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Abstract

Seventy percent of cardiovascular disease (CVVD) deaths are attributed to atherosclerosis. Despite
their clinical significance, nonstenotic atherosclerotic plaques are not effectively detected by
conventional atherosclerosis imaging methods. Moreover, conventional imaging methods are
insufficient for describing plaque composition, which is relevant to cardiovascular risk
assessment. Atherosclerosis imaging technologies capable of improving plaque detection and
stratifying cardiovascular risk are needed. Acoustic Radiation Force Impulse (ARFI) ultrasound, a
novel imaging method for noninvasively differentiating the mechanical properties of tissue, is
demonstrated for in vivo detection of nonstenotic plaques and plague material assessment in this
pilot investigation. In vivo ARFI imaging was performed on four iliac arteries: 1) of a
normocholesterolemic pig with no atherosclerosis as a control, 2) of a familial
hypercholesterolemic pig with diffuse atherosclerosis, 3) of a normocholesterolemic pig fed a
high-fat diet with early atherosclerotic plaques and 4) of a familial hypercholesterolemic pig with
diffuse atherosclerosis and a small, minimally-occlusive plaque. ARFI results were compared to
spatially matched immunohistochemistry, showing correlations between elastin and collagen
content and ARFI-derived peak displacement and recovery time parameters. Faster recoveries
from ARFI-induced peak displacements and smaller peak displacements were observed in areas of
higher elastin and collagen content. Importantly, spatial correlations between tissue content and
ARFI results were consistent and observable in both large and highly evolved as well as small
plaques. ARFI imaging successfully distinguished nonstenotic plaques, while conventional B-
Mode ultrasound did not. This work validates the potential relevance of ARFI imaging as a
noninvasive imaging technology for in vivo detection and material assessment of atherosclerotic
plaques.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death globally; the majority of CVD
deaths are due to sequelae of atherosclerosis (WHO fact sheet no. 317, February 2007).
Atherosclerosis is routinely diagnosed by a variety of imaging methods (Sanz et al 2008,
Rosamond et al 2008, Mackay and Mensah 2004). These methods include invasive
techniques such as coronary angiography and intravascular ultrasound (IVUS), as well as
noninvasive approaches such as ultrasound carotid intima-media thickness (CIMT)
measures. These imaging methods are known to be effective for detecting occlusive plaques
associated with pronounced narrowing of the vessel lumen and/or blood flow obstruction
(known as ‘stenotic’ plaques). However, they are not demonstrated for detecting nonstenotic
plaques or for characterizing plaque material composition (Glagov 1987; Libby and Theroux
2005, Raggi et al 2005). It is well established that certain material characteristics, such as a
large lipid pool and a thin or disrupted fibrous cap, are indicative of increased plaque
vulnerability (Rader et al 2008, Gerszten et al 2008, Nighoghossian et al 2007). Nonstenotic
plaques, particularly those with soft lipid cores and thin or disrupted fibrous caps, are
associated with risk for initiating ischemic events. There is a clear yet unmet need for a
validated atherosclerosis imaging modality that can improve nonstenotic plaque detection
and predict cardiovascular risk.

Rather than assessing luminal narrowing, atherosclerosis imaging approaches capable of
describing plaque composition, size, structure, and mechanical properties — material features
that are known to influence plaque stability - are gaining significance in current research
with potential to translate into clinical diagnostics (Sanz et al 2008). Imaging techniques in
practice and under development that aim to materially characterize atherosclerotic plaques
include X-ray computed tomography (CT) (Raggi et al 2005; Schuijf et al 2006), magnetic
resonance imaging (MRI) (Yuan et al 2006), intravascular ultrasound (IVUS) integrated
backscatter (IB) and virtual histology (VH) methods (Amano et al 2007; Boese et al 2004;
Bose et al 2007; Granada et al 2006, Nair et al 2002), and IVVUS elastography (De Korte et
al 2002; Baldewsing et al 2006; Saijo et al 2006). Although 1VVUS offers many advantages
over angiography, its widespread use in clinical practice may be partially limited by its
invasive nature, which carries a certain level of risk (Pulido et al 2004; Bose et al 2007).

Novel noninvasive approaches to detecting and materially characterizing atherosclerotic
plaques include acoustic radiation force based methods. Such methods exploit energy in
transmitted acoustic pulses to deliver localized, precise force sufficient in magnitude to
induce subtle tissue displacements. Induced displacements can be tracked using
conventional ultrasonic means, and they are indicative of local tissue mechanical, i.e.
material, properties (Nightingale et al 2002; Palmeri et al 2005b). Radiation force-based
methods have been demonstrated in recent years for differentiating tissue structure via
mechanical property in varied applications, including discrimination of breast lesions
(Alizad et al 2004; Soo et al 2006), myocardial RF ablations (Fahey et al 2005a), abdominal
aortic aneurysms (Mozes et al 2005), thermally and chemically induced lesions (Bercoff et
al 2004), abdominal organs (Fahey et al 2005b), the gastrointestinal track (Palmeri et al
2005a), liver (Nightingale 2006), thrombosis (Viola et al 2004), and myocardium (Bradway
et al 2007; Hsu et al 2007). In addition, acoustic radiation force has been effective for
delineating tissue structure in human peripheral arteries (Dahl et al 2006; Trahey et al 2004)
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as well as pig arteries (Pislaru et al 2008; Zhang and Greenleaf 2007; Zhang et al 2006). We
recently published our results of ex vivo Acoustic Radiation Force Impulse (ARFI) imaging

in a familial hypercholesterolemic (FH) pig iliac artery with confirmation of ARFI findings

by matched immunohistochemistry (Dumont et al 2006).

This paper extends our previous ex vivo demonstration (Dumont et al 2006) to in vivo
application of ARFI ultrasound for materially characterizing atherosclerotic plaques in a
relevant pig model of atherosclerosis. ARFI results are spatially correlated to tissue collagen
and elastin composition.

Both elastin and collagen are important to overall plaque stability. Elastin, a significant
component of the extracellular matrix of large blood vessels, enables arterial dilation and
contraction in response to variations of blood pressure while collagens, the major proteins of
the extracellular matrix, form fibrils and networks that resist tensile stress (Goncalves et al
2007). Plaque collagen and elastin content is the net result of dynamic balances between
synthesis and degradation.

Elastin synthesis is common in plaques associated with symptoms; morphological studies
suggest that coronary plaques associated with unstable angina have increased intimal elastin
content compared with stable plaques. Carotid plaques associated with ipsilateral
hemispheric symptoms had 30% higher amounts of elastin compared with plaques not
associated with symptoms. On the other hand, increased elastolytic activity is associated
with severity of atherosclerosis in the aorta. Beyond mechanical stability, elastin plays a role
in the pathogenesis of atheroclersosis. Elastin appears to bind cholesterol so strongly that the
bound cholesterol cannot be removed by HDL, and the permeability of the elastic lamina
can affect the rate of lipoprotein entrapment (Goncalves et al 2007).

Collagen synthesis occurs very early in lesion development and may represent the major
mechanism of lesion progression. Collagen is degraded by matrix metalloproteinases and
other enzymes secreted by inflammatory cells. Excessive collagen leads to arterial stenosis,
while insufficient collagen makes atherosclerotic plaques prone to rupture. Collagen may
also stimulate further lesion progression by serving as a depot for proatherogenic molecules:
modified lipoproteins, growth factors, and glycation end-products. Collagen can modulate
macrophage functions, smooth muscle cell proliferation, migration, and responsiveness to
growth factors, and stimulate thrombus formation (Rekhter 1998). Monitoring plaque
composition is important to diagnosing atherosclerosis and assessing cardiovascular risk,
and delineating collagen and elastin content may promote earlier plaque detection than
possible by conventional atherosclerosis imaging technologies.

With this knowledge of the influence of collagen and elastin on atherosclerotic plaque
progression and stability, and based on our previous ex vivo results, we hypothesize that in
vivo ARFI imaging parameters - time to recovery from peak ARFI-induced tissue
displacement and peak ARFI-induced tissue displacement - are statistically correlated with
tissue elastin and collagen content. This finding would be relevant to improved detection of
nonstenatic plaques and to description of plaque stability believed to be conferred by elastin
and collagen degradation and deposition.

Third, a linear regression model was used to calculate the correlation between median ARFI
parameter values and elastin and collagen fractional area. P-values were calculated using
Student’s t distribution (by the corr function in MATLAB Statistical Toolbox, MathWorks,
Inc.)
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Methods

Familial Hypercholesterolemic (FH), Dietary Hypercholesterolemic (DH), and
Normocholesterolemic (NC)Pigs

FH pigs spontaneously exhibit hypercholesterolemia (~range 350 to 500 mg/dl) when eating
low fat pig feed due to a missense mutation in the LDL receptor (Grunwald et al 1999,
Hasler Rapacz et al 1998). DH pigs are normocholesterolemic pigs that, when fed a high fat
diet, develop hypercholesterolemia that is comparable to the FH pigs (Nichols et al 1990;
Nichols et al 1992; Nichols et al 1999; Brodala et al 2005; Nichols et al 2007). Most
importantly, both the FH and DH strains develop atherosclerotic lesions that recapitulate the
histopathology seen in humans: proliferative lesions consisting of smooth muscle cells,
macrophages, lymphocytes, foam cells, calcification, fibrous caps, medial thinning, intimal
thickening, necrotic and apoptotic cells, plaque hemorrhage, and expanded extracellular
matrices with alterations in collagen and elastin content (Gerrity et al 1979, Prescott et al
1991, Nichols et al 1992, Prescott et al 1995, Brodala et al 2005). NC pigs have normal
LDL receptor and have a serum cholesterol range of 60 to 120 mg/dl when fed the same low
fat pig feed that is fed to the FH pigs. NC pigs do not develop atherosclerosis and thus serve
as valid experimental controls to the FH and DH pigs. Imaging was performed in vivo on the
iliac arteries of four pigs: a 3 years, 6 months old NC control female, a 4 years, 4 months old
FH female, and a 3 years, 1 month old DH female, and a 8 years, 4 months old FH female.

Ultrasonic Imaging and data processing

Two-dimensional B-Mode and ARFI imaging were performed with a Siemens Sonoline
Antares™ Ultrasound Scanner (Siemens Medical Solutions USA, Inc. Ultrasound Division)
using a VF7-3 linear array transducer. ARFI impulses were 300 cycles in duration
administered at a 4.21 MHz center frequency with an F/# 1.5 focal configuration. ARFI
tracking pulses were conventional 2-cycle B-Mode transmit-receive (TX-RX) A-lines at a
center frequency of 6.15 MHz with an 11 kHz pulse repetition frequency. The ARFI beam
sequence for the first three examples acquired 40 ensembles spaced 0.53 mm apart,
generating an effective lateral FOV of 2.1 cm. In the fourth example, 15 lateral positions
were interrogated using 4:1 parallel RX tracking, giving 60 effective lateral positions spaced
0.35 mm apart with a lateral FOV of 2.1 cm. Each ARFI ensemble consisted of two 2-cycle
TX-RX reference pulses followed by a 300-cycle (~70 ps) excitation impulse and then 60
subsequent 2-cycle TX-RX tracking pulses (for a tracking duration of 6 ms). One-
dimensional cross correlation was applied to the acquired RF data ensembles to measure
axial ARFI-induced displacements. We conservatively estimate tissue heating associated
with this ARFI beam sequence to be < 1°C (Palmeri et al. 2004). As an additional
precaution against additive heating as well as interfering displacements, wiperblading was
employed as described in Dumont et al. (2006). One spatially matched B-mode frame was
acquired immediately prior to each 2D ARFI acquisition for anatomical reference. From the
acquired ARFI data, two parametric images were generated, an image of peak ARFI-
induced displacement and an image of time to 67% recovery from peak ARFI-induced
displacement. The 67% recovery metric is approximated as the time when full tissue
recovery from displacement has been reached (Nightingale et al. 2002).

Physiological motion was rejected using a novel filter based on the quasi-static rigid wall
(QSRW) model (Behler et al 2007; Fung 1993; Womersley 1955; Kuiken 1984). Briefly, the
QSRW maodel suggests that arterial wall segments experience bulk motion in response to
cardiac pulsation. Over the ensemble separation distances applied in ARFI imaging (~1cm),
we assume continuous displacement from cardiac motion over the collected ensembles.
According to this model, ARFI sequences were assembled into a global displacement curve,
such that the final measured displacement of one ensemble became the starting displacement
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for the next ensemble. A 20t order polynomial was then fit to this global displacement
curve for each depth position, producing an approximation for the gross physiological
motion observed during the entirety of ARFI imaging. The resulting polynomials were then
subtracted from ARFI displacement profiles to correct for physiologic motion while
preserving ARFI-induced displacements (Behler et al 2007).

A luminal mask was applied to parametric ARFI images to reject displacements from blood,
which streams in response to ARFI excitation and appears as noise in parametric ARFI
images. The mask was created from a combination of two calculations: a thresholding
algorithm and a correlation-based algorithm. The thresholding mask was generated from the
matched B-Mode image, mapping relatively low amplitude regions to zero displacements as
described in (Dumont et al 2006). The correlation-based mask used a median image of the
correlation measurement from the last five tracking lines in each ensemble. Any location in
the FOV with a median correlation less than the empirically derived threshold (0.992) was
discarded. The two masks were then multiplied to generate a single effective mask. Using
the luminal mask as a basis, remaining unmasked portions of lumen were removed by hand
in parametric ARFI images.

The pigs were sedated prior to imaging in the lateral decubitus position, with the lower
extremities extended to provide acoustic access to the iliac arteries in the inguinal canal. The
location of the transducer on the surface of the skin was marked with a tattoo following
imaging by a professional sonographer. This tattoo supported spatial registration of the
vessels extracted from the pigs at necropsy, which occurred within 48 hours of imaging.

Harvested vessels were opened longitudinally, with the near and far walls seen in ARFI
imaging positioned one quarter and three quarters down the circumferential length of the
iliac, respectively. These regions were then sectioned for immunohistochemical analysis
with assistance from a pathologist who observed imaging procedures. Three sections spaced
10 um apart were stained with hematoxylin and eosin (H&E) for baseline, Masson’s
Trichrome (MT) for collagen, and Verhoeff von Gieson (VVG) for elastin. In the case of the
DH pig, sections were also stained with Sirius Red (SR) for differentiation of collagen
subtypes I and 111 as demonstrated by Junquiera et al (1978, 1979). All histology sections
were imaged with transmission light microscopy, and the SR stained sections were also
imaged with linearly polarized light microscopy. All procedures were approved by the
University of North Carolina at Chapel Hill Institutional Animal Care and Use Committee
(IACUC).

To spatially correlate histology to ARFI images, we adopted methods previously established
by Yuan et al (2005). These researchers spatially registered histology from carotid
endarterectomy specimens to MR images by noting distance to identifiable landmarks and
gross arterial and plaque morphological features for reference at necropsy and sectioning.
We acknowledge that minor misalignments may occur; however, with the exception of cases
involving very high spatial frequency variations in tissue composition, we do not expect
misregistration to be significant source of error.

Statistical Analysis

For arteries containing plaques, parametric ARFI recovery time and peak displacement
measurements were separately correlated with to immunohistochemical collagen and elastin
content. First, in parametric ARFI images, the arterial wall of interest was isolated from
surrounding tissue. The median parameter value over the axial range of the arterial wall and
an empirically determined lateral span, L (ranging from 1.0 to 2.0 mm), was then calculated.

Ultrasound Med Biol. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Behler et al.

Results

Page 6

A vector of median parameters values was calculated by stepping the parameter calculation
window laterally across the arterial wall with a step-size of one lateral ARFI imaging
position (0.5 mm).

Second, in the corresponding immunohistochemical images, the vessel wall was isolated
from background. Local percentages of collagen or elastin composition were then calculated
as follows: First, a segment that encompassed the entire wall thickness and lateral span L
was subdivided on the left-most side of the image. A color threshold was then applied to the
image segment using NIH ImageJ with the colour threshold plugin (Rasband 2007). The
colors black (in VVG stain for elastin) and blue (in MT stain for collagen) were individually
differentiated. Elastin and collagen fractional areas were then calculated as the number of
black or blue pixels divided by the total number of arterial wall pixels in the segment. A
vector of collagen and elastin fractional area values was calculated by stepping the segment
of interest laterally across the arterial wall with a step-size of 0.5 mm. In this manner,
percent area calculations were spatially matched to median ARFI parameter calculations.
Edge effects were accounted for by increasing the size of the segment of interest from L/2
by 0.5 mm to L.

In Vivo Left Normocholesterolemic (NC) Control Pig lliac Artery

A B-mode of the left iliac of a normal lipid control pig (Fig. 1, panel a) shows a clearly
defined vessel wall with no intimal-medial wall thickening and no luminal narrowing
suggesting no identifiable atherosclerosis. Imaging was focused to the position of the far
vessel wall at 36 mm. Tissue corresponding to the far wall in B-Mode imaging is indicated
by the yellow rectangle in the en face image of the vessel (Fig. 1, panel b). The width of the
rectangle is approximately matched to the elevational resolution of the imaging system (~ 1
mm). The black line inside the yellow rectangle corresponds to the location sectioned for
histology. Examining the en face vessel revealed no apparent atherosclerosis. This was
confirmed by histology staining, as seen in the VVG stained section indicating elastin in
black (Fig. 1, panel c) as well as the MT stained section, indicating collagen in blue (Fig. 1,
panel d). The parametric ARFI imaging showing time to recovery (Fig. 1, panel e) indicates
that the response of the distal vessel wall (boxed) is approximately the same (2.75 to 3 ms)
across the lateral span of the image. Similarly, the distal wall (boxed) in the parametric
ARFI peak displacement image (Fig. 1, panel f) experiences uniform peak displacement (~1
um) in response to ARFI excitation. This is consistent with the uniform elastin and collagen
content observed in panels ¢ and d.

In Vivo Left FH Pig lliac Artery

In contrast to the control vessel shown above, the left iliac artery of a female FH pig did
contain an atherosclerotic plaque. In the B-Mode image of Fig. 2 panel a, subtle intimal-
medial wall thickening and non-critical luminal narrowing of less than 10% are apparent
(red arrows). Although the B-Mode image does not indicate advanced atherosclerosis, the
excised vessel showed diffuse atherosclerosis throughout the extracted segment. The
segment is shown en face with the lumen exposed in panel b. A yellow rectangle indicates
the near arterial wall, where imaging was focused, and a thin black line shows the area of
sectioning for staining with H&E, VVG, and MT.

VVG staining results are displayed in panel ¢, with the proximal wall segmented into three
boxes that together span the imaging FOV. Box 1, the region corresponding to the left
portion of the near wall in imaging, shows a degraded internal elastic lamina (IEL) (black
stain, black arrows) with increasing elastin deposition at the position of the IEL from left to
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right. On the luminal side of the IEL lies what appears to be a pool of foam cells (no stain,
red arrow) and a fibrous cap (yellow arrow). The region indicated by box 2 highlights a
significantly different plaque structure and composition. In this region there is extensive
elastin deposition (black stain, black arrows) except in one notable location (green arrow).
This complex and highly developed atherosclerotic plaque exhibits a complex cellular
structure with severe medial thinning; however, the plaque does not protrude any further
into the lumen than the tissue in either box 1 or box 3. It is an advanced nonstenotic plaque.
Box 3 shows a consistent and nearly intact IEL and no significant elastin deposition.

The section stained with MT is displayed in panel d and is segmented into three boxes
spatially matched to those of panel c. Box 1 exhibits a progressive increase in collagen
deposition moving from left to right at the position of the IEL (blue stain, arrows). Box 3
shows a fairly homogeneous collagen deposition layer (arrows). Box 2, however, shows
extensive collagen deposition throughout the complex nonstenotic plaque.

Corresponding ARFI results for the in vivo FH pig are displayed in Fig 3, including spatially
matched boxes highlighting the same 3 ROIs as Fig 2. Time to recovery from peak ARFI-
induced displacement is shown parametrically in panel a, with color mapping recovery time
in ms. In box 1, the recovery time decreases from left (~4 ms, red) to right (~2.5 ms, green),
which spatially corresponds to the progressive deposition of elastin seen in Fig. 2, panel c,
box 1 and of collagen seen in Fig. 2, panel d, box 1. In box 2 of Fig 3, panel a, there is a
fairly uniform recovery time across the entire box (~1.5 ms, blue), except for the small
region illustrated by a white arrow (~4 ms, red), which spatially corresponds to the region
lacking elastin deposition (green arrow in Fig 2, panel ¢, box 2). Note that recovery time in
box 2 is generally much faster than in boxes 1 or 3, which spatially corresponds to more
elastin and collagen deposition in box 2. Box 3 of Fig 3, panel a shows a uniform recovery
time (~3.5 ms, orange) across the entire region of interest, consistent with the intact IEL and
uniform collagen layer seen in Fig 2, panels ¢ and d, box 3.

Peak ARFI-induced displacements are shown in the parametric image in panel b of Fig. 3,
with color denoting displacement in um. Box 1 shows a gradual decrease in overall peak
displacement from left to right (~2.5 to 1.5 um, red to green), which is spatially consistent
with the progressive deposition of elastin and collagen seen in Fig 2, panels ¢ and d, box 1.
Box 2 of Fig 3, panel b exhibits smaller peak displacement (~0.75 to 1.25 pum, blue),
consistent with the extensive elastin and collagen deposition shown in Fig 2, panels ¢ and d,
box 2. Finally box 3 shows a uniform peak displacement measurement (~1 um, light blue)
that is larger than box 2 but smaller than box 1, again consistent with the relative elastin and
collagen distributions seen in Fig 2, panels c and d.

Scatter plots of median ARFI parameter values versus spatially matched tissue elastin and
collagen fractional area are shown in Figure 4. Panel a illustrates recovery time vs. elastin,
panel b peak displacement vs. elastin, panel ¢ recovery time vs. collagen, and panel d peak
displacement vs. collagen. Note that all four plots show an inverse relationship between
tissue material (elastin or collagen) and ARFI parameter (recovery time and peak
displacement), i.e. as tissue elastin and collagen content increase, recovery time and peak
displacement decrease. Least squares linear fit lines are superimposed on the plots. The
pairwise linear correlation coefficients, Rho, and P-values are reported in Table 1 below.
Note that because elastin and collagen depositions are co-located in this example, it is not
possible to statistically evaluate their separate impacts on tissue response to ARFI excitation.
We elaborate on this limitation in the Discussion section.
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In Vivo Left DH lliac Artery

In Figure 5 panel a, a B-mode image of the left iliac artery of a DH pig shows no IMT or
luminal narrowing, suggesting that no atherosclerosis is present. Imaging was focused to the
position of the near arterial wall. The extracted vessel is shown en face (Fig. 5, panel b) with
focal atheroscleratic plaques outlined in red. Although these focal plaques are not readily
discernable in the digital photo of panel b, their presence and location was noted by
palpation and visual inspection. The region of the vessel appearing as the near wall in
imaging is denoted by a yellow rectangle drawn to approximate scale of the elevational
beam width. Note that the plane of imaging passed through two focal atherosclerotic plaques
(green and blue arrows). In the leftmost portion of the imaging FOV, the plane of imaging
passed through the edge of a small, focal plague (blue arrow, panel b). Slightly to the right
of center, the imaging plane passed through a second, larger focal plaque (green arrow,
panel b). Tissue in this region was sectioned as indicated by the black line (panel b) and
stained with H&E, VVG, MT and SR as shown in panels c-e, respectively (H&E not
shown). Initial inspection of immunohistochemistry sections suggests that the small plaque
indicated by the blue arrow in panel b lacked sufficient structure to remain intact during the
process of sectioning prior to staining. This is evidenced by small portions of debris in the
region of the plaque, as shown in the immunohistochemistry stains (panels c-e), particularly
in the SR stain (blue arrow, panel e).

Detail of the VVG stain for elastin (black) is shown in Figure 6, with 6 regions of interest
shown at higher magnification to highlight the IEL (black arrows). Boxes numbered 1-6
correspond to the numbered regions indicated on the full sized section shown below the
boxes. Box 1 shows a degraded IEL. Remnants of the detached focal plaque are also
apparent (blue arrow). Box 2 shows a largely intact, though thin IEL. Box 3 shows increased
intimal thickening with a more severely degraded IEL. Box 4, a region from the thickest
portion of the second focal atherosclerotic plague, exhibits a thin and highly degraded IEL.
Box 5 shows a small gap in the IEL (red arrow); however the IEL generally remains intact
and is thicker than the IEL in boxes 1-4. Box 6 shows an intact IEL comparably thick to the
IEL shown in box 5.

Figure 7 displays MT stain of the six boxed regions of interest (spatially matched to those of
Fig. 6) to highlight collagen composition (blue stain, black arrows). Boxes 1 -3 show a thin
layer of collagen deposition, with slightly higher collagen deposition seen in box 3
coincident with more intimal layer thickening. Box 4, which contains the thickest region of
the second focal plaque, shows a region of dense collagen deposition (dark blue stain, black
arrows) in addition to a wider area of loose collagen deposition closer to the lumen (light
blue stain, green arrows). Box 5 shows a thick, dense layer of collagen deposition, while box
6 shows collagen deposition similar to that of box 3.

Further analysis of collagen composition is available via linearly polarized light microscopy
of the SR section, as shown in Figure 8. In polarized microscopy of SR stain, collagen type |
fibers appear red, and collagen type 111 fibers appear green. Type | fibers are generally
thicker are more stiff than type 111 fibers (Rubin and Farber 1994). The entire tissue section
is shown at bottom in Fig. 8 with labeled regions of interest. The labels are numbered to
indicate spatial alignment with magnified regions of interest presented in Figs. 6 and 7. Box
4.5 corresponds to a tissue region positioned between boxes 4 and 5 in Figs. 6 and 7.

Box 1 - adventitia of Fig. 8 illustrates the relative high collagen type I fiber content
consistent with adventitial tissue (red stain, white arrows); some type 111 fibers (green stain)
are intertwined with the type I fibers. In box 1 - intima, which contains a portion of the small
plaque on the left side of the imaging FOV (Fig 5, panel b, blue arrow), collagen deposition
is mostly in the form of type I11 fibers (green stain, blue arrow), with type | fibers
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intertwined. Box 4, which contains a portion of the second focal plaque (Fig 5, panel b,
green arrow), shows that the tissue is predominantly comprised of type Il fibers (blue
arrows). Conversely, boxes 4.5 and 5, show a higher type I fiber content, with more densely
packed fibers.

ARFI imaging results are shown in Fig. 9, with time to recovery shown in panel a and peak
displacement shown in panel b. Numbered boxes spatially matched to those of Figs. 6 and 7
are shown in both panels. The time to recovery image (panel a) is shown on a color scale of
ms, while the peak displacement image (panel b) is on a scale of um. In the time to recovery
image, tissue in boxes 1, 3 and 4 (where the IEL is thin and degraded) exhibits relatively
slow recovery (~3 to 4 ms). In contrast, tissue in boxes 5 and 6 (where the IEL is thicker and
generally intact) shows a faster recovery of ~2 — 2.5 ms. In the peak displacement image
(panel b), tissue in boxes 4 and 5 exhibit the smallest ARFI-induced peak displacement,
consistent with the larger collagen deposition in this region. More specifically, tissue in box
4 displaces slightly more (~0.75 um) than tissue in box 5 (~ 0.25 um ), which is consistent
with the higher collagen type Il fiber content in box 4.

The scatter plots of Fig. 10 illustrate the relationship between spatially matched median
ARFI parameter values and tissue elastin and collagen content. Again, the least squares
linear fits are superimposed on the graphs, with recovery time and peak displacement vs.
elastin shown in panels a and b, and recovery time and peak displacement vs. collagen in
panels c and d, respectively. The corresponding Rho and P-values are reported in Table 1,
column 2. The single statistically relevant correlation is between peak displacement and
collagen fractional area; however, our statistical methods do not take into account the
structure of the IEL. Further discussion of this limitation is provided below.

In Vivo Left FH lliac Artery 2

In Fig. 11 panel a, a B-Mode image of the left iliac artery of a second FH pig shows what
appears to be a focal plaque (orange arrow) with minimal luminal narrowing and intimal-
medial wall thickening in the surrounding vessel wall. Imaging was focused on the distal
wall at 28mm. The en face image (panel b) shows diffuse atherosclerosis, which was
collaborated by visual inspection and palpation. Tissue appearing as the far wall in the B-
Mode image is surrounded by the yellow box in panel b, and histology sections were taken
from the region indicated by the black line.

Examining the histology sections stained for H&E (panel c), VVG (panel d), and MT (panel
e) confirms the presence of diffuse atherosclerosis. Though the amount of vessel wall
thickening is relatively constant, two atheromatous plaques are visible (green and red
arrows). The plaque highlighted by red arrows is covered by a degraded fibrous cap, as
indicated by the break in collagen above the atheromatous core (yellow arrow, panel e).
Interestingly, heightened collagen deposition is apparent in the arterial wall around this
plaque (darker blue). The second atheromatous plaque (highlighted by green arrows)
exhibits a thick, intact fibrous cap, which is evident as a layers of collagen (panel €) and
elastin (panel d) in MT and VVG stains, respectively. The atheromatous core below the
fibrous cap is large and collagen free, although it appears to contain a region of
mineralization consistent with calcification. This is supported by the large black region in
H&E (blue arrow, panel ¢) and VVG (blue arrow, panel d) stains. To confirm calcification, a
tissue section was stained with Alizarin Red. The result, shown in panel f, verifies that the
region highlighted by the yellow arrow is calcification (blue arrow, panel f) rather than
elastin deposition. Lastly, disruption in IEL (panel d) on the left side of the vessel wall is
highlighted by a black arrow.
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The spatially matched parametric ARFI images are shown in Fig. 12, with recovery time in
panel a and peak displacement in panel b. Panel a shows a relatively consistent recovery
time for the distal wall (~1 ms, panel a) with two exceptions. First, a region of slow recovery
(black arrow, ~2 ms) spatially corresponds to the disruption in the IEL highlighted by black
arrows in Fig. 11. Second, a region of fast recovery (orange arrow, ~0.6 ms) spatially
corresponds to the thick, intact fibrous cap observed above the right atheromatous plaque,
which contained both elastin and collagen (Fig. 11, green arrows). The parametric ARFI
peak displacement image (panel b) also shows a fairly uniform arterial wall response to
ARFI excitation (~2 -2.5 um peak displacement), with the exception of the region
highlighted by the orange arrow. This region, which exhibits relatively large peak
displacement (> 6 um), spatially corresponds to the atheromatous core of the right plaque
(Fig. 11, green arrows).

Scatter plots illustrating the relationship between tissue elastin and collagen content and
median ARFI parameter values are shown in Fig. 13. Table 1, column 3 reports the
corresponding Rho and P-values. Note that black pixels corresponding to calcium deposition
(as confirmed by Alizarin Red stain) were neglected prior to elastin fractional area
calculation. The single statistically relevant correlation is between peak ARFI-induced tissue
displacement and tissue collagen content. However, we again neglect the impact of the
structure of IEL in this analysis, and elastin and collagen depositions are co-located in the
intact fibrous cap. The impact of this is discussed below.

Discussion

The results of this pilot in vivo investigation show a relationship between tissue elastin and
collagen composition and peak displacement and recovery time in response to ARFI
excitation. In a negative control example, uniform ARFI peak displacement and recovery
time results correspond to negligible variations in tissue elastin and collagen composition
(Fig. 1). In a highly evolved and complex nonstenotic plaque, elastin and collagen
deposition was statistically correlated with decreased ARFI recovery time and peak
displacement (Figs. 2-4; Table 1, column 1). Importantly, it is this differential ARFI result
that enables identification of the nonstenotic yet highly evolved plaque that was not evident
by conventional B-Mode imaging. Based on our understanding of the physiological roles of
elastin and collagen in atherosclerosis, and based on our previous ex vivo findings (Dumont
et al 2006), we hypothesize that elastin dominates ARFI recovery time and collagen
dominates ARFI peak displacement. However, it is not possible to examine the independent
effects of elastin and collagen in this study design. This is due to the fact that elastin and
collagen deposition are co-located in this example. More specifically, where there is elastin
deposition, there is also collagen deposition.

Without consideration of this critical fact, the scatter plots of Fig. 4 may be misleading.
While there appears to be a statistically significant correlation between decreased peak
displacement and recovery time and elastin deposition (panels a and b; Table 1, column 1),
one must be conscious of the fact that collagen is also deposited. Similarly, while Fig. 4
seems to show a statistically significant correlation between decreased peak displacement
and recovery time and collagen deposition (Fig. 4 panels a and b; Table 1, column 1), one
must be aware that elastin is also deposited. We hypothesize that the apparent correlations
between peak displacement and elastin and recovery time and collagen are predominantly
artificial results. To fully test our hypothesis, atherosclerotic examples of elastin and of
collagen deposition alone are needed.

In the case of small, focal plaques that were not apparent on conventional B-Mode
ultrasound but were discernable by ARFI imaging, only collagen deposition was statistically
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correlated to decreased ARFI peak displacement (Figs. 5-10; Table 1, column 2). While this
result is consistent with our expectation for tissue collagen content, we acknowledge that our
statistical analysis of elastin is flawed in that we do not take into account the structure of the
IEL. It is well established that the IEL gives arterial walls structure and stability and that
disruption of the IEL in atherosclerosis promotes plaque vulnerability (Moreno et al 2002).
However, our analysis considers only elastin fractional area. Although the IEL is thin, and
therefore does not constitute a large fractional area of the arterial wall, we hypothesize that
its organization and intact status impacts ARFI recovery time more than unstructured elastin
deposition. However, in this investigation, we overlook IEL structure. A formal ROC
analysis using readers trained to recognize slow recovery times as possible disruptions in the
IEL will allow us to evaluate the relevance of IEL structure to ARFI outcomes.

In the case of diffuse atherosclerosis with two atheromatous plaques, only collagen
deposition was statistically correlated with peak displacement in this example (Figs. 11-13;
Table 1, column 3). However, we again neglect the structure of the IEL in our analysis.
Interestingly, only one of the two atheromatous plaques was apparent by conventional B-
Mode ultrasound (as a minimally stenotic plaque; Fig. 11) and by ARFI imaging (as a
structure with a highly displaceable center with a fast recovering, low displacing cap, Fig.
12). Although differences in tissue material content allowed ARFI to identify the right
plaque as atheromatous, the left plaque was missed by both B-Mode and ARFI imaging. We
hypothesize that the disrupted fibrous cap associated with the left atheromatous plaque is an
indication of necrosis and that surrounding collagen deposition stabilizes the plaque.
Therefore, the plaque does not exhibit an identifiably different response to ARFI excitation
than the surrounding arterial wall tissue. This points out a critical limitation to ARFI
imaging of atherosclerosis — while ARFI imaging effectively exploits differences in tissue
mechanical, i.e. material, properties to reveal underlying plaques, in the context of
homogeneous material composition and/or mechanical response, ARFI performance may be
compromised.

An additional limitation to ARFI atherosclerosis imaging using our current methods is depth
of penetration, which currently limits ARFI to peripheral vascular applications. While
atherosclerosis assessment in peripheral vessels, such as the carotid, is certainly clinically
relevant (for stroke risk assessment and for indication of coronary artery disease, for
example (Ashrafian et al 2006)), ARFI could be realizable for coronary artery imaging via
alternative imaging transducers. Importantly, interventions in pigs have been regarded as
having a positive predictive value for subsequent translation to human atherosclerosis
(Johnson et al 1999). Note that the pig model is humanoid both in terms of the nature of
atherosclerosis it develops and in terms of the size and geometry of its peripheral
vasculature. We therefore anticipate that ARFI imaging results achieved in the pig model
will be directly translatable to humans.

Finally, it critical that the results presented here be considered in the context of the pilot
nature of this work. Although our preliminary results support our hypothesis that in vivo
ARFI imaging recovery time and peak displacement parameters are statistically correlated to
tissue elastin and collagen content, we have not examined a sufficient number of pigs to
definitely establish ARFI’s ability to differentiate collagen and elastin composition in
atherosclerotic plaques. Rather, these results serve to 1) demonstrate feasibility of in vivo
ARFI imaging in the FH, DH, and NC pigs with spatially matched immunohistochemical
processing, 2) substantiate early (though incomplete) support of our hypothesis that there is
a relationship between ARFI recovery time and peak displacement parameters and tissue
elastin and collagen composition in three different plaque types, and 3) generate data for
realization of critical strengths and weaknesses in our experimental protocol for future work.
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Conclusions

In a pilot survey of three different atherosclerotic plaque types, 1) a complex and highly
evolved nonstenotic plaque, 2) small, focal plaques, and 3) atheromatous plaques, we
demonstrate ARFI ultrasound for noninvasive material characterization of atherosclerotic
plaques, in vivo. With spatially matched immunohistochemistry, we show a spatial
correlation between arterial wall elastin and collagen content and ARFI recovery time and
peak displacement results. In regions of increased elastin and collagen deposition, smaller
ARFI recovery times and peak displacements are observed. This differential response to
ARFI excitation promoted identification of a nonstenatic plaque that was not evident on
conventional B-Mode ultrasound, differentiation of small focal plaques that were not
apparent by B-Mode, and description of an atheromatous plaque that appeared as a focal,
minimally stenotic plaque on B-Mode. Statistical methods supported our general hypothesis
that in vivo ARFI imaging recovery time and peak displacement parameters are correlated to
tissue elastin and collagen content. However, our study design could not isolate the impact
of co-located elastin and collagen deposition, and we neglected IEL structure in our analysis.
Additional experiments including examples of elastin and collagen deposition alone and a
formal ROC analysis are needed to fully evaluate the relationship between tissue elastin and
collagen composition and tissue response to ARFI excitation. Nevertheless, the results
reported here demonstrate that noninvasive, in vivo ARFI imaging is effective for
identifying and materially characterizing atherosclerotic plaques that are missed or poorly
described by conventional B-Mode ultrasound.
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Figure 1.

A B-Mode image of the normal lipid control pig in vivo iliac artery is shown in (a); (b)
shows an en face image of the excised vessel with the yellow rectangle indicating the tissue
region that appears as the far arterial wall in B-Mode and ARFI images. Histology matched
to the far wall of imaging is shown in (c) (VVG) and (d) (MT), where no atherosclerosis is
apparent. Time to recovery from peak ARFI displacement is shown in (g), with color
indicating recovery time in ms. A parametric image of peak ARFI induced displacement is
shown in (f), with color mapped to displacement in um. Note the uniform response across
the distal vessel wall (black box), which spatially corresponds to sections presented in Fig.
(c) & (d). The imaging focal depth was 36 mm. © 2006 IEEE
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Figure 2.

A matched B-mode image of an in vivo left iliac artery is shown in (a). In (b), the en face
image of the excised vessel is shown, along with yellow boxes indicating the locations of the
near and far walls in B-Mode and ARFI imaging. The black line represents the position of
sectioning for histology. Sections stained with VVG (c) and MT (d) for elastin and collagen,
respectively, are displayed. Boxes 1, 2, and 3 span the lateral imaging FOV and are shown at
higher magnification to highlight immunohistochemical details. Note that these numbered
boxes are spatially matched to those of Fig 3(a) and 3(b). Vessel lumen is at the bottom in
(c) and (d). © 2006 IEEE
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Figure 3.

For the in vivo left FH pig iliac artery, time to recovery from peak ARFI displacement is
shown in (a), with color indicating recovery time in ms. A parametric image of peak ARFI
induced displacement is shown in (b), with color mapped to displacement in um. Note the
variation in response to ARFI excitation across the three labeled boxes, which spatially
correspond to the boxes in Fig. 2(c) and 2(d). In regions of higher elastin and collagen
content, recovery times are shorter and peak displacements are smaller. ARFI Imaging was
performed at a focal depth of 26 mm. © 2006 IEEE
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Figure 4.

Scatter plots of median ARFI parameters versus spatially matched elastin and collagen
fractional area are shown for the in vivo left FH pig iliac (Figs. 2-3). Median recovery time
vs. elastin area is shown in panel a, peak displacement vs. elastin area in panel b, recovery
time vs. collagen area in panel ¢ and peak displacement vs. collagen area in panel d. All
plots show an inverse relationship between tissue material and ARFI parameter. Least
squares linear fits are also superimposed on all scatter plots in red and correlation
coefficients are shown in Table 1.
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Figure 5.

A B-Mode image of an in vivo DH pig iliac artery is shown in panel a; no atherosclerosis is
apparent. The en face image of the vessel in panel b shows three focal atherosclerotic
plaques outlined in red. Yellow rectangles in panels a and b are spatially aligned and
indicate the tissue that appears are the near wall in ARFI and B-Mode images. The black
line in the en face image (panel b) indicates the region of sectioning for matched
immunohistochemistry. Three stained sections are shown: VVVG (panel ¢), MT (panel d), and
SR (panel e). Green and blue arrows point to two plaques.
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Figure 6.

VVG stain for elastin (black) in a tissue section spatially matched to the ARFI and B-Mode
images of Fig. 5. The entire section is shown at bottom. Six regions of the vessel are
magnified to illustrate changes in the IEL. In box 1, which includes a small focal plaque
(blue arrow), some degradation of the IEL (black arrows) is observed. In box 2 the IEL
appears intact with minimal degradation. In box 3, where intimal thickening is more
pronounced than in boxes 1 and 2, the IEL appears to have large gaps indicating
degradation. This continues into box 4, the thickest part of the second focal atherosclerotic
plague. In box 5, although there are some gaps in the IEL (red arrow), it appears thicker than
boxes 1-4 indicating an overall larger elastin content. The IEL in box 6 appears intact and
thick as in box 5.
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Figure 7.

MT stain indicating collagen (blue) in a tissue section spatially matched to the ARFI and B-
Mode images of Fig. 5. The entire section is shown at bottom, with six highlighted regions
shown at higher magnification, as in Fig. 6. In boxes 1-3, moderate collagen deposition is
seen, with slightly higher collagen deposition in box 3 (black arrows). In box 4, which
contains a thick portion of the second focal plaque, extensive collagen deposition is
observable, but the collagen is loosely packed, especially nearer to the lumen (green
arrows). In box 5, extensive collagen deposition is also apparent; however, the collagen is
more densely packed and confined to a smaller area. Box 6 shows only moderate collagen
deposition, similar to box 3.
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Figure 8.

SR stain under linearly polarized light microscopy for differentiating collagen subtype.
Collagen type | fibers, which are generally thicker and stiffer than type 11 fibers, appear red.
Collagen type I11 fibers appear green. The entire section is shown at bottom with labeled
regions of interest. The numbers spatially correspond to the numbered boxes of Figs. 6 and
7. The regions of interest are shown at higher magnification to highlight collagen content
(arrows). Notably, while boxes 4, 4.5, and 5 exhibit the highest collagen content in the tissue
section, box 4 is primarily comprised of loosely packed type 11 fibers (blue arrows), while
boxes 4.5 and 5 are primarily comprised densely packed type | fibers (white arrows).
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Figure 9.

Parametric time to recovery from peak ARFI induced displacement (a) and ARFI-induced
peak displacement (b) images are shown with color indicating recovery time in ms and
displacement in um, respectively. The recovery time image shows slowest recovery
exhibited by tissue in boxed regions 1, 3, and 4, where elastin degradation is most severe.
The peak displacement image shows the smallest ARFI-induced displacements exhibited by
tissue in boxed regions 4 and 5, where collagen deposition is highest. Notice that peak
displacements are slightly larger in box 4 than in 5, spatially corresponding to the higher
collagen type 111 content of box 4.
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Figure 10.

Scatter plots of median ARFI parameters versus spatially matched elastin and collagen
fractional area are shown for the in vivo left DH pig iliac (Figs. 5-9). Panels a, recovery time
vs. elastin area, and b, peak displacement vs. elastin area, show an weak inverse relation
between elastin and ARFI parameter. Panel ¢ shows no relation between recovery time and
collagen, a relationship not expected to be strong. Peak displacement vs. collagen is shown
in panel d with an inverse relationship. Least squares linear fits are also superimposed on all
scatter plots in red with respective correlation coefficients shown in table 1.
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1 mm

Figure 11.

A matched B-Mode of an in vivo FH artery is shown (a), with an en face image showing
diffuse atherosclerosis (b). While the pervasiveness of atherosclerosis is not readily apparent
in the B-Mode (a), what appears to be a small lesion is seen to protrude into the lumen
(orange arrow). In histology stains, H&E (c), VVG (d) and MT (e), two atheromatous
plaques are visible. One has a thick, intact fibrous cap (green arrows) and the other a
disrupted fibrous cap (red and blue arrows). A disruption in the IEL is also noted (black
arrows). Alizarin Red stain (panel f) confirms calcium deposition in the right atheromatous
plaque (yellow arrows).
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Figure 12.

Parametric ARFI images matched to the B-Mode in 11 (a) are shown. In the recovery time
image (a) faster recovery is observed in the region of the intact fibrous cap (orange arrow).
Slower recovery is observed in the location of IEL disruption (black arrow). In the image of
peak displacement (b), a region of large displacement that is covered by tissue exhibiting
smaller displacement is observed in position of the right atheromatous plaque (orange
arrow).
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(b)  Peak Displacement vs Elastin
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Scatter plots of median ARFI parameters versus spatially matched elastin and collagen
fractional area are shown for the in vivo left FH pig iliac 2 (Figs. 11-12). Areas of calcium
indicated in staining (Fig. 11 panel d) were excluded from analysis. Median recovery time
vs. elastin area is shown in panel a, peak displacement vs. elastin area in panel b, recovery
time vs. collagen area in panel ¢ and peak displacement vs. collagen area in panel d. Only
panel d, peak displacement vs. collagen area shows a statistically relevant inverse
correlation. Least squares linear fits are also superimposed on plots in red.
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