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In IVUS imaging, constant linear velocity and a constant angular velocity of 1800 rev/min

causes displacement of the calcium in subsequent image frames. To overcome this error in

intravascular ultrasound video, IVUS image frames must be registered prior to the lesion

quantification. This paper presents a comprehensive comparison of four registration meth-
ffine, B-Splines and Demons on five set of calcium lesion quantification
ods,  namely: Rigid, A
Please cite this article in press as: T. Araki, et al., A comparative approach of four different image registration techniques for quan-
titative assessment of coronary artery calcium lesions using intravascular ultrasound, Comput. Methods Programs Biomed. (2014),
http://dx.doi.org/10.1016/j.cmpb.2014.11.006
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parameters namely: (i) the mean lesion area, (ii) mean lesion arc, (iii) mean lesion span, (iv)

mean  lesion length, and (v) mean lesion distance from catheter.

Using our IRB approved data of 100 patient volumes, our results shows that all four

registrations showed a decrease in five calcium lesion parameters as follows: for Rigid

registration, the values were: 4.92%, 5.84%, 5.89%, 5.27%, and 4.57%, respectively, for Affine
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Rigid
Demons
AtheroEdgeTM

registration the values were: 6.06%, 6.51%, 7.28%, 6.50%, and 5.94%, respectively, for B-

Splines registration the values were: 7.35%, 8.03%, 9.54%, 8.18%, and 7.62%, respectively,

and for Demons registration the five parameters were 7.32%, 8.02%, 10.11%, 7.94%, and 8.92%

respectively.

The  relative overlap of identified lesions decreased by 5.91% in case of Rigid registration,

6.23% in case of Affine registration, 4.48% for Demons registration, whereas it increased by

3.05% in case of B-Splines registration. Rigid and Affine transformation-based registration

took only 0.1936 and 0.2893 s per frame, respectively. Demons and B-Splines framework took

only 0.5705 and 0.9405 s per frame, respectively, which were significantly slower than Rigid

and  Affine transformation based image registration.

Published by Elsevier Ireland Ltd.
1.  Introduction

Plaque deposition in coronary arteries leads to coronary artery
disease, which is a large component of the broad disease
process known as atherosclerosis. During the atherosclerosis
disease formation, soft plaque is formed turning to calcium
at later stage of the disease [1]. The calcium measurement
and location provides information which can help during the
interventional procedures [2,3].

During the IVUS imaging procedure, the catheter pullback
maintaining a linear constant velocity and a constant angular
velocity of 1800 rev/min causes the calcium to get displaced
laterally, longitudinal and/or rotational fashion [4]. Cardiac
pulsatility along with motion related to catheter pullback can
cause faulty measurements of calcium lesions in subsequent
frames. To reduce these errors, IVUS image  registration is
required.

Though, the accurate registration of medical images is an
active research field, the amount of work done in the field
of IVUS image  registration is relatively small. Strain mea-
surement in coronary arteries using IVUS and deformable
images was proposed by Veress et al. [7]. The main focus of
this study was to calculate the efficacy of an image  registra-
tion technique warping. From paired IVUS images, warping
helped to determine the strains in plaques and coronary arter-
ies. Multimodal registration of IVUS images and angiography
was proposed by Rotger et al. [8]. The objective of this work
was to develop a technique which would fuse information
from angiograms and IVUS images by utilizing a point of the
vessel in the angiograms and its corresponding IVUS image.
Katouzian et al. [9] proposed a framework that was capable
of tissue labelling and then registering against histology [10].
The correspondence was achieved by making a 3-D recon-
struction of the IVUS catheter’s path from its projection in the
angiography [12]. Non-rigid registration of vessel structures
in IVUS images [11] was introduced by Amores and Radeva
[13]. An algorithm applicable to grey level medical images of
non-rigid bodies such as coronary vessels was proposed in this
work. With the help of IVUS image  registration [14] managed to
quantify the cross-sectional artery wall motion. In this work,
a robust method was reported to track cross-sectional dis-
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

placements of an artery wall using two different intravascular
ultrasound (IVUS) images acquired at two different pressure
levels respectively. The report defines the correspondence by
creating a 3-D reconstruction of the IVUS catheter’s path from
its projection in the angiographic data and using this informa-
tion to set the IVUS planes.

A fast rigid registration of vascular structures in IVUS
sequences was proposed by Gatta et al. [15]. In this work,
an algorithm was proposed which not only reduced the saw-
shaped oscillation, but also aligned the vascular structures
successfully. An automatic approach of vessel lumen segmen-
tation was proposed by Balocco et al. [16]. This automated
system used grow cut algorithm to extract the combined
model-based temporal information from successive frames
of the sequence. With the help of iconic and geometric fea-
tures, Gupta et al. [17] introduced a new registration system for
carotid ultrasound images. A novel hybrid registration tech-
nique was proposed in this study which closed the difference
between the feature-based image  registration techniques as
well as the intensity-based registration techniques. Analysis
of this work was done with the help of image  registration. Non-
rigid image  registration metric using self-similarity weighted
mutual information was proposed by Rivaz et al. [18]. In this
work, a self-similarity weighted graph-based implementation
of � mutual information (�-MI) for non-rigid image  registration
was introduced. Image-based co-registration of angiography
and IVUS was reported by Wang et al. [19]. This work presented
a new hybrid technique which was able to solve the prob-
lem created during the registration of 2-D angiography and
IVUS. Bidirectional elastic image  registration using B-Splines
Affine transformation was proposed by Gu et al. [20]. In this
work, a registration scheme was proposed which was termed
as B-Splines Affine transformation (BSAT). It was capable of
elastically aligning two images.

To the best of our knowledge, no previous work has ana-
lyzed the size and shape change of calcium lesion after
applying an IVUS image  registration paradigm. Similarly, to
our knowledge no previous study has compared the quan-
tification of lesion changes using four types of IVUS image
registration methods. In this work, we studied the effect of
registration using Rigid (which involves rotations and transla-
tions) and Affine transformation [21], and compared them to
local transformation based non-rigid registration techniques
using B-Splines and non-parametric Demons registration.

Our purpose was to analyze changes in calcium quan-
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

tification parameters and study the effect of four different
registration techniques: Rigid transformation based, Affine
transformation based, B-Splines-based non-rigid free form

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Fig. 1 – Block diagram of the proposed system registration
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eformation (FFD) and Demons algorithm based registration.
he calcium parameters we searched for, in shape-based fea-

ure analysis of coronary calcium and its quantification in
onsecutive frames [5,6] include the following: (i) mean cen-
reline lesion length, (ii) lesion distance to catheter centre, (iii)

ean span (arc angle) of the detected lesion, (iv) mean lesion
ubtended angle, (v) lesion area, and (vi) mean normalized
olume.

We  aimed to assess accuracy and precision measurement
f calcium detection and volume computation as an effect of
hese different registration methods. Our study also evaluated
he performance of our four registration methods using differ-
nt similarity and overlap metrics. In addition, the registration
ffect on the polar representation of calcium layout in the IVUS
emporal layout is shown. The purpose of polar representation
as mainly for understanding the global representation of cal-

ium layout for a particular ethnic group. Lastly, we have also
tudied the time needed for image  registration using the four
VUS registration techniques.

.  Materials  and  methods

.1.  Demographics

 single-centre study was conducted on 146 patients who
ere selected from consecutive 160 stable angina pectoris

SAP) patients. Between July 2009 and December 2010 these
atients were subjected to percutaneous coronary interven-
ion (PCI), iMap-IVUS, and carotid ultrasound examination.

hen angina remained unchanged for more  than 2 months
r a stress test resulted positive, SAP was defined of class I or
I. The target lesion was de-novo (>75% angiographic steno-
is by visual estimation). A combination of left ventricular
all motion abnormalities, ECG findings, angiographic lesion
orphology, and scintigraphic defects identified the target

esion. The patients were pre-medicated with a combina-
ion dose of Clopidogrel (75 mg/day) with Aspirin (100 mg/day)
efore the PCI procedure. To achieve activated partial throm-
oplastin time of less than 250 s, the patients were given an

ntravenous unfractionated heparin before the procedure. The
rug glycoprotein IIb/IIIa inhibitor is not approved in Japan
nd therefore this drug was not administered to any of the
atients. A balloon was inserted in the arteries of patients suf-
ering from severe stenosis. This procedure was done prior to
VUS examinations to dilate their arteries. We  selected 100
atients randomly from pool of 146 patients for our current
tudy.

.2.  IVUS  image  acquisition

n this study, there was an intra-coronary administration of
25–250 mg  of nitroglycerin, which was performed on every
atient. This procedure was followed by stenting. For IVUS
ata acquisition, a 40 MHz  IVUS catheter (Atlantis SR Pro,
oston Scientific) was used. The imaging of the target lesion
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrava
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

as done when the catheter, which had advanced beyond the
esion, experienced automatic pullback at a speed of 0.5 mm/s.
his acquired data was stored on a hard disc for off-line analy-
is. Very high intensity echo reflectors which engaged a vessel
in calcium detected frames.

circumference of more  than 90◦ and length more  than 1 mm,
show the ultrasound signal attenuation in an atherosclerotic
plaque. These high intensity echo reflectors also demonstrate
the presence of echo signal attenuation on IVUS. IVUS data
was digitally recorded in a DICOM file (.dcm) format. For anal-
ysis and convenience for our study, we  converted and tested
the data on QuickTime (.mov) file extension.

2.3.  Binning  strategy  for  preparation  of  IVUS  image
registration

We  solve the problem created by spatio-temporal localiza-
tion changes of lesion, by increasing correlation between two
consecutive frames using the frame registration process. Sen-
sitivity of the registration process increases as the distance
between moving and target frames decreases. However, the
erroneous selection of target frames can lead to meaningless
registration. To resolve this problem, in our study, a bin selec-
tion strategy was introduced in which we divided the entire
video into a bin size of 10. In case of multiple calcium hits in
any bin, that bin was further partitioned into two  halves (k = 5).
The middle frame or the frame common in both halves was
considered as the target frame. We repeated this process until
all bins were processed. Fig. 1 illustrates the binning strat-
egy and its usage in the registration process. Controlling the
temporal frame selection to have a meaningful correction in
calcium volumes along with retaining validation and bench-
marking infrastructure is the main objective of this strategy.

2.4.  Automated  calcium  detection  in  IVUS  video

The calcium detection algorithm uses a suppression mecha-
proach of four different image registration techniques for quan-
scular ultrasound, Comput. Methods Programs Biomed. (2014),

nism as discussed in previous patented research [5,6] (called
AtheroCalc system). It proposes a system which suppresses
the adventitia [22] by creating an adventitial mask thereby

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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allowing the remaining calcium lesion to be extracted from
the non-suppressed region. IVUS videos collected for our study
were recorded in QuickTime (.mov) format which is a lossy
compression method and results in lower quality compared
to the original DICOM, which may result in under-estimation
of actual calcium region and volume in IVUS images. To over-
come this issue, gamma  transformation was used in our study,
which intensifies gradient changes leading to stretching the
contrast. Gamma  value refers to the value which remained
constant in our study, for each and every video frame. It has
been observed that maximum gradient changes occur in the
media-adventitia [5,6] border area. Applying the median fil-
ter, individual pixels with extreme values were removed from
the images, which causes image  blurring. Median filter also
leads to adventitia mask generation, although, the calcium
region is not affected by the median filter. Otsu’s local sta-
tistical threshold was used to binarize the generated image,
which minimizes intra-class variance. It was assumed that the
video frame has a two-class paradigm: adventitia region and
its background. Otsu’s method resulted in a higher threshold
[23] as the adventitia region edge was a brighter edge away
from the background. Connected component analysis (CCA)
was used in order to remove scattered binary lumen regions.
For gaining the maximum binary adventitia and removal
of islands CCA was employed. The adventitia was used as
a mask which suppressed the extracted adventitia, which
helped to generate the grayscale image  with calcium. The only
bright region of calcium was extracted by further iterating
one more  step of Otsu’s local statistical threshold. The cal-
cium region was segmented while the white dotted markers
in IVUS frames are retained. The calcium region present in the
coronary wall [5,6] was selected based on size of the object to
filter the calcium region. This study is more  geared towards
the comprehensive comparison of image  registration and its
effect on image  segmentation. For more  details on image  seg-
mentation, we  suggest readers to see the previous works done
by Araki et al. [5,6]. In the next few sections we will discuss in
detail on the registration methods.

2.5.  Four  image  registration  methods

The purpose of IVUS image  registration is to overcome the
problem of inaccurate lesion quantification due to inherent
limitations of IVUS imaging, i.e., motion of catheter as it
is withdrawn. The consecutive frames may not be aligned
due to rotation/twisting of catheter resulting in same lesion
appearing at different locations in these frames. There might
also be non-rigid deformation due to soft geometry of the
vessel walls. In addition, the consecutive frames may not be
parallel to each other. In this paper, we primarily focus on
reducing lesion measurement inaccuracies caused by mov-
ing of catheter in-plane. We study four registration techniques
that incrementally model deformation: Rigid, Affine, B-Splines
and Demons.

2.5.1.  Rigid  registration
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

Rigid transformation involves rotation, translation and/or
their combination. The Rigid transformation preserves the
distance between two points and angles made by the points
of the model. Rigid transformation represents the simplest of
b i o m e d i c i n e x x x ( 2 0 1 4 ) xxx–xxx

transformations studied in this paper, with least number of
parameters: x- and y-translation and a rotation angle.

2.5.2.  Affine  registration
Affine transformation involves reflection and shear mapping
along with mentioned parameters of Rigid transformation.
Affine transformation can model global stretching and ske-
wing more  accurately than Rigid transformation and hence,
may be more  tolerant of small angles between consecutive
planes. We use a least square based approach [2] to minimize
the biased error between reference and target frames.

2.5.3.  B-Splines
Rigid and Affine transformations are global transformations
and do not recover any local deformation. B-Splines registra-
tion provides one suitable alternative to perform deformable
image  registration (DIR). B-Splines are locally supported
and provide a continuous transformation over entire image
and have highly desirable properties as basis functions to
model real-world problems. Salient-feature-based registration
(SFBR), free-form deformation (FFD) using cubic B-Splines and
non-parametric registration technique based on diffeomor-
phic Demons are well known methods of DIR in medical image
analysis.

In SFBR, the term “salient features” refers to the prominent
and distinct features present in medical images. As earlier
discussed, to show or detect atherosclerotic plaque, IVUS tech-
nique is used in imaging coronary [24] artery. The plaque
consists of soft plaque and hard plaque like calcium. Clearly,
in most cases, due to the image  quality or due to the nature
of image  acquisition there are local geometric differences in
the detected calcium which can lead to a significant number
of missing anchor points. As a result, failure is discovered in
feature-based technique like SFBR.

B-Splines FFD algorithm [25] is used in order to maxi-
mize the similarity measure while deforming an image  and
modifying the mesh of control points, which only affects the
neighbouring points. A mesh is generated by these control
points. B-Splines interpolation results in dense transfor-
mation fields between control points. The deformation in
B-Splines is free-form deformation (FFD) based on B-Splines
which is a powerful tool for modelling 3D deformations.

Our system used uniform cubic B-Splines in order to apply
transformation on IVUS frames. The following equations [3]
were used to generate a curve:

X(v) = z3v3 + z2v2 + z1v1 + z0, (1)

where, 1, z0, z1, z2 and z3 refers to the parameters used.
For each and every curve segment, the value of v varies

between 0 and 1. The cubic functions which are used for each
segment has an impact on uniform cubic B-Splines [18] curves.
Following are the three continuity requirements for each seg-
ment:
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

1. Positional continuity:  If two segments b and b+1, who  are pos-
itioned next to each other having same ending and starting
point, we  concluded that the segments involved are in posi-
tional continuity.

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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. Tangential continuity:  If two segments b and b+1 have no
abrupt changes in slope as a result of transition, the seg-
ments are in tangential continuity.

. Curvature continuity:  Curvature continuity refers to zero
polarity change in slope during transition between two con-
secutive segments b and b+1.

Each segment in the curves must follow these continu-
ty requirements. Control points are those points that play

 vital role to shape of the curve. Each control point must
ave few weighting functions. Selecting the weights and using

he continuity requirements, the following weighting [3] basis
unctions can be derived for four control points:

˛0(v) = 1
6

v3

˛1(v) = 1
6

[1 + 3v + 3v2 − 3v3]

˛2(v) = 1
6

[4 − 6v2 + 3v3]

˛3(v) = 1
6

[1 − 3v + 3v2 − 3v3]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)

The weighting functions ˛0(v), ˛1(v), ˛2(v) and ˛3(v) refers
o the weight assigned to the control points. The weighting
unctions are dependent mainly on the value of v which varies
etween 0 and 1. The main culprits behind the image  transfor-
ation are the grid of these B-Splines control points [27] that

ontrols the transformation. For each curve in B-Splines, knot
efers to the position where the control points meet. Knots are
ontrolled by Knot vectors (which varies from 0 to 1). In our
tudy, grid spacing and knot vectors were measured accord-
ng to the image  size and the positions of the grid points.
he B-Splines coefficients located at the control points also
elp B-Splines registration. The main challenge of B-Splines
egistration is to find the right set of parameters.

.5.4.  Demons
hirion’s Demons algorithm [28] is a fast non-rigid registration
ethod that can model local deformation. Demons algorithm

ses a classical optimization scheme to solve a deformable
mage registration. The displacement of deviator D′ between
he target image  (t) and the reference image  (r) is computed by
sing the iterative formula as given in Eq. (3).

′n
i,j = D′n−1

i,j −
(tn−1

i,j
− r0

i,j
)∇r0

i,j

|∇r0
i,j

|2 + |(tn−1
i,j

− r0
i,j

)|2′ (3)

or i, j = 1,2,3,. . .,N. This iterative equation is subject to the fol-
owing initial condition:

D′0
i,j = 0

t0
i,j

= t̂i,j

r0
i,j

= r̂i,j

⎫⎪⎪⎬
⎪⎪⎭

(4)
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrava
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

here t̂i,j and r̂i,j are intensities of the original static and
oving images at the corresponding pixel and N is any pos-

tive integer. The methodology of calcium detected frame
egistration (along with volume computation) using all four
 i o m e d i c i n e x x x ( 2 0 1 4 ) xxx–xxx 5

registration techniques, Rigid, Affine, B-Splines and Demons
algorithm is illustrated in Fig. 1. Details about calcium volume
computation are discussed in Section 3.3.

3.  Results

3.1.  Comparison  of  visual  representation:  Rigid,
Affine,  B-Splines  and  Demons

For automated registration processes, we used MATLAB 2012a
(The MathWorks, Natick, MA, USA). Using the protocol dis-
cussed in Fig. 1, we  ran the registration methods using four
techniques: Rigid, Affine, B-Splines, and Demons. Figs. 2 and 3
demonstrate the effect of Rigid, Affine B-Splines and Demons
registration on candidate frames side-by-side. The current
study was done on a total of 100 patient volumes.

The effect of Rigid, Affine, B-Splines, and Demons registra-
tion of the grayscale calcium region and its corresponding 100
strongest feature points is illustrated in Fig. 4. The matched
points among those 100 strongest feature points are shown
in Fig. 5. Same study was done for specific regions of interest
and the results are shown in Fig. 6. Despite a scale change or
in-plane rotation, point correspondences between the refer-
ence and the target image  were found out using point feature
matching technique. From Figs. 4–6 it is clear that the numbers
of strongest feature points are same in corresponding frames
prior to the registration. The change of Cartesian position of
those points clearly indicates the spatio-temporal localization
changes of the calcium lesion. The technique is also robust to
small amount of out-of-plane rotation.

3.2.  Calcium  detection  and  volume  computation:
before  and  after  registration

Using the method discussed in Section 2.3 (Automated cal-
cium detection in IVUS video), we segmented calcium regions
successfully. In this work, we found the following lesion quan-
titative parameters (before and after registration): (i) mean
centreline lesion length, (ii) lesion distance to catheter cen-
tre, (iii) mean span (arc angle) of the detected lesion, (iv) mean
lesion subtended angle, (v) lesion area, and (vi) mean normal-
ized volume using integration method (IM) [5,6] computed for
four types of registration methods. In the integration method
the area per frame of the calcium region was computed by
summing all the pixels of the calcium lesion (Fig. 7).

3.3.  Quantification  of  calcium  volume  lesions  before
and after  image  registration

Summing the areas in all the calcium detected frames pro-
vides the total normalized calcium volume. Fig. 4 illustrates
some of our automated lesion quantifying parameters. Lesion
quantification parameters’ effect is shown in Table 1. Table 1
proach of four different image registration techniques for quan-
scular ultrasound, Comput. Methods Programs Biomed. (2014),

shows an overestimation of all lesion quantification parame-
ters without registration. The normalized volume change as
an effect of Rigid, Affine, B-Splines, and Demons is shown in
Fig. 8.

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Fig. 2 – IVUS registration: (A) reference frame, (B) target frame, (C) registered target using Rigid, (D) registered target using
d tar
Affine, (E) registered target using B-Splines, and (F) registere

3.4.  Polar  Representation  of  detected  calcium  before
and after  registration
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

The polar representation of calcium lesion is a global repre-
sentation and layout of the calcium lesions. Each dot in the

Fig. 3 – Absolute error image (A) before registration, (B) after Rigi
B-Splines registration, and (E) after Demons registration.
get using Demons.

polar representation shows a single patient and represents
the centre of calcium. Thus such cluster of dots helps to know
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

the distribution of the lesion built-up for that cohort or par-
ticular group of demographics. Fig. 9 shows a presentation of
such a cohort using the four different registration techniques.

d registration, (C) after Affine registration, (D)  after

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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titative assessment of coronary artery calcium lesions using intravascular ultrasound, Comput. Methods Programs Biomed. (2014),
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Fig. 4 – 100 strongest feature points: (A) before registration, (B) after Rigid registration, (C) after Affine registration, (D) after
B-Splines registration, and (E) after Demons registration.

Fig. 5 – Match  points (inliers only) for (A) Rigid registration, (B) Affine registration, (C) B-Splines registration, and (D)  Demons
registration.

Fig. 6 – ROI match  points for (A) Rigid (including outliers), (B) Affine (including outliers), (C) B-Splines (including outliers),
and (D) Demons (including outliers).

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Fig. 7 – Row 1: (A) original calcium detected frame before registration (solid arrow), (B) original calcium detected frame after
registration using Rigid (solid arrow), (C) original calcium detected frame after registration using Affine (solid arrow), (D)
original calcium detected frame after registration using B-Splines (solid arrow), (E) original calcium detected frame after
registration using Demons (solid arrow). Row 2: (F) ROI before registration, (G) ROI after registration using Rigid, (H) ROI after
registration using Affine (I) ROI after registration using B-Splines, (J) ROI after registration using Demons. Row 3: (K) detected
lesion area before registration (solid arrow), (L) detected lesion area after registration using Demons (solid arrow), (M)
detected lesion area after registration using B-Splines (solid arrow), (N) Detected lesion area after registration using
B-Splines (solid arrow), (O) detected lesion area after registration using Demons (solid arrow). Row 4: (P) detected lesion arc
before registration (solid arrow), (Q) lesion arc after registration using Rigid (solid arrow). (R) Lesion arc after registration
(solid arrow) using Affine. (S) Lesion arc after registration using B-Splines (solid arrow). (T) Lesion arc after registration (solid

arrow) using Demons.

The polar plot also helps to understand the spatial changes
of lesion arc and lesion’s distance from catheter centre before
and after registration process.

3.5.  ROC  analysis:  correlation  of  cIMT  with  calcium
volumes

Given the evidence that there may be correlation between
carotid plaque characteristics such as cIMT (obtained using
AtheroEdgeTM, AtheroPointTM LLC, Roseville, California, USA)
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

and coronary plaque calcium burden, we assessed the rela-
tionship between cIMT thickness (as a reference standard)
and coronary calcium volumes (before and after registra-
tion). From the ROC curve analysis, we observed that, by
using 1.0 mm as the threshold for cIMT marking higher risk
atherosclerotic changes. We observed an improvement of
3.04% in area under curve (AUC) for computed normalized
volume using Rigid and Affine. A 2.66% improvement can be
seen in AUC for computed normalized volume using B-Splines.
We acknowledge that this analysis assumes a high level of
correlation between cIMT and coronary calcium as well as
choosing a single threshold to define abnormal or high-risk
cIMT. These assumptions, including the nature of discordant
atherosclerotic disease characteristics in the carotid and coro-
nary vascular beds requires further investigations. It also
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

establishes that future studies should be more  characterize.
In spite of these issues, IVUS registration clearly improved the
correlation between cIMT and coronary plaque calcification

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Fig. 8 – Box Plot of calcium lesion volume before and after
registration using Rigid, Affine, B-Splines and Demons

registration.

based on our definitions. The general analysis of ROC curve is
reported in Table 2. The effect of registration on ROC curve is
shown in Fig. 10.

4.  Performance  evaluation

4.1.  Similarity  measures  of  the  lesion  via  overlap  ratio

The overlap ratio (OR′) is calculated to measure the similar-
ity of the binary calcium segmented region before and after
registration. The overlap ratio can be expressed as:

OR′ = TP′

TP′ + FN′ + FP′

where, TP′ refers to true positive, false positive is FP and FN is
false negative. Total overlapping lesion area where calcium is
detected at the same location before and after registration is
known as TP′ or true positive. FN′ is measured by subtracting
TP′ (overlapping area) from the total lesion area estimated
prior to registration. Similarly, FP′ is computed by subtracting
TP′ (overlapping area) from the total lesion area estimated
after the registration.

The overlap region of lesion before and after registration
using Rigid, Affine, B-Splines, and Demons are illustrated in
Fig. 11. Table 3 shows the overlap ratio comparison among
the different types of registration methods we  studied. Rigid
showed a 5.91% difference before and after the registration
while Affine registration results showed a percentage differ-
ence of 6.23%. Results noted before and after registration using
B-Splines and Demons showed lesser percentage differences
of 3.05% and 4.48%, respectively.

4.2.  Structural  similarity  index

Structural and feature based similarity indices check for the
similarity by extracting structural and transformed features
from the images. To derive the similarity of structure based
proach of four different image registration techniques for quan-
scular ultrasound, Comput. Methods Programs Biomed. (2014),

features between the reference and target images, structural
similarity index (SSIM) and mean structural similarity index
(MSSIM) are computed.

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006


ARTICLE IN PRESSCOMM-3872; No. of Pages 15

10  c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e x x x ( 2 0 1 4 ) xxx–xxx

Fig. 9 – Polar plot showing the relative location of calcium lesion along the circumference per volume (A) before registration,
(B) after Rigid registration, (C) after Affine registration, (D) B-Splin

Fig. 10 – ROC curve analysis for cIMT vs. normalized
volume (integration method), before registration (solid
black), after Rigid registration (dashed double dotted black),
after Affine registration (dashed black), after B-Splines
registration (dotted black), after Demons registration

(dashed dotted black).cIMT, computed by AtheroEdgeTM,
AtheroPointTM LLC, Roseville, CA, USA.
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

SSIM and MSSIM are defined as:

SSIM = (2vxvy + k1)(2axy + k2)

(v2
x + v2

y + k1)(a2
x + a2

y + k2)
(5)
es registration, (E) after Demons registration.

where, x is the reference (before registration) image, y is the
query (after registration) image,  vx is the average of the refer-
ence image  (x), vy is the average of the query image  (y), ˛x is the
standard deviation of reference image  (x), ˛y is the standard
deviation of query image  (y), vxy is the covariance of x and
y, k1 and k2 are variable to stabilize the division with weak
denominator. MSSIM is given by Choi and Lee [26]

MSSIM(x, y) = 1
N

N∑
i=1

SSIM(xi − yi) (6)

where, N is the number of local windows in an image.  The
structural coefficients and overlap measures vary between
zero and one. The ideal value is one and that represents pre-
fect overlap in the images. Table 3 reports the overlapping
percentage of binary calcium lesion as an effect of registra-
tion (Rigid, Affine, Demons and B-Splines) and it also reports
the mean structural similarity index (MSSIM) between origi-
nal grey frames and registered grey frames of all 100 patients
(Fig. 12).

5.  Discussion

The objective of our current study was to: (i) obtain correct
shape-based lesion quantification parameters and (ii) analysis
of shape and size change of detected calcium in culprit IVUS
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

frames to study the effect of registration. To accomplish these
objectives, we compared and contrasted four different IVUS
registration techniques: (a) Rigid, (b) Affine, (c) B-Splines, and
(d) Demons registration.

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006


ARTICLE IN PRESSCOMM-3872; No. of Pages 15

c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e x x x ( 2 0 1 4 ) xxx–xxx 11

Fig. 11 – (A) Lesion overlapping – before registration (up arrow)  and after Rigid registration (down arrow), (B) Lesion
overlapping – before registration (up arrow)  and after Affine registration (down arrow), (C) Lesion overlapping – before
registration (up arrow)  and after B-Splines registration (down arrow), (D) Lesion overlapping – before registration (up arrow)
a

s
N
i
t
a
i
b

nd after Demons (down arrow).

Rigid and Affine registration are more  focussed on the
imple steps of transformations like rotation or scaling.
on-rigid B-Splines registration is a type of deformable

mage registration (DIR) process. DIR leads to accurate quan-
ification, by mapping the functional, spatial, anatomical,
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrava
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

nd biological variations for different images. B-Splines FFD
s mainly adapted by maximizing the similarity measure
etween different images. Demons algorithm is completely

Table 2 – ROC curve for cIMT vs. calcium volume.

Before
registration

After Rigid
registration

Variable: calcium volume (IM) and classification variable: cIMT
Total no. of volume 1
Positive group: IMT = 1.0 14 14 

Negative group: IMT = 1.0 79 79 

Area under the ROC curve (AUC) 0.527 0.511 

Standard error 0.0708 0.0697 

95% Confidence interval 0.388–0.666 0.375–0.648 
local transformation model unlike B-Splines, which offers
semi-local transformations.

In this current study we  have considered the following
quantification parameters: (i) the mean lesion length, (ii) mean
lesion distance from catheter, (iii) mean lesion arc, (iv) mean
proach of four different image registration techniques for quan-
scular ultrasound, Comput. Methods Programs Biomed. (2014),

lesion span, (v) mean lesion area, and (vi) normalized volume.
The results of these lesion quantification parameters, before
and after registration are shown in Table 1. As seen in this

After Affine
registration

After B-Splines
registration

After Demons
registration

00 (cIMT value was NAN for 7 cases)
14 14 14
79 79 79
0.511 0.513 0.527
0.0672 0.0684 0.0653
0.379–0.643 0.379–0.647 0.399–0.655

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Fig. 12 – Time comparison between different types of

registration (25 patients sample).

table, there is a reduction of these quantification parameters
in all the four registration methods. We  further observed that
the percentage difference of these quantification parameters
before and after the registration was highest to lowest in the
following order: B-Splines, Demons, Affine, and Rigid. This sig-
nifies B-Splines have the largest ability to capture the change
during the registration process. Even though, B-Splines offer
certain advantages in terms of statistical accuracy, it is proved
to be one of the slowest when it comes to time complexity. In
Table 4, we demonstrated the time comparison between four
different types of registration. The time taken for registration
per frame was largest for B-Splines (105.38 s) compared to low
time complexity of Rigid (8.37 s), Affine (10.93 s) and Demons
(49.95 s). The main attribute of Rigid and Affine is its simplicity,
smoothness and least amount of processing steps needed dur-
ing the registration process. This accounts the fastest speed
for Rigid and Affine.

Table 5, represents the parameters adapted in these four
registration techniques, namely, Rigid, Affine, B-Splines and
Demons. The table is divided the tables into four divisions
(a)–(d) corresponding to the four techniques. Table 5(a) depicts
the five different kinds of parameters, which is helpful in opti-
mization of the Rigid and Affine registration methods. They
are Gradient Magnitude Tolerance, Minimum Step Length,
Maximum Step Length, Maximum Iterations, and Relaxation
Factor. The default values can be seen in the table. Similarly,
the parameters adapted by Affine, B-Splines and Demons reg-
istration can be seen in the corresponding Table 5(b)–(d). These
parameters are responsible for the sensitivity in registration
processes. For example, during the Affine registration pro-
cesses, number of histogram bins [4], and use all pixels [7] and
number of spatial samples are more  sensitive compared to the
other parameters. To control the optimization process in Rigid
and Affine registration, Gradient Magnitude Tolerance is used.
It is a positive scalar value. When the value of the gradient is
smaller than Gradient Magnitude Tolerance, it means that the
optimizer might have reached a plateau. The default value of
Gradient Magnitude Tolerance is 10−4 mm−1. To control the
accuracy of convergence Minimum Step Length is used. It is
also a positive scalar value. If Minimum Step Length is set
to a small value, the optimization takes longer to compute,
but it is likely to converge on a more  accurate metric value.
The default value of Minimum Step Length is 1.5 × 10−5 mm.
Maximum Step Length controls the initial step length used in
proach of four different image registration techniques for quan-
ascular ultrasound, Comput. Methods Programs Biomed. (2014),

optimization. If the Maximum Step Length is set to a larger
value, the computation time decreases. However, the opti-
mizer might fail to converge if Maximum Step Length is set

dx.doi.org/10.1016/j.cmpb.2014.11.006
dx.doi.org/10.1016/j.cmpb.2014.11.006
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Table 4 – Time comparison between different types of registration.

Registration types Rigid Affine B-Splines Demons

0.419
0.936

t
L
g
d
i
g
b
a
d
a
a
t
T
t

s
l
t
l
t
d
r
c
t
c
s

Mean time/frame 0.321357892 

Mean time/reg. frame 8.375594733 1

o an overly large value. The default value of Maximum Step
ength is 0.0625 mm.  Relaxation Factor is an internal debug-
ing parameter [8] having scalar value between 0 and 1. It
efines the rate at which the optimizer reduces step size dur-

ng convergence. The parameters adapted in B-Splines are
rid dimension, number of grid refinements, and total num-
er of iterations (see Table 5(c)). Since the grid dimensions
re 4 × 4 pixel2, which implies the grid is refined four times
uring the registration process. If the numbers of iterations
re kept to a fixed value of 10, then B-Splines are leading to

 better convergence compromising the time complexity. On
he contrary, Demons adapts to three set of parameters (see
able 5(d)) which are helpful to improve the performance in
erms of accuracy and speed.

Another feature which our system offers is the ability to
how the global representation and layout of the calcium
esions in polar form. This polar representation shows dot-
ed points which corresponds to the centre of the calcium
esions. Fig. 9 shows the location of calcium lesion along
he circumference per volume corresponding to these four
ifferent registration methods. As can be seen in the polar
epresentation, the mean distance of the lesions from the
atheter centre is highest for Rigid (1.83 mm)  and comparable
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrava
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

o Affine (1.81 mm),  while lower in B-Splines (1.77 mm)  and
omparable to Demons (1.75 mm).  Though the plots are
uppose to signify the cohort’s behaviour of calcium lesions

Table 5 – Registration parameters: Rigid, Affine, B-Splines and D

Total no. of volume 

Mean no. of registered frames/volume 

Window size in MSSIM 

Bin size 

(a) Common registration parameters in Rigid and Affine registration
Optimizer Gradient Magnitude T

Minimum Step Length
Maximum Step Length
Maximum Iterations 

Relaxation Factor 

(b) Extra registration parameters in Affine registration
Metric Number of spatial s

Number of histogra
Use all pixels 

(c) Registration parameters in B-Splines registration
Grid dimension 

Number of grid refinements 

Total number of iterations 

(d) Registration parameters in Demons registration
Total number of iterations 

Velocity field smoothing kernel
2-D
Gau

Alpha (noise) constant 
619303 4.043311874 1.916635413
59532 105.3813908 49.95353113

along the circumventer, our observations only show that
most of calcium lesions are in sector Q2 followed by Q3.

As part of the data analysis and performance, we  evalu-
ated the overlapping regions. We showed in Fig. 11 and Table 3
that B-Splines and Demons showed a lower percentage differ-
ences compared to Rigid and Affine, which came to be higher
than B-Splines and Demons. We also showed the feature point
matching technique between the reference and target frames.
As shown in Figs. 4–6 are the strongest feature points are same
before and after the registration. As part of the performance,
we observed the ROC curve between cIMT and calcium vol-
ume, before and after the registration. Table 2 reports the area
under ROC curve which is highest for Demons (0.527 mm2)
when compared against Rigid (0.511 mm2), Affine (0.511 mm2)
and B-Splines (0.513 mm2) registration techniques. Further,
Table 2 also shows that the Rigid (0.0697) and Affine registra-
tion (0.672) techniques having higher standard error compared
to B-Splines (0.0684) and Demons (0.0653) techniques, respec-
tively.

Apart from comparing different registration techniques
and lesion quantification parameters, our proposed system
was also focussed on the intermediate stage of calcium seg-
mentation during volume computation. As previously noted,
proach of four different image registration techniques for quan-
scular ultrasound, Comput. Methods Programs Biomed. (2014),

we converted the IVUS videos to QuickTime (.mov) file exten-
sion, for our study. Each IVUS video were broken into multiple
IVUS frames, with each frame (or image)’s resolution being

emons.
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512 × 512. To observe the lesion changes before and after
image  registration (using different techniques) we needed to
extract the lesion from the IVUS frames. In order to do that,
our proposed system went through few steps. We  first set
up a binning strategy, which would help to solve the prob-
lem caused by spatio-temporal localization changes of lesion.
This step was used until the total video containing all bins
were processed. To improve the image  quality and adventi-
tia mask generation, median filtering was used. We  also used
Otsu’s local statistical threshold method to binarize the gen-
erated image.  Connected component analysis (CCA) was used
to remove scattered binary lumen regions from the binary
image as well as it to obtain maximum binary adventitia.
Finally, Otsu’s local statistical threshold method helped to
extract the only bright region of calcium. Retaining the white
dotted markers in IVUS frames the calcium region was seg-
mented. From extracted lesion we managed to calculate the
overlapped changes before and after registration (Table 3). This
table reports, the overlapping changes in lesion are minimal
during B-Splines and Demons registration. Affine registration
led to the highest change in overlap of lesion, followed by rigid
registration. As previously noted, this comparison also helped
to establish the B-Splines method is more  optimal compared
to other three methods with Rigid and Affine registration being
the worse selection among all.

Compared to previous IVUS registration methods
introduced by Veress et al. [7], Rotger et al. [8], Amores
and Radeva [13] and Oakeson et al. [14], our method not only
focussed on the segmentation part, but also on the changes
of IVUS detected coronary lesion’s shape and quantification
before and after the registration. As atherosclerotic calcium
deposits are multifocal in nature, there is always a chance of
under-estimation of calcium volume computation [5,6] using
our proposed segmentation technique. The main objective
of this research was to increase the correlation between two
consecutive frames for improved spatio-temporal localization
of coronary calcium plaque. Towards this end, we  focused pri-
marily on IVUS registration rather than segmentation unlike
some previous works. Compared to previews IVUS image
registration analysis and review studies, proposed by Pluim
et al. [29], Liang et al. [30], Guo et al. [31], Makni et al. [32],
Khalifa et al. [33] and Oliveira and Tavares [34] our proposed
technique was quite unique, as it established a comparative
study between four different registration techniques. Using
the lesion quantification parameters table, comparison of
visual representation of lesion changes before and after
registration, calcium detection and volume computation
prior to registration, the box plot of lesion volume, the polar
representation of the quantification parameters, ROC curve
analysis, similarity structure measure of lesion overlap after
registration and finally the processing time comparison of
different registration techniques, we  managed to successfully
establish the comparative study among all four registration
technique. Calcium segmentation and detection from low
contrast video are out of the scope of the current research.
This study remains pilot in nature and requires further vali-
Please cite this article in press as: T. Araki, et al., A comparative ap
titative assessment of coronary artery calcium lesions using intrav
http://dx.doi.org/10.1016/j.cmpb.2014.11.006

dation using CTA. Future work may consist of adapting these
registration methods on large cohorts. Further looking into
different components of plaque compared to just calcium
and utilize that for registration.
b i o m e d i c i n e x x x ( 2 0 1 4 ) xxx–xxx

6.  Conclusion

Our main focus in this study was to compare different regis-
tration techniques and their effect on calcium quantification
and detection via IVUS. Such applications are an assistive
tool in planning coronary endarterectomy procedures or dur-
ing coronary stenting procedures, which are direct clinical
translations of our work. In order to compare different reg-
istration techniques, we  used some lesion quantification
parameters and their results before and after registration. This
study aids in the accurate quantification of calcium in coro-
nary plaque and also compares the effect of a parametric
and a non-parametric registration method on IVUS imaging.
Optimizing IVUS imaging registration methods for calcium
detection requires consideration of the tradeoffs that are
inherent between speed, accuracy, robustness, and smooth-
ness of the registration transformation. Such an approach is a
more  realistic assessment of the relative merits of each regis-
tration method rather than categorically stating that any one
single method is superior in all situations. With the promis-
ing results from this study, it can be assumed that larger scale
prospective studies need to be tried for computing calcium
volume post-registration and correlated to carotid IMT  and
corroborated against CTA.
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