[25]. In comparison to the in-vivo results presented in this paper, the
attenuation coefficient slopes estimated ex-vivo was higher. However, our ex-vivo results
obtained were consistent with the ex-vivo results reported by Bridal et al [21]. There are several
reasons for the possible discrepancy between the ex-vivo and in-vivo results. In the in-vivo case,
the plaque grow attached to the vessel wall for years, and the interfaces between the plaque
and vessel wall would be significantly different from that measured under ex-vivo conditions.
In addition as the plaque is excised from the vessel wall, some of these interfaces can get
damaged. The excised tissue is also imaged about 1-2 hours following surgery, which may
also have an impact on the UTC parameters estimated.

The equivalent scatterer size for calcified plaques indicate an interesting clustering
phenomenon, in the range of 100um~150um, while the scatterer size for soft plaques is spread
outin a larger range. In ultrasound B-mode images, calcified plaques can be clearly identified,
while other plaque tissue with complex structure and components may have been identified as
soft plaques. In addition, plaque tissue is significantly inhomogenous, and the soft plague could
contain lipid crystals, fibrous tissue, hemorrhagic material, cell debris, etc, therefore the
scattering properties could vary. In the previous ex-vivo paper [25], the attenuation coefficient
slope vs. scatterer size plot exhibits a similar trend. The larger number of ROI in the ex-vivo
paper would also impact the distribution of the equivalent scatterer size and the attenuation
coefficient slope presented.

Conclusion

The preliminary in-vivo results presented in this paper indicate that the attenuation coefficient
and equivalent scatterer size parameter estimated using Faran’s theory present a good
combination of UTC parameters for the differentiation between soft and calcified plaques.
Softer plaques, especially lipid rich with a thin fibrous cap are more likely to be unstable when
compared to calcified plaques. It is therefore of interest to detect softer plaques prior to its
development as a hemodynamically significant lesion in the artery. The UTC parameters
described in this paper have the potential to be utilized as a screening technique for the detection
and differentiation of softer from calcified plaques.
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Figure 1.

Calcified plaque within the carotid artery of a patient. (a) B-mode image of the plaque, where
the red circles indicate calcified regions identified by the radiologist. (b) Color-flow Doppler
image indicates no blood flow within the plaque region.
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Figure 2.
Plot of the attenuation coefficient for calcified and soft plaque shown versus patient number.
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Figure 3.

B-mode images (a) for both calcified (i) and soft or lipid rich (ii) plaque tissue. RF data
segments from within these plaque types are shown (b), along with the corresponding power
spectra estimated over the block indicated in the B-mode images.
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Figure 4.
Plot of the equivalent scatterer size for calcified and soft plaque shown
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Bar plot of (a) the mean and standard deviation of the attenuation coefficient, (b) the mean and
standard deviation of equivalent scatterer size for calcified and soft plaque respectively.
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Figure 6.

Attenuation coefficient estimates plotted versus the equivalent scatterer size parameter

obtained using Faran’s scattering theory.
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ROC curves obtained using the attenuation coefficient estimated in-vivo to differentiate
between soft and calcified plaque.
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ROC curves for the equivalent scatterer size obtained using Faran’s scattering theory from the
in-vivo data sets used to differentiate between soft and calcified plaque.
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