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THE ATTEMPT OF THE BLOOD VESSEL CONTRACTIBILITY ESTIMATION
ON THE BASISOF THE COMPUTED TOMOGRAPHY IMAGING®

Cardiovascular mortality remains a leading heaitti social problem in many countries throughoutwheld.

Its main cause is related to atherosclerosis adramy and cerebral vessels with their most sevenserjuences: heart
attack and stroke. Therefore, it is obvious thatent preventive measures include early detectioatlwerosclerosis
process. Multi-detector computed tomography (MD@&T9ne of imaging modalities allowing for noninwasidetection
of atherosclerotic lesion within coronary arteriessubjects with accumulation of risk factors (simgk high lipids,
hypertension, male gender, family history) or wstlspicion of coronary artery disease (CAD). livésy important
that the tomographic images are taken in synchatioiz with cardiac cycle so that, during few heeasils, an
appropriate series of images can be recorded. Cotgnrzardiac MDCT is used for visualization of cacland vessels
morphology. Heart function can also be determirrexlyever, this MDCT potential is only rarely appliexs current
echocardiographic modalities are sufficient. Fuoml analysis of coronary arteries (flow, reserve)usually
approached by means of invasive procedures. Wedaattnding solution for evaluation of another diof functional
analysis of coronary arteries, namely vessel's s@thpliance by means of MDCT coronary angiography.

Under the proposed procedure, on basis of seriah@fes of the vessels over entire cardiac cythesinternal
area of the blood vessel is measured and its ckahgaeng various phases of heartbeat (systoletadégsare calculated.
If the vessel wall has been changed by atherosmeastaque, either calcified or non-calcified, thigsmcompliance will
be reduced due to its stiffness. Calculation obnary artery compliance requires a series of measemts, which is
unreliable and impractical for doing manually.

One component of the method described herein imgollie images being converted into binary repratents
and the Hough Transform then applied. The overalhadology proposed in this paper assists in thegmation of a
medical diagnosis.

1. INTRODUCTION

Heart attack and stroke are two main reasons afimascular mortality - an epidemic in many
countries all over the world. The common reasonthete two severe complications is atherosclerosis.
The process of atherosclerosis is related with ldpweent of so-called plaques within arteries’ walls
through accumulation of lipids, blood cells, cafoiwascular smooth muscle and fibrous cells. id$et@
remodeling of vessels which is characterized bgkdming and stiffening of their walls. If the prgseof
atherosclerosis in located within coronary artetiesn a disease develops known as coronary artery
disease (CAD).

Recent advances in non-invasive imaging of cororemtgries using multi-detector computed
tomography (MDCT) allow for early detection of atbgclerotic plaques, either by means of coronary
artery calcium scoring (CACS) or by means of CTooary angiography (CTCA) [10,11]. The CACS is
the simplest in vivo method in which a series ofh{montrast (native) scans is analyzed semi-
automatically. Detection of calcium lesions prowda unambiguous proof for the presence of coronary
atherosclerosis. If the CACS is high, the probabibf the presence of significant coronary lumen
stenosis is also high. Additionally, it is possibbeevaluate extension of calcified lesions, as SAfan
be determined separately for each main coronaeryads well as for their specific parts (segments).
Detection of CACS within all main arteries indicsit@ore advanced CAD.
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The CTCA requires that similar scans are obtairfesat anjection of contrast agents. Cardiac images
ranging from aortic root to the cardiac apex aguaed during a single breath-hold of 10 second.

The CTCA enables for both coronary artery lumen\aatis to be visualized. A lumen stenosis that
limit coronary blood flow can be quantified andextbsclerotic plaques, both calcified and non-cigdif
can be detected and characterized.

At early stages of atherosclerosis, vascular lesibring small and non-calcified, cannot be easily
detected by means of CTCA, taking into account litsited resolution. However, these small
atherosclerotic deposits influence upon arteriaiuaiction through its thickening and vessel enésngnt
(so-called positive remodeling). As arterial lumestimated on its cross-sections, is changeable ove
cardiac cycle due to variable blood flow within @oaries, measurements of vessel’'s cross-sectiayig mi
help to evidence an abnormal vessel’s wall fun¢tiamely a decreased compliance [1,4,5]. A proaedur
based on this data and approach will be presenttds paper.

CT examinations are non-invasive, but during thecedure patient absorbs a sizeable dose of
radiation [8]. Modern CT scanners are so fast thay scan through large sections of the body in jus
a few seconds. Such speed is beneficial for aleptt, and especially for children, the elderly dnd
critically ill. Still, due to the presence of ratian, the computer workstations used for the prsiogsof
the image information are located in a separatenfdoom where the technologist operates the scanner
and monitors the examination.

During the examination, some amount of radiatioalisorbed by the patient. For example, a chest
x-ray is the most commonly performed diagnosticax-iexamination. The mean dose of radiation
absorbed during a standard chest x-ray examin&tifrd2 mSv [8]. During a CT examination the pdtien
absorbs 400 times the dose of radiation as detiviera standard chest x-ray. Therefore CT exananati
should be organized very carefully.

2. DATA ACQUISITION

During CT procedures only raw-data are recordets. fitom this raw-data that images, for display
on a work station, are constructed. By using sfiee graphics programs, a radiologist can display
images built from this data on their monitors inyasf a range of scales, in different views, three-
dimensional projections and reconstructions. Thegmjections produce the “tomogram™
a two-dimensional image of a section, or sliceptigh a three-dimensional object.

The cardiac CT scans present images similar to 1Fig-he radiologist indicates the areas and
sections of blood vessels where measurement shomulcbnducted. Fig. 1a presents a CT image upon
which a blood vessel examination has been perfarrredhis picture, different cross-sections along
the vessel can be studied. Each cross-sectionrisusled by a frame, which has been automatically
added by the work-station software. Inside the &athe shape of the cross-section is then estimated
This examination was performed by a Toshiba Agoilid CT scanner and by the Vitrea2 software (Vital
Images Inc.) application at the Unit of the Nonisiva Cardiovascular Diagnostic at the Medical
University of Silesia. If the reference points the measurements have been chosen by the physician,
then evaluations will be automatically conductethase points and at points adjacent to each dwoti,
in front of the point and behind it. Here sevenalians before and seven locations after the referen
point are studied: fifteen blood vessel cross-seastiwill be investigated. The cross-sections can be
separated by a constant distance; here the sepp<iz5 mm.

Fig. 1b shows the patient’'s ECG pulse as recordeimgl the examination. The appropriate phases
of the patient’s pulse trigger the CT imaging. fagiice, ten phases of the ECG, separated by asi€85
are used to construct the images. Hence, the 1Qessng, |,,...,I,, can be successively displayed, as

depicted in Fig. 1a. As was mentioned, inside ewedjidual imagd,, fifteen sub-images are included:
I, O{1}12...,1."%}; each sub-imageé’,i =1,...,1C, j =1,...,1E includes one cross-section of the analyzed

vessel. In total there are 150 sub-images. Thus, aposs-section can be observed over ten heartbeat
phases.

For this paper, due to technical restrictions, ithages and the places on these images at which
measurements are conducted are too small to begyaisplayed. Therefore, in Fig. 2, an exemplary
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coronary vessel model has been used. In this madedgment of the vessel displaying pathological
changes (having an inner wall layer with calcifica) is included, together with a normal fragment,
illustrating the positions at which contractibilisgudies of the vessel are performed. In the Sagnee
(Fig. 2) the reference point (indicator 0) is prdgsd, along with fourteen additional points
-1,...,-7,+1,...,+7, at each of which the vessel’'s sresction will be displayed and studied.
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Fig. 1. CT imaging (a), initialized by the ECG strafpisignal (b).
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Fig. 2. Exemplary of a pathological coronary vessetor, with calcified pathological changes (stéfsel walls), and a normal, contractile
vessel's wall. Image was taken from the patient'si@age.

3. IMAGE PROCESSING

During the first stage, the appropriate image isstmcted, as presented in Fig. 3. This is the @nag
I, — the original CT image, using which, the apprajgricoronary vessel, as indicated inside the white

circle, will be examined by a radiologist. On trzere CT image, the 15 frame-sub-imaggare shown.

Each sub-imagel! displays a cross-section of the examined vesshksd@ cross-sections are

automatically selected by the tomograph’s contglisoftware, displayed on the radiologist's compute
screen and can then be written to any of a ranggagtic formats such as JPG, PNG and many others
These files can each be separately processed lggipracessing techniques.
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In the next stage, the source image is convertedairbinary representation, as depicted in Fig. 4a.
The CT image is a colour image, with specific setaours; imagel is presented in an RGB colour
space [2,7,9]. The binary representation is esdlabtl as indicated in the following pseudo-code.thet
current position of the pixel on the image will denoted byi (x,y) then:

- binary rule for frame detection:

if ((R=178,G=178,B=178) or (R=100, G=149, B=237) or
(R=0, G=205, B=0) or (R=240,G=128,B=128))
the pixel 1(x,y) is changed to black (R=G=B=0);
el se
the pixel 1(x,y) is changed to white (R=G=B=255);
endi f

- binary rule for cross-section detection:

if ((R>90) or (G<140 or 240) or (B<80 or B>240))
the pixel I(x,y) is changed to white (R=G=B=255);
el se
the pixel 1(x,y) is changed to black (R=G=B=0);
endi f
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Fig. 3. The source CT image.

The process of conversion into a binary image perithie extraction of both the frame that
surrounds each sub-image, as well as the shaphe ofoss-sections inside each frame. After comnwers
into a binary representation, in the central regbithe image (Fig. 4a), some artifacts can be sk
Similar noise inside the frames is also presershdiuld be noted that in the cross-sections, esibetie
shapes of these cross-sections, are clearly visibte properly detected, so that these artifactthef
image can be correctly extracted.
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Fig. 4. The CT image after conversion to binary éay the same image with filled cross-sectionas(b).

In the subsequent step, the coordinates of the fettexes of every frame are established. The
vertex coordinates are calculated by using the Hotrgnsform (HT) [3,6] combined with the algorithm
of Binary Image's Contour Parameterization (pressbrivelow). In this paper the modified Hough
Transform for straight horizontal and vertical Bn@as applied. This modification of the HT sigrdntly
decreased processing time of the source CT image.

The algorithm of Binary Image's Contour Parameétian:
Input data:
1. Binary image of dimensioHxW (in pixels),
2. IL —the list of horizontal and vertical lineghich have been extracted from image by using thegH
Transform,
3. L - the minimal length of the section to find (ixgls).
Output data:
1. OL —the list of appropriate sections found in theolgtbinary image.

for (all lines in IL list)
if (line is horizontal)
create and initialize temporary array Tab[O0..H;
for (every line point i fromO to H)
if (i is a black inage point)

Tab[i] = 1;
el se
Tab[i] = O;
endi f
endf or

else // line is vertica
create and initialize temporary array Tab[O0..W;
for (every line point j fromO to W
if (j is a black inmage point)

Tab[j] = 1;
el se
Tab[j] = 0;
endi f
endf or

endi f

177



MEDICAL MONITORING SYSTEMSAND REMOTE CONTROL

/1 analyze array Tab

for (all cells of array Tab)
find series of value 1 of length >= L
basing on the first and the last index of the series, calculate begin and end
coordi nates of the section on the inage;
store begin and end coordinates of the section in the QL |list;

endf or

endf or

If each frame’s coordinates are numbered in a @k fashion, then the first frame’s centre of

. . . X, =Xy YooY . . :
gravity will have the coordinates ' y,") = [% %’J and similarly for the points of each following
frame. Thus thex"y;), j=1,..,1% points are fixed. Now each cross-section is cedmlteto its
point(x;',y;"). The reference frame, selected by the physiciariudes a cross-sectional area (in Hm

automatically computed by the tomograph’s contngllsoftware. Obviously, the CT images are taken
with a uniform resolution. Thus there are a fixeonier of pixels inside each cross-section’s peemet
In each successive step, the area of the crosssestfilled with black pixels (Fig. 4b) and theimber

of pixels inside the remaining cross-sections sgmeed. Hence, by a simple computation the remginin
cross-sectional areas, Mmntan be determined. Currently, a diagnosis ofraféerosis disease can be
made when 1mfror more of the vessel’s cross-sectional areadsied by atherosclerotic plaque.

4. THE RESULTS OBTAINED

The determination of the contractibility of coroparessels has been practically demonstrated for
sets of images derived from three patients. Ea@dgerconsisted of a set of 15 sub-images, as shown i
Fig. 4. These images were processed by the imapeessing procedures described in the previous
paragraphs. The two outermost cross-sections (8@nd -7, -6) were not analyzed because, during the
observation, the physician could not accuratelyntifie the reference cross-section, the 0 point.
Additionally, the extreme points can be closer &ssel branching points. Hence, only eleven of the
vessel cross-sections have been examined. The eessg-section changes across the ten phasesdfT %)
the cardiac cycle have been listed (see Table ahleT1l includes the complete results from the
measurements made on one patient.

Table 1. Vessel cross-sectional changes acrogsrihghases of the cardiac cycle. Data of the ofienta

The vessel's cross-sections [mm2 ]
T [%] 5 4 3 2 1 0 -1 -2 -3 -4 -5
0 7,93| 8,06| 790| 8,43| 850| 840| 894| 8,94| 9,17| 9,17/10,08
10 8,63| 9,39|10,71]12,21/14,62|15,90|17,69|16,81|13,78| 8,99| 8,08
20 9,90| 9,34| 9,55| 9,21| 9,147| 9,90|10,63|10,49|10,70|10,46 12,12
30 893| 8,79| 9,55| 9,17| 9,31|10,00|10,83|10,38|11,17|11,14|12,07
40 6,72| 6,93| 7,28| 8,34| 9,97]11,00|12,14]12,48|13,59|14,59|14,93
50 731| 689| 588| 648| 6,71| 6,80| 658| 7,18| 7,78| 7,84| 9,90
60 16,57 ]12,23| 9,83| 8,17| 7,70 7,50| 7,73| 7,87| 8,07| 8,30| 8,90
70 10,87 | 8,84| 7,65| 7,62| 8,09| 850| 8,74| 9,08| 860| 9,18| 9,01
80 757 711| 687| 757| 8,20| 860| 8,77| 8,97| 890| 9,30| 9,36
90 7,19 7,16| 7,09| 8,10| 8,46] 9,00 8,80 9,03| 9,03| 9,33 9,27
Variance| 7,59| 2,46 | 2,22| 2,07| 4,15| 581| 8,73| 6,93| 4,24| 3,31| 3,86

The vessel's contractibility was measured by calitog the variance of these measurements. This
measure allows for an evaluation of the dynamicthefchanges in the vessel’'s wall. The last row of
Table 1 lists the variance in the vessel’'s crossig®al areas. In the table it can be seen thagteatest
contractibility of the vessel is in cross-sectiammber -1, and the least contractibility is in cresstion
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number 2. Where the dynamics of the vessel wallsarall pathological changes can occur, especially
changes that anticipate atherosclerotic plaque.

The results gathered in Table 1 can be presented comveniently, that is graphically. See Fig. 5
and Fig. 6.
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Fig. 5. Vessel cross-sectional areas, by phadeeatardiac cycle.

A similar graphic projection was depicted on Figwhere the changes in vessel cross-sectional
areas over the cardiac cycle are depicted, bymsecti
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Fig. 6. Changes in blood vessel cross-sectional émesection.

From the data displayed in Fig. 5 and Fig. 6 it bamoticed that the vessel has good contracyibilit
during all phases of the cardiac cycle so, witthhiggree of probability, atherosclerosis diseas®otis
present in the vessel examined. For comparisofalle 2, data is presented from a patient thabkas
diagnosed as having atherosclerotic plaque.

Table 2. Variance of coronary vessel cross-sedtiamas. Data of a patent with atheroscleroticytaq

Number of cross-section
2 1 0 -1 -2
0,18|2,57(2,89|4,45 5,08

5
7,59

4
2,48

3
2,22

)
4,24

-4
3,34

-5
2,90

| Variance

From Table 2 it can be clearly seen that crosdesectumber 2 has a very small contractibility,
indicating a risk of disease. As with the previexample, the full data can be presented graphically
(Fig. 7 and Fig. 8).
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Fig. 7. Vessel cross-sectional areas across tligacarycle, from a patient with atheroscleroticopie.
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Fig. 8. Changes in blood vessel cross-sectional émesection, from a patient with atherosclerptagjue.

In Fig. 7 and Fig. 8 it can be clearly seen thatdbronary vessel’s cross-section number 2 is dlmos
constant throughout the cardiac cycle. This locais) probably, already calcified as the vessel Was
become stiffened.

If inner layer of the artery is calcified, but palbgical changes are still small, then these
pathologies cannot be imaged by normal CT procedud®wever, pathologies of this type can be
observed by the method described in this papers Hpgproach can also be used for automatic

cross-sectional area computation in cases whemlpgibal changes inside vessel are already walbieis
on CT images.

5. CONCLUSIONS

The method proposed in this paper allows for dataet automatically read from CT images. Some
additional information can also be extracted frdmase images. This additional information has been
credibly and correctly interpreted, and the intetation given matched the diagnosis made by a piaysi
during the patient’'s examination.

The CT dataset derive from the Medical UniversitySiesia archives and from current medical
examinations. All these images are owned by theiddédCentre. During investigations 30 CT images
have been transformed and then processed, accotdirige presented in this paper method. This
procedure — as our software — is used by physidanag CT image analysis.
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The procedure detailed herein was accomplished avghaphical C# program tool that runs on all
tomography workstations. Thus, using this new tepey CT images can be also studied at medical
centres at which computed tomography is not presiEmts is possible as, after their examination,
the patient can obtain their data and medical decuation on CD media. It should be emphasized here
that this method permits the identification of mdtigical changes when these changes are not ybtevis
on CT images.
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