Suppression of IVUS Image Rotation.
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Abstract. IntraVascular Ultrasound (IVUS) is an exploratory technique
used in interventional procedures that shows cross section images of arteries and provides qualitative information about the causes and severity
of the arterial lumen narrowing. Cross section analysis as well as visualization of plaque extension in a vessel segment during the catheter
imaging pullback are the technique main advantages. However, IVUS
sequence exhibits a periodic rotation artifact that makes diﬃcult the
longitudinal lesion inspection and hinders any segmentation algorithm.
In this paper we propose a new kinematic method to estimate and remove
the image rotation of IVUS images sequences. Results on several IVUS
sequences show good results and prompt some of the clinical applications
to vessel dynamics study, and relation to vessel pathology.

1

Introduction

The introduction of the IntraVascular UltraSound (IVUS) in the ﬁeld of medical
imaging [1, 2] as an exploratory technique has signiﬁcantly changed the understanding of the arterial diseases and individual patterns of diseases in coronary
arteries. Each IVUS plane visualizes the cross-section (Fig. 1 (left)) of the artery
allowing extraction of qualitative information about: the causes and severity of
the narrowing of the arterial lumen, distinction of thrombus of the arteriosclerotic plaque, recognition of calcium deposits in the arterial wall, determination
and location of morpho-geometrics arteries parameters [3, 4, 5], among others.
The main role of IVUS is to serve as a guide in the interventional procedures allowing to measure the morphological structures along the vessel. Artifacts caused
by the periodic rotation of the image, introduce an error in the measurements
precision in tangential direction [6, 8]. The vessel wall follows a periodic oscillatory motion in an image sequence corresponding to the heart cycles. This motion
has a rotation center positioned on the vessel wall border in most cases. We can
visually evidence this eﬀect by using the mean of an IVUS sequence along its
temporal direction, as shown in Fig. 1 (right). This image represent the average
grey level of pixels along 25 frames corresponding to approximately one heart
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Fig. 1. Morphological arterial structures and artifacts (left). Empirical evidence of
IVUS rotation eﬀect (right)

cycle. Since brighter structures correspond to the vessel wall, in this particular
case, the center of rotation is the most ”brilliant point”. The main goal of this
work is to estimate and remove the rotation eﬀect, in order to improve the longitudinal IVUS visualization. Instead of using an optical ﬂow scheme, prone to
be misled by blood random movement, we suggest using kinematic principles.
A good estimation of the rotation images gives the possibility of understanding
their mechanical and physiological genesis providing the possibility to study in
a robust form the vessel dynamics, and to establish new diagnostic tools. The
article is organized as follows: In section 2 we discuss some physical considerations about the rotation eﬀect, the general aspect over the kinematic model is
discussed in section 2.1, the neuronal network training procedures are explained
in section 2.2 and the estimation and removing procedures of the rotation effect are discussed in sections 2.3 and 2.4, respectively. Finally, the results and
conclusions are explained in sections 3 and 4.

2

Physical Considerations of IVUS Image Rotation

The IVUS rotation eﬀect is an image sequence artifact described by various
authors [6, 8, 10] as a gray levels shift in the vessel tangential direction, that
avoids reliable measurements of distance in longitudinal views. There are two
main reasons of this artifact: mechanical and anatomic-physiological factors.
The mechanical factor corresponds to the catheter movement during pullback.
This motion is locally caused by pulsatile blood ﬂow, the vessel wall dilation
and the intrinsic heart muscle dynamics and globally by the catheter trajectory
geometry. Anatomic factor is due to the dynamic response of the intrinsic vessel
architecture to blood pressure and its mutual interaction with the heart muscle.
We model the rotation artifact as follows:
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Kinematic Model for Rotation Estimation

In order to ﬁnd the rotation center of the sequence, we consider that the vessel
wall shape can be modelled as a discrete structure, which temporal evolution
depends on the reciprocal interaction between the radial force that comes from
the blood pulse and the vessel wall local shape perceived by the catheter. Current
IVUS techniques assume that the vessel is circular, the catheter is located in
the center of the artery, and the transducer is parallel to the long axis of the
vessel. However, both transducer obliquity and vessel curvature can produce an
image giving the false impression that the vessel is elliptical. Transducer obliquity
is especially important in large vessels and can result in an overestimation of
dimensions and reduction of image quality [6]. In general, each image sequence
has its own center of rotation. This center can stay at rest or change the spatial
position along the sequence. In order to ﬁnd such center of rotation, we will
assume that the vessel wall is a discrete linear elastic oscillating system, with a
total energy coming from the pulsatile radial force of the heart blood pulse [11].
Because arterial structures have approximately an elliptical shape, we use polar
coordinates to study their temporal evolution. It follows that if the trajectory is
given by: (x, y) = (r(t)cos(θ(t)), r(t)sin(θ(t))), the total energy of one element
(xi , yi ) of the vessel wall is equal to:
Ei = Ti + Ui
m v2

i i
mi
2
where
 Ti = 2 + 2 (ri ωi ) Ui =
2
2
2
2
vi = vxi + vyi ri = xi + yi wi =

(1)
ki ri2
2
∂θi
∂t .

The quantities Ti and Ui are the kinetic and elastic energy respectively, mi ,vi , ωi
and ki are the mass, tangential velocity, angular velocity and elasticity constant
of the i-th element of the vessel wall. In this paper the elastic constant is set
to ki = 1. The mass of one element can be estimated considering the minimal
”voxel” volume Vb ≈ 6.4 × 10−5 mm3 swept by the ultrasound beam [14]. Using
grs
this fact, the element of mass is m = ρ ∗ Vb ≈ 1.09 cm
3 ∗ 6.4 × 10 − 8grs ≈
−5
6.97 × 10 kg, where ρ is the tissue density [12]. Within the above kinematic
framework, the rotation center along the IVUS sequence is represented by the
region in the vessel wall that has minimal total energy. The steps to compute
and suppress the rotation are the following:
2.2

Neuronal Network Training

We ﬁnd candidate structures in the media and intima, which can follow the vessel wall kinematic during approximately a complete period of one cardiac event
≈ 25 images. In order to ﬁnd the potential candidate structures, a Perceptron
Multilayer Neural Network (60 : 50 : 60 : 30) was trained using a standard Back
Propagation Algorithm [9]. The input features
were the radial grey level inten
sity deﬁned as: I(r) = Io exp −α(Nθ )rf , where Io is the beam intensity at r = 0
and the absorbtion coeﬃcient, α gives the rate of diminution of average power
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Fig. 2. Positive (+) and negative (-) pattern (left). Positive pattern features (right)

Fig. 3. Intima validated segmentation (left). Error distribution in mm (right)

with respect to the distance along a transmission path [7]. It is composed of two
parts, one (absorption) proportional to the frequency f , the other (scattering)
dependent on the ratio of grain, particle size or the scatterer number Nθ located
along the ultrasound beam path. Absorption coeﬃcient, image pixel grey level,
standard deviation and mean of the data were used to train the Neural Network. The absorption coeﬃcient gives local information about the lumen-vessel
transition, the grey level distribution gives local and global information about
the vessel structure. The global and local vessel wall structure information is
given by the low and high frequencies, of the grey level distribution. Standard
deviation gives global textural information and the mean of the data is the base
line of the global grey level intensity. The training and test data were obtained
from IVUS images in polar form. Figure 2 (left) shows an example of a positive
(+) corresponding to intima and negative (-) patterns, corresponding to blood,
adventitia, shadows and artifact zones. The extraction of features for positive
patterns is show in Fig. 2 (right). The local absorption coeﬃcient was obtained
from the regression line slope [15] of the image proﬁle, grey level intensity vs.
radial penetration. Figure 3 (left) shows an example of the validated data and
its error spatial location (center) computed by 4 IVUS sequences of diﬀerent
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patients. The error is deﬁned as, the Euclidean distance between the manual
location of intima and the spatial location found out by the Neural Network
algorithm. In order to improve the rotation center, the spatial location of the
selected points should be greater as the vessel wall border. Although the spatial
error between validated intima points ﬁnd out by the neuronal network is as high
as 5 pixels ∓ 12 (See Fig. 3 (right)), nevertheless with the selected intima points
recovery of temporal kinematics is optimal. This fact makes the method very
ﬂexible since the main goal of this work is to ﬁnd the global kinematic of the
vessel wall not the vessel segmentation. In this sense we ﬁnd the global motion of
the structure physically connected to the vessel (intima and media) border whose
thickness is approximately 10 to 15 pixels. Figure 3 (right) shows an elliptical
approximation and the intima point ﬁnd out by the neuronal network.
2.3

The IVUS Image Rotation Estimation

a. Center estimation. We determine the spatial location of the rotation center (xc , yc ) in frame k, as the position (ij) on the vessel wall that has a
minimal total energy given by (Eq. 2.1). The spatial location of the rotation
center is put into the image point that reaches the condition:
(xc , yc ) = argminij

fn


k
Eij

k=1

where fn = 25 is the image number used to evaluate this condition and (ij)
are the row and columns of the average IVUS images. Figure 4 shows the
kinematics parameters used by the estimation of the total energy such as
required in Eq. 2.1. The temporal evolution of the vessel wall candidates is
obtained using their kinematics variables: radial coordinates (a) and angular
position (b). The total energy is computed considering that all points having
the same mass (See section 2.1). Figure 4 (c) shows the minimal energy
distribution for a particular frame and 25 candidates. The spatial evolution
of the center of rotation is shown in Fig. 4 (d).
b. Angle estimation. Once the rotation center of the IVUS sequence has been
determined, the procedure to calculate the rotation angle for each frame is
as follows: 1.- An elliptical approximation following the ellipse ﬁtting procedures of [16] is adjusted to the spatial distribution of the points structures
(See Fig. 5). The ﬁtting of ellipses is made over the mean of the IVUS sequence in the longitudinal direction. If the ellipse center is noted by (xke , yek ),
then the rotation angle αk (See Fig. 5) for a frame k is given by:
αk = arctan

 yk − yk 
e

c

xke − xkc

where (xke , yek ) and (xkc , yck ) are the rotation center and ellipse center of image
k respectively.
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(a)

(b)

(c)

(d)

Fig. 4. Kinematics variables: r (a) and θ (b) coordinates evolution. Minimal energy (d)
location by 25 candidates points. Rotation center location (d)

Fig. 5. Parameters to estimate the IVUS image rotation αk
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Removing the IVUS Rotation Eﬀect

The suppression of the rotation is given by the following linear transformation: The original image Io (x, y) is translated to the rotation center coordinates
(xkc , yck ) and rotated through angle αk . The new image Io (x , y  ) is ﬁnally located
in a new arbitrary center (xka , yak ) as follows:


x
y




=

sin(αk ) cos(αk )
−cos(αk ) sin(αk )



x − xkc
y − yck




+

xka
yak


(2)

where (x , y  ) and (x, y) are the new and old cartesian image coordinates, (xkc , yck )
is the actual rotation center, αk is the rotation angle and (xka , yak ) is the new
image center of image respectively.

3

Results

Our experiments focus on assessment of the rotation suppression and illustration
of a possible application to pathology diagnosis.
3.1

Validation of the Rotation Suppression

Validation of rotation removing is done by analyzing the temporal evolution of
the rotation angles. We consider that the rotation has been removed if the rotation angle proﬁle after correction is constant to zero. There are several ways of
checking the former hypothesis. First, we can compare the temporal evolution of
the angle before and after rotation suppression. Lack of rotation is also reﬂected
in average images and longitudinal cuts. After suppression there is no grey level
shift so that bright structures stay still and the longitudinal cuts shape is a
straight line in contrast to the wavy shape of original cuts. The former analysis
is illustrated in Fig. 7. Rotation proﬁles before and after removing the rotation
artifact are shown in Fig. 6 (a) and (b), respectively. In ﬁgure 7 (a) and (b)
we depict the average sequences image with their corresponding centers of the
adjusted ellipses. Note that their spatial variation has signiﬁcantly reduced after
image correction. Finally, longitudinal cuts before and after rotation elimination
are exhibited in ﬁgure 7 (c) and (d).
3.2

Healthy and Pathological Rotations Proﬁles

We studied the local rotation proﬁle in order to illustrate diﬀerences between
healthy and pathological vessel segments. The comparative analysis is based on
the period and the amplitude of the proﬁle. For our basic comparative analysis
we considered a healthy segment and 28 pathological ones including soft plaque,
hard plaque and atheroma. Graphics along 250 frames are shown in Fig.8. The
healthy patient presents a regular periodic behavior with an oscillation amplitude
of approximately 40 degrees and a period that coincides with the heart beat rate.
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(a)

(b)

Fig. 6. Angle rotation proﬁles, before (a) and after (b) rotation suppression

(a)

(b)

(c)

(d)

Fig. 7. Ellipses centers spatial location, before (a) and after (b) correction of rotation.
Longitudinal cuts before(c) and after (d) rotation suppression
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Fig. 8. Diﬀerences between healthy and pathological vessel segments of the rotation
proﬁles for selected patients

Soft plaque still follows a periodic pattern synchronized with the heart beat,
although its amplitude drops to a range of 5 to 20 degrees, depending on the
severity of the lesion. The mechanical properties (elasticity and rigidity) of hard
plaque result in a suppression of vessel oscillation, yielding almost ﬂat rotation
proﬁles. Finally, the atheroma proﬁle is the most irregular one lacking of any
visual periodicity.

4

Conclusions

The clinical applications of the rotation artifact have not been reported today,
since the physiological, physical and geometrical reasons are not well known. We
developed a kinematic model that allows to estimate and remove the IVUS rotation images eﬀect. The model is based on the assumptions that the vessel wall
shape can be modelled as a discrete structure. The proposed kinematic model
can be used two ways: IVUS stabilization and kinematics characterization of the
vessel wall. The ﬁrst aspect is the main goal of this work, therefore we introduced
a kinematics method to estimate and remove the rotation of IVUS sequences.

368

M. Rosales et al.

The method is based on the assumption that the vessel wall can be described as
a discrete structure which kinematics temporal evolution can be followed by a
trained Neural Network, during at least one heart cycle. A ﬁrst examination of
the qualitative shape of the rotation IVUS sequence proﬁles shows that the rotation eﬀect can be used as a complementary tool, to evaluate vessel pathologies
from kinematic point of view. Due to the anatomical distribution of the coronary
arteries, most of the IVUS sequences (> 85%), have their rotation center in the
vessel wall border. Still some sequences have the rotation center located in the
lumen center. In these cases in order to improve this ﬁrst approach, a general
geometric model based on the vessel wall kinematics must be considered. This
is an object of our future work.
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