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Abstract. In this paper, we propose a novel method for automatic detection of
the lumen diameter and intima-media thickness from dynamicB-mode sono-
graphic image sequences with and without plaques. There aretwo phases in this
algorithm. In the first phase a dual dynamic programming (DDP) is applied to
detect the far wall IMT and near wall IMT. The general median curves are then
calculated. In the second phase, the DDP is applied again using the median curves
as the knowledge to obtain a more informed search and to potentially correct er-
rors from the first phase. All results are visually controlled by professional physi-
cians. Based on our experiments, this system can replace theexperts’ manual
work, which is time-consuming and not repeatable.

1 Introduction

Arterial IMT analysis Common carotid artery intima-media thickness (CCA-IMT )
measurements have been confirmed to be an early marker of atherosclerosis [1] and
have been associated with a higher risk of stroke [2] and myocardial infarction [3]. The
non-invasive sonographic examination has demonstrated its potential in early predicting
cardiovascular diseases. The IMT is an important index in modern medicine and can be
measured either manually [4] or automatically [5–11].
Arterial elasticity analysis Moreover, the carotid artery stiffness (CS) (or elasticity)
is one of the important factors for predicting cardio-vascular (CV) events [12]. The
factor CS can be measured via measuring the systolic and diastolic carotid diameter
on the distal wall of the CCA, 1 to 2 cm beneath the bifurcationwith high-precision
sonographic modality. Firstly, carotid distensibility (CDist) is estimated through the
variations in arterial cross-sectional area and blood pressure (BP) during systole based
on the assumption of a circular lumen. CDist is calculated asCDist=∆A/A · ∆P ,
where A is diastolic lumen area and∆A is the maximum area change during a systolic-
diastolic cycle, and∆P is the local blood pressure change measured by an applanation
tonometer. This pressure change can be approximated by the pressure change measured
on the arm in case that the applanation tonometer is deficient. This can be easily done in
the routine examination. The CDist can be converted to CS by giving CS=(CDist)−1/2

[12].



The automatic methods have the potential in reproducing results and eliminating
the strong variations made by manual tracings of different observers. Moreover, the
processing time can be considerably reduced. The motivation of this study is to develop
a confidential system which is able to detect the intima and adventitia of both near and
far artery walls, with or without plaques, automatically even under strong speckle noises
using dynamic B-mode sonographic image sequences. This system can identify not only
the IMT but also the lumen diameter (LD ) during systolic and diastolic cycles, from
which the artery elasticity can be potentially calculated.Via this system, the dynamic
process of carotid artery (CA) can be represented by some parameters such as IMT
variation, lumen diameter variation, and IMT compression ratio.

This study provides a new technique for detecting the IMT andthe LD changes
along a section of CCA, which is in general different from previously published works.
The proposed system contains two phases. In the first phase, anovel dual dynamic
programming (DDP) combined with some anatomic knowledge makes the detection
more robust against the speckle noises. In the second phase,the generalized median
filter is applied and the median curves are calculated, whichare fed backwards to the
system and the DDP is applied again having the median curves as knowledge to correct
its results fully automatically. The proposed scheme has the following steps:
Phase 1:
1. Input imageIk; 1 ≤ k ≤ K.
2. If k = 1, manually select a rectangler1; else, trackrk using knowledger1. (Sec.2.3)
3. Extract feature imagegk from Ik having a rectanglerk. (Sec.2.4)
4. Apply DDP ongk to detect the dual curves (intima and adventitia). OutputcI

k and
cA
k . (Sec.2.5)

5. Goto Step 1 untilk > K.

Phase 2:
1. InputcI

k andcA
k , 1 ≤ k ≤ K, calculate dual median curvesMI andMA and their

corresponding translationtIk andtAk . (Sec.2.6)
2. Apply DDP ontogk with guides (MI , MA, tIk, tAk ) and output the final intima and

adventitia curves for each imageIk; 1 ≤ k ≤ K. (Sec.2.7)

The rest part of this paper is organized as follows. In Section 2.1 we address how the
image sequences are acquired. The problems of this study areillustrated in Sec. 2.2.
The methods are described in Sec. 2.3 to 2.7. Then, results are demonstrated (Sec. 3),
discussion and conclusion are given in Sec. 4 and Sec. 5, respectively.

2 Materials and Methods

2.1 Image Acquisition

After at least 15 minutes of rest in the supine position, the ultrasonic examinations of
the right and left CCA were performed. An Esaote Mylab 25 ultrasound scanner with
a high-resolution and digital beam former was used with a linear variable band 10-13
MHz transducer. The necks of the study subjects were turned slightly to the left or right
side. The transducer was positioned at the anterior-lateral side of the neck. The lumen



was maximized in the longitudinal plane with an optimal image of the near and the far
vessel wall of the CCA or carotid bifurcation. Thus, typicaldouble lines could be seen as
the intima-media layer of the artery. Plaques were scanned in a longitudinal and cross-
sectional plane showing the highest diameter. At least two heart cycles of every subject
were acquired for measurement of the IMT or plaque, respectively. All sequences were
stored digitally in the ultrasound device and transferred to a commercially available
computer for further image analysis.

2.2 Problem statement

Figure 1 shows a typical image made by our sonographic modality. Thefirst problem
is the impact of speckle noises. It is very common that there are speckle noises in the
artery lumen. In general, the noises on the near-wall side are stronger than the noises on
the far-wall side. It makes the detection of near wall intimamuch more difficult, com-
paring to the detection of far wall intima.Second, some diseases such as atherosclerotic
plaques change the structure of IM complex or the intimal layer. Some changes result
in strong echoes such as calcification. When the intima is damaged, there are nearly
no echoes on the damaged part. In this case, the adventitia might be exposed on the
artery lumen.Third , we found the plaque might cause in different echoes in the same
places in the dynamic B-mode sonography, which might cause ambiguity in adventitia
recognition. This problem is indicated in Fig.1(b), (c), and Fig.2(h). There is an echo
near the adventitia, which is absent on the most images. The DDP detects it because it
does exist some echoes. However, according to the human beings judgment, since the
majority has no such echo so the majority wins. This detection as shown in Fig.1(b)
and (c) would be judged to be false.Finally , the target we are processing is moving
during the image sequence since it is made by dynamic B-mode sonography. There-
fore we have to deal with the tracking problem. Fortunately,the target we are tracking
does not change its shape in a large scale. We assume that the artery movement is only
in longitudinal direction, although there is less movementin horizontal direction. This
movement is due to the systolic and diastolic cycle. Moreover, there is no overlapping
or shadow problems, which might happen very often in the camera videos. In order to
conquer problems listed above, we propose the novel scheme as follows.

(a) (b) (c)
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Fig. 1. A typical B-mode sonographic image. (a) A sub-image from a dynamic image sequence.
(b) The DDP result superimposed on the sub-image of Frame No.43. (c) The DDP result on
Frame No. 45.



2.3 Artery movement tracking

Since the artery is moving during heart cycles in the dynamicB-mode sonography, the
artery tracking is an important issue. It is assumed that theartery has 1D movement, i.e.,
in the vertical direction. This movement is actually an extension of the artery lumen in
the heart systolic cycle. In addition, the whole artery might have a shift in the vertical
direction in a whole heart cycle. This system needs only one single manual input in
the beginning. The user has to select a rectangle area to cover the section area to be
measured. However, the artery might move out of this given rectangle in the subsequent
images. Therefore, a simple automated tracking algorithm is combined to help the sys-
tem finding the correct artery position in each image. Due to page limitation, details are
omitted here and the readers are referred to [13].

2.4 Image Features

The objective of this study is to detect the intima, adventitia of CA, and plaque outline
if any. There are many kinds of methods achieving the same goal. Some used gray level
or the gradient of gray level as features [7, 11, 6]. In this study, we use a simple feature
extraction method which is able to detect the intima and adventitia of both near and far
wall as well as plaques of CCA in dynamic B-mode sonography [11, 14, 13]. Here we
do not repeat the feature extraction process.

2.5 Dual dynamic programming (DDP)

In our previous study [11] we have developed dual dynamic programming (DDP) for
IMT detection. Some following works are based on this methodwhich are able to detect
the IMT and the lumen diameters [14, 13]. Letgk(x, y) denote thek-th feature image
grid of sizeM × N , whereM andN are the number of rows and columns, respec-
tively. Assume the DDP running from left to right in order to find dual curves intima
and adventitia of the far wall. The DDP intends to find the global maximum, which
is the summation of the feature values on the grid where the dual curves go through.
The dual curves can be denoted as a point set{(i, y1i), (i, y2i)}, 1 ≤ i ≤ N , and its
corresponding feature values are{gk(i, y1i), gk(i, y2i)}. The cost function finding the
k-th dual curves can finally be defined as:

Ji(y1, y2) = min
j1,j2∈

{−dr,··· ,dr}

{Ji−1(y1 + j1, y2 + j2) + gk(i, y1)

+ gk(i, y2) + λ1|wi − wi−1| + λ2(|j1| + |j2|))}

subject todmin ≤ y1 + j1 − y2 − j2 ≤ dmax,

dr ≤ |y1i − y1 i−1|, dr ≤ |y2i − y2 i−1| and2 ≤ i ≤ N.

(1)

whereλ1 andλ2 are weighting factors of the curve smoothness. The parameters y1,
y2 are the short form ofy1i, y2i, respectively. All tuples(y1, y2) are tested if they fit
the constraint given in Eq.(1). The following steps including the initialisation and back-
wards tracing the dual paths can be found in [13]. The output(y∗

1
, y∗

2
) which satisfies

the global maximization is then redefined to(yA
k , yI

k) for following steps.



2.6 Generalized median filter

In this section, we address a clinical application of generalized median filter [15] to pro-
duce a median curve representing either detected intimal oradventitial curve. Suppose
we have a sequence having K images, from each image the intimal layer is detected and
represented bycI

k, wherek = 1, 2, · · · , K denotes thek-th image. Since the curve goes
from left to right, the x-coordinate is in an ascending order. The important information
is the y-coordinate which is represented byyI

k of the corresponding curvecI
k. The goal

is to find a generalized median curveMI which has the minimum error to all these de-
tected curvescI

k. However, since the artery has movement because the heart cycle, there
is another parametertIk representing the translation of the corresponding intimalcurve
on thek-th image. Therefore, the cost function to find out the generalized median curve
of intima is defined as follows:

f(MI , TI) =

K∑

k=1

N∑

i=1

(yI
ki − yI

i − tIk)2 (2)

where
MI = {yI

i |1 ≤ i ≤ N} is the median curve,N is the curve length;
yI

k is the y-coordinate of thek-th curvecI
k which hasn points;

TI = {tIk|1 ≤ k ≤ K} is the composition of all translations for each curvecI
k.

Through some derivations, one can easily obtain:

tIk =
1

N

N∑

i=1

(yI
ki − yI

i ) (3)

yI
i =

1

K

K∑

k=1

(yI
ki − tIk) (4)

which can be solved iteratively by an EM algorithm. The calculations ofMA = {yA
i |1 ≤

i ≤ N} andTA for adventitia are similar.

2.7 Dual dynamic programming with guides

Here we briefly describe how DDP uses median curves as guides.Let gk(x, y) denote
thek-th feature image grid as defined in Sec.2.5.

The anatomic knowledge (y1 > y2, dmin, anddmax), the guides by the median
curves (yI for intima andyA for adventitia) and the translationstIk and tAk are then
embedded into the DDP structure. The cost function finding the k-th dual curves can
finally be defined as:

Ji(y1, y2|y
I , yA, tIk, tAk ) = min

j1,j2∈
{−dr,··· ,dr}

{Ji−1(y1 + j1, y2 + j2|y
I , yA, tIk, tAk ) + gk(i, y1)

+ gk(i, y2) + λ1|wi − wi−1| + λ2(|j1| + |j2|) + λ3(|y1 + j1 − (yA − tAk )|

+ |y2 + j2 − (yI − tIk)|)}

subject todmin ≤ y1 + j1 − y2 − j2 ≤ dmax,

dr ≤ |y1i − y1 i−1|, dr ≤ |y2i − y2 i−1|, and2 ≤ i ≤ N.
(5)



whereλ1 andλ2 are weighting factors of the curve smoothness;λ3 is the weighting
for median curves. The parametersy1, y2, yA, andyI are the short form ofy1i, y2i,
yA

i , andyI
i , respectively. All tuples(y1, y2) are tested if they fit the constraint given in

Eq.(5). The following steps including the initialisation and backwards tracing the dual
paths can be found in [13]. The output(y∗

1 , y∗
2) which satisfies the global maximization

are the adventitia and intima of the correspondingk-th image.

3 Results

Figure 2 demonstrates the IMT and a plaque detection on the far wall. The problem
we want to solve in this paper is indicated in Fig. 2(h). Thereis an echo existing near
adventitia in the frames from frame number 40 to 46. We illustrate only frame num-
ber 41 and 44 as examples. With single DDP it can detect the adventitia as shown in
the second column. However, these results are judged to be wrong by an experienced
physician. This is because in the rest frames there existed no such an echo, which are
in majority. The generalized median filter uses the propertythat the majority wins so
that it can simulate human beings judgment. It obtains the correct results as shown in
the third column. Due to page limitation, all results cannotbe displayed here. However,
the results made by single DDP are similar to Fig.2(e) and (h)from frame No. 40 to
46. The results made by this proposed scheme are similar to Fig.2(f) and (i) from frame
No. 40 to 46 as shown in Fig.3.

4 Discussion
The programs are setup on the Matlab platform. Some kernel functions are written
in C to speedup the whole process. The parameters used in thispaper are:dr = 1,
dmin = 4 in IMT detection,dmin = 20 in LD detection,dmax = 40 in IMT detection,
dmax = 0.9 · M in LD detection, andλ1 = λ2 = 0.1, andλ3 = 0.05. The computer
has Intel Core(TM)2 T5600 CPU with 1.83GHz, 2GB RAM. The computation time for
IMT detection is around 1.2 sec for the DDP with guides.

The novel system is able to detect the near and far wall IMT andthe lumen diameter
of CCA in the B-mode sonographic videos, with and without plaques. Having these
results, we can provide physicians the CCA diameter changesduring the heart cycle,
the compression rate of IMT, the plaque thickness and shape morphology. Furthermore,
in the future we are able to build the blood flow model to predict the shear stress on the
artery wall, which is a critical index for the vascular diseases.

5 Conclusion

In this paper we propose an intelligent method to detect the near and far wall IMT as
well as the LD of CCA in dynamic B-mode sonography, with and without plaques.
Based on the experiments, the detection results are correctand do not need any man-
ual correction. This system is fully automated except it needs an initial rectangle area
selected by the user. In the future work, we will explore the relationship between some
diseases and the parameters extracted from the dynamic IMT and LD by our system.
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Fig. 2.The far wall IMT and plaque detection: The first column are theraw sub-images; they are
frame No. 38, 41, 44, and 47, respectively. The second columnare the results of DDP superim-
posed on the raw sub-images. The third column are the resultsof proposed scheme superimposed
on the raw sub-images.
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7. Cheng, D., Schmidt-Trucksäss, A., Cheng, K., Burkhardt, H.: Using snakes to detect the
intimal and adventitial layers of the common carotid arterywall in sonographic images.
Computer Methods and Programs in Biomedicine67 (2002) 27–37

8. Kanai, H., Hasegawa, H., Ichiki, M., Tezuka, F., Koiwa, Y.: Elasticity imaging of atheroma
with transcutaneous ultrasound: Preliminary study. Circulation107(2003) 3018–3021

9. Hasegawa, H., Kanai, H., Koiwa, Y.: Detection of lumen-intima interface of posterior wall
for measurement of elasticity of the human carotid artery. IEEE Trans. on Ultrasonics Fer-
roelectrics & Frequency Control51(1) (2004) 93–109

10. Cardinal, M.H.R., Meunier, J., Soulez, G., Maurice, R.,É. Therasse, Cloutier, G.: Intravas-
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