
Comparison of Acoustic Radiation Force Impulse Imaging 

Derived Carotid Plaque Stiffness with Spatially Registered MRI 

Determined Composition

Joshua R. Doherty,
Department of Biomedical Engineering, Duke University, Durham, NC.

Jeremy J. Dahl,
Department of Radiology, Stanford University, Stanford, CA.

Peter G. Kranz,
Department of Radiology, Duke University Medical Center, Durham, NC.

Nada El Husseini,
Department of Neurology, Duke University Medical Center, Durham, NC.

Hing-Chiu Chang,
Department of Radiology, Duke University Medical Center, Durham, NC. They are also with Brain 
Imaging and Analysis Center, Duke University Medical Center, Durham, NC.

Nan-kuei Chen,
Department of Radiology, Duke University Medical Center, Durham, NC. They are also with Brain 
Imaging and Analysis Center, Duke University Medical Center, Durham, NC.

Jason D. Allen,
Department of Cardiology, Duke University Medical Center, Durham, NC. He is also with the 
Department of Community and Family Medicine, Duke University Medical Center, Durham, NC.

Katherine L. Ham, and
Department of Cardiology, Duke University Medical Center, Durham, NC.

Gregg E. Trahey

Department of Biomedical Engineering, Duke University, Durham, NC. He is also with the 
Department of Radiology, Duke University Medical Center, Durham, NC.

Abstract

Measurements of plaque stiffness may provide important prognostic and diagnostic information to 

help clinicians distinguish vulnerable plaques containing soft lipid pools from more stable, stiffer 

plaques. In this preliminary study, we compare in vivo ultrasonic Acoustic Radiation Force 

Impulse (ARFI) imaging derived measures of carotid plaque stiffness with composition 

determined by spatially registered Magnetic Resonance Imaging (MRI) in five human subjects 

with stenosis >50%. Ultrasound imaging was implemented on a commercial diagnostic scanner 

with custom pulse sequences to collect spatially registered 2D longitudinal B-mode and ARFI 

images. A standardized, multi-contrast weighted MRI sequence was used to obtain 3D Time of 

Flight (TOF), T1 weighted (T1W), T2 weighted (T2W), and Proton Density Weighted (PDW) 

transverse image stacks of volumetric data. The MRI data was segmented to identify lipid, 
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calcium, and normal loose matrix components using commercially available software. 3D MRI 

segmented plaque models were rendered and spatially registered with 2D B-mode images to create 

fused ultrasound and MRI volumetric images for each subject. ARFI imaging displacements in 

regions of interest (ROIs) derived from MRI segmented contours of varying composition were 

compared. Regions of calcium and normal loose matrix components identified by MRI presented 

as homogeneously stiff regions of similarly low (typically ≈ 1µm) displacement in ARFI imaging. 

MRI identified lipid pools >2mm2, found in three out of five subjects, presented as softer regions 

of increased displacement that were on average 1.8 times greater than the displacements in 

adjacent regions of loose matrix components in spatially registered ARFI images. This work 

provides early evidence supporting the use of ARFI imaging to noninvasively identify lipid 

regions in carotid artery plaques in vivo that are believed to increase the propensity of a plaque to 

rupture. Additionally, the results provide early training data for future studies and aid in the 

interpretation and possible clinical utility of ARFI imaging for identifying the elusive vulnerable 

plaque.

Index Terms

Ultrasound; MRI; Multi-modality fusion; Vessels

I. Introduction

THE rupture of atherosclerotic plaques is a major cause of stroke [1], the fourth leading 

cause of death and number one cause of long-term disability in the United States [2]. 

Unfortunately, traditional measurements of arterial stenosis can only diagnose 

atherosclerotic plaque burden late in the course of disease and are only partially effective in 

predicting ischemic events. These facts may explain why a large number of high-risk 

atherosclerotic plaques go undetected [3]. There is a clear unmet clinical need for a 

diagnostic method that can provide an earlier assessment of a plaque’s risk of rupture before 

the onset of clinical events.

Based on retrospective analysis of histological data [4–7], the so-called “vulnerable” plaque 

that is more susceptible to rupture is characterized by a thin fibrous cap and a large lipid 

pool. The presence of a lipid pool is particularly dangerous because its low stiffness – the 

ability of a material to resist deformation – is considerably lower than the stiffness of normal 

arterial tissue. In general, Young’s Modulus values of vulnerable lipid components (0.5 – 50 

kPa) are at least an order of magnitude smaller than those reported in the literature for 

normal arterial tissue (500 kPa – 2000 kPa) and even stiffer fibrous and calcified 

components (>2000 kPa) [8–10]. Computational modeling studies have shown the low 

stiffness of lipid pools makes them unable to support stresses induced by blood pressure, 

causing regions of stress concentration within the overlying stiff fibrous cap that 

corresponded to sites of rupture [11].

The development of diagnostic imaging methods to noninvasively distinguish vulnerable 

from stable carotid plaques in vivo is an area of intense research activity [12,13]. MRI 

methods have received much attention in particular with the development of multi-contrast 
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weighted sequences that can differentiate lipid, fibrous, calcified, hemorrhagic, and 

thrombotic regions in vivo [14–20]. Despite high sensitivity and specificity (95% and 76% 

for the lipid-rich necrotic core, 84% and 91% for calcification, 87% and 84% for 

hemorrhage, and 79% and 77% for loose matrix components, respectively, for regions > 

2mm2 [17]) the high equipment costs and long acquisition times may limit the use of MRI as 

a routine screening method.

Given the high degree of contrast in stiffness that exists between stable normal arterial tissue 

and vulnerable soft lipid pools, it seems likely that an imaging method capable of 

characterizing plaque stiffness may help clinicians identify the elusive vulnerable plaque. 

Ultrasound-based acoustic radiation force elasticity imaging methods are an emerging 

technology that may fit this niche [21]. Unlike conventional B-mode imaging that 

differentiates features with dissimilar acoustic properties (e.g. density and speed of sound), 

elasticity imaging methods differentiate features and/or structures with different mechanical 

(e.g. elastic, damping, and inertial) properties and thereby provide a fundamentally different 

source of imaging contrast.

One method, Acoustic Radiation Force Impulse (ARFI) imaging [22], is particularly 

attractive for carotid plaques because it can be performed on conventional ultrasound 

scanners during routine, noninvasive carotid duplex examinations. Briefly, the technique 

applies a localized impulsive acoustic radiation force excitation and then measures the 

induced displacements both temporally and spatially. In general, soft tissues displace more 

and take longer to recover than stiffer tissue. Computational finite element method 

simulations showed ARFI imaging can differentiate lipid pools from the fibrous cap and 

normal media components and that ARFI imaging induced stresses on fibrous caps are three 

orders of magnitude lower than the stresses induced by blood pressure [23]. Preliminary 

ARFI imaging studies in vascular tissue showed regions of low displacement in ARFI 

images correlated with histologically identified collagen and elastic content in vivo [24] and 

ex vivo [25] in porcine iliac arteries. Soft regions of high displacement on the other hand 

have been associated with histologically confirmed lipid-filled regions in an ex vivo human 

popliteal artery [26]. Dahl et al. [27] showed carotid plaques that were heterogeneous in B-

mode imaging contained regions of varying stiffness in ARFI imaging, whereas 

homogeneous plaques in B-mode were generally homogeneous in ARFI imaging. Despite 

the promising results demonstrated in these early studies, to date no spatially registered in 

vivo validation effort in human subjects has been reported.

The goal of this preliminary study is to compare in vivo ARFI imaging derived carotid 

plaque stiffness with composition determined by spatially registered MRI in human subjects.

II. Materials & Methods

A. Study Population

Five subjects (mean age 74; SD 7.7; 2 males & 3 females) (Table I) with carotid artery 

stenosis > 50%, determined by CT angiograms and/or ultrasound imaging, were recruited to 

undergo an ultrasound exam and MRI exam according to an Institutional Review Board 

(IRB) approved protocol with written informed consent. The MRI exam was performed 
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within 1 hour following the ultrasound exam in Subjects 1, 3, and 4. Due to scheduling 

conflicts, the MRI exams for Subject 2 and Subject 5 were acquired three weeks and 6 

months, respectively, following the ultrasound exam.

B. Ultrasound (B-mode & ARFI) Imaging

1) Imaging Protocol—Ultrasonic B-mode and ARFI imaging was implemented on a 

diagnostic ACUSON S2000™ ultrasound scanner with a 9L4 linear array transducer 

(Siemens Medical Solutions USA, Inc., Issaquah, WA). A standard B-mode examination 

was performed by a trained sonographer with the subjects lying in the supine position and 

their head slightly tilted to facilitate access of the ultrasound probe. Guided by real-time B-

mode imaging, the transducer was swept across the neck to assess the overall extent of 

atherosclerotic plaque burden and to identify viewing angles, reported with respect to the 

anterior–posterior axis with posterior oriented at 0°, and locations (typically 2–3) where 

image quality was best. At each of these locations and/or angles 5–10 B-mode/ARFI 

datasets were acquired using previously developed custom pulse inversion (PI) harmonic 

imaging sequences that collect spatially matched B-mode and ARFI information within a 

single acquisition at a combined frame rate of 4.8 Hz [28]. A high-quality B-mode image 

that was displayed by the scanner with optimized gain profiles and display settings not 

included in the custom B-mode/ARFI pulse sequence was saved prior to each data 

acquisition. Images were acquired in the transverse and longitudinal planes; however, due to 

poor ARFI image quality in the transverse orientation, only the longitudinal planes are 

shown herein.

The custom B-mode imaging sequence consisted of 256 A-lines distributed across a 40 mm 

field-of-view (FOV) and the ARFI imaging sequence consisted of 50 A-lines distributed 

across a 15mm FOV. Each ARFI imaging A-line is composed of a single acoustic radiation 

force excitation pulse (push beam) that displaces the tissue and a series of conventional 

imaging pulses (track beams) that monitor the deformation from 0.7msec before to 2.6 msec 

after the acoustic radiation force excitation at a pulse repetition frequency of 9.4 kHz. A 

“non-push” ARFI frame that included identical A-line tracking ensembles of the standard 

“push” ARFI frame but not the ARFI push beam was collected immediately following each 

“push” ARFI frame to monitor non-ARFI induced motion. The specific pulse characteristics 

for B-mode and ARFI imaging are listed in Table II.

Raw radiofrequency (RF) data was acquired via the Axius Direct™ Ultrasound Research 

Interface (Siemens Medical Solutions USA, Inc., Issaquah, WA) at 40MHz and processed 

off-line with MATLAB™ (The MathWorks, Natick, MA) software.

2) Data & Image Processing—Axial displacements were measured using normalized 

cross-correlation (NCC) with a 1.5λ axial kernel and 0.5λ axial search region. Quadratic 

based motion filters were used to remove artifacts from non-ARFI induced axial motion 

including physiologic and transducer motion [29]. Performance of the motion filters was 

assessed in the “non-push” ARFI imaging frame. Poor quality displacement estimates with a 

NCC value less than a threshold (typically 0.99) were set to transparent in the ARFI images. 

A 0.5×0.5 mm median filter was applied to the ARFI images which depict the maximum 
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axial displacements measured within a temporal window (typically 0.35 to 0.75msec.) 

immediately following the cessation of the acoustic radiation force excitation. Remaining 

noise within the arterial lumen not removed by the NCC threshold was removed using a 

mask segmented from the spatially registered B-mode image.

C. Magnetic Resonance Imaging (MRI)

1) Imaging Protocol—Magnetic Resonance (MR) images of the carotid artery were 

obtained using a 3.0T GE Discovery MR750 scanner (GE Healthcare, Waukesha, WI) with 

an 8 channel neurovascular phased array coil according to a multi-contrast weighted 

standardized protocol [19] that has been validated in the literature [17–19]. This imaging 

protocol consisted of: 1) 3D Time-of-flight (TOF), 2) T1-weighted (T1W) double-inversion-

recovery (DIR) fast spin echo (FSE), 3) T2-weighted (T2W) FSE, and 4) proton density-

weighted (PDW) FSE sequences. Fat suppression was used to reduce signal from 

subcutaneous tissues with the no phase wrap parameter to prevent aliasing of objects outside 

the FOV. A finger pulse oximeter was used for cardiac gating. Specific scanning parameters 

for the MRI acquisition are listed in Table III.

Images were acquired in the transverse plane with a 16 × 16 cm FOV. The voxel size for the 

T1W, PDW, and T2W scans was 0.63 × 0.63 × 2.0 mm and for the TOF scan it was 0.31 × 

0.31 × 0.5 mm. In the TOF scan, 80 slices (40mm) were obtained. With relatively long 

acquisition times, the T1W, T2W, and PDW scans were limited to 10 slices (20mm). The 

total MRI examination time including setup, localizer, and calibration scans ranged between 

60 and 90 minutes. To ensure alignment, the MRI acquisition was positioned according to 

the distance from the carotid bifurcation to the plaque measured during the ultrasound exam.

2) Segmentation & 3D Model Rendering—Individual 2D MR images were segmented 

by a trained technician and radiologist that were blinded to the B-mode and ARFI images 

using MRI-PlaqueView™ software (VP Diagnostics, Seattle, WA). A semi-automated 

boundary detection tool was utilized to segment the lumen and outer vessel wall in the 

software, which then compared signal intensities across the spatially matched TOF, T1W, 

T2W, and PDW images to identify lipid-rich necrotic core, calcium, loose matrix, and lumen 

components. The 2D segmented image stack was converted into DICOMs using Osirix® [?], 

then imported into 3D Slicer [?] and smoothed using a Laplacian algorithm to render 3D 

models of the segmented plaque components.

D. Ultrasound & MRI Image Registration

For each subject, a single B-mode/ARFI ultrasound image was spatially registered with the 

MRI data according to the routine in Figure 1. The representative B-mode/ARFI image for 

each subject was selected by first choosing the location and/or angle with the best B-mode 

image quality, based qualitatively on conspicuity of the lumen–arterial wall boundary, and 

largest plaque volume. Then, considering the 5–10 datasets recorded at this location/angle, 

the image pair with the most temporally and spatially consistent features in ARFI imaging 

was selected. In general, small differences were observed in ARFI images acquired at a 

single location. The B-mode image from this pair was then spatially registered with the 

high-resolution 3D TOF volume containing the 3D segmented plaque model. Image 
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registration was performed manually in 3D Slicer [?], taking advantage of the ability to: 1) 

apply spatial transformations to imported image data, 2) view arbitrary (i.e. non-cartesian) 

planes, and 3) overlay multiple images and volumes simultaneously with transparencies to 

confirm spatial alignment. In addition to plaque geometry and size, features including the 

location of the carotid bifurcation (BIF) and the diameters of the common carotid artery 

(CCA), external carotid artery (ECA), and internal carotid artery (ICA) visualized in both 

the B-mode and 3D TOF images were used to confirm proper alignment. With the 3D TOF 

dataset spatially registered to the rendered 3D segmented MRI plaque volume and also the 

2D B-mode image that is registered with the 2D ARFI image, the 3D segmented MRI 

plaque volume was effectively registered with the B-mode/ARFI image pair. Final images 

showing the overlaid contours of the rendered 3D segmented MRI plaque model on both the 

2D B-mode image and the 2D ARFI image overlaid on the B-mode image were created.

Despite the subjectivity in choosing the most representative image pair from all the B-mode/

ARFI images collected, the results are semi-blinded because the ARFI image was not used 

during the registration process. Instead, the 3D segmented MRI regions depicting plaque 

composition were compared with the ARFI derived plaque stiffness only after the spatial 

registration was complete.

E. Comparing ARFI imaging plaque stiffness with MRI composition

To compare ARFI imaging displacements between regions of varying composition 

identified by MRI, regions of interest (ROIs) based on the overlaid contours of the 

segmented MRI plaque volume were defined in the ARFI image. These ARFI imaging ROIs 

were defined by first overlaying the MRI segmented contours of composition on the ARFI 

image. In some cases the coarse 2mm resolution of MRI in the longitudinal B-mode/ARFI 

imaging plane resulted in MRI segmented contours that extended outside the arterial wall 

into the lumen and/or surrounding tissue in the B-mode/ARFI images. To compensate for 

this and small mis-registration errors, non-rigid, manual adjustments <1mm were then 

allowed to smooth the overlaid MRI derived contours in defining the ARFI ROIs. 

Additionally, only MRI segmented regions > 2mm2 were included in the ARFI imaging ROI 

analysis as high sensitivity and specificity of MRI has only been reported for carotid plaque 

regions of this size [17]. The mean and standard deviation of the ARFI imaging 

displacements in the ROIs was determined in the near and far wall for each subject.

III. Results

An analysis of the B-mode, ARFI, and MR images for Subjects 1–5 are presented in a case 

study format in the following section. While visual comparisons of ARFI imaging are made 

with respect to the 3D segmented plaque model contours (solid lines) overlaying the B-mode 

images, the mean and standard deviation of displacements in the ARFI ROIs (dashed lines) 

overlaying the ARFI images that were derived from segmented MRI contours >2mm2 are 

reported.

A more detailed analysis for Subject 1 is included to fully describe the image acquisition and 

registration process that was used to ultimately compare the MRI and ARFI imaging data. 

For conciseness, only 1) the spatially registered B-mode image with overlaid segmented 
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MRI plaque model contours and 2) the ARFI image, overlaid on the B-mode image, with the 

ARFI ROIs derived from the segmented MRI plaque model contours are shown for Subjects 

2–5. High quality B-mode images displayed by the ultrasound scanner during the exam are 

shown for Subjects 2–5 in Figure 2 to provide an overview of the plaque burden. For 

reference, Table IV lists the B-mode and ARFI image acquisition and processing parameters 

used to create the images shown for each subject. A summary of the data comparing ARFI 

imaging displacements in ROIs based on MRI segmented plaque model contours >2 mm2 is 

provided at the end of this section to highlight the key results for each subject.

A. Subject 1

Figure 3 shows spatially registered MRI, B-mode, and ARFI images of the right carotid 

artery in Subject 1. In Figure 3a, a transverse 2D TOF image (red imaging plane), 

longitudinal 2D B-mode image (green imaging plane), and 3D segmented MRI plaque 

model are shown relative to the CCA, ICA, and ECA of the 3D TOF derived arterial lumen 

volume rendering. The 3D segmented MRI plaque model is also shown in the same and 

rotated orientations in Figure 3b and Figure 3c, respectively, but without the TOF and B-

mode information. The 3D segmented MRI plaque models in Figure 3a–c show a complex, 

heterogeneous plaque with lipid (yellow) and calcium (white) components embedded within 

the loose matrix (blue) material of normal arterial tissue. The plaque volume is dominated 

by a large calcium region (white arrow) with an adjacent lipid region (yellow arrow) on the 

left side of the ICA.

Figure 3d shows a single transverse 2D TOF image, acquired in the red imaging plane, with 

overlaid contours of the 3D segmented MRI plaque model. The green line indicates the 

intersection of the ultrasound imaging plane in which the longitudinal B-mode and ARFI 

images were acquired. Figure 3e shows a high quality 2D B-mode image that was displayed 

by the ultrasound scanner during the exam with two faint vertical lines indicating the lateral 

extent of the 2D ARFI imaging FOV. In B-mode imaging, the large plaque on the far wall of 

the CCA and ICA presents as a heterogeneous mass with a hypoechoic central region 

between the far wall and the more hyperechoic plaque top. Acoustic shadowing artifacts 

stemming from the center of the plaque and in the superior direction (i.e. towards the ICA) 

are observed in the underlying soft tissue.

Figure 3f shows the 2D B-mode image acquired in the green imaging plane with overlaid 

contours of the 3D segmented MRI plaque model, indicating composition, shown in solid 

lines. The coarseness of the 3D segmented MRI plaque model contours is reflective of the 

2mm slice thickness of MRI in the longitudinal B-mode/ARFI imaging plane. Figure 3g 

shows the 2D ARFI image depicting the maximum axial displacements in µm overlaid on a 

2D B-mode image. Dotted lines represent the ARFI ROIs derived from the segmented MRI 

plaque model contours shown in solid lines in Figure 3f. Small white arrows separating the 

low displacements of the arterial wall from the high displacements of the softer surrounding 

tissue indicate the stiff arterial wall boundaries in the ARFI image. White and yellow arrows 

in the MRI images (a, b, c, d, and f) indicate the same calcium and lipid regions of interest. 

The white box in Figure 3f and Figure 3g indicate the ARFI image FOV. Comparisons of 
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specific plaque features between ARFI imaging and MRI are referenced with respect to the 

lateral position indicated by the horizontal ruler in the white box.

A 16mm2 calcium region (white arrow) identified by MRI in the far wall of Figure 3f 

presents as a region of uniformly low (0.57±0.17 µm) displacements in the ARFI image in 

Figure 3g. An 11 mm2 MRI identified lipid region (yellow arrow) (Figure 3f) presents as a 

region with increased displacements (1.75±0.85µm) in the ARFI image (Figure 3g). In the 

far wall, two loose matrix components (4mm2 and 2mm2) identified by MRI present as 

regions of low displacement (0.60±0.28µm and 0.65±0.32 µm) on the left and right, 

respectively in the ARFI image (Figure 3g). Further below the lipid region are small 

(<2mm2) loose matrix components in the MRI image (Figure 3f) that present as regions of 

low (<1µm) displacement in the ARFI image (Figure 3g). In the near wall, a 25mm2 MRI 

identified region of loose matrix components (Figure 3f) presents as a region of uniformly 

low (0.71±0.21 µm) displacement in the ARFI image (Figure 3g). A 1mm2 MRI identified 

lipid region at a lateral position of −0.25 cm observed in Figure 3f was unidentified in the 

ARFI image (Figure 3g) and presented as a region of low displacement similar in magnitude 

to that of the loose matrix components in the arterial wall.

Figure 4 shows high quality B-mode images (top row) and ARFI images (bottom row) that 

were acquired at different imaging angles and separated in time from Subject 1. While 

different in size and geometry, a region of increased displacement in the center of the plaque 

(pink arrow) surrounded by regions of low displacement is observed at three different 

imaging angles. In all cases, the shape and location of the region of increased displacement 

corresponds to a similarly sized hypoechoic region (green arrows) in the B-mode images.

B. Subject 2

Spatially registered MRI, B-mode, and ARFI images of the right carotid artery in Subject 2 

are shown in Figure 5. The high quality B-mode image in Figure 2a indicates a large 

homogeneous plaque on the far wall of the CCA and ICA. In Figure 5a, there is good 

agreement between the 3D segmented MRI plaque model contours and the 2D B-mode 

image with a slight vertical offset of approximately 1 mm on the near wall at a lateral 

position of −0.25 cm. At a lateral position of −0.5 cm, a 1mm2 calcium deposit in the MRI 

image (white arrow) is aligned vertically with an acoustic shadowing artifact, that was found 

during the ultrasound exam to be caused by the small focal plaque indicated by the pink 

arrow on the near wall of the ICA in the high quality B-mode image (Figure 2a).

The 3D segmented MRI plaque model contours in Figure 5a portray a 10mm2 lipid pool 

(yellow arrow) extending laterally from −0.5 to 0.5 cm that is surrounded by otherwise loose 

matrix components in the far wall. In the ARFI image (Figure 5b), the location of this lipid 

pool corresponds to a region of increased displacement (1.01±0.28µm), extending laterally 

from −0.25 cm to 0.25 cm, that was observed in four acquisitions acquired at this imaging 

angle over a 4 min. period. Thin regions of low displacement (0.66±0.16µm and 0.79±0.18 

µm, respectively) are observed between the soft region and the lumen – possibly 

representing a fibrous cap – and also between the soft region and the surrounding tissue 

below the arterial wall – which likely represents the stiff adventitial layer. These low 
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displacement regions in the ARFI image of Figure 5b spatially correspond to regions of 

loose matrix in the 3D segmented MRI plaque model contours shown in Figure 5a.

C. Subject 3

Figure 6 shows spatially registered MRI, B-mode, and ARFI images of the left carotid artery 

in Subject 3. The high quality B-mode image in Figure 2b shows plaque on the near and far 

walls of the ICA and a large focal plaque at the BIF that appears to cause the acoustic 

shadowing artifacts observed below the ECA. In Figure 6a, there is good agreement between 

the lumen, arterial wall, and plaque geometry of the 3D segmented MRI plaque model 

contours and the 2D B-mode image.

A MRI identified calcium region and a loose matrix region in the far wall in Figure 6a 

present as regions of similarly low displacement (0.87±0.18 µm and 0.85±0.27 µm, 

respectively) in the ARFI image in Figure 6b. More superior in the ICA, MRI (Figure 6a) 

indicates a 6mm2 lipid region in the far wall centered laterally at −0.5 cm that corresponds 

to a region of slightly increased displacement (1.45±0.51 µm) in the ARFI image (Figure 

6b). In the near wall, there is a mix of lipid, loose matrix, and calcium components in the 3D 

segmented MRI plaque model contours, with a 15 mm2 lipid pool (yellow arrow) centered at 

0.0 cm that presents in the ARFI image (Figure 6b) as a region of heterogeneous 

displacements (1.90±1.10µm). Despite large variance in displacements observed within this 

region, the focal regions of increased displacement (>3µm) located near the BIF (pink 

arrows in Figure 6b) were observed in five acquisitions acquired at an imaging angle of 240° 

over a 3 min. time period. In the near wall from 0.0 cm to −0.75 cm, ARFI imaging 

displacements of low magnitude (1.2±0.2µm and 1.1±0.21µm) were observed in MRI 

identified regions of lipid and loose matrix components, respectively.

D. Subject 4

Figure 7 shows spatially registered MRI, B-mode, and ARFI images of the left carotid artery 

in Subject 4. The high quality B-mode image in Figure 2c depicts a relatively homogeneous 

plaque on the far wall of the ICA associated with a large amount of acoustic shadowing 

underneath. There is relatively good agreement between the arterial wall and plaque 

geometry of the 3D segmented MRI plaque model contours and the 2D B-mode image in 

Figure 7a.

A 37mm2 calcium region (white arrow) in the far wall of the ICA identified by MRI (Figure 

7a) presents as a region of low displacements (0.89±0.52 µm) in ARFI imaging (Figure 7b) 

that is fairly homogeneous, except for a 1mm2 localized region of increased displacements 

(4µm) located at 0.1 cm laterally. This small, high displacement region was observed in four 

ARFI images that were acquired in the same location, but approximately 30 sec. apart and is 

in close proximity to a 1mm2 MRI-identified lipid region (yellow arrow) observed in Figure 

7a. Another small MRI-identified lipid region (2mm2) located at −0.25 cm in Figure 7a 

presents no differently than the low displacements within the rest of the plaque in the ARFI 

image in Figure 7b.
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E. Subject 5

Figure 8 shows spatially registered MRI, B-mode, and ARFI images of the left carotid artery 

in Subject 5. In the high quality B-mode image (Figure 2d) a plaque (pink arrow) is clearly 

observed within the ECA. This particular plaque was not detected in MRI and is therefore 

not observed in the 3D segmented MRI plaque model contours in Figure 8a. There is good 

agreement between the geometry of the arterial walls in the 3D segmented MRI plaque 

model contours and the 2D B-mode image in Figure 8a.

Within the ARFI image FOV, the 3D segmented MRI plaque model contours in Figure 8a 

indicate the near wall of the ECA is dominated by an 11mm2 loose matrix component with a 

3mm2 region of calcium at approximately −0.25 cm (white arrow). In the spatially registered 

2D ARFI image (Figure 8b) both regions presents as areas of low displacement 

(0.91±0.37µm and 0.69±0.26µm, respectively). The 4mm2 plaque in the middle of the ECA 

(pink arrow) observed in the B-mode image at a lateral position of 0.0 cm (Figure 8a and 

Figure 2d) presents in the ARFI image (Figure 8b) as a concentrated region of high 

displacements >3µm. A thin region of low displacements (1.53±0.30µm) that corresponds to 

MRI identified loose matrix components – likely the stiff adventitial layer – separates the 

high displacement plaque from the increased displacements of the surrounding tissue 

beneath the far wall of the artery.

F. Summary

A summary comparing the mean and standard deviation of ARFI imaging displacements 

within ROIs based on 3D segmented MRI plaque model contours of varying composition > 

2mm2 is shown in Figure 9 for each subject. Dotted line contours overlaying the preceding 

ARFI images (Figures 3, 5–8) represent the ARFI ROIs used for analysis.

While summary results from all subjects are shown together in Figure 9, note the force 

applied with ARFI imaging – which is unknown in vivo – is depth dependent and varies 

between subjects. Such variation may explain differences in the displacement magnitude 

observed between regions of similar composition in the near wall and the far wall in a single 

subject and also between subjects. For this reason, it is the relative difference in 

displacement magnitude of a region compared to surrounding regions within each subject 

that is most important.

IV. Discussion

This work presents preliminary in vivo human results comparing ARFI imaging derived 

carotid plaque stiffness with composition determined by spatially registered MRI. With no 

reported in vivo human validation of plaque characterization using ARFI imaging to date, 

this work provides early training data for future efforts and aids in the interpretation and 

possible clinical utility of the method. Additionally, the correspondence of increased ARFI 

displacements in regions identified as lipid in MRI is preliminary data that demonstrates the 

potential of ARFI imaging for identifying the elusive vulnerable plaque.
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A. Plaque Stiffness (ARFI imaging) vs. Composition (MRI)

Results among five subjects with carotid artery plaques > 50% stenosis were reported. 

Normal loose matrix components identified by MRI presented as homogeneous, stiff regions 

of low displacement (typically ≈1µm) in ARFI imaging. MRI identified calcium 

components presented as regions of similarly low magnitude and were generally 

indistinguishable from loose matrix components in ARFI imaging.

Lipid pools >2 mm2 were identified by MRI in three of the five subjects (Subject 1 - Figure 

3, Subject 2 - Figure 5, and Subject 3 - Figure 6). In these cases, corresponding regions in 

spatially registered ARFI images presented as soft regions with mean displacements that 

were on average 1.8 times greater (Subject 1 = 2.9×, Subject 2 = 1.4×, Subject 3 = 1.2× in 

the near wall and 1.7× in the far wall) than displacements measured in stiffer, adjacent 

regions containing loose matrix components according to MRI (Figure 9). In Subject 1 

(Figure 3), the regions of increased displacement in ARFI imaging presented as hypoechoic 

regions in B-mode imaging, whose presence has been related to the presence of ipsilateral 

neurological events [30,31]. No ARFI imaging soft region greater than 2mm2 corresponded 

to regions with either loose matrix and/or calcium components according to MRI.

The contrast in mean ARFI imaging displacements between MRI identified regions of lipid 

compared to calcium and loose matrix components was < 2 for all subjects except Subject 1 

(Figure 9). In an ex vivo popliteal artery, Trahey et al. [26] reported a contrast value of 1.5 

between a pathologically confirmed lipid core and a calcium region. These values are lower 

than those reported by Dumont et al. [?] in custom-made, arterial tissue-mimicking 

phantoms, where the displacements of a soft inclusion with a Young’s Modulus (E) of E = 

19.7 kPa were three times higher than those measured in the stiffer background (E = 121.8 

kPa). In finite element simulations the contrast was most dependent upon stiffness of the 

lipid pool, ranging from a maximum of ≈8 for a lipid stiffness of Elipid = 0.5 kPa to a 

minimum of ≈1 for Elipid = 50kPa with Ewall = 1000 kPa [23].

B. Challenges & Limitations

Several challenges and limitations should be considered when interpreting the results of this 

preliminary study. First, despite observed differences in the mean ARFI displacements, the 

increased variance of ARFI displacements within MRI-identified lipid regions indicates the 

clear separation of components may be difficult with ARFI imaging in some patients (Figure 

9). Unfortunately, the small sample size is not sufficient to show statistical significance and 

future studies involving more subjects are required to truly validate the use of ARFI imaging 

for carotid plaque characterization. Towards assuring confidence in the results, however, a 

repeatability study of ARFI imaging was performed by comparing images acquired at the 

same location on a qualitative basis. While not shown for conciseness, the ARFI images 

were spatially and temporally consistent across multiple acquisitions. Additionally, lack of 

motion in “non-push” ARFI frames acquired with each acquisition provided confidence that 

regions of varying stiffness did not arise from non-ARFI induced effects. Such stability and 

confidence in the results made it necessary to only perform the time-consuming manual 

registration for a single B-mode/ARFI image pair, as additional datasets did not add any new 

information.
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Differences in the geometry of specific features observed between MRI and ARFI imaging 

may be attributed to a number of factors, including possible differences in sensitivity of the 

techniques to regions of varying composition. An increased lipid pool stiffness may, for 

example, lead to decreased sensitivity of ARFI imaging and that may explain the regions of 

low displacement observed in the 15mm2 lipid pool identified by MRI in the near wall of 

Subject 3.

Differences in the resolution of MRI and ARFI imaging may also account for dissimilarity 

between observed features. The longitudinal imaging plane of the B-mode and ARFI images 

is the worst dimension for MRI resolution, with the 2mm slice thickness of the T1W, PDW, 

and T2W accounting for the coarseness of the segmented MRI contours overlaid on the B-

mode images in this study. The low resolution of MRI in the longitudinal plane may also 

explain why the 4 mm2 plaque clearly visualized in Subject 5 (Figure 8) with B-mode 

imaging that presented as a temporally and spatially stable region of increased displacement 

in ARFI imaging was not detected by MRI. The pronounced effects of the large MRI slice 

thickness could be reduced by collecting the MRI and ultrasound imaging data in the same 

imaging plane. Currently however, the semi-automated MRI segmentation method used in 

this study does not support MRI images acquired in the longitudinal orientation. 

Additionally, while acquiring ARFI images in the transverse orientation is possible, future 

work is needed to investigate the source of reduced image quality in the transverse ARFI 

images acquired, but not included, in this study before this approach is viable.

The smallest size lipid pool that can be detected with ARFI imaging is unknown. The ARFI 

segmentation analysis only included MRI regions > 2 mm2, based on earlier studies showing 

high sensitivity and specificity of MRI plaque characterization in regions of this size [17]. 

While the resolution of ARFI imaging, which depends on parameters of both the push beam 

and also the tracking beam, is in general comparable with the resolution of B-mode imaging 

[?], further studies investigating both contrast-to-noise ratio and resolution of small 

structures, such as lipid pools, in vivo is warranted.

The millimeter-scale size of the plaque components, means that subtle mis-registration 

errors may also explain observed differences. While adjusting the six parameters needed to 

define the location of a single plane made manual registration of the B-mode image within 

the 3D TOF MRI volume a somewhat tedious task, the unique geometry of the carotid artery 

and plaques provided sufficient information to guide these efforts. Fine tuning of the spatial 

transformations suggested the registration was accurate within 5° in rotation and 1mm in 

translation. Possible sources of mis-registration include not only differences in resolution of 

the B-mode and MRI data, but also possible variation in arterial geometry resulting from 

patient motion and/or differences in the neck position during the ultrasound and MRI exams.

Good agreement observed between 3D segmented MRI plaque model contours overlaid on 

2D B-mode images in each subject is strong evidence to support the accuracy of the manual 

registration performed herein. In all subjects, mis-registration of obvious features, such as 

the arterial wall–lumen interface, between B-mode and MRI was <1mm. Further confidence 

in the registration is provided by the spatial alignment of acoustic shadowing artifacts, 
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indicative of calcium, in the B-mode images of Subjects 1–4 (Figures 3, 5–7) with regions 

identified as calcium in MRI.

Given the small size of many plaque features, differences in the resolution of MRI and B-

mode/ARFI imaging and the potential for mis-registration errors makes a strict 1:1 

comparison between MRI composition and ARFI imaging plaque stiffness difficult in this 

study. Interested in the comparison of larger features, we allowed <1mm non-rigid, manual 

adjustment of the MRI segmented contours in defining ARFI ROIs to reduce these effects 

while minimizing subjectivity in choosing the specific regions used for analysis. Automated 

MR and ultrasound image registration [32] may help further reduce mis-registration while 

improvements in the spatial resolution of MRI may make a more detailed comparison 

feasible.

The limitation of 2D ultrasound imaging for characterizing the complicated 3D nature of 

atherosclerotic plaque burden was noted in this study. As observed in Figure 3d, the 2D 

ultrasound imaging plane (green plane) interrogates a limited region of the plaque; making it 

entirely possible to miss important plaque features such as lipid pools. The spatial and 

temporal repeatability of ARFI imaging observed in this study suggests that only a single 

acquisition is required at each location/angle, however, multiple locations/angles would be 

required to fully characterize the complex plaque. Future studies of this kind therefore 

should work towards 2D sweeping techniques and/or 3D ARFI imaging methods.

C. Clinical Implications & Utility

Ultrasound’s ease of use, low cost, safety, noninvasive nature, and relatively short scan time 

make ARFI imaging more feasible for routine screening exams than other imaging 

modalities. Unlike MRI and CT imaging, however, the results in this study indicate ARFI 

imaging cannot differentiate calcium from normal loose matrix components in plaque tissue. 

While calcium is an important indicator of atherosclerosis [33], studies have shown in aorta 

specimens that calcium quantity does not predict the likelihood of a plaque to rupture [?]. 

More so, recent evidence from MRI has shown the presence of a lipid pool alone is an 

important predictor of cardiovascular events [34]. The low contrast between the 

displacements of MRI identified lipid regions and adjacent arterial tissue may place an upper 

limit on the stiffness of lipid pools that can be identified by ARFI imaging. However, with 

increasing contrast indicating a softer lipid pool, which is more prone to rupture, it is 

possible the contrast in ARFI imaging displacements may provide important prognostic 

information related to plaque vulnerability. Certainly however, future studies correlating 

ARFI imaging derived plaque stiffness with clinical events in a large number of patients are 

needed to assess the true clinical utility of the method.
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Fig. 1. 

Overview of ultrasound and MR image registration.
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Fig. 2. 

High quality B-mode images displayed by the ultrasound scanner during the exam for: a) 

Subject 2 (Figure 5), b) Subject 3 (Figure 6), c) Subject 4 (Figure 7), and d) Subject 5 

(Figure 8). The focal depth used for each image is indicated by the small white triangle on 

the depth axis located on the right side of each image. The faint vertical lines in each image 

indicate the 2D ARFI imaging FOV for each acquisition.
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Fig. 3. 

Subject 1, spatially registered in vivo MRI and ultrasound images. a) 2D TOF image (red 

plane), 2D B-mode image (green plane), and 3D segmented MRI plaque model sbowing 

composition with 3D TOF arterial lumen volume. b) 3D segmented MRI plaque model. c) 

3D segmented MRI plaque model in rotated orientation. d) 2D TOF with overlaid 3D 

segmented MRI plaque model contours. e) High quality 2D B-mode image. f) 2D B-mode 

with overlaid 3D segmented MRI plaque model contours (solid lines). g) 2D ARFI depicting 
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axial displacements in µm overlaid on 2D B-mode with ARFI ROIs (dotted lines) derived 

from segmented MRI contours.
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Fig. 4. 

High-quality B-mode images (top row) and ARFI images (bottom row) of the carotid artery 

plaque in Subject 1 (Figure 3) that were acquired at different imaging angles and separated 

in time. The times listed are in reference to the acquisition time of the image shown in b).
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Fig. 5. 

Subject 2, spatially registered in vivo MRI and ultrasound images. a) 2D B-mode with 

overlaid 3D segmented MRI plaque model contours (solid lines). b) 2D ARFI depicting 

axial displacements in µm overlaid on 2D B-mode with ARFI ROIs (dotted lines) derived 

from 3D segmented MRI plaque model contours.
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Fig. 6. 

Subject 3, spatially registered in vivo MRI and ultrasound images. a) 2D B-mode with 

overlaid 3D segmented MRI plaque model contours. b) 2D ARFI depicting axial 

displacements in µm overlaid on 2D B-mode with ARFI ROIs (dotted lines) derived from 

3D segmented MRI plaque model contours.
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Fig. 7. 

Subject 4, spatially registered in vivo MRI and ultrasound images. a) 2D B-mode with 

overlaid 3D segmented MRI plaque model contours. b) 2D ARFI depicting axial 

displacements in µm overlaid on 2D B-mode with ARFI ROIs (dotted lines) derived from 

3D segmented MRI plaque model contours.

Doherty et al. Page 23

IEEE Trans Med Imaging. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 

Subject 5, spatially registered in vivo MRI and ultrasound images. a) 2D B-mode with 

overlaid 3D segmented MRI plaque model contours. b) 2D ARFI depicting axial 

displacements in µm overlaid on 2D B-mode with ARFI ROIs (dotted lines) derived from 

3D segmented MRI plaque model contours.
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Fig. 9. 

Mean and standard deviation of ARFI imaging displacements in ROIs based on MRI-

derived contours of loose matrix, lipid, and calcium components in the near and far wall of 

each subject.
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TABLE I

In vivo study population

Subject Age Sex (M/F) Symptomatic (Y/N) Plaque Location

1 68 M N Left BIF/ICA

2 84 F N Right BIF/ICA

3 80 F Y Left BIF/ICA

4 66 M Y Right BIF/ICA

5 72 F N Left ECA

ICA = Internal carotid artery, ECA = External carotid artery, BIF = carotid bifurcation
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TABLE II

B-mode & ARFI imaging pulse characteristics

B-mode Imaging

Frequency (MHz) 4.0 PI Transmit, 8.0 (2ndHarmonic) Receive

Pulse Duration (µsec) 0.250

Transmit F/# 2.0

Beam Spacing (mm) 0.154

ARFI Imaging

Push Beam

Frequency (MHz) 4.0

Pulse Duration (µsec) 150

Transmit F/# 3.0

Beam Spacing (mm) 0.308

Track Beam

Frequency (MHz) 4.0 PI Transmit, 8.0 (2ndHarmonic) Receive

Pulse Duration (µsec) 0.250

Transmit F/# 2.0

Beam Spacing (mm) 0.308

PI = Pulse Inversion
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TABLE IV

B-mode & ARFI image parameters

Subject Focal
Depth (cm)

Imaging
Angle (°)

ARFI temporal
window (msec)

ARFI NCC
threshold

1 3.4 90 0.25–1.05 0.98

2 2.2 140 0.25–0.65 0.99

3 2.4 240 0.25–0.65 0.95

4 3.4 240 0.25–0.65 0.98

5 3.4 270 0.25–0.65 0.99
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