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Abstract
Background Quantitative measurements of carotid plaque
burden are used to monitor patients and evaluate established
interventions as well as new treatment options.
Purpose Three-dimensional ultrasound (3D US) techniques
were developed to noninvasively monitor the progression of
carotid artery disease in both symptomatic and asymptomatic
patients.
Methods Three-dimensional carotid US images were
acquired and reconstructed, and methods for quantitative
assessment were developed. The measurement of intima-
media thickness (IMT) based on two-dimensional ultrasound
(2D US) images was extended to a 3D vessel-wall-plus-
plaque thickness (VWT), obtained by computing the distance
between the carotid wall and lumen surfaces on a point-by-
point basis. VWT measurements were superimposed on the
arterial wall to produce 3D VWT maps. VWT changes were
determined by comparing the 3D VWT maps obtained at two
different time points. To facilitate the visualization and inter-
pretation of the VWT and VWT-Change maps, a technique
to flatten these maps was developed.

B. Chiu (B) · M. Egger · J. D. Spence · G. Parraga · A. Fenster
Imaging Research Laboratories, Robarts Research Institute,
London, ON, Canada
e-mail: bchiu@imaging.robarts.ca

B. Chiu · G. Parraga · A. Fenster
Graduate Program in Biomedical Engineering,
University of Western Ontario, London, ON, Canada

M. Egger · G. Parraga · A. Fenster
Department of Medical Biophysics, University of Western Ontario,
London, ON, Canada

J. D. Spence
Stroke Prevention and Atherosclerosis Research Centre,
Robarts Research Institute, London, ON, Canada

Results Carotid remodeling involving changes in both arter-
ial wall and plaque thickness was assessed with VWT maps
obtained from in vivo 3D ultrasound images.
Conclusion 3D carotid ultrasound image evaluation with
VWT mapping provides a feasible means for the analysis
of plaque burden volumes and changes.
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Introduction

Carotid atherosclerosis and stroke

Stroke is the most common, serious neurological problem
globally and the third leading cause of death among North
American adults [1,2]. Direct and indirect cost of stroke alone
are estimated to be $2.8B/year in Canada and $51B/year
in the USA [1–3]. Clearly, stroke represents a staggering
mortality, morbidity, and economic cost. Improved methods
to identify patients at increased risk for stroke, and better
techniques to treat and monitor them will have an enormous
impact.

About 85% of strokes are ischemic, mostly caused by
the blockage of a cerebral artery by a thrombotic embolus.
Atherosclerosis at the carotid bifurcation is a major cause
for the generation of thrombosis and subsequent cerebral
emboli [4]. Most strokes associated with carotid atheroscle-
rotic disease can be prevented by lifestyle/dietary changes,
medical, and surgical treatment [5]. Improved identification
of patients who are at risk for stroke, new strategies for treat-
ing atherosclerosis, and sensitive techniques for monitoring
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of carotid plaque response to therapy, will have a great impact
on the management of these patients and decrease the risk of
stroke.

Currently, patients who have neurological symptoms are
considered to have the highest risk and are assessed for risk
of stroke. Carotid imaging techniques are the most impor-
tant tools for identifying patients who are at risk for stroke.
Results from two major trials showed that, in symptomatic
patients, stenosis severity is highly correlated with risk for
stroke [6,7]. However, the presence of carotid disease alone
is not a good indicator of the risk of stroke since approxi-
mately 60% of individuals aged 65–74 exhibit carotid dis-
ease, while the prevalence of stroke symptoms is relatively
low (1–2%) [8]. The NASCET trial showed that a carotid
stenosis of ≥70% identifies a group of patients who will ben-
efit from carotid endarterectomy [6]. However, the NASCET
results also showed that 74% of the patients with severe
stenosis (≥70%) do not suffer stroke within 2 years [9],
and ECST results showed that 10% of symptomatic patients
with low-grade stenosis (17–50% by NASCET) suffer ipsi-
lateral stroke within 4 years [7]. These results indicate that
factors other than stenosis severity are also important in
identifying the sub-population at risk. There is now agree-
ment that for event-free survival, the important question is
not simply related to the presence of disease or the degree
of stenosis, but rather related to indolent slow progression,
followed by sudden plaque complications, leading to plaque
rupture and consequent life- or brain-threatening thrombo-
sis [10,11].

The disease details: atherosclerotic plaques
and their disruption

Atherosclerosis involves complex interactions between: envi-
ronmental and genetic factors, cells of the arterial wall, flow
patterns, elements of the blood, and various plasma pro-
teins [12–14]. This disease is focal (predominantly occur-
ring in bends and bifurcations) and this pattern is unchanged
among sub-populations corresponding to specific risk fac-
tors [15]. This focuses attention on local factors, such as
structural and plaque composition [16], local hemodynamic
factors [17,18], and mechanical stresses due to the distri-
bution of forces within the plaque and arterial wall [19],
which play important roles in this disease. Although progress
has been made, many questions still remain unanswered. As
atherosclerosis is such a complex disease, it is clear that
understanding the mechanisms of initiation, progression, and
finally conversion of a stable to an unstable life-threatening
atherothrombotic lesion (an event known as plaque fissuring,
rupture, or disruption) [10,20] will require advances in many
different fields.

Plaque vulnerability and disruption triggers

Although the atheromatous component enlarges with plaque
growth, there is a large variability in plaque size and compo-
sition. The relationship between plaque size and composition
is unclear and serial studies lasting months or years are nec-
essary to identify plaque types most at risk for disruption
and/or thrombosis. These studies require non-invasive 3D
imaging techniques that allow quantification of plaque com-
position and integrity [16,21], and that elucidate the roles
of plaque disruption risk factors. Moreover, identification of
those plaques that will respond to therapy requires sensi-
tive non-invasive 3D imaging tools for use in trials lasting
many months or years. Finally, translation of these finding
to the management of the large number of individuals with
atherosclerosis and with elevated risk for stroke requires a
cost-effective, sensitive and reproducible technique.

Research objective

Determining stenosis severity can identify patients who
would most benefit from carotid endarterectomy. However,
identification of vulnerable plaques that would most likely
lead to thrombogenic events and the identification of plaques
that are likely to respond to therapy, will provide the next
leap in management of patients at risk of stroke. Research
related to these issues is now active and involves multiple
disciplines and multiple imaging modalities. Use of imaging
is being transformed from luminal measurement of stenosis
severity to quantification of direct measures of carotid disease
phenotypes. With improved strategies to treat atherosclerosis
non-surgically, sensitive non-invasive 3D imaging techniques
allowing direct plaque visualization and quantification are
becoming more important in evaluating of carotid atheroscle-
rosis and serial monitoring of disease progression and regres-
sion.

Limitations of conventional carotid ultrasound imaging

In conventional carotid ultrasound examinations, the trans-
ducer is manipulated manually over the carotid arteries by
a sonographer or a radiologist. This approach works well in
the diagnosis of carotid disease; however, quantitative mea-
surements are subject to variability. Obtaining the required
information from a series of 2D images is largely dependent
on the skill and experience of the operator in performing
these tasks. This approach is sub-optimal due to the follow-
ing limitations:

(1) Conventional ultrasound images are 2D; hence, the
diagnostician must mentally transform multiple images
in order to reconstruct a 3D impression of the complex
3D structure of the vessel and plaque. This may lead to
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variable and incorrect quantification of the size, extent,
and the morphology of plaque.

(2) Conventional 2D ultrasound images are difficult to
reproduce; therefore, conventional 2D ultrasound is
non-optimal for quantitative prospective studies, par-
ticularly where small changes are being followed over
the course of time [22,23].

(3) The patient’s anatomy sometimes restricts the angle of
the image, resulting in the inaccessibility of the opti-
mal image plane necessary for the diagnosis of carotid
disease and the assessment of plaque morphology.

(4) Diagnostic and therapeutic decisions, at times, require
accurate measurements of the volumes of the lesion.
Several techniques for improving the management of
atherosclerosis are now available; however, current 2D
ultrasound volume measuring techniques, which
assume an idealized shape of the lesion to calculate the
volume, use only simple measures of the width in a
few views. This method potentially leads to inaccurate
results and operator variability.

3D ultrasound imaging of the carotid atherosclerosis

We propose that 3D carotid US imaging can be developed
to provide cost-effective, sensitive and specific atherosclero-
sis measurement tools, which are critically needed to define
novel risk factors that aggravate atherosclerosis, and to assess
efficacy of therapies for carotid atherosclerosis.

Our objective is to develop and validate non-invasive and
quantitative 3D carotid US-based tools: (1) to help iden-
tify the important factors that will distinguish patients with
vulnerable plaques; (2) to provide a cost-effective and sensi-
tive method to assess carotid plaque progression and regres-
sion; (3) to provide useful information on the response of
plaques to plaque stabilization therapies; and (4) to provide
validated and reproducible biologic endpoints for therapeutic
trials that could significantly reduce the sample sizes required
to achieve statistical significance.

Recent publications have shown that 3D ultrasound of the
carotid arteries does not only allow for the visualization,
measurement (volume), and characterization of the carotid
plaque but also provides the capability to monitor plaque
progression and regression as well as to identify vulnera-
ble plaques [24–27]. The ability to monitor the progression
and regression (i.e., the changes in volume and morphology)
of carotid plaques quantitatively provides researchers with
important information about the plaque’s response to ther-
apy (e.g., medication or diet mediated lowering of lipids)
and the plaque’s natural history [27–30].

In the following sections, we describe our developments
of methods for acquiring 3D carotid ultrasound images and
the tools for visualizing and measuring plaque volume
and monitoring plaque progression and changes in 3D. For

further information about 3D US, readers may refer to review
articles and books on the subject [22,23,31–33].

Methods

3D US image acquisition

Our 3D carotid US system makes use of a mechanical lin-
ear scanning mechanism [23,34]. The 3D US images are
acquired by translating an US transducer (L12-5, 50 mm,
Philips, Bothel Washington) along the neck of the subject
for approximately 4.0 cm, requiring about 8 s. In our sys-
tem, the US probe was held by a mechanical assembly, and
the transducer angle was fixed to be perpendicular to the
skin and the direction of the scan for all patient scans. 2D
US video frames from the US machine (ATL HDI 5000,
Philips, Bothel Washington) are digitized at 30 Hz, saved to
a computer workstation, and reconstructed into a 3D image
as they are being acquired [34]. The spacing of the acquired
2D images, which are parallel to each other, can be controlled
by the user and is typically chosen to be 0.15 mm, resulting
in a 3D image with voxel dimensions of 0.1 mm × 0.1 mm
× 0.15 mm.

Carotid segmentation

Efficient analysis of the carotid arteries requires that the ves-
sel wall and lumen be segmented. The most efficient manner
to accomplish this is using automated or semi-automated seg-
mentation techniques. Since 3D carotid automated or semi-
automated segmentation techniques have not been fully
developed to be sufficiently robust, we used manual segmen-
tation techniques to develop our carotid analysis techniques.
It is important to note that our techniques will work equally
well with segmented results generated by semi-automated or
automated algorithms.

The segmentation was performed following three steps
[35]: (1) an expert observer (ME) located the carotid bifurca-
tion, and placed an axis parallel to the longitudinal axis of the
common carotid artery, (2) the 3D US images were re-sliced
at 1 mm intervals by transverse planes that were perpendicu-
lar to the longitudinal axis, (3) segmentation were performed
on each 2D transverse image (Fig. 1a, c), in which the expert
observer identified a double-line echogenic pattern, which
has been well-established to correspond to the lumen-intima
interface (i.e., the lumen boundary) and the media-adventitia
interface (i.e., the wall boundary) [36].

Mean and standard deviation of carotid segmentation

Since segmentation is prone to variability due to speckle,
shadowing and noise in US images, a trained observer

123



4 Int J CARS (2008) 3:1–10

Fig. 1 Two 3D carotid US
views of two different patients
with complex and ulcerated
plaques. For each patient, a
transverse (a, c) and
longitudinal (b, d) view is
shown side-by-side

segmented the carotid vessel wall and the lumen in each
3D US image five times to allow the quantification of the
intra-observer variability of the segmentation results. We
obtained the average and standard deviations of the wall and
the lumen surfaces using the following steps [37], in which
we made use of the symmetric correspondence algorithm to
pair points on two contours. This algorithm has been pre-
viously described in detail by Papademetris et al. [38] and
Chiu et al. [37]:

(1) For each of the five segmentations of the vessel, a trans-
verse plane was identified, and the average of the
normals of the five different transverse planes was cal-
culated. The five segmented surfaces were then resliced
at 1 mm intervals using the plane with the average nor-
mal, producing five 2D contours at 1 mm intervals along
the vessel.

(2) Since the symmetric correspondence algorithm only
established a correspondence between a pair of curves,
it was applied four times. The smoothest contour (of the
five 2D contours obtained in Step 1) was chosen, and the
symmetric correspondence mappings were established

between the smoothest contour and the remaining four
contours.

(3) Each of the vertices of the smoothest contour (defined
in Step 2) was linked with its correspondence points on
four different curves, resulting in a group of five points.
The centroid and the standard deviation of the points
about this centroid were then computed.

In Fig. 2, the mean arterial wall and lumen are shown
with the standard deviation of each point colour-coded and
superimposed on the mean surfaces. It could be observed that
the standard deviation is less than 0.5 mm in most regions,
with the exception of a low contrast region on the left side
of the common carotid artery shown in Fig. 1a, and another
region near the bottom of the lumen surface where a large
plaque is located, suggesting that the variability is greater in
segmenting lumen boundary with a more complex shape.

3D vessel-wall-plus-plaque thickness (VWT) map

The VWT was computed using the mean wall and luminal
surfaces obtained from the five segmentations. The symmet-
ric correspondence algorithm was used to match points on the
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Fig. 2 The mean arterial
(a) wall and (b) lumen with the
standard deviation of
segmentation at each point
colour-coded and superimposed
on them

mean wall and lumen surfaces on a slice-by-slice basis [38].
The VWT was calculated for all corresponding points on the
arterial wall as the distance between this point to its corre-
sponding point on the arterial lumen.

Three-dimensional visualization of the VWT was obtained
by mapping each VWT colour-coded value on the 3D surface
of the vessel wall to obtain a 3D VWT map (Fig. 3). In addi-
tion, the total VWT volume over a specified distance along
the carotids can be obtained by integrating the thicknesses in
the 3D VWT map.

3D VWT-Change map

Since the progression of plaque thickness is important in
monitoring patients who are being treated medically due to
increased risk for stroke, calculation and visualization of
changes in the vessel wall and plaque is important. Thus,
we also compute the change of 3D VWT map by comparing
the 3D VWT maps obtained at two different times. Although
the US probe was held by a mechanical assembly during
image acquisition, and the transducer angle was fixed to be
perpendicular to the skin and the direction of the scan for
all patient scans as has been described in the section “3D
US image acquisition”, there may still be slight position
misalignment between the carotid arteries image acquired
in two scanning sessions. Therefore, to obtain the 3D VWT-
Change map, two 3D VWT maps must first be registered. We
used a surface registration algorithm called the iterative clos-
est point (ICP) algorithm to register the two VWT maps [39].
We aligned the bifurcation apex of the two VWT maps, and
applied the ICP algorithm to find the optimal rotation by iter-
atively matching points on the two surfaces to be registered

and minimizing the root-mean-square (RMS) difference. The
iteration continued until the root-mean-square of the dis-
tances between the matched points on the two surfaces was
below a preset threshold, which was set at 10−4 mm. After
registration, we matched points on two surfaces with the same
angular position, θ , with respect to the centroids of the 2D
contours re-sliced using the same transverse plane. For each
pair of corresponding points, the 3D VWT-Change value was
computed by finding the difference between the VWT val-
ues of the pair. The 3D VWT-Change value computed for
each pair was then colour-coded and superimposed onto the
arterial wall (Fig. 4).

2D flattened map

Although the 3D VWT and the VWT-Change maps gave
important information regarding the progression/regression
of plaque, a flattened representation of these maps is prefer-
able, because a flattened map provides an unobstructed view
of the 3D map, which is especially important for a branched
surface such as the carotid artery wall. Thus, a flattened sur-
face would facilitate the identification and quantification of
a diseased region.

The carotid vessel wall was flattened so that it preserves
the arc-length of each transverse slice of the 3D maps. The
internal, external and common carotid arteries (ICA, ECA
and CCA) were cut longitudinally by three different planes
shown in Fig. 5b. Each transverse slice was mapped onto a
line according to the arc-length as shown in Fig. 5b, c. The
readers are referred to Chiu et al. [40] for more information
about the arc-length preserving map.
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Fig. 3 a Mean carotid artery
wall with vessel wall plus
plaque thickness is colour coded
and mapped on its surface
(obtained at baseline). b The 3D
thickness map in a shown
together with the lumen of the
carotid artery. c Vessel wall plus
plaque thickness after 3 months
of 80 mg of atorvastatin daily
treatment. d The 3D thickness
map in c shown together with
the lumen of the carotid artery

Results

3D US image acquisition and reconstruction

The simple predefined geometry of the acquired 2D carotid
US images can be reconstructed immediately into a 3D

image and viewed as it is being acquired to determine if
additional 3D scans are necessary. This specific advantage
of immediate review of 3D images after a scan significantly
shortens the examination time and reduces digital storage
requirements, as unnecessary 3D images may not be
stored.
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Fig. 4 Results of 3D vessel
wall plus plaque thickness maps
at baseline (time 0) and after 3
months of 80 mg daily treatment
with atorvastatin. The 3D
carotid map at baseline is
subtracted from the 3D map at 3
months to give the vessel wall
plus plaque change map. The
thicknesses (in mm) have been
colour coded and “painted” onto
the mean 3D wall

Fig. 5 Steps involved in
opening the carotid artery to
create a flattened thickness map
and example. a 3D VWT map.
b The carotid artery is sliced
open along the planes shown to
generate a flattened VWT map.
c Flattened VWT map,
d flattened VWT map at
baseline, e flattened VWT map
3 months after atovastatin
treatment, f flattened
VWT-Change map with scale at
the left

Because the 3D carotid US image is produced from a series
of 2D images, the resolution in the 3D image will not be
isotropic. The resolution of the reconstructed 3D image will

be equal to the original 2D images parallel to the acquired
2D US image planes; however, the resolution in the direc-
tion of the 3D scan along the arteries will depend on the
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elevational resolution of the transducer and the inter-slice
spacing. Thus, for optimal results, a transducer with good
elevational resolution should be used. While 3D mechanical
scanning requires a bulky mechanical device, it allows short
imaging times, high quality 3D images, and fast reconstruc-
tion times. An example of a linearly scanned 3D ultrasound
images of carotid arteries with complex plaques are shown
in Fig. 1.

3D vessel-wall-plus-plaque thickness (VWT) map

Our system was used to determine the effect of 80 mg of
atorvatatin treatment over a 3 months period in a placebo-
controlled study. In this study, we showed that 3D carotid US
imaging is sufficiently sensitive to show a statistically signifi-
cant reduction in carotid plaque volume [41]. To demonstrate
the use of our system in determining local changes in carotid
plaque, we used 3D carotid US images from this study at two
scanning sessions that were 3 months apart.

The 3D thickness map was computed as the difference
between the carotid wall and lumen boundaries. The resulting
thickness was colour-coded and superimposed on the mean
3D vessel wall boundary as shown in Fig. 3. Figure 3 shows
plaque volume measurements results as a 3D VWT map for a
patient scanned at baseline and after a 3-month interval, dur-
ing which he was treated with 80 mg of atorvastatin, demon-
strating that our 3D US technique shows the details of the
vessel wall and plaque and that it can be used to monitor
carotid plaque regression.

3D VWT-Change maps

To calculate the change in the plaque thickness between two
imaging times, we registered the thickness maps obtained at
the two imaging time points and calculated the difference
between them. Figure 4 shows the 3D VWT-change, which
is colour-coded and mapped onto a mean 3D boundary. This
image shows clearly where the vessel wall plus plaque has
changed.

For each of the two VWT maps obtained, we calculated
the mean VWT over the whole artery. We have also com-
puted the mean VWT-Change, by averaging the point-by-
point values of the VWT-Change map. The results shown in
Table 1 indicate that significant regression in the mean vessel
wall thickness has occurred for this patient (P < 0.0001).

2D flattened map

While the 3D VWT map shown in Figs. 3 and 4 show details
of the vessel wall plus plaque and their changes, analysis and
visualization requires 3D visualization tools and expertise
in manipulating 3D images. While this approach is possible

Table 1 Mean VWT computed for the VWT maps shown in Fig. 3a
(Time point 1) and Fig. 3c (Time point 2), and mean VWT-Change
computed for the VWT-Change map shown in Fig. 4c

VWT (mm)

Time point 1 2.52 (2.37–2.66)

Time point 2 1.71 (1.60–1.82)

Change −0.80 (−0.91 to − 0.69)

The 95% confidence intervals of the mean VWT and VWT-Change are
included in the parentheses

and effective, a better method to analyze the 3D VWT map
would be to cut and flatten the carotid arteries as would be
done in a histological analysis. Figure 5a shows an example
3D VWT map, Fig. 5b shows how the bifurcating vessel
is cut, resulting in the flattened map shown in Fig. 5c. The
flattening technique was used with the 3D VWT maps shown
in Fig. 4, resulting in the flattened VWT-Change map shown
in Fig. 5f. This image shows clearly the region where the
greatest change occurred in the vessel wall (and plaque).

Discussion

In previous publications [37,40], we reported on the variabil-
ity of quantifying carotid plaque from 3D carotid US images
and use of 3D carotid US imaging in monitoring regression
of carotid plaque in response to aggressive statin treatment.
In this paper, we extended the analysis techniques of 3D
carotid US imaging and demonstrated its use for quantifying
and monitoring of carotid atherosclerosis using 3D VWT and
3D VWT-Change maps. In addition, to improve the visual-
ization of changes in carotid disease, we demonstrated the
use of a flattened 3D VWT map.

Although 3D US has been shown to be useful in imaging
the carotid arteries and plaques, progress is still required for
this technique to become a routine tool for quantifying carotid
disease progression and regression. Although, real-time 3D
acquisition and reconstruction (i.e., 4D US) is possible with
2D arrays, these systems are still expensive and are primarily
used in cardiology. An important improvement in the analy-
sis of 3D carotid US images will be an improved segmen-
tation technique. Manual segmentation requires an operator
to repeatedly reslice into a 3D US image, orient the revealed
plane appropriately and then outline the plaque boundary.

It takes approximately 15 min to segment the arterial wall
and lumen surfaces once for each 3D US image using the
manual segmentation method, which may make a larger clini-
cal trial laborious and time-consuming. In addition, the
manual segmentation requires substantial experience, and
is susceptible to observer bias and variability. A potential
improvement would involve a semi-automated segmentation
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approach, in which the user would identify the plaque, and
a computer algorithm would segment the plaque automati-
cally. While this approach would be easier to use, it must
be thoroughly validated to ensure that the results agree with
manual segmentation by a trained user. The segmentation
done by an observer is normally the most reliable, and is
usually considered as the surrogate gold standard used to
validate semi-automatic segmentation methods, although it
is associated with observer bias and variability as have been
discussed. Although histological specimens can be used as a
standard for segmentation validation, it cannot be considered
as a gold standard, because the specimens are susceptible to
varying degrees and types of distortion, such as shrinkage
after decalcification and fixation [42]. This distortion results
in misregistration between the 3D US image and the histo-
logical specimens.

For our method, an accurate 3D VWT-Change map
requires accurate registration of the two VWT maps obtained
at two imaging sessions. In this work, we used a rigid sur-
face registration algorithm (ICP) to register the two VWT
maps [39]. Although the use of a rigid registration algorithm
produced accurate registration results for the older subject
used in the current study, whose carotid arteries were stiff
[43], a non-rigid registration algorithm (such as that described
in Nanayakkara et al. [44]) may be required in analyzing the
arteries of younger subjects that are more distensible. Fur-
ther studies are required to quantify the effect of registration
error on the computation of the 3D VWT-Change map for
younger subjects.
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