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Abstract— Atherosclerosis at the carotid bifurcation resulting
in cerebral emboli is a major cause of ischemic stroke. Most
strokes associated with carotid atherosclerosis can be prevented
by lifestyle/dietary changes and pharmacological treatments if
identified early by monitoring carotid plaque changes. Sensitive
monitoring of plaque changes in volume and morphology
requires that 3D ultrasound (US) images of carotid plaque
obtained at different time points be registered and evaluated
for change. This registration technique should be non-rigid,
since different head positions in image acquisitions cause
relative bending and torsion in the neck, producing non-linear
deformations between the images. We modeled the movement
of the neck using a “twisting and bending model” with only
six parameters for non-rigid registration. We used a Mutual
Information (MI) based image similarity measure with the
Powell optimization method as they have been used effectively
in US image registration applications. For evaluation of our
algorithm, we acquired 3D US carotid images from three
subjects at two different head positions to simulate images
acquired at different times. Then, we registered each image set
using our “twisting bending model” based non-rigid registration
algorithm. We calculated the Mean Registration Error (MRE)
between the segmented vessel surfaces in the target image
and the registered image using a distance-based error metric.
We repeated the experiment with only rigid registration to
compare the capabilities of the proposed algorithm in improving
registration of 3D carotid US images. The average registration
error was 1.03 ± 0.23mm using our non-rigid registration
technique, while it was 1.50 ± 0.50mm when we applied the
rigid registration alone.

I. INTRODUCTION

Stroke is the fourth leading cause of death in Canada
[1], and third leading cause of death in USA [2], and
the leading cause of serious, long-term disability in North
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America. Clearly stroke represents a staggering mortality,
morbidity, and economic cost. About 85% of strokes are
ischemic, i.e. due to the blockage of a cerebral artery or
arteriole. Atherosclerosis at the carotid bifurcation is a major
cause of occlusion or cerebral emboli [3]. Most strokes
associated with carotid atherosclerosis can be prevented by
lifestyle/dietary changes and pharmacologic treatments if
identified early [4]. Application of non-invasive ultrasound
US imaging techniques for early identification of vulnerable
plaques and for monitoring of plaque changes is an active
research area. Carotid plaque monitoring is currently limited
to measurement of change in plaque volume, area, or wall
thickness [5]. However, research showed that sensitive moni-
toring of plaque surface morphology is required for effective
identification of vulnerable plaques to prevent strokes [6].
Sensitive monitoring of plaque changes in surface morphol-
ogy requires that 3D US images of carotid plaque obtained
at different times be registered. The registration technique is
required to be non-rigid, since the patient’s head positions
can be different in each image acquisition session causing
relative bending and twisting of the carotid artery in each
image.

Registration of carotid images has only been reported a
few times in the literature. Slomka et al. reported the first
3D rigid registration algorithm for carotid images, where they
used MI to register 3D Magnetic Resonance Angiography
(MRA) images with Power Doppler US (and indirectly with
3D US) [7]. Fei et al. reported an automatic rigid registration
algorithm for multiple contrast weighted MR images of
carotid vessels [8]. More recently, Chan et al. reported the
first non-rigid registration algorithm in 3D carotid image
registration, in which they applied the thin-plate-spline based
deformable registration to carotid MR and 3D US datasets
and observed mean registration errors on the order of 1
mm when tested ex vivo [9]. The deformable registration
method such as the algorithm reported by Chan et al. or
elastic image registration used in nonrigid registration of US
used in elsewhere [10] are not always suitable in monitoring
carotid plaque changes since they can alter the existing
plaque morphology during registration process.

This paper presents a nonrigid registration algorithm for
registration of 3D US images of carotid artery taken at
two different times. We modeled the possible movements
of the neck using a biomechanical model to avoid plaque
morphology alteration during the registration. We used the
MI as the image similarity measure with this algorithm
since it has been successfully used in US image registration
[12], [13]. We used a distance based error metric between
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Fig. 1. The Twisting and Bending model assumes that the 3D ultrasound
carotid image is a part of a cylindrical shaft. The model parameters
(Xc, Yc, Zc) defines the “twist-bend center”, which does not move during
the deformation.

segmented vessel surfaces defining a novel distance measure-
ment technique to test the accuracy of the proposed algorithm
using in vivo 3D carotid US images.

II. METHODS

Non-rigid image registration is a valuable tool for var-
ious medical imaging applications. The large number of
parameters associated with existing methods cause several
problems in registration including computational complexity,
long computation time, and low reliability [14]. However,
movements of the neck are mainly limited to bending and
twisting, and can therefore be modeled by a reasonably low
number of parameters. We modeled the movement of the
neck using a biomechanical “twisting and bending model”
with only six parameters for non-rigid registration of carotid
US images. Our non-rigid registration algorithm consists of
two parts, rigid registration for rotation and translation com-
bined with non-rigid registration for twisting and bending.
We used Mutual Information (MI) for the image similarity
metric due to its favourable performances on US images [13].
We used Powell optimization [15] as it is well suited for non-
rigid US image registration applications, since it does not
require gradient calculations to search for optimal solution
[16].

A. Twisting and Bending Model

The Twisting and Bending model assumes that the 3D
US carotid image is part of a homogeneous cylindrical shaft
as shown in Figure 1. The central axes of the common
carotid, which passes through the user defined bifurcation
position, should be approximately aligned parallel to the z-
axes as a pre-processing step. The three model parameters
(Xc, Yc, Zc), the “twist-bend center”, define the center of
the model, which does not move during the deformation.
Kinematic modeling of head and neck movements have
been performed for robotic and control system applications
[17]. Generally the neck has a multiple rotation centers,
but Ouerflli et al. modeled 3D neck movements using a
three-revolute-joint system [17]. In our case, the range of
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Fig. 2. The twisting model: a plane perpendicular to z-axes showing the
twisting
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Fig. 3. The bending model: the height of the neutral plane does not change
during bending

deformations in 3D US images is limited to small region of
all possible neck movements and can be assumed to have a
single joint (or center).

The twisting model assumes that the shaft is clamped at
the bottom plane of the z-axes (at z = 0), and the twisting is
defined by one parameter, Torsion, T. Each plane normal to
the z-axes at z = z, rotates around the axes with a different
angle as described in equation 1 and shown in Figure 2. Any
plane perpendicular to the twisting axis is not distorted under
the homogeneous cylindrical shaft assumption [18]. The
bending model assumes a pure bending condition under equal
and opposite bending moments, M, acting at the two ends
of the z-axes [18]. The bending model has two parameters
defining the two components, Mx and My , of the bending
moment M, in the two directions x and y respectively. These
parameters define the curvature ( 1

rM
) as shown in the Figure

2, and are described in equation 2.

φ(z) ∝ |T|z (1)

1
rM

∝ |M| (2)

B. Registration

The registration process was defined as a numerical opti-
mization technique, where the Powell optimizer [15] finds the
best combination of six rigid parameters (3 rotations and 3
translations) and six twisting and bending model parameters
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Fig. 4. Registration error calculation using the distance between corre-
sponding points on the target (xt

i,z , yt
i,z) and registered (xr

i,z , yr
i,z) images

on each plane normal to z-axes at every 1mm.

(|T|, Mx, My , Xc, Yc, Zc) that maximizes the MI between
the target and the source 3D US carotid images.

C. Evaluation

We acquired six sets of 3D US carotid images from three
subjects at different head positions: head straight, and bent
back & twisted to the side, to simulate images acquired
at different times. Carotid US scans were performed at the
Imaging Research Laboratories, Robarts Research Institute,
using a Philips/ATL HDI 5000 US machine (Philips/ATL).
An L125 probe with a central frequency of 8.5 MHz
was used in the composite imaging (SonoCT) mode. The
probe was attached to a motorized linear mover driven by
a Life Imaging Systems L3Di 3D US acquisition system
(Life Imaging Systems) [19]. Then, we registered the two
images using our twisting bending model based non-rigid
registration algorithm. We calculated the Mean Registration
Error (MRE) between the segmented vessel surfaces in the
target image and the registered image using a distance-based
error metric described below in this section. We repeated
the experiment with only rigid registration to compare the
capabilities of the proposed algorithm in improving the
registration of 3D US images of the carotid artery.

We developed a distance-based error metric to evaluate the
registration accuracy as shown in Figure 4. The mean dis-
tance between the two surfaces was calculated by averaging
the distances, di,j (equation 3) between corresponding points,
(xt

i,j , y
t
i,j) on the target and (xr

i,j , y
r
i,j) on the registered

surfaces on each plane normal to z-axes at 1mm interval.

di,j = ‖(xt
i,j , y

t
i,j) − (xr

i,j , y
r
i,j)‖ (3)

We defined the corresponding points by projecting lines, i
from each centre to the surface at the same angle every 4o.
Then, the mean registration error (MRE) was calculated thus:

MRE =
1
N

N∑
j=1

⎡
⎣ 1

Mj

Mj∑
i=1

di,j

⎤
⎦ (4)

where, Mj is the total number of points in each plane j, and
N is the total number of planes perpendicular to the z-axis.

III. RESULTS

We registered six sets of 3D carotid US images of
three subjects using the proposed “twisting and bending

(a) (b)

(c) (d)

Fig. 5. Registration results, (a) vessel boundaries after “twisting and
bending” model based non-rigid registration, (b) distance (mm) between
two surfaces, (c) vessel boundaries after only rigid registration, and (d)
distance (mm) between two surface.

model” based non-rigid registration algorithm and repeated
the process using only the rigid registration approach. Figure
5 shows an example of one image set depicting the im-
provement achieved by our non-rigid registration algorithm
over the rigid registration. Figures 5(a) and 5(c) show the
segmented carotid artery surfaces after registration using the
respective methods, and Figures 5(b) and 5(d) show the
distance-based error metric calculated and mapped onto the
surface at every point on the vessel boundary in the target
image.

The error metric values for the “twisting and bending”
biomechanical model based non-rigid registration and rigid
registration are tabulated in Table. I. The registration error
has been reduced in every image set when using non-rigid
registration over the rigid registration. The average distance
between the two carotid artery surfaces was reduced to 1.03±
0.23mm when using our non-rigid carotid image registration
technique.

IV. CONCLUSIONS

Effective monitoring of carotid plaque changes using non-
invasive US imaging techniques is important for assessing
carotid disease progression and regression of patients at
risk for stroke and in response to therapy. The inevitable
variability of head position in each image acquisition ses-
sion makes it very difficult to measure plaque changes in
surface morphology and composition in images acquired at
different time points. This difficulty has been encountered
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TABLE I

DISTANCE-BASED MEAN REGISTRATION ERROR (MRE) FOR BOTH

“TWISTING AND BENDING” BIOMECHANICAL MODEL BASED NON-RIGID

REGISTRATION AND RIGID REGISTRATION. THE LAST ROW SHOWS THE

MEAN (AND STANDARD DEVIATION IN PARENTHESIS) FOR BOTH CASES.

Image MRE (mm)
Set Non-Rigid Rigid

Subject 1 - Left 1.42 2.44
Subject 1 - Right 0.95 1.66
Subject 2 - Left 1.02 1.22
Subject 2 - Right 1.10 1.30
Subject 3 - Left 0.74 1.12
Subject 3 - Right 0.96 1.28

Overall Mean 1.03 1.50
(SD) (0.23) (0.50)

not only with different imaging modalities but also within a
single modality. Rigid registration techniques do not align
these images effectively due to the non-linear nature of
the relative deformations between these images. The non-
rigid registration techniques developed for other registration
application had several drawbacks due to the large number
of parameters involved in the registration. We developed a
“twisting and bending” biomechanical model based image
registration technique by successfully limiting the number of
parameters to just six to overcome the limitations associated
with existing non-rigid registration techniques. We also de-
veloped a distance based error metric to evaluate the accuracy
of our registration algorithm.

We applied our algorithm to six sets of US images acquired
at different head positions of three subjects. The average
registration error was 1.03 ± 0.23mm using our non-rigid
registration technique, while it was 1.50 ± 0.50mm when
we applied the rigid registration alone. Visual inspection
of segmented vessel surfaces also showed a substantial
improvement of alignment with our non-rigid registration
technique.

Currently, we are optimizing the various parameters in
the registration process to increase the registration accuracy
and efficiency. We are also analyzing the effects of vessel
boundary segmentation error in evaluation of registration
accuracy. Furthermore, we are extending this algorithm to
register US images with 3D Magnetic Resonance (MR)
images for monitoring changes in plaque composition.

We believe that our “twisting and bending” biomechanical
model based non-rigid registration technique will improve
the management of patients at risk for stroke and ultimately
reduce the number of strokes.
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