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Abstract

The blood flow physiologyis one of theless understooatardiovascularareas due to
limited resources available ithe pastNowadaysnew cardiovascularimagingtechniquessuch
as 4D phases contrast (R®™RI) Cardiovascular Magnetic Resonance (CM&e emerging
increasingthe quality of flow visualizatioand quantification

Two ofthe lkess explored quantification parameteage the basis of thidaster thesis
project: Pressure differences across aortic stenosisand visualization and gantification of the
blood flow kinetic energy (KE) within the moving ventricle. To achieve this goal two
postprocessingoftwares were refineaind applied.

To studythe pressure gradienacross a aortic stenosisthirteen patientsvere scanned
CMR prior to catheterization Relative pressure fields were computed file@MRI by solving
the Pressure Poisson equatioNessel pressure fieldmap was obtainedfrom each voxel
differences to a defined reference location with known absolute pre@sume catheterization
and from norinvasive arm pressureneasuremen)s The agreement betweéhese techniques
wasdetermined at five measurement sites along the aorta.

To calculateand visualizeéhe KE per time ste@n algorithm combined the R®IRI flow
data with a movingentriclemask Thenthe ventricle KEwasplotted over thecardiac cycle The
KE was calculateavithin left ventricles (LV) with mitral regurgitation (MR, right ventricles (RV)
with pulmonaryregurgitation (PR andhealthyLV andRV. The respective curves and maps were
compared.The kinetic energy study presents here the first results of a future larger project.

The pressure gradient study results show that in a clinical setting of aortic coarctation,
pressure fields can accurately be computed frB@MRI. The KE study shows thatin
regurgitations case¥XE tends to be higheghan in halthy ventricles

This multi study projeatxemplifies how the ugmstprocessingechniquesan maximise
the amount of informatioabtained norinvasively from the CMR.

Key Words:Blood flow, four-dimensional phase contrast MR] Pressure Gradient,

Kinetic Energy




Resumo

A forma como asangue flui dentro do corpo humano tem sigsde hanuito tempaum
assunto de interesse paraamunidade meédieoientifica. No entanto, devido aos recursos
limitados é também unos aspectos figildgicosmenos entenda$ ao nivelcardiovascular.Na
actualidade, antroducdo de novas técnicae imagiologia, como a ultraonografia de Doppler
ou a ressonancia magnética de contraste dedas¢éempo real4D PC-MRI), tempermiido uma
evolucdo significativa naaquisicdo, traduzida num muito maior nivel de detalhe na sua
visualizagdo e quantificacdo. Esta evolucdo é suportada por um crescente numero de
investigagcbesom mabr profundidadeao nivel do fluxo sanguineéctualmente, cono calculo
da Angiografia Cardiovascularpor Ressonancia Magnétiq@C-MRA) calculado a partir da
imagem de P@/RI adquirida j& é possivel medir o fluxo do sangelocidade com resultados
muito aceitaveis.

No entanto, ainda existem alguns parametros menos exploradosivel @ fluxo
sanguineoDois destes parametrdesrmama base desta dissertacdo de mestranlealculo do
gradiente de pressaw caso deima estenose na artéria aortayisualizacdo e quaiitcacdo da
energia cinéticaao longo do ciclo cardiacodo fluxo sanguinemo interior de ventriculos
saudaveis e com patologias. Dado que que estes parametros ainda nao estdo muito estudados e
gue paraa obtencdo destas medidas € necessario qusgramasde processamento de imagens
de ressonancia magnética cardiovascular (CMR), o primeiro grande objectivo deste projecto foi
estabelecer colaboragbes com programadores dgstaggramase ajudar a aperfeicoalos. Tal
passo tinha por objectivo a familiarigdo e principalmente o desenvolvimento gosgramas
por forma a ser possivelexecutaras medicdespretendidas, identificande@ solucionando
problemasdevide a processos fisicos relacionados com a aquisicao, erros de implementacéo do
programa ou ndratamento das imagens. Apés psgramasserem melhorados, prossegise
para os objectivos principais deste projecto.

O estudo do gradiente de pressdo através de uma estenose na aorta apresentava como
aliciante o facto de comparar esta técnica totalmente ndo invasiva com a técnicgprptea
corrente em ambiente clinico: cateterismo cardiagotécnica invasiva de diagstico e
tratamento. Ora, esta estabeleciqae apenas se efectua a colocacdo de um g&mavés de
cateterizagdo)numa estenose aortica quandogeadiente de pressdo através da estenose €
superior a 20mmHgAssim sendo, muitas vezes é usada a cate¢éitzapenas com fim de
diagnosticar, poi;iem sempre gradiente ésuperiorao requerido clinicamentpara indicacdo
de cirurgia Assim sendo este estudo tem colnjectivocomparar os valores de pressao obtidos
de forma invasiva, com a@slculados conbase nas imagens R®IRA, resolvendo a equacao de
pressadade Poisson

Treze pacientesné faixa etaria de 13 a 52 anos = 7 masculino,n = 6 do sexo
feminino) com estenose na aorf@ram estudados por CMR antes de submeterem a um
cateterismo cardiaco. Campos de pressélativos foram calculados a partir da imagem de-PC
MRI. Um camp de pressédabsolutaao longo de todo a aorta segmentada foi obtidtapdicdo
da presséo relativa de cadabxela um valor absoluto conhecido numegido predefinida da
aorta. O valor absoluto foi obtido quer poateterizacddpressdes dindmicasjuer pormétodos
CMR baseados emedicdes de pressao no braco dirdjpoessbes estaticagquivalentesis da
aorta ascendenteSeguidamente foram comparads pressées resultantes destes dois métodos



emcinco locais de medicdo ao longo da aofara melhor interpretacéo dos resultados foi feita
uma analise estatistica.

Em todosos 5 locais de medica@studados os coeficientes de correlacdo entre as
medida variaram entre 0,86 e 0,90. Teste de Blandltmandemostrou boa concordancia entre
os gradientes de pressédo de pico sistolica atraeésadrctacdoAs diferencas entre os métodos
ndo bram significativas ( p > 0,2.)Assim sendo, poeg concluir com este estudo que em
situacOes clinicascampos de pressao padeser calculados de formaorecisa a partir de
velocidades de fluxo derivado®4VEC - MRI. Esta técnica nadmvasiva podeassimevoluir
para uma alternativao diagndstico com recurso aateterizacaonvasiva

Umavez quenum estudo anterior (Carlsson et al.) festudad a evolucdo da energia
cinéticano interiorde ventriculos saudaveis am@ de um ciclo cardiaco, este estudm como
objectivo priméario deenvolver um procedimentcujos resultadossejam coerentes com osed
Carlsson et al..Em seguida,pretende tambénoferecer uma primeira comparacaasual e
guantitativaentre as energias cinéticas ventriculares daluntarios saudaveisersuspacientes
comregurgitacdo numa valvula cardiaca (valvula mitral no caleose considerar gentriculo
esquerdoantes e apos intervencde valvulapulmonarno caso de se considerar o veaotio
direito antes de intervencdo

A segmentacdo 3D semiautomatica do limentricular foi feita para cada intervalo
temporal do ciclo cardiaco. Desta resultou uma mascara do respectivo ventriculo em movimento
durante um ciclo cardiaco. Simultaneamente foi calculado 9viR2& contendo a informacao das
velocidades do fluxo sanguind®ara calcular e visualizar &nergia cinética per cada intervalo
temporal foi desenvolvido um moédulo num software de programacgéo cujo algodtnimna os
dados de fluxo de RBM com uma mascara de ventrdio em movimentoForam entdo
comparados os grafos e figuras obtidos entre ventriculos saudaveis e ventriculos com
regurgitacdo valvular (quer para o ventriculo direito quer para o ventriculo esquerdo).

Estessdo os primeiros resultados obtidos pelstudoda energia cinéticaventricular,
dado que estprojectoainda se encontra em desenvolvimewtimda assim podee comprovar
gue os resultados obtidos segundo estétodologiasédo coerentes com os obtidos por Carlsson et
al. (ao nivel dos ventriculos saudaveBpdese também comprovaue ventriculogom maior
volume sdo mais propensos apresentarrelativamente mar energia cinética.Observouse
também quea energiacinéticatendea ser mais elevada em locais em que existe mais turbuléncia
e caminhos de fluxo de sangue néo lineares como as vabaildiscas.

Em concluséo,estas técnicas emergentes dadlise de imagens cardiovasculares
potenciamuma melhor compensédo do sistema cardiovasculao fituro poderdo permitirum
melhor diagnésticoassim como unplaneamento terapéutico personalizado deofmmias
cardiovasculares. Isto iria aumentar a taxa de&easso e, por conseguinteduir a principal
causapatolégicade mortes entre a populacdo humana

De notar ainda que o estudo dos gradientes de pressao através daesutt@au ja mm
artigo queaguardaneste momentaprovagao

Palavraschave: fluxo sanguineo, Ressonancia magnética de contraste de f3

Gradiente de Pressao, Energia Cinética
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Motivation

Nowadays cardiovascular diseases are the most death causing diseases in the world, killing
more than 17 million of people per ydat. These are concerning numbers that justify the
importance of studying and understanding every single detail of the cardiovascular function as
well as its relation with external factors that can potentially lead to Cardiovascular Diseases
(CVD). Actually this is the reason why so many grants are given and so many studies are
performed worldwide about the heart, vessels and cardiovascular pathologies. This is also why
there are researchers from as different backgroundMedicine, Biomedical Engineering,
Informatics, Mathematics among others, working togetheritimize this big global issue.

This work presentsvo studies thatlemonstrateew techniques aneasurementsuch as
the noninvasive calculation of the aortic pressureadient across a coarctation and the
measurement of blood flokinetic energy(KE) with the ventricles

The first study tries to offer an alternative for diagnostic catheterization. The pressure
gradient clinically accepted in order to proceed to a giEdement intervention with catheter
when he aortic coarctation is 20mmH@g, 9] So, many times an aortic coarctation is detected
and diagnosed invasively by catheterizatidsut when the gradient is lower than 20mmHg no
intervention is made. This meathatan invasive procedure is conductedth the inherent risks
of infection, further cardiovascular issues and in a few cases even[t@aifhe approach
presented her@aims to introduce a totally nenvasive diagnosis procedure based on CMR
imagingas alternative to diagnodiy catheter.

There is relatively little knowledge cong@ng theblood flow behaviour inside a ventricle
sinceit is very difficult to trace, predict or evaneasurehe blood flow inside théiggest and
constantly moving cavities of the cardiovascular syéteenventriclex[11] Therefore the second
study included in this dissertation introduces a new measurement of ventricular fubltamh
flow KE. This measurement aims to provide a better understanding of the blood flow behaviour
within healthy and noimealthy ventricles, anidlis possible thain the futureit maybe included in
CMR imaging exams to help diagnosirteart diseases for and potentlly help plan

personalized treatmest
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Thesis Outline

This dissertation is structured imyainchapters.

Chapter 1presentghe general conceptstroduwcing the anatomy and physiology of the
heart and aorta artery, respectively the organ and vessel of the cardiovascular system that will be
the basis of tése dissertation studieg.ollowing this sectiona summaryof the presentlyavailable
techniques that cabe used for blood flow analysigill be presentedCardiac Catheterization,
Angiography, Computer tomography (CT), Positron emission tomography (PET),
Echocardiography and Hybrid imaging and finally cardiovascular magnetic resonance (CMR).
CMR is presergd inits own subchapter since it is the imaging technique that is the basigsof th
project. In the CMR subchaptehe basic concepts of image acquisitionjprecessing and data
analysisare presentedrinally the current state of the artloibod flowimagingwill be presented

In Chapter 2 the objectives of this master thesis project are presented. Due to the new
approaches used, the first objective was to make a refinement of the softwares used to obtain the
intendedmeasurementd.he objectives of @th studies (Pressure gradient across an aortic stenosis
and KE within the ventricles) arden presented. The last subchapter of the objectivepter
presents list of other small objectives also aimed by this work.

In Chapter 3 a tables presented dailing the projectplanning with the developedasks
and respective dates. In this chapter the collaborations established during the project development
are also mentioned

In Chapter 4 a small presentation of the material used during the project raseaade
Firstly the characteristics of the CMR scanner wsedpresentedsecondly a small description of
the postprocessingoftwares fevisFlow, CAIPI andMevisLaball developed byeVis Medical
Solutions AG and Fraunhofer MEVIS in Bremen, Germansypresented, including the main
toolsthat wereused.

In Chapter 5t h éresfiure gradient across an aortic coarctatgindy is presented,
divided in methodology, results and discussion.

In Chapter 6 thefiKinetic energy within the ventriclésstudy is described In the
methodology section of the kinetic energy study the procedseeto visualize and obtain a
curve of the flow withimmp a t i vemtricl® duringa single heartbeats presentedHere only the
first resultsand a preliminary interpretaion will be presented as this study is still under
development

In Chapter 7 a final overview of the present master thesis proyedt be presented

including conclusions regardirigture perspectives glostprocessingf CMR imaging.
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1 General Concepts

1.1 Anatomy and physiology

1.1.1Heart

The heart is the main organ of the circulatory system, since it is the one that pumps the
blood through the whole organism, and tipusviding all body cells witroxygenand nutrients
The Heart is a muscular organ with approximatelyconical form located in the middle of the
chest between the lunfs2)

. - Brachi hali
In healthy individuals the e °Ce"tr§n5\; [9 /
A Pulmonary trunk
\‘,

blood has to pass through the heart  Swerer Rortioarch
\ Pulmonary valve

1 i Right =3 ! ‘
twice per each cardiac cycle. S \j ‘, aé-bﬁ ity

Left common carotid artery

Left subclavian artery

Ligamentumn arteriosum

i A . ) arteries 1 . arteries
Anatomically, the heart is divided in ,.ccogngaona & M8
| E —— Left pulmonary

veins

two sides (left and right) and each  Fossaovaiis
Opening of

side has two cavities: the atrium, a coronary sinus
RIGHT ATRIUM

th|n-Wa”ed and relat|ve|y Sma" Pectinate muscles

Interatrial septum
Aortic valve

Cusp of left AV
(mitral) valve

Conus arteriosus

cavity where the blood enterthe 16

LEFT VENTRICLE

tricuspid) valve

(fusp of right AV J&\
heart, and the ventricle, a cavity, ... ..gne._ = R

septum

bigger and thicker than thatrium, Papiary muscies
RIGHT VENTRICLE

and locatedjust below it. The right ineicrvenacava

sideof the heart isesponsible for ?
transporting blood poor ioxygen

Trabeculae
carneae

Moderator band

Descending aorta

andrich in carbon dioxidéCO2) Figure 1.1 Frontal heart diagram with anatomy major

from the bOd)IO the Iungs landmarks and venous (blue) and arterial (red)blood flow directions

(wheregas exchangeshat allowthe through the atria, ventricles, and associated/esseld3]
increase in O2 concentration and decreasthé CO2 concentratiarccur).The left sideof the
heart isresponsible for receiving thareadyoxygenatedloodand pumping itnto the otheparts
of the body(Figure1.1). The oneway flow of blood through the heart chambers on both sides of
the heart valves is managed by the tricuspid and bicuspid semilunar valveslddttat each
time the heart beats (anaverage adult) abo80mL of blood is expelled 13]

Since thefunction of the atria collects blood and convéy® ventriclesin the same way
on both sides, there is no big structutdferencebetween them apart from the number of veins
leadingto them.The ventricles arehowever, very different givethe very significantstructural
differences.Since he lungs are close todheartthe pulmonary blood vessels are relatively

shortandthere is not that much ventricular work needed to pump the blood through the whole
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body. It is therefore natural that the LV has extremely thick muscular wadind is round in

crosssectionwhereas the RV e a thinner muscular wgbeeFigure1.2).[3]

Right The anatomy of the wadlso

ventricle

Left

ventricle influences the contraction of the

ventricles. Most RV contraction

occurs along its long axis from base
Dilated

Contracted

to apex, particularly in the outer wall

Figure 1.2 Heart ventricles crosssectional view diagrams

(free  wall), with a smaller

showing the dilaed (ventricular diastole) and contracted (systolic component from radial contraction
ventricle myocardium.[3] o

of LV. This is in contrast to the
systolic emptying of the LVwhich involhes significant radial contraction. This makes the blood
flow differently in LV than in RV concerning paths, velocities or pressures within the

ventricles[11]

1.1.2Ao0rta
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out of the LV in each heart beat and for tlzat,
healthy aortacan havediameters up to 2.5 cm
(see Figure 1.3). Since it contains a high
density of elastidibbers and relatively few ’
smooth muscle cellthe aortacan tolerate the

pressure changesharacteristiof the cardiac ” "

aorta

cycle. During LV systole, pressures rise f”
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is importantsince the blood pressure has
) ) descending thoracic aorta and abdominal aorta. In th
direct effect on thélood flow behaviour The figure are also pesent the associated arterieg2]

greater the pressure oscillations, the greater
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the changes in blood flowAs a consequence, the wall characteristics of thgtielarteries are the
main reason for the absence of pressure oscillations when the blood reaches the arterioles in
healthy subjects.

Therefore, a aorta with some condition can raise significant cardiovascular issueafOne
the most common diseases in the aorta isO@rctation of the aorta (CoA) accoimgtfor 5-8%
of all congenital heart defedt8] Surgical or interventional treatment of CoA is associated with
low morbidity. However, R&€0oA occurs frequently a@his often associated with persistent arterial
hypertension and shows increased morbidity at-tengn[14]

Current treatment strategies are focussing on the elimination of pressure gradients across
the site of CoA. According to clinical guidelines intervention is recommended, amongst others, at
a systolic gradient of > 20 mmHg measured by efattization in childrefl5] or, in adults,by
catheterizion or noninvasively[8, 9]

1.2 Blood flow Diagnosis and Quantification

Both Cardiac catheterization an@ardiovascular Imaging (CYlenclose panoply of
modalities vhich can be chosen accordingewam time, healthisk factors,price of the exam,
and, essentially, the objective of the study or diagnosis. A complete description thésall
modalities would need an extended report, and so hereadmigf introduction is made covering

their basic conceptas well as theiapplicability to evaluate or not blood floand pressure

1.2.1Cardiac Catheterization

Cardiac catheterization isainly a diagnostictechniqguewhich does a comprehensive
intravascular examination of the function of the heart. One or more cathet@rsetedinto the
cardiovascular systeittirough a peripheral blood vessstherin the arm (antecubital artery or
vein) or leg (femoral artery or veinnderx-ray guidancéFigurel1.4). The cdheerization can be
used to measure several blood functional and structural parametbisodspressure$l16],
cardiac outpuf17] or myocardid metabolism[18] as well was be used as intravascular CVI as

catheter angiographyt9, 20], intravasculaultrasonography?21]
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Figure 1.4 A: Catheterization of the right side hearth cavities or pulmonary artery. The catheter is inserte
into the femoral vein and advanced throughthe inferior vena cava, or, inantecubital or basilic vein, through the
superior vena cava. B: Catheterization of the left side hearth cavities or &ic artery. The catheter is inserted intc

the femoral artery or the antecubital artery and advanced through the aortic diferent portions[4]

Catheterization can also have eatment use besides the diagnostie.Good example of
that arethe heart valveseplacement®r the stent placement in a coarctatiorelastic arteries
The combined catheterization for pressure measurement&emdmplantatiornas been widely
used in the management of both native and recurrent coarctation of the aorta in adolescents and
adults, reducing the number of cardiovascular surgenys procedre has ahigh success rate
(around 90%]22] However, since this is an invasive procedure, complications like femoral
access vessel related, aneurysm formation, aortic dissection, and cerebrovascular accident can
occur thatin rarecases can even be fatal (0.3%%] Also the stent placement or cardiovascular
surgery is onlymade when there is reduction of the gradient to less than 20 tfiteéHghus,
there are cases a catheterization is made but no intervention is needed, which increases the patient
risk of further complications.

Neverthelessgiven the wellestablished accuracy of pressure measurenentsedical
decision making cardiac caterization is still considered the clinical gathndard despite its

known dravbacks concerning invasiveness, ionizing radiation exposure and costs.5
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1.2.2Angiography

First developed in University of Lisbon by Egas Mori23], angiography is aexam,
traditionally fluoroscopic, where the blood or lymphatic vessels are imaged. This is possible by
injecting a radieopaque contrast media into the vascular system in order to get a higher contrast
to X-rays between the vessels and the involving tsspeviding a 20Dmage of the vascularity
intended 24] It is mainly used for diagnosing a great variety of CwWbere there is stenosis or
enlargement of the vessels. Since it is relatively expensive and has inherent risks due to the
ionizing radiation used in this modality, its use is decided according to a normative thates/alu
its cost/benefit patterrj25]

Nowadays, less invasive angiography techniques are being researchaelealoged for
vascular imaging, such agomputed Tomographic Angiography (CYAor Catheter
Arteriography. For instance, there aeeady studies supporting the possibility oftiggg some

information from blood flow velocity using CTR6, 27], or stress myocardial perfusif2g]

1.2.3CT

Multi-slice cardiac computed tomogtgp(CT) is a rapidly advancing technology that is
being used for imaging the cardiovascular structures such as the heart and the vessels. Due to its
inherently high spatial resolution (enabling isotropic data acquisitiasf) scan speed, and tissue
contrast (that can be increased by using a contrast agent) ditdtiCT has been used in
diagnosing and treatment planning of CVD. For example, it is used in the evaluation of the
complete coronary vascularity or, more sfieally, the aortic valve structure. As this is mostly an
anatomical analysis method, there is currently no known research in CT technology specifically
focusing on calculating the blood flow velocity. However there are studies that calculate a mean
of the blood flow velocity by using cordist agents to reach other goalsch as the xenon
solubility coefficient in the human liver or regional cerebral blood flow differencesharto

evaluate the risk of Alzheimer's disef26)

1.2.4PET

Cardiac Positron Emission Tomography (BEiE also increasingly being applied
clinically, mainly through myocardial perfusion imaging which evaluatest muscle function
over time as well as the way blood is flowing into the myocard®®hCompared with CT, PET
offers lower radiation exposure, fewer artefacts, improved spatial resolution, a great variety of

available adioisotopes, and, mainly, an improved diagnostic performance. However, the cost of
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the machinery and the exams are a big issue and additional studies are necessary to further
validate coseffectiveness and also the real relative diagnosing impact of PET
It is important to notice that all of these first 3 modalities (fluoroscopic angiography, CT
or PET) involve the exposure to ionizing radiation, and therefore theyesiént health ris82-
34

1.2.5Echocardiography

This noninvasive technique is based on ultrasound and echo wave physics, offering an

easy and fast assessment

cardiovascular
components. Since it s
harmless and neimvasive,
can provide real time
images which can focus
either or both function or
anatomy of the
cardiovascular component
it is the most commonl
used cardiovascula
modality in general clinical
practice Images can be
acquiredin 2D, 3D and Figure 1.5 Colour Doppler echocardiogram in parasternal long axis vie)

even in 4Dwhich are 3D showing mitral regurgitation (MR jet), the heart cavities: left ventricle (LV), left

; atrium (LA), right ventricle (RV) and aorta artery (Ao). [1
image sets that are (LA). 1ig RV) y (Ao). [1]

acquired and displayed in real tif85] For the blood flow analysis, however, tm@stimportant

aspect of echocardiogram is the 2D colour Doppler ima¢segFigure 1.5). The also named
Doppler sonography is an ultrasound imaging modality that is based on the frequency deviation of
the ultrasound wave caused by a reflector in m@@i§nin the casef Echocardiography, Blood.

The most common use of Doppler echocardiography is baseteduplex scanningmaging

which is a combination of the ultrasound images,-tivoensional Bmode, and the images
resulting from Doppletthat are superimposed on theo-dimensional image of #node This
combination allows a very complete pictusice theB-mode twedimensional image ofrey
scaleallows to distinguishinghe different anatomical structurasd themages resulting from the
Doppler techniques origate from a colour gradient for assessing the blood velo¢&¢

Therefore Doppleechocardiography is a method for assessing the size, thickness and movement
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of various cardiac structures and blood that circulates in them. This enables theisliag@os
variety of diseases such as congenitakedif37], hypertrophic cardiomyopat[88], coronary
artery diseag89, 40], intracranial occlusive diseasetracranial occlusive diseagdl] or the
determination of systolic and left ventricular diastdlioctions[42, 43], among othersHowever,
when applied to measure the severity of a stenosis in the aortBpfpder echocardiogphy
tends to overestimate the aortic pressgnadient and measurements are sometimes difficult to
obtain due to the posterior position of the aortatigalarly in the adult patieri, 44]

1.2.6Hybrid imaging

Besides the use of individual CVI focusing on a single objective, the potential of using
cardiac hybrid imaging has also been studied. Hybrid approazes some cases allow a more
comprehensive diagnosis of CVD since it becomes possible to combine both morphological and
functional informatior[45, 46] The goal is to obtain a more accurate and lessimasive
imaging scan that can be used in diagnosis and/or treatment planning. Applications for blood flow
analysis are under research, using hybrid methods such as the fusion of PET4&Hd & TPET
and MRI[49, 50|, either CT or PE with CTA [46, 51], and photacousticimaging, a new
biomedical imaging modality that combines higbntrast based on spectroscopic optical imaging

with the good spatial resolution of ultrasaumaging[52, 53
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1.3 Cardiovascular Magnetic Resonance Imaging

(CMR) provides a more comprehensive evaluation of cardiac physiology and anatomy
than Echocardiography. This is possible due to the combination eéstablished characteristics
of MRI with available approaches foedudng the difficulties caused by heart and breathing
motions MRI is also very flexible regarding the choice of imaging planes, avoiding problems
related to theunpredictable anatomical planes of the heart. CMR actually makessible to
norrinvasively view the heart and cardiovasculaee from practically any angular direction,
which does not happen with any other imaging techni§deCMR also allows as outputs static
or cine images.

Therefore with a CMR scan it is possible to analyse the cardiovascular anatomy, as well
as the function of heart cavities and vessels. As aecpuesice CMRs suited for visualization
and diagnosioof a wide range of congenital and acquired cardiovascular problems, such as
coronary artery disease, cardiac iffistency due to inflammatiomr valve problem$55-59] One
of the most important feature$ CMR is to allowvisualizing and quantifyin@lood flow velocity
within the heart and &sels in 3Ddue tophase contrast MR&nd over time (4D) due tdhe
combination ofphase contrast MiRnaging with the ability of cardiac cine imaging to produce
images throughout the cardiac cyf€] In order to provide final imageshich are not affected
by artefacts related torespiratory chest movemerthis motion must be monitoregither using
navigators, respiratory bellows or sgHting (see Figure 1.6A).[61] From now on in this
dissertation, when mentioninghase contrasMRI (PGMRI) the inclusion ofcardiac cine
imagingwill be assumed. It is important, at this point to introduce the physics behihRPC

The applications of gradient pulses induce phase shifts in moving protons that are directly
proportional to their Vecity along the direction of the gradients. For accurate quantification of
phase shift due to moving protons, a referentageis acquiredseparatelyso that phase shifts
induced by other uncontrollable factors, such as magnetic field inhomogeneitiéssceétracted
to from the pulse induced imagéseeFigure 1.6B). Repeating the acquisition for 3 orthogonal
directions, it is possible to obtain phase maps whiatoée velocity (Vx, Vy, Vz), with phase
shifts within the range of +180° This means that, for each pixel, the measured phase (RAW
format) depends on the velocity of the spins. As a resuidttionary protons appear grespins
which flow in the direction of the sensitising gradieafgpear brighter, anspins which moven
the opposite direction appear darksee arrows irFigure 1.6C). The peak veloty encoding
(VENC) value is defined by the user.
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A: Resipration Control (navigators, bellows, self-gating, ...)

Respiration
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[l velocity sensitive

Figure 1.6 A: Data acquisition for 3D cine velocity acquisition using navigator gatindor respiration control.

The navigator gating control is placed above the lung and establishes a gating window for image acquisit
Therefore not all the heart beats are considered when acquiring R®IRI images. B: Schematic illustration of ECGT
gated three-directional phasecontrast MR (3D-PC) sequence used to measurelood flow. Velocity encoding wa
performed using four modules: a reference module and one for each of thed#&ferent velocity directions Vx, Vy and
Vz) per time frame, also known as time &p, (1 time frame establishes the P®RI time resolution). X, Y, and Z are
the three (dice-select, phaseencode, and fequency-encode) gradient axes used. C: Raw data per slice and per ti
frame obtained from the four velocity vector extraction (One Magnitude image and differentvelocity componentsVx,
Vy and Vz velocity images). In this image it is possible to verify thagtationary protons appear grey(orange arrow),

flow in one direction appears white (yellow arrow) and flow in the opposite direction appearblack (red arrow)[6]
The amplitudef the flowsensitizing gradients are calculated so that the peak velocity

encoding (VENC])s defined by the user amdrrespads to a phase shift of 180°. Given this
velocity, v,within each voxetan then be determined by timean of theprotonsphase difference

o 0 accrued during one time step (temporal resolution), using the formula:

puU 2 Pm* v
where o0 i s t rateagyr dpmieygtheedfference of the first moment of the
gradienttime curve The closer the VENC is to the maximum egfed velocity (ideal VENC),
the more precise is the measuremenherdore there are clinical guidelines for Venc
determination. Some these values are presentefb@pxt

1 Venc setting for normal aorta : 200cm /s

1 Venc setting for aortic coarctation : 400 cm /s
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1 Venc setting for normal mitral valve : 150 cm /s
1 Venc setting for mitral stenosis : 300 cm /s

1 Venc setting for normal tricuspid : 100cm /s
1

Venc setting for tricuspid stenosis : 200cm /s

It is important to notice that if VENC is set too low compared to the maximum blood flow,
velocity encoding results in aliasing or phase wrap (also known asamvapd) as indicated by
an inverted signal dw where the intensitgignal has a maximum brightness correspondent to
phase shifts very close to +180°.

Another problem when a very low VENC setting is selected is that the entire flow
information in the background will present significant levels olaoiAnother problem is that
setting a low VENC implies using stronger gradients to cover the same phase interval (£180°),
and so stronger Eddy currents are induced when thdiegts are switched on or ¢62]
Nevertheless, it has been reported that if the VENC is set at no more than three times the ideal
value, the peak velocity measurements show deviation less than 10%, a clinically acceptable level
of error.[63] Othersources oin PGMRI acquisitions other than inadequate VENC vainetude
deviation of the imaging plane during data acquisition (e.g., cardiac or respiratory motion),
inadequate temporair spatial resolution, and field inhomogeneity (e.g., susceptilalitgfact
from metallic implants) Therefore, dpending on the structurd mterest, E-MRI parameters
should be set in order to minimipetential sources of err§g4]

Several image dataets can be acquired froof PGMRI by processing the RAW
datd62]:

1 Phase images presemg the actual 4D flow measurement with a grey background
correpondent to the stationary tissue. The positive floair(ciding with the gradient directiprs
presented invhite while the negative flow will be blagk

1 Magnitude reconstructed imagerhichrepresent pure anatomigaformation regarding the
structures where the blood flows

1 Re-phased images representing reconstructed image from the RAW data with anatomy and
flow emphasis. Thikind of image, knownas phase contrast magnetic resonance angiography
(PGMRA), provides tle flow velocity profiles and is the type most used in this dissertdten
PCG-MRA images can be displayed amximum intensity projection (MIFjnagesor as a semi

transparent 3D issurface which can be combined with 3D flow visualiza{i®aeFigure1.7).
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Velocity and flowinformationcan be obtainedsingcommercial softwares that allotve
user to define 2D or 3D ROIs ithe vesseds lumen orwithin an intracardiac region sampled
throughout the cardiac cyclt.is therefore important to understand the acquisition, visualization

and quantification of these image sets as well as the potepgitations oPG-MRA.

A: Raw Data B: 3D PC-MRA

Magnitude
Image

Anatomy

Magnitude
Image

Absolute
velocity

v= Vi + Vi+ Vi

(3 spatial dim., 3 velocity dir., time) MIP iso-surface
Figure 1.7 Image processing for obtaininga 3D PC-MRA of a healthy thoracic aorta. A PC-MRA image is
obtained by calculating (voxel by voxe) the absolute velocityresulting from the combination of the 3 different acquired
velocity components, with image maskindased on the magnitude image. A: RAW data acquired from a P®RI with
magnitude provided as reference and the 3 different velocitycomponentsVx, Vy and Vz). B: The resulting PGMRA
images can be displayed as a maximum intensity projection (MIP) or as a setransparent 3D isasurface which can b

combined with 3D flow visualization[6]

1.3.1Acquisition

Although the theoretical principles for 3D aAD velocitymappinghave beerknown for
several decad€g$5-67], until recently only 2D planémageshave been clinicalljused. These
techniques requiran operator to correctly align the planes of acquisiiot presents other well
known limitationg[68, 69] However, studies have reported that instead of storing the raw
information in a 2Dsegmented dspaceit is possible to store the raw information obtained from
the phase contrast gradient echo sequence in a 3D segmespede0] This allows the
combhnation of 3D spatial encoding, threéectional velocity encoding and CMR ci(#D-VEC-
MR) and as a consequence makegossibé to acquire complex 4D blood flow path lines and
velocities which is morenotable especially imtracardiac pathologies such esngenital heart
defects or acquired valvular diseafeg

Unfortunatelythis type of acquisitiontakesvery long @pproximatelyl0 minutes for a
whole heart 4D measurement a 1.5 Tesla MR&canner)asit is necessary to synchronise the

image acquisition with the respiratognd cardiacmovement$71] In other toreduce the
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acquisition time while amding artefactsjt is common to us&CG triggersas illustrated in

Figure 1.6B) [6] and monitored by CMR navigatorf/2] (Figure 1.6A) or selfgating
techniqueg73] The consequences are that actually 30 to 60 % of the acquired data is rejected,
depending on the regularity of the respiration and also on the existence or not of arrhythmias.
efficiency can be increased and the overall sc¢are treducedby changing the acquisition
strategy One optionwhich is under investigatiors the use of spirat-space trajectoriespiral

4D flow).[74]

1.3.2Pre-processing and PEMRA calculation

In order to avoid offset errors IRGMRA calculationdue to Eddy Currentsr phase
wraps it is necessary to do a jmecessing step before analysing the d&ta This Pre
Processing stegonsists in two partsn the first parthe nonmovingtissues suounding the heart
are excludedbased on a low intensity tissues detectetheyPCMRI. This leads to a reduction
of the Eddie Currents artefact. Secondly, it is applied an algorithm that proceeds to phase
unwrappingn a small areavith phase wraps one of the phase encoded vector fields (in the tool
used during this projecthis feature was not fully operational)his stepmust be adapted to the
CMR system, protocol and anatomic region of inte{R&l).[75, 76]

After the PreProcessing, th&?GMRA can be calculated. This calculation allows the
identification of vascular boundaries without additional measures. This means that it becomes
more intuitive for users to segment blood structures based drasbbetween regionshere
blood iscirculatingversus regions whetbere is no blood in circulation. In the case of the heatrt,
its boundaries are in constant movement through the cardiac cycle. Since, in the calculation of
PCGMRA, the caviteswallmotn i s not included, the ventricl
PC-MRA correspond t@ mean of the wall position aratetherefore smaller than the maximum
volume of the ventricle in diad®(Figurel.7B).[6]

1.3.3Data analysis
The first aspect when processiBD CMR blood flow images is getting a visual image of
the blood flow (patlines and/or streamlingshe velocities vector field, and with some softwares

the connectivity mapr the blood flow pressure map&/]

It is important toquantify the visualizedparameters regarding blood flow measurements
Based on P@/MRA data sets it is possible, with the appropriate software ,tbol®btain the

following measurements:
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Evaluation of blood flow, velocity, aredis peci f i[88d ROI 6 s
Pressure differencd37, 79);
Wall shear streg80];

Vessel elastic properti¢81];

= =/ =2 =4 =2

Turbulencantensity[82]

Given the potential of 4D velocity acquisition, several studies have been emerging in order
to associate characteristiobthe blood flow in the heart and big vessels with the diagnosing and
analysis of the progression of a cardiovascular disease or condition that might change the blood
fluid dynamicg[83, 84]

1.4 Blood Flow Imaging state of the art

As there are so many different Cardiovascular ImaginyIYGechniques and sub
techniques, it cannot be said that the global sthtee art is dominated by a single Cvibdality.
Instead, It is useful to consider the state of the fart each different measurement that can be
made. his work will only focus on thstate of the art of blood flow analysis.

Even considering that CT provides fast 3D anatomical scans with very good spatial
resolution, being able to detect the propagatiom obntrast agenbver time it still doesnot
providemore than an approxin@aestimate fothe velocity of blood flowAs a consequence this
is not the best imaging technique for blood flow analysis.

Alternatively, Doppler echocardiography can be employed to directly measure regional
blood flow velocities in a 2[plane. Therefore this is the imaging modality which is more widely
and routinely used for blood flow analysis and pathpldiggnosing. When compared with CMR,
and more precisely with RRIRI this modality has some advantages that include the scan price
ard time, the amount of detectors available and the fact that it can be used in patients with
pacemakers or metallic implants. It is also the best method to specifically image the exact location
of one of the heart valveauidto the thinner and more mobiledflets compared with 4CMR
velocities mapping.

However, Doppler ultrasound does not alldve measurement nor the detection of xion
regional blood structures in a single measurement as possible with CMR. It is also not possible to
obtain 3Dimages.Studies have also shown that with Dopplétrasound peak velocities can be
overestimated by as much as 25| Mean flow in large vessels can also be overestimdied
to assume asonstant velocity over the whole vessel ataacontrast, with PRI it is possible

to measurehe variation of flow within the vessel. F@RI therefore has been found superior to
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Doppler sonography for evaluation of mean fl@@] In fact, CMR still has other potential
advantages such as the retrospective analysis of the blood flow at any location and in any
direction within the image volumd-urther possibilitiesnclude measuringhear rates, pressure
gradients, turbulence or even blood flow KiHowever, the use of CMR compared to other
techniques has some drawbacks includihg long duration of the CMR 4D exam and
complicated postprocessingthe moving boundags of the heart cavities and the limited
knowledge available Therefore, before real clinical diagnosing and predictive value of flow
measurementsan be establishedhere is still the need for further investigatiam;luding large
studies with imaging pgrformed before and after interventions, therapies following the
progression of differentonditions[6] Solutions to overcome the extensive duration of the 4D
blood flow velocity mapping are currently under research and include:

9 Combination withother image techniques such as eplamar imaging and radial imaging
[87, 88;

9 Gaining signato-noise ratio (SNRby using higher CMR magnetic fields such as 3T or 7T.
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2 Objectives

2.1 Software Refinement

Flow analysis based oRGMRA is a recent research area which is currently being
explored. Therefore it is natural that there not yet available on the market extensively tested
softwares; as a consequence, when using the ones that are currently available on clinical datasets,
problems naturally arise which requirgeakingthe software. This is actually the main reason for
the establishment of cooperations between developers resehrcherswhich allows the
development of better softwares/analysis tools and also the incrdasandédgeon this research
area.

In this projectthe MevisFlow software for blood flow analysis based on-RRA was
mostly used. A more detailed description of this software is provided in the Material section
(4.2.1) In order to reduce problems that abalppeamwhendevelopingthe projectand also to
have a better accuracy in the resukstingandrefining this analysis tool from a clinical point of
view was set as a first objectivEhe aim wasto use all theelevantfeatures of the programn a
sdected groupof PGCMRA datasets representative of the type of data analysed within this
project Whenproblemsor missing measuremenigere detected, an analysis of the causas
madeand the information (screenshots, videos or working directorges)jtto the developers in
order to correcany problemsand/or include new measurements. This interactias stronger at
the beginning of the project, but it also extended througth@wmvholeduration of the project.

2.2 Pressure gradient across an aortic coarct ation

Cardiac Magnetic Resonance (CMR) provides Hgghlity anatomic information of the
aorta. However, flow velocities usingddmensional velocity encoded cine magnetic resonance
imaging (VEGMRI) were reported to underestimate pressure gradi8gfs-ourdimensional
VEC-MRI (4D-VEC-MRI) provides time resolved bloodofv velocities in a 3dimensional
volume that can cover the entire aorta. From these velocity fields, dynamic pressure differences
along the course of a vessel (4D pressure fields) can be computed by solving the-Prssare
equationf90-93] Briefly, the Pressurd?oisson equation is derived from the momentguation

of the NavierStokes equations for incompressible fluids by applying the divergence operator. The
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validity of 4D pressure fields has been systenadlticevaluated orphantom and initial human
studieq90]

The goal of this study was to investigate the accuracy of this method in a clinical setting in
patients with CoA. In this contextwasinvestigated the agreement between VERI based 4D

pressure fields and cardiac catheterization as the clinical gold standard.

2.3 Kinetic energy within the ventricles

One of the possible measurements that can be made frediR20s actually the Kingc
Energy (KE) and the KE lossyhich has the potential to become an important measurement to
consider in future diagnosing and follow up of pathologies, espewidhin the heart. Actually
The question of the maintenance of KE of blood flowing in therthéorming loopswithin the
heart by loops haseen recently been under discusqi@®# 95, but it is commonly agreed that it
this issue is connected with floimertia[96] Therefore the first attempts to have an idea about
investigateKE within the heart was by studying invasively the pressure decay of LV and from
then measure the inertia forf®6, 97] Up to now, a single study has been carried out in order to
nornrinvasively visualize and quantify the KE within thentricles using CMR5]

The main objective of # presenstudy is to visualize and to quantify the amount of KE
lost within the ventricles (both LV and RV) and to compare the energy curves of healthy
ventricles with patients with conditions in the respective valve (Mitral valve in the LV study and
pulmonary vale inthe RV study). Since this is a blood flow parameter teg noteenexplored
[5], the software used does not allow a direct KE measurerntents thereforenecessary to
develop a procedure in order to aely calculate the KBEmore quickly and in a more direct
way. It was hen necessary to collect datasets from patient and contrajroups and analyse the
results. The last objectiwgithin this topic wado create distributions and comparison cunees t

facilitate the visualization of the results.

2.4 Other objectives

In order to complement the main objectiwelile taking advantage of thevailable data

sets, other objectivegere also defined, involvingollaboration with othemembersf the team:

1 To compare and understand the differences on the amount of KE lost and.V
RV.
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1 Analyzingthe path followed by the blood flow within the RW one or more heart

beats through visualization and quantification;

9 To build moving models of the full heart based on acquired Mtages.

3 Work’s planning

In this chapter the materialssed andhe collaboratias establisheduringthis projectare

briefly described and explaine&or easierreferencethe planned taskin this Master Thesis

project are presentaxh Table3.1 ordered by dates:

Date

Task

1to0 12.10.2012

Creationof image database from prand pos operation MRI scans ¢
patients with mitral valve conditions for left ventricle kinetic ene

(LVKE) study (the exams had been previously performed).

15 t025.10.2012

Familiarization with MevisFlow cardiovascular MRI postprocessing

imagng software

2510 26.10.2012

Brief comparison betweeMevisFlow and other blood flow analysi:

softwares (mainly with GTFlow)

29.10to 07.12.2012

Testing ofMevisFlow softwareon a group of image sets in order to det

potentialbugs

06.11.2012

1st Meeting with the biomechanical fluid specialist from Biofli

Mechanics Lab in Charité Universitatsmedizin Berlin

27.11 to 0712-2012

Theoretical descriptionf kinetic energy calculation from velocity vectc
fields

14.11.2012

1st Meeting with MevisFlow developing team in Fraunhofer MEVI

Bremen

10.12.2012 to
26.01.2013

Introduction to MevisLab medical imaging programming software a

CAIPI medical imagingostprocessingoftware

12.12.2012

2nd Meeting withMevisFlow developing team members @erman Hear
Institute Berlin

21.01 to 30.04.2013

Scanning of healthy volunteers for the LVKE study

21.01 to 07.02.2013

Development oMevisLabalgorithm for calculation of kinetic energy (KE
within a previously segmented volume
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08.02 to 22.02.2013 | Development of a procedure combinidgvisFlow, CAIPI (for 3D left

ventricle segmentation) amdevisLabKE calculation algorithm

18.02.2013 Finalisation of MevisFlow version with majority of the detected bu

corrected

25.02 to 01.03.2013 | Testing of KE proceduren several image sets

01.03 to 30.06.2013 | Applicationof the KE procedure to all LVKE study patients and volunte

06.03 t013.03.2013 | Idealization of a MRI nofinvasive aortic pressure measurement stud

patients withCoA

14.03 to 21.03.2013 | Creation of image database for pressure study patidnsn (MRI

previouslyscanned patients)

22.03 to 24.05.2013 | Segmentation of the aorta and creation of the respective pressure

(Dataacquisitior)

01.07 to 01.08.2013 | Statistical analysis and discussion of the results of both studies: Pr
gradient and LVKE

until 27-09-2013 Submissiorof master thesis Dissertatiéor laterpresentation

Table 3.1 Work plan of the project by expectable dates and tasks.

3.1 Collaborations

This projectwas developed aa hospital as part of a medical and research team
focuseson blood flow analysis and CMR scanning patiemtsinly children, teenagers or adults
with possible or already diagnosed cardiovascular congenital diséasdatasets were readily
available there was no need to establish furtbeltaborationgo provide the data required for this
study

However itwasvery important to establish collaborations with software programmers as

well as mechanical fluid specialists.

MevisFlowdeveloping team

The collaboration established with thMevisFlow developing teanwas of the outmost
importance to this project, since their tool allow or, at leagé lize potential to analyse the blood

flow within ventriclesincludingalmost all parameters of interest.
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On the other handhis team is part oFraunhoferMEVIS, the company that developed
and works withMevisLaly which means that the te@ngxperience working with this program
could be very important to the correct implementatiomedvalgorithms.

This collaboration wa alsobeneficialfrom the MevisFlow team point of view, oncé

allowed other users to identify new needs which could help to futtherlopthe program.

Biofluid Mechanics Lab Specialist

The Biofluid Mechanics Lab of the Charitdniversitatsmedizin Berlin, and more in
concrete this Biomechanics specialistonid Goubergritshas a long time partnership with the
team, being a fundamental piece in much of its research projects. In this project it is important to
keep contact withim since he hamore expertisen what is possible and viable to do within this
time period and also to give feedback on how the best way is in order to calculate KE and KE lost

The Biofluid Mechanics Lab of the Charité Universitdtsmedizin Berlin, and more
specifically this Biomechanics specialiseonid Goubergritshas a long time partnership with the
team, being a fundamental piece in much of its research projects. In this project it was important
to keep contact with him, as his expert knowledge wssrgsl to evaluate what was possible and

viable to do within this time period and also to get feedback on how todlestate KE.
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4 Material

4.1 CMR Scanner

The CMR study was conductemh a whole body 1.5 Tesla MR scanner (Achieva R
3.2.2.0, PhilipsMedical Systems, Best, The Netherlands) using adleenent cardiac phased
array coil (Philips Medical System, Best, The Netherlands).

Blood flow: Three directional blood flow velocities were measured over the cardiac cycle
using anisotropic Jspace segnmed 4DVEC-MRI with retrospective electrocardiographic
gating[98] As previously validated, blood flow can be quantified accurately in aortic pathological
flow conditions using 4D VEC MR]99] The acquired volume covered the thorax from the apex
of the heart to the aortic arch in the t##®head direction, the external border and spine in the
anteriorto-posterior direction, and the ascending and descending aorta in theosigft
direction. Exampk scan parameters of this sequence were: field of Jemtthead 180 mm,
anteriorposterior 206230 mm (depending on the patient size), Figfit 90-105 mm (depending
on thenumber of slices used) acquired voxel 2.5 x 2.5 x 2.5 mnreconstruction matrix
128x128, reconstructed voxel 1.7 x 1.7 x 2.53xflip angle 5°, shortest repetition and echo time
(traditional values werecho timel.1 ms, repetitioriime 3.2 ms) nominal temporal resolution
varying with heart rate for 25 cardiac phasesocity encoding 400 cmfsr aorta and 15@m/s
for ventricles within KE study

Anatomy:3D anatomy of the aorta was determinesihg aclinically established contrast
enhanced MR angiography method. The injection dose of contrast agent containing gadolinium
(Dotarem®, Guerbet, Villepinte, France) was 0.2 mitkgbody weight corresponding to 0.1
mmol gadoterate meglumine/kd body weigh. The typical used sequence parameters were: echo
time 1.1 ms, repetition time 3.2 ms; flip angle 30°, field of view 510 mm; parallel imaging with an
acceleration factor of 2 (SENSE); and Hatfurier acquired voxel size, 1.2 x 1.2 x 2.2 mm3

(reconstructd to 0.9 x 0.9 x 1.1 mm3).
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4.2 Postprocessing softwares

In order to fulfil the objectives of this project was necessary to use some medical
imaging softwares in order to perform the correct blood flow analysis and programing
(MevisFlow andMevisLabrespectively) as well as a considerable group of MRA image datasets

of both patient groups (RV prand pos operation and LV preoperation) and also of a control

group.

4.2.1MevisFlow

MevisFlowis a software tool programed in C++ aNgvisLabthat allowsnorinvasive
interactive exploration of hvivo hemodynamicsThis tool is being developed in cooperation with
hogitals and other clinical sitegsearch teams from Germany and U3@ It includes panoply
of features consistent with the captable results provided by welstablished techniques like
Doppler ultrasound and pressure cathefBing. basic function athis softwares to calculates the
PCG-MRA of a DICOM format set of anatomical and 4D flow CMR imagesaiparticle tracing
basel on images and 3 dimensional blood vessels or structures segmentealisenatically
(watershed segmentationy the user. This procedure allows the ueesisualize and quantify the
flow, the velocity vector field and the pressure in either Regionstefest (RQ$) and/or the
whole 3D objects. The software interface is divided in 3 main menus that can be Séguren
4.1, Figure4.2 andFigure4.3.

T MEVISFiow

DICOMImport and Preprocessing

LLLCLLLLEL LT Ldob LLLEEL L L]

| Timepoint: 6 HR
Shidke: 20

J
|

Figure 4.1 Pre-Procesing menu, that allows a 4D phaseffset error correction to be madeusing
third -order polynomials (Eddy current correction) as well as a phase unwrapping (still under developmer

The PGMRA is also calculated here 38



Figure 4.3 Vessel segmentation menu where it is possible to segment saotiomatically (based o1

markers and filters) several cardiovascular structures for the same image set

Figure 4.2 Flow analysis menu, where it is possible to draw and select the ROIs, visualize
export vector fields (A), tracking particle flow or pathlines (B), visualise the connectivity map, compute a
visualize the blood flow pressure, and see and export the temporal evolution of the vessel csEdiona

Area, velocity, blood flow and pressurdor a single cardiac cycle
Since this software was of outmost importantehe development of this master thesis
project and is still under developmetiie MevisFlow software was testeoh 10 image datasets.
For these datasetBoth LV and RVwere segmented arabmplementedvith someinformation

39












































































































