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ABSTRACT

DETECTION AND ASSESSMENT OF CARDIAC PATENT
FORAMEN OVALE

Arterial microemboli are gas filled structures which are formed in intravascular
and extravascular environment. They are characterized in spherical or ellipsoid forms
which would cause diseases in a broad range from stroke to migraine. Cardiac Patent
Foramen Ovale (CPFO) is considered as a congenital defect through both atria as a
permeable shunt with a prevalence frequency of 25-30% in asymptomatic population.
Decompression Sickness (DCS) is a fatal disease during hyperbaric and hypobaric ac-
tivities due to unestimated effects of microemboli. CPFO aperture combined with
DCS is a clinical problem where bubble analysis is managed manually by special and
trained cardiologists. Even this problem was considered recently by different groups
within sound, image and video forms, an automated tool is considered as a challenge
due to algorithmic and mechanical constraints related to noise, monitoring and probe
localization. We aimed to develop a spatio-temporal methodology for clinicians which
would not carry out long lasting videos where the number and the size of microemboli
alter dynamically. In this thesis, developed methods are classified into two groups;
qualitative and quantitative assessments. These approaches were tested initially in
a simulation environment with artificial microemboli. Furthermore, microemboli and
CPFO were monitored in subjects through videos using two modalities: contrast Trans
Esophageal Echocardiography and contrast Trans Thoracic Echocardiography. Even
our procedures would get accurate findings within videos, it is important to note that
low resolution, high speckle noise, shadowing would introduce false alarms. Conse-
quently, we conclude that this routine would standardize CPFO analysis and offer

better adjustment for bubble detection.

Keywords: Congenital Defect, Intravascular Microemboli, Right-to-Left Shunts, Ga-

bor Wavelet, Active Contours, Decompression Sickness.



vi
OZET

KARDIYAK PATENT FORAMEN OVALE TESPITI VE
DEGERLENDIRILMESI

Damarici ve damardigi ortamda olugan arteryel microemboli iginde gaz bulunan
yapilardir. Kiire veya elips bi¢iminde nitelendirilen bu kabarciklar inmeden migrene
kadar genig Olcekte hastaliklara sebep olmaktadir. Kalbin her iki kulakcigi arasinda
gecirgen bir yol vazifesi goren konjenital bir bozukluk olan Kardiyak Patent Fora-
men Ovale (KPFO)’nin belirti vermeyen bir topluluk igerisinde goriilme sikhg %25-30
arasimdadir. Dekompresyon Hastaligi (DH) nin, mikroembolilerin 6nceden kestirilemez
etkileri sebebiyle hiperbarik ve hipobarik uygulamalarda 6liimciil sonuglar: olmaktadir.
DH ile birlesmis KPFO acikligi klinik bir problem olmakla birlikte, kabarciklar uzman
kardiyologlar tarafindan elle isaretlenmektedir. Bu problemin farkh arastirma gruplari
tarafindan ses, imge ve video tabanl olarak ele alinmasina ragmen, otomatik bir yon-
tem vasitasiyla analizinin; giiriiltii, goriintiileme ve prob sabitleme gibi algoritmik ve
mekanik problemlerden 6tiirii zor oldugu diisiiniilmektedir. Caligmamizda uzun siiren
ve mikroemboli boyut ve sayisinin degistigi icin siirekli analiz yapamayacak uzman-
lar i¢in zaman-uzamsal bir yaklagim gelistirmeyi hedefledik. Bu tezdeki yaklagimlar,
niteliksel ve niceliksel olmak iizere iki farkli grupta ele alinmaktadir. Bu yontemler,
ilk olarak suni kabarciklar ile simiilasyon ortaminda test edilmigtir. Sonraki agamada,
mikroemboli ve KPFO goniillii kigiler iizerinde, Trans Ozofajyal Ekokardiyografi ve
Trans Torasik Ekokardiyografi olmak iizere iki goriintiileme yontemi vasitasiyla ince-
lenmistir. Onerdigimiz yontemler video imgeleri iizerinde bagarili sonuclar vermesine
ragmen; diigiik coziiniirliik, yiiksek speckle giiriiltiisii ve golgeleme etmenleri yanls
alarmlara sebep olabilmektedir. Sonuc¢ olarak, bu caligmanin KPFO analizini stan-

dartlagtirabilecegi ve kabarcik tespiti konusunda faydal olabilecegi diigiiniilmektedir.

Anahtar Soézciikler: Konjenital Bozukluk, Intravaskiiler Emboli, Sag-Sol Santlari,

Gabor Dalgacigi, Aktif Konturlar, Dekompresyon Hastaligr.
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1. INTRODUCTION

Over the last decades, the classification and definition of Cardiac Patent Fora-
men Ovale (CPFO) were debated from the aspects of both anatomical and physiological
issues. Anatomically, CPFO is considered as a remnant of mal occlusion between Left
and Right Atria (LA, RA) after the birth and is briefly characterized as a congenital
defect represented in Figure 1.1. On the other hand, several studies after 70s revealed
the association of CPFO with several diseases. Therefore, CPFO would be introduced

within three different categories.

Firstly, CPFO would be considered as a septal shunt which is inactive in normal
conditions. Normal conditions mean the ordinary air pressure that does not trigger mi-
croemboli production in circulatory system and also regular pressure gradient between
atria through standard physical activities performed by the subject. This anatomical
interpretation addresses only its size and does not take into account how this defect is
actively working. Generally, post mortem studies are focused on CPFO with this angle

of view for the biostatistical and epidemiologic aims.

Septum PAmum

Foramen Cvale

SEpmM SEcundum

Oistium Secndum

septum Intermead um

Figure 1.1 CPFO Schematization: (I) CPFO Aperture, (IT) Fused CPFO Aperture.



Secondly, recent research revealed its combined effects within several diseases in
a broad range from stroke to migraine. Its combined effects introduce the physiology
of shunt activity which is measured by the functionality of shunt through maneuvers
and tasks. Its functionality is measured via the interpretation of clinical examinations
monitored through video recordings. This clinical task is done for the assessment of
CPFO and the determination of its severity. Therefore, it is described as an indirect
disease which triggers other ones. Its sealing procedure should be decided regarding

its grading score.

Thirdly, hypobaric and hyperbaric environments which would be considered as
extreme conditions introduce microemboli generation in blood. These gas filled struc-
tures which travel towards cardiac chambers would trigger CPFO aperture due to the
low or high pressure gradient between LA and RA. In this case, microemboli would
cause severe diseases especially Decompression Sickness (DCS). This microemboli-
CPFO association is characterized as a disease combined with the anatomy of CPFO.
Micremboli activity combined with CPFO functionality is the main threat for divers,
pilots and astronauts. In this case, CPFO should be examined with detailed moni-
toring procedures. Its assessment should be evaluated using grading scores within a

longitudinal survey in order to find a reliable closure method.

In this thesis, the dynamics of CPFO detection were examined in both simula-
tion and experimental environment. Detection results revealed the behavioral similar-
ities of microemboli within images and videos during the temporal analysis. Experi-
mental analysis of CPFO and its relationship with intravascular bubbles were studied

regarding the fundamental cardiac imaging modality; echocardiography.

Echocardiographic imaging is a clinical tool which became a golden standard in
the diagnosis of Congenital Cardiac Diseases (CCD). Medical assessment is performed
with the contrast media which is generally a saline solution enhanced with air bubbles.
CPFO severity is measured through the response of the shunt to the passage of contrast
bubbles. Even if CPFO closure is generally evaluated with the aperture size, the

activity of CPFO shunt is measured regarding total number of crossing microemboli.



Bubble grading which is actually measured with bubble numbers is a direct
measure of CPFO. Despite correct visualization, reliable diagnosis of CPFO activity
requires special trainings on different type of visual examples within multimodal e-
chocardiographic frames. It is remarkable that noise and artifacts might cause drastic

variations between measurements performed by clinicians.

Even though, imaging bottlenecks like noise and artifacts would be filtered, bub-
ble or microemboli detection during cardiac imaging is a challenging problem due to the
chaotic nature of bubbles, the circulation turbulence, the non-newtonian behaviour of
blood, the interference between blood and bubble and also the side effects of endocardial
boundaries and valves. On the other hand, the major weakness of echocardiographic
modalities is their non-adapted nature for bubble recognition. Morphologically, a stan-
dard bubble shape is modeled as a sphere; however, sonographic behaviour introduces
a longitudinal elongation in the visualization of bubbles. Therefore, bubbles are mon-
itored as ellipsoids when they move separately. If a massive opacification is present,
bubble shapes would not be regularly described mainly due to bubble overlapping,

coalescence and turbulence.

Automatic detection and estimation of the functionality of CPFO or mainly the
CCD exists since 50s using dye dilution techniques. During the 70s, improvements
in medical imaging through ultrasound technology accelerated the process to reveal
the secrets of microemboli and DCS. The first attempts were achieved using Doppler
Ultrasonography. However, it was vulnerable to several factors such as application
area, noise, subjectivity and low sensitivity. Moreover, different groups focused on
echocardiographic images in bubble recognition for several aims; segmentation, noise
reduction, candidate object recognition, microemboli grading and scoring tables. Both
qualitative and quantitative approaches were proposed to cluster the degree of CPFO
and DCS which is directly related with the number of bubbles. Even this problem
was considered within other forms such as image and video records, an automated
tool was not yet developed due to the algorithmic and mechanical challenges related
to noise, monitoring and the variation between the observations. Therefore, a major

problem in CPFO analysis and microemboli detection is the longitudinal analysis and



the examination of long lasting videos where the number and the size of intravascular

microemboli change dynamically.

Our main hypothesis during this research is that automatic microemboli detec-
tion with proposed algorithms can be preferred to comprehend bubble behavior during
post decompression phase within heart and diagnose interatrial aperture on contrast
Trans Esophageal Echocardiogram (TEE) and Trans Thoracic Echocardiogram (TTE)
modalities where noisy environment and subjectivity among clinicians would alter the
final decision of CPFO treatment. Furthermore, we aim to introduce a computational
procedure within conventional imaging modalities and to observe the sensitivity and

specificity of each modality by comparing a double blinded clinical criterion.

In this thesis, Chapter IT introduces the evolution of CPFO aperture after the
birth, its main characteristics, its differences with similar CCD, main treatments and
related diseases. Chapter III examines the nature of microemboli amd intravascular
bubbles. Tt describes the formation of bubbles and main pathways which cause fatal
diseases such as DCS. Chapter IV describes the methodology during this work regard-
ing the qualitative, quantitative approaches and also through the comparison between
recent algorithms and proposed techniques. Chapter V illustrates the results of all
analysis. Finally, Chapter VI concludes the whole study by commenting prospective

studies.



2. CARDIAC PATENT FORAMEN OVALE

In a Babylonian cuneiform tablet dating 2000 years, it is written that "When a
woman gives birth to an infant that has the heart open and has no skin, the country
will suffer from calamities". A medical interpretation of this saying reminds us a
congenital heart defect; ectopia cordis which is commonly associated with interatrial

defects; Atrial Septal Defect (ASD) and CPFO [12].

The postnatal development of heart was studied since (Galen of Pergamon by
different scientists [13, 14|. It is noted that post-natal cardiac development, foramen
ovale and ductus arteriosus were firstly introduced in De Usu Partium of Galen in the
second century. After Galen, Arabic scholars were interested in cardio-pulmonary sys-
tem and discussed the existence of a visible passage between LA and RA [15]. Avicenna
followed a similar approach of Galen at the end of 10th century. Ibn al Nafis comment-
ed the previous works and compared his findings in the book Commentary on Anatomy
in Avicenna’s Canon in 13th century [16]. During the Renaissance, Leonardo da Vinci
intended also to represent the communication between right and left chambers in his
illustrations of Quaderni d’Anatomia in Figure 2.1 by stating a perforating channel in
1513 [1]. Botallo who was an Italian surgeon working at the French royal court retook
this passage between heart compartments and published De caturrho in 1564. In the
17th century, we remark that cardiac surveys increased via the experimental anatomy
related to blood circulation and heart development. Formally, William Harvey; the
famous english physician was the first researcher who introduced a modern approach
of the separate right and left-heart circulations after the fusion of interatrial septum in
1628 [17, 18|. He followed a similar interpretation to the works of Botallo and was crit-
icized by Domenico Marchetti (1639), Ceclio Folli (1639) and Pierre Gassendi (1640).
In the 18th century, Albrecht von Haller who was a Swiss anatomist and physiologist
studied Lutembacher syndrome which a special form of interatrial communication in
1750. In 1875, Karl von Rokitansky observed the pathology of ASDs and characterized
different defects with their post-natal evolution [19].
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Figure 2.1 Sketches by Leonardo da Vinci [1]; A-CPFO communication, B-Right Ventricle.

In the 20th century, studies on CCDs increased through the radiologic develop-
ment and imaging facilities. Marfan syndrome is one of the cardia abnormalities. In
1912, it is reported that a patient died at two and half months of age had this syn-
drome. In the postmortem observation it is found that the patient had mitral leaflet
degeneration and CPFO [20]. Assman would be seen as a milestone in ASD and CPFO
studies with respect to his findings in radiology [21|. In 1941 Bedford et al. [22]| de-
scribed the outline of ASD and CPFO types with radiologic and electrocardiographic
landmarks. The analysis of normal and abnormal inter-atrial septum of Hudson [23]
revealed a new rehearsal in atrial congenital shunts. Furthermore, recent researches
followed his pathway to interpret ASD and CPFO with better imaging modalities and
in post-mortem studies |24, 25, 26, 27|. Nowadays, congenital atrial defects are well
known according to their anatomy, pathophysiology, genetical factors and epidemiolo-

gy. However, its diagnosis, radiologic interpretation, grading, assessment and especially



a correct guidance in medical imaging are their challenges. Before going into the details
of this problematic, it is crucial to get a brief introduction of heart evolution and to

see the development of CPFO and ASD.

2.1 Congenital Atrial Diseases

The anatomical evolution in cardiac chambers begins in embryogenesis. Fetal
lungs do not oxygenate blood but produce amniotic fluid. The blood may cross cardiac
chambers without an interruption. Left and Right Atria (LA, RA) are not anatomically
developed [28]. Normally, the heart would be visualized in the middle of the third week

of fetal development.

After the birth, the beginning of breathing starts to fuse cardiac chambers re-
garding the pressure gradient. The septation process between chambers accomplishes
the anatomical structure of a healty heart. Therefore, two atria are formed in the
normal heart by a wall which is called atrial septum and also two ventricles separated

with ventricular septum respectively (Figure 2.2).

On the other hand, hole-shape deformations, malocclusions which are character-
ized as septal shunts might be present on these septal walls. These malformations are
identified as congenital diseases or defects regarding the severity and degree of these
apertures. The major disease for atrial congenital defects is ASD. As a first study in

this field, Lang et al. |29] investigated post-mortem cases and found the prevalence of

ASD as 1%.

Corno et al. [30] investigated congenital atrial septal defects within two cate-
gories; true defects and interatrial communication. A schematization of atrial defects is
represented in Figure 2.2. True atrial septal defects are identified through the floor of
the fossa ovalis. When the flap valve moves the defect can be distinguished within the
fossa. This type is called ostium secundum or secundum atrial septal defect. The valve

movement would overlap but an automatic seal does not occur. The epidemiology of
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Figure 2.2 CPFO development from embryology from Hara et al. [2].

this form is higher as 70%-77% of all defects within atria [31, 32].

Second true ASD is identified as ostium primum type. It exists between the
leading edge of the atrial septum and the upper margin of the ventricular septum.
This class is also categorized into the atrioventricular defects due to its anatomical

location. It consists 20% of ASD forms [32].

Interatrial communication for ASD is described into two categories; sinus veno-
sus and coronary sinus. Sinus venous are localized usually at the superior part of vena
cava. In some cases, it would be outside the floor of the fossa ovalis, near to the inferior
part of vena cava. Coronary sinus exists through the mouth of the sinus. It is generally

identified as a large shunt which separates the sinus and LA.

Partial anomalous pulmonary venous connection, mitral valvar prolapse, patent



ductus arteriosus, pulmonary valvar stenosis, peripheral pulmonary arterial stenosis,
and persistence of the left superior vena cava are also classified as interatrial commu-

nications in the form of lesions [30].

The septation process after birth would never occur in 25-35% of subjects in
a regular population [28, 33, 34]. It is generally accepted that approximately 1/3 of
healthy people may have a CPFO but this percentage may tend to increase in specific

groups with migraine or embolic events [35, 36].

Even CPFO and ASD are generally confounded, they are discriminated through
the size, nature and duration of atrial aperture. For this purpose, clinicians use flow
measurements, contrast enhanced visualization, manual measurement of shunts. As a
standard, if atrial aperture is above 5 mm and open, congenital defect is characterized

as ASD and the surgical treatment is advised [37].

Even ASD is more clearly studied due to its severe consequences; CPFO is not
considered as a congenital disease but as a defect till last decades. Nowadays, there
are still confusions in terms of its classification [38, 39, 40]. Even if Drighil et al. [41]
introduced CPFO as an emerging new disease by its implication related to stroke and
other complications, they remarked that most of the people with CPFO will never
have any symptoms. However, its consequences, its relationships and its side effects
are more quantitatively observed in depth through postmortem and clinical studies. In
review papers, it is remarkable to note that there is an exponential growth to induce

CPFO with several cases [33].

On the other hand, CPFO diagnosis is generally not done with the measurement
of shunt size. The shunt is closed in normal pressure conditions if subject does not
cough, strain, sing, yell, perform a manoeuver or strenuous activities. Therefore, an
extra activity is required to trigger CPFO, open the shunt like a door and measure
its activity. Nevertheless, the anatomical visualization does not bring information how
this shunt is active physiologically. Therefore, a detailed procedure is required clinically

for its examination.
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In one of the most cited studies of CPFO literature, Hagen et al. [42] observed
CPFO size in 965 autopsy specimens of human hearts to reveal a detailed significance of
aperture. They found CPFO range between 1-19 mm in 263 specimens and a tendency
to increase in CPFO size with ageing from a mean of 3.4 mm in the first decade to
5.8 mm in the tenth decade of life. On the other hand, Foster et al. [33] range CPFO

diameter from 1 to 19 mm with a mean 4.9 mm.

Even if CPFO-microemboli relationship is generally expressed as the opening
or the closure of the shunt, the measurement of total number of bubbles would be a
good scale to observe the functionality of CPFO. At the same time, this functionality
is highly correlated with the surface area of interatrial shunt. Penther [43] found that

the average surface of CPFO area was 0.5 cm? (range between 0.2-1.5 ¢cm?).

The genetic factor in CPFO incidence was investigated by Arquizan et al. [44]
to respond if "CPFO is a family trait". They reported that there was 3.6 times more
CPFO in siblings of stroke patient with a CPFO than in siblings of patients without
a CPFO. They concluded that the familial aggregation is higher in females and CPFO
may contribute to genetic susceptibility to stroke. This hypothesis was retaken into
account recently. Posch et al. [45] studied coding region of TBX20 in 170 subjects
with CPFO&ASD and revealed the mutation effect of this region on congenital atrial
defects. Briefly, this topic still arises in order to discover the concrete relationship
between CPFO-ASD and genes with new experiments on animals and transcription
factors [46, 47, 48, 49, 50]. The genetic factors for CPFO and ASD types would be
summarized as follows in Table 2.1. Germonpré et al. [51] reported the changing

prevalence of CPFO through time in a pioneering study for scuba divers.

2.2 CPFO Related Diseases

Over the last decades, it is remarkable to note that CPFO studies were mostly
done in post-mortem or anatomical studies [33]. Therefore, it would be inferred that

CPFO is considered as a silent congenital defect which is not associated with a systemic
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Gene Chromosomal location Cardiac defect

ALK?2 2q23-q24 ASD type I
BMPR2 2933 ASD,PFO
CITED2 6q23.3 ASD,PFO
CRELD1 22pl13 ASD type I
GATA4 8p23.1-p22 ASD,PFO

KRAS 12p12.1 ASD,PFO

MYH6 14q12 ASD type 11
NKX2.5 5q34 ASD,PFO
NKX2.6 8p21 PFO

TBX5 12¢24.1 ASD,PFO

Table 2.1

Gene mutation and phenotype for ASD & CPFO from Clinical Cardiogenetics [11].

or paradoxical disease.

Firstly, Cohnheim [52] developed a hypothesis to combine CPFO shunt and
pradoxical embolism in a study with a post-mortem stroke case. Cabanes et al. [53]
studied the prevalence of ASD, CPFO and mitral valve in 100 consecutive patients

with ischemic stroke.

On the other hand, a detailed survey in stroke and microemboli started to reveal
the adjunct effect of CPFO especially in an environment where air pressure changes
drastically. The pressure gradient is a vital parameter for circulation and cardiopul-
monary system. When a drastic change of air pressure in surounding environment
occurs, microemboli starts to form in extravascular and intravascular platform. As-
tronauts performing extravehicular activities under hypobaric environment, pilots at
high altitudes and divers under hyperbaric conditions are the subjects who suffer the
problems related to microemboli creation. It is noted that hypobaric conditions are

less risky than hyperbaric in terms of DCS |54|. Though the change of pressure gradi-
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ent triggers mostly DCS, the symptoms and diagnosis are observed within two major

types.

e Type I DCS covers musculoskeletal pains especially the skin and lymphatic nodes.

e Type II DCS involves serious symptoms including neurologic and cardiologic

systems.

When a CPFO shunt is larger (= 5 mm) and an large amount of microem-
boli (> 20 bubbles in a single frame according to Germonpré et al. [55] criterion),

cerebrovascular events would be associated with this congenital defect [56, 57].

If venous gas embolism occurs, as a result of decompression, a CPFO will be
a risk factor for paradoxical arterial embolism and its sequelae |28, 55, 58, 59|. Torti
et al. [60] showed in 250 scuba divers that the presence of a CPFO was related to
a low absolute risk of suffering five major DCS events per 10 000 dives, the odds of
which however were five times as high as for divers without CPFO. Waligora et al. [6]1]
identified CPFO as a risk of Type II DCS for astronauts as well.

Bigal et al .[62] reported a positive association between CPFO and migraine
with aura. Even the direct relationship between migraine and CPFO has not been

demonstrated there are some hypoytheses to combine them [63];

Firstly, paradoxical emboli were found suspicious for causing cortical dysfunction
due to the terminal branches of basilar artery [64, 65, 66, 67]. This hypothesis was
supported with the findings of migraineurs with aura. Furthermore, migraineurs with
aura were found more risky to ischemic strokes [68, 69, 70]. The incidence of subclinical
brain lesions were found 13.7 times higher in migraineurs [71|. The brief report of
Woods et al. [72]| supports these results by showing a perfusion decrease in cerebral

cortex.

Secondly, another hypothesis based on the plasma coagulation factors and hy-
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poperfusion was introduced. This hypoxia theory was favored with the existence of
CPFO by Sztajel et al. [73] as a trigger of migraine with aura with propagating hy-

poperfusion.

Finally, the interaction betwwen vasoactivators and monoaminooxydase would
trigger migraine attacks |65, 74|. This effect would be increased if a right-to-left shunt
might cause a direct circulation of vasoactivators. Another hypothesis supports that
microemboli would activate thrombocytes which consolidate the migraine pathogenesis

due to 5-hydroxytripyamine (a monoamine neurotransmitter) |75, 76].

Raymond-Martimbeau [77] identified sleep apnea, pulmonary hypertension and
stroke as other risks associated to CPFO. Hacievliyagil et al. |78 revealed a mean-
ingful prevalence of CPFO in patients with chronic obstructive pulmonary disease and

associated CPFO as a leading factor of hypoxemia.

The relation between CPFO and hypoxemia following lung surgery due to to
platypnea-orthodeoxia syndrome has been described and surgical shunt closure has
been proposed [79]. Recent research revealed the increasing importance of CPFO
closure. Surgical operations are encouraged for risky groups such as divers, pilots and

astronauts.

Nowadays, migraine, cerebral ischemia and paradoxical embolism which are re-
lated with CPFO are also surgically treated. CPFO would cause also severe problems
such as monocular blindness related with retinal artery occlusion [80, 81, 82|, hemi-
anopia (decrease in visual field) [83] and sudden deafness [84, 85|. There are however
discrepancies about how and when to diagnose CPFO and discussions about a golden

standard in terms of quantification and classification.
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2.3 Decompression Sickness

In professional and recreational diving, several medical and computational stud-
ies are developed to prevent unwanted effects of decompression sickness. Diving tables,
timing algorithms were the initial attempts in this area. Even if related procedures
decrease the physiological risks and diving pitfalls, a total system to resolve relevant
medical problems has not yet developed. Most of the DCS and side effects are clas-
sified as unexplained cases though all precautions were taken into account. For this
purpose, researchers focus on a brand new subject; the models and effects of micro em-
boli. Balestra et al. [28] showed that the prevention of DCS and strokes are related to
bubble physiology and morphology. On the other hand, studies between inter subjects
and even same subjects considered in different dives could cause big variations in post

decompression bubble formations [86].

2.4 Medical Imaging for CPFO and Microemboli

Cardiac imaging is always a big challenge in most of the imaging technologies
due to several factors. Initial medical interpretation of CPFO or mainly CCDs was
the dye dilution technique [87, 88| and ear oximetry [89]. Even these methods are still
in use since 50s, better imaging approaches were introduced in 70s. Ultrasonography
which is preferred as most widely applied imaging technique to see cardiac functions
and anatomy became as the principal tool for diagnosis of CPFO and CPFO relat-
ed diseases. A better understanding of CPFO regarding ultrasonography and other

imaging modalities would be summarized as follows;

1. Doppler Ultrasonography: During the last three decades, bubble patterns
were analyzed in the form of sound waves and recognition procedures were built
up using Doppler ultrasound. First attempts of bubble monitoring were based to
the Doppler effect of ultrasound modality in 70s and 80s. This approach and its

automatization were mostly preferred due to the limitations of B-Mode and the
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cost of hardware. Rubissow et al. [90] showed the development and location of
microscopic bubbles as small as 5 microns in 1971. In different studies [91, 92],
this practical and generally handheld modality is always preferred for post de-
compression surveys. However, these records are limited to venous examinations
and all existent bubbles in circulation would not be observed. The noise inter-
ference and the lack of any information related to emboli morphology are other
restrictions. Doppler ultrasound is also used as a tool to detect free air bubbles

during extracorporeal circulation where the blood is oxygenated mechanically

[93].

Nowadays, three modalities of ultrasound transthoracic echocardiography (TTE),
transesophageal echocardiography (TEE) and transcranial Doppler (TCD) are
mostly preferred to count bubbles and to diagnose congenital and cerebrovascular
events. The preference depends to the application area, the patient, severity of

the case and accuracy of the detection.

Di Tullio et al. [94] showed the performance of three methods in terms of their
sensitivity and specificity as a pioneer study. Even TEE became the primary tool
to detect atrial congenital defects regarding its high sensitivity in different studies
[95, 96, 97, 98, 99, 100, 101], it should be taken into account several criteria; the
visualization setup of recording media, the experience of clinician with correct

manoevers and especially knowledge of visual bubble identification and tracking.

The experimental studies emphasized the importance of B-mode (Brightness
mode) in ultrasound which gave rise to the development of echocardiographic

modalities and the microembolic research within this modality.

. Trans Esophageal Echocardiogram:Nowadays, TEE proved its superiority
with respect to other modalities. Even the use of TEE requires a speciality due
to probe localization, fasting and topical anesthesia of the patient. Despite its
relatively invasive procedure, it is considered a golden standard for detection of
right-to-left shunts and CPFO [3]. For contrast enhanced shunt detection several
agents are in use but agitated saline is the most preferred agent thanks to low cost
and good contrast. Agitated saline is prepared with 9 ml of saline and 0.1 ml of

air which are pushed back and forth 10 times in a double syringe system to obtain
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an homogenous opaque solution. Other contrast agents are Dextrose 5% (water

D-galactose microparticle solution), Urea-linked gelatin and Oxypolygelatine.

o b
LA-Filling

On Valsalva release = Pg, » P, = PFO opens

>

Figure 2.3 Mechanism of unrevealing right-to-left shunt by Valsalva manoeuvre, an arrow with head
up means increase and head down is decrease, number of arrows represent how much is the change
[3]. Pra: left atrial pressure, Pgra: right atrial pressure and V R: venous return.

3. Trans Thoracic Echocardiogram:In TTE, clinician try to focus on Interatrial
septum (TAS) wall and localize possible suspected shunts with color flow doppler
[102]. After the initial inspection, atrial chambers are monitored. Several views
would be used to show congenital defects on IAS. Subcostal four chamber (SC4C)
and Apical four chamber (A4C) views are considered as the optimals for atrial
congenital shunts. SC4C uses the perpendicular orientation to ultrasound scan
plane. Parastenal Short Axis-Aortic Valve Level (PSAX-AVL) View is also an-
other type to visualize congenital defects regarding cross sectional insights to
chambers and aortic valves. It is generally used before applying A4C view in
c¢TTE. Inspectetion with color flow doppler in IAS can usually reveal a possible
shunt in TAS expect the smaller ones. Neverthless, the information generally
remains anatomical in terms of aperture size and metrics. Therefore, a detailed

examination using contrast modality is required to show shunt activity and grade.

4. Trans Cranial Doppler Ultrasonography: Brucher et al. [103]| focused on
this problem with a newer modality in this field; multifrequency TCD. They
developed a system of automatic detection between 2-2.5 MHz. Improved imaging
techniques in TCD facilitates microemboli detection in cases related to stroke.
TCD is generally preferred for patients who have stroke in order to examine

bubbles with small diameters. On the other hand a direct diagnosis of CPFO
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would not necessarily imply a CCD [96]. Therefore, TCD monitoring would
not guarantee the existence of CPFO. However, a standardized application of
Valsalva maneuver would tend to increase the detection sensitivity [104]. Anzola
[105] stated the important role of CPFO in a number of non-stroke conditions
(such as migraine and the occurrence of attacks of transient global amnesia)and
noted the utility of this modality as a simple diagnostic technique for right-to-left
shunts. Stendel et al. [106] noticed that TCD would be a better technique than

TTE for the monitoring of CPFO and the related venous air embolism.

Automatic embolus detection was also considered as a challendge within TCD.
Several studies were focused on this problem and the agreement between the
human experts [107, 108]. During TCD monitoring, embolic signals are charac-
terized as an unidirectional intensity increase within the Doppler frequency spec-
trum [109]. At the same time, these signals occur randomly and they would be
identified by a characteristic chirp, click or whistle sound. Even though automat-
ic approaches tend to show feasible findings, these systems would be vulnerable
to adaptive nature of embolus. Consequently, better methods would be develope-
d by considering the advices of the human experts and the embolus quantifiers

such as the spectral range and the noise.

2D Echocardiography which is available in portable forms serves as a better
modality in cardiologic diagnosis. Clinicians who visualize bubbles in cardiac cham-
bers count them manually within recorded and frozen frames. This human eye based
recognition would cause big variations between trained and untrained observers [110].
Recent studies tried to resolve this recognition problem and to reduce the subjectiv-
ity by an automatization in fixed region of interests (ROI) placed onto Left Atrium
(LA) or pulmonary artery [5, 111]. Moreover, variation in terms of pixel intensity and
chamber opacification were analyzed by Norton et al. [112] to detect congenital shunts
and bubbles. It is obvious that an objective recognition in echocardiography is always
a difficult task due to image quality. Image assessment and visual interpretation are
correlated with probe and patient stabilization. The experience of clinicians, acqui-

sition setup and device specifications would also limit or enhance both manual and
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computational recognition. Furthermore, inherent speckle noise and temporal loss of

view in apical four chambers are major problems for computerized analysis.

Several imaging modalities such as Doppler and Intravascular Ultrasonography,
contrast Echocardiography, Magnetic Resonance Imaging (MRI) and Computed To-
mography (CT) are proposed for CPFO visualization and grading. Contrast Echocar-
diography becomes the golden standard for its portability and imaging quality [113].
Even if some speculations lower the CPFO diagnosis through the echocardiography
in terms of false positives, Balestra et al. [28] emphasized the importance of proper
maneuvering during imaging and diagnosis. On the other hand, it is not only impor-
tant to diagnose the existence of CPFO; the assessment of its size is a crucial step in
determining the need for closure as well. For this purpose, it is important to note that
contrast enhanced Doppler ultrasound detects right-to-left shunts more sensitively, but

it is unable to locate the hole as with echocardiography [113].

Until the recent developments, CPFO diagnosis with Magnetic Resonance Imag-
ing was not feasible due to poor spatio-temporal resolution and the lack of the mea-
surement through shunt openings [99]. Actually, Cardiovascular Magnetic Resonance
(CMR) Imaging is preferred in congenital atrial defects especially for elder people and

suboptimal views in echocardiography [114].

In 2005, Mohrs et al. [115] tried to show the feasibility of dynamic contrast in
CMR combined with Valsalva manoever as a noninvasive method to diagnose CPFO
and ASD. They adapted a grading level regarding CPFO severity in the same pilot
study through signal-time curves in LA and PA. Same group [97] performed a similar
comparative analysis in patients after CPFO closure and concluded that even MRI
cannot replace TEE for the exclusion of potential embolic sources, it would be feasible

as a non invasive procedure.

Nusser et al. [98] performed a longitudinal survey in 75 patients with cryptogenic
ischemic events, before and after the closure of atrial shunt. They found that accurate

PFO detection with CMR was two times lower than TEE. Moreover, Hamilton-Craig et
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al. [99] pointed out a similar finding in 25 subjects with cryptogenic ischaemic stroke
that CMR is less sensitive than ¢TEE. Even CMR would offer better contrast and
intensity for the analysis of cardiac anatomy and functionality, time-signal intensity
curves would lessen the sensitivity of PFO existence. Therefore, it is remarkable to
state that ¢cTEE combined with a good manoever (Valsalva or high strain Valsalva)

would still offer a better diagnosis in CPFO compared to CMR.

CT or Spiral CT which are less applied modalities in the diagnosis of CPFO
and the detection of cardiac sources of embolism are currently in use with their own
grading systems. Even the pioneer papers of CT in emboli studies are dated back to
the second half of 90s, it is remarkable to note that clinical application of CT and

Spiral CT are so recent.

2.5 Bubble Analysis and Grading for CPFO Characterization

In medical reserch, microemboli analysis and CPFO grading evolved separetely
from each other. Even if microemboli and CPFO relationship are mostly taken into
account in diving physiology and hyperbaric medicine, there is a broad range of CPFO

grading regarding the imaging modality.

In this part, microemboli grading and CPFO grading terms define the same
medical expression; the functionality of IAS or basically how this shunt would open.
As we would recall from the introduction, CPFO is considered as an anatomical and
functional flap. Even though Schuchlenz et al. [116] suggested that aperure measure-
ment would be more objective than the injection of a contrast medium especially saline
contrast with TTE and TCD. The lack of standardization in bubble size which varies
between 24-144 pm was the main remark which effects the signal power in ultrasound
technology. Neverthless, this point of view is questionable if the functionality of CPFO
is taken into account. The reason why this shunt opens is not the microemboli dimen-
sion but the relative microemboli quantity passing through the right-to-left aperture.

On the other hand, the injection of bubble or contrast medium reveals its activity so
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describes the functionality and physiology of congenital disease. It is not possible to
discriminate how interseptal aperture is active without injection. For this purpose,

functional grading techniques were developed according to these contrast media.

During our thesis, the measurements and analysis were performed using the
ultrasonographic modalities; contrast TTE and contrast TEE. In this section we will
review briefly the main techniques of CPFO grading especially in ultrasonography and
echocardiography and also prospective techniques introduced with MRI and CT.

In a clinical environment, CPFO diagnosis is achieved with the monitoring of
the existence or the non-existence of a shunt aperture on the echocardiographic frames.
However, it is obvious that the contrast agent and the maneuver are crucial to stimulate
the shunt [28|. The passage of bubbles are also essential to characterize the function-
ality of right-to-left shunts (RLS), especially CPFO. In general, specialists determine
CPFO and measures its functionality using a visual-manual tool on frozen frames by
the counting of microemboli crossing IAS. Bubble detection is the crucial step of the
evaluation since the grading is achieved with reference to the number of right to left
passing bubbles per cardiac cycle. Usually, three heart beats are taken into account as

a convention when a visual interpretation of cardiac chamber is achieved.

Even if several grading algorithms [5, 55, 117, 118| were developed by different
groups to classify bubble numbers, Eftedal et al. [5] attempted firstly to analyze video
frames to detect bubbles. In this pioneer research, post decompression bubbles were
counted within a user defined window that was placed manually on the ultrasound
frame over right ventricle and pulmonary artery. Because of the lack of dynamic
boundary detection, their method needed a very stable position of the ultrasound
probe that could only be achieved with anaesthetized animals. The second approach
is developed qualitatively by Norton et al. [112] using the contrast change called
as opacification before and after injection and detected the CPFO existence without
grading. Therefore, it is remarkable to note the lack of an automatic computational

analysis in atrial congenital diseases and bubble detection.
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Grade Description

0 No bubble signal

I Few bubble signal in some cardiac cycles

II Many bubble signals in less than half cardiac cycles

11 Many bubble signals in most cardiac cycles
IAY Maximum bubble signal in continous form during cardiac cycles
Table 2.2

Spencer grading code.

During the analysis of CPFO recordings and bubble quantification, we adapted
a similar reasoning proposed by Germonpré et al. [55] in Table 2.5. This method which
is commonly in use during the observation and the detection of congenital defects has
a relatively narrow scale than the previous grading codes. The first degree with 0
bubble represents the no-CPFO. The second and third degree are separated with a
threshold (20 bubbles). For this purpose, our manuscript and related studies enlisted
in Appendix were prepared using the nomenclature of Type I-CPFO (less than 20
bubbles) and Type II-CPFO (> 20) bubbles.

Eftedal et al. [110] developed a grading system to measure the agreement be-
tween trained and untrained observers. The amount of bubbles was graded according
to a non-linear grading system with six levels as it is represented in Table 2.6. They
showed that untrained observers perform equally as well as trained observers the man-

ual detection and grading of bubbles.

As an alternative, Mohrs et al. [115, 97| used a CPFO grading system in their
pilot study with MRI. This system is composed of 4 levels based on signal-time curves
acquired through PA and LA. Similar to Eftedal et al. [5, 111] two manually fitted

ROIs were placed without changing the size in every image.

e Grade 0: No contrast enhancement in the LA before the contrast agent reached
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Code Frequency Percentage /Duration Amplitude
Bubbles per Cardiac cycles | Movement,duration
cardiac cycle at rest(%) cardiac cycles
0 0 0 0 No bubbles
1 1-2 1-10 1-2 Barely perceptible;
A(B)«A(C)
2 several,3-8 10-50 3-5 Moderately perceptible;
A(B)<A(C)
3 rolling drumbeat> 9 50-99 6-10 Loud,;
A(B)~A(C)
4 continous 100 >10 Maximal;
A(B)>A(C)
Table 2.3

Kisman-Masurel grading code.

the pulmonary veins.

e Grade 1: Only slight contrast enhancement close to the atrial septum without
enhancement of the entire LA before the contrast agent reached the pulmonary

veins.

e Grade 2: Only slight contrast enhancement in the LA before the contrast agent

reached the pulmonary veins.

e Grade 3: Bright contrast enhancement in the LA before the contrast agent

reached the pulmonary veins.

CT modality would be considered as the less commonly used imaging technique
for CPFO detection and microemboli grading. Even though there are more researches
of ASD with CT, CPFO studies are dated back to the 90s. Williamson et al. [119]
proposed a CT criteria for the detection of CPFO as follows;

e Criterion 1: Presence of a distinct flap in the LA at the expected location of

the septum primum.
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Spencer Code Kisman-Masurel grading code

0 0
I 111/1- 112/1 113/1 211/1- 212/1 213 /1+
I1 121/1+ 122/11 123/11 221/11- 222 /11 223 /11+
11 232/111- 233 /111 242 /111 243 /11T 332 /111 333 /T1T 342 /111+ 343 /111+
v 4441V
Table 2.4
Conversion table between codes.
Grade Description
0 No bubble passage

I No or slight(less than 20) bubble passage
I1 important (> 20) bubble passage

Table 2.5
Germonpré grading code.

e Criterion 2: Presence of a continuous column of contrast material between the

septum primum and septum secundum, connecting the LA and RA.

e Criterion 3: Presence of a jet of contrast material from the column into the

RA.

On the other hand, this grading method does not bring a direct relationship
between microemboli and CPFO like MRI alternative. However, it would be seen as
an indicator of shunt morphology and functionality regarding the contrast medium in

CT.

The purpose of our current research is to offer an easy and reliable tool to
quantify bubbles in cardiac chambers which will give us the CPFO motility and ac-
tivity. It is also indispensable to fulfill computational gap in bubble analysis. The

dynamic extraction of LA and automatic counting reveal the activity of septal shunt
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Grade Description
0 No observable bubbles
I Occasional bubbles
11 At least one bubble every four heart cycles
11 At least one bubble every heart cycle
v At least one bubble per em? in every image

A% White-out, single bubbles cannot be discriminated

Table 2.6
Eftedal-Brubakk grading code.

through bubbles in order to assess the CPFO using both ¢TEE and ¢TTE. We also
suggest that standardization in CPFO using the comparison between existent proce-
dures would offer a better diagnosis. Performance analysis reveals that our approach
is satisfactory through false alarms. We hypothesize that our method provides better
detection rates and increases the clinician subjective ease-of-use in terms of decision

making in recognition.

One of the current methods for CPFO detection clinically in use is counting the
bubbles crossing the septal aperture on echocardiography. Even Spencer and Kisman-
Masurel grading code (given in Table 2.2 and 2.3, respectively) are used within Doppler
Ultrasonography for microemboli counting, Germonpré grading code is preferred with-
in echocardiography (Table 2.5). For Spencer and Kisman-Masurel grading codes, a
conversion table (Table 2.4) is also developed in order to make a correspondce between

3 to 5 level systems.

The specificity of contrast Transthoracic Echocardiogram (¢TTE), contrast Tran-
soesophageal Echocardiogram (¢TEE)and Transcranial Doppler are very high but the
best sensitivity is obtained with ¢TEE. On the other hand, the ¢TTE and transcranial
Doppler sensitivities were found to be as low as 47% and 65% respectively [94]. ¢TEE
is the best invasive method for detection even though probe swallowing may cause

discomfort for patients.
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The functional size and activity of CPFO can be correctly determined by count-
ing the bubbles. Automatic counting of bubbles in ultrasound images has been at-
tempted by Eftedal et al. [5, 111] to estimate the decompression stress. However, their
method is based on user defined constant window that was placed manually over the
right ventricle and the pulmonary artery. Because of the lack of dynamic boundary de-
tection, their method needed a very stable position of the ultrasound probe that could
only be achieved with anaesthetized animals. The second approach is developed by
Norton et al. [112] using the contrast change (opacification) before and after injection

and detected the CPFO existence without grading.

In order to analyze a relevant frames, the role of an accurate maneuver should
also be taken into account. Several procedures are applicable to stimulate TAS. Howev-
er, their use would differ and may cause variations for CPFO characterization. Balestra
et al. [28] cited six different maneuvers to generate bubble passage between two atria

as it follows;

e Gentle Valsalva; Ordinary maneuver to equalize the middle ear pressure

e Forced Valsalva; Maximal Valsalva maneuver in a repeated way to equalize the

middle ear pressure
e Calibrated Valsalva; Gradually increasing Valsalva maneuver
e Cough; Forceful coughing
e Knee Bend with Valsalva; Knee bending during breath hold

e Iree Exhaling Knee Bend; Knee bending without breath hold

2.6 CPFO Closure

As CPFO is considered as a beauty spot |39, 120] or silent defect |121], its

closure could not be taken into account as a primary solution for each person having



26

this shunt. In their review paper Drighil et al. [41] indicated the following steps before
the final decision of the eligibility of CPFO closure and noted that the first four steps

are essential;

1. Recurrent ischemic stroke with antiplatelet agents.

2. Age under 60 years and absence of overt atherosclerotic disease or more than one

atherosclerotic risk factor.

3. Exclusion of other cardiac (atrial fibrillation, endocarditis, tumour) or vascular
(carotid stenosis, spontaneous carotid or vertebral dissection, aortic atheromato-

sis) embolic sources.

4. CPFO with high anatomic risk: important inducible shunting and large CPFO,

spontaneous right-to-left shunt at rest, long tunnel, ASD, Eustachian valve.

5. Contraindications against or unwillingness to undergo anticoagulation.

It is important to note that CPFO closure requires a lifelong implant [122]. Even
if medium and long-term follow-up data are found encouraging for CPFO closure, there

are no very long-term (more than 10 years) follow-up data available.

Over last two decades, CPFO treatment was debated for correct assessment of
percutaneous closure techniques. The first transcatheter closure of a congenital defect
was a closure of patent ductus arteriosus(PDA) in 1971 [123]. Similar techniques were
adapted for the closure of ASDs in 1976 using a double disk device. Furthermore,
Rashkind started to develop several types of PDA occluders (single and double forms)
which is actually called as Rashkind Umbrella [124, 125]. Lock et al. [126, 127, 128]
were the first group who tried to close in large numbers of congenital defects such as
ASD, CPFO and Ventricular Septal Defect (VSD) using a new occluder Bard Clamshell
Device [129, 130, 131, 132].

Nowadays, several techniques of surgical closure exist to undergo CPFO treat-

ment. However some critical questions arise in the choice of occluder and the steps
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before and after the surgery are still discussed regarding the advantages or side effects

of these new devices.

Recent studies on migraine, cerebral ischemia, paradoxical embolism [34, 133,
134] suggested transcatheter closure of CPFO as a clinical intervention for associated
problems. Which type of CPFO should be managed surgically, which closure device is
ideal for which CPFO and related diseases (migraine, ischemia, embolism) complicate
surgical steps. Although latest occluder technologies bring reliability and less side ef-
fects, a detailed examination of patient history must be taken into account to determine

the correct procedure.

The overall success rate for CPFO closure using new and the most common
closure devices was reported 99%, whereas the average risk of major complications was
1% [135]. According to Hara et al. [2] different technologies are available to occlude

interatrial shunts as it is represented in Figure 2.6.

After implantation, a significant decrease in transient ischemic attack, stroke
and peripheral emboli is reported [34, 133|. However, there are still discrepancies

about how and when to diagnose CPFO [94].
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Figure 2.4 Type 2 CPFO with excessive contrast passage. (a) The 2D TEE shows an interatrial
septum (IAS) aneurysm (white arrow) in aortic valve (AoV) short-axis view. (b) In live 3D zoom
images, the complete IAS is shown with the fossa ovalis bulging towards the RA (left, white arrow)
and detection of the PFO when the TAS is bulging towards the LA (black arrow). (c) 2D TEE proved
the PFO by demonstration of IAS bulging toward the LA (left, arrow) with contrast passage across
the IAS (right, arrow). (d) Live 3D zoom provided a 3D view of the entire LA space showing the IAS
bulging (left, arrow) and the cloud of contrast bubbles passing through the IAS [4].
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Detected bubbles in PA in a pig Detected bubbles in PA and RA in a diver

Figure 2.5 Detecting intravascular gas bubbles from Eftedal et al. [5]

Amplatzer CardioSEAL STARflex Helex

Solysafe IntraSept

Figure 2.6 Different types of CPFO occluders [6].
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3. RELATIONSHIP OF MICROEMBOLI WITH CPFO

In order to comprehend how microemboli and CPFO are related, it is impor-
tant to formulate how bubble and microemboli are taken into account regarding their
significance, behavior and role. In general, both terms are frequently used to represent
an encapsulated substance-mass within an environment. However, this encapsulation
is generally limited to air or gas filled structures. The surrounding environment and
structure interaction would be occasionally a gas-to-gas, a liquid-to-gas or a solid-to-gas

interaction. Obviously, the last one would not permit a free movement of bubble.

Bubble is a general identifier to designate the kernel of this interaction in all
disciplines. On the other hand, the usage of microemboli is generally preferred within
medicine, life sciences and some engineering fields like food, environmental and chemical

engineering.

As a general point of view, this interaction is also called embolism in some
cases regarding the nature of microemboli and site where the interaction occurs. The
following classes point out the collection of embolism in medical systems with respect

to their corresponding origins across CPFO shunt;

1. Thromboembolism: A blood clot or thrombus which is formed in circulation
due to a systemic, metabolic problem, an inflammation would try to cross CPFO
or ASD. In some cases, this passage might not occur and trapped thromboem-
bolus start to grow next to this aperture. A partial separation would eventually
cause a paradoxical embolism due to the size of thromboembolus. In echocar-
diographic monitoring, this mobile mass would eventually be detected without
difficulty due to its size and motility. Recently, several groups published detailed
case reports regarding this rare condition [136, 137, 138, 139, 140].

The activation of thromboxane prostanoid receptors in various capillary beds and

the cooperation of Thromboxane A2 stimulates the generation of the platelet
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masses and the future thrombosis [141]|. In these cases, aspirin, warfarin antico-
agulation technique, thromboxane prostanoid antagonists, preventive pharmaco-
logic procedures are considered to reduce this risk which would cooperate with
a silent CPFO [142|. However, these preventive techniques would not treat ASD
nor CPFO. Furthermore, the study of Mas et al. |143] stated that the risk of
stroke or transient ischemic attack would be as high as 19.2 % even if an aspirin
prevention was applied at 4 years. It would be infered that these preventive

procedures would not be advantageous in high risk groups.

. Cholesterol embolism: Cholesterol embolism is generally characterized as an
atherosclerotic plaque which arises inside a vessel and is also called as athero-
matous. This type is well known and related to cerebral embolism. However,
a direct relationship with CPFO has not been fully understood yet. Obviously,
cholesterol emboli might occlude several cerebral arteries. Few studies would be

related as an indirect correlation with CPFO-chlesterol embolism. [144, 145, 146].

. Fat embolism: Bone fracture and collection of fat droplets are considered as
main causes of fat embolism. Unlike cholesterol embolism, fat embolism is much
more related with CPFO aperture. Bone fractures especially tibial and femoral
fractures in elder people are found as the potential source of fat embolism. The
case studies of Pell et al. [147, 148] and Etchells et al. [149] emphasized this re-
lationship of fat mass and CPFO after fracture. Unknown sources of paradoxical
embolism [150], respiratory failure and sudden death would also be related with

this type of CPFO-embolism relationship.

. Cancer embolism: Cancer embolism is considered as a mass of cancerogenic
structures-plaque that leaves the tumour source and starts to travel into the
circulation. It would be remarked that this type of embolism is less studied than
other types regarding the number of published articles. Although its relationship
with CPFO is not so clear, it is remarkable to see that cancer embolism would
cause stroke due to rare invasion in pulmonary vein [151|. Lung, pancreatic and
hepatic cancers are mostly related as sites which would cause cancer embolism

with or without operation or resection [152, 153]. CPFO would be a potential
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source for arterial tumor embolism, primary tumor of the aorta and direct tumor

invasion of the aorta [151].

. Septic embolism: Septic embolism is categorized as a pus enriched by dead
or living bacteria which leaves an inflammation site (sepsis) and travels in the
circulation. Its correlation with CPFO was shown in several publications [154,

155, 156, 157].

. Air embolism: Air embolism is the main objective in this study. It is also
called gas embolism. Microemboli in this thesis will mainly signify air embolism.
This type of embolus is eventually studied by different groups with respect to
diseases, physiological systems, origins and main pathways. Unlike the number
of publications, the mystery of microemboli formation is still a hot topic for
several research projects due to the variation between subject, environment and

tasks.

Cerebral Circulation

Arterial Blood

Left Lung

Figure 3.1 Intravascular venous microemboli circulation and CPFO shunt [7].
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Microemboli in CPFO and DCS would be considered as a form of air embolism
and is classified into two different categories; intravascular and extravascular. These
categories are considered as principal sources of microemboli formation in the body
even if exact origins are not yet revealed but estimated with physiological models
and experiences. Intravascular form of microemboli is categorized as arterial, venous
and capillary whereas extravascular form is classified as intracellular, interstitial and

lymphatic.

Arterial gas embolism is briefly defined when the gas enters the vascular system
beyond the pulmonary filter (i.e, at the point of the pulmonary veins, left heart or
systemic arteries). On the other hand venous gas embolism is identified when the gas

enters the vascular system before the pulmonary filter |158|.

Microemboli formation along arterial circulation is not a commonly encountered
case due to its physical properties. Inert gas tensions along arterial pathway are gener-
ally in equilibrium with alveolar gas, so arterial blood is not supersaturated with inert
gas [7]. At the same time the hydraulic pressure in the heart prevents any microemboli

generation.

On the other hand, venous circulation would be considered as a suspicous site
for the significant numbers of microemboli. However, a direct relationship between
bubble generation and venous blood might not be possible. No bubble formation
occurs in an extracted blood filled venae cavae when a decompression procedure is
applied [159]. Therefore, a realistic way to see the microemboli generation would be a

better comprehension of capillary beds and extravascular tissues.

The physical properties of the surrounding environment determine the shape,
morphology and behavior of this encapsulation. At the same time, they affect the
consequences such as the vascular obstruction and the formation of gas-blood interface.
As the embolus behaves as an uncommon object within the blood stream; platelets,
leukocytes, fibrinogen and thrombin get close to the embolus [158]. This interaction

might increase the forces of adhesion between the embolus and the vascular wall and
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resist further embolus migration. Consequently, a damage in the vascular wall may

occur and cause an oedema in the tissue.

The air embolism depends mainly on the solubility of the gas in the blood.
COgq, Oy, Air, NO,y, NoO, He and Ar are the most encountered gases with a decreasing
order. Other factors would be cited as the embolus volume, the rate of injection and

the hemodynamic effects for the air embolism [158].

Vukovic et al. [160] recalled that microemboli detection would be assessed with-
in several applications. Carotid artery stenosis, aortic arch plaques, atrial fibrillation,
myocardial infarction, prosthetic heart valves, patent foramen ovale, valvular steno-
sis, during invasive procedures (angiography, percutaneous transluminal angioplasty),
surgery (carotid, cardiopulmonary bypass, orthopedic), and in certain systemic dis-
eases are the main areas where microemboli survey plays an important role to prevent

injuries especially ischemic stroke.

Air embolism complications related to CPFO would be severe during a neuro-
surgery in the sitting position. Fathi et al. [135] who conducted a systematic survey
within the databases Medline, Embase, and Cochrane Controlled Trial Register noticed
that the overall rate of venous air embolism during neurosurgery in sitting position
was 39% for posterior fossa surgery and 12% for cervical surgery. Therefore, a detailed
screening for CPFO before a neurosurgery and its closure in cases in the sitting position

is highly recommended.

Moreover, the relationship between CPFO and air embolism could be apparen-
t during and sometimes after these following cases [109]; Extracranial carotid artery
stenosis [161], intracranial carotid artery and middle cerebral artery stenosis, aneurys-
mal subarachnoid hemorrhage, carotid or vertebral artery dissection, mechanical heart
valves, heart valve bioprosthesis, bacterial endocarditis, Behcet’s disease [162, 163],

Antiphospholipid syndrome [164, 165], Eisenmenger’s syndrome [166, 167].
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4. METHODOLOGY

As a brief introduction to pattern theory, Grenander [168] summarizes his ideas
as; In pattern synthesis one proceeds from low to high levels in the system. Pattern
analysis represents the inverse process: starting from a high pattern level one tries to
analyze the pattern object into lower level objects. In this research, the starting point
was to develop an automatic method to analyze spatio-temporal echocardiographic
frames for CPFO which are interpreted manually depending on the visual experience
of cardiologist. Briefly, our thesis which is directly related to echocardiographic im-
ages would be considered in a similar fashion of Grenander [168]; bubble synthesis for

simulation and atria segmentation for bubble detection.

As CPFO is monitored with contrast material, detection, counting and grad-
ing of microemboli are highly subjective and people are mostly focused on the total
number of bubbles which we call Qualitative Analysis. On the other hand, microem-
boli size, morphology, possible pathways, future behaviour in circulation would be so
crucial when they are in cardiopulmonary system. Even some difficulties arise due to
echocardiographic restrictions, most of the information would be retrieved from spatio-
temporal (therefore 3D) echocardiographic frames with appropriate approaches. This
point of view is called as Quantitative Analysis. Allen [169] characterizes the quantita-
tive analysis of particles within six levels and emphasizes the automatic feature analysis
by counting the shape, the size and other selected parameters of the particle which is
a bubble in our study. As more specific informations would be generated regarding
CPFO grade, microemboli size and morphology using this approach, this point of view
would be more advantageous than giving only the chart of total bubble number in

Qualitative Analysis. This specification is summarized briefly in Figure 4.1.

Detection results in Figure 4.2 illustrates the difference between two approaches.
Qualitative approach determines the central part of candidate bubbles and returns total

bubble number in a frame whereas Quantitative approach would return morphological
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Figure 4.1 General view of the analysis flowchart.
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aspects of a single microemboli in the frame such as; total area, centroid, convex hull,

axis lengths, orientation, perimeter, bounding box.

First of all, a benchmarking with simulation data is always a good approach to

test current and prospective methods. Before monitoring of the real microemboli which

would cross CPFO aperture, synthetic bubbles were firstly created by mathematical

models. Then, two different modalities of echocardiography; contrast TTE and contrast

TEE were used to collect CPFO data with contrast microemboli. At the same time,

c¢TTE was used to collect post decompression data with intravascular microemboli.

Furthermore, all approaches were set to analyze those synthetic and real data. Finally,

the findings were graded with conventional criterion [55].
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Figure 4.2 Detected microemboli with two different approaches in a post decompression TTE record;
A-Qualitative B-Quanitative.

4.1 Generation of Simulation Data

In order to evaluate the performance of all methods which are taken into account,
a simulation is always crucial to see the success rate of existent and proposed routines

regarding their statistical errors and their aimed accuracy.

In general, realistic bubble models, imaging procedures, monitoring tools are
mostly introduced by research groups in fluid dynamics, metallurgy, material science
and mechanical engineering. This challenging domain is not yet fully simulated in hu-
man body and especially in pulmonary circulatory system due to the imaging restric-
tions such as; noise, resolution, chaotic dynamics, vortex formation and non-Newtonian

properties.

In order to create a simulation environment, it was indispensable to see the mor-
phology of a bubble in In echocardiographic records, bubbles are travelling dynamically

and same bubbles generally might be seen in two previous or posterior frames if there
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Figure 4.3 Real microemboli images acquired with ¢TTE.

Multivariate Gaussian Distribution

Figure 4.4 Development of a synthetic bubble.

is not a massive opacification. This manual and visual tracking procedure is applied by
clinicians to lower errors. In order to set the same echocardiographic environment and
bubble behaviour, synthetic microemboli would be either placed in previous or next

frames by translating, rotating or removing.

Secondly, total number of microemboli during spatio-temporal analysis alters
the grading score of CPFO. As Germonpré et al. [55] criterion for bubble classification
in congenital diseases is adopted in this study, two different data sets were generated.
When the number of bubbles in examined area is more or less than 20, subjects are

grouped as Type 1 and Type 2 CPFO, respectively. Furthermore, bubble overlapping
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Figure 4.5 Representation of a random displacement of the same synthetic bubble in four consecutive
frames onto one image; in the last frame bubble disapeared.

which is a common problem in bubble studies [8, 170| was simulated in another data set.
These three different simulative data sets were pointed out as congenital atrial video
records. Simulated frames were set as 160 x 120 pixels, the average size of segmented

LA in real records. Each video stream was 1 sec long and 25 frames/sec (fps).

In order to generate artificial bubbles, we started to extract real bubbles from the
Brightness (B) mode echocardiography frames represented in Figure 4.3. Furthermore,
we built up a two dimensional theoretical model to represent bubbles as in the heart. A
synthetic bubble was generated through multivariate gaussian model (Figure 4.4). As
in Figure 4.5, the frames were in two dimensions where a bivariate normal distribution

was used as follows;

1 s
P(xy,29) = el 2] (4.1)
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and
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p = cor(wy,Ta) = (4.3)

is the correlation of z; and x» and Vi is the covariance.

Bubbles on simulation datasets were placed randomly as in a realistic environ-

ment. Their contrasts were close to those of real emboli. In our study, a gradual speckle

0 0.7 13 2 2.7 3.4 4 0 0.7 13 2 27 34 4
x [mm] (d) x [mm]

Figure 4.6 Detection of overlapped bubbles in the outlet pipe of a centrifugal pump [8].

noise is added onto simulation frames using the following criterion;
Frameneisy = Frameorigina + n * Frameoiginal (4.4)

where n is uniformly distributed random noise with mean 0 and variance v. In order

to compare the performance of methods, v was set between 0.05 — 1.
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Furthermore, the noise criterion Signal-to-Noise Ratio (SNR) defined in dB was

calculated by using;

‘/ori ina
SNR = 20logy(—2inet) (4.5)
Vnoisy

where Vi igina and Vs, are the variances of the original frame and noisy frame,

respectively.

We can summarize our simulation process as follows;

Generate blank frame (160 x 120)
for n > 100000 do
if CPFOType =1 then
1 < microembolinumber < 20
Generate randomly centroids of microemboli on the image
Generate ellipses around centroids as isolines
for Outerellipse > ellipse; > Centroid do
Assign a decreasing brightness value
end for
end if
if CPFOType = 2 then
20 < microembolinumber
Generate randomly centroids of microemboli on the image
Generate ellipses around centroids as isolines
for Outerellipse > ellipse; > Centroid do
Assign a decreasing brightness value
if ellipse; coincides with another ellipse; of microemboli; then
Sum up the brightness in the intersection zone
end if
end for
end if

end for
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Figure 4.7 Simulation histograms; (Left) Histogram of a frame without noise (Right) Mean His-
togram (100000 frames).

4.2 Echocardiographic Data Acquisition

We performed this analysis on twenty professional divers; 3 females - 17 males,
ranging from 20 to 46 years old. The study protocol was approved in advance by
Istanbul Memorial Hospital Ethics Committee. Each subject provided written informed

consent before participating the experiment and to join the study.

CPFO detection and bubble visualization protocol described by Germonpré et
al. [55] is utilized for each subject. All divers underwent ¢TTE and ¢TEE with agitated
saline for contrast. All ¢TTE and ¢TEE video frames were recorded using either Sony
DCR-PC101E PAL Mini DV camera connected to S-Video output of Ultrasound (3-8
Mhz, MicroMaxx, SonoSite Inc, WA) or directly through Ultrasound. For all subjects,
acquisition is performed three times for each modality to ascertain CPFO grading by
echocardiologists. Neverthless, in four subjects ¢TEE acquisition has been repeated
four times due to subject motion, probe movement and the absence of a clear view of
both right and left atrium. All participants underwent two-dimensional, M-mode and
Doppler echocardiographic examination performed by an experienced research echocar-
diographer in accordance with the American Society of Echocardiography guidelines.
c¢TTE images were acquired in the apical four chamber window. ¢TEE was performed
with a 3-8 MHz multiplane transducer after an 6 hours of fasting, and topical anesthe-

sia was achieved by lidocaine spray. TEE images were acquired in the bicaval plane
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(110°). For ¢TEE, Ultrasound probe is positioned to view both right and left atrium.

On the other hand all cardiac chambers are set for monitoring in ¢TTE.

Furthermore, we prepared the agitated saline contrast medium which is com-
posed of 9.5 ml saline and 0.5 ml air echo contrast medium (ad hoc sonicated mixture

of 0.5 ml air plus 9.5 ml plasma expander).

This solution is pushed back and forth 10 times in a double syringe system
and injected through antebrachial vein. A massive opacification in the right atrium is

visualized.

After at least two injections, each with a 1-min interval to clear the right atrium
completely from the remaining bubbles, the patient was asked to perform a high-strain
Valsalva maneuver, which was held for 10 sec before release. Agitated saline was
injected during this maneuver. At the arrival of the first bubbles in the right atrium,

the patient was instructed to release the strain.

Two different types of video acquisition were performed using a high (480x640
pixel) and a low (288x352 pixel) resolution video frames. In high resolution streams
recorded by ultrasound, the video recording time was limited to 5 seconds. Total
acquisition time in each modality was on the average 240 seconds for one individual.
The video streams were captured in no compression-AVI movie format (28 frames/sec
for low resolution and 32 frames/sec for high resolution). 240 x 28 = 6720 low resolution
and 240 x 32 = 7680 high resolution frames were digitally stored in which 3.5 seconds
3.5 x 28 = 98 low resolution frames 3.5 x 28 = 112 high resolution frames were studied
for each subject. We have chosen 3.5 seconds because the subjective method to grade
the CPFO was based on the evaluation of three heart cycles following straining of the
patient. In our analysis conventional three level bubble counting is adopted for both
c¢TEE and ¢TTE. (Germonpré et al. [55]). All records were analyzed using Matlab
R2010A, The MathWorks Inc, Massachusetts.
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4.3 Qualitative Recognition
4.3.1 Gabor Wavelet

In this study, the Gabor kernel which is generalized by Daugman [171] was
utilized to perform the Gabor Wavelet transformation. Gabor Transform is reliable
approach in visual recognition systems [172|. Thus, a similar reasoning was was adapted
for the bubbles (either contrast/synthetic or air/gas embolus) in cardiology which are
mainly detected by the clinician depending on the perception based on the visual

memory and experience.

% 2
— ki H T
|
. = e 202
1 0_2

2 ’

2
7

R T (4.6)

— €

Here each W surface is identified with k; vector. k; vector which is engendered
in a Gaussian function with standard deviation o. The central frequency of ith is

defined as;
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The vand p s express five spatial frequencies and eight orientations, respectively

whose structure is represented in Figure 4.8.

FREQUENCY

= /) W N S
— //] WSS

ORIENTATION

Figure 4.8 Gabor wavelet for microemboli detection.

4.3.2 Artificial Neural Networks

Our hierarchy in ANN is constructed as feed forward neural network which
has three main layers. While hidden layer has 100 neurons, output layer has one
output neuron. The initial weight vectors are defined using Nguyen Widrow method.
Hyperbolic tangent function is utilized as transfer function during learning phase. This

function is defined as follows;

e? — 1

tanh(x) = m

(4.10)

Our network layer is trained with candidate bubbles whose contrast, shape and
resolution are similar to those in considered records. 250 different candidate bubble
examples are manually segmented from different videos apart from TTE records in this

paper. Some examples from these bubbles are represented in Figure 5.3
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All TTE frames within this study which may contain microemboli are firstly
convolved with Gabor kernel function. Secondly, convolved patterns are transferred to
ANN. Output layer expresses probable bubbles onto the result frame and gives their

corresponding centroids.

4.3.3 Fuzzy Clustering

Fuzzy K-Means Clustering Algorithm is found as a suitable data classification
routine in several domains. Detected bubbles would be considered as spatial points
in heart which is briefly composed by four cardiac chambers. Even the initial means
would affect the final results in noisy data sets. We hypothesize that there will be
two clusters in our image and their spatial locations do not change drastically if any

perturbation from patient or probe side does not occur.

We initialize our method by setting the two the initial guesses of cluster cen-
troids. As we separate ventricles and atrium, we place two points on upper and lower
parts. Our frame is formed by 640x480 pixels. Therefore, the cluster centre of ventri-
cles and atria are set to 80x240 and 480x240 respectively. As this method iterates, in
the next steps we repeat to assign each point in our data set according to its closest
mean. The degree of membership is performed through Fuclidean distance. Therefore,

all points will be assigned to two groups; ventricles and atrium.

We can summarize our Fuzzy K-Means method as follows;

Initialize mean entricie a0d MeAN Gtrium
while means do not change do
for 1 < m < max,umberofpoint A0
for 1 <n<2do
1 < microembolinumber < 20
Calculate degree of membership:U(m,n) of point x,, in Cluster,
end for

end for
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for 1 < Cluster < 2 do
Evaluate the fuzzy means with respect to new assigned points
end for

end while

4.4 Quantitative Recognition

In clinicial assessment of CPFO, total bubble number would be considered as
sufficient to check if the shunt is active or not. This problem would be resolved via
qualitative recognition. However, it is crucial to describe how the bubbles may behave
during the activation of CPFO. All diseases related to CPFO are generally conducted
with the interaction of bubbles and how they act within this process. They would

separate or merge and enter to the circulation afterwards.

As the microemboli-CPFO interaction is described in Chapter III, a quanti-
tative approach would be indispendable to reveal microemboli size and morphology
when the embolism was related to CPFO. This approach could be interpreted via the
quantifiers in Figure 4.9, their distribution with respect to cardiac chambers or the
decaying curves. An automatic analysis becomes more important in cases where long
lasting echocardiographic records are acquired. Therefore, the detection of bubbles and
their significant quantifiers would help to define preventive techniques in microemboli

generation.

In this thesis, the starting point of quantitative detection was based on low
resolution analoguous video records through multiplane echocardiographic probe (HP
Sonos 2500) in ¢TEE. A direct application of recognition procedures failed because
of all possible microemboli in the frame. For this purpose a preprocessing step was

designed. This processing step consists of prefiltering and segmentation.

As far as speckle noise might be existent on echocardiographic frames, direct

application of segmentation procedures fails in low resolution noisy frames if a correct
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Figure 4.9 Morphologic informations of detected bubble called as microemboli quantifiers.

noise removal is not achieved. Some types of prefiltering methods give better results
for speckle noise. Before the evaluation of segmentation, we tested the performance of
2D Median, 2D Wiener, Anisomorphic Filters and Wavelet Denoising methods. We re-
marked that this fundamental step in low resolution and noisy frames would be skipped
in high resolution, good scaled frames After this prefiltering, frames were segmented
to quantify cardiac chambers in which candidate microemboli would circulate. This

segmentation step was achieved using Active Contours.

Furthermore, raw segmented cardiac frames were processed via thresholding
algorithms in order to detect candidate microemboli. This step which is called pixel
thresholding or blob detection in the literature of image processing. Nine existent
methods and a new proposed method were tested on preprocessed frames. Three
methods were found as accurate detection methods through their performance, high
sensitivity and specificity. The outline of quantitative recognition is summarized in

Figure 4.10.
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4.4.1 Preprocessing

Median filter is a non linear technique which preserves edge formation on applied
image areas and prevents edge blurring. It is a spatial technique which replaces central

value through the neighborhood of applied kernel [173].

Similarly, Wiener filter is a stochastic process which eliminates additive noise
by interpreting pixel statistics; local mean; i and local variance; o2 surrounding each
pixel. By calculating p and o2 we created a Wiener process and estimated each pixel

through 1 which represents noise variance [173].

Initially we started to perform our segmentation using active contours imple-
mented via level set introduced by Caselles et al. [174]. In this approach contours are
found using a Lagrangian formulation based on the evolution of parametrized curve.
We remarked that the partial differential equation so called evolution is relatively slow
in terms of computational time on video sequences. Therefore, we adopted a modified
level set formulation and combined the methods of Chan et al. [175] and Vemuri et al.

[176].

An initial level set by fronts I' is expressed by a distance function; ¢(z) =
+dr(x). It is represented in Figure 4.10 by red rectangle. A zero level set function is

denoted;

L) ={(z,y) : o(x) = 0} (4.11)

Given the front I', let F'(z) be the speed function in the direction of the normal of T’
and z(t) be a point on I" which evolves progressively then ¢(x(t),t) = 0 for all . When

we differentiate this expression with respect to ¢;

0¢p dv
N + V(ba =0 (4.12)

Level set function has both positive and negative terms including zeroes and is called
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signed distance function

0 .
0 — sign(¢)(1 ~ ) (413)
where
-1 ifz <0
sign(x) =< 0 ifr=0 (4.14)
1 fx>0

In Figure 4.10 white contours depicts the final form of ¢ therefore, the final level
set function which is equal to I'f;,q. We resolved this equation by interpreting without
re-initialization. This approach is based on modified formulation that consists of two
energy terms; internal and external. Internal term prevents the deviation of level set
from signed distance function whereas external term conducts a motion on zero level
set up to the final pattern features especially contours. A consequent evolution of
this level set is a gradient flow and it minimizes the energy function as it is expressed
in Equation 2.2 and 2.3. Segmentation results are validated by the experts and the
performance of fixed ROI used by Eftedal et al. [5] is compared with the dynamic ROL.

4.4.2 Bubble Thresholding

In order to detect candidate bubbles on echocardiographic frames, different
methods have to be proposed. Though correct recognition is important, it should
be born in mind that computational time and synchronization is also crucial when
long lasting decompression videos are analyzed with microemboli activities. Even if
pseudo colors or RGB records would be used, cardiac patterns and especially heart

chambers are composed of graylevel patterns.

Thresholding methods offer us not only the advantage to label spots but also
returns a binarized form of images on which morphological properties would be cal-

culated in a quantitative manner. Thresholding algorithms would create binary level
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images using either RGB color or graylevel images and return candidate bubbles which

are characterized as blobs.

In their review paper, Sezgin et al. [177, 178] studied in depth variant methods
of multilevel thresholding on different images with diverse nature and noise level. They

classified thresholding methods in six different categories;

Histogram shape information

e Measurement of space clustering

Histogram entropy information

Image attribute information

Spatial information

Local chatacteristics

At the beginning of this thesis, we started to compute bubbles on low resolu-
tion images with the Otsu [179] method which is based on the measurement of space
clustering. Afterwards, ten thresholding methods one of which is proposed in this the-
sis were tested individually in a simulation environment. In our simulation and real
echogenic videos, bubbles would be easily identified through relevant threshols. How-
ever, it should be remarked that ultrasonic image processing is sensitive to inherent
speckle noise. This type of interference would cause misleadings in detection, affect
binary level image or introduce false alarms within the target blobs. In our study, these

blobs correspond to candidate bubbles.

Pixel thresholding is applied both manually and with an automatic procedure
whereas spatial thresholding is set as a predefined algorithm based on the long and
short axial diameters of the elliptic bubble. Methods are implemented with automatic
pixel thresholding through Otsu algorithm [179|. Spatial thresholding is predefined
within 8-40 pixel distance (mean 16.75 pixels) for high resolution frames and 2-14 pixel
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distance (mean 9.24 pixels) for low resolution frames. Ultrasonic studies [180, 181]
indicate that bubbles are modeled as ellipse shape structures rather than star shape
or lozenge. Therefore, we adopted similar structure for realistic bubble thresholding.
Spatial thresholding based on ellipse axes filters out small or big structures besides the
defined values. In our study we started to compare the effect of distances between 1-80
pixels through ellipse’ axes. We remarked that bubbles on image frames are within

2-40 pixels.

In order to compare the performance between our study and recent work of
Eftedal et al. [5], we performed a statistical analysis based on the evaluation of dynamic
and static segmentation of LA. After the segmentation, eight proposed methods for

bubble detection are applied for both approaches.

The static areas are not set randomly. For one video sequence, we extracted the
minimal LA area in atrial diastole respecting the whole image frames. We started to
set this area as a mask and detected bubbles within this limited zone for each frame

on our recorded data.

All bubble detection results are validated by two specialists. The performance
of methods 1 to 8 are evaluated by comparing missed and false detected bubbles with
respect to the bubbles marked by the experts according to type 1 and type 2 errors
[182]. For each sequence of recorded data, we determined true & false positives and

true & false negatives in order to obtain Type 1 and Type 2 errors.

The sensitivity, specificity, positive & negative likelihood ratios and positive &
negative predictive values are calculated using mean values through detected bubbles.
In statistical analysis, the success of a method is measured through higher sensitivity
and specificity rates. Furthermore, likelihood ratios greater than 1 depict that results
are related with the findings. Generally a method is considered accurate for estimation
by the terms of statistical inference, if its positive likelihood ratio is greater than 5
or its negative likelihood ratio is less than 0.2. In this case results can be interpreted

as a priori information for medical data survey and pre-test probabilities. Positive
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and negative predictive values guide us to determine the new probability or the new
occurrence of the same procedure. Predictive value for both positive and negative tests
represents the post-test probability related with CPFO. Therefore, a higher positive &
negative predictive value would indicate that it is more probable with this approach to

find bubbles on LA related with CPFO.

The performance of eight proposed methods is compared using recursive Bland-
Altman plots through the difference of False Positives and False Negatives. For each
step, mean and + 1.96 times standard deviation bands are sketched. In each step
we found the methods out of these bands or near to them in order to exclude these

methods in the next step of Bland-Altman analysis.

4.4.3 Proposed Method

2D Cardiac images form a 3D data when frames are acquired sequentially
through a device dependent fps. Therefore, all pixels in LA have a time series. It
would be forseen that when a bubblewise structure will be present on this pixel, its
graylevel will change suddenly. For this reason, a dynamic threshold which is applied to

each pixel time series would reveal candidate bubbles as it is shown in Figure 5.25- 5.16.

This dynamic threshold is set using mean p and o of pixel time series. When
a pixel value is above p 4 20 this pixel is recognized as a bubble candidate in time.
After this recognition procedure, all candidates of bubble are summed up on both
corresponding frame and also as a novelty into one single frame. This single frame

gathers all candidates and facilitates the recognition phase for a clinician.

After automatic recognition statistical analysis was performed to compare the

real bubbles marked by the two clinicians and the computational recognition.
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Figure 4.10 Flowchart of quantitative microemboli-CPFQO recognition.
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Figure 4.11 Comparison of three different methods in simulated LA.
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Figure 4.12 Generation of simulation bubbles and corresponding histograms; (A) Original frames,
(B) Without noise, (C) Speckle noise variance; 0.2, (D) Speckle noise variance; 0.5



o7

5. RESULTS

In this section, the generation of simulated microemboli were presented with dif-
ferent noise levels. CPFO analysis and microemboli detection were performed with two
different approaches; Qualitative and Quantitative Recognition. Their corresponding
results were presented with the respective methods. The detection results were inter-

preted statistically and bubble decay curves were described.

5.1 Generation of Simulation Data

5.2 Qualitative Assessment

In all subjects who were staying in post decompression interval, we found mi-
croemboli in four cardiac chambers. These detected bubbles in all frames were gathered
into one spatial data set for each subject. Data sets were clustered via fuzzy k-means
method within the corresponding chamber of the heart. Detection and classification

results are given in Table 5.3 and 5.2.

In our initial phase of detection, we had the assumption of variant bubble mor-
phologies for ANN training phase in Fig. 5.3. As it might be observed in Fig. 5.6,
detected nine bubbles are located in different cardiac chambers. Their shapes and

surfaces are not same but resemble to our assumption.

Even if all nine bubbles in Fig. 5.6 would be treated as true positives, man-
ual double blind detection results revealed that bubbles fifth, eighth and nineth are
false positives. We observe that our approach would recognize probable bubble spots
through our training phase but it may not identify nor distinguish if a detected spot
is a real bubble or not. In this case of Fig. 5.6 it might be remarked that false posi-

tives are located on endocardial boundary and valves. These structures are generally
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continuously visualized without fragmentation. However, patient and/or probe move-
ments may introduce convexities and discontinuities onto the apical or bicaval views

of neighborhood tissues which would be detected as false bubbles.

We performed a comparison between double blind manual detection and ANN
based detection in Table 5.3. Our bubble detection rates are between 82.7-94.3%
(mean 89.63%). We observe that bubbles are mostly located on the right side which is
meaningful physiologically. Bubbles in circulation would be filtered in lungs. Therefore,

fewer bubbles are detected in left atria and ventricle.

In the initiation phase of fuzzy k-means method we set our spatial cluster means
on upper and lower parts of image frame whose resolution is 640x480 pixels. These
upper and lower parts correspond to ventricles and atrium as initial guess. When
the spatial points were evaluated the centroids moved iteratively. We reached to the
final locations of spatial distributions in 4-5 iterations. Two clusters are visualized in

Fig. 5.7.

In order to evaluate the correctness of detection and the accuracy of bubble
distribution, all records were analyzed double blinded. The green ellipse zones illustrate
major false positive regions; endocardial boundary, valves and speckle shadows. In
Table 5.3, we note that detection rates may differ due to visual speculation of human
bubble detection in boundary zones, artifacts or within suboptimal frames. As it is
shown in Table 5.2, the spatial classification into two clusters with fuzzy k-means were
achieved for both detection approaches; manual and ANN based in order to compare
how classification might be affected by computerized detection. In Table 5.2 we note
that our classification rates are between 84.3-93.7% (mean 90.48%). We should note
that classification rates through manual detection were 82.18-88.65% (mean 84.73%).
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Figure 5.1 Generation of 1 sec (25fps) of Type-2 microemboli sequence.
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Figure 5.2 Generation of 1 sec (25fps) of overlapped microemboli sequence.
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Detected Bubbles Detection Rate of ANN(%)
ANN | Clinicianl | Clinician2 | Through Clinicianl | Through Clinician2
Subject #1 | 475 405 428 82.71 89.01
Subject #2 | 1396 1302 1287 92.78 91.53
Subject #3 | 864 818 800 94.37 92
Table 5.1
Evaluation of detection results.
Ventricular Atrial
Bubbles | Clustering Rate(%) | Bubbles | Clustering Rate(%)
Subject #1 288 87.65 187 89.23
Subject #2 915 84.32 481 91.85
Subject #3 o987 92.19 277 93.76
Table 5.2

Evaluation of classification results.

5.3 Quantitative Assessment

In this thesis, the algorithms were tested for the detection of the simulation and
the real echogenic bubbles. In both steps, our proposed method offered better accuracy

and low I-II errors than the existent methods.

In the simulation phase ten methods including our method were tested on t-
wo different congenital forms through increasing noise levels. Simulation results were
compared in Table 5.3 and Fig. 5.8- 5.9. Only three methods were satisfactory under
high noise levels. Therefore, we selected them to compare their performance in real

datasets.

In real echogenic forms, recognition algorithms offered reliable results as shown

in Table 5.4. However, existent methods were sensitive to inherent noise and endo-



cardial structures.

Simulationl Simulation2
Original | 0 =0.07 | ¢ =0.5 | Original | 0 =0.07 | 0 =0.5
Otsu[179] 100% 96.7% 6.4% 100% 97.3% 3.2%
Yen et al.[183] 100% 99.1% 97.5% 100% 98.4% 97.2%
Ramesh et al.[184] 98.7% 98.3% 96.7% 100% 99.1% 97.4%
Beghdadi et al.[9] | 99.6% 5.2% 0% 100% 9.5% 0%
Proposed method 100% 98.8% 97.2% 100% 99.3% 98.1%
Table 5.3
Evaluation of detection results in simulated data.
Video 1 Video 2
Detection Ration | Detection Ration | Mean Ratio
Ramesh et al.[184] 85.8% 87.1% 86.2%
Yen et al.[183] 87.6% 83.9% 88.3%
Proposed method 93.8% 96.5% 95.7%
Table 5.4

Evaluation of detection results in real cardiac videos.

brings an ease of use for bubble movements.

64

It is noted in Fig. 5.16 that boundary structures could not be
thresholded efficiently with Ramesh et al. [184] or Yen et al. [183]. Our proposed
method detects bubbles with low Type [-1I errors. It is also evident that bubble de-
tection map which bring all recognized candidates into one frame is a novelty in this

study. In Fig. 5.26, the visualization of all detected microemboli onto one single frame



Figure 5.5 Detection 0.5 sec (25fps) overlapped microemboli sequence.
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Figure 5.6 Detection results and Bubble Surfaces.

I-ANN BASED BUEBLE DETECTION I-MANUAL BUBBLE DETECTION

Figure 5.7 Comparison of the classification between ANN based (Left) and Manual (Right) Detec-
tion; red and blue dots represent the microemboli in atria and ventricles respectively. Green ellipses
indicate the false alarms.
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Figure 5.9 Comparison of bubble detection for ten different methods (continued).
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Figure 5.10 Comparison of bubble detection for ten different methods (continued).
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Figure 5.11 Contour Detecttion for 1 sec (25fps) of cTEE acquisition.
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Figure 5.12 Effect of static ROI (green, smallest LA in systole) for bubble detection (red, detected regions).
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Figure 5.13 Effect of freehand tracing of ROI (green, rectangle) for bubble detection (red, detected regions).
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Figure 5.15 Detection of bubble in ¢TTE for 1 sec (25{ps).
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Figure 5.16 Comparison of three different methods in TEE
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Figure 5.17 Evaluation of the size of LA and bubbles through cTEE.
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Figure 5.18 Evaluation of the clearance of bubbles within LA through cTEE.
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Figure 5.19 Evaluation of the clearance of bubbles for different subjects through ¢cTEE where 7
depicts the decay parameter of the first order system.
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Figure 5.20 Evaluation of the size of LA, RA, LV and RV through ¢TTE.
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Figure 5.21 Evaluation of the clearance of bubbles within RA and RV through ¢TTE.
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Figure 5.22 Evaluation of the clearance of bubbles for different subjects through ¢TTE where 7
depicts the decay parameter of the first order system.
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Figure 5.23 Number and total area of detected bubbles for a subject Grade 1 in low resolution video

record.
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Figure 5.25 Dynamic thresholding of pixel through intensity in proposed method.
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Figure 5.28 Speckle noise 0.1.
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Figure 5.30 Speckle noise 0.3.
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Figure 5.32 Performance analysis of the eight methods using Bland Altman method.
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6. DISCUSSION

CPFO is considered as a silent atrial shunt in normal conditions. It is interpreted
as a congenital disease or defect regarding the viewpoint of the study. Mainly, CPFO
studies in medical literature were oriented either to reveal its anatomical epidemiology
or to find its existence and relationship with other diseases. These major illnesses
are categorized within stroke, DCS, paradoxical embolism and migraine which affect

patients whose epicrisis is not related with CPFO.

On the other hand, CPFO studies with engineering aspects were mostly focused
on either its diagnosis or automatic assessment with the measurement of crossed bub-
bles in a semi-automatic manner. Theses routines provided computational utilities
to measure the functionality of this aperture through total number of microemboli

crossing CPFO.

Clinically, CPFO studies have three major aspects; anatomical perspective in
post-mortem studies, congenital perspective as a combined disease in a broad range
from stroke to migraine and finally a silent microemboli gateway in extreme conditions

such as hypobaric and hyperbaric environments.

The CPFO imaging and diagnosis are generally done via ultrasonographic tech-
nologies. On the other hand some prospective approaches and newer grading techniques

were proposed recently [97, 115, 119].

Even if saline injected TTE and TEE modalities are mostly in clinical use, there
are still discussions about the standardization and the subjectivity between CPFO and
bubbles. At this point two questions arise for correct CPFO detection and microemboli
grading either in normal conditions or in post decompression period. The first problem
is that CPFO size measurement would be accurate than bubble counting due to the

heterogeneity of bubbles in contrast solution which cause a variation in signal power
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for ultrasonography [116]. Even if this remark would be seen as logical if we are doing
an anatomical research, it is important to recall that bubble injection reveals how IAS
active so the functionality of congenital disease. Furthermore, this approach would
bring a physiological information of bubble clearance in circulation as it is described in
Figure 5.23 and 5.24. The second problem is the subjectivity of bubbles or how bubbles
would lie [189]. Bubbles would lie when a correct positioning of ultrasound probe
has not considered or a correct manoever like high strain Valsalva has not achieved,
therefore, bubbles would not be considered guilty to cause a misgrading [189, 28|.
Therefore, the experience of the clinician would confer a correct diagnosis of CPFO

during the acquisition and microemboli observation [110].

In this thesis, we adopted both aspects of CPFO studies. Firstly, qualitative
and quantitative methods were developed to resolve the assessment problem as it can
be considered like the engineering aspect of our work. Secondly, provided methods

were applied to assess CPFO and its relationship with DCS for medical viewpoints.

When detecting microemboli on echocardiographic frames, we were faced with
the dilemma; counting only the number of bubbles or recognizing them with their
morphological information such as area, centroid, convex hull and perimeter. In both
approaches there are advantages and disadvantages. While the first one can be solved
with good training set, the second one does not necessiate any a priori analysis for
microemboli recognition. On the other hand, a segmentation step is indispensable
for quantitative analysis to reveal the target area in which the bubbles will be ana-
lyzed. This step introduces additional computational time since an iterative contour
evaluation converges to the relevant cardiac chamber. Furthermore, the first approach
is structured as a qualitative approach without image segmentation destined to give

bubble number with its distribution on cardiac chambers.

Endocardial contours are essential to manipulate both qualitative and quantita-
tive information about cardiac physiology and functionality. Due to blurring effects of
speckle noise, probe and patient motions and elasticity of the contours, the performance

of fundamental methods such as morphological operators, image binarization, and edge
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detection are not satisfactory [174, 175, 190|. Either these methods bring boundary
structures into segmented area or they fail without generating a corresponding output.
These remarks are almost evident in low resolution images where noise level increases

due to circulation turbulence near chamber walls and during subject movements.

As it can be observed from Figure 5.12 and 5.13, placing a fixed ROI may lead
to erroneous results. CPFO grading should be done by taking into account entirely all
bubbles which may exist in 2D Echocardiography modalities. It is almost obvious that
static ROIs would miss bubbles even if a relevant threshold is already set. Furthermore,
it is crucial to note that a bubble which transverses the septal wall might be skipped
or be identified as a blur even though its contrast is within the histogram band of
bubble recognition. Static segmentation lowers obviously the sensitivity of detection
methods even if the specificity may remain higher. When the detection procedures
are applied on statically segmented areas, we missed bubbles within LA but out of

segmented areas.

Thresholding routines compared with the observations of the experts are in an
acceptable range. Especially, median prefiltering and pixelwise thresholding give valid
results in terms of low false positive ratio, higher sensitivity and specificity. Method
1, 4 and 8 also have higher sensitivities but their specificities are lower. Positive and
Negative likelihood ratios are meaningful when they are greater than 1. Method 5, §,
7, 3 and 7 have positive likelihood ratios greater than 5 and negative likelihood ratios
less than 0.2 for dynamic segmentation. We infer that these procedures would bring
a priori information for medical survey of bubble detection in CPFO. Both Positive
and Negative predictive values which are close to 1 mean that these methods are more
convenient to bring the information about bubble detection using post-test probability.

Method 5, 1, 8 and 7 satisfy this inference for detection statistics.

Bland-Altman plots are important to depict the performance of eight detection
procedures (Figure 5.32). This analysis is achieved recursively by excluding diverged
methods which are close to 1.96 times standard deviation bands. In step 1, method 4,

2 and 3 are excluded. In step 2, method 6 is excluded. Finally in step 3, method 7 is
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extracted. These methods are close to +1.96 times standard deviation band. Bland
Altman is a powerful analysis to compare methods which introduce some errors. In
our study these errors are characterized with Type 1 and Type 2 errors. Finally we
infer that that Method 5, 1 and 8 have less false positive values than others because in

step 4, limits of agreement are coincided with mean band for false negatives.

We note that spatial thresholding does not have a drastic effect on bubble de-
tection. However, it filters out noisy spots which always exist on both high and low
resolution frames. We infer that small structures especially close to chamber walls or
CPFO aperture generally increase the false positive ratio. This is also correlated with
image quality. In spatial thresholding, bubbles and bubble like structures are consid-
ered as ellipses [180]-[181] instead of star shape or lozenge structures [5]. Therefore,

they are tagged and thresholded spatially with respect to elliptic axes.

The size of bubbles and cardiac chambers are found important to evaluate the
functional activity of CPFO. For this purpose, bubble size was observed in details
for both ¢cTEE and ¢TTE. In Figure 5.18 and Figure 5.21, the mutual evaluation of
bubble size was observed for the same subject. It is remarkable that in Figure 5.21 all
bubbles in every chamber (LA,LV,RA and RV) could be observed. At the same time,
this evaluation with ¢TTE requires a good angle of view in B-mode (4 chambers apical

view), whereas ¢TEE offers accurate but limited views of LA.

The evaluation and coincidence of both chambers and bubbles support our hy-
pothesis for a quantitative analysis of CPFO functionality. By interpreting synchro-
nized plots, LA increases in size over three or four cycles that are consistent with the
fact that after a 10 seconds straining, the right heart is almost empty and so the filling

of the LA is also decreased. During atrial systole, bubble size is close to zero.

Temporal evaluation of cardiac chambers were performed through ¢TEE and
c¢TTE in Figure 5.17 and Figure 5.20, respectively. In the same steps, bubble areas
were also observed and the synchronized contraction phases helped us to determine a

correct behaviour of the bubbles. At the beginning of CPFO shunt opening ( 31.5 sec)
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some bubbles started to cross the septum in Figure 5.17. As it might be observed, when
the shunt reached to its maximum size, the decay in total bubble area was observed

whereas LA chamber conserved its size during the cycles.

In order to observe the time response of bubble behaviour, a systematic repre-
sentation is necessary. Regarding the time response in Figure 5.17 and Figure 5.21,
a decay of size could be observed in time. For this purpose, a first order exponen-

*T

tial decay function f(z) = A % exp™ ™" was used to observe time dynamics of bubble
behaviour. Fitting a curve was achieved for five different subjects in both ¢TEE and
c¢T'TE. Bubble dynamics in these cases were presented in Figure 5.19 and Figure 5.22
Time constants; 7 are estimated as between 1.36 and 1.41 for ¢cTEE and between 0.3
and 0.58 for cTTE. It should be remarked that during atrial systole bubble size is close

to zero in ¢ TEE. Therefore, a limited view of LA might introduce a deviation in time

dynamics of bubble activity during automatic analysis.

Larger bubble areas were recognized just after injection and maneuver-coughing
(Figure 5.18). The contrast of bubbles are less bright than neighborhood structures
such as endocardial wall, septum and the valves. As it was notified in Figure 5.18, the
total bubble area and the total number of bubbles reach to their maximum at the half
of cycle. Moreover, time response of bubbles was found as a meaningful criterion to
guided the observer to analyze in depth the process starting from 10-15 sec after saline

injection to the end of detection analysis.

We consider that this technique can be used in the evaluation of decompression
and the effective analysis of induced bubbles in both diving and aerospace medicine.
In grading, if the number of bubbles is high, specialists generally do not need to be
able to count them precisely, they state only as grade 2. On the other hand, while
decompression stress after dive is evaluated, precise bubble counting is much more
important. We note that our approach would also provide an objective and automated
bubble count in those applications where examination and duration of bubble decay

are longer.
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Consequently, it is remarkable that the results offer a good internal validity

environment for CPFO evaluation and grading.

We conclude that there is a tradeoff between two modalities; cTEE and ¢TTE
in our study. Even Di Tullio et al. |94] associated TTE as the least sensitive technique
in CPFO detection; we found that the results are reasonable for grading. In image
analysis we remark that the noise level and resolution are the bottleneck factors for
real-time or offline analysis. Even though specialists may suffer due to these factors
in real-time analysis, they may adjust image qualifications on echocardiogram side.
However, in offline analysis, assessment and bubble detection are limited with the
properties of recorded frames. Therefore, image standardization is a requirement for
objectivity. We conclude that image acquisition protocols and standardization would

bring new opportunities for CPFO assessment and grading.
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7. CONCLUSION and FURTHER RECOMMENDATIONS

Visual interpretation of the examination of congenital defects requires high ex-
perience and patience within long lasting records. This problem meditates the necessity
of a robust and reliable method. For an expert it is easier to measure the anatomical
landmarks of right-to shunts than to detect and analyze bubbles by marking manually.
However, this analysis which requires forward-backward steps in video frames ensures
a better explanation of the functionality of bubble behavior. Therefore the correlation
between defects and bubbles reflects also how long cardiac chambers will respond to
bubble travel in cardiopulmonary system. This information is implicitly related with

the capacity of pulmonary shunting.

In echocardiography, speckle noise level, frame resolution, video codecs and ex-
tensions are major factors that would reduce or optimize the objective assessment in
both manual and computational surveys. Even though specialists may suffer due to
these factors in real-time analysis, they may adjust image qualifications on echocar-
diogram side. However in offline analysis, assessment and bubble detection are limited
with the properties of recorded frames. Therefore image standardization is a require-
ment for objectivity. We conclude that standardization in the visualization of right-to-
left shunts and the grading protocols for bubble interpretation would benefit from the

advantages of our proposed approach CPFO assessment and grading.

As future work, the analysis of CPFO-Microemboli association would also be
extended as a clinical tool to analyze long lasting videos. This procedure would be also
extended to the longitudinal analysis of echocardiographic records in DCS and especial-
ly in post decompression phase. It is well known that bubbles travelling in this period
would be a potential threat to generate several diseases. Another potential application
area would be the fusion of our proposed method within Transcranial Doppler modality.
It is known that microemboli is a source to trigger migraine. Generally bubbles which

cross CPFO promote this disease and TCD is preferred for monitoring. Furthermore,
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bubble tracking is a wide area studied by mechanial engineers in order to modelize
industrial process to prevent unwanted interactions between surfaces in liquid(s)-to-
liquid(s) or liquid(s)-to-solid(s). This well known problem can be studied in medicine
using new approaches developed in other areas to overcome the limitations arising from
imaging restrictions, chaotic nature of circulation, non-Newtonian behavior of blood

and especially unpredictable nature of microemboli.
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APPENDIX A. MATHEMATICAL FOUNDATIONS of
QUANTITATIVE DETECTION

The following thresholding methods were used in the quantitative microemboli
detection. In this section, the mathematical background were summarized within their

algorithmic steps.

A.1 Beghdadi’s Method

Beghdadi et al.[9] proposed a new approach based on block source model where
distribution-free local analysis of the image is used. To measure the entropy associated
with a given experiment let x be defined as a random variable and P(x) denotes its
probability function. Let consider an input digital image of size N which has gray
level pixels. In this case, the probability Py that a pixel (i, 7) randomly selected from
that image will have some gray-level which is approximated by the relative frequency
(Ng/N). If there is some prior measure my about that state k, the following measure

would be used to calculate the entropy;
H ==Y Plog— (A.1)
k

This represents the measure of the information content in the probability distribution
Py relative to the given prior my. If there is no prior knowledge, all m; are equal to a

constant which yields to Shannon entropy;
k

In order to define a probability distribution and an associated entropy, the image is
analyzed with respect to a given source model. This model is composed of a window
which is considered as a source of symbols corresponding to the gray level values of

the pixels. Therefore, for each gray level threshold candidate, the two-tone image
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composed of black and white pixels is analyzed through an elementary window. The
optimal threshold level is determined such that the output image will be a compressed
version of the input image containing the greatest amount of information associated

with the given source symbol. Let A denote the grid of sample points of a picture of size

oni [ En"'m

Figure A.1 Example of the possible symbols associated with a block source for s = 2 and k = 2 [9].

L x M and (i,7) the set of pixels in the image where ¢ =1,2,..., L and j =1,2,.... M
and g;; the gray level of the (¢, j)th pixel. For a gray level threshold ¢, A can be viewed
as a set of juxtaposed binary blocks of size m x n pixels where each pixel of an original

gray level g;; is either black or white. The source is therefore, defined as the block.

A.2 Huang’s Method

Huang et al. [185] developped a method using the measure of fuzziness in images

to select an optimal threshold.

Let X denote an image set of size M x N with L levels and z,,, is the gray level
of a (mn) pixel in X. Let fix(Zm,) denote the membership value which represents the
degree of possessing a certain property by the (m,n) pixel in X; that is a fuzzy subset
of the image set X is a mapping p from X into the interval [01]. In the notation of

fuzzy set, the image set X is represented as;

X = {(xmn7NX<Imn))} (A~3)

where 0 < px(zpmn) <1,m=0,1,...,M—1landn =0,1,..., N—1. The membership
function gy (%) is viewed as a characteristic function that represents the fuzziness of

a (m,n) pixel in X. Each pixel in the image has a fuzzy relationship with its belonging
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region; the object or the background. Hence, the membership value of a pixel in X is

defined regarding this relationship.

Let h(g) denote the number of occurences at the gray level g in an image. Given
a certain threshold value ¢, the average gray levels of the backround gy and the object

(1 can be obtained as follows;

1o = g0 gh(9)/ X0 1(9)

(A4)
= Zﬁ;tll gh(g)/ 5;t1+1 h(g)

The average gray levels, g and p; are considered as the target values of the
background and the object for threshold ¢. The relationship berween a pixel in X and
its belonging region should intuitively depend on the difference of its gray level and
the target value of its belonging region. Thus, the membership function that evaluates

the above relationship for a (m,n) pixel is defined as;
_ 1 ;
MX(%nn) = THomn—pol/C if Ty <t (A.5)
1

= T em /0 if Lo, > T

where C' is a constant value 1/2 < px(2,,) < 1. For a given ¢ any pixel in
the input image should belong to either the object or the background. Hence, it is

expected that the membership value of any pixel should be no less than 0.5.

The measure of fuzziness usually indicates the degree of fuzziness of a fuzzy set.
The entropy which is used as a measure of fuzziness would be adapted in fuzzy set
using the Shannon fuction. For a fuzzy set A, the entropy is given by;

1
 nin2

E(A) > S(pa(zs)), i=1,2,....n (A.6)

i

S(pa(r:)) = —pa(@)lnlpa(z:)] = [1 = pa(z)]in[l — pa(z:)] (A7)
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When the entropy is extended to two dimensional plane, the entropy of an image

B(X) = o 33 () (A8)

withm=0,1,..., M —1and n=0,1,..., N — 1 Using the histogram h;

B(X) = e 3 SGuxlg)hle) 9 =01, L1 (A.9)

g

Shannon’s function is monotonically increasing in the interval [0,0.5] and decreasing in
the interval [0.5, 1]. When px (2y,,)=0.5 for all m and n, the entropy E will have the

maximum measure of fuzziness. The entropy E should have the following properties;

1. 0<E(X)<1

2. F(X) has the minimum value 0, if pux(z,,) = 0 or 1 for all (m,n)
3. E(X) has the maximum value 1, if px(z,,) = 0.5 for all (m,n)
4. BE(X) < E(X'), if X is crisper than X

5. E(X) = E(X) where X is the complement of X.

The measure of fuzziness should be dependent on the relationship betwen the
fuzzy set A and its complement A. Therefore, it would be defined a measure of fuzziness
as the measure of lack of distinction between A and its complement A. The distance

between a fuzzy image set X and its complement X is defined as follows;

Dp<X7X> = [Zm Zn|/vLX($mn) _:U’X'<xmn)‘p]1/p pP= 172737“- (AlO)

wherepx (Tmn) = 1 — x(Tmn). Thus the measure of fuzziness of X can be denoted as;

np(X)zl—Wzl—W (A.11)
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To simplify the computation, the histogram would be used to compute D, (X, X);

1/p

DP<X7X): Z|MX(Q)—MX(Q)|p h(g>7 920717"'7L_1' (A12)

For a given image set X, it is expected that the measure of fuzziness should be as small
as possible. Hence, in this approach, the main goal is to select an optimal threshold

value such that the measure of fuzziness of X is minimal.

Given an M x N image with L levels, let g4 and g, represent the maximum

and minimum gray levels, respectively and let C' = ¢,,00 — Gmin. Thus,

S(t) = Xy 1(9)
() =g hle)  S(L—-1)=0

S(t

W(t) = X0 gh(g) (A.13)
W(t) =il ghlg) S(L—1)=0

where 0 <t < L—1. S(L—1) and W(L —1) are constant for an image. The algorithm

is summarized as follows

e Step 0: Set the parameter p. Then, calculate S(L — 1) and W(L — 1) for the
image. Given the threshold value t = gy, let S(t —1) =0 and W(t — 1) = 0.

e Step 1: Compute

S(t) =St — 1)+ h(t)
S(t)=S(L—1)—S(t)
W(t)=W(t—1)+1tx h(t)
W(t)=W(L—-1)—W(t)

(A.14)

The average gray levels of the background and the object are obtained by

po = int[W(t)/S(t)]

e (A.15)
1 = int[ IV (£)/5(1))

where int[x| takes the integer value near the real x.
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e Step 2: Compute the measure of fuzziness of the input image by using Eq.

A5,A.9,A.12.
e Step 3: Set t =t + 1 and go to Step 1 until ¢t = g0 — 1.

e Step 4: Find the minimum measure to determine the optimal threshold value.

A.3 Li’s Method

Li et al. |186] proposed an iterative method to get an optimal threshold which
minimizes the cross entropy. For a histogram h on the gray level [1, L] the zeroth
and the first moments of the foreground and background portions of the thresholded

histogram are given as it follows;

moa(t) = X2y h(i)  mop(t) = Si, h(i)

. (A.16)
mia(t) = L2 ih(i) mop(t) = Siy ih(i)
Their means are respectively;
(t) = mia(t) (t) = mip(t) (A.17)
Ha moa(t) Hb Mo (t)

The minimum cross entropy method selects the threshold which minimizes the cross

entropy of the image and its segmented version. The object function to minimize is;

n(t) = —maa(t)log(pa(t)) — mus(t)log(1s(t) (A.18)

Thus the optimal threshold is; t,, = argminnt

The calculation of the optimal threshold involves the evaluation of 7(t) for all
possible threshold values. The computation can be significantly reduced by developing
a numerical method for the minimization. For this purpose, a necessary condition to
set is to have the derivative of 1(t) to zero.

Ha (t)

,Ub(t)) - (lua(t) - /”'b(t)) (Alg)

() = h(t)(tlog(
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For 7/(t) to be zero, either h(t) = 0 or the second term is zero. As h(t) = 0 is satisfied
only by those threshold values where the image does not contain such gray values, these
solutions can be considered as trivial solutions to the thresholding problem. Therefore,

the solution depends on the seros of the second term.Then, we get;

_ b
log(fus(

(t) - 1alt)
) = log(1a(D) (4.20)

In order to find the solution of optimal threshold, an iterative procedure is applied;

Ho
Log(pu(

fO_Mﬁ“ ),n >0 (A.21)

the1 = round ,n >
+ oa0un(tn)) — log(uat)

where round function rounds each iteration to the nearest integer.

A.4 O’Gorman’s Method

O’Gorman [188] proposed an approach based on the connectivity information in
the images. As a convention the range of intensities has often 256 levels in a grayscale
image. Even if a histogram thresholding may offer feasible results it is a global solution.
On the other hand, local features such as the connectivity between the image regions

would render a new aspect in the image thresholding.

The methodology in this approach would be summarized in three steps;

1. Determine a histogram of the number of horizontal and vertical runs that result

from thresholding the original image at each intensity

2. Determine the sliding profile from the runs histogram. This yields a measure of
flatness, or lackof variation of runs, for ranges around each intensity level in the

runs histogram.

3. Determine the number of thresholds as the number of peaks on the sliding profile.

Each threshold is located at the intesnsity within a peak at which the sliding



101

profile has maximum profile. The image pixels are then set to n + 1 intensity

levels as separated by the n threshold values.

In step 1, all possible binary images from the original image are determined by thresh-
olding at each intensity level; then, for each binary image, the number of runs is
counted. A run is a sequence of consecutive (connected) ON-valued pixels along a row

or column.

Furthermore, the sliding profile is calculated in step 2. The objective is to find
the plateaus on the runs histogram. The determination of the sliding is characterized

as the measure of deviation around each intensity and is calculated as follows;
w/2
di= Y |RG) - R() (A.22)

=—w/2

where d; is the sum of differences within a window of width w at intensity ¢ and R(7)
is the number of runs at that intensity. The sliding profile P(i) at each intensity is

determined as;
1.d;
P = ——(=)? A2
exp(—5(2)?) (4.23)

where o is the standard deviation of the Gaussian-shaped curve.

Finally, the sliding profile is analyzed to determine the thresholds in step 3.
The number of peaks that reach or are close to reaching the maximum. All ranges
of intensity for which the values of sliding profile are within the expected flatness of
deviation, AF, of the maximum are considered to indicated threshold ranges. The

flatness deviation is defined as a percentage of the maximum profile. Therefore,
Threshold ranges : i; | (P(i) > Ppao(l —AF/100)) j=1,...,L (A.24)

where i, indicates ranges of intensities for L threshold ranges.

A threshold within each threshold range is choosen as the intensity of the maxi-
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mum profile value. This yields the intensity centered on the flattest portion of the runs

histogram within that range.
T; = maxP(i), fori €1, j=1,...,L (A.25)

where Tj are the threshold values for j = 1,..., L threshold ranges.

After the determination of n threshold values, the image is thresholded into
n + 1 levels. For example, for n = 1 thresholds, there are two levels of thresholded
pixel values, those above and below the threshold. For n = 2 thresholds, there are
three levels of thresholded pixel values; below the lower threshold, between the lower

and the higher thresholds, and above the higher thresholds.

In Figure A.2, three steps of the method is illustrated. The grayscale image has
three regions. Two regions (of sizes 5x5 and 6x6) have intensity level 4. The other
region (size 4x4) has intensity level 12. When the original image is thresholded below
level 4, each binary image has 30 runs (5+5+6-+6+4+4) because all regions are above
the threshold. For the thresholds between 4-12, only 8 runs from the 4x4 region are
above threshold. There are no runs for thresholds of 12 and above. Finally, there are

two plateaus on the same plot corresponding to two threshold ranges.
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Figure A.2 Example showing three steps of the method; a-Original image with three regions. b-The
runs histogram. c-Sliding profile from runs histogram.
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A.5 Otsu’s Method

Otsu [179] proposed a probablistic approach to solve the selection of optimal
threshold. In a given picture of a gray level [1, L] for a histogram h, the number of
pixels at level 7 is denoted by n; and the total number of pixels by N = ni+ns+...4+ny.

The histogram h is normalized an considered as a probabilistic distribution;

pi=% p;>0, Thip=1 (A.26)

If the pixels would be separated into two groups Cyy and C} to gather background
and foreground objects in a threshold level k; Cy denotes pixels between [1, k] and C}
denotes pixels between [k + 1, L] respectively. The probabilities of class occurence and

the class mean levels are given by;

k
wo = Pr(Cy) = Z:pi = w(k) (A.27)
wy = Pr(Cy) = _2: pi=1—w(k) (A.28)
and
k k
Ho = Z:ipr(ﬂco) = Z:ipi/wo = p(k)w(k) (A.29)
O i Nk — (k)
fo = i:;H iPr(i|Cy) = i:;rl ipifw = Tk (A.30)
where
wlk) =Sk pi k) = X5 ip: (A.31)

are the zeroth and the first order cumulative moments of the histogram up to the kth
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level respectively, and
L
pr = p(L) = ip; (A.32)

=1

is the total mean level of the original picture.

The variances of each class are given by

k k
oy = Z i = p0)*Pr(i|Co) = D (i — p10)*pi/wo (A.33)
i=1 i=1
L L
of = Y (i—m)*Pr(ilCi) = Y (i—m)’pijw (A.34)
i=k+1 i=k+1

To evaluate the optimal threshold level, the following discriminant criterion

measures are used;

A=op/oly k=o0t/oy n=0k/oF (A.35)

where

oy = wood + w0}

of = wowi (1 — o)’ (A.36)

o3 =Y (i — pr)?p;

are the within class variance, the between class variance and the total variance of
levels respectively. The optimization problem is to search a threshold level k which
will maximize one of the criterion measure. The discriminant criteria maximizing \, k
and 7 respectively, for k are equivalent to one another; Kk = A+ 1 and n = A\/(A + 1)

2 2 _ 2
because oy, + 0 = of

Therefore, the optimal threshold k* that maximizes the criteria is;

o5(k*) = max o%(k) (A.37)

1<k<L
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From the problem, the range of k over which the maximum is sought can be restricted

to

S*={k; wowi =w(k)[l —w(k)] >0, or 0 <w(k) <1} (A.38)

This is called the effective range of the gray level histogram. Then, the criterion
measure 0% or 7 takes a minimum value of zero for k such as k € S —S* = {k; w(k) =

0 or 1} and takes a positive and bounded value for k € S*.

A.6 Palumbo’s Method

Global thresholding techniques determine one threshold for converting the en-
tire gray level image to binary image. If a pixel in the image is above the global
threshold then it is converted to white (background) otherwise it is converted to black
(foreground). Global thresholding is useful in simple situations. A common problem
with this technique occurs when the gray level transition between the object and the
background is gradual and inconsistent across objects in the image. Brightness, color

gradient, noise are main pitfalls to set a global threshold.

On the other hand, local thresholding methods is an adaptive approach which
considers a neighborhood of pixels around the pixel instead of taking the pixel alone.
If the pixel is significantly darker than the neighboring pixels, it is converted to black;
otherwise it is converted to white. Using this neighborhood information , the binary
value for the pixel under consideration can be determined based upon local conditions
and not just on a single threshold calculated from an image-wide standpoint. Using
locally adaptive binarization techniques, a more top-down knowledqe-based approach
is utilized to provide a better binarization. The intensity I(x,y) of a pixel (z,y) in the
input image is functionally compared to the intensities of pixels in a 9x9 neighborhood
centered at the pixel and a binary value Z(x,y) is output. The neighborhood is con-

structed as shown in Figure A.3. Area A; contains the pixels in the 3x3 neighborhood
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Figure A.3 Setup of neighborhood for Palumbo et al. [10].

about (x,y) and area A, contains the four 3x3 neighborhoods diagonally adjacent to
Aj. This mask arrangement is presumably constructed so as to capture foreground
pixels in area A; while the background is captured in area A, and vice versa. Pixels in
A are most significant in the comparison to determine an output value, those in A,

are less significant and those in the remaining area of the input are not considered at

all.

The thresholding is done using the following steps. Predetermined static thresh-
olds t; and t, are set so that intensities less than ¢; are always black (similar to a global
threshold). The subset Ag; of pixels in Ay whose intensities exceed t, are determined.
If the average intensity of pixels in A, exceeds the average intensity of pixels in A,
(weighted by parameters t3, t4 and t5) then the pixel is considered black; otherwise it

is white. The algorithm is formally,

e Step 0: Check if I(z,y) < t; then Z(z,y)=Dblack

e Step 1: If I(z,y) > t1, calculate;

a; = Average of 9 pixels in area A;
AQt - {(x,y)|(x,y) S AQvl(xvy > tQ} (A39)

as; = Average of pixels in area Ay
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o Step 2: If (t3xag +t5) > (t4 % a1) set Z(x,y)=Dblack otherwise set Z(x,y)=white

A.7 Ramesh’s Method

In this technique, a functional approximation is used to calculate probability
mass function consisting a two step function. The sum of square errors between the
function and the histogram is minimized. Moreover, an optimal threshold is obtained

iteratively.

Let the pixels in an image be represented by L+ 1 grey levels; [0, 1,2, ..., L]. Let
h; denote the number of pixels with grey level j. Forming a histogram H(z) of the
image results in an ordered set of discrete values hy, ho,..., hy. In this technique, an
approximation of the set of discrete values is searched by a bi-level function G(z) such
that h;, 7 =0,1,2,..., L can be replaced by g;, 7 =0,1,2,..., L where V; <¢, g; = H;
and V; > t,g; = H,. The partition point ¢ where the approximation jumps from H,;
to Hy provides a good threshold value. Thus all the pixels below ¢ are mapped to one

grey value whereas those above ¢ are mapped to another value.

The error function E(t) is defined as the sum of square errors;

t L
E(t) = (i —m(t)*+ Y (i —ma(t))? (A.40)
i=0 i=t+1
where
e = Bt ) = et I

Nj is the total number of pixels with grey values below or equal to t value and N, is
the totalnumber of pixels with grey values greater than t. In order to minimise the
sum of square errors between the grey values and the mean value, in the two regions,

the following expression is calculated;
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Eq(t) = Jo(z —ma(t))’p(x)Ndx  Es(t) = ;" (x — ma(t))*p(z) Ndx (A.43)

and p(x), the probability density function is defined as

pa) =" NN/ (A.44)
Thus,
p(x) = MPN = [ h(z)de
ft zp(z)dz
= jltp(x)dx % (A45)
- ft zp(z)dz D
M2 = LLp(a:)dac ¢
So;

E(t) = N [i(z? = 2my(t)z + m3(t)p(z)dz + N [F(2? = 2my(t)z + m3(t))p(z)dz

Bl = [ aPp(x)de = 2my(t) 5 wp(a)de + mi(t) 3 p(z)de + [ a*p(x)de
—2my(t) [ ap(x)dx +m3(t) [ p(r)de
(A.46)
To find the threshold ¢ that minimizes F(t), the differentiation of E(t) through t is
calculated;
o
LW = 2p(t) — 2(2 [ wp(w)de — 2ma (t)tp(t)
+2m (8) 25D 5 p(ar)dw + m3 (6)p(t) (A.47)

—t2p(t) — 28m2 Jo zp(z)dx + 2ma(t)tp(t)
2my (t) 2720 (L p(2)da — m3(t)p(t)

The second, fourth, seventh and ninth terms reduce to zero

28m1 fo xp(x)dx 4+ 2my 83’;1 f(f p(z)dx
— _otnlt )AAQP( )B p + le(ﬂtp(t)f;p(t)BA
—2(tp(t)ma(t) — p(t)mi(t)) + 2ma(t)tp(t) — p(t)ma(t)
—0

(A.48)
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Thus the dependecy of my(t) and ms(t) on t is effectively removed and;

OB, (t)
ot

— (t = mi()2)p()N (A.49)

and

B2 — (¢ — my(t)2)p(t)N
P = pOmA(0) = mi(t) + 2ma(0)t — 2 (1)1
=0

— ma(t)+ma(t)
=t =5

(A.50)

A.8 Rosenfeld’s Method

In this method the optimal threshold value is selected through the shape of the
histogram. Let a gray scale image be represented by gray levels [K...L] and H is the
histogram of the image. For all gray scale values [K...L], [h(K)...h(L)] corresponds to
the respective values in H. The histogram is considered as a two dimensional bounded

region.

Firstly, a convex hull is constructed through H to overcome the concavities of
H. This is the smallest convex polygon H containing H and the concavities are found
by taking the difference H — H. Secondly, it is remarked that the three straight lines
that bound H on the left, right and the bottom are sides of H. Therefore, it is only

required to construct the part of H which is defined as the tops of the values on H.

A basic algorithm to construct H is as follows;

1. Start at (K, h(K)), compute the slopes 6; of the line segments (K, h(K))(i, h(7)),
K +1<1i¢<L where —90 < 6; < 90.

2. Let K, be the largest of these slopes and let K; be the rightmost point having
this slope.
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3. Determine (K, h(K))(Ky, h(K;)) the side of the convex hull.

4. Repeat the process with K, by replacing K until L:
Compute the slopes of the segments (K7, h(K7))(i, k(1)) Ki+1<i<L,

Find the largest slope 0k, and the rightmost point K, having this slope,
yielding (K, h(K;))(Ks, h(Ks)) as a side of the convex hull.

Whenever H lies strictly below H, a concavity in H is obtained.

Even any concavity in the histogram would be a possible location for a threshold,
it should be noted that not all points of the concavity are equally feasible candidates. In

order to resolve this problem a deepest concavity problem must be taken into account.

Let h(i) be the height of H at gray level i. Thus h(i) — h(i) is the vertical
distance between the top at the value (i) and the border of (H). The candidates will
be determined as threshold levels i when h(i) — h(i) would be a local maximum. These
points are denoted as deepest concavity points and are selected as optimal threshold

points.

A.9 Yen’s Method

Yen et al. [183] developed a thresholding method by considering the discrepancy
between the thresholded and original images. The discrepancy is defined as a cost
function based on the maximum correlation criterion. By the minimization of the cost

function, an automatic threshold value is determined and gray levels are classified.

Let f(z,y) is an image of size N x N pixels which are represented by m gray
levels. Let G,, = 0,1,...,(m — 1) denote the set of gray-levels and f;,7 € G,, be the

observed gray-level frequencies of the image f. The probability of the gray-level ¢ in
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the image f can be calculated as;

fi

— A5l
an,zeGm (A.51)

pi =

For a given gray-level s if >-¢20 p; is larger than zero and smaller than one,the following

distributions would be derived

A={pe p i)

Ps)? Ps)7 ) PGs) (A.52)
B = { Ps Ps+1 Pm—1 }
1-P(s)? 1—-P(s)? "7 1—P(s)

where P(s) = Y577 p; is the total probability up to (s-1)th gray level. In the maximum
entropy criterion, the threshold is chosen as the maximization of the total amount
of information between input and thresholded image. Thus, the total information

provided by A and B;

TE(S) = Ea(S) + Ep(S)
= - Xn(E)n(Ey) - S I ) (A.53)

= In[P(s)(1 = P(s))] = H(s)/P(s) = H'(s)/(1 = P(s))

where P(s) = 3232 pi, H(s) = — X720 pi X In(p;) and H'(s) = — 72 pi x In(p;).

The maximum entropy criterion is to determine the threshold s* such that

TE(s") = max TE(s) (A.54)

In order to calculate this threshold, it is proposed to use the total amount of

correlation provided by distributions;

TC(s) = Ca(s) + Cg(s)
= —WnXn(Ey) - In T ()’
= —In[G(s) x G'(s)]/[P*(s) x (1 — P(s))’]
= —In|G(s) x G'(s)] + 2n[P(s) x (1 — P(s))]

(A.55)

where G(s) = S5, p?, G'(s) = Y7, p? and the correlation of a random variable

C(X) = —InY ;5o p?. In order to obtain the maximal correlation contributed by the
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object and the background, 7TC'(s) must be maximized. The maximum correlation

criterion is to determine the threshold s* such that;

TC(s") = max T'C(s) (A.56)

s€Gm

In order to quantify this maximization, the discrepancy between the thresholded and
original images should be calculated and the following terms are introduced for a given

distribution P = {p;|i € G, };

e k: the classification number that the gray levels are classified,
® s;;: the i-th non-zero threshold when the gray levels are classified into k classes,
o (. i: the i-th class among these k classes with gray levels from s ;1 to s;; — 1,

® wy;: the probability of the class Cj;,
Sk,i—1

wii = Prob(Cri) = > pj (A.57)

J=Sk,i—1

e P ;: the distribution derived from Cj}; after the normalization by wy;,

Pei = {pi/wnili € Guy} (A.58)
® iy, the mean of P,
Skﬂ;—l
Pei =Y. Jx Prob(j|Ch;) (A.59)
J=Sk,i—1

;: the variance of P ;

S i_l . .
01%,@ = Zjiskﬂ-_l(J - ,Uk,i)2 X PTOb(ﬂCk,i) (A.60)
Sk i_l . ’
= XU = ie)? X pjfwi
where Gsm = Ski—1,5ki—1 1+ 1,...,5;; — 1. In each class, all gray levels are designated

to the mean value of the gray levels in that class. The discrepancy Dis(k) is defined
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as follows;

Dis(k) = ?:1 Prob(Cr;) X 03
Sg,a1—1,. Ska2—1/.
= Yty (=) X pi+ Zii’jkyl (i — pr2)? X pi (A.61)
—+... + Zﬁ;i,kfl (Z — /ubk,k)z X D;
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PRODUCED OUT OF THE PHD STUDY
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Costantino Balestra, Alessandro Marroni, Detection of Post-Decompression Mi-
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