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ABSTRACT

- Echocardlography is a medlcal 1mag1ng modallty that uses ultrasound m""v‘
o »order to obtaln cross sectlonal v1ews of the heart The basrc problem 1n the use of o

-echocardlography is the ablllty to obtain a rellable set of phys1cal parameters ’

- related to cardlac status, s0. that assessment of heart d1sease can be performed:- » o

o automatlcally Th1s work overviews d1fferent 1mage processmg techn1ques used 1n»

’the analysrs of two d1mens1onal echocard1ograph1c 1mages

After reV1ew1ng how the echocardlographlc 1mage formatlon process works, anﬁ

o ‘;outhne of the general processmg steps from r1mage acqulslt1on to automatlc detec-,

: » tlon of 1mportant features is presented Speclal emphas1s on card1ac 1mage seg—"-. "

,mentatlon is presented In partlcular, 2 relaxatlon algor1thm for 1mage segmen—[ E

' -tatlon is d1scussed Also, echocardlographlc 1mage segmentatlon us1ng temporal"k '
‘ "‘.analysm and a new algorlthm for boundary detectxon is descrlbed Measurements

o of left ventrlcular area, wall thlckness, and e_]ectlon fractlon is also presented

_‘Shape analys1s is mtroduced as a- tool for echocard10graph1c 1mage analys1s A B

. ,-‘hlgh level descr1pt10n of the left ventr1cular ,boundarles us1ng curvature is pro— -

- 'V:posed Curvature analys1s attempts to 1dent1fy stable landmarks durlng the beat— o

_.1ng »prQCes_s muscles Tracklng these landmarks alds in the detectlon of abnor-» L

o -mal:hear;t"': contractlons F1nally the use of ‘expert systems is proposed in the'f“
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analysis of echocardiographic images.



| CHAPTER1 | e
BASICS OF HEART ANATOMY, PHYSIOLOGY, -
~ AND ECHOCARDIOGRAPHY |

11 I_ntroduction_to QardiaclAn{atomy anvahy_siolog_y : s o
1.1.1° ‘Car.di:ac Anatomy' |

The heart is a four-chambered hollow muscle within the thora.x whose task
~ is to pump the blood to the lungs so that it can be oxygenated and then pumped ,
to the rest of the body: The front of the heart is known as the Anterior aspect
(see Flgure 1.1)" while the back is known as the Posterior aspect (see Figure 1.2).
- If we assume ‘that the heart's shape is close to that of a cone, then the vertex is
called the apex, whereas the top portlon is the heart S ba.se (see Flgures 1 1 and

An excellent descrlptlon of the heart was prov1ded by Jacob and Francone’

| [1):

The strnctures of the heart include the pcrtcardturn, lth.e wall encloslng
~ the chambers, separated by valves; and the artcncs, whlch supply -
blood to the heart muscle. , :

Pericardium. The perlcardlum is an invaginated sac cons1st1ng of two

layers, an external fibrous and an internal layer (the serous: membrane).

‘The external fibrous layer, which has an inner surface of serous

‘membrane, is the parietal pericardium. The internal serous layer, which

adheres to the heart and becomes the outermost layer of ‘the heart the,”
" epicardium, is the visceral pericardium.

- Wall of the heart. The wall of the heart consists of three distinct -
- layers: the epicardium (external layer), the myocardium (middle layer),
and the endocardium (inner layer) The epicardium has mesothelial and
subserous layers of connective. tissue and is frequently infiltrated with
fat. Coronary vessels supplying arterial blood to the heart traverse the
~epicardium before entering the myocardium. The myocardmm consists
- of interlacing bundles of striated muscle fibers. This layer is responsible
for the ability of the heart to contract. The endocardium lines the
" cavities of the heart, covers the valves, and is continuous with the
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‘lining membrane of the large leod vessels. . ‘ - _
Chambers of the heart. The heart is divided into right and left
- halves, with each half ‘subdivided into two chambers. The upper
~chambers, the atria, are separated by the interatrial septum; the lower
- chambers, the ventricles, are separated by the intcrventricular septum.

F;\—Le'ft common carotid a.

li&Leit subclavian a.
i\ ‘

38 —~Arch of aorta

Biaéh:ocepb'alxc trunk

Superior vena cava —}

— ;,—Per'i_.cazdiu‘m
Ascending aorta- A '
‘ , . 3+ — ——Pulmonary a.

Left atrial : T
Y appendage

' *”__}‘R,ii;l:t atxial
‘ (auricle)

- apgendage

{auricle) R .
= ‘~';Left coronary a

. Rigkt ventricle + L
Right coronary » & : Left ventricle

‘Right atriuvm-

TR

Pericardium —=

Figure 1.1 Anterior aspect of the heart [1].

The right atrium constitutes the right superior portion of.the heart. It

is a thin-walled ‘chamber receiving blood from all tissues except the

lungs. Three veins empty into.the right atrium; the superior and
" inferior venae cavae, bringing blood from the upper and lower portions

of the body; and the coronary sinus, draining blood from the heart

itself. Blood flows from the atrium to the right ventricle. i '

The right ventricle constitutes the right inferior portion of the heart's
- apex. The pulmonary artery carrying blood to the lungs leaves from the
- superior surface of the right ventricle. - L = R



The left atrium constltutes ‘the left superior portnon of the heart. It is
slightly smaller than the right atrium, with ‘a thick wall. The left
atrium receives the four pulmonary: veins draining oxygenated blood
.from the lungs Blood ﬂows from the left atrium. mto the left ventricle.

Superior vena cava.

Right pulmonary a.
TRight pulmonary v
\ s

Right atrium =

- [nierior vena cava

‘W — Right coronary a.;. .

: coxonaxy a; andv -

, anure 1 2. Posterlor aspect of the heart [1].

The left vcntncle constltutes the left 1nferlor portlon of the apex of the‘
heart. The walls of this chamber are three times as thicker as those of
the right ventricle. Blood 'is forced through the aorta to all parts of theg

~ body except the lungs. :
Valves of the heart. There are two types of valves located in - the
" heart: the atrioventricular valves (tricuspid and mitral) and the
-semilunar valves (pulmonary and aortic) (see Figures 1.3 and 1. 4). -

_ The " atrioventricular valves are thin, leaf-like structures - located
between the atria and ventrlcles The rlght atrloventrlcular opemng is
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. guarded by the tricuspid valve, so called because it consists of three =
irregularly shaped flaps {(or cusps) formed mainly of fibrous tissue and
covered by endocardium. These flaps are continuous with each other at
“their bases, creating a ring-shaped membrane surrounding the margin
of the atrial opening. Their pointed ends project into the ventricle, and
attached by cords called the -chordae tendineae to small muscular
pillars, the papillary muscles, within the interior of the ventricles. The -
left atrioventricular opening is guarded by the mitral or bicuspid valve, o

. so named because it consists of two flaps. The mitral valve is attached
" in the same manner as the tricuspid, but it is stronger and thicker since -
" the left ventricle is. a more powerful pump. ‘ S R

~ Blood is propelled through the tricuspid and mitral valves as the atria
* contract. When the ventricle contracts,” blood -is forced backward,
passing between the flaps and walls of the ventricles. The flaps are thus
pushed upward until they meet and unit, forming a complete partition
between the atria and the ventricles. The expanded flaps of the valves
resist any preassure of the blood which might force them to open into
“the atria, since they are restrained by the cordae tendineae and
papillary muscles. =~ - : LT ottt :

The semilunar valves are pocket-like structures attached at the point at
which the pulmonary artery and aorta leave the ventricles. The
pulmonary valve guards the orifice between the right ventricle and the
pulmonary artery. The aortic valve guards the orifice between the left
- ventricle and the aorta. - g co B

An .‘bihifportant _aspect ‘of  heart anatomyr and ‘physiology is ‘the __c,dr_onéry'
~system of arteries and veins that supply blood to the heart. According to Jacob
- and Francone [1]: = Gt _ -

Biood supply to the heart. The heart is supplyed by the rsght and
left coronary arteries (see Figures 1.5). These vessels are the first
branches: of the aorta. They encircle the heart and supply blood to all
portions of the myocardium. The blood in'the coronary arteries returns -
to the heart, either by way of the coronary veins or by special sinusoids
in the myocardium. The coronary arteries and their branches are as
Cfollows. = o BRI R
Left coronary artery. The anterior descending branch supplies ‘blood to
“‘the left and right ventricles. The circumflex branch supplies blood to
the left atrium and left ventricle. - Right coronary artery. The posterior
‘descending branch supplies blood to the left and right ventricles. The
marginal branch supplies blood to the right atrium and right ventricle.

112 ._Cafdiaé Phyiiglégy ;hd 'Ische.niic._Hea.rt'Dviséasé, .
R ( ‘The heart, asa muscle, needs oxygen to perform its task. ‘This oxygen is

- supplied by the coronary. artery system. Thus, there must be a balance between )
- the oxygen demand of the heart and the oxygen supply. :




Leit common cazohd ar :
To head and ‘arms"

Brachlocephallc a. —/X\/‘é I Left subclaviana.

) Supenor vena cava — _-..\

&hﬁ. , SUPREI
Ay ,Wtum arteriosum
, —Pulmonary a.

- Leﬂ atrium

: From nght/ / ' ¥, / . v'w ' L
" lang Z v ; 4 Wt (" NPulmonary - v.

Right atrium
Tk : _ ‘Pu]monary valve
ortic valvg_—r 4 — Mitral valve ;

© " Tricuspid - :
: valve — v Chordae tendiceae

TLeft ventncle
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: R
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anure 1 3 Interlor view of the heart showmg the relatlonshlps between the
 cavities and the valves {1]-



- Aortic valve —

Rl;;ht ventricle

Right coronary a. A

Left coronary a——
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‘The oxygen demand i: >ot'constant lt depends on many factors, ba.smally it
can be stated that oxygen consumptlon 1s “closely related to the work performed
by the heart. In other words, ‘the greater the work, the greater the oxygen
‘demand, and vice versa. Since oxygen is brought to any ponnt of the body by
blood flow, it is brought to the cardiac muscle by coronary circulation. Thus, an
increase in oxygen demand must be answered with an increase in coronary artery
‘blood flow. Figure 1.6 descnbes the factors whlch determlne oxygen demand and

- supply to the heart.

» Ischemic heart dnsease is one of the most common heart diseases and rwults
,from ..msufﬁclent coronary »blood'ﬁow», or generally speaking, from an insufficient
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voxygen supply to the cardrac muscle. - One of the factors that produces

1nsufﬁc1ent blood ﬂow is acute: coronary occlusion, which means a total lack of
' blood circulation through part of the coronary artery system. Immedrately after
k .acute coronary occlusion, the area of ‘muscle that-is no longer rrngated by blood-
is said to be infarcted. The overall process . 1s called myocardtal mfarctzon,
commonly known as heart attack '

-Acute coronary occlusron is not the only determlnant of lschemlc heart
disease, it can also be produced by a diminished capacity of the coronary system :
- to-supply a greater blood flow for higher oxygen demand. Angina Pectons, for
instance, appears when increased heart “effort. can ot be matched with an
“increased blood flow. When the muscle cells do not obtam the oxygen they need,
“ they die. Besides heart failure, abnormal cardiac status can produce alteratlons '
in the beatrng process and in- the general behavror of the organ ‘

1.2 Echocardlography. An Overvnew

1.2;1 Viewmg Modahtles of Echocardxography o

Wldespread use of ultrasound in the study of the heart is due ‘to 1ts real ,
time capabrlrtres and noninvasiveness. - In addition, it is qurte 1nexpens1ve when
'compared wrth other imaging modalltles It is also relatlvely easy to perform on'
a patrent smce the equrpment is portable. ' o

Ultrasound is’ used in ‘order to vrsualrze tlssue and organs One or an array
-~ of ultrasound beams are drrected at the organ under examlnatlon When the
ultrasonic wavefront propagates into a transrtron surface between two tissues of
,_ different density, part of the ‘wavefront is ‘reflected. A sensor at the receiver
collects the reflected energy Assuming that the speed of the ultrasomc wave is
' known, and that the receiver knows the time when the wave was sent, an image

e can be constructed from the returned ‘signal, (the time delay and attenuation

must be known) These concepts are shown in Flgure 1.7.

There are several aspects in the 1nteractlon between ultrasound and tissue
‘which must be discussed to understand what an ultrasonic image looks like [2].
~ The first is attcnuatwn Ultrasound isa longltudmal pressure wave, 1f we express

_'.the value of the wave amplltude as a functlon of posntlon, we have
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Factors which determme oxygen demand and supply

to the heart

whlch the wave propagates were homogeneous.

A-—Aosm[—(vt —z)]

, Where A is the amplltude, v is the propagatlon veloclty, :
is the txme, and A, is a real constant. The amplitude of the propagatmg wave

_would remain constant if there were no friction forces, and the medlum through

X is the posxtlon, t
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This figure shows the basies of ultrasound imaging. f-A_traIVl‘vsdu'cer
(TRN) directs an ultrasound beam at the tissue structure that is to

" | be visualized. When  the ultrasound wave arrives at TS1, the

transition surface between the two superficial layers of tissue, part
of :the wave is reflected back to the transducer; t1 is the time it

~ takes for the ultrasound to travel from TRN to TS1 and for the

reflected portion of the wave to:reach TR again. Part of the

- ultrasound signal penetrates the tissue beyond TS1 and encounters

TS2. Again, part of this wave is reflected back to TRN, with a

" total traveling time t2. The same happens at TS3 with returning

time t3. Since we can measure t1, t2, and t3, and the speed at

‘which ultrasound travels through the different tissues, we can

compute how far away TS1, TS2, and TS3 are from the
transducer. If we further assume that the tissue distribution does

‘not change along the y axis, and that all the tissue layers are

homogeneous, then it is possible to draw a map of tissue thickness

- and distribution (distance between the different layers and the

transducer) from the echoes received at TRN. =



Actually, human tlssue is. Very heterogeneOus' and bthere are other
phenomena 1nvolved such as scatter due to the cellular structure, absorptlon,
and reﬁectlon/refractlon Usually attenuatlon can be modeled by a decreasmg-
| exponentlal . '

- B=Bge™"% .

Where BO isa real constant which i is the amplltude of the 1nc1dent wave on'
‘the surface of the tissue through which ultrasound is propagating, o is the
attenuation coefficient that characterizes the propagation medium, and z is the
distance traveled by ultrasound through the tissue. B describes the ultrasound
amplitude at the given point z. The coordinate orlgln is located on the tissue
surface. :

Reﬂectlon takes place whenever the ultrasound wave encounters the
boundanes of two tissues. The reflected wave depends on: the characterlstrc
1mpedance of both tlssues, and 1t is given by : ’

ny,

L=l
 =I;( zz+zl

Where I is | the 1ntens1ty of the reﬂected wave, and I refers to the
1ntensnty on. the incident wave. 2z, and 22 are the characterlstlc 1mpedances of -
‘the txssue on elther side of the 1nterface The characterlstlc lmpedance is deﬁned
by: ‘ o

z=pv

where p is txssue den51ty and v is propagatlon veloclty

i " The reflected angle is equal to the incident angle and the direction. of the
transmxtted beam depends on the ratio of the velocities of propagation in both

- medla Flgure 1.8 shows the general situation when reflection and refraction

~occur. Because the receiver is placed at the same location as the transmltter, the
receiver only detects the reflected waves commg from almost perpendicular
‘surface to the propagating dlrectlon ‘

When objects encountered by the ultrasomc wave are much smaller than the
wavelength then the interaction between ultrasound and tlssue is very different.
Energy is reflected in all dlrectxons, this phenomenon is known as scattermg

7 When ultrasound is scattered by the cellular structure, the scattered waves
vlnterfere either constructwely or in a destructive manner at all points of the
‘space where they propagate. When the 1nterference is constructlve the intensity
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of the ultrasound mgnal is reinforced whereas when the 1nterference is destructive
~ the mtensnty dlmlmshes sngmﬁcatwely or even vanishes. The eﬂ'ect of such a -
_process is: known as speckle and in- echocardlography it produces a "grainy”

. lookmg image. The pomts where the brightness is low, due to the interference,

g are known as drop-outs. As stated above, the primary source of scattering in
o blologxcal tissue is cells or groups of - cells, and 1t is qulte lmportant in
echocardlography, since it affects image quahty :

A final phenomenon to be taken into account is the Doppler eﬂ'ect due to
moving objects, that producw a shift of the frequency of the ultrasonic wave
detected by the transducer. Although it is not important in echocardlography, it
is used asa tool in other cardiac i 1mag1ng modalltles
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RtE
122 The Echoca‘rdiographicv System and Display Modes =

Figure 1.9 is a block diagram of a typical echocardiographic system The.
source of the ultrasound waves is a transducer usually made of a crystal that uses_-

the plezoelectnc eﬁect ‘When a crystal is excited electncally, it transf'orms part .
of the electrical energy into mechanical energy by vibrating. The. frequency at

: whlch the - crystal vibrates depends on the geometry of the crystal. The'
mechanlcal energy is reﬁected back by the tissue structure under analysis and is
detected by the same crystal. This is possible since the piezoelectric eﬂ"ect works
in"the opposnte way, 1e the returning mechanical energy is converted,xnto
' electrlcal energy o |

The electrical 51gnal correspondlng to the reflected ultrasound 51gnal, is
ampllﬁed 'and time-gain compensated. Time-gain compensation minimizes the
attenuation of the ultrasonic wave ‘as it travels through the tissue. Slnce the
dlstance traveled by ultrasound reflected back from deeper tlssue structures is
] longer it reaches the transducer more attenuated, hence the signal’ must be
' amphﬁed to compensate for this "depth" attenuation.

‘There are different ways of dnsplaylng the information recelved from the
_transducer " These are known ' as “A-mode, B—mode,r M-mode,, and.j _2-D_- o
: echocardlography (see Figure 1.10). | o B e

In A-mode, the 1nten31ty of the returmng ray is plotted agalnst tlme In
other words, we obtain a plot where amphtude peaks correspond to energy' '
reflections of the incident beam, and time is the time it takes for the reﬁected :
' amphtude to reach the transducer '

. In B-mode, the ‘amplitude of the returnmg energy is represented in the form
-of brightness; so it can be displayed on a CRT screen. For instance, assume that
~the object is vibrating; in this case B-mode display would contain an oscillating

chain of bright spots. If the brightness is plotted against time onto a strip of R

photographlc paper whlch moves at a constant rate then we obtain a M-mode. S

other or from a single point in a fan shape, then a two-dimensional display of a

- If many B-mode lines are generated very quickly, exther parallel to each e e

cross section of the object is obtained. This essentially is a tomographlc view of
~ the region under study. This can be performed by either mechanically steerlng :

the transducer or by phased array techniques. The data collected along each line _
of sight (each B-mode line) is known as scan line data. Figure 1. 11 shows how .
two dimensional dlsplays are obtained. '
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Figure 1.9 Block diagram of an echocardiographic system (suggested by [2])
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Display modes  of ultrasound sxgnal A dn’: the left a

‘transducer (T), two reflecting interfaces (a' and b)" and

ultrasound waves (arrows) traveling from the transducer to the

.interfaces and returning to the transducer. In the xmddle, ‘the

" A-mode’” (amplitude versus time) display format is shown,
- where a and b are indicated by two- different amplitude peaks.

. On the right the B mode (brightness versus time) display
- format is shown, where the brightness spots a and b mark the

position of the two reflecting interfaces. B: on the left, a

- transducer (T) and interface (a) are shown, along with

ultrasound beams (large arrows); interface exhibits a periodic
motion (small arrows). In the middle, B mode representation is

- that of a moving dot (dot a with two small vertical arrows).

On the right the M-mode display is shown, produced by
inscribing the position of the B-mode dot on a strip chart.-

o ance the dynamm ultrasound signal is very large (between 80 and 100 dB
’[2]), and since the human eye is able to perceive only a 25 to 30 dB range, a log
- compression a.mphﬁer_ is used in the system (see Figure 1.9). Further signal
procesSing has to be performed so that a displayble signal can be obtained This
, 31gnal process:ng ‘is represented by the Rectification and Envelope Detcctzon
‘block (the ongmal sxgnal isa radlo frequency sxgnal between 2 and 10MHz) the '
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- Low Pass leter block and the Polar Video Szgnal block The Polar Vldeo Slgnal -
is drgrtrzed and converted to a rectangular format so that it is compatible thh a
- standard television signal. The digitized signal is also mterpolated to fill the gaps
between the drgrtrzed scan- line data. The drgxtrzatlon process allows storage of
B the 1mage and also allows further processmg ‘of the image. '

" 13 Digital Image Processi'ng of Two Dimensional Echocardioérams_ '

l ‘One. - of -'th‘e goals of computer processing vol'_' two‘-dim'ensional.

R echocardlograms is automatic detection of features of the heart. These features

are then useful for cardiac status assessment Because of its importance in the
detection of myocardral ischemia, the analysrs of the left ventrlcle has received
‘the most attentlon, although other parts of the heart have also been stud1ed[3]

‘ The steps generally used for- automatlc left ventricular analysxs are 1mage
acqursrtxon (digitization and storage), preprocessmg, segmentatlon and boundary'
detectron, feature extractron and 1nterpretatron of cardrac status

1.3.1 I_mage.-Acqu'isition

In the: early. attempts to. dlgrtally process echocardlographlc lmages there
~ was a lack of adequate mterfaclng between the computer used to analyze the
~image. data and the image source.

For nstance, ‘according ‘to- Garcra, et al [4], 1n1t1al attempts used. vndeo
~ cameras aimed at a stxll frame from-an echocardlographlc sequence displayed on

"~ a CRT, others devices such as ﬂylng spot. scanners, contour dlgltlzers, and video
"'.dxsk recorders have also been. utlhzed '

' Buda, et al 15} proposed drrect drgltlzatlon of the envelope detected RF‘

,’»Slgnal Drgntlzed scan line data is known as line mode data. Line mode data is

" obtained in polar format. Figure 1.12 shows the processmg in a typical ‘echo

machine versus direct digital computer acqursmon and processing using line
' mode data ’

The superior quahty of this dlrect dlgltlzatlon of the srgnal dxsplay is shown
in anure 1.13.  This superlor quality is possible since the envelope-detected
sngnal is lndependent of all control settings of the the echo system except gain
.b ’control Also the envelope detected signal has a larger dynamic range than the
’ .output srgnal of the dlgxtal scan converter for vxdeo data acqulsltlon The lnne
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l:n’ode ‘data can be digitized in real time at 30 images/second, hence image
~ sequences of the entire cardiac ¢ycle can be obtained. . '



18

- ' TYPICAL 'DIRECT DIGITAL
T, PROCESSIN '
ransa H8 MACHENE VS, and

AMPLIFIER - *
DEPTH
COMPENSATION

RECTIFIER : : A/D- *

IENVELOPE - CONVERTER

DETECTIONI . 4 : o

.?..___Echo vigeo -

conpiTioNmNG®} -

AMPLIFIER

A/D- b

CONVERTER,

AsE Jorogrammable . | yain' FRAME - |oodrgmmabe
MEMORY. - B R COMPUTER W|TH :

i ~. Pnocsssme

IMAGE SMOOTHING -} . - ¥ FUNCTIONS
; 9 . NUMERICAL AND
D/A-convemeﬁ : GRAPHIC OUTPUT -

. ViDEQ . (VENTRICULAR | ,
,ceusamon /ENTRICULAR DIMENSIONS erc) -

’ vioeo - {.
i MQNITOR

HUMAN .
_OBSERVER

. % Steps mtroducing noise

F1gure 1.12 Typlcal 51gnal processmg in an echocardxograpﬁc system versus
direct dlgxtal computer acqulsltlon.




anure 1 18 Top image: 1mage acqunred from video screen. Bottom 1mage. .
' 1mage acquired using a direct computer aequnsntuon system [5] :

I



Before endocardlal left ventncular boundanes can be obtamed ‘the i 1mage is -

v' ";"processed in order ‘to remove noise. Garcna, ‘et al. [4] ‘smoothed the image

sequence in the spatlal and temporal domalns The tlrne domain smoothing o

consisted of the welghed average ‘of- the plxe] under consnderatlon, and the plxels."

o _',w1th the same coordlnates the frames: .before and * after the frame. under

. : c01151‘1‘31'3“'1011 The Welght:ng factors ‘are two to one (one for the frames before
- 'and after) : v el o _

“The spatlal ‘domaln smoothlng con31sted of a s1mple 3x3 wmdow operatron -
In this case the welghtlng factors were 4 for the central plxel (to be replaced by
’ the average), 2 for the adJacent prxels, and one: for: the dlagonally-allgned pixels.

< The smoothlng process, accordlng to the author .
;. ‘ "_accuracy of each plxel and also helps reduce ‘the eﬁ"ect of drop-outs :

T Others have used sxmllar preprocessxng technlques [7-11] Accordlng to Delp
et al [12] temporal smoothxng blurs edge locations since the heart is not exactly
at the same pos1tnon at the beglnmng of each cardlac cycle due to the fact that
'the heart rotates and translates, and it is. dlﬁcult to ‘assume. that it reaches the
,same posmon after each cardlac cycle The results are : the edges of the
, temporally smoothed 1mage eXhlblt ‘the phenomena of very small radlus of

- curvature and have large spurlous edge locatlons Furthermore smoothmg data -

| 1n the spatlal domaln may change edge locatlons

B Other types of preprocessmg are gray scale equallzatlon [11], and gray scale ‘
y equahzatnon by usxng dxﬂ’erent gam settmgs of the ultrasound scanner [13]

133 Boundary Detection and S_esi_ii}e?ifatfioﬁ o if o

1ncreases the statlstlcal .

| Because the left ventrlcular chamber usually appears as a dark reglon

| _' ,"'surrounded by the much brlghter cardlac muscle, edge detectlon techmques have

- - been employed Edge detection is used to identify the. reglons in the image where
 a substantnal gray level dlﬁ’erence exnsts between adJacent pxxels Garcia et al. [4]

",used a combmatlon of thresholdmg and second derlvatlve techmques commonly
- used in nuclear cardlology e _

Other edge detectlon methods have also been used The Sobel operator, for

' ‘jiexample, uses a 3x3 plxel wmdow mask to compute estnmates of the magmtude

_v 'of the gradlent A threshold 1s used to- dlscrlmmate between those plxels '
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consxdered as boundary pixels and those whlch are not.-

Zwehl, et al. 8] used a Laplaclan operator which computes the second- '.

. denvatlve of an image in the X and Y dlrectlons Since the second denvatwe is

s

~ zero at points of inflection, zero crossmgs of the output of the Laplaclan mdncatef ‘
poss1ble edge locations. AT

k i:“f The contlnuous Laplaclan is glven by the l'ollowmg

In the sxmple dlgxtal vers1on, a 3x3 plxel w1ndow operator 1s usually used as :
a kernel The expressxon l'or the digital version is (14 ' SR

( )J) = lf('+1:.7)+f('—1).7)+f( +J ‘+1)+/( 1.7_1)l_4f ’.7')

Where t and j are the pixel coordlnates Col]ms, et al. [9] experlmented'
' letll the  Sobel  operator, the Laplacian operator, and global gray level
thresholdlng They reported that no 51gn1ﬁcant dnﬁ'erences were found among"
these 51mple methods

_ Another procedure, gray-level thresholdlng, is based on the assumptlon that S
the blood in the chamber and noise have low gray level values, whereas the
kmyocardlum ‘and in general the muscular tissue have high' gray level values. -

',Edges are obtamed at the boundaries between two different areas of the._ o

thresholded 1mage Accordrng to Colllns, et al [9] the threshold was manually?
selected by an operator T L B A P

Other more advanced techmques for left ventrncular detectlon wﬂl be: '
’_dlscussed in Chapter2 ' L o o

;‘1‘.3.4 The 'Left Ventrieular Detection Pr‘oeess b.
| All of the technlques revrewed above attempt to obtam automatrcally the
locatlon of the left ventrlcular endocardium. - -

In clinical practlces a human operator selects a frame or a- sequence ofl ‘
'frama and manually traces the boundarles of the left ventrlcular inner chamber .

.- 'This process. is-a time consuming task, since the operator often has to watch a .

_ 3who]e sequence of frames in motion so that he or she gets a feelrng where the
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"real" boundarles are located Trained human operators are also not ob_]ectwe
All these reasons motivate the computenzatlon of the detection process

Most of the prev:ously reported work requires that a human operator plck a

pomt somewhere within the left ventricular chamber after preprocessmg the = -

‘image (4, 7- 13] Most of the algorithms perform a radlal search from this startmg
point, after an edge enhancement algorlthm is used on the preprocessed image.
- The search is . stopped when a pxxel 1nd1cat1ng the presence of an edge is

L -encountered

. The detected edges may not be well located or th1n, therefore some sort of
postprocessmg 1s in order to obtain a ﬁnal useful estimation of the edge locatlons o
This postprocessing generally includes ﬁlllng in the ‘gaps due to dropouts in the _

B "-orlglnal image, edge thmmg, etc anure 1.14 outhnes the general procedure.

The strength of this method is that 1t may be possnblle to carry out further
_detection in successive frames once the process has been successfully applled to
the first frame.. The basnc assumptlon is that the general characteristics of the
heart do_. not change substantla]ly from frame to frame. In actual :
echocardiographic sequences this will probably not be true. - o

135 4,:‘New »’Erends in Feature Detect‘ion in Echocardiogr‘aphj-_ -

The use of mtelhgent algonthms for feature detectlon and trackmg are
;becomlng more. attractxve in the analysis of echocardxographlc images.. Emphasm '
‘is on the use of apriori knowledge has largerly been ignored in prev1ous ‘work.
Ezekiel, et al. [10]. proposed the use of a cost. functlon Wthh 'serves as a
vknowledge acqulsmon ‘tool. The use of cost functlons allows a quantltatlve

assessment of the found edge In addltxon, such a cost functlon al]ows further e

comparlson between successwe detected edges

‘ Chu and Delp have proposed the use of varlous new algonthms developed in
‘the computer v1sxon area and have developed a paradlgm for the use of aprlon_
i knowledge [6]. Co : >
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R We have revxewed in thls chapter the basrc concepts of heart anatomy In
, "“v4:‘add1tron the basrc prmclples of two—dxmensxonal ‘echocardiography “were also
‘ ' ,-presented At the end of - thls chapter the basic trends 1n two-d1mensnonal'
echocardlography processmg ‘was a]so revrewed ' o ‘ 5

< As far as data acqulsltlon quahty is. concerned, 1t seems obvrous ‘that: the -

acqvnlsltlon problem should be addressed by dlgltlZlng the envelope detected' o

- fsxgna] The ablllty to deal with the onglnal srgnal also a]lows a more ﬂexnble and )
e ‘relrable treatment of the dlgltlzed lmage ' R
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- CHAPTER 2
' SEGMENTATION

"k _:_2"'.,:'1 : ?Introductlon

‘ Image segmentatlon is the process of reducmg processmg complexxty by
exammlng only those regions in the image that are of mterest In other words,
we try to separate useful information from the 'background (the 'background
'1s made of those parts’ of the 1mage whlch do not convey 1nformat10n for our'._
purposes) ' : ‘

_ Segmentatlon 1mphes a hlgher level descrlptlon of the lmage than that_ ,
- provided by the ongmal gray level plxels It separates the raw” 1mage into :
dlﬂ"erent areas whlch can be represented by parameters others than the gray
]evels These parameters are ‘known as features :

- For 1nstance, if our image is a scene with strong llghtlng where bright
~ objects cast dark shadows, and our goal is to extract the shadow locations, then a
- simple thresholding operation may be used. We might proceed by choosing a
threshold, i.e. a fixed gray level to which all the gray levels in the picture would
be compared. Then, after performing the comparison for every pixel, a value of
"1" would be assigned to all of the pixels whose gray levels were lower than that

. of the threshold, and "0" otherwise. If the threshold value is smaller than the

» average gray value of the bright objects in the scene, but not smaller than the
,average value of the shadow - pixels, then we obtain a second i image, Where blobs
- with value 1 ' indicate the presence of shadows. s

Although 51mplxst1c, the previous example lllustrates a typlcal segmentatlon
strategy In echocardiography, the segmentation step is very 1mportant since we
need to accurately determine the left ventricular boundaries. Most segmentation
techmques used in echocardlography are usually forms of edge detectlon [6].
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2.2 Segments,tiOn in Echocardlography .

Skorton,': et al. [7] reported the use of various‘image segmentation algorithms

-~ .that have “been’ ‘used to identify the endocardlum boundaries. One method

‘obtained the boundary locations by thresholdlng The threshold is set by
: examlnlng the histogram of the pixels. If the histogram contains a deep valley

b between two significative peaks, the minimum in the “valley is" chosen -as

'threshold If the hlstogram is not clearly bimodal, then several thresholds are
'chosen in the neighborhood of the probable histogram mlnlmum

Although segmentatxon by thresholding seems to be an attractwe tool for
the identification of the darker inner left ventricular chamber region from the
- brighter surrounding tissue, there are many problems with this simple approach
Zhang and Gelser [15] pomted out the problems with global thresholding:

In view of ‘the’ large contrast varlatlon and echo dropout. in
- echocardiographic images, a global threshold is not suitable. for
segmenting the = echocardiographic . information from the 1mage _
 background. It is well . known that portions of short axis
echocardxographlc views will have a large amount of noise or an
" excessive amount of dropout if rib-shadowing is present Thus, if the
. threshold is too high, much of the information in a shadowed region
v wnll be lost. On the other hand, if the threshold is. low, a great deal of
"noise will be included. It is also obvious that the region involved with'
o -shadownng in each image ' changes because of the rotatlonal andr :
e swxnglng motion of the heart durmg the cardnac cycle.

221 Segmentation of Echoc’ardiographic Imagés Us‘i"ng‘ Relaxation' =

Rosenfeld ‘and Kak [14] dnnde segmentatlon methods into parallel and
sequentxal techmques Parallel methods perform plxel classification at each point
without examlmng the other purels in the image. For example, thresholdlng is a
' parallel segmentatlon techmque ‘We classxfy every pixel w1thout takmg into -
’ account the ‘value of any other plxel This is a very fast method if ‘parallel
proc&smg is utlhzed s1nce the ﬁnal result can be obtamed after performlng only
one operatnon per pnxel ‘ R ' -

Sequentlal methods make use of other 1nformatnon and the values of
neighboring pixels to decide how a pixel will be classified. Sequentlal methods are
slower than parallel methods, but they are pontentxally more powerl'ul
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Relaxatlon methods are a hybrld between parallel and sequentlal methods
‘Relaxatxon methods used in segmentatlon are iterative processes where the -
segmentatlon of the image is 1mproved in some sense at each 1teratlon L

In order to 1llustrate what relaxatxon is and how it works, we wrll use the
example dlscussed by Rosenfeld and Kak [14] Suppose that we want to ‘detect
smooth curves in a picture. For a point P, using a parallel method we compute' :
the curvature at that point and 1t is compared to a threshold to decxde whether a
curve at point P is smooth enough or not. In the relaxation approach let us _
assume that we. can assign an initial probability "a; to P with slope 6; For ) |
another pomt Q, we compute the probability- b; with- a slope 9 Instead ‘of _

thresholdmg these probablhty values, the relaxatlon approach uses b to modlfy'] |

ia,-"’ accordlng to some criterion. For 1nstance, a criterion that depends on the
degree of smoothness by whxch slope 49 at Q merges to slope 8, ' -

' ’ o Thls modlﬁcatlon process is carrled out in such a way that for a smgle poxnt :
1n the 1mage, its set of probablhtles and the way it is affected by the set of :
probabllltles of other points is computed simultaneously. These probabxhtxes are
then modified, ‘and the process iterated unt1l s1gn1ﬁcant changes no- longer exist.
After a few 1teratlons, the probabilities of the points where smooth curves are _
: located should increase and the other probabllltles should decrease. '

r The relaxation method can be stated in ‘a more rigorous fashlon Suppose,- |
that we have a set of obJects Ay, ...,A, that must be classified into m
~ different classes C, . . C . However, the classification of an object A, into

the class C; is not mdependent of other classifications such as that of the object

lA,, into the class C;. In order to measure the idea of "dependency”, a function
(i, C;;h,Cy) called compatibility is defined. Large values of ¢ (i ,C',-;,_h,‘_Ck) will
represent 'hlgh compatibility" between both classifications. Small values of
¢(#,C;3h,C;) (which can be either close to zero or negatlve, depending on the

’deﬁnltlon of the compatlblhty functlon) will represent low compatlblllty or .

* 1ncompat1b1hty _ : | 7

’ f‘ ) This~ compatlblhty functlon can be used for modlfymg the Pl‘ObabllltleS of '. |

.asslgnmg the ob,]ect C; to the class , denoted by pij- Of course p‘J TR
0 S =1

Pij
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L Now. we make nse of the probabilities p,(j'), where r- denotes tﬁ'helr-cnrrent |
" estimate, and the compatlbrhty functron c( Cj;‘h_,C’k)' in order-'to address the

"‘:'t.hresholdmg problem ‘

2.2.2 - Relaxation and Thresholding

" Bhanu and Faugeras [17], and Rosenfeld and Smith (18] used relaxation "
methods to perform image segmentation. The approach of Bhanu and Faugeras
was utilized to segment echocardiographic images. Ordinary parallel techmques |
used in echocardlography threshold gray level values, without taking advantage
‘of a priori information in the image. The result of such thresholdrng is a poorly
' \segmented 1mage due to drop-outs and speckle norse ' o :

L Bhanu and Faugeras [17] deﬁned a crlterlon functxon as follows
Where Pi qJ is the inner product of the probabxllty vector p,‘ and the

’, compatibility. vector g Thls function is maximized by means of the gradlent'
projection approach Nis the tota] number of pnxels _ - '

, Since we want to- produce-a binary image that 1nd1cat,es where the relevant'
: boundarles are located we assume  we have. two classes ‘A oand . Xy
v '_correspondlng to white and black (gray level values 0 and 255 respectlvely) ‘Now
- we. deﬁne an eight pxxel nerghborhood V, around the plxel under consrderatxon ‘
and a cost functlon ’ - : ' : :

( >\,‘,J,)\,)=0 k#l JGV Vi
( Xk,J,)\k)=l k=12 JGV V '

Next the compatlbllxty vector g; is deﬁned as: )




k—l 2 ,--‘nN o . e :
8
: In other words, . q,(>\k) is the mean nexghborhood probablhty of the I—th

) Xel for the c]ass under con51derat10n ..‘25 SR L
(>\k) _—_E)_J ( )”, o (2:8)

Intultwely, when we try to maximize C we are trymg to minimize the

. 'dlscrepancy between the plxel under con51deratlon and its surroundmg nelghbors o

' ,Thls is a-good strategy; since in noisy images such as echocardlographlc unages,
thrs will minimize the eﬂ'ects of drop-outs R R

| Another important issue is the way the mltlal probabllltles p,(kk) are
- omputed The snmplxest chorce is: - ARNE . -

. F Where I(x) is the gray. level of the i-th plxel and G is the tota] number of R

- gray levels. Here we are 1gnormg the actual gray ‘level values of the 1mage and, -

, vai(re assuming an equally likely pixel distribution. Another way that uses. the_'. -

L 1hformatxon in the gray level values is \the ratio. between whxt‘e and black pxxe]s

‘ Thusweobtam L , S T RN CU N
dee e o Puhite E()u)

o |  Myeer B (>\z)‘ "'

,—EP.O\) ,(1 p,(xl))

21(.) L RTLL

_}_ n '_ I!;t,l N Gf—1'-—f
nE G,—-l)-- S

|

|

|
Where I is the mean gray le_vel value, and E is the expectation operator.



The ratlo T can be used to modlfy the probablht)es p,()x ) if we want- to.

:"“V‘f,»modlfy the dlstrlbutlon of gray levels: Let us assume that Iy is the des1red

' "V.""f_‘_i,:mean for the image’ under consrderatlon, then we can assrgn the mltlal_
2 '.~‘probab1]1t1es as: : . o

'(x)-F*

g ""‘Where Io is’ the desxred mean gray level F is a factor whlch is. 1 1f I >I and-- 4

N "' Jess than one if I <I We can see that p,()x ) is modlﬁed by Io’ accordlng to
L the actual va]ues of I(l) and I F. modu]ates how much we want this dlscrepancy

to be o : | S f
} We can then address the 1terat1ve process utlhzrng a gradlent prOJectlon' }
o techmque ‘ L | o | '

(n) _oc_]

£ . RRCIR

4

: ‘,(2."1'.15‘) |

(e, = p ") >\+ ""(;.)fp;(n) ~oc |
S S P \Ng) TP : :
A ( 2)‘ o (2) R :_,_‘Lap,.(xz)._;

e Where p(") is a posntlve step srze, P(") is a prOJectlon operator, and the

_,superscnpt n' . s the . 1teratlon number Since =~ we requlre‘ =
(""'l)()\ )+p("+l)(>\2)—l then the pro;ectlon of the gradlent (the prOJectlon o
. '_'operator) should be I . , L

| :'ﬂ‘""»‘(n)' i‘zavc ___1_ "‘-”_acf»;'". e | Lo

) Iniaddition‘:

S
.(>~1)

2qt ()‘l) and 2Qt ()‘2)

(>\)
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‘then the projectio‘n operator turns out to be:

P == | = 24,(\ o 2.8
(’P.(/\k) , 5 k) f R R 25)
and _ o R S T
! PO =IO e ()1 (29:)
pO)=p M2 )] (200)

The  fastest convergence rate is achieved when p(") is such that
P("“)()\ )=1 or 0 when 2g;(}\;)—1 is > 0 and 2q,()\l) —1<0 respectlvely This
ca.n be obtalned when: - ,

[ B , 2 P()\ )(_11) if 2‘1{()‘1)"‘1>0 R :
e . l .
_2qt( 1) ( 1)

o If the convergence rate 1s desnred to be controlled then a factor a can be used
such that - R SITRIRUREI
o m aul?) if 2150 0= a =1

T ogpf™) i 24 —1<o 0= a=1 e (2.1_1‘)

- 2.2.3 _ Implementation and Results

Since echocardiographic images are strongly unimodal (see Figure 2.1) the

"above relaxation algorithm is a candidate segmentation technique. In our -

- implementation, we experimented with different values of o, as, F, and. Io,'
and found' that for a fixed F and Io the ségmented areas did not - change'
‘appreciably after the first iteration (see Figures 2.2, 2.3, and 2.4). Therefore the
values of o and a, were set to one in order to obtain a totally segmented
binary image after the first iteration, where pixels with p,()\l)=0 were set to
black and plxels wnth p;(N)=1 were set to whnte S : '
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The segmented reglons were very sensrtlve to the values of F and ]0 (see
Figure 2. 5) ' ' '

One conc]usnon that can be drawn is that thls method does not allow an
optrmum threshold to be selected

- The i images were ﬁrst smoothed in the ongma] lme mode format usmg a 5x5
. square wmdow then the pixels in the original image were lnterpolated into
Cartesian coordinates. Smoothing first - and = then performmg coordinate -
conversion results in_a more effective smoothing of the image, since in. the
orlgmal line mode format noise is homogeneous over the image.

After smoothing, segmentatlon is performed using the relaxatlon algorlthm
» descnbed in the previous section.. The resulting blnary lmages .show that
segmentation using relaxation provndes a "cleaner” segmented image than that
- achieved by simple thresholdmg A "cleaner” segmented 1mage, where the drop-
out and speck]e eflects are not as severe as in the orlglnal lmage, may aid in the ‘
| reductlon of the complex1ty of postprocessmg algorlthms used to obtain the
‘endocardlal and eplcardla] boundaries. In many cases these boundaries turn out -
to be ragged because of 1mage dropouts Relaxatlon mnght help to obtam
. smoother boundarles (see Flgure 2. 6)

2.3 Segmentatlon of Echocardlographlc Images Usmg Temporal
Analysns S : R : . VL

Tt ‘seems reasonable to take advantage of the temporal redundancy available
in consecutlve frames of the cardiac cycle ‘

One of the early techniques is averaging several image frames in order to
reduce the noise [10]. One of the main drawbacks of this approach is edge
smOOthing or blurring. When two consecutive images are averaged‘,. the cardiac
muscle moves from one frame to the next hence producing blurred edges. A
possible solution is to align images corresponding to the same points in the
cardiac cycle, but since the heart moves in a three dimensional space, and it is

o not posslble to view the same cross section from one frame to-the next.

‘In order to segment echocardlographlc lmages makmg use of temporal
B analysns, Zhang and Geiser [16] proposed a segmentation algorlthm based on the
~ dynamic characterlstlcs of the heart Zhang and Gelser deﬁne a blstable functron -
BL(I,J) as fol]ows o : L : : o
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On inal una.ge (upper left) a.nd thresholded .lihége
nght), five  (lower _ left), and
al--azr-() 1, F=0 5, and Io=0 0
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Flgure 2.5 Segmented images for Io fixed and F 'vanable (top), and F fixed
o ‘and I, variable (bottom). F=0.3 (top left) and F=08 (top
right), in both cases I,=0.0. And I;=0. 03 (bottom left), and
I,=0.04 (bottom right), in both cases F=0. 5 In all cases the.
number of iterations was 5 and Oz,-—a2=0 1. '



-~ Figure 2.6 pt ”Imagel in Fi xgure 2 3 segmented usxng..e "row’ threshold (no
- smoothing) (left) and_the relaxation algorithm (right).' Bottom:.
Same 1mage segmented b' means of a threshold and the relaxa.txon»




-39

0lf GL( )v GTV

i GH(i9) > G l‘.‘"(é"f12).'

Bt (,J')‘ ,

Where GL( ,]) 1s the gray level of the plxel at the posrtlon ( ) in the :

| lmage frame L and GT 1s the. threshold value. If B changes l‘rom 0in frame L

: to 1 :1n4 frame L+1 or vice versa, then the pixel at (,_]) is ‘said to be a moving
ix B The movmg points represent gray value variation from frame to frame.
e BL( ,]) is the functron that permnts quantltatwe deﬁnltlon of - thls gray level

. ,varlatron

The temporal coocurrence matrix M i is a square matrlx such ‘that the entry‘

iM,J is the relative frequency of two temporally correspondlng pxxels, one w1th

: gray level { in the first frame and the other with gray level jin the second one.

| _ Hence, M,j‘ ‘will: take the value m 1f there are m. p01nts such that their- gray'v

value changes from the value 1in the current frame to the value 5 in followrng

frame. The size-of the Thatrix M is k><k where k is the number of quantlzatlon"
: -levels CRR IR o : ARSI

It is assumed that the heart beatlng process w:ll produce large changes in ,

iy 'gray level from frame to frame on and near the endocardlal boundary. Following |
. this reasoning, it is further. assumned that a "good" ‘threshold value should

: "hlghllght the endocardnal boundary and maximize the number of movmg pomts
‘ 1nthe1mage S : P : PR _

The movmg pornts ln the lmage are glven by P .

,‘ o " .. el D | i
P= Z 2 Y Z'M;,~ B ,(2_13) |
P 1=lJ>G, : ;>G”=1 .- » L =

The ﬁrst term of the right hand srde of the equality is the number of pxxels -

'whose gray levels are less than or equal to the threshold in frame L, but greater'
o _'than ‘the threshold on frame L+1, and vice versa for the second term. - Then' :
"V{ choosmg the optlmum threshold Gr is equlvalent to maxnmmng P. ThlS
approach on the other hand does not take into account two dlmenswnal spatlal'
e mformatxon, so it is qulte sensrtxve to drop-outs and spurxous noxse

5 Herman and Liu [19] proposed an enhancement operator that looks for time
r ’1ng edges (edges that move from frame to frame) Herman 2nd Liu use a

e three-drmensxonal edge detector as a time varying edge detector by treating the
e temporal a:xns as the thrrd dimension. ‘The most u'nportant drawback of this

i techmque is the multlple responses obtalned when the 1ntensxty Jump across tlme :
‘ 'ﬂframes is larger than the Jump in the spatlal coordxnates 2
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v ngh level techmques have also been explored Some ol' these techmques are

. token- based methods. Tokens are: spatial features found in images, such as
“3‘":'1mportant structures that remam eSsentlally unchanged throughout the cardxac '
cycle. (eg oy the papllary muscles, various heart wall segments, etc) Tracknng
these 1mportant features allow more" efﬁclent image segmentatlon to be obtanned

i fismce it overcomes drop-outs and noise. Unfortunately thns approach is not totally

s l“successful “due - to . the gross temporal : undersampllng typxcal -

s echocardiographrc sequence

Optical flow estxmatxon 1s another 1mportant method for temporal analysm,

"’_\of echocradnographnc ‘images. . Optical flow is used to obtain estxmates of the

'veloclty of each plxel ‘Here the important assumptnon is ‘that the movement of
the heart wall is different l'rom the background Mallloux, et al. 29], used optical
flow to examine echocardlographlc sequences. For instance, points in the image
‘with radial movement can be considered as points belonglng to the endocardial
“borders of the " left ventncle Agaln, this technique is llmlted by temporal
: undersamphng and a ]ow sngnal to-noxse ratlo, ,Whlch make velocrty estlmatlon :
,very dzfﬁcul = ‘ S ' ‘

24 ANew Alséri,thirnror-naunaary Detec-aén' e

_ Chu, et. al. [6] descrlbed a new algorlthm for endocardlal and eplcardlal'
boundary detectlon This algonthm can be summarlzed in the followmg way
"edge enhancement is performed usnng ‘a general edge operator, then" a radlal
‘search is performed for initial edge estlmatlon, ﬁnally, nonhnear processmg of ‘
edge estrmates provrdes the final edge estrmatlon : : :

After 1nterpolat1ng the echocardlographrc 1mages xnto cartwlan coordlnates '

‘ ,f'rom the line mode data, the unage is enhanced usmg a llnear wxndow with

: Gaussnan werghtlng Since cardlac 1mages have relatlvely few features, and the
o ,srgnal to noise ratio is small, large wmdows are utilized. In this partlcular case a

'41x41 pixel window. Smce features that are to be detected (endocardial and
‘epicardials borders) are far larger, and echo images are not very complex, hence
large windows are Justlﬁed asa way of reducxng the perturbmg eﬂ'ects of noise as
much as possxble : S :

~~ The next operatlon is the applncatxon of a dxgltal Laplaclan operator The v
' __zero crossmgs at the output of the Laplacxan operator are consxdered to be
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' -potent:al e :ge pomts The combmed steps of Gaussran smoothmg and Laplaclan".:
'enhancement is commonly known as the VzG’ operator. Endocardral and”

o eplcardlal edge detection is started after plcknng a pomt w1th1n the hmlts of the o

: left ventrlcular chamber and performlng a radial search

In order to. make sure: that only boundary pomts are detected a search llmlt. -

v'“";'ls 1mposed when looklng for edge points, so ‘the search stops beyond a fixed

dlstance from the center. Further processing is carried. out to remove noise and.
ﬁ]] the gaps produced by dropouts and false detectlons Mlssmg edge pomts are' ‘
1nterpolated out of the nelghbourlng pomts by means of llnear 1nterpolat10n o

: _The authors pomt out. that this method is not ﬂawless, smce the presence of :
*;"the ps pllary muscles or. other structures may occlude part of the boundary from

the p014t of v1ew of the startlng search pomt chosen by the operator If such a

- characternstlcs of echocardlographlc 1mages as well as the spatlal 1nformatlon h :
: _"-prov1ded‘ byv nelghbourmg plxels : o ‘

- '-The drawbacks of thlS techmque is the lack of a crlterla for choosxng a threshold

B "’A number of other techmques whlch make use of the temporal mformatlon, all of '

o them attemptlng to make use of temporal redundancy in the echocardlographlca o 'd

- unage sequence, were dlscussed
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© ' CcHAPTERZ
ASSESSMENT OF CARDIAC STATUS

The Importance of Two Dxmensxonal Echocardnography m‘ the.; 3
essrnent of Cardlac Status e e :

ntroduction- .~

‘Smce the advent of two dnmenswnal echocardnography, new p0551b111t1es 1n' o

f’the detectlon and analysns of abnormal ‘otion’ of the heart have opened new.
7 _”"-_dlagnostlc honzons to phy51c1ans Tt is well known that cardlac problems due to v
‘ ‘»'v'f%coronary occlusnon,' such as 1schem1c heart dlsease, produce abnormal N wall .

- Sas yama, et al [20] showed usmg coronary occlusnon studles performed on
*';canlne hearts, that there: are s1gmﬁcant changes in the cardlac muscle and i in:the -
L wayiit: moves due to cardlac disease. ‘As shown in Flgure 3.1, they placed two

'_‘_:'_‘rpalrs of ultrasomc crystals in ‘the myocardlum in order- to monitor the ‘wall .
- ;thnckness in.an. area to be rendered ischemic and in a normally perfused reglon

‘After blocklng blood ﬂow through the left c1rcumﬂex coronary artery,. cha.nges of
themyocardnal wall were studned For normal areas the authors stated [20]

In the normal zone, an increase in end-dlastohc length has been

- ‘reported ‘as a result of acute coronary occlusion and increased systollc S
- shortening suggested early use of the Frank-Starhng mechanism as'a -
fundamental adaptation to loss of function in ischemic myocardlum In.
previous - experiments we. observed a progressive increase in: dlastolnc, S
subendocardial segment lengths in -normal regions  associated. “with -

nhanced -shortening beginning “one week after chronic. coronary.
lusion, a- change attributed to the development of hypertrophy. in
jinfarcted: areas. - Similar. changes in end-diastolic segment length, .
re observed 1n the present study, but no sxgmﬁcant *changes 1n: .
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- systolic. shortening were detected until three ‘week after coronary
- - occlusion. We also' measured wall thickness- simultaneously with
. - subendocardial segment lengths and observed concomitant changes in.
" “end-diastolic ~wallthickness. and . wall-thickening "dynamics. . End-
0 diastolic segment . : LU

CISCHEMIC

PCUISCHEMIC WALL
<“THICKNESS .

o CONTRO
. waLL THICK

E rleess MICROMANOMETER L

S j':,_F‘ig:'uife 31 o I .'e:;gh’ #d"og,' 2 pairs of "'illfraébnic xcr‘ystra’ls_ were
. ... inserted at two sites: in normally perfused area and

_‘in"area to be rendered ischemic by inflation of a cuff - =

, around the left circumflex coronary artery. One
. crystal “'pair at each site was. implanted
“’subendocardially in the left ventricular wall in the
" circumferential -plane for measurement of segment
- length, and. the other. pair was' positioned .across
" myocardium for measurement of wall thickness. The
- left ventricular pressure was measured by implanted

“micromanometer (from [20])

" lengths elongated and end-diastolic- wallthickness decreased in the -
- weeks after coronary -occlusion; consequently it was not possible to.

. “‘document increased muscle mass over. the time span studied in this
 -approach. Longer studies in one dog, however, clearly showed
~_progressive hypertrophy, with wall thickening. This change in normal.
" myocardium during healing after myocardial infarction may resemble -
the response to. chronic volume overloading, which is characterized by =
an immediate increase in diastolic volume and early increase in stroke

~ volume, followed by progressive dilation and later development. . of
-moderate left ventricular hypertrophy over 8-10 ‘weeks. T e T




S studled.,_,v:-. '

, the 1schem1c reglon, changes 1nvolved 1mportant varlatlons m the wall' "
: drmens:ons Because of these and other _results, the possrblhty of ‘using. two
‘ -.dlmenslonal echocardlography to detect physrcal changes has been extensrve]y :

; 312 Detectmg Myocardxal Ischerma and Infarctxon Usmg Two_}b
Dl 'nal Echocardxography ‘ T ’

WO dlmenswnal echocardlography of the left ventrlcle has advantages over‘ C o

‘other 1mag1ng techmques because of the excellent spatral and - temporal .

resolutlon, drrect measurement of some of the physrcal parameters of the: heart - o

(e g vvall thrckness, area, and eJectlon fractlon), momtorrng of heart dynamlcs in-
‘quick data’ acqunsrtron, and nonivasiveness [21]. Nevertheless, there are

o 'strllvso e ‘problems' whlch need’ to be addressed in ‘order to evaluate what is the‘ .

" role 'of two dlmensronal echocardlography when compared thh other 1mag1ng :

: '~“~lun1t ) the eﬁectlveness of two dlmensmnal echocardlography bnologlcal and '

o -;-‘technlcal

"tron should also be con51dered although it is possxble to record a few

- cardiac cycles keeplng the patlent from breathlng

fl"e are ~more subtle bnologlcal phenomena whlch account for these

._f_durmg systole and v1ce versa durmg diastole. Thus, any absence of enther motlon' '

U in ‘any - portlon of the left ventrlcular wall is a sign of coronary disease. The

r”"‘prob'lem ‘arises when deﬁmng the hmnts between normal and abnormal
_f~contractlon[20] o ' ' e

i Normal myocardnum demonstrates systohc thrckenmg and mward
jovement - of . the -endocardium. Thus, _absence of systolic. -
- thickening/endocardial inward motion - - (akinesis), ‘systolic

th ng/endocardlal expansron (dyskmesrs), ‘lS clearly abnormal when'”- R

8. It has: been observed that the whole cardxac muscle moves inwards



E ‘seen on echocardlographlc exammatlon The d)fﬁculty arises’ when one‘ ;
.. _attempts to define the lower limit of mnormal, so that myocardial
- segments that retain some, but only minimal, th:ckenlng or motion .

" (hypokinesis) can.be identified. This lower . limit has’ not been: well
" delineated, and there appears to be marked variability of the degree. of

v 'thlckenlng and’ ‘endocardial motion of closely adjacent, segments : '

* - .This marked ‘spatial heterogeneity of thickening- and motion ‘may in. .
'v'.:"»‘.part be explalned by intrathoracic cardlal rotatlonal and translatlona] S
motlon and in part by tempora] asynergy : : ’

One of the conclusnons that can be drawn from thls is thaz:' unusual or
‘:ff’f'apparently abnormal contractlons do not always mean that an abnormallty is -
present EE T A '. TS
" The- second problem technlcal llmltatlons, refers in part to the lack of
'}landmarks for the analysis of- tomographlc sections of the heart For 1nstance,.

the' region - between the tip of the papllary muscle and the. true ‘apex lacks, :

S landmarks, therefore the tomographlc sections v1suahzed in thls zone can not be‘; '

R _compared w1th 1mages from other studles

) I addltlon, the accuracy of M-mode echocardlography in 1dent1fy1ng cardlac

__";borders ‘has ‘been. documented, whereas reproduclblllty and accuracy of two
\dlmenswnal echocardlography has ‘not been documented. Desplte , ‘these
_ "problems, several studles have tryed to assess cardlac status through the use of
o -.'.two dunensnonal echocardlography ' L : : '

| 313 Indme.ofc.rdm Statusfg o

_ Lleberman, et al [23] exarmned the reglonal percentage of systohc wall-‘ |
o thnckemng (%Th) and percentage of endocardnal motlon (%EM) in. 1nfarcted ‘
_camne hearts where %Th is deﬁned as:. : S

E l_:Where ThEs is the thlckness of a myocardlal segment at end-systole and ThED
- is the thxckness of a segment at end-dlastole Positive values of %Th show a wall
o thlckemng process whxle negatrve values mdlcate wall thlmng
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The reglonal percentage of radial endocardlal motxon toward the center of ' .
an area fixed at end -diastole (%EM) is defined as: L e

BEM = —2—5 5100

' Where REDY is’ the end- diastolic segmental endocardlal radius and RES is the
end-systolrc segment endocardial radius.  As with the reglonal percentage of
systollc thlnrng, posxtlve ‘values of %EM’ indicate an increase of the radius at
dlastole whereas negative values indicate a shortening of the radius at systole.

" Figure 3.2 shows %EM and Figure 3.3 shows %Th for data obtained from'
fifteen dogs to whlch the left c1rcumﬂex artery had been occluded acutely and

_permanently e L , e T =

As can be seen from both ﬁgures, %EM and %Th can dlstlngulsh between
2 normal adjacent and mfarcted tissue. However, %Th was more srgmﬁcant in
separatmg ‘normal tissue from infarcted one. In addltlon, the varrabxhty from
subJect to subJect is greater for %EM than for %Th [23]. :

Monyhan [24] also evaluated cardiac status using geometrrc measurements
'After obtaining two dlmensmnal echocardlograplnc images of the left ventrrcle,
the left ventricular chamber was divided into halves, quadrants, and octants.
Area, hemiaxis, and perimeter measurements was obtained to describe -
~ contraction abnormalltles The reproductlblhty of these mea.surements was also

studied. ' '

In order to obtain these measurements, a landmark in the left ventricular
wall was chosen In this case the landmark was the mterventrrcular septum on
“the LV endocardial surface in diastole. From this point, an ‘initial axis was
constructed to the opposrte lateral LV wall so as to divide the image into equalv
~anterior and’ posterlor areas (Flgure 3. 4) Further SublelSIOIl into quadrants and
: octants was performed ’ . f S
' Frgure 3.5 shows the three kinds of measurements used the reglonal area

- ‘change (A4), " hemiaxis shortening (AH), and endocardial perlmeter
»contractlon (AP) Where . AA AH and AP are defined as: :



Figure 3.2
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Echocardlographlc percentage of reglonal endocardlal wall
motion as a function of tissue histology and location. The
horizontal line in each group indicates the mean, adjusted for
dog-to-dog variability. Data for each point were obtained by

- combining echocardiographic data from all segments of each

anatomic type within each ventricular ring, grouped according

to anatomic location. The overall standard deviation was

11.5%. From Lieberman [23]

g o S
A4 = f-f———f—x1oo S (3.3)

Where D, is the diastolic area and 'S4 the syétolic area,
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FigUr§‘3.3 ' Eéhocardlographlc regional percentage change in thickening as

a function of tissue histology and location. The analysis is
similar to ‘that in Figure 3.2. Percentage change in thickening
yielded a clearer separation between normal adJacent and
infarcted zones. From Lleberma.n [23]

Dy—Sy -
AH=FE—Esq00 (3.4)

- whei‘é Dy is_th,je diastolic hémiaxis léngth and Sy the sytolic hemiaxis length,

AP=—"—Ls100 (35
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: Where Dp is the segmented perimeter length and Sp -is the systollc segment
perrmeter length.

As stated before, ‘the heart rotates and translates w1th1n the thorax
throughout the cardiac cycle. Thus, the same measurement obtained at different
points of the cardiac cycle mlght correspond to dlﬁerent physncal portions of the -

i

: cardlac body

I - P hiaa
’ ;

-ie==-="End Disstole
End Systole t

. CROSS SECTION '

- Figure 3.4~ Convention used for different degrees of subdivision of cross
ORI .~ section - images. Left: The initial septolateral (S L) axis,
constructed to divide the diastolic outline into anterior (A) and.
posterior (P) halves of equal area. This axis was used for

" regional = analysis of anterior and posterior halves. R:ght
Further subdivision of the left ventricle outlines into octants is’
demonstrated. The four bolder hemiaxes indicate the regions
used for quadrant analysis. From Moymhan [24].

~To ' assess how thls phenomenon aﬂ'ects the measurement process, o
: Moymham, et al. used a fixed coordinate system and a floating one (see Figure
3.6). In the case of a fixed coordinate system, the division of the LV chamber is
performed automatlcally at diastole, and the same lelSlOD is used for the systollc.
- Phase | | . ST
~ When a floating coordlnate system is used the axis is plotted at both diastole
~and systole, according to the landmark procedure, and then they are translated
‘ and rotated S0 that both are supenmposed N '
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The results mdlcates that there is.-no sngmﬁcant dnﬁerence between a fixed or
ﬁoatlng axis ‘strategy, and that the area-based methods were supenor in ‘the
evaluation of regional LV function using two dimensional echocardiography. The
degree of subdivision of the - 1mage dnd not affect- the reproduclblllty and :
. Vvarxablllty of the expenments : ' : : o

). 4

DIASTOLE . SYSTOLE
FISUI'635 SRR Schematlc of dlastohc and systohc left ventrlcular outlmes

_:subdlvxded mt., """ octants showing dlﬁ'erent approaches to

Sk el

measurmg regnonal contraction. AA = regnonal area change;
~A H = hemiaxis shortening; A P = segmental endocardial
‘perimeter contraction. Similar measurements were made for
the quadrant and halves analysis. :

In a later paper Pal'lSl, et al [25] used the area method for studymg '
‘coronary artery dlsease via octant-based measurements. Their ‘results were
certainly encouraglng, and showed that, at least statlstlcally, it is possxble to
:'dxstlngunsh between normal and abnormal contractions due to an lschemnc '
process. ‘

. In spite of these results, more research needs to be done since there have }
been ‘almost no systematlc studies dealing with variability of left ventricle wall
‘ motnon, elther in normal sub_]ects or subJects with coronary disease. For
: "example, Pandlan, ét al. [26] found a great varlabnhty among normal subjects so
’ that quahtatlve assessments of the symmetry of- contractlon as a method for

‘ldentlfymg segmental ventrxcu]ar dysfunctlon was not possnble A
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"»3.2- L,eft Ventricular~Area, Wall Thickheés, and Ejection Frgctioh -

v After estlmatmg the boundanes of the left ventncu]ar inner chamber usmg
the a]gorlthm discused in - [6], we computed the cardiac indices related to the

- 'area, wall thlckness, and eJectlon fractlon throughout a cardiac cycle for normal

canme hearts and hearts suffering from 1schemlc heart, dlsease (after occlusmn)

. FIXED EXTERNAL AXIS SYSTEM i . FLOATING AXIS SYSTEM

Fiz

“Disetolic Axes .
P

Fix Syuo'm: Axes

CFix Di.oqloll‘e ‘Axbo. S

Traneiste snd lo‘uu‘

Fing Syatolic Superimpose

totarcect Points Centars snd Axss,

Figure 3.8 = leed and ﬁoatmg a.x13 system convent.nons for analyznng the
SRR regxonal functlon [24] ‘ Lo ’
3.2.1. vLé'ft ,'.Ventricular Area. and Wall Thickness

The left ventncular area was computed by countlng the number of plxels
inside the left ventricular contour. In’ computlng the wall thickness the inner

and outer ‘boundary of the left ventricular area (endocardium and eplcardmm) -

were obtalned As prevnously dlscused in Section 3.1 a ﬂoatnng coordmate system'
~was used for every frame - : :




, In order to compute the center of coordlnates, the left ventrlcle contour was
ﬁtted w1th a rectangle ‘whose edges were. parallel to the plcture edges, in such a o
- way that the left ‘and right points and the top and bottom points are tangent to o

"*.b:-the rectangle The coordinate center was chosen as. the mtersectlon of the llnes 5
.spanmng between the middle points of opposxte rectangle edges Flgure 3. 7 shows S

how the center of the coordmates is obtalned

The next step was computlng the ‘wall thlckness Flrst the number of wall' -

- thlckness points. is chosen, then we construct from- the coordlnate center to. the o B

~_outer oundary the number. of radu chosen. .Since ;the exact. value of wall
thlcknesslls meanmgless, all the drstances between the center and the left -
_ ular contour w1th1n the. ad_]acent radu ‘were. computed and averaged The‘
"outer boundary was handled in a 51mllar manner. . The difference between the

'averaged o"’ ter radius and inner one was deﬁned as the wall thlckness Figure IR

3. 8 shows thrs 1n detall

Flnally the ejectlon fractlon (EF) is computed as '

Where the eJectlon fractxon 1nd1cates how eﬂiclently the heart pumps blood o
. A low EF value may mean’ an abnormal ‘behavor: of the heart.. Table 3 1 shows L
- ’ejectlon fractnons computed for the dlﬁerent studies. ‘ :

, Flgures 3 10 to 3 17 show the left ventncular area as a functxon of tlme for‘-. .
four cardiac cycles Solid line plots show the area change of normal hearts
whereas dashed hne plots show the area change of dog hearts after coronary
"?‘occluswn. AT : o ' O '

rarmie number Which corresponds to-a slngle image ln the 1mage sequence

titles of the ﬁgures are the names of the studles. The x ‘axis represents", S

| : *from which mformatxon related to the left ventricle is extracted The ¥y axisis the |

_' W’Vf“estlmated left ventricular area given in pixel units. Every stud}’ Wﬂ-S performed_' ‘
.'on a dog s heart after undergonng open chest surgery B o



‘ leen the small number of studres, no- speclﬁc conclusrons can. be drawn.
- However, 1t can be. seen that all the plots show a strong perlodlclty due to the

| ;ﬁ_‘,cardlac cycle, and ‘that the shape of ‘these perlodlc waves is quite’ dlﬁerent from

.‘j_.;,_*study to study, but rather s1mllar from cycle to cycle lf a speclﬁc study s
,_:,vconsndered ’ SR L wo - e

} It suggests the possnbrllty of usmg thls 1nformat10n to help the boundary'
: 'detectlon process For example, from the area computed in prev1ous .cycles it may - '

be possrble to predlct what the next area has “to: be. It after detectlng the

* - ‘endocardial ‘boundary the computed area is very different from the expected area,

.~ the ‘detection system may trlgger further actlons in order to obtaln a more' :

_reallstlc estlmatlon of the endocardlal boundary

. Flgures 3. 18 to 333 show ‘wall- thlckness computed for two studles
”';correspondlng to a healthy dog's heart (d259_bll) and a sick dogs heart

(d254._oc1) The x axis represents the frame number, and the y axis represents
1 wall thlckness in’ pnxel units. The wall thnckness values were computed between

"‘Z'che estlmated endocardlal and eplcardlal boundarres, as ‘shown 1n Flgure 38.
‘ ‘Wall thnckness values were. computed every 45 degrees as shown' 1n Flgure 3. 9.

- For every ﬁgure, the last two dxglts of the t1tle represent the angle of the lnne of

- sxght along whlch wall thnckness is computed

Agaln, no- global conclusxons can be drawn from these studles Although a _

o _ permdlc pattern can also be seen, it is nearly mlssmg for some lines of snght
. Slnce area computatlon is an mtegratlon process, fine errors are ﬁltered out (area o

: plots are smoother ), wall thlckness computatlon is very sensxtwe to estlmatlon

o errors. in the 1nner or outer boundarles Perhaps statnstlcal studles performed on

a large numher of studles would give different’ wall thlckness values for 1nfarcted '
and nomnfarcted areas of the heart wall muscle R S R

Smce 1schem1c heart dxsease' can cause contractlon abnormalntles, the'

» “‘posmblllty of detectmg ‘the presence of an _abnormal heart - by measurlng :
- geometric parameters such as left ventricular area, ‘wallthickness, left ventricular -
’radms, and eJectron fractlon ‘was drscussed ‘For: xnstance, “studies ‘carried’ out
over several days on canine hearts after coronary occlusion- showed that heartwall ~

! jmotlon undergoes changes In addntlon, lt has been reported that it'is possxble to




e -ydlstmgulsh statlstlcal]y between normal and abnormal contractlons, and between.; .

* normal and infarcted tlssue using geometrlc measurements [25].

" There. are several problems that need to be addressed when ‘using these 8
’measures Flrst ‘the normal human heart presents an enormous varlablllty, and

apparently abnormal contractions do not always mean that an" abnormallty is
' '_‘_'present Furthermore, this - varlablllty and the lack of landmarks makes 1t__
dlﬁicult to standardlze studles among different patnents R -

We have examlned the use of several classwal geometrlc features and “have
: ‘?shown that the varlablllty in a normal heart can 1ndeed ‘cause these features to
’ provnde 1ncon51stent 1nterpretat10n of cardlac status R '
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- ‘Table 3.1 Ejection Fr'action as computed for 8 studies.

Study  EF% |
d252_as2. 20.4
d254_2s2  29.7
d254.bl2 365
d254_ocl 22.2°
d259_as1  43.2
| d259_as2  77.0 |
d259.bl1  54.0
d259_bl2  58.8




87

Pf_déédure :f'of .bco:‘xnpu't',i;ng 'ther :ééhter‘fbf .coor'din’ates”is r.'sh'oWIi"‘.- R R

" After finding the coordinates of the delimiting ‘lines for the
- boundary: ~@¢ ‘and @, .(vertical limits), and. b, and b, .
"+ (horizontal limits), the origin for wall thickness estimation is
* chosen as Q(x,y) where z = (ag+6,)/2 and y = (bo+b;)/2.
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Wall thlckness is: computed» "follows The 1mt1al ‘radii

rpand ryy are determined after computing Q(x,y) and angle -
-6, (which depends. on the number of wall thickness estimates -
“and the chosen origin of angles which consists of the horizontal -

" line that orlgmates at Q and runs to the rlght) According to

0 + Af . . where - -

A8 = 360° /(number of wall thtckness est:mates) Then from

pixel: p;: to-pixel p, radii ry; are computed for. every inner
boundary plxel and followmg the direction given by 'ry the -

... first outer: boundary pixel hit. by the line determined by such a
. "radius, prov1des .the ~ coordinates’ to compute rz, Wall_

s .j',‘_thlckness is computed as:

W(e) E (r2t ) rll)

1-0 _
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s Figure 3;9 Lines of si:gh’t{along which wall thickness is compﬁted given thé

- 270°

- endocardial and epicardial boundary estimations.
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'CHAPTER 4
SHAPE ANALYSIS |

d.i | Left Ventricular Shape Anlys,irs'

_ Shape ana]y51s of the left ventncle has ]argely been based on crude "'lov:v;.
]evel measurements of shape, eg reglonal or globa] measurements of wall"
thlckness and area. Higher level shape measures would 1nvolve a more general .
descrlptlon of shape or shape change "Low level" techmques do not take into
account the exact shape of the left ventricle (endocardlal and eplcar‘dl_alv
boundarles) since area and wall thickness do not "really” represent shape o

Delp, et al. [12] have proposed the utilization of Fourier descrlptors as a
‘more general analysis tool for describing left ventricular - shape Linker and :
Pearlman [27] proposed the utrllzatxon of Fourier descriptors’ and mvarlant'
. moments, discussing’ their prope"r"tles such us computational complexnty,
uniqueness, physrcal meaning, etc. The problem with both these techmques is

that they require a comp]ete closed boundary which may not be avallable :

" In this chapter, we discuss the use of curvature analy31s in order to explore
the characteristics of the endocardial boundaries of the left ventricle. Curvature
analysis is justified by the assumption that the general shape of the endocardial
borders has distinctive characteristics which make it different from any other

“pattern” in an echocardiographic image. In addition, it allows the simulation of
the movements of the endocardlal boundaries. S ' '
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4.2 Com:puta".t:ion’o.f Curvature and Detection of "Landmar'ks"_'._.'-"

The curvature c of a planar curve‘f at a point Q (according to Mokhtdr'ian
'and Mackworth [28]) is the instantaneous rate of change of the slope ¢ of the
- tangent at that pomt Q with respect to the arc length S, and is equal to the

' inverse of the radius p of the circle of curvature at Q: IR
c = e 4.1
' ds TR RIS ( )

The clrcle of curvature at point Q is a clrc]e tangent to the curve at pomt Q

--whose center P lies on the concave side of the curve and whose curvature is the . -+

same as that at pomt Q (see Figure 4 1)

Figure 4._1:_ . Geometry of the curvature function at'point Q on curve f.

- vave define y’=dy/dz an'd>y”:k= d?y /dz?, then: :
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- uy

o ()M N
An alternatwe form of computing ¢ is expressing y and 'y | m terms’ of the

.,derlvatlves of the. parametnc expressnons of x and y as a functlon of the_ SR

‘ parameter t, where

‘d:c L d%

:c= T ETT dt2 5o » . P (433) ;'- L '
oy . A
el Aol E R )
then
€= (.’1: + y )3/2 S T A A ,iid ‘ (44) i

After detectlng the endocardlal boundanes of the left ventncle, _the X and y:
~ coordrnates are computed In order to compute the curvature. it is necessary to
smooth the contour due ito the "ragged"” nature of the functrons x(t) and y(t)
Since x(t) and y(t) are obtalned from a digital image there are only four possrble
; values of x(t) between two adjacent pixels (see Figure 4.2). A shdmg 4 point -
wrndow is centered about the point then a third degree polynomlal is fitted to
‘the pornts ‘The curvature is computed analytically glven the coefﬁcrents of the
polynomial.

‘An examination of the relative maxima and minima of the curvature points
of the endocardial boundary suggests the presence of high curvature ponnts
These points we call landmarks". : :

Keeping track of the sxgmﬁcant maxima and mlmma may provide
information about how the heart moves. A sngmﬁcant maximum is deﬁned as
any re]atlve ‘maximum above the positive average value of the curvature -
function, a sngmﬁcant minimum is defined as any relative minimum above the
negative average value: Keepmg track of s1gn1ﬁcant peaks involves curvature
function - matching. All the curvature functions are first sequentially sorted
accordmg to their temporal correspondence in the cardiac cycle ‘The curvature
‘ functron is then matched

The followmg functlon is computed between two curvature functlons
obtamed from two successive frames: '
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, " .
' / G o N / :
R = N\
2 //fn"‘ SNORONNY
ol
2
Figure 4.2 - This shows the four possxble slopes that can be obtamed when

“dealing with two' adjacent : pixels. The four slopes are
9=0 0-1 /2 0-—00, and 0—--—1/2 :

N-=17 ’
- DRy(n) .=>—};; > fli=n) = een(i)| (45)
1=0 - .

Where k denotes the k-th curvature functlon correspondmg to the k-th frame
~ and n is the lag value. DRj(n) is similar to'a correlation function and-describes
the degree of likelihood between ¢;(n) and ¢ q(n). Assuming that c;(n)
and ¢;,,(n) are periodic, DFy(n) is zero for n=ng when ek 1{n)=cr(n—ny).
Since the curvature functions are computed from the detected boundaries for the
left ventricle, neither the length of the boundaries nor the starting points of the
boundary may be equal. This makes necessary the utilization of some matching

process, in this case formulated by DRy (n).
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The algonthm for landmark traclking‘, rs thev‘ following:- ~given . two
_consecutlve curvature functions ¢;(n) and ¢;,,(n), the length of both
- functions is normalized to one, then DFy(n) is computed assuming that cx(n)

and ¢, (n) are periodlc Then the minimum of DFk(') is obtained. The

posrtlon ~of the minimum provides the delay between ck( )and ck_ﬂ(n)

_'Shlftlng cHl‘(_n) is performed in order to set. the posrtron of the minimum of_
* DRy(n)  to zero. In other words, we let ¢’y,y(n)=ct,1(nng) such that
i S ,/ Ny RN EE RTINS
- DR k_(")‘—'ﬁ Moeli—n)—c g | - (48)
: =0 b T

o »h'as its minimum at n=0. ‘Where DR’;(n) is DR;(n) using c’(k)
‘ L Landmark trackmg consrsts of identifying the positive and negative peaks of‘ :
two consecutive curvature functions which remain at the same place in the cycle.

In order to do this, all the maxima and minima of ¢;(n) are 1dent1ﬁed Thenf :
the algonthm ‘takes ¢ k+1(") and again locates the peak values Flnally the

algorlthm finds which’ peaks in both functrons are at s1mllar pos1tlons A "similar -

position" means that if a peak is-at -m, in _ck(n) there is another peak at “
'pos1tlon +An' in ck+1(n) ' R AT R

Obvrously, the larger An,'_ the more true peak correspondences w1ll be
mlssrng Empmcal ev1dence mdlcated that An should be between 20 and 30

Flgures 4 3 and 4.4 “describe the algonthm This trackmg algorlthm is very -
1llustrat1ve since it preserves the sxgnlﬁcant corners'’ ol' the detected eplcardlum

4.3 The Uti:_l.izationof La_nd‘ma_rks

A whole host of studies can. be performed makrng use of the landmarks. One
obvious study is wall motion analysis.. '

" To begm ‘with, it is possrble to v1sualrze wall motlon by substltutlon of the

detected endocardial boundary with a simplified version of the boundaries where

hlgh curvature pornts are linked using straight lines. For instance, - a set of
consecutlves frames ‘corresponding to an open chest study performed on a dog’s
'heart coverxng were analyzed A srngle frame of this study is shown in’ Frgure 4.5.

~ The visualization of these simplified "heart walls" in the form of a motron.v
L picture reveals the area of myocardial infarction. Identrﬁcatron of the portion of
the',leftlv_entricle which shows almost no wall motion, can be easily seen. These
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' snmpllﬁed borders ‘are constructed as . follows Endocardial borders of the left
" ventricle are 1dent1ﬁed and landmark detection is performed Then  landmarks
("corners") are linked using straight lmes Diastole and systole frames are picked

: by examlmng the area plots (dlastole is supposed to correspond to the hlghest

- cross: section left- ventrlcular area); and the frames in between are computed by
interpolating llnearly the posxtlon of the landmark. The result was made into an
image sequence. - It ‘was noted how easy it was to recognize the 1nfarcted area,

sinee it -hardly moved. Other studies that might be: performed are. landmark'

'posrtxon tracking from. frame to frame in order to~ assess how rlsky the -
- assumptlons of radial and linear movement are.

Curves of wall velocity should also help in assessrng cardlac status after
performing a comprehensrve collection of data from normal and abnormal hearts.
Finally, curvature functlons can be the startmg point for high level analysis i 1n‘

o ;,performmg border detectlon '

ERE fsummry

It is obvaous that a hlgh level descnptlon of echocardlographlc 1mages is
needed to assess cardxac status " j,_ ;'; - S

One such descrlptor is. curvature analySIS Since the 'curvature‘ of the
endocardlal houndary has dlstlnctlve characterlstlcs, it is reasonable to assume
]that it might be useful for high level descrlptlon .

Basxcally, the hlgh curvature points of the endocardmm are detected and '
' tracked throughout the cardlac cycle. These hlgh curvature pomts are called
_Iandmarks l‘he ﬁrst important appllcatlon of landmarks is wall ‘motion
visualization. Since the movement of the heart wall is very complex, this

~ complexity can be diminished by studying the movement of the position of the

- landmarks. This simplification of the heart beating process seems to be a

o ipotentlal tool for the 1dent1ﬁcatlon of infarcted areas of the heart muscle.

Curvature analy51s may be also used for characterizing the endocardlal

o boundary After detecting the boundaries in the ﬁrst frame of a sequence of
- ‘images, and the points of hlgh curvature are determmed then it would ‘be

| ,possnble in consecutlve frames to use thls curvature 1nformatlon for the detectlon
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of the _end_ocafdia] boundary. For example, the endocardial boundary detected in |
the following frame should not have curvature points that are very different from
the previously detected points.
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Lo . CHAPTER5 A
CONCLUSIONS AND FURTHER RESEARCH

RN One‘ of the mam goals in- the analy51s of echocardlographlc 1mages has been. ,
”.fautomatlc analysxs Most of the eﬁorts ‘have been concentrated on the automatnc»

estimation of the endocardlal and eplcardlal boundarles of the left ventrlcle by N

analyznng cross sectlonal views.  In general most, of the algorlthms developed for
’boundary estlmatlon need to ‘work 1nterat1vely with'a human operator Thls is
,because 1mage processmg technlques work-on a: plxel b3518 1nstead of usmg ‘a .
hlgher level descrlptlon An initial use of hlgher level knowledge 1s the use of -
A ‘_curvature analysns for Wall motlon IR ‘ A

: dentlﬁcatnon of landmarks on the endocardlal boundary v_"‘prov1 S ¢

jllﬁed but valld descnptlon that allows v1suallzatlon of wall motlon Thls'_

e snmpliﬁcatlon of the heart beatlng process seems’ to be a potentlal tool for the “
: -'.:»-.ldentlﬁcatlon ol' lnfarcted areas of the heart muscle : L L

AD ':area of further research would be the measurament of veloclty,vf'"and_' .
L ion. of the landmarks Measuraments of velocxty and “position mlght
S ﬁdetermlne how ‘the landmarks move and a]]ow to dlstnngulsh between. normal_'"‘ v

_landmark behavrour and abnormal behaviour due to myocardlal 1nfarctlon

' “We feel ‘that landmark detectlon and tracklng may- ‘help ‘the: boundaryf. |
o estlmatlon process. As pomted out in Chapter 4,-if the. analy31s is: made on a
: .isequentlal frame basns, the endocardial boundary detected in the followmg frame -

o vshould not have curvature points ‘that are very dlﬂ'erent from the prev1ous S
. detected. ones Thls addltlonal supervrsron dunng boundary estlmatlon could be

used to- trlgger further ‘action in the system if there is no agreement between

.V »._’-'"vlandmarks of two. consecutlve frames, or: slmpllfy the analy51s of the next frame' '_ :
o fby predlctlng the landmark posmons based on the mformatlon obtamed _from e

lnally, further reasearch us1ng experts systems coul 5 address the use .- of
ot‘_ er. types of know]edge avallable about cardlac dynamlcs and the modes of
nterpretatnon used by phlsyclans s FURRR
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