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“This�is�the�true�joy�in�life,��
being�used�for�a�purpose�recognized�by�yourself�as�a�mighty�one.��

Being�a�force�of�nature�instead�of�a�feverish,�selfish�little�clod�of�ailments�and�grievances,��
complaining�that�the�world�will�not�devote�itself�to�making�you�happy.��

I�am�of�the�opinion�that�my�life�belongs�to�the�whole�community��
and�as�long�as�I�live,�it�is�my�privilege�to�do�for�it�what�I�can.��

I�want�to�be�thoroughly�used�up�when�I�die,��
for�the�harder�I�work,�the�more�I�live.��

I�rejoice�in�life�for�its�own�sake.��
Life�is�no�brief�candle�to�me.��

It�is�a�sort�of�splendid�torch�which�I�have�got�hold�of�for�the�moment��
and�I�want�to�make�it�burn�as�brightly�as�possible��

before�handing�it�on�to�future�generations.”�
�

��George�Bernard�Shaw
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"It�is�not�the�critic�who�counts:�

not�the�man�who�points�out�how�the�strong�man�stumbles�
�or�where�the�doer�of�deeds�could�have�done�better.��

The�credit�belongs�to�the�man�who�is�actually�in�the�arena,��
whose�face�is�marred�by�dust�and�sweat�and�blood,��

who�strives�valiantly,��
who�errs�and�comes�up�short�again�and�again,��

because�there�is�no�effort�without�error�or�shortcoming,��
but�who�knows�the�great�enthusiasms,�the�great�devotions,��

who�spends�himself�for�a�worthy�cause;��
who,�at�the�best,�knows,�in�the�end,�the�triumph�of�high�achievement,��

and�who,�at�the�worst,�if�he�fails,��
at�least�he�fails�while�daring�greatly,�

�so�that�his�place�shall�never�be�with�those�cold�and�timid�souls�
�who�knew�neither�victory�nor�defeat."�

�
� � ��Theodore�Roosevelt�
� � "Citizenship�in�a�Republic"�
� � Speech�at�the�Sorbonne,��
� � Paris,�April�23,�1910�
�
�
� �



�
�

VIII�
�

�



IX�
�

�

Acknowledgments�
� To�pursue�a�doctorate�is�to�put�one’s�skills�and�thinking�to�a�focused�area�and�research�it�to�a�

level�of�understanding�that�very�few�others�have�acquired.��To�have�the�opportunity�to�thoroughly�delve�

into�a�subject�area,�and�to�become�an�expert�in�an�extremely�focused�area,�is�truly�a�luxury,�and�indeed�

a�joyous�experience.��

� The�present�dissertation�was�realized�in�the�Laboratory�of�Thermodynamics�in�Emerging�

Technologies�(LTNT)�at�the�ETH�Zurich,�in�cooperation�with�the�Institute�for�Diagnostic�Radiology�at�the�

University�Hospital�Zurich,�and�would�not�have�been�possible�without�the�scientific,�technical,�financial�

and�moral�support�of�numerous�people.�Consequently,�there�are�numerous�people�and�institutions�for�

which�I�am�thankful�for�allowing�me�this�luxury.�

� I�first�must�thank�Prof.�Poulikakos�who�has�given�me�the�opportunity�to�perform�research�as�part�

of�the�LTNT.�The�freedom�Prof.�Poulikakos��gives�his�PhD�students�to�explore�and�find�their�path�through�

the�particular�research�problem�that�they�have�undertaken�is�truly�one�of�the�greatest�gifts�we�members�

of�LTNT�receive.�Yet,�still�Prof.�Poulikakos�is�always�there�to�help�guide�each�of�us,�and�when�need�be�

motivate�us,�to�ensure�that�we�are�not�just�wondering�down�dead�end�paths�of�knowledge�that�will�

never�produce�any�worthy�result.�The�balance�of�these�two�makes�for�an�excellent�environment�to�work�

through�challenging�issues�that�have�never�been�tackled�before,�while�always�knowing�that�there�is�

support�and�assistance�nearby.�

� I�would�also�like�to�thank�Prof.�Poulikakos�for�the�opportunity�to�be�involved�in�the�lab�in�

multiple�capacities�outside�of�my�research.�As�the�webmaster�for�nearly�my�entire�time�at�the�LTNT�I�

have�had�the�opportunity�to�always�be�abreast�of�what�is�going�on�in�the�lab,�while�also�affording�me�the�

chance�to�work�one�on�one�with�the�different�members�of�LTNT.�As�the�Capitan�of�the�LTNT�SOLA�

fourteen�person�relay�through�the�three�mountains�that�surround�Zurich,�I�was�able�to�work�with�and�

get�to�know�the�members�of�the�lab�in�my�personally�enjoyable�past�time�of�running.�Thank�you�to�all�

the�members�of�the�LTNT�SOLA�teams�over�the�past�three�years.�Though�at�times�we�were�“Lost�and�

Delirious”,�we�always�ran�“Like�There’s�No�Tomorrow”,�and�it�all�ended�up�being�a�bunch�of�“Hot�and�

Cool�Science”�in�the�end.�

� �Next�up,�the�“Bio�group”�–�including�past�members�(Evangelos�Boutsianis�and�Sumeet�Gupta),�

those�that�were�with�me�through�most,�or�in�some�cases�all,�of�my�work�(Fraser�Callaghan,�Doro�



X�
�

Hollnagel,�Vartan�Kurtcuoglu,�Anastasios�Marmaras�and�Ufuk�Olgac�)�and�those�that�have�more�recently�

become�part�of�the�lab�(Simone�Bottan�and�Bercan�Siyahhan)�–�You�all�are�great.�Though�at�times�we�

could�be�bombarded�with�meetings�and�presentations,�it�was�always�the�free�flowing�Bio�group�

meetings�that�I�looked�forward�to�the�most.�These�meetings�provided�an�outlet�for�me�to�present�a�

particularly�vexing�problem�I�was�stumped�by�and,�more�than�once,�to�come�away�with�the�perfect�

solution,�or�at�a�minimum,�a�ton�of�new�ideas�and�possible�work�arounds�to�try.��

� In�particular,�special�thanks�goes�to�Vartan,�the�Bio�group�team�leader,�for�all�of�his�input�and�

assistance�in�making�my�research�and�manuscripts�their�best.�Your�ability�to�teach,�by�stepping�into�the�

student’s�knowledge�base�and�presenting�in�a�manner�that�he/she�might�best�understand,�was�

tremendously�helpful�to�me�innumerable�times�throughout�the�work�for�my�dissertation.�Fraser�and�

Doro,�thank�you�for�all�of�your�help�with�the�writing�of�my�Tecplot�and�Matlab�scripts.�Doro�you�were�

always�a�tremendous�help�in�making�sure�that�all�of�my�numbers�and�equations�were�accurate.�I�also�

enjoyed�hanging�out�with�you�and�Marc�–�especially�our�trips�to�Desperados!��

� A�very�special�thanks�goes�to�Ufuk�who�I�worked�closely�with�throughout�my�research,�sharing�

meshes,�manuscripts,�and�an�office�while�working�under�the�same�CO�Me�project�–�Good�times�on�the�

U.S.�West�Coast�my�friend.�Stefan�Saur�was�also�part�of�CO�Me�project�12,�and�played�a�crucial�part�in�

providing�the�models�from�computed�tomography�for�the�patients�used�in�my�research.�Thanks�for�

always�being�a�“Skype�instant�message”�away�for�me�to�ask�the�last�minute�question�or�get�clarification�

on�something.�Of�course,�I�am�deeply�grateful�for�the�financial�support�given�by�the�Swiss�National�

Science�Foundation�through�CO�Me,�without�which�my�work�would�not�have�been�possible,�but�I�also�

appreciate�having�the�chance�to�be�part�of�such�a�vastly�innovative�group�of�people�that�have�been�

collected�together�for�such�diverse�biomedical�engineering�projects.�

� Biomedical�engineering�research�is�by�its�nature�a�multi�disciplinary�area�requiring�the�input�of�

numerous�fields,�and�in�particular,�input�from�the�medical�domain.�I�was�exceptionally�fortunate�to�have�

such�incredible�access�to�a�great�group�of�physicians�at�the�University�hospital�in�Zurich.�I�very�much�

appreciated�being�able�to�just�cross�the�street�and�head�over�to�the�hospital�to�get�specific�questions�

answered�–�and��Hatem�was�always�there�with�a�response�or�some�guidance�to�push�me�in�the�right�

direction;�at�points�in�my�research�these�were�daily�trips.�Lotus,�and�the�tremendous�amount�of�patient�

data�you�collected�for�my�work�was�a�tremendous�help.�You�were�also�always�available�for�questions,�

and�to�help�me�figure�out�where�in�the�hospital�Hatem�might�be�hiding.�It�was�great�working�with�Paul�

on�the�two�manuscripts�concerning�the�locations�of�the�coronary�arteries�in�both�healthy�and�diseased�

patients.�I�also�received�great�medical�input�from�Dr.�William�Marshall,�a�retired�cardiac�surgeon,�who�is�



XI�
�

currently�the�Associate�Dean�of�Clinical�Affairs�and�Venture�Development�at�the�University�of�South�

Florida�in�the�U.S.�He�has�played�numerous�pivotal�roles�in�my�reaching�of�new�heights�that�I�never�

thought�possible.�I�greatly�appreciate�all�of�your�medical�insights�and�input�throughout�my�doctoral�

work,�but�even�more�so�for�your�tremendous�assistance�that�has�put�me�in�such�an�incredible�place�in�

my�career,�and�in�life.�

� The�LTNT�is�composed�of�multiple�disciplines,�which�afforded�me�the�opportunity�to�be�exposed�

to�not�only�some�interesting�research�that�I�would�likely�have�never�sought�out�on�my�own�–�thermo,�

nano,�fuel�cells,�etc.�–�but�also�gave�me�the�chance�to�meet�some�more�great�people.��You�all�provided�a�

great�break�when�I�wanted�to�get�away�from�my�own�research�or�for�great�adventures�when�we�were�

not�in�the�office�–�though�I�could�do�without�the�cliff�falling.�I�would�like�to�specifically�thank�Christian�

Weinmueller�for�his�involvement�and�enthusiasm�in�the�many�crazy�projects�we�worked�on,�explored,�

and�delved�into,�outside�of�the�office.�I�have�many�great�memories�hanging�out�with�you�and�Sonja.���

� Thanks�to�all�of�the�German�native�speakers�that�helped�me�with�the�writing�of�my�

“Zusammenfassung”.�I�think�by�the�end�we�had�every�native�speaker�in�the�lab�take�a�look�through�it.�I�

greatly�appreciate�your�assistance�in�this.��

� I�had�a�tremendous�opportunity�to�explore�an�aspect�of�bioengineering�that�I�have�always�been�

fascinated�with,�but�had�never�had�the�chance�to�really�get�a�“pipette�into�my�hands”.�That�all�changed�

with�iGEM�–�the�international�genetically�engineered�machine�competition�held�at�MIT.�My�great�

gratitude�goes�to�Dr.�Sven�Panke�and�Dr.�Joerg�Stelling�for�allowing�me�to�be�one�the�members�to�

represent�the�ETH�in�the�competition.�Thank�you�to�all�of�the�2007�ETH�iGEM�members�for�some�great�

times�and�a�great�presentation�that�allowed�us�to�bring�home�the�first�place�presentation�trophy!�

� I�would�like�to�thank�the�many�people�outside�of�LTNT�that�I�was�able�to�become�friends�with�

during�my�time�in�Switzerland–�Benedicte,�Christos,�Dani,�Guido,�Nadja,�Nati,�Peter,�Philipp,�Marc,�Silvia,�

Tina,�and�anyone�else�that�I�did�not�list,�but�you�know�who�you�are.�For�an�American�to�leave�Freedom�

land�and�spend�three�years�in�a�new�place�is�certainly�a�horizon�broadening�and�eye�opening�experience.�

Yet,�it�can�also�bring�with�it�many�trials�in�missing�friends,�family�and�the�familiarity�of�those�things�that�

we�all�seem�to�take�for�granted�when�we�are�comfortably�secure�in�them.�Each�of�you�helped�to�make�it�

all�better�for�me�and�at�some�points,�as�hard�as�it�might�be�to�believe,�you�all�helped�to�make�“here”�feel�

a�bit�like�home.�

�

�



XII�
�

� Finally,�for�anyone�reading�this�hoping�that�I�might�part�some�great�wisdom�on�the�secret�of�how�

to�complete�the�doctoral�work�in�three�years�(as�it�will�have�been�exactly�three�years�from�my�start�day�

(July�4th,�2006)�till�my�defense�(July�3rd,�2009)�–�if�you�add�in�the�day�from�the�2008�leap�year).�Well,�

unfortunately�I�must�delivery�some�bad�news�–�there�is�no�such�secret!�In�fact,�my�advice�to�you�–�don’t�

try�it!�You�will�end�up�working�just�as�many�hours�as�if�you�were�here�for�3.5�to�4�years�any�way�(say�

good�bye�weekends,�holidays,�and�nights)�and�you�will�be�stressed�out�of�your�mind.�No,�no…�it�is�much�

better�to�take�your�time,�get�out�and�enjoy�the�wonderful�country�that�Switzerland�is,�including�the�

phenomenal�city�of�Zurich�(which�was�voted�#1�city�in�the�world�to�live�in�all�three�years�I�was�here);�and�

to�really�get�to�know�and�take�pleasure�in�the�many�adventures�you�should�partake�in�with�the�other�

members�of�the�LTNT.��

�

Thank�You�All;�&�All�the�Best!�

�

�

�

�

�



XIII�
�

Summary�
� ����������	� 
��� ������������� ���
������ 
��������������������	����
�� ������
�

������������
��������
��
�����������������������
���������������	�������
���������������

��
�������������
�����	��
����������
�
����������
���	�
������������������������������
�����


���� 
��������� ����� ����������� �	� �� ������ 
�� 
��� ����
����� ���
���� 
�������
� 
���

��������
�������������������

� ������ ���������� ���� 
���� 
��
���
��� ��� ��������� ��������� ���� ��
� ��
�����

�����
����������
� ������������������������������
�����
������
��������	����������	�


��!�����
������������������������!�	��������������������
���
������	�
������������
�"�����

��� �����
��� 
��������� "#�$$�� 
��� ����������� �������� "����� ��� �����
�
������ 	�����

��������� "#%�$$� ���� 
��� �����
�� �����
��
� "����� ��� 
��� ���� �	� �������� ���������$� 
��

��

�� �����
���� ���� 
��
� ��������� �	� 
��� ��
��� ��
� ���� 
��� ������� �
����� �	� 
���

���������
��

� �����
�� !��������� �	� 
��� ���
���� �	� ��
���
� ��� ������� ��� �����
������� ����


��
��������������	�
�������������������
������������
����������
���	�
����������

�
��� ��
��� ��� 
���� ������
�� 	��� 
��� ��
��� ��
� ����� ����� ��	����� ��� �������

����������� ���� ��
� ��� 
��� ����� ������� ��
��� ��
� ��� ������ 
��
���
� ��
������ ���

��	�������� ������������
��������������
�� 
�!����	� 
��� ���������
���� ������� ���


������������������
�������������
��
������
��������	�#���
��
�����
�!����	����������

���
��� ������
�
��� �� �����	����
� ��		������ �������� 
��� ���
� ������� �
��� "&#�$��

'��������
������	���
�����
�������	
����������
��������������������
�������
������	�

����������� ����� ���
����� ����
����� ��� 
�������������
��	� 
��
���
�(� 	�� �������� 
���

����
������
��	�����
���������
������������������
������
���������
�����������
������	�

���
��
�����	�
������������
����

� ��������� �	� 
��� ��
��� ��
�� ���� �����	������� 
��� ���������� ��
�� ���)�� �������� �	�

*���������������������������������
�������������������
��������
�������
���
���
�������

%�
���
�������������
�����+������������������������
��
��
�����������������������
���

���� �	� #�� ���� #%��� 
��� ����
���� 	����� 	���� �����
��� �	� 
��� ����� 
�����+���� 	�� 
���

���������
��	�
���������������
��,���
���������� ��������	
�������
�����+����	����
��

���
���#�������������,������������
��
������	�
�����������
�����
����
�����#%��



XIV�

�

����
�� 	�� 
���#�������������� ������
���� ����	�����
��� ��
��
������
���������
����

�����
���������
���������������#��	����� ����	���������
���
������������������
���#�����

�������� 
��
� ���� �� ������ ���������� �	� ���������� ��� 
��� ���
�� ��� �������� 
�� 
��� ��	
��

#�������	
��
����� 
���	����� ����-��������
����������
���	�������������	�
���&#������


������+���	������
��
���#�������	
�	��������
���#%������������
���
�����
������
��
�&#��

�	���������
����

������������������
���#����������	����� ����
�����
����������
��
�������

�	� �� ����
� ������
���� �������� 	��������� ������ ���������� ��
�� ����
� 	�
���

�����
���
�����

� ����	��
����������	�
�����
�����
���
�����������
�����
��
��������
������
�

�
���	��.
�������������
��
�
��������������������
����	��������������������,�������������

������
���� "��//$��������������������
����������
�"��//0$���������
�������� ������

"1/.$� ���� ��������� �������� 
���� "&&�$� ,� �����
� ����� ���������� 
�� ���+��� 	���
����


��
� ���� ����� 
�� �
������������� � ������ �����
���� 	��� #%�� ��������� �	� 
��� ��
���
�2�

�������� ��	��� 
��� ����
� �	� �
������������� ��� �����
��� 
�� 
��� �����	��� ���+��� ��
���


����	
����������������	�����������
��2������
���
����������
���������
����������"33*$�

����������	������

� %�� 
��� &#��� ��//� ��
�� �
�� ������ �����
���
�� 
���� 1/.�� ��� ����� ��� �
�� �������

�������
����� ��� 	����� 
�� ��� 
��� �����
�� ���
� ���
��� 	�� ��
��
���� ��������� ��������� 
���

���
��������	����+�������
�����	������������
�����	�
����������	�	���� ����
������&&��

����1/.����
��
���������	����
���������33*�
����
����
���
��������
�������	�����
�����


��������
������
����
���	��
���������������������
������	�
���&#�����������
����������	�

	���������
��������
�����������������

� ��
���
�������	����
��������������
���
��
��������
�����
��������
������//���������


��� �����
�� �	� ������� 	�� 
��� '#�� ����� 
��� �����
� ������ �	� ���+���� ������ 
�� ���

����
�	������
�� ��

��������	��	���� ����
������&&�����
�� �
�������	����
���������33*�
����

��//�� ��//0� ���� 1/.� ��� 
��� �����
�� ���
� ���
��� 	�� ��������� �������
����� �	� 
��� ��	
�

��������
��������
����������	�	���� ����
��������
����������������

� %�
����
������������� �����
���
�������������������������
���
��
�����
����
���

����������
���
���	���//��������������������
��������33*��	�&&���



XV�

�

Zusammenfassung�
� .�� ���� ����
��� .����
���4����� ����� 5!��!������ ���� 6�� 7������	���
���� ����

�4�	���
�� ������������� 8����� ������ -��9�!����������
���� �
�������� '��������
����

���������������4��������'����� �����5�4��������������
����������5�
���!������4�����

��� ���� �4���
��� :������
��� ��� ������ ��������� ���
���� ������ 5!��!������ ���
����� ����

����
�������
��������0��������
����
����������
4!�������
����

� *����� 6�� 7������	�!��!������ ���� ���� -������������
������ ����� ����!�������

������������������
���	���������
�����
��8��5	��������������5!��!�����������������

���
����������4�����4
������� ������������������������ .���������������������
���������

;�
����!� ���� &���������� "���� #����
�
���������� "#�$$�� ���� .��������� "����������

/
9���������������"#%�$$���������.�	���
�!���"���
����
��&���������
���$�!�������
��

��� ���� 5!��!������ ��� ��
�������� ���� ��� 6��!�����	4���� "7�����
����$� ���

�������������6�����������������
����������������������!9������

� ������ ��
� ����7���
����<��� �������
��������0�	4���� ���� ��
�����������-����
�����

-�����!���
���������
��������6��!�����	4�����������������������
��������������
�

��
��� ���
���
� ������� ����� ������ ���� ��� ����� ����
�������� -��
���!� ������ ���������

;����������<�!����
��������!9���������*����������
�6��	�����#����
�
��������������
��

����� ��������� ���
��������� ;��������� ��� ��������� ;�������� ���� ;��������� ���

�������
���6����� �����	�!��
��=�
��������� ������ ���
���7�����
���� � ���������������

������!��
������������������������3���
���������������������������������
������������

��� ���!��� 7�����
����� �����
����
�� ����� ������ ���
��������� =�
��������� ���� ���

5�
���!����� ���� ������ -������������
������ ���� .�����
�
��� ��<�!����
��
� ������

�<������ 5��� �������������� -�������� ��
� ���� !<������ �����	<�
�� *�	����� ���� ��!�
�����

��
��!���������
�����������������7�����!�
�����������*�����<�������6��!�����	4����

!������!�����

� 5!��!�����������
���������������-����������
�����������!
�������������������

��� ��� ��	�
��������� ��
�� ���)���� ��� /����� *��������� !9����� 	<� ���� 3�
���
���

����������������� %������ ������� .���������� ����� >������ ����������� ;�
������ ���

-������������
���!��
��������;�
�6��	������#������#%������������/
9����������
�����

����� ��������� ��
�������� ��
� ������ ����� ����� ������������� ����
����� 5����		���



XVI�

�

���������?� 5��
���� ��� ��
�� ��
� ����� 3����� /����� 3�
����� ��� ���������� ���

��������
���#���� ������!������/�����
�������������� 	<��������
��������#���� ������!�

���������������-��
	�<��������������
��7�����
��������!������������
�������
���
�����

@�����
����������� ���� ������� 3�
���
���� ���� ����� ��� 1���
���� ��
� ��� #���� ������!�

�4�	���� *�����<���� ��� ���
��� ���� ��� ���!��� 7�����
���� ��	�������� /������ ��	�����

�������9�����*���������
���������������9���������/
9������� �������#���� 3�
������

��������/�����
���������������������������������������������������
���7�����
���������

3�
���
��� ��
� ���!
���������� ���� 6��!�����	4����� ���� ��
��� ��
� 	��
���
������� �����

�9������
� ����� ����� ���!
�� *��������� ��� 7�����
����� ��
� ��� ��
�� �����
��
�

����������
�������������>���������4�	����5�����������������
���=�
��������������<	����

� �������������
�������������������������
�����������6��!�����	4�������������6���

�����
� ��
� -��
� ��������� 5�� ��
� ��!���
�� ����� �4������������� 5��	�����9����� ���

������������������� ���� ���� ��

���� ������������������� ��� ��

���� 0�����
� ���

���������������������������������������/���������������&�������������������!9����������

��	4����� 	<� ���������������� ����� ���� ������� ��� ���
���� *����	� ����� �
����!������

����������!9������������-��
��	4�������
�����5�
�
����������
����!����������������


�
�4������� ����������� ���������������� �����<�����
���
� ������ ���� /����
���
4
� ���

3����
�������������
����*���������
���
�6��	������#������#%�������������

� ���� ��

���� ������������������ ��� ��� ���
��� 7�����
���� ����
� ������ �����

�9����� /����
���
4
� ���� ���� ������������� /������������� ���� ������ �9����� ����
�����

*���������
����������

����0�����
�����������������������8�����!����������

����

������������������ �����
� �������
������� ���� ��
� ����� ��� ���
��� 	<� �������9��������

!����������5����
���������
�����8��������������������������

�����������������������

���� �9�������� ���������������� ��
� ��<��� ������� ��� ��� ���!��� 7�����
���� �����

������4�
��� ��
� ����
� ���� ��

���� ������������������ ����� �9����� /����
���
4
� ���� ���

��

����0�����
�����������������������������������������������/���������������4�����

!���� �����	�!��
�� =�
�������� ���� ����
����� *���������
�� ��������� ��� ��

�����

������������������ ���� ��� �������������� /������������� ���
��
�� ���� ��

����

������������������ ��
� ����� ���� �������
�� 7�������� ��� %<��!������� ����

��������������������������������
������������������!���7�����
�����



XVII�
�

#��
��
���

�

A��.�
����
����

A�A�������
���&��
��

A�B�����6��
��

A�C��������
�����	�
���/��������	�*��������

A�D�#�������
�����

A�E����
���
�����	�
���#��������F��������

������
�
��
���/�������

A�G�����������	�.�
���
�

A�G�A�������
�������������������

A�G�B��
������������

A�H�#���
��1�
�����

A�I�&�	�������

�

B��5� *��������.� *����#������1�
����'���
��������6�����..�A����
��
�

B�A����
��
�

B�B�.�
����
����

B�C�;�
����������;�
�����

B�C�A�#�������

B�C�B�3�
���
��

B�C�C�#����
����+����
����

B�C�D�#����
�����������

B�C�E�/
�
��
���������������

B�D�&����
��

B�D�A�5� *����#��������
��

B�D�B�.� *����#����
��

B�D�B�#�����������
������� ����������� �������
��

B�E������������

B�E�A�#���������
��3�������/
������

A

A

B

C

D

G

I

I

J

AK

AC

AE

AG

AH

AJ

AJ

AJ

BA

BA

BC

BD

BD

BD

BI

BI

BJ



XVIII�
�

B�E�B�#��������.������
�����

B�G�'���
�
�����

B�H�#�����������

B�I�&�	�������

�

C��'��� ����%����� ����#����
�����������������#����
�
������%�����

����������	�
���#�����3�������

C�A����
��
�

C�B�.�
����
����

C�C�;�
����������;�
�����

C�C�A�3�
���
�3�����
����

C�C�B�#��������%����� ���

C�C�C�#����
�������������

C�D�#����
�
������%��������������

C�D�A�0����
����

C�D�B�-�������#����
�����

C�D�C�#%��/�

�����

C�E�&����
��

C�E�A�#������������#����
�������������%����� ���

����������C�E�A�A�#����A�

����������C�E�A�B�#����B�

����������C�E�A�C�#����C�

����������C�E�A�D�#����D�

����������C�E�A�E�#����E�

����������C�E�A�G�#����G�

����������C�E�A�H�#����H�

C�G�#����
�
������%��������������

C�G�A�#������%����&�
���

C�G�B�%����#����
���
�����

C�H�#�����
�

CK

CK

CA

CB

CE

CG

CH

CI

CI

CI

CI

DK

DK

DA

DA

DB

DB

DB

DC

DC

DD

DD

DE

DE

DG

DH

DH

DI



XIX�
�

C�H�A�#��������&���������

C�H�B�'���
�
�����

C�I�#�����������

C�J�&�	�������

�

D��#��������
���1�
����������/����3����
��	��
���3����
�����	�3��+���

'���
����,���3�
���
 /����	���#����
�
������/
�������6�����&���
�#������

�
�����

D�A����
��
�

D�B�.�
����
����

D�C�;�
�����

D�C�A�#�����
������+����
������������������������

D�C�B�#����
�
�����	�������	�����������������������
���

D�C�C�#����
�����	����������������
���
�����+�������
�����

D�C�D�/
�
��
��������������

D�D�&����
��

D�E������������

D�E�A�'���
�
�����

D�G�#�����������

D�H�&�	�������

�

E��1�
����������/����3����
��	��
���3����
�����	�3��+���'���
����,���

3�
���
 /����	���#����
�
������/
�������6�����'�	
�#�������
������

E�A����
��
�

E�B��.�
����
����

E�C�&����
��

E�D������������

E�E�#�����������

E�G�&�	�������

�

DJ

EK

EK

EA

EE

EG

EH

EI

EI

EJ

GB

GD

GE

GI

GJ

HA

HB

HH

HI

HJ

IK

IE

II

JK



XX�
�

G��5�������� JA

G�A�&�������	�&����
�� � � � � � � � ��������JA��

G�B��%�
�����!� � � � � � � � � ��������JC�

�

#�������*�
��� � � � � � � � � ��������JE�

�



1�
�

�

�

#���
��.�

Introduction�
�

Diseases� of� the� cardiovascular� system� are� the� number� one� cause� of� death� in� most�

developed� nations.1� With� the� advent� of� new� imaging� modalities� and� the� ever� increasing�

computer�processing�power,�many�advances�have�been�made�in�the�past�few�decades�to�better�

understand�and�treat�diseases�of�the�heart�and�cardiovascular�system.�In�this�work,�we�use�the�

tools� of� computed� tomography� (CT)� and� computation� fluid� dynamics� (CFD)� to� provide�

information�on�the�anatomy�of�the�aortic�root�(chapter�2),�insights� into�current�treatments�of�

these� tissues� for� aneurysm� and� dissection� of� the� ascending� aorta� (chapter� 3),� and� finally� a�

detailed� analysis� of� the� ability� of� the� hemodynamic� parameters� of� wall� shear� stress� to�

accurately�predict�the�future�location�of�plaque�development�in�both�the�right�(chapter�4)�and�

left�(chapter�5)�coronary�artery�trees.�

We� begin� with� a� description� of� the� anatomy� of� the� aortic� root,� heart,� cardiac� valves,�

coronary�arteries�and�an�important�component�of�this�region���the�sinuses�of�Valsalva.�A�brief�

description�is�also�given�of�two�diseases�pertinent�to�this�work�–�those�of�aneurysm/dissection�

of� the� ascending� aorta� and� of� atherosclerosis� associated� with� the� coronary� arteries.� We�

conclude�this�chapter�with�a�brief�description�of�the�main�topics�and�findings�of�the�subsequent�

chapters.�

�

1.1 The�Aortic�Root�

Throughout�evolution,�organisms�have�evolved�specialized�mechanisms� in�order� to�adapt�

to�their�environments.�The�human�heart�is�an�example�of�such�a�specialization.�It�appears�that�

each�tissue�of�the�heart�is�precisely�positioned�within�the�organ,�playing�an�intricate�part�in�the�

function�of�the�organ�system�as�a�whole.�
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Some�of�the�most�interesting�tissue�involved�with�the�opening�and�closing�of�the�leaflets�of�

the� heart� are� those� that� compose� the� tissue� of� the� aortic� root.� Of� particular� interest� are� the�

three� pouch�like� structures� called� the� Sinuses� of� Valsalva.� These� sinuses� are� not� only� greatly�

important�in�the�functioning�of�the�aortic�valve,2�4�but�a�case�can�be�made�for�their�significance�

to�each�cell�of�the�body,�because�from�these�tissues�form�the�arteries�that�feed�the�heart�itself.�

Without�an�adequate�supply�of�oxygen�and�nutrients�the�heart�can�no�longer�function�properly,�

and�hence�no�cell�in�the�body�will�receive�its�needed�nutrients.��

�

1.2 The�Heart�

�

Inferior�to�the�aortic�root�we�find�the�driving�force�behind�the�circulatory�system,�the�heart.�

It� is�actually� two�different�pumps�combined� together� in� four�chambers� (two�upper� level�atria�

and�two�lower�level�ventricles).�Four�valves�(tricuspid,�pulmonary,�mitral,�and�aortic)�between�

these�chambers�prevent�backflow�from�the�previous�chamber.�The� low�pressure�atria�are�the�

“waiting� rooms”� of� the� heart,� while� the� high�pressure� ventricles� actually� push� the� blood�

through�the�body.�Separating�the�right�and�left�sides�of�the�heart�is�the�septum.�

Deoxygenated�blood�returns�through�the�superior�and�inferior�vena�cava,�from�the�rest�of�

the�body,�and�fills�the�right�atrium.�It�is�then�held�here�until�the�tricuspid�valve�opens�causing�

the� blood� to� flow� into� the� right� ventricle.� Once� the� right� ventricle� is� full,� the� tricuspid� valve�

closes� and� the� ventricle� contracts,� expelling� the� blood� through� the� pulmonary� artery� to� the�

lungs.�The�blood�picks�up�oxygen�and�dispels� carbon�dioxide,� then�returns�via� the�pulmonary�

veins�to�the�left�atrium.�The�mitral�valve�is�opened�and�blood�flows�into�the�left�ventricle.�Upon�

contraction�of�the� left�ventricle,� the�aortic�valve� is�opened�and�blood�flows�to�the�rest�of�the�

body�through�the�aorta.� �
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1.3 The�Anatomy�of�the�Sinuses�of�Valsalva�

�

Between�the�aortic�valve�and�the�aorta�is�a� junction�characterized�by�three�sinuses�which�

support� the�semi� lunar� leaflet�attachments�of� the�aortic�valve.�Two�of�the�sinuses�connect� to�

the� coronary� arteries� and� are� opposite� the� main� pulmonary� artery� �� termed� the� “facing”�

sinuses.�The�third�sinus�(non�coronary)�is�termed�the�non�facing�sinus.�The�sinus�that�gives�rise�

to�the�right�coronary�artery�is�referred�to�as�the�right�facing�coronary�sinus,�and�the�sinus�giving�

rise�to�the�left�coronary�sinus�is�referred�to�as�the�left�facing�sinus.��

The�sinuses�between�the�left�ventricle�and�the�aorta�are�larger�than�those�found�between�

the� right� ventricle� and� pulmonary� valve.5� The� sinuses� are� of� an� ellipsoidal� shape� and� are�

composed�of�elastic�tissue,�which�aids�in�the�closer�of�the�valves.�In�his�book,�The�Aortic�Valve,�

Thrubrikar6�provides�data�of�the�measurements�of�the�sinuses�of�the�aortic�valve.�The�height�of�

the�sinuses�(hs)�was�measured�to�be�19.9�–�24.6�mm�(hs�=�1.76�x�the�radius�of�the�base�of�the�

ring� (Rb),� with� the� mean� Rb� =� 11.3� –� 14� mm).� The� distance� the� sinuses� extend� out� from� the�

normal� lumen�of� the�aortic�valve� ring�can�be�measured�by�the� total�sinuses�depth� (ds)�minus�

(Rb),�namely�5.2�–�6.4�mm�(ds�–�Rb;�with�ds�=�1.46�x�Rb�=�16.5�to�20.4).�These�results�show�a�

difference� of� diameter� of� the� lumen� of� the� valve� as� compare� to� the� total� distance� of� the�

diameter�of�the�sinuses�to�be�approximately�150%.�

�

Figure 1-1: Sinuses continuing on to Aortic Arch; note the attachment of the coronary arteries in the upper 
third of the sinuses. 
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�

Figure 1-2: Cross section of chest region. The sinuses of Valsalva can be found at (56).7

�

�

1.4 Coronary�Arteries�

�

The� heart,� just� as� any� muscle� of� the� body,� must� have� a� constant� supply� of� oxygen� and�

nutrients� in�order�to�maintain� its�continuous�function.� It�does�not�receive�this�supply�through�

the�blood�within�its�chambers,�which�it�is�pumping�to�the�rest�of�the�body,�but�rather�through�

its�own�vascularization�of�the�myocardial�tissue.�

The�heart�accomplishes� this� vascularization� through� the�coronary� arteries.�They�originate�

from�the�right�and�left�sinuses�above�the�aortic�valve,�and�are�usually�located�in�the�upper�third�

of�the�sinuses.�They�are�referred�to�as�the�right�(Figure�1�3�left)�and�left�main�coronary�arteries�

(Figure�1�3�right),�respectively.��

The�right�coronary�artery�passes�between�the�pulmonary�artery�and�the�right�atrium,�and�

then�divides�into�the�transverse,�descending,�marginal,�and�infundibular�branches.�

The� left� coronary� artery� is� usually� larger� than� the� right� coronary� artery� in� lumen� and� is�

normally�10�–�20�millimeters�long.8�It�passes�between�the�pulmonary�artery�and�the�left�atrium�

before�branching�in�to�the�transverse�and�descending�branches.�

The� branches� from� the� left� and� right� coronary� arteries� both� further� branch� to� smaller�

vessels� and� capillaries� that� supply� the� cells� of� the� myocardial� tissue.� After� the� transfer� of�

oxygen/carbon� dioxide� and� nutrients/wastes� in� the� capillaries,� the� blood� travels� through� the�
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coronary�veins�(great�cardiac�vein,�small�cardiac�vein,�middle�cardiac�vein,�posterior�vein�of�the�

left�ventricle,�and�oblique�vein�of�the�left�atrium)�and�drains�directly�into�the�right�atrium.�

In�this�work,�the�American�Heart�Association�(AHA)�segments9�(Figure�1�3)10�will�be�used�to�

more� easily� identify� the� main� branches� of� the� right� and� left� coronary� arteries.� For� the� right�

coronary�we�are�interested�in�segments�1,�2,�and�3.�For�the�left�coronary�we�focus�on�segments�

5,�6,�7,�8,�9,�11,�and�16.�

�

�

Figure 1-3: The right coronary tree (left side) and the left coronary tree (right side) with the nomenclature devised 
by the American Heart Association. The bold numbers (1, 2, and 3 for the right; and 5, 6, 7, 8, 9, 11, and 16 for the 
left) are the branches studied in this work.11

� �
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9
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1.5 Distribution�of�the�Coronaries�&�Their�Attachment�to�the�Sinuses�

�

Extensive� variation� can� be� found� in� the� coronary� arterial� distribution� to� the� myocardial�

tissue.� However� the� major� branches� of� the� network� of� the� coronary� arteries� are� necessarily�

present.� The� variation� in� these� major� branches� is� well� documented� in� any� standard� medical�

anatomy�text�or�dissector.�

�

�For�example,�Moore’s�Clinically�Oriented�Anatomy11�describes�them�as�follows:�

“Variations�in�the�branching�patterns�of�the�coronary�arteries�are�common.�In�most�people�

the�RCA�and�LCA�share�approximately�equally�in�the�blood�supply�to�the�heart.�In�approximately�

15%�of�hearts�the�LCA�is�dominant�in�that�the�posterior�interventricular�branch�is�a�branch�of�the�

circumflex� artery.� A� few� people� have� only� a� single� coronary� artery.� In� other� people� the�

circumflex� branch� arises� from� the� right� aortic� sinus.� Approximately� 4%� of� people� have� an�

accessory�coronary�artery.”�

�

Grant’s�Dissector12�advises�to:�

“Expect�to�find�variations�of�the�coronary�arteries�and�their�branching�patterns.�These�are�

common.�In�about�75%�of�the�cases,�the�right�coronary�artery�is�dominant…�In�about�10%�of�the�

cases,� the�circumflex�branch�of� the� left�coronary�artery,� in�addition�to�supplying�all�of� the� left�

ventricle,�may� send� branches� to� the� posterior� portion� of� the� interventricular� septum� and� the�

right�ventricular�wall.�In�the�remaining�15%,�the�posterior�portion�of�the�interventricular�septum�

is�supplied�by�both.”�

�

The� locations� of� the� origin� of� the� coronary� arteries� to� the� sinuses� of� Valsalva� are� also�

associated�with�much�variation.�Most�texts�acknowledge�the�widespread�variation�in�the�ostial�

location,� but� give� little� quantitative� reference� to� this� variation.� The� ostial� locations� of� the�

coronaries�are�described�more�vaguely.�

��

�
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For�example,�Gray’s�Anatomy�states�that:�

“The�only�branches�of�the�ascending�aorta�are�the�two�coronary�arteries�which�supply�the�

heart;� they� arise� near� the� commencement� of� the� aorta� immediately� above� the� attached�

margins�of�the�semilunar�valves”�

�

�In�Cardiac�Surgery�in�the�Adult8:�

“The�right�and�left�coronary�arteries�originate�behind�their�respective�aortic�valvar�leaflets.�

The�orifices�usually�are�located�in�the�upper�third�of�the�sinuses�of�Valsalva,�although�individual�

hearts�may�vary�markedly.�Because�of�the�oblique�plane�of�the�aortic�valve,�the�orifice�of�the�left�

coronary�artery�is�superior�and�posterior�to�that�of�the�right�coronary�artery.”�

�

Moore’s�Clinically�Oriented�Anatomy11:�

“The� right� and� left� coronary� arteries� arise� from� the� corresponding� aortic� sinuses� at� the�

proximal�part�of�the�ascending�aorta”�

�

Grant’s�Atlas�of�Anatomy:�Grant’s�Dissector12:�

“Find� the� origin� and� orifice� of� the� left� coronary� artery� just� superior� to� the� left� aortic�

cusp…Identify�the�opening�of�the�right�coronary�artery�just�superior�to�the�right�aortic�valvule.”�

�

This�lack�of�a�readily�available�distribution�of�the�normal�attachment�site�of�the�coronaries�

to� the� sinuses� of� Valsalva� is� addressed� in� chapter� two,� were� we� provide� details� of� such�

distributions� in� a� sample� of� 75� cadavers� and� 150� patients� having� undergone� computed�

tomography�(CT)�examinations.��

� �
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1.6 �Diseases�of�Interest�

�

Two� main� diseases� will� be� addressed� in� this� work� –� 1)� dissection� and� aneurysm� of� the�

ascending�aorta�and/or�sinuses�of�Valsalva�and�2)�atherosclerosis.�

�

1.6.1 Dissections�and�Aneurysms�

�

The�rapid�ejection�of�blood�from�the�heart�and�through�the�aortic�valve�sends�a�fast�moving�

pulse�through�the�sinuses�of�Valsava�and�the�ascending�aorta.�The�blood�that�comes�in�contact�

with�the�walls�of�these�tissues�produces�a�corresponding�force�on�the�walls�of�the�vessel.��

Those� not� completely� understood,� one� theory� says� that� in� the� case� where� this� shearing�

causes�a�disconnecting�of�the�layers�of�the�vessel�wall,�a�dissection�occurs.�This�dissection�may�

or� may� not� be� associated� with� a� false� lumen,� or� an� opening� on� the� inner� most� layer� of� the�

vessel�wall�allowing�for�blood�flow�to�occur�inside�the�lumen�created�between�the�two�sheared�

layers.�

On� the� other� hand,� the� forces� of� blood� flow� can� cause� an� aneurysm.� Though� the� exact�

causes� of� these� aneurysms� are� not� fully� understood,� it� is� generally� accepted� that� the� forces�

caused�by�pressure�and�blood�flow�stretch�the�tissue�of�the�vessels,�particularly�the�inner�media�

layer,� damaging� the� vessel� and� causing� it� to� expand� in� a� radial� fashion.� If� this� expansion�

continues,�the�patient�runs�the�risk�of�rupture�of�the�aneurysm�which�can�have�a�catastrophic�

outcome�if�surgical�intervention�is�not�immediately�performed.�

Surgical� treatment� of� both� dissections� and� aneurysms� of� the� ascending� aorta� are� often�

similar.� In� its� most� simple� form,� during� the� procedure� the� diseased� tissue� (dissected� or�

aneurismal)� is� excised� with� temporary� detachment� of� the� coronary� arteries,� an� artificial�

ascending�aortic�replacement�graft�is�put�into�place,�and�the�coronary�arteries�are�reattached�to�

the�artificial�graft.�More�detail�of�such�procedures�is�given�in�chapter�three.� �
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1.6.2 Atherosclerosis�

�

� Atherosclerosis�is�a�disease�in�which�substances�such�as�cholesterol�and�calcium�

accumulate�in�the�vessel�walls�of�arteries,�causing�a�hardening�of�the�vessel,�loss�of�elasticity,�

and�the�formation�of�plaques.�It�is�associated�with�the�major�causes�of�cardiovascular�diseases�

including�coronary�artery�disease,�stroke,�and�heart�attack.�

� Cholesterol�is�a�naturally�occurring�fat�like�substance�that�is�produced�in�the�liver,�and�is�

essential�to�the�natural�functioning�of�the�body.�However,�too�much�“bad”�cholesterol,�or�low�

density�lipoproteins�(LDL),�and/or�not�enough�“good”�cholesterol,�or�high�density�lipoproteins�

(HDL),�can�be�detrimental�to�health.���

� Normal�coronary�arteries�consist�of�three�layers�–�a�smooth�inner�layer�(the�tunica�

intima),�a�muscular�middle�layer�(the�tunica�media),�and�a�tough�outer�layer�(the�tunica�

adventitia).�Though�the�exact�causes�of�atherosclerosis�are�not�known,�certain�risk�factors,�such�

as�smoking,�high�blood�pressure,�high�cholesterol,�and�diabetes�can�damage�the�smooth�inner�

lining�of�the�artery.�Once�this�layer�is�damaged,�LDL�cholesterol�can�enter�the�vessel�wall.��

� Wall�shear�stress�is�also�known�to�have�an�impact�on�the�shape�and�alignment�of�the�

endothelial�cells�that�line�the�tunica�intima.��The�endothelial�cells�will�align�themselves�in�the�

direction�of�flow.�Regions�of�constant�flow�cause�the�endothial�cells�to�form�an�ellipsoid�shape�

and�to�be�tightly�pushed�together,�thus�reducing�the�amount�of�LDL�that�enters�into�the�vessel.�

Regions�of�slow�and�oscillatory�flow,�however,�result�in�cells�with�polygonal�shape�and�that�

have�no�set�orientation.�This�results�in�an�increased�uptake�of�LDL.�

� �The�body�attempts�to�defend�against�this�LDL�invasion�by�sending�specialized�cells,�

called�macrophages,�to�consume�the�LDL�that�enters�the�vessel�wall.�These�become�large�cells�

in�the�vessel�wall�called�foam�cells.�The�body�then�attempts�to�protect�the�artery�against�these�

cells�and�the�fatty�streaks�within�the�vessel�that�they�form�by�surrounding�them�in�a�fibrous�

capsule,�which�is�called�a�plaque.�As�the�plaque�gets�bigger,�the�body�attempts�to�preserve�the�

vessel�lumen�and�corresponding�blood�flow�by�allowing�the�plaque�to�expand�into�the�elastic�

tunica�media�layer.�Continued�growth�of�the�plaque�will�lead�to�obstruction�of�the�vessel�lumen,�

termed�a�stenosis,�which�can�lead�to�symptoms�such�as�angina�pectoralis.� �
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1.7 Dissertation�Outline�

�

The� presented� work� consists� of� six� chapters.� We� have� begun� with� this� first� introductory�

chapter�and�will�now�proceed�to�four�journal�papers�that�were�completed�during�the�research�

of� the� author’s� Ph.D.� studies.� Finally,� we� will� conclude� with� an� epilogue� of� the� results� of� this�

work�and�an�outlook�for�future�work�in�this�area.�

�

1.7.1 Chapter�2�

�

In� chapter� two� we� begin� the� main� text� of� the�work� looking� at� the�anatomy� of� the� aortic�

root,�and�specifically�of�the�origin�of�the�right�and�left�coronary�origins.�As�all�previous�studies�

have� reported� the� distribution� of� coronary� ostial� locations� only� in� cadaver� hearts,� we� made�

measurements�in�both�cadavers�(a�group�of�75)�and�patients�undergoing�dual�source�computer�

tomography�(150�patients)�and�then�compared�the�two�groups.�Results�from�this�study�not�only�

provide� a� better� basic� understanding� of� the� anatomy,� but� have� potential� applicability� in� the�

treatment�of�aortic�valve�disease�through�percutaneous�valve�procedures.��

�

1.7.2 Chapter�3�

�

In� this� chapter� we� use� the� tools� of� computational� fluid� dynamics� (CFD)� to� explore� the�

changes�in�fluid�flow�caused�by�various�surgical�procedures�to�treat�diseases�of�the�aortic�root,�

such�as�aneurysm�and�dissection,�that�involve�removal�of�the�diseased�tissue�and�implantation�

of� an�artificial�graft.�CFD�results�of� a�model� representing� the�normal� aortic� root�anatomy�are�

compared� to� those� of� a� patient� having� undergone� an� ascending� aortic� replacement� with� a�

pseudo�sinus�graft�and�to�those�of�a�patient�having�undergone�a�unique�method�of�treatment�

called� the� Cabrol� procedure.� Long� term� clinical� and� CT� imaging� follow�up� results� of� seven�

patients�having�undergone�the�Cabrol�procedure�are�also�presented.��

�
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1.7.3 Chapter�4�

�

This� chapter,� and� chapter� five,� provides� the� main� work� of� the� dissertation.� Chapter� four�

analyses�the�hemodynamic�parameters�of�average�wall�shear�stress�(AWSS),�average�wall�shear�

stress�gradient� (AWSSG),�oscillatory� shear� index� (OSI),�and� residency� residual� time� (RRT)�with�

respect�to�their�ability�to�accurately�predict�the�location�of�future�plaque�development.�CT�data�

sets�of�the�right�coronary�artery�(RCA)�(AHA�segments�1,�2,�and�3)�of�30�patients�are�used�to�

create�geometries� for�CFD�with�plaques�virtually� removed�to�bring� the�patient�back� to�a�pre�

plaque�“healthy”�state.�A�CFD�analysis�is�then�performed�on�each�of�these�30�RCA�geometries,�

with�subsequent�calculations�and�comparisons�of�AWSS,�AWSSG,�OSI�and�RRT,�with�respect�to�

sensitivity�and�positive�predictive�value,�to�the�current�know�plaque�locations.�

�

1.7.4 Chapter�5�

�

Chapter� five� provides� a� CFD� patient� study� analysis� of� the� left� coronary� artery,� again�

correlating�the�hemodynamic�wall�shear�parameters�of�AWSS,�AWSSG,�OSI�and�RRT�to�plaque�

locations.�Here�we�explore�AHA�segments�5,�6,�7,�8,�9,�11�and�16,�virtually�removing�any�plaque�

present,� performing� the� CFD� simulations,� and� then� finally� correlating� AWSS,�AWSSG,� OSI� and�

RRT�wall�shear�parameters�to�the�current�plaque�profile�of�each�patient.�

�

�

1.7.5 Chapter�6�

�

In� the� closing� chapter� of� this� work,� we� review� the� results� of� the� undergone� studies� and�

present�a�brief�discussion�and�conclusions.�Future�potential�work�is�also�discussed,�as�well�as�a�

perspective�on�where�the�field�as�a�whole�may�move�with�future�advances.�

� �
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Author # Sex Age 
Range 

Ave 
Age 

General Left (mm) Right (mm) 
Annulus 
Diameter 

(mm) 

Jantene       et 
al .12 100 

84% 
M 9 - 86 30 

Measured distance from bottom of the sinus 
to  correpsonding os tium, along the 

curvatu re of sinus 
13.3 14.8 

21.8       
(± 3.6) 

Cavalcanti    
et al.6 51 - - - Comissural Line Reference:                

51% below, 34% above,  15% at 12.6 (± 2.61) 13.2 (± 2.64) - 

Vlodaver     
et  al.22 

55 - - - Comissural Line Reference:                
40% had 1 or both ostia above 

- - - 

Turner & 
Navaratnam21 38 - - - 

S inotubular Junction Reference:             
84% at or immediately (within 2mm) below - - - 

Muriago      
et  al.15 23 

M & 
F 29 -79 - 

S inotubular Junction Reference:             
Left (below 69%, above 22%, at 9%);        
Right (below 78%, above 13%, at  2%) 

highest 2mm 
above 

junction; 
lowes t 2 mm 

below 

highest 2.5mm 
above 

junction; 
lowest 5 mm 

below 

- 
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Table 2-1: Previous Ostial Measurement Studies: Coronary ostial locations in previous ex-vivo studies were 

measured using multiple reference points. Each is limited by measurements taken solely on cadavers, without re-

creation of the natural in vivo environment.  
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2.3 �Materials�and�Methods�
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2.3.2 Patients�
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Table 2-2: Demographic Data: CT patient group demographic information. 
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Demographic Value

Age 60.4 ±12.0
Gender 61.3% Male
Height 169.5 (±9.6) cm 
Weight 74.0 (±14.0) kg 

BSA 1.82(±0.17m2 

Pre-test likelihood of CAD 
     - Low 84% 
     - Intermediate 16% 

* BSA= Body Surface Area, CAD = Coronary Artery Disease
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2.3.3 CT�Data�Acquisition�
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Figure 2-1: Coronary Ostial and Sinus Measurements – Measurements of the coronary ostial 

locations in cadavers (a) and with CT (b) were made from the base of the aortic annulus perpendicularly 

up to the center of the coronary ostium. 1 = Measurement for the left main artery (LMA) ostium in 

cadavers (a) and in patients with CT (b); 4 = Measurement for the right coronary artery (RCA) ostium 

with CT. Measurements of the left (2) and right (3) sinus heights were measured by moving through the 

planes to obtain the attachment of the sinus at the aortic annulus and the sino-tubular junction (yellow 

dashed line represents the sinus shape through multiple planes). 5 = measurement of the aortic annulus 

with CT (b). 
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2.3.5 Statistical�Analysis�
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Figure 2-2: CT Coronary Ostial & Sinus Measurements (a) – Data from CT measurements showing 

right coronary ostial (RCO) and left coronary ostial (LCO) heights of 17.0 (± 3.6) and 15.3 (± 3.1) mm, 

respectively. The right (RS) and left (LS) sinus of Valsalva heights had mean values of 19.9 (± 3.2) mm 

and 19.8 (± 2.7) mm, respectively. Cadaver Coronary Ostial (b) – Data from the cadaver measurements 

showing right coronary ostial (RCO) and left coronary ostial (LCO) heights of 16.0 (± 3.6) and 14.9 (± 

4.3) mm, respectively. 
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2.4 Results�
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Table 2-3: Demographic Data - CT patient group demographic information. 
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2.4.1 Ex�Vivo�Cadaver�Data�
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2.4.2 In�Vivo�CT�Data�
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Hearts # Sex Age 
Range 

Mean 
Age 

General  Right (mm) Left (mm) 
Annulus 
Diameter 

(mm) 

Cadaver 75 - - - All  pat ients  were greater than 40 
years of age 

14.9 ± 4.3  16.0 ± 3 .6  - 

CT 1 50 61% M 
39% F 

29-8 6 
years  

60.4 
years 

% of left ost ium on left  sinus 77.0   
% of right ost ium on right sinus   

85.8 

Ost ium 17.0 ± 3.6    
Sinus 19.9 ± 3.2 

Ostium 15.3 ± 3.1    
Sinus 19.8 ± 2.7 23.0 ± 3.8 
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  Male Female  

RCO Mean 18.0 (±3.7) 15.5 (±2.9) P�0.0001 

 Range 10.4-28.5 10.9-22.0  

LCO Mean 15.9 (±3.1) 14.5 (±3.07) P�0.0001 

 Range 9.9-29.3 9.8-25.9  

RS Mean 20.9 (±3.2) 18.3 (±2.6) P<0.0001 

 Range 13.0-29.7 12.0-24.4  

LS Mean 20.9 (±2.5) 18.2 (±2.2) P<0.0001 

 Range 14.4-27.5 13.3-23.2  

% of RCO on RS Mean 86.2% (±13.5%) 85.1% (±11.7%) P=0.61 

% of LCO on LS Mean 75.8% (±10.8%) 79.3% (±12.3%) P=0.073 

Annulus 
Diameter 

Mean 24.0 (±4.2) 21.4 (±2.4) P<0.0001 

 Range 18.1-29.6 16.2-28.1  
�

�

Table 2-4: Comparison of CT measurements by gender - All values are given in mm. 
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Figure 2-3: Coronary Ostial Distribution – Visual representation of the distribution of the locations 

of the right and left coronary ostia overlaid onto a CT image showing the corresponding anatomy of the 

aortic root. Note the lower location of the right coronary artery (RCA) ostium and wider variation as 

compared to the ostium of the left main artery (LMA) 
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2.4.3 Comparison�between�in�vivo�and�ex�vivo�data�
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2.5.2 Clinical�Implications�
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2.6 Limitations�
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2.7 Conclusions�
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3.1 Abstract�

�

The Cabrol procedure is characterized by insertion of an ascending aortic 

composite graft with reimplantation of the coronary arteries by the interposition of a 

graft tube. Our purpose is to report the clinical long-term follow-up and computed 

tomography (CT) findings in patients having undergone the Cabrol procedure and to 

determine blood flow in the Cabrol graft using computational fluid dynamics (CFD).

Clinical follow-up (76.6±16.6months) and dual-source CT angiography data of 7 

patients (all males, mean age 54.9±9.6years) with 12 Cabrol grafts (LMCA, n=7; RCA, 

n=5) were reviewed. In 2 patients, the RCA was directly reattached to the aortic graft. 

CFD were calculated using CT data of a patient with the Cabrol procedure and 

compared to those in a Valsalva graft and a healthy aortic root. 

CT showed one occluded (to the LMCA) and one subtotally occluded (to the RCA) 

Cabrol graft. Six grafts to the LMCA and three to the RCA were fully patent, similar to 

the two directly reattached RCA. 14% (1/7) of the left and 40% (2/5) of the right Cabrol 

grafts were occluded. CFD results show similar blood flow parameters into the 

coronaries for the healthy aortic root and Valsalva graft. In the Cabrol graft, a spiraling 

flow pattern with low flow into the RCA was found (Systole: RCA=1ml/min; Diastole: 

RCA=1ml/min).

Our study indicates low flow rates particularly into the right Cabrol graft 

correlating with a higher incidence of occlusions of the right as compared to the left 

Cabrol graft at long-term follow-up. 
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3.2 Introduction�

 

There are currently several techniques available for the surgical replacement of 

the aortic root. These procedures include a replacement graft for the ascending aorta and 

can be associated with or without concomitant aortic valve replacement. The 

replacement graft can be a straight cylindrical type or one with Valsalva shape that more 

accurately mimics normal aortic root flow for the valve, and into the coronary ostium[1, 

2].  

The button technique has become the standard method of reattachment of the 

coronary arteries[3]. For instances in which the button technique is not applicable[4, 5], 

e.g. during re-operative procedures or in cases where the coronary arteries are 

challenging to mobilize, the Cabrol procedure can be used[6]. In this now rarely applied 

procedure, an additional smaller diameter graft (Dacron or polytetrafluoroethylene 

(PTFE)) is anastomosed side-to-side with the ascending aortic graft and end-to-end to 

the coronary attachments.   

It has previously been shown that the specific technique of coronary re-

implantation (Bentall, “button”, or Cabrol procedure) is significantly associated with the 

outcomes of aortic root replacement[5]. However, while Cabrol et al.[7] report a very 

positive 5 year outcome in 30 patients (20 aneurysm, 10 dissection), Gelsomino et al.[8] 

advise against the use of the Cabrol procedure based on their 16 year follow-up in 45 

patients (17 dissection, 10 annuloaortic ectasia, 5 atherosclerotic aneurysm and 5 

poststenotic dilation). It is not known which factors lead to this disparity between the 

studies. Nevertheless, the consensus today is that the button technique should be used in 

general, whereas the Cabrol procedure should only be performed when the former is not 

possible[3, 9-11]. 

In this study, we report clinical long-term follow-up data and dual-source 

computed tomography (CT) imaging findings in 7 patients having undergone the Cabrol 

procedure. In addition, we describe blood flow patterns based on computational fluid 

dynamics (CFD) calculations using CT datasets of a patient treated with the Cabrol 

procedure, and compare them with those in a Valsalva graft and a normal healthy aortic 
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root. Finally, based upon these calculations we provide potential factors to better 

understand the reported negative outcomes of the Cabrol procedure. 

 

3.3 Materials�and�Methods�

3.3.1 Patient�population�

 Between May 1965 and December 2004, 640 consecutive patients underwent a 

redo procedure of replacement of the aortic valve or root and/or composite replacement 

valve. The Cabrol procedure as a coronary connection to the conduit was used in 3.9% 

(25) of patients undergoing a composite ascending aorta and aortic valve replacement. 

The indications for using the Cabrol procedure were: general redo procedures, extensive 

calcification of the aneurysmal aorta, and low coronary ostia. From these 25 patients, 6 

were lost for follow-up and 12 died. Thus, we included seven patients (all males, mean 

age 54.9±9.6 years, range 40-72 years) in our study. 

 

3.3.2 Clinical�Follow�up�

 All clinical data were obtained by retrospective review of medical records. 

Postoperative follow-up information was obtained by periodical cardiological reports 

and questionnaires. Cumulative follow-up totalled 44.67 patient years and was 100% 

complete. Clinical follow-up extended to a maximum of 104 months and the mean 

follow-up interval was 76.6 16.6 months (median 74 months). 

 

3.3.3 Computed�Tomography�

All patients underwent imaging with a dual-source CT scanner (Somatom 

Definition, Siemens Medical Solutions, Forchheim, Germany). Details of scan protocol 

and data acquisition parameters can be found in[12]. ECG-pulsing for radiation dose 

reduction was used in all patients[13], leading to an average effective radiation dose of 

7-9 mSv[14]. 
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Figure 3-1: Depiction of the studied geometries from a posterior view: Normal aortic root 

in (A), pseduosinus (B), and Cabrol (C). During systole, the inlet for the models is the Annulus, 

and the outlets are the ascending aorta (AscAorta), right coronary artery (RCA), left anterior 

descending (LAD) coronary and the circumflex (LCX) artery. For the diastolic phase, the inlet 

for the models is the AscAorta, and the outlets are the RCA, LAD and LCX.

�

�

�

3.4 Computational�fluid�dynamics�

�

3.4.1 Geometries�

Computer models of the geometries of interest were generated by image 

segmentation of dual-source CT datasets of a normal aortic root, a Valsalva graft, and of 

a patient having undergone the Cabrol procedure. Each model included the aortic root 

and proximal part of the ascending aorta, as well as proximal segments of the right 

(RCA), left anterior descending (LAD) and circumflex (LCX) coronary arteries. Two 

variations of each model representing maximal flow during the systolic and diastolic 

phases of the cardiac cycle were used (Figure 3-1). 

For the normal aortic root under diastolic conditions, the aortic valve was taken 

into account in the closed position. The valve was placed in an open position for the 

systolic phase, thus partially covering the sinus of Valsalva openings. 

 Models of the two anatomies altered by pseudosinus graft replacement and 

Cabrol procedure where created in a similar fashion, again including the proximal 

portions of the right and left coronary arteries, and also the additional graft for the 

Cabrol procedure. 
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3.4.2 Boundary�Conditions�

In order to perform a CFD study, boundary conditions, e.g. prescribed values of 

velocity or pressure at the inlets and outlets of the respective domain, have to be used. 

As we are specifically concerned with comparing the effect of changes in geometry of 

these procedures on the corresponding flow, we developed the strategy below to allow 

direct comparison of the models.  

Steady boundary conditions were used at maximal flow rates of the systolic and 

diastolic phases of the cardiac cycle in the normal anatomy case. In diastole, an inlet 

pressure of 110 mmHg was set at the distal end of the ascending aorta geometry. Flow 

rates where specified at the three outlets (LAD=67 ml/min, LCX=33 ml/min, and 

RCA=12 ml/min). The pressures at the outlets were then computed and considered to be 

the natural back pressure of the downstream sections of the coronary arteries and the 

capillary beds in diastole. These outlet pressures were subsequently used as the 

coronary artery boundary conditions for the two surgical models in diastole, while the 

same inlet pressure as in the normal anatomy (110 mmHg) was applied at the distal end 

of the ascending aorta geometry.  

An analogous procedure was used for the systolic boundary conditions. A steady 

solution at maximal systolic flow in the normal anatomy geometry was first obtained. A 

flow rate of 5 l/min was set at the aortic annulus. An outlet pressure of 120mmHg was 

set at the distal end of the ascending aortic geometry. Flow rates where then specified at 

the three outlets (LAD=33 ml/min, LCX=17 ml/min, and RCA=15 ml/min). The 

herewith calculated outlet pressures were subsequently used as the coronary artery 

outlet conditions for the two surgical models. 

 

3.4.3 CFD�Settings�

Blood was modeled as an non-compressible Newtonian fluid[15] with a density 

of 1050 kg/m3 and a viscosity of 0.003 Pascal seconds. An unstructured tetrahedral grid 

was generated for each model in ICEM-CFD (ANSYS Inc., Pittsburg, PA). Simulations 

were performed in CFX 11.0 (ANSYS Inc., Pittsburg, PA). 
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3.5 Results�

�

3.5.1 Clinical�and�Computed�tomography�Follow�up�

3.5.1.1 Case�1�

This 42-year-old man underwent mechanical aortic valve replacement due to anulo-

aortic ectasia causing severe aortic regurgitation 15 years ago (Table 3-1). One year 

later, the patient developed infective endocarditis of the valve prosthesis and was 

subsequently operated for replacement of the ascending aorta using a homograft along 

with closure of the paravalvular leak. Over the next 8 years, the homograft 

progressively degenerated and a periprosthetic aneurysm with severe aortic 

regurgitation developed. The patient underwent reoperation with replacement of the 

homograft by a 27 mm aortic valve Composite graft. The Cabrol procedure was 

performed using a thin-walled, 6 mm PTFE graft. Long-term follow-up CT showed a 

patent Cabrol graft to the left main artery and an occluded Cabrol graft to the RCA 

(Figure 3-2). The periprosthetic aneurysm was fully thrombosed. Clinical follow-up at 

the time of CT showed good general conditions with no clinical or physical limitations 

(NYHAI).

�

Figure 3-2: Dual-source CTA in a 42-year-old man performed 7 years and 1 month after the Cabrol 

procedure. Transverse thin MIP and VR images demonstrate a patent Cabrol graft to the left main artery 

(arrows) and an occluded Cabrol graft to the right coronary artery (arrowheads).
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3.5.1.2 Case�2�

This 63-year-old man underwent biological aortic valve replacement due to severe 

aortic stenosis 19 years ago (Table 3-1). Because of recurrent degeneration of the valve, 

the patient was reoperated three times on the valve and aortic root in the subsequent 10 

years. Five years ago the patient suffered from hemodynamically significant 

paravalvular regurgitation. He underwent replacement of the ascending aorta with 

interposition of a 27 mm Dacron graft combined with a Cabrol procedure. The left main 

artery was attached to an 8 mm PTFE graft and fixed in an end-to-side fashion to the 

Dacron graft. The RCA was directly reattached to the Dacron graft without graft 

interposition. Long-term follow-up CT showed full patency of the Cabrol graft to the 

left main artery and a patent RCA (Figure 3-3). Clinical follow-up revealed 

bradyarrhythmia, but no signs of heart failure were found. 

 

�

Figure 3-3: Dual-source CTA in a 63-year-old man performed 4 years and 10 months after the 

Cabrol procedure. Transverse thin MIP and VR images demonstrate a patent Cabrol graft to the left 

main artery (arrows) and a patent right coronary artery that was directly reattached to the Dacron graft 

(arrowheads). 

 

3.5.1.3 Case�3��

This 72-year-old man underwent replacement of the aortic valve due to aortic valve 

failure after infective endocarditis 21 years ago. After that, a grade III AV block 
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developed and a DDDR pacemaker was implanted. Sixteen years later the patient 

suffered from severe aortic regurgitation and an aneurysm of the ascending aorta. The 

patient underwent replacement of the aortic valve and root by using a 23 mm composite 

graft. The Cabrol procedure was performed with re-implantation of the coronary arteries 

by using a 6 mm PTFE graft. Long-term follow-up CT showed a patent Cabrol grafts 

with only slight wall irregularities. The periprosthetic aneurysm was subtotally 

thrombosed. Clinical follow-up yielded a good general condition with no discomfort or 

physical limitations (NYHA I). 

 

3.5.1.4 Case�4�

This 62-year-old patient underwent mechanical aortic valve replacement and 

replacement of the ascending aorta using a supracoronary graft due to a Type A 

dissection 25 years ago. Twelve years later an aneurysm of the sinus of Valsalva with 

rupture into the left atrium was detected. The patient underwent replacement of the 

ascending aorta with a 26 mm Gelweave graft combined with the Cabrol procedure by 

attaching the native coronary arteries to an 8 mm PTFE graft. The mechanical aortic 

valve prosthesis was left in place. An additional 6 mm PTFE Cabrol shunt, a small graft 

that allows drainage of the Cabrol graft, was mounted between the right atrium and the 

remnant of the native ascending aorta. Long-term follow-up CT revealed a patent 

periprosthetic aneurysm with the patent Cabrol graft running through the contrast-filled 

aneurysm. The Cabrol shunt was thrombosed. Clinical follow-up showed fatigue and a 

reduction of physical performance in everyday life (NYHA II). In addition, the patient 

reported palpitations at night and recurrent chest pain. No signs of heart failure were 

found. 

3.5.1.5 Case�5�

This 56-year-old man underwent replacement of the ascending aorta with a 

supracoronary graft due to a type-A dissection 10 years ago. Two years later, aortic 

regurgitation and a periprosthetic aneurysm were diagnosed. The patient was re-

operated with replacement of the aortic valve and ascending aorta with a 25 mm aortic 
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valve graft. Coronary perfusion was maintained using the Cabrol procedure with a 6 

mm PTFE graft. Long-term follow-up CT after 8 years and 8 months showed a patent 

left Cabrol graft and a subtotally occluded right Cabrol graft. The periprosthetic 

aneurysm was subtotally thrombosed. Clinical follow-up revealed good general 

condition with no discomfort or physical limitations (NYHA I). 

3.5.1.6 Case�6�

This 49-year-old man underwent replacement of the ascending aorta with a 

supracoronary graft due to a type-A dissection 7 years ago. One year later, he suffered 

from a re-dissection at the proximal aortic graft anastomosis. The patient underwent 

reoperation of the supracoronary graft including the aortic root with interposition of a 

23 mm aortic valve and a 26 mm Composite graft combined with a Cabrol procedure. 

The left coronary artery was attached to the composite graft using a 6 mm PTFE graft. 

The RCA was reattached directly to the composite graft without a graft interposition. 

Long-term follow-up CT showed a patent RCA while the Cabrol graft to the left 

coronary artery was occluded. The periprosthetic aneurysm was fully thrombosed. 

Clinical follow-up yielded good general condition with no discomfort or physical 

limitations of the patient (NYHA I). 

3.5.1.7 Case�7�

This 40-year-old patient underwent reoperation of the ascending aorta because of a 

periprosthetic aneurysm after replacement of the ascending aorta due to a chronic, 

symptomatic Type-A aortic dissection due to Marfan syndrome 5 years ago. Surgery 

was performed using an interposition 31 mm Composite graft combined with a Cabrol 

procedure using an 8 mm PTFE graft. Long-term follow-up CT showed patent Cabrol 

grafts to the left main and RCA as well as a completely thrombosed periprosthetic 

aneurysm (Figure 3-4). The periprosthetic aneurysm was fully thrombosed. Clinical 

follow-up revealed good general condition and no physical limitation (NYHA I). 

�

�
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Figure 3-4: Dual-source CTA in a 40-year-old man performed 4 years and 4 months after the 

Cabrol procedure. Transverse and coronal thin MIP and VR images demonstrate a patent Cabrol graft to 

the left main (white arrows) and right coronary artery (arrowheads) as well as the completely 

thrombosed periprosthetic aneurysm (black arrows). 

�

3.6 Computational�Fluid�Dynamics�

�

LAD LCX RCA Total
Ascending�Aorta 33 17 15 65

Valsalva�Graft 24 16 15 55
Cabrol�Graft 25 10 1 36

LAD LCX RCA Total
Ascending�Aorta 67 33 12 112

Valsalva�Graft 58 32 8 97
Cabrol�Graft 78 30 1 110

Percentage�of�Total�Coronary�Flow

Systolic Diastolic
Ascending�Aorta 37% 63%

Valsalva�Graft 36% 64%
Cabrol�Graft 25% 75%

Systolic�Coronary�Flow�in�ml/min

Diastolic�Coronary�Flow�in�ml/min

�

Table 3-2: Data for the coronary flow in ml/min for each of the three models (ascending aorta, 

Valsalva graft, and Cabrol procedure) for both systole and diastole show a similar distribution of flow 

when comparing the normal anatomy with that of the Valsalva graft, although at a lower magnitude. For 

the Cabrol procedure a limited flow is seen for the right coronary artery (RCA) during diastole and 

systole, with a different distribution as compared to the normal anatomy and Valsalva graft model. 
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3.6.1 Coronary�Flow�Rates�

 Coronary flow rates during systole and diastole for the surgical models were 

compared to the normal anatomy. The Valsalva graft model shows a similar overall 

distribution of flow through the coronary arteries as the normal anatomy, although at 

lesser values (Table 3-2). The Cabrol model gives similar flow rates for the LAD. 

However, lower values were found for the LCX and significantly lower flow for the 

RCA. 

 

�

Figure 3-5: Streamlines of flow for the normal aortic root (A) and Valsalva graft (B) in diastole 

show similar patterns. 

 

3.6.2 Flow�Characteristics�

The flow in the normal aortic root and Valsalva graft models are visualized 

using streamlines in (Figure 3-5) for both systole and diastole. The flow at the ostium of 

the two geometries into the coronary arteries is remarkably smooth. 

Flow into the Cabrol graft during systole shows a horizontally spiraling, 

corkscrew-like flow at the opening of the Cabrol graft towards the left coronary 

connection of the graft. Also present is a vertically spiraling flow just distal to the 

opening of the Cabrol graft towards the connection to the RCA (Figure 3-6). 

A close-up view of the streamlines for the Cabrol graft connection to the native 

RCA shows that the flow must divert approximately 90° from the inferior end of the 

Cabrol graft to make its way into the coronary artery. 

�
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Figure 3-6: Streamlines in the Cabrol model showing spiraling flow in both the horizontal and 

vertical directions in the Cabrol graft (A) and flow into the right coronary (B). 

�

�

3.7 Comment�

The Cabrol procedure provides an accurate, tension-free anastomosis of the 

native coronary arteries to the Dacron graft that prevents formation of pseudoaneurysms 

at the coronary ostia[16]. However, it carries the risk for various late complications such 

as kinking of the Cabrol graft, angulation with occlusion at the coronary artery ostia, 

and – most importantly - graft occlusion due to thrombosis or stenosis[3, 7]. Therefore, 

some authors propose its use only in rare instances[3]. Most of the ischemic 

complications related to the Cabrol procedure described in the literature occurred within 

5 years from the initial surgical intervention. These were either due to thrombosis[3] or 

stenosis of the Cabrol graft[17] at the anastomosis site with the native coronary arteries. 

In our patient cohort, we found no pseudoaneursyms at the coronary ostia anastomoses, 

however 14%(1/7) of the left and 40%(2/5) of the right Cabrol grafts were occluded. 

 Sufficient flow into the coronaries is important for coronary patency and overall 

cardiac function. The normal aortic root has evolved to provide efficient flow into the 

coronary ostium, and the results from the CFD study confirm this, while also showing 

that the Valsalva graft has similar flow characteristics. In both cases, the curved pouch-

like structure of the native sinuses of Valsalva (normal aortic root) and the Valsalva 

graft, respectively, act in such a manner as to more efficiently channel flow to the 

cardiac tissue. 
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 This contrasts with the Cabrol model, where two specific patterns of the flow are 

of particular interest: 1)flow into the native RCA from the Cabrol graft, and 2)the 

spiraling flow formations in the Cabrol graft. The abrupt narrowing of the Cabrol graft 

as it connects to the RCA has a considerable impact on the resulting flow into the RCA. 

Although the Cabrol model in this study is only a representation of a single patient 

having undergone a Cabrol procedure, results found in the CFD study, and in 

particularly the low flow rates through the right coronary, could partially explain the 

clinical findings in this (Case 1, 5) and other studies[18] showing  occlusion of the right 

portion of Cabrol grafts. 

 A unique flow pattern is found in the Cabrol graft itself, especially during 

systole. The horizontally spiraling flow is produced by the rapid ejection of blood from 

the heart and past the Cabrol graft. The vertically spiraling flow on the RCA connection 

side of the Cabrol graft can be accounted for by an attempt of the fluid to equalize the 

forces (momentum) associated with the flow. These peculiar flows also likely contribute 

to negative outcomes of the Cabrol graft as shown by the higher rate of RCA closure 

found in the clinical follow-up of our patients. 

3.7.1 Clinical�Relevance�

While the Cabrol procedure was widely used in the two decades subsequent to 

its development, Patel et al.[16] state that “the Cabrol procedure is now forgotten by 

most surgeons and almost unknown by cardiologists”. With the known long-term issues 

of the Cabrol procedure, it is of utmost importance that those who become responsible 

for follow-up of these patients have knowledge of the particulars of the procedure. 

There have already been several reported cases of successful follow-up treatments of 

Cabrol patients made with percutaneous, surgical, as well as combined 

surgical/endovascular treatments[19], and these types of interventions are likely to 

become more common as the patients with previous Cabrol procedures age. 

In spite of the limited use of the Cabrol procedure, a technique to reattach the 

coronary arteries during ascending aortic replacement when the button technique is not 

feasible is still needed.  Based on the higher rate of occlusions of the RCA and the 
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unique flow into the Cabrol graft, together with a patent RCA of all directly attached 

coronaries, our study suggests the use of a direct connection whenever feasible. These 

preliminary data warrant further investigation. 

3.7.2 Limitations�

This study is limited in the analysis of only seven patients for long-term clinical 

follow-up. The results from the CFD study are limited in the fact that the geometry used 

was from a single Cabrol procedure.�

�

 

3.8 Conclusions�

Our study provides long term clinical and CT imaging data and demonstrates, 

for the first time, hemodynamic features of blood flow within the Cabrol graft. Our 

results from CFD analysis indicate a low and non-laminar flow particularly into the 

right Cabrol graft correlating well with a higher rate of Graft occlusions when compared 

with the left Cabrol graft side. Further studies are warranted to directly compare the 

patency rates of the RCA in the Cabrol procedure to the RCA of directly anastomized 

coronaries. 

�
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4.3 �Methods�
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Table 4-1:  Patient demographics and clinical characteristics of the study population. 
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4.3.1 CT�anatomy�acquisition�and�image�processing�
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4.3.2 Computation�of�blood�flow�and�wall�shear�parameters�
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Figure 4-1:  Blood flow into the right coronary artery during one cardiac cycle used as the inlet 

boundary condition for the flow computations. 
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4.3.3 Correlation�of�wall�shear�parameters�to�plaque�locations�
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Figure 4-2: Parameters that correctly identified a plaque were labeled as proximal (A – indicative 

parameter values within the proximal half of the plaque), distal (B – within the distal half of the plaque), 

full (C – within the entire margins of the plaque) and center (D – focused in the middle region of the 

plaque). This figure is for the OSI parameter. Blue represents low OSI values, whereas peak values 

indicated by red identify a plaque location. The black mesh is a volume representation of the plaque. 
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4.4 RESULTS�
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�� �� AWSS AWSSG OSI RRT 

�� Sensitivity 72%�25% 68%±36%� 60%±30% 69%±59%�

�� PPV 47%±27% 37%±23%� 68%±34� 59%±34�

�� �� �� �� �� ��

�� �� Sensitivity�p�values ��
�� �� AWSS� AWSSG� OSI� RRT�
�� AWSS� �� 0.5665� <0.05� 0.6661�
�� AWSSG� 0.1047� �� 0.3588� 0.8811�
�� OSI� <0.01� <0.001� �� 0.1794�
�� RRT� <0.05� <0.01� 0.2353� ��

�� �� PPV�p�values� ��

Table 4- 2: A) Sensitivity and positive predictive value (PPV) for the prediction of plaque locations 

in the entire RCA for average wall shear stress (AWSS), average wall shear stress gradient (AWSSG) and 

oscillatory shear index (OSI). B) p-values when comparing the sensitivities and PPVs for each of the 

three parameters. 
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Table 5-1: Patient demographics and clinical characteristics of the study population. 
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Figure 5-1:  Blood flow into the right coronary artery during one cardiac cycle used as the inlet 

boundary condition for the flow computations. 
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5.3 RESULTS�
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�A� AWSS AWSSG OSI RRT 
Sensitivity 90%���% 64%±38%� 52%±34% 47%±39%�

PPV 30%±19% 17%±13%� 33%±25� 48%±41�
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AWSS� �� <0.01� <0.001� <0.001�
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OSI� 0.3764� <0.001� �� 0.2924�
RRT� <0.05� <0.001� <0.05� ��

�� PPV�p�values� ��
Table 2: A) Sensitivity and positive predictive value (PPV) for the prediction of plaque locations in 

the entire RCA for average wall shear stress (AWSS), average wall shear stress gradient (AWSSG) and 

oscillatory shear index (OSI). B) p-values when comparing the sensitivities and PPVs for each of the 

three parameters. 
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Epilogue�
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6.1. Review�of�Results��

�

Results� from� this� work� focused� on� providing� information� to� better� understand� and� treat�

diseases� of� the� aortic� root� and� coronary� arteries.� A� multi�disciplinary� approach� was� taken�

combining� the� expertise� and� tools� of� three� main� areas� –� the� radiologist� and� the� tools� of�

computed� tomography� (CT),� the� biomedical� engineer� and� the� tools� of� computational� fluid�

dynamics�(CFD),�and�the�computer�scientist�and�the�tools�of�parallel�processing.�

Accurate�understanding�of�the�anatomy�of�interest�is�of�paramount�importance�for�not�only�

CFD� results,� but� also� for� the� development� of� devices� and� treatment� protocols� for� clinical�

purposes.� Measurements� of� cadaveric� hearts� do� not� adequately� define� the� coronary� ostia� in�

relation�to�the�aortic�root�in�a�physiologic,�i.e.,�an�in�vivo,�setting.�Chapter�two�presents�data�for�

the� distribution� of� the� coronary� ostia� in� both� cadavers� and� patients� having� undergone� CT.�

Results� showed� a� statistically� significant� difference� in� the� right,� though� not� the� left,� coronary�

ostia� when� comparing� the� ex�vivo� cadaver� measurements� to� those� of� the� in�vivo� CT.� This� is�

important�in�that�all�previously�obtained�measurements�to�define�the�anatomy�of�the�coronary�

ostia� were�ex�vivo,� and� not� in� the�under� pressure� native�environment�where� treatments� and�

devices� are� to� be� used.� Novel� in�vivo� treatment� protocols� of� the� aortic� root,� such� as�

percutaneous�and�transapical�aortic�valve�replacement�and�their�corresponding�risk�of�coronary�

ostial�obstruction,�along�with� the�observed� large�variations� of� coronary�ostia� origins� found� in�
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this� study,� emphasize� the� importance� of� considering� such� anatomic� variations� in� the�

development�of�treatments.��

In�chapter� three,�a�CFD� analysis� is�used� to�compare� two�different� surgical� techniques� for�

treatment�of�aneurysm/dissection�of�the�ascending�aorta.�Blood�flow�in�a�pseudo�sinus�graft�is�

compared�to�that�of�a�patient�treated�with�the�Cabrol�procedure,�and�each�of�these�is�further�

compared�to�a�model�of�the�normal�healthy�aortic�root.�CFD�results�showed�a�similar�blood�flow�

into�the�coronaries�for�the�healthy�aortic�root�and�Valsalva�graft.�In�the�Cabrol�graft,�however,�a�

spiraling�flow�pattern�with� low�flow�into�the�RCA�was�found.�This� low�flow�rate� into�the�right�

coronary� correlated� well� with� clinical� and� CT� follow�up� performed� on� seven� patients� treated�

with�the�Cabrol�procedure�that�showed�a�higher� incidence�of�right�coronary�closure�than�left.�

Based�on� the�higher� rate�of�occlusions�of� the�RCA� and� the�unique� flow� into� the�Cabrol�graft,�

together� with� a� patent� RCA� of� all� directly� attached� coronaries,� these� results� imply� that� one�

should�use�of�a�direct�connection�whenever�feasible.�These�preliminary�results�warrant�further�

investigation.�

It� is� believed� that� wall� shear� parameters� –� such� as� average� wall� shear� stress� (AWSS),�

average�wall�shear�stress�gradient�(AWSSG),�oscillatory�shear�index�(OSI)�and�residence�residual�

time� (RRT)� –� can� indicate� possible� atherosclerotic� lesion� prone� sites.� However,� the� ability� of�

each�of�these�hemodynamic�parameters�to�accurately�identify�specific�plaque�locations�has�not�

been�fully� investigated� in�a� large�patient�study.� In�chapter�four�and�five�results�are�presented�

for� two�such�patient�studies�comparing�the�parameters�of�AWSS,�AWSSG,�OSI�and�RRT� in�the�

right�(chapter�four)�and�left�(chapter�five)�coronary�arteries�of�30�patients�with�plaques�virtually�

removed.��

Correlating� the� results� of� these� wall� shear� parameters� to� the� patient� specific� plaque�

profiles,�AWSS�was�found�to�have�a�higher�sensitivity�than�OSI,�while�OSI�and�RRT�both�had�a�

higher�positive�predict�value� (PPV)�than�either�AWSS�or�AWSSG�for� the�right�coronary�artery.�

These� results� point� to�OSI� and�RRT�being� the�optimal� parameters� when� the� number� of� false�

positives� is� to� be� minimized.� However,� with� its� higher� sensitivity� than� OSI� and� its� simple�

calculation,� AWSS� appears� to� be� the� general� parameter� of� choice� to� accurately� identify� the�

largest�number�of�plaques�for�the�right�coronary�artery.�
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A�similar,�though�more�pronounced�correlation�was�found�for�the�left�coronary.�AWSS�had�

a� higher� sensitivity� than� all� three� other� parameters� –� AWSSG,� OSI,� and� RRT.� For� PPV,� RRT�

proved� to� be� significantly� higher� than� all� three� other� parameters,� while� AWSS� and� OSI� were�

both�significantly�higher�than�AWSSG.�These�results�imply�that�AWSS�is�best�suited�for�potential�

clinical� use� of� the� LCA� in� applications� that� necessitate� as� many� plaques� to� be� identified� as�

possible,�regardless�of�the�number�of�false�positives.�RRT�is�the�parameter�of�choice�for�the�LCA�

for�clinical�applications�in�which�the�number�of�false�positives�is�to�be�minimized.��

�

�

6.2 Future�Work�

�

Though�much�progress�has�been�made�in�the�past�decades�concerning�the�use�of�imaging�

and�computational�power�to�aid�in�the�understanding,�diagnoses,�and�treatment�of�diseases�of�

the�cardiovascular�system,�the�coming�decades�are�likely�to�see�this�foundation�of�research�and�

development�pushed�more�towards�actual�clinical�application.�The�research�presented�here� is�

hopefully�a�small�contribution�towards�the�much�larger�goal�of�fully�automated�patient�specific�

analysis�of�the�aortic�root�and�coronary�arteries�for�diagnosis�and�treatment.��

One� example� of� where� the� future� may� lead� for� treatment� of� diseases� of� the� aortic� root,�

such�as�those�presented�in�chapter�three,�would�be�a�system�in�which�a�patient�is�scanned�in�CT�

with� the� aortic� root� automatically� segmented� and� meshed.� Models� for� different� surgical�

options,�for�example�of�various�treatment�techniques�for�graft�replacements,�or�locations�most�

suitable� for� the� reattachment� of� the� coronary� arteries,� could� also� be� created� with� limited�

surgical� input.� These� different� options� would� then� be� run� through� a� CFD� analysis� with� a�

recommended�treatment,�along�with�likely�outcomes,�given�as�a�final�output�to�further�aid�the�

surgeon�in�providing�the�best�care.�

A� future� example� for� the� coronary� arteries� and� treatment� of� atherosclerosis� might� look�

something�like�this:�an�at�risk�patient�for�coronary�artery�disease�is�scanned�to�produce�models�

of�the�coronary�tree�that�are�automatically�meshed�for�CFD.�The�performed�CFD�analysis�shows�

not� only� areas� of� the� anatomy� at� risk� for� future� atherosclerosis� initiation,� but� also� provides�
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possible�scenarios�for�the�likely�development�of�future�plaque�sites,�as�well�as�potential�targets�

for� the� most� beneficial� areas� to� treat� for� prevention� of� such� scenarios.� Though� there� are�

currently� no� such� treatments� to� aid� in� areas� that� are� likely� to� develop� atherosclerosis,� as� is�

often�the�case�with�medical�device�innovations,�as�the�diagnosis�and�understanding�of�a�disease�

is�better�understood,�so�to�can�treatments�be�designed�to�meet�these�challenges.��

�Many�advances�must�be�made�before�such�examples�can�come�to�fruition�however.�The�

continued� advances� in� CT,� magnetic� resonance� imaging� (MRI),� combined� fluoroscopy/MRI�

machines,�and�other�imaging�modalities�continue�to�allow�for�more�accurate�representations�of�

the� geometries� of� interest,� while� also� holding� the� potential� of� accurate� patient� specific�

boundary�conditions�that�are�central�to�realistic�CFD�results.�

�Also�important�are�tools�for�preparing�the�geometries�for�CFD�from�these�imaging�outputs.�

Numerous�challenges�still�exist�for�fully�automated�segmentation,�smoothing,�of�the�models,�as�

well� as� the� meshing� of� the� geometry.� Future� work� improving� the� imaging� modalities� will�

positively� affect� our� ability� to� rapidly� obtain� accurate� representations� of� the� anatomy� and�

patient� specific� boundary� conditions� using� completely� non�invasive� techniques.� Advances� in�

computer�processing�power,�computational�fluid�dynamic�methods�and�schemes�for�both�the�

meshing�and�solving�of�CFD�models�will�aid�in�the�automation�and�speed�with�which�future�CFD�

analysis�can�be�performed.����

The� multi�disciplinary� approach� will� continue� to� be� crucial� in� working� through� these�

challenges�and�enabling�the�future�success�of�such�endeavors.�In�fact,�the�importance�of�taking�

the�needs�of�the�physician,�such�as�minimal�required�input,�and�of�the�patient,�such�as�how�a�

particular�treatment�might�impact�the�patient’s�overall�lifestyle�into�account,�will�become�even�

more�important�as�the�challenges�of�today�are�met�tomorrow.�
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