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Abstract- Morphological characterization Morphological
characterization of carotid plaques has been used for risk
stratification and evaluation of response to therapy, evaluation
of new risk factors, genetic research, and for quantifying
effects of new anti-atherosclerotic therapies. We developed a
3D US system that allows detailed studies of carotid plaques in
3D. Our software includes 3D reconstruction, viewing, and
manual and semi-automated segmentation of carotid plaques.
We evaluated our plaque quantification software by examining
plaque volume measurement accuracy, variability, and plaque
surface morphology. Our results indicate that our approach is
sensitive tool and can be used in studies of atherosclerotic
plaque progression and regression

I. INTRODUCTION

Identification of vulnerable plaques that are likely to
rupture leading to thrombogenic events such as heart attacks
and stroke and monitoring of carotid plaque
progression/regression in response to therapy have emerged
as key challenges for investigators. Substantial research and
development involving multiple disciplines is currently
ongoing, including imaging instrumentation development,
and image processing. Morphological characteristics of
carotid plaques, such as plaque area, volume, texture and
surface characteristics have been used for stroke risk
stratification and evaluation of response to therapy [1],
evaluation of new risk factors [2,3] and genetic research [4].
While 1- and 2-dimensional (ID and 2D) carotid plaque
measurement, such as intima-media thickness (IMT) and
plaque area have been important in measuring progression
and regression of carotid disease; however, investigations
focusing on quantification of plaque morphology and
composition and correlate these with risk of stroke have
been mixed [5]. These discrepancies related to lack of
standardization and variability of the conventional 2D
ultrasound (US) exam as visualization of multiple 2D US
images to develop a 3D impression of vascular anatomy and
plaque details is time consuming and prone to variability
and inaccuracy [6]. Since conventional US imaging
provides 2D images, monitoring plaque changes over long
periods of time is problematic, as it is difficult to reposition
the 2D image in the same region of the plaque and register
the images to detect subtle changes..

Three-dimensional carotid ultrasound imaging (3D US)
has been developed with an aim to improve visualization

and quantification of carotid plaque volume and
morphology and provide a sensitive tool for monitoring of
progression and regression of atherosclerosis [7-10].
Characterization of carotid plaques in 3D has the potential
to improve investigations into the changes in plaque surface
morphology and distribution, potentially providing the
capability to identify vulnerable plaques [11], allowing
reproducible and sensitive quantitative monitoring of plaque
progression and regression, and provide important
information about the plaque's response to therapy (e.g.
medication or diet lowering lipids) and natural history of
plaques. These capabilities have the potential to improve
and accelerate the development of anti-atherosclerotic
therapies.

II. 3D US SCANNING TECHNIQUES

2D arrays have been developed for real-time 3D US
imaging and are used extensively in cardiac imaging.
However, imaging of the carotid arteries requires scanning
along the neck over a distance of about 4 to 6 cm. Thus, 3D
US techniques for imaging the carotid arteries typically
make use of conventional ID transducers producing 2D US
images and different methods to move the transducer and
locate the position of the 2D images within the volume
under investigation.

Fig. 1. 3D US image view of the carotid arteries at the bifurcation. The
common carotid has a complex and ulcerated plaque.
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Although many approaches have been developed for 3D
US imaging over the past two decades, two 3D US imaging
approaches have been used succesfuly to image the carotid
arteries: mechanical scanners, in which a hand-held
motorized mechanism translates the conventional transducer
over the patient's neck, while 2D images are acquired at
regular spatial intervals [12]; and a free-hand approaches in
which a magnetic field sensor is attached to the transducer
and a receiver is placed near the patient to measure its
position and orientation of the transducer as it is moved over
the neck in the usual manner while 2D images are acquired
by a computer [13-16]. Figure 1 shows 3D US images of
carotid plaques obtained using the mechanical scanning
approach.

Fig. 2. Segmentation steps used to the measure vessel wall plus plaque
volume from 3D US images. (a) The 3D image is "sliced" to obtain a
transverse view. The vessel wall and lumen boundary are then segmented
in sequential 2D slices of the 3D image. (b) The vessel can be sliced to
reveal a longitudinal view of the carotid arteries, showing the common,
internal and external carotid arteries with the segmented outlines of the
lumen and vessel wall. Correction of any errors can be made with this
view.

A. Plaque volume measurement by manualplanimetry
Measurement of plaque volume can be carried out using

automated segmentation algorithms as well as manual
tracing techniques (manual planimetry). Although the
development of automated techniques is an active research
area, this approach has not yet been sufficiently validated
for routine use in clinical studies. Thus, most carotid plaque
quantification techniques use manual planimetry by
repeatedly "slicing" the 3D US image transverse to the
vessel axis with a predefined inter-slice distance (e.g.,
1mm). In each transverse "slice" of the 3D carotid US
image, the plaque boundaries are traced and the area of the
vessel wall plus plaque is measured. The plaque volume is
calculated by summing the areas in each transverse "slice"
and multiplying them by the inter-slice distance as shown in
figure 2.

Quantification of carotid plaque progression and
regression requires accurate and reproducible techniques to
measure volume and morphology. A number of studies
have used 3D US for measuring plaque volume, but few
have attempted to quantify the accuracy of these
measurements by determining the actual volume of each
plaque. In addition, the variability of plaque volume
measurements has generally been reported as an average
over a large range of plaque volumes [16-18]. However,
quantification of plaque progression requires that we
understand how the variability of plaque volume
measurement depends on plaque volume, so that trials
investigating the effects of therapy can be planned properly
and that plaque changes can be interpreted appropriately. In
this paper we summarize our work related to plaque
measurement accuracy and variability as a function of
plaque volume.

B. Plaque volume measurement accuracy
Our technique for plaque volume measurement accuracy

was based on measurements of vascular test phantoms with
known simulated plaque sizes. These test phantoms were
constructed from a mixture of agar (3%), glycerol (8%),
distilled water (86%), and sigma cell (3%) [19]. An acrylic
rod (9 mm diameter) was inserted into a box and the mixture
of agar was poured into the box. After the agar had
hardened, the rod was removed to create a vascular channel
1.5 mm below the surface. Hypoechoic plaques were
simulated using solidified agar sliced into simulated
"plaques" of various heights and lengths. These were then
inserted into the lumen of the vascular phantoms. The actual
volumes of the simulated "plaques" were measured using
water displacement. Vascular phantoms with different
"plaque" volumes ranging from 68.2mm3 to 286 mm3 were
repeatedly measured with 3D US and the results analyzed.
The mean error in plaque volume measurement was found
to be 4.2% for the 68.2mm3 simulated plaques and 1.5% for
the 286 mm3 simulated plaques. The mean error for the full
range of plaque volumes studied was 3.1%. These studies
demonstrated that 3D US imaging can provide accurate
measurements of plaque volume.
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Fig. 3. ANOVA results of repeated measurements of 40 plaques
obtained from 3D carotid ultrasound images of patients with
carotid disease. 5 trained observers made these measurements.
The results are plotted as the intra-observer coefficient of variation
(standard deviation divided by the mean plaque volume) vs. mean
plaque volume, V (diamonds) The error bars represent ± one SD

C. Plaque volume measurement variability
A multiple observer study was conducted to determine

the relationship between the intra- and inter-observer
variability in the 3D US measurement of plaque volume and
the mean plaque volume measurement. Each of five
observers measured the volumes of 40 carotid plaques five
times in five different sessions using an inter-slice distance
of 1.0 mm. The 3D US carotid plaque images were
obtained using the 3D mechanical scanning approach
discussed above generating images as shown in figure 1.
The carotid plaques ranged in volume from 13 mm3 to 544
mm3 and were obtained from patients being followed in the
Premature Atherosclerosis Clinic and The Stroke Prevention
Clinic at the London Health Sciences Centre, London,
Canada.

Analysis of variance (ANOVA) was used to characterize
the measurement variability and a summary of the results is
shown in figure 3. Figure 3 shows that the coefficient of
variation, COV, (standard deviation in plaque volume
measurement divided by the mean measured plaque volume,
(Gv/V,)) decreases as the plaque volume increases. For
small plaques, the COV was high, i.e., for the 13.2 mm3
plaques, the inter- and intra-observer COV was 91% and
70% respectively. For moderate size plaques with a volume
of 113 mm3, the inter- and intra-observer COV was 13.2%
and 11.0% respectively; and for larger plaques with volumes
of 544mm3, the inter- and intra-observer COV was much
smaller at 4.8% and 3.1% respectively. These results show
the range of plaque volumes in which the variability is
sufficiently small for clinical studies focusing on monitoring
carotid plaque regression in response to therapy. They also
show that the variability in measuring small plaques is high.

Fig. 4. The mean Gaussian curvature obtained from the analysis of
a carotid plaque 3D US image. The surface value is the local mean
Gaussian curvature of surface points within a 1.0 mm radius. The
values of the mean Gaussian curvature have been coded and
"painted" onto the segmented lumen surface.

D. Effect of inter-slice distance
Measurement of plaque volume is affected by the

interslice distance when "reslicing" the 3D image before
segmenting the vessel wall and lumen boundaries. If the
spacing between 3D US image "slices" is small, to obtain
accurate volumetric measurements, the procedure will be
time consuming; however, if it is large, to reduce the
number of plaque boundaries and hence reduce
measurement time, inaccurate and variable results may
occur. To optimize the choice of the inter-slice distance, we
measured the volume of five plaques (range: 42.2 mm3 to
604.1 mm3) five times using nine separate inter-slice
distances ranging from 1.0 mm to 5.0 mm in 0.5 mm
increments. Our results showed that the relative plaque
volume (normalized to the measurements with 1 mm inter-
slice distance) remains unchanged for inter-slice distances
between 1.0 and 3.0 mm and then decreased to 0.83 for
increasing inter-slice distances. In addition, our results
showed that plaque volume measurement variability
increased with increasing inter-slice distance. Based on
these results, we typically use 1 mm inter-slice distances in
our plaque volume studies.
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IV. PLAQUE SURFACE MORPHOLOGY

The growing body of evidence showing the importance of
plaque surface morphology [20,21] in evaluation of plaque
vulnerability. This has stimulated the development of
improved ultrasound techniques for visualization and
characterization of plaque surface features. Our approach
for quantitative analysis of plaque surface morphology
using 3D carotid US images makes use of segmented plaque
boundaries obtained either using manual planimetry or an
automated plaque surface segmentation approach [20,21].
To quantify the plaque's surface morphology, the plaque
outlines are converted to a triangular surface mesh (figure
2), which is smoothed to remove the variation in the surface
due to ultrasound speckle. The mesh is analyzed by
calculating the local Gaussian curvature at each node of the
mesh [19]. To reduce the variation in this measure of
curvature, the local mean Gaussian curvature value is
determined by averaging curvature values of all surface
points within a 1mm radius of each point on the mesh.
Figure 4 shows a result, in which the roughness metric has
been coded and mapped onto the segmented surface of the
vessel, showing increased roughness in some regions of the
surface associated with the plaque. This approach must still
be validated; however, it shows the possibility of using 3D
US images to quantify changes in plaque surface
morphology.

V. MONITORING OF PLAQUE DISTRIBUTION AND CHANGE

The following sections describe a metric that we used to
compute the local distribution of carotid disease on a point-
by-point basis for each transverse carotid image slice. We
have also extended the quantification of plaque burden
along the vessel to the quantification of the change of the
vessel wall plus plaque thickness between two time points.

A. Reconstructing surfaces from polygonal slices
We used the symmetric correspondence algorithm [221 to

pair the vertices on adjacent contours generated by the
segmentation. With all the correspondence vertices defined,
the adjacent 2D curves were connected to form polygonal
surfaces.
To obtain reliable segmentations, an expert observer

segmented the carotid wall and lumen in each 3D US image
five times. After the five surfaces representing the wall and
the lumen were meshed to obtain the average and standard
deviations of the wall and the lumen surfaces using the
following steps:
1) The transverse plane in each 3D US image was

identified, and the average of the normals of the five
different transverse planes was calculated. The five
segmented surfaces were then resliced at 1mm intervals
using the plane with the average normal, 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 curve (of the

five curves obtained in Step 1) was chosen, and the
symmetric correspondence were established between
the smoothest curve and the remaining four curves.

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

B. Vessel wall plus plaque thickness map
The average surfaces of the carotid wall and lumen were

sliced in the transverse plane at 1 mm intervals and the
resulting 2D curves were paired. The 3D thickness map was
computed as the difference between the carotid wall and
lumen boundary. The resulting thickness was color coded
and superimposed on the mean vessel wall 3D boundary.
Figure 5 shows the vessel wall plus plaque thickness maps
for a patient scanned at baseline before a 3-month interval,
during which he was treated with 80 mg of atorvastatin.

C. 3D maps of carotid wall plus plaque thickness change
To calculate the change in the plaque thickness between

two imaging times, we first registered the vessel contours
using the Iterative Closest Point (ICP) algorithm. After
registration we calculated the difference between them,
color coded it and mapped it onto a mean 3D boundary that
was obtained from the 3D US image at baseline (figure 6).
Figures 6 show the results for this patient (Fig. 5). The
change in vessel wall plus plaque thickness shows a
pronounced regression on the left side of the common
carotid artery with a reduction of plaque thickness of about
7 mm.

Fig. 5. 3D map of the carotid arteries generated from 3D carotid US
images, showing the meshed surface of the lumen and the vessel wall. The
standard deviation in the segmentation has been color coded and mapped
onto the surface.
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Fig. 6. The thickness of vessel wall plus plaque change obtained at baseline
and after atorvastatin treatment. Negative value indicates that a plaque
thickness reduction was recorded in the second scanning session.

VI. DISCUSSION

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.
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. We
demonstrated that 3D carotid plaque measurement can be
made with a 3D US system using a conventional US
imaging system generating 2D US images. We showed that
plaque volume could be measured accurately and with low
variability, making it a useful tool in clinical studies of
progression and regression of carotid plaques.

Manual segmentation requires that an operator must
repeatedly "cut" into a 3D US image, orient the revealed
plane appropriately and then outline the plaque boundary.
This requires substantial experience is arduous and time-
consuming, leading to inaccuracy and variability. A
potential improvement would involve a semi-automated
segmentation approach, in which the user would identify the
plaque, and a computer algorithm would segment the plaque
automatically [20,21]. 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.

ACKNOWLEDGEMENT

The authors acknowledge the financial support of the
CIHR and the ORDCF, and the first acknowledges the
support of the Canada Research Chair Program.

REFERENCES

[1] Spence JD, Eliasziw M, DiCicco M, Hackam DG, Galil R, Lohmann
T. Carotid Plaque Area: A Tool for Targeting and Evaluating
Vascular Preventive Therapy. Stroke 2002;33:2916-2922.

[2] Spence JD, Malinow MR, Barnett PA, Marian AJ, Freeman D,
Hegele RA. Plasma Homocyst(e)ine concentration, But Not MTHFR
Genotype, Is Associated With Variation in carotid Plaque Area.
Stroke 1999;30:969-973.

[3] O'Leary C, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson
SK Jr, Carotid-artery intima and media thickness as a risk factor for
myocardial infarction and stroke in older adults. N Engl J Med.
1999;340: 14-22.

[4] Spence JD, Ban MR, Hegele RA. Lipoprotein lipase (LPL) gene
variation and progression of carotid artery plaque. Stroke
2003;34:1 178-1182.

[5] Zwiebel WJ. Duplex sonography of the cerebral arteries: efficacy,
limitations, and indications. AJR Am J Roentgenol 1992;158:29-36

[6] Riccabona M, Nelson TR, Pretorius DH, Davidson TE. In vivo three-
dimensional sonographic measurement of organ volume: validation in
the urinary bladder. J Ultrasound Med. 1996; 15:627-32.

[7] Landry A, Spence JD, Fenster A. Measurement of carotid plaque
volume by 3D US. Stroke. 2004;35:864-869.

[8] Fenster A, Landry A, Downey DB, Hegele RA, Spence JD. 3D
Ultrasound Imaging of the Carotid Arteries. Current Drug Targets.
2004.4(2). 161-175.

[9] Schminke U, Hilker L, Motsch L, Griewing B, Kessler C. Volumetric
assessment of plaque progression with 3-dimensional ultrasonography
under statin therapy. J Neuroimaging 2002;12(3):245-251.

[10] Ainsworth CD, Blake CC, Tamayo A, Beletsky V, Fenster Spence
JD.A. 3D ultrasound measurement of change in carotid plaque
volume: A tool for rapid evaluation of new therapies. Stroke 2005
36:1904-1909.

[11] Troyer A, Saloner D, Pan XM, Velez P, Rapp JH. Major carotid
plaque surface irregularities correlate with neurological symptoms J
of Vascular Surgery 2002;35:741-747.

[12] Fenster A, Downey DB, Cardinal HN. Three-Dimensional Ultrasound
Imaging. Phys Med Biol. 2001;46(5):67-99.

[13] Gilja OH, Hausken T, Olafsson S, et al. In vitro evaluation of three-
dimensional ultrasonography based on magnetic scanhead tracking.
Ultras Med Biol 1998;24:1161-1167.

[14] Delcker A, Diener HC. Quantification of atherosclerotic plaques in
carotid arteries by three-dimensional ultrasound. Br J Radiol
1994;67:672-678.

[15] Palombo C, Kozakova M, Morizzo C, Andreuccetti F, Tondini A,
Palchetti P, Mirra G, Parenti G, Pantian NG, Ultra-fast three-
dimensional ultrasound: application to carotid artery imaging. Stroke
1998;29:1631-1637.

[16] Landry A, Fenster A. Theoretical and Experimental Quantification of
Carotid Plaque Volume Measurements made by 3D Ultrasound Using
Test Phantoms. Med Phys. 2002;29:2319-27.

[17] Fuster V, ed: The Vulnerable Atherosclerostic Plaque:
Understanding, Identification, and Modification. Futura Publishing
Company, Inc., Armonk, NY, 1999.

[18] U. Schminke, L. Motsch, L. Hilker, C. Kessler, Three-dimensional
ultrasound observation of carotid artery plaque ulceration, Stroke
2000;31:1651-1655.

[19] E. M. Stokeyl, S. Y. Wu, Surface parameterization and curvature
measurement of arbitrary 3-D objects: five practical methods, IEEE
Trans on Patt Anal Machine Intell 1992;14:883-840.

[20] Zahalka A, Fenster A. An automated segmentation method for three-
dimensional carotid ultrasound images. Phys Med Biol.
2001;46:1321-1342.

[21] Gill J, Ladak H, Steinman D, Fenster A. Accuracy and variability
assessment of semi-automatic technique for segmentation of the
carotid arteries from 3D US images. Med Phys 2000;27:1333-1342.

[22] Papademetris, X., Sinusas A.J., Dione D.P., Constable R.T., Duncan
J.S., "Estimation of 3-D Left Ventricular Deformation from Medical
Images Using Biomechanical Models," IEEE Trans Med Imaging,
Vol. 21, No. 7, 2002, pp. 786-800.

1970


