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Abstract. In this paper, we propose a novel method for automatic deteof
the lumen diameter and intima-media thickness from dynaBmode sono-
graphic image sequences with and without plagues. Thersvarphases in this
algorithm. In the first phase a dual dynamic programming (DBRapplied to
detect the far wall IMT and near wall IMT. The general medianves are then
calculated. In the second phase, the DDP is applied agaig tts¢ median curves
as the knowledge to obtain a more informed search and to fpatgrcorrect er-
rors from the first phase. All results are visually contrdlte professional physi-
cians. Based on our experiments, this system can replacexfierts’ manual
work, which is time-consuming and not repeatable.

1 Introduction

Arterial IMT analysis Common carotid artery intima-media thickne€CA-IMT )
measurements have been confirmed to be an early marker obstherosis [1] and
have been associated with a higher risk of stroke [2] and ieghal infarction [3]. The
non-invasive sonographic examination has demonstraediential in early predicting
cardiovascular diseases. The IMT is an important index ideno medicine and can be
measured either manually [4] or automatically [5-11].

Arterial elasticity analysis Moreover, the carotid artery stiffnes€$) (or elasticity)

is one of the important factors for predicting cardio-vdac{CV) events [12]. The
factor CS can be measured via measuring the systolic antblitasarotid diameter
on the distal wall of the CCA, 1 to 2 cm beneath the bifurcatigth high-precision
sonographic modality. Firstly, carotid distensibility [{3t) is estimated through the
variations in arterial cross-sectional area and bloodsures(BP) during systole based
on the assumption of a circular lumen. CDist is calculate€Bsst=AA/A - AP,
where A is diastolic lumen area a4 is the maximum area change during a systolic-
diastolic cycle, andAP is the local blood pressure change measured by an applanatio
tonometer. This pressure change can be approximated byaksuype change measured
on the arm in case that the applanation tonometer is defidibig can be easily done in
the routine examination. The CDist can be converted to CS\bggyCS=(CDist) !/2
[12].



The automatic methods have the potential in reproducingjteeand eliminating
the strong variations made by manual tracings of differdogeovers. Moreover, the
processing time can be considerably reduced. The motivafithis study is to develop
a confidential system which is able to detect the intima anéatitia of both near and
far artery walls, with or without plaques, automaticallgewnder strong speckle noises
using dynamic B-mode sonographicimage sequences. Thensgan identify not only
the IMT but also the lumen diametetd) during systolic and diastolic cycles, from
which the artery elasticity can be potentially calculateid. this system, the dynamic
process of carotid arteryCQA) can be represented by some parameters such as IMT
variation, lumen diameter variation, and IMT compressiatior.

This study provides a new technique for detecting the IMT #redLD changes
along a section of CCA, which is in general different fromvpoeisly published works.
The proposed system contains two phases. In the first phaseyeh dual dynamic
programming DDP) combined with some anatomic knowledge makes the detection
more robust against the speckle noises. In the second phasgeneralized median
filter is applied and the median curves are calculated, whiehfed backwards to the
system and the DDP is applied again having the median cusiesavledge to correct
its results fully automatically. The proposed scheme hag$dhowing steps:

Phase 1:
1. Inputimagely; 1 < k < K.
2. If k = 1, manually select a rectanglg; else, track;, using knowledge; . (Sec.2.3)
3. Extract feature image, from I, having a rectangle;. (Sec.2.4)
4. Apply DDP ong;, to detect the dual curves (intima and adventitia). Outfund
cft. (Sec.2.5)
5. Goto Step 1 untik > K.

Phase 2:

1. Inputef andej!, 1 < k < K, calculate dual median curvég; and M 4 and their
corresponding translatiar} andt;!. (Sec.2.6)

2. Apply DDP ontog,, with guides (7, M4, tf, t{*) and output the final intima and
adventitia curves for each imagdg; 1 < k < K. (Sec.2.7)

The rest part of this paper is organized as follows. In Secid we address how the
image sequences are acquired. The problems of this studiuesteated in Sec. 2.2.
The methods are described in Sec. 2.3 to 2.7. Then, reseldesnonstrated (Sec. 3),
discussion and conclusion are given in Sec. 4 and Sec. Eatsgly.

2 Materials and Methods

2.1 Image Acquisition

After at least 15 minutes of rest in the supine position, tli@sonic examinations of
the right and left CCA were performed. An Esaote Mylab 25asitrund scanner with
a high-resolution and digital beam former was used with edinvariable band 10-13
MHz transducer. The necks of the study subjects were tuligddlyg to the left or right

side. The transducer was positioned at the anterior-latiela of the neck. The lumen



was maximized in the longitudinal plane with an optimal irraj the near and the far
vessel wall of the CCA or carotid bifurcation. Thus, typidalible lines could be seen as
the intima-media layer of the artery. Plaques were scarmadangitudinal and cross-
sectional plane showing the highest diameter. At least twarticycles of every subject
were acquired for measurement of the IMT or plaque, respedgtiAll sequences were
stored digitally in the ultrasound device and transfer@e ttcommercially available
computer for further image analysis.

2.2 Problem statement

Figure 1 shows a typical image made by our sonographic ntgda@hiefirst problem

is the impact of speckle noises. It is very common that thezespeckle noises in the
artery lumen. In general, the noises on the near-wall sielstaonger than the noises on
the far-wall side. It makes the detection of near wall intimach more difficult, com-
paring to the detection of far wall intim&econd some diseases such as atherosclerotic
plaques change the structure of IM complex or the intimattagome changes result
in strong echoes such as calcification. When the intima isagjah, there are nearly
no echoes on the damaged part. In this case, the adventgiat imé exposed on the
artery lumenThird , we found the plaque might cause in different echoes in theesa
places in the dynamic B-mode sonography, which might caod®auity in adventitia
recognition. This problem is indicated in Fig.1(b), (c)darig.2(h). There is an echo
near the adventitia, which is absent on the most images. Dfe detects it because it
does exist some echoes. However, according to the humagdjeidgment, since the
majority has no such echo so the majority wins. This detaci® shown in Fig.1(b)
and (c) would be judged to be faldeinally, the target we are processing is moving
during the image sequence since it is made by dynamic B-moxegsaphy. There-
fore we have to deal with the tracking problem. Fortunatély,target we are tracking
does not change its shape in a large scale. We assume thatettyenaovement is only
in longitudinal direction, although there is less moveniaritorizontal direction. This
movement is due to the systolic and diastolic cycle. Moredbere is no overlapping
or shadow problems, which might happen very often in the camwieleos. In order to
conquer problems listed above, we propose the novel schefod@vs.

Fig. 1. A typical B-mode sonographic image. (a) A sub-image from mashyic image sequence.
(b) The DDP result superimposed on the sub-image of Frame48lo(c) The DDP result on
Frame No. 45.



2.3 Artery movement tracking

Since the artery is moving during heart cycles in the dynd@namode sonography, the
artery tracking is an importantissue. Itis assumed thaattezy has 1D movement, i.e.,
in the vertical direction. This movement is actually an esien of the artery lumen in
the heart systolic cycle. In addition, the whole artery nbigéwve a shift in the vertical
direction in a whole heart cycle. This system needs only amgles manual input in
the beginning. The user has to select a rectangle area to ttevsection area to be
measured. However, the artery might move out of this givetargle in the subsequent
images. Therefore, a simple automated tracking algorithooinbined to help the sys-
tem finding the correct artery position in each image. Dueagedimitation, 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, adventf CA, and plaque outline
if any. There are many kinds of methods achieving the samle §ome used gray level
or the gradient of gray level as features [7,11, 6]. In thislgt we use a simple feature
extraction method which is able to detect the intima and atitve of both near and far
wall as well as plaques of CCA in dynamic B-mode sonograpliy14, 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 dynamiggnmming (DDP) for
IMT detection. Some following works are based on this methbith are able to detect
the IMT and the lumen diameters [14, 13]. Lgf(x, y) denote thek-th feature image
grid of sizeM x N, whereM and N are the number of rows and columns, respec-
tively. Assume the DDP running from left to right in order tadidual curves intima
and adventitia of the far wall. The DDP intends to find the gloimaximum, which

is the summation of the feature values on the grid where tla¢ alirves go through.
The dual curves can be denoted as a poinf{&ety1;), (¢,42;)},1 < i < N, and its
corresponding feature values dig. (i, y1;), gx(i,y2;) }. The cost function finding the
k-th dual curves can finally be defined as:

Ji(y1,y2) = jmjine {Jica(y1 + 1,92 + J2) + gr(i, 1)
1,J2
{7d’f'7"'7dr'
+ 9x(2, y2) + M|wi — wi—1 | + Xa(J71] + [72])) } 1)

SUbjeCt taimzn < Y1 +Jl — Y2 — j2 < dmaa:a
dr <|y1i —y1i-1|, dr < |y2i —y2i—1]land2 <i < N.

where\; and \, are weighting factors of the curve smoothness. The paraswte

yo are the short form of;, y2;, respectively. All tuplegy;, y2) are tested if they fit
the constraint given in Eq.(1). The following steps inchglthe initialisation and back-
wards tracing the dual paths can be found in [13]. The outplty;) which satisfies
the global maximization is then redefined(ig’, v/ ) for following steps.



2.6 Generalized median filter

In this section, we address a clinical application of gelird median filter [15] to pro-
duce a median curve representing either detected intimed\aentitial curve. Suppose
we have a sequence having K images, from each image the ifdiyea is detected and
represented by.,, wherek = 1,2, --- | K denotes thé-th image. Since the curve goes
from left to right, the x-coordinate is in an ascending ordére important information
is the y-coordinate which is representedyjyof the corresponding curv€ . The goal
isto find a generalized median cur¥€; which has the minimum error to all these de-
tected curves!. However, since the artery has movement because the hettthere

is another parametef representing the translation of the corresponding inticoave
on thek-th image. Therefore, the cost function to find out the gdirm@median curve
of intima is defined as follows:

K N
f(Mr,Tr) = ZZ (ks —yi —14)° (2)
k=1 1i=1
where
= {y!|1 <i < N} is the median curvey is the curve length;
y! is the y-coordinate of thé-th curvec! which hasn points;
Ty = {t}|1 < k < K} is the composition of all translations for each cueje
Through some derivations, one can easily obtain:

N
1
th= 2 > _(Wki — ) (3)
i=1
1 K
vl =22 Wk —th) (4)
k=1

which can be solved iteratively by an EM algorithm. The ciltions of M4 = {y#|1 <
i < N} andT4 for adventitia are similar.

2.7 Dual dynamic programming with guides

Here we briefly describe how DDP uses median curves as guidesgy (z, y) denote
the k-th feature image grid as defined in Sec.2.5.

The anatomic knowledge/{ > 2, dmnin, andd,,..), the guides by the median
curves ¢ for intima andy* for adventitia) and the translatiort$ and t? are then
embedded into the DDP structure. The cost function findirgitth dual curves can
finally be defined as:

Ji(y17y2|y1’yA7t£7t]?) = anjlzne {Jifl(yl +j1ay2 +j2|y17yA7t£7tI?)+gk(i7y1)

+ gk (6, y2) + Mlwi — wisa| + Ao (1] + ljal) + As(yn + 51 — (™ = 1)
+ g2 +j2 — (W' =t}

subject tadin < Y1 + j1 — y2 — J2 < dmaa,

dr <|y1i —y1i-1ls dr < |y2i —y2i-1], @and2 <7 < N.

()



where\; and )\, are weighting factors of the curve smoothnessjs the weighting
for median curves. The parameters 3., vy, andy’ are the short form of;, yo;,
y#, andy!, respectively. All tuplegy; , y») are tested if they fit the constraint given in
Eq.(5). The following steps including the initialisationdabackwards tracing the dual
paths can be found in [13]. The outfut, v3) which satisfies the global maximization
are the adventitia and intima of the correspondirit) image.

3 Results

Figure 2 demonstrates the IMT and a plaque detection on thedt The problem
we want to solve in this paper is indicated in Fig. 2(h). Thieran echo existing near
adventitia in the frames from frame number 40 to 46. We itatst only frame num-
ber 41 and 44 as examples. With single DDP it can detect therditia as shown in
the second column. However, these results are judged to dwegway an experienced
physician. This is because in the rest frames there exisiexich an echo, which are
in majority. The generalized median filter uses the proptray the majority wins so
that it can simulate human beings judgment. It obtains tlieecbresults as shown in
the third column. Due to page limitation, all results canme@tlisplayed here. However,
the results made by single DDP are similar to Fig.2(e) andrim frame No. 40 to
46. The results made by this proposed scheme are similagi®(fiand (i) from frame
No. 40 to 46 as shown in Fig.3.

4 Discussion

The programs are setup on the Matlab platform. Some kermelifins are written
in C to speedup the whole process. The parameters used ipapes ared, = 1,
dmin = 41N IMT detection,d,,;, = 20 in LD detectiond, ... = 40 in IMT detection,
dmaz = 0.9 - M in LD detection, and\; = X\ = 0.1, and\3 = 0.05. The computer
has Intel Core(TM)2 T5600 CPU with 1.83GHz, 2GB RAM. The catgtion 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 IMTtaadlimen diameter
of CCA in the B-mode sonographic videos, with and withoutgplkes. Having these
results, we can provide physicians the CCA diameter chadgesg the heart cycle,
the compression rate of IMT, the plaque thickness and shapethlogy. Furthermore,
in the future we are able to build the blood flow model to prettie shear stress on the
artery wall, which is a critical index for the vascular dises.

5 Conclusion

In this paper we propose an intelligent method to detect s and far wall IMT as
well as the LD of CCA in dynamic B-mode sonography, with andhaut plagues.
Based on the experiments, the detection results are c@melctlo not need any man-
ual correction. This system is fully automated except itdse@n initial rectangle area
selected by the user. In the future work, we will explore tlationship between some
diseases and the parameters extracted from the dynamicme T2 by our system.
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Fig. 2. The far wall IMT and plague detection: The first column arerthe sub-images; they are
frame No. 38, 41, 44, and 47, respectively. The second colmathe results of DDP superim-
posed on the raw sub-images. The third column are the refylteposed scheme superimposed
on the raw sub-images.
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