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AbstratMagneti resonane imaging has beome a widely used imaging tehnique for diagnostipurposes, with appliations in the whole human body. For many pathologies of theentral nervous system, it is in fat the method of hoie, due to high soft tissue ontrastand the possibilities of generating images related to organ funtion rather than puremorphology.In this thesis, the fous will be on methods designed to deal with a spei� aspet ofthe entral nervous system, whih is the irulation of �uids (blood and erebrospinal�uid) inside the skull. These two �uid ompartments interat with eah other, and adisease a�eting one has good hanes of a�eting the other as well. This is the reasonwhy the thesis is divided in two parts: the �rst part, titled angiography, is mainlyrelated to the visualization of arteries and veins by means of angiographi sequenes,and to the presentation of a novel method to enhane the visualization of datasets,by inluding the funtional information deriving from time-resolved angiography intoa single olor-oded set of images. The seond part, titled Flow quantifiation, ispresenting a new bSSFP-based method for 3D time-resolved aquisition of quantitative�ow information. This tehnique an be used for blood �ow assessment, but it isespeially suited for the measurement of erebrospinal �uid. In the end, preliminarylinial results from a linial study that applies this quanti�ation tehnique to �owinside the erebral ventriles are presented.
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CHAPTER 1. INTRODUCTIONMagneti resonane imaging is a relatively new diagnosti imaging method, beinghypothesized by Raymond Damadian in 1971 [1℄ as a possible method for tumor de-tetion, and introdued in linial routine only in the 1980s when the �rst ommerialMRI sanners beame available. However, the suess of this tehnique has inreasedsteadily during the years, and nowadays there is an ative sienti� ommunity devel-oping new methods and onepts. The biggest international onferene in the �eldsof MRI, promoted by the International Soiety of Magneti Resonane in Mediine(ISMRM), ounts thousands of original ontributions eah year.The reasons for the suess of MRI for diagnosti imaging are multiple: �rst of all,the image formation does not rely on the usage of ionizing radiations, and up to datethere is no sienti� proof of harmful biologial e�ets due to the use of linial sanners.Seondly, MRI o�ers a vast range of possibilities for the imaging of soft tissues, enablingthe di�erentiation of strutures and the identi�ation of a wide range of lesions. Lastly,the �eld of appliation of MRI spans beyond the standard morphologial imaging o�eredby other radiation-based methods, and an provide useful funtional information aboutthe organs.In neuroradiology, MRI is often the tool of hoie for the diagnosis, as it an be usedto easily di�erentiate gray and white matter, and tehniques for multimodal imaging ofthe brain are available.1.1 MRI for funtional imagingWhile other tehniques like omputed tomography (CT) of X-ray �uorosopy o�er highspatial resolution imaging of the entral nervous system, the hoie of methods providingfuntional information is rather limited, and often requires the usage of speializedequipment. For example, digital subtration angiography is the method of hoie forthe diagnosis of neurovasular pathologies, but it requires a dediated mahine, ionizingradiation, and the insertion of an intraarterial atheter; positron emission tomography(PET) is a nulear mediine tehnique able to visualize tissue perfusion, but with a lakof morphologial referene information and the need for a radioative traer.MRI o�ers a wide range of possibilities to obtain funtional information, availableon most ommerial sanners, often only requiring the seletion of an appropriate a-quisition method (pulse sequene), or at most the intravenous injetion of a gadolinium-or iron-based ontrast agent.Although the term �funtional MRI� (fMRI) ommonly refers to MR imaging of neu-ral ativation, possibly measured through the hemodynami response indiated by theBOLD e�et (hange in magneti properties of oxygenated/deoxygenated hemoglobin),�funtional imaging� is a more generi term, relating to all methods that give informa-tion about an organ that go beyond the morphologial harateristis and explore theatual physiology.Examples of funtional imaging available through MRI are perfusion measurements,time-resolved or ardia-gated aquisitions of moving organs, hemial shift imaging,di�usion imaging, angiography and �ow measurements.12



CHAPTER 1. INTRODUCTION

Figure 1.1: Ventriular system of a normal subjet.1.2 Flow in the entral nervous systemThe entral nervous system ontains two important ompartments that are omposedof �uids: the neurovasular system, in whih blood irulates, and the erebrospinal�uid (CSF) ompartment, whih provides mehanial support and protetion.These two ompartments are linked together, as CSF is produed by blood �ltra-tion inside the horoid plexus in the ventriular system (see �g. 1.1), and subsequentlyreabsorbed in the venous system. CSF movement is also mainly driven by blood pulsa-tion, that expands the brain vessels and therefore redues the ventriular spae duringsystole, pushing the CSF outside the ventriular spae.An important pathology, the normal pressure hydroephalus (NPH) is believed tobe a onsequene of the driving e�et of blood over CSF pulsation. [2, 3℄. In normalsubjets, the ompliane of the brain parenhyma ats as a damper for the blood pul-sation, therefore reduing the CSF pulsatility. If the brain tissue beomes sti�er, CSFpulsatility is fored to inrease, whih leads to enlargement of the ventriular spae.Despite the need for good imaging of CSF �ow, in order to orretly de�ne this kindof pathologies, the relaxation harateristis of CSF, whih shows very long longitudinaland transversal relaxation times, make it very di�ult to measure with onventional fast
T1-weighted sequenes. For this reason, either long repetition times are required (in theorder of seonds), or non-spoiled steady-state sequenes (like the balaned steady-state13



CHAPTER 1. INTRODUCTIONfree preession [bSSFP℄ sequene) need to be used.In order to study the �ow dynamis of the CNS, it is therefore important to studyboth the vasular ompartment, through angiography and blood �ow quanti�ation,and the CSF ompartment, whose geometry is simpler, but whih requires dediatedtehnique to be suessfully evaluated.1.3 AngiographyAngiography is traditionally de�ned as �the radiographi visualization of the blood ves-sels after injetion of a radiopaque substane� [4℄. By extension, Magneti ResonaneAngiography (MRA) refers to �magneti resonane imaging used to visualize noninva-sively the heart, blood vessels, or blood �ow in the irulatory system� [5℄, whih may ormay not involve the use of an exogenous ontrast agent.Even though, stritly speaking, angiography belongs to morphologial imaging, thedepition of the vessels generally relies on the e�ets generated by the blood �owinginside them rather than the atual vasular morphology.This is often desirable, as the main linial interest is to study the blood �ow itself, inorder to evaluate whether the blood supply to areas of the body is adequate, insu�ient,laking, or present but abnormal.Examples of auses of insu�ient or absent blood supply to tissues are thrombosisand stenoses, whereas arteriovenous �stulas are possible examples of abnormal bloodsupply to body regions. In this latter ase, arterial (oxygenated) and venous (deoxy-genated) blood get mixed beause of a pathologial shunt between an artery and avein. This results in a redued oxygen supply to the region downstream of the inter-ested artery, and risk of rupture beause of an inreased blood pressure in the venoussystem [6�8℄.MRI o�ers various alternatives for obtaining angiographi datasets: some exploitthe blood �ow veloity to disriminate between �uid and stati tissues; others rely onthe injetion of an intravasular ontrast agent that signi�antly hanges the relax-ation harateristis of blood, so that it an be easily identi�ed using sequenes withonventional weighting.1.3.1 Nonenhaned MRA tehniquesAngiography sequenes that do not need any ontrast agent injetion rely on e�ets thatgenerally go beyond the lassial relaxation harateristis of tissues. As a general prin-iple, blood and �uids move inside the body, therefore they experiene radiofrequenypulses and magneti �eld gradients in a di�erent manner with respet to stati tissues.This an be exploited to enhane the ontrast between blood and surrounding tis-sues. 14



CHAPTER 1. INTRODUCTION

Figure 1.2: Time-of-�ight angiography of the brain vessels. Left: oronal maximumintensity projetion (MIP); right: transversal MIP.1.3.1.1 Time-of-�ight angiographyThe �rst sequene for angiographi imaging to be introdued was the �time-of-�ight�(TOF) tehnique [9,10℄. It is a T1-weighted sequene with a two-dimensional aquisition,or thin-slab three-dimensional aquisition, with slie orientation perpendiular to themain �ow diretion. Short repetition times produe very low signal from all tissuesbeause of saturation e�ets. Blood, on the other hand, bene�ts from the so-alledin�ow e�et, whih means that at every TR the exited volume of blood leaves theimaging slie, and a new volume enters. The next radiofrequeny pulse will thereforeexite non-saturated blood, thus resulting in maximum available signal (see �g. 1.2).Sometimes o�-resonane saturation pulses are played before the atual exitation toexploit magnetization transfer e�ets that ontribute to the saturation of stati tissues[11�13℄.This sequene is oneptually simple and easily implemented, and also gives goodresults in regions were blood �ow is mainly direted along a single axis. On the otherhand, in regions were vessels bend signi�antly (see �g. 1.3), a portion of the vesselmight fall inside one single slie, ausing the in�ow e�et to ease. In this ase, a signaldrop is observed and it might be mistaken for a vessel pathology like a stenosis.1.3.1.2 Phase-ontrast angiographyPhase-ontrast is a method for veloity quanti�ation, and will be presented in detail insetion 1.4. However, it an also be used as a method for the depition of vessel struture.To ahieve this, time-averaged veloity is measured along one or more diretions, andthen to every voxel in the dataset a gray level value proportional to the measured15



CHAPTER 1. INTRODUCTION

Figure 1.3: In-plane saturation in anterior tibial artery mimiking stenosis in TOFaquisition (left), not seen on Gd-enhaned MR angiogram (right). (Soure: [14℄)veloity is assigned. In ase of multiple diretion enoding, a sum of squares of theveloities in the measured diretions is onsidered [15, 16℄. This angiography methodis more aurate than TOF when more than one enoding diretion is implemented,but this results in longer san times, the duration of the aquisition being (roughly)proportional to the number of diretions enoded.1.3.1.3 ECG-gated fast spin-ehoIntrodued as a onept in 1985 [17℄, angiography based on ECG-gated spin eho isnow beoming linially feasible in aeptable san times thanks to the developmentof single-shot partial-Fourier fast spin-eho aquisitions [18, 19℄. The priniple of thistehnique relies on aquiring two datasets at di�erent instants of the ardia yle. Inthe dataset aquired during systole, the fast �ow in the arteries generates �ow voids inthe vessels, whih appear blak. In the diastoli phase, the �ow is slower and thereforethe signal from the artery appears bright. The bakground and venous signals appearunhanged in the two datasets due to the low veloities of venous �ow. Subtrating thesystoli dataset from the diastoli one results into a pure arteriogram (see �g. 1.4).This tehnique has been suessfully applied to thorai vessels [20℄ and promisingpreliminary results have been obtained with peripheral angiography [14, 21℄.1.3.1.4 Balaned-SSFP-based methodsbalaned steady-state free preession (bSSFP) is a fast sequene haraterized by a
T2/T1 ontrast. This weighting gives very high signal from �uids, thus making bSSFP anideal hoie for the depition of vessels, as shown also in hapter 4. This sequene, maybein onjuntion with T2 preparation an be diretly used for the depition of vessels,for example in the imaging of oronary arteries [22, 23℄. In alternative, an inversionpulse an be used for bakground suppression and vessel seletion. This tehnique istermed arterial spin labeling, and onsists of applying a non-seletive inversion pulse16



CHAPTER 1. INTRODUCTION

Figure 1.4: Three-dimensional partial-Fourier FSE imaging with systoli and diastoliaquisition. Eah setion (S1, S2, ... Sn) is imaged in one single-shot aquisition. Onetrigger delay (d1) is timed for systole for one 3D aquisition, while a seond delay (d2) istimed for diastole. Aquisitions are performed every other or every third heartbeat. Ashort tau inversion-reovery (STIR) pulse an be used for improved fat suppression. Togenerate a bright-blood angiogram, systoli images (where arterial �ow appears dark)are subtrated from diastoli images. A = arteries, RF = radiofrequeny, V = veins.(Soure: [14℄)
17



CHAPTER 1. INTRODUCTIONimmediately followed by a slie-seletive inversion. The seond pulse is targeted to aspei� artery. After an inversion time TI that would null the bakground signal, a fastbSSFP aquisition is performed downstream to the tagging point [24,25℄. The result ofthis aquisition will be a high-ontrast arteriogram.1.3.2 Contrast-enhaned MRA tehniquesThe usage of intravasular ontrast agents is highly bene�ial from a tehnique point ofview. The ontrast media that are normally used for angiography are gadolinium-based,and they redue the longitudinal relaxation time T1. This allows the aquisition to beperformed without exploiting veloity-indued e�ets, but with standard T1-weightedsequenes, whih are well-suited for fast imaging [26℄. With this method, the depitionof the vessels is not related to �ow diretion. Contrast-enhaned angiography (CE-MRA) has been widely used, when no ontraindiation to the use of ontrast agentpersists [14, 27, 28℄.1.3.2.1 Standard ontrast-enhaned MR angiographyStandard ontrast-enhaned angiography is performed by intravenous injetion of abolus of ontrast agent, followed by a radiofrequeny-spoiled gradient realled eho(RF-spoiled GRE) aquisition [26,29℄. With onventional �extraellular� ontrast agents(moleules that di�use from the blood vessels to the extraellular spae), the aquisitionis normally limited as ��rst pass� of the ontrast agent bolus, as imaging in the �steady-state� angiography is not useful beause of rapid extravasation of suh extraellularontrast media resulting in dereasing vasular and inreasing bakground signal [26,27℄.More reently [27℄, a new lass of ontrast agents, named blood pool ontrast agents,has been introdued. Moleules of this family are bound to maromoleules that donot di�use in the extravasular spae (albumin, dextran, polylisine, et. [30,31℄). Theseontrast agents allow aquisition of an arteriovenous angiogram during up to 42 minutesafter injetion [27℄.With a standard �rst-pass angiography aquisition, one three-dimensional datasetis aquired. The sequene timing is adjusted in order to have the enter of the k-spae aquired either during the arterial phase (all arteries are enhaned but no venousenhanement is visible yet), or during a later phase when all the vessels are enhaned.The ritial point in this kind of aquisition is to time the sequene orretly inorder to have all the desired vessels properly enhaned. Early aquisition of the k-spaeenter an result in �ringing� artifats at the vessel boundaries (see �g. 1.5), whereaslate aquisition results in dereased arterial signal and venous ontamination [29℄. Themost used timing tehnique is the injetion of a low-dose test bolus, imaged with atime-resolved sequene, in order to alulate the time needed for the bolus to reah theregion of interest. This time is then introdued as a delay for the seond aquisition.with the atual ontrast agent bolus.In order to avoid dealing with bolus timing, or to image areas where arterial en-hanement an our at di�erent time points, a omplete time-resolved approah an18
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Figure 1.5: Ringing artifat due to early aquisition of k-spae enter in CE-MRA(Soure: [29℄)be used.1.3.2.2 Time-resolved angiographyTime-resolved aquisition protools have been available sine 1996 [32℄, and are get-ting more and more used as newer aquisition aeleration tehniques implementedon ommerial MRI sanners. Most of these tehniques rely on view sharing (Time-Resolved imaging of Contrast KinetiS [TRICKS℄ [32℄, Time-Resolved Eho-sharedAngiographi Tehnique [TREATS℄ [33, 34℄, Time-resolved imaging With StohastiTrajetories [TWIST℄ [21℄, 4-Dimensional Time-Resolved Angiography using Keyhole[4D-TRAK℄ [35℄).The aquisition is still a three-dimensional T1-weighted sequene, but several datasetsare aquired subsequently, eah with an aquisition time ranging from one to few se-onds.The aquired datasets are normally reonstruted separately, providing hemody-nami �ow information. With time-resolved MRA it is possible to depit phenomenawith short arterial-to-venous transit times, distinguish arterial from venous struturesand determine diretion of �ow.With this aquisition method, multiple datasets of arterial and arteriovenous phasesare obtained. In order to obtain a pure arteriogram or venogram, a postproessingalgorithm for artery/vein separation is needed. The existing algorithms are semiau-tomati, needing a ertain degree of user interation for seletion of referene pointsor images [36�38℄. A novel method for ompletely automati artery/vein separation ispresented in hapter 2. 19



CHAPTER 1. INTRODUCTION1.4 Flow quanti�ationMRI allows for another method of assessment and visualization of the harateristisof �ow inside vessels and organs. By using the harateristis of the MR signal, it ispossible to enode the atual veloity of a moving set of protons (isohromat) in the�phase� omponent of the reonstruted image. This is useful, for example, in ardi-ology to alulate the ventriular stroke volume, valve regurgitation, et. [39, 40℄ or inneuroradiology to assess the �ow harateristis of the erebrospinal �uid in pathologieslike hydroephalus and Chiari malformation [41, 42℄.Reently, the study of three-dimensional �ow patterns allowed for the study of other�ow-related parameters like wall shear stress and vortiity, that are believed to orre-late with the severity or the prognosis of vasular pathologies like plaque formation oraneurysm development [43, 44℄.1.4.1 Phase and motionMoving isohromats interat with the imaging gradients in a di�erent way with respetto stationary spins. The standard imaging onepts assume that every isohromatexperienes a magneti �eld generated by gradients whose intensity is only determinedby the spin's spatial position. This results in a phase evolution of the signal given bythe isohromat that is diretly proportional to the spatial position and to the zerothmoment of the applied gradient.In general, the phase evolution is given by:
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Figure 1.6: Flow void (arrow) due to intra-voxel dephasing related to �ow in the Aque-dut of Sylvius.As shown in the formula, a moving isohromat aquires a phase that is normallyunwanted, and this an be a ause of artifats, like signal loss due to intra-voxel dephas-ing (given by di�erent phases aumulated by spins inside one voxel moving at di�erentspeeds, see �g. 1.6), or shifting of anatomial strutures [45℄.1.4.1.1 Phase ontrastIn the approximation of onstant �ow veloity, the phase of the isohromat assumes avalue that is proportional to the �rst moment of the gradient along the �ow diretionand to the veloity itself. If the imaging sequene is designed in a way that the �rstmoment of the gradients is kept onstant throughout the whole k-spae, then this phaseshift does not ause any artifat but will be enoded in the reonstruted phase image,and an be used to obtain diret information about �ow veloity.However, phase images may have spurious errors due to �eld inhomogeneities or ra-diofrequeny penetration e�ets [45℄, that would interfere with the possibility of quan-tifying veloity from a single san. These bakground phases are independent of thegradient pulses and an be eliminated if two phase images are olleted and subtrated.If the �rst moment of the gradients is hanged between two suh sans, there will beveloity dependent phase information in the subtrated image. This method is namedphase ontrast and was introdued in 1960 by Hahn [46℄.The pratial realization of a phase ontrast sequene, in the most lassial form,onsists of a standard imaging sequene, normally based on gradient-eho in order toahieve short aquisition times [47℄, in whih a bipolar gradient pulse is added (on anyaxis) before signal aquisition (see �g. 1.7). This bipolar pulse has M0 = 0, thereforeit does not ontribute to the spatial enoding, and has a M1 that depends on the21
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Figure 1.7: a) Bipolar gradient pulse; b) Typial pulse sequene with �ow enoding inthe through-plane diretion.parameters of the gradient pulse (see �g. 1.7a for symbol referene):
M1 = A(w + r)(w + 2r). (1.4)The seond aquisition is either performed without the �ow-sensitizing gradient(referene aquisition), or with inverted polarity, and therefore opposite M1 (balanedaquisition).The M1 value also poses a limit on the maximum veloity that an be enoded by thesequene, as the phase an only assume values between −π and +π. This veloity limitis alled Ven (sometimes referred to veloity anti-aliasing limit), and is the veloityvalue that gives a phase shift of π, and an be obtained with the following formula:

venc = π/γ∆M1, (1.5)where γ is the gyromagneti ratio and ∆M1 is the di�erene of the �rst moments of the�ow-sensitizing gradients of the two sans. It is important to orretly hoose a Vennot lower than the maximum expeted veloity, otherwise phase wrapping ours, andnot too muh higher, otherwise the signal-to-noise ratio deays.The veloity an be extrated from the phase ontrast image by simple saling ofthe phase value of the image resulting from the subtration of the phase images:
v = φ/γ∆M1, (1.6)where φ is the measured phase. An example of phase ontrast data from the headvessels is shown in �gure 1.8.1.4.2 Three-diretional, three-dimensional, time-resolvedSine the beginning of the 1990s, the phase ontrast method was extended in orderto enode �ow in multiple diretions in a single aquisition session [47�49℄. All the22
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Figure 1.8: Two-dimensional phase ontrast data of the internal arotid arteries and ofthe basilar artery. a) Magnitude image. b-f) Phase ontrast images of the highlightedregion, at �ve di�erent ardia phases. The arteries look brighter in the systoli phasedue to higher veloities. g) Veloity time ourse in the right internal arotid arteryextrated from the phase ontrast images.
x y z1 0 0 02 + 0 03 0 + 04 0 0 + x y z1 - - -2 + + -3 + - +4 - + +Table 1.1: Tables representing the signs of the enoding moments in three-diretional�ow assessment. Rows are enoding steps, olumns are enoding diretion. A �+� signrepresents positive enoding moment; a �-� sign represents negative enoding moment;a �0� sign means no enoding. On the left, four-point referened aquisition sheme; onthe right, four-point balaned aquisition sheme.

23
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Figure 1.9: Three-dimensional, three-diretional, time-resolved �ow measurement of theerebral vessels. top: streamlines in the irle of Willis of a healthy volunteer. bottom:streamlines in a large, wide-neked, oval-shaped parophthalmi aneurysm of the rightinternal erebral artery (adapted from [43℄).presented methods rely on aquiring four steps, with di�erent �ow sensitivities (seetable 1.1).In 2003, Markl et al [50℄ demonstrated the feasibility of a time-resolved three-dimensional tehnique for �ow aquisition, based on RF-spoiled gradient eho, togetherwith a visualization proedure able to depit �ow patterns in three dimensions. Thisapproah allows a more �exible de�nition of areas of interest inside the aquired dataset,and the possibility of extrating indiret �ow-related parameters like wall shear stress.Two examples of three-diretional, three-dimensional, time-resolved �ow quanti�a-tion of the brain vessels is shown in �gure 1.9.24



CHAPTER 1. INTRODUCTION1.5 Aim of the thesisAs mentioned above, MRI is a major tool for the diagnosis of brain diseases, and in fata very signi�ant portion of researh e�orts from the international ommunity is fousedon head imaging. BOLD fMRI, perfusion MRI were primarily developed for monitoringthe ativity and viability of the entral nervous system. However, most of the methodsstill hold room for improvement. One major issue is the inrease of signal-to-noise, formultiple reasons: apart from the obvious inrease in image quality, signal gain an alsobe traded for higher resolutions and for faster aquisitions. Therefore the general goalof method development is to obtain better, more detailed images, and faster. However,signal-to-noise does not neessarily mean higher diagnosti potential. The other ruialaspet derives from image ontrast. An optimal sequene will have a high ontrastbetween the desired target of the imaging (a lesion, a vessel, et.) and the bakground.In this thesis, new methods are presented that aim to enhane image quality in thevisualization of intraranial �ow. The aim of the methods hereby presented is to ahievea higher diagnosti potential by enhaning signal harateristis and image ontrast withrespet to unwanted bakground.For angiographi aquisition, this is ahieved by introduing a postproessing methodfor time-resolved ontrast-enhaned MR angiography datasets whih enables, in an op-erator-independent way, the suppression of unwanted bakground strutures and theenhanement of potential pathologial onditions.For �ow quanti�ation, a new tehnique for three-dimensional �ow, based on bal-aned-SSFP, is presented. bSSFP is a fast aquisition sequene that gives optimal signalfor the imaging of �uids (and for this reason it an also diretly used for angiography, asmentioned in setion 1.3.1.4). From a SNR point of view, it has ideal harateristis tobe used as a �ow quanti�ation sequene. This sequene an be used to explore the blood�ow in intraranial vessels, and the �ow of CSF in the ventriular and subarahnoidspae.The goal of the thesis is to present these novel methods, and evaluate their applia-bility in a real linial environment. For this reasons, experiments on healthy subjetsand on patients are onsidered in this work.1.6 Outline of the thesisThis thesis is divided in two parts, eah fousing mainly on one of the two �uid ompart-ments of the CNS: the blood and the CSF. The �rst part, titled Angiography, presentsa novel method for the study of time-resolved ontrast-enhaned MRA datasets. From atime series of three-dimensional angiography datasets, aquired during the �rst pass ofthe ontrast agent bolus, a single olor-oded dataset is obtained, in whih arteries andveins are separated and pathologies that impair the blood �ow, like arteriovenous mal-formations, are highlighted. In partiular, in hapter 2 the algorithm double-refereneross-orrelation that performs the separation and the olor-oding is presented, whilehapter 3 demonstrates a method for automati referene seletion to be used with25



CHAPTER 1. INTRODUCTIONthe previous algorithm in order to ahieve unsupervised analysis of the time-resolveddatasets. The method is based on the analysis of the time ourses of the signal intensityof eah voxel in the dataset. These time ourses re�et the bolus shape and timing ateah anatomial loation. The omparison with two referene funtions, representingthe time ourse of the signal intensity in arteries and veins respetively, gives a prob-ability index that the onsidered test voxel belongs to an artery, to a vein, or to thebakground. The algorithm presented in this thesis uses ross-orrelation as similaritytest, hene the name of the method, but also introdues a way of taking into aountthe mutual orrelation between referenes to ahieve a more aurate separation. Thisis realized by applying a red-green-blue olormap to the output dataset, whih hangesits harateristis depending on the referene orrelation value.The identi�ation of the referene time ourses an be done manually, or with anautomati algorithm. The proposed automati algorithm for referene seletion is basedon a modi�ed k-means lustering tehnique that performs an approximate unsupervisedseparation on a subset of the aquired voxels. Chapter 3 introdues this algorithm anddemonstrates that there is no statistial di�erene in the quality of the �nal angiogramsIn the seond part, termed Flow quantifiation, a novel method for time-resolved three-dimensional, three-diretional �ow quanti�ation is presented. This me-thod is based on bSSFP, and is espeially suited for the investigation of CSF �ow pat-terns. In hapter 4 the sequene is introdued; in hapter 5 a reonstrution methodable to enhane the temporal resolution of �ow quanti�ation sequenes is presented.Balaned SSFP, with a T2/T1 ontrast and short repetition times (in the order of fewmilliseonds), is an ideal sequene for fast aquisition of �uids, whih present long lon-gitudinal and transversal relaxation onstants, beause at the end of TR the transversalmagnetization is refoused and preserved in a steady-state. Flow quanti�ation basedon this sequene an have high SNR, thus allowing the usage of aeleration tehniquesfor reduing the total aquisition times. However, the steady-state of bSSFP is verysensitive to dephasing due to �ow or eddy urrents, therefore speial measures need tobe taken in the sequene design in order to minimize the artifats arising from thesetwo phenomena. In hapter 4 the two main methods for eddy urrent ompensation arepresented and ompared, and the optimal implementation is identi�ed. Unfortunately,these methods introdue a penalty in the temporal resolution. The reonstrution teh-nique presented in hapter 5 is an e�ient reonstrution method to ompensate forthis penalty.Finally hapter 6 shows preliminary results of the linial appliation of the afore-mentioned �ow enoding sequene. This sequene is used to image the ventriular sys-tem of healthy volunteers, in order to identify physiologi �ow patterns of the CSF, andto image the CSF irulation in a patient su�ering of three-ventriular hydroephalus,before a ventriulostomy operation was performed, and after surgery, in order to on�rmthe diagnosis and to assess the outome of the operation.
26
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Chapter 2Artery/vein separation inontrast-enhaned MR angiography

An adapted version of this hapter is published as: Santini F, Patil S, Mekel S, She�er K, WetzelSG. Double-referene ross-orrelation algorithm for separation of the arteries and veins from 3D MRAtime series. Journal of Magneti Resonane Imaging. 2008 ;28(3):646-654.33



CHAPTER 2. A/V SEPARATION2.1 Introdution
Time-resolved ontrast-enhaned magneti resonane angiography (CE-MRA) [1�3℄ withhigh temporal resolution has beome a widely used tehnique to visualize the dynamitransit of a ontrast bolus from the arterial to the arteriovenous phase. To improvethe visualization of vasular struture ompared to bakground, usually magnitude oromplex subtration is performed [4℄. This method, either implemented as a 2D or3D sequene, has been extensively used, for example, for the work-up of neurovasulardisorders (e.g. arteriovenous �stula) [5�11℄. However, there are important limitationsof the tehnique. First, due to the short arteriovenous transit time (e.g. 8 se for theerebral vessels) and the small diameter of many important vessels, there is a trade-o�between the spatial and temporal resolutions of CE-MRA even if aelerated MR aqui-sitions with parallel imaging tehniques are used. Seond, in ontrast to intra-arterialdigital subtration angiography (DSA), due to the arterial overlay in the venous phase,a separation of the arterial and venous phase is not possible, but merely the separationof an arterial and an �arteriovenous� phase. A display of the venous phase withoutsuperimposition of arteries is yet of interest for the evaluation of numerous vasulardisorders.Di�erent postproessing strategies have been proposed to deal with this task [12�19℄.The most ommonly applied is the simple subtration of the arterial data sets fromvenous datasets. However, the signal-to-noise ratio (SNR) in the resultant image isredued by a fator of if noise properties of the two images are similar. A methodtermed ross-orrelation [12℄ was shown to be superior ompared to the subtrationmethod both in terms of artery/vein separation and SNR. With this tehnique, thesignal intensity time ourse of a region-of-interest (ROI) plaed within an artery (vein)is ross-orrelated with the time ourses of all aquired datasets. The ross-orrelationas an index of similarity ideally yields an arteriogram (venogram) only. This tehniquealso leads to an inrease in SNR by a fator of about two with respet to the subtrationtehnique. The impliit assumption of this tehnique is that the temporal behavior of thearterial phase does not overlap with the temporal behavior of venous phase signi�antly.However, this assumption is not always ful�lled and an unwanted depition of venoussignal in the arteriogram and vie versa an be observed.In this hapter, the theory of the ross-orrelation method is revised, and an exten-sion of this method, termed double-referene ross-orrelation, is introdued.34



CHAPTER 2. A/V SEPARATION2.2 Theory2.2.1 Cross-orrelationThe ross-orrelation between a disrete test funtion T and disrete referene funtion
R an be de�ned as:
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where N is the number of measured 3D volume datasets and R̄, T̄ are means of theorresponding series. The oe�ient c(T,R) is maximal if T = R.The mean-detrended and normalized value of a funtion T an be de�ned as:
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. (2.2)De�ning R̂ in a similar way, we obtain:
c(T,R) = T̂ · R̂, (2.3)whih is the salar produt between the two vetors T̂ and R̂. The orrelation oe�ient

c is always in the interval [−1, 1], being the salar produt between two vetors of unitnorm. In general, the orrelation oe�ients are the osine of the angle between thereferene and test vetor in N-dimensional spae of the disrete time ourses. Beauseof the normalization proedure of the test vetor, the temporal behavior of the signal(for e.g. vasular struture) as well as bakground falls into the same dynami range.This is undesirable as it disards the atual signal strength information (gray levelvalue in the original image) of the test vetor. Hene, in order not to lose SNR in theresultant orrelation map, the salar produt between the normalized referene vetorand non-normalized test vetor is omputed, ie T̃ (ti) = T (ti) − T̄ .Thus, the formula for orrelation oe�ients beomes:
c(T,R) = T̃ · R̂. (2.4)2.2.2 Double-referene ross-orrelationWith the standard ross-orrelation tehnique, the ross-orrelated oe�ient an beinterpreted as the length of the projetion of the time ourse of the test vetor on theaxis of the referene vetor. The orrelation maps obtained with respet to arterial refer-ene and venous referene are treated as independent of eah other. However, beause35



CHAPTER 2. A/V SEPARATION

Figure 2.1: a) Vetor representation of orrelation oe�ients in the standard ross-orrelation tehnique. The orrelation oe�ients are projetions of the test vetor onthe referene axes. The test vetor omponents that are not oplanar with the referenesare disarded in the projetion proess. The �skew angle� θ is also shown. b) Orthogonaltransformation of referene system. From the projetion of test vetor on the arterialand venous referene another oe�ient is alulated, orresponding to the projetionof vetor on the axis normal to the arterial referene.of signi�ant overlapping of arterial and venous phase, there is sometimes a mutualdependeny between the two orrelation maps. In this ase the arterial and venous ref-erene time ourses beome similar to eah other, and therefore the resulting orrelationmaps will show little di�erene. In the double-referene ross-orrelation tehnique thisdependeny is deoupled by formulating the relation between the onsidered referenevetors. The aim of this approah is to lassify a voxel as �arterial� or �venous� as theresult of a omparison between the measures of similarity of the voxel time ourse withthe arterial and venous referenes, represented by the standard ross-orrelation maps.The lassi�er also uses a �soft margin� approah instead of a hard thresholding in orderto take into aount for voxels with mixed arterial and venous time ourses. The las-si�ation is obtained through a nonlinear transformation of the orrelation maps andthrough an appliation of an RGB olor map to the transformed values.Consider a 2-dimensional subspae formed by two referene vetors, whih is alled as�vessel plane�. The two referene vetors form on this plane an angle θ = arccos(Rartery, Rvein)that is given by the ar osine of the orrelation oe�ient between the referenes, whihwe termed as �skew angle� (see Fig. 2.1a).The length of the projetion vetor of time ourse of the test vetor onto this planegives the signal strength information. The diretion angle omparison with the skewangle indiates whether it is a part of an artery or a vein. The oordinates of projetionvetor in this plane are the ross-orrelation oe�ients c(T,Rartery) and c(T,Rvein) ofthe time ourse of the test vetor obtained with respet to arterial referene and venousreferene, respetively.Thus, the alulation of length and diretion of any vetor in the vessel plane an be36



CHAPTER 2. A/V SEPARATIONperformed provided its ross-orrelation oe�ients are known. In order to simplify thisalgebrai manipulation, the vessel plane is onverted into an orthonormal (retangular)oordinate system. Although any arbitrary orthonormal system an be hosen, forsimpliity an orthonormal system formed by (Rartery, R
⊥
artery) is hosen (Fig. 2.1b).The oordinates of any vetor in the new orthonormal system an be alulated fromthe orrelation oe�ients using the oordinate transformation formula given by
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are oordinates of the test vetor in the new orthonormalreferene system, and θ is the skew angle. The alulation of the length and diretionof any vetor in this retangular oordinate system may be done by onverting it intoa polar oordinate system. The retangular to polar oordinate transformation is givenby:
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, (2.7)where 0 ≤ r < ∞ and −π < α ≤ π. In order to form an image from length r anddiretion angle α, olormap enoding may be used.2.2.3 RGB EnodingColor maps have more degrees of freedom as ompared to gray-level maps. For example,an RGB map synthetially represents three gray-level maps in one image. In the presentase, two salar values, the vetor length r and the diretion angle α orresponding toeah voxel are enoded using RGB olormap. The RGB olormap enoding leads tosimultaneous visualization of both arteriogram (red) and venogram (blue); otherwiseimpossible with gray-level enoding.The parameter α is an angle between a vetor and the arterial referene in anorthogonal system formed by arterial and venous referene. Hene, it indiates theproximity of that vetor with either the arterial referene or the venous referene. Theomparison of the bisetor of skew angle between arterial referene and venous refereneand α ategorizes the vetor as part of an arteriogram (red) or a venogram (blue). If α ismuh higher than the arterial or venous referene diretion angle, the voxel is identi�edas noise and mapped as bakground signal (blak). Parameter r represents the length ofthe projetion of the test vetor onto the vessel plane. Therefore, it is diretly mappedas brightness of the voxel.Figure 2.2 shows the olor assigned to eah vetor lying on the vessel plane using theRGB olor map. The region in proximity to the bisetor of skew angle appears purplein olor due to mixed mapping of red and blue olors.37
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Figure 2.2: RGB olor enoding of the vessel plane. The skew angle θ is indiated asthe angle between the referene diretions. Four zones are identi�ed in the plane, apure arterial blood zone (red), where phase ranges from −θ/2 to θ/4; a mixed blood zone(purple), with range θ/4, 3/4θ; a pure venous blood zone (blue), with range 3/4θ, 3/2θ;and a �no vessel� zone (blak), ranging outside the aforementioned ones.2.3 ImplementationThe double referene ross-orrelation algorithm was implemented as ANSI C plug-insfor Matlab (The Mathworks In., Natik, MA). All programs were implemented on a 64-bit personal omputer with 2 GB of RAM running GNU/Linux (kernel version 2.6.12)operating system. The e�etive omputation time with this on�guration was less thana minute for eah dataset. In order to improve the work�ow in a linial environment, auser interfae based on Qt graphi libraries (Nokia Qt Software, Norway) was spei�allydeveloped, whih inluded a database interfae where DICOM information was stored,and an interfae to selet the datasets to use for analysis (see �g. 2.3).The algorithm requires the seletion of referene time ourses for arteries and veins.This an be done manually by a spei� user interfae (�g. 2.4), by seleting pointsin easily-identi�able vessels (arotid artery and superior sagittal sinus), or by using alustering algorithm (desribed in hapter 3) that automatially identi�es the referenetime ourses.2.4 ExperimentsTo evaluate the double referene ross-orrelation tehnique, ten randomly hosen time-resolved 3D erebral CE-MRA datasets from patients in whom neurovasular diseasewas ruled out by MR and MRA workup were inluded in this analysis. In addition,38
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Figure 2.3: Dataset seletion interfae, with previews. It also inlude some basi DI-COM funtionality (DICOM send, save to disk, delete).
39
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Figure 2.4: Interfae for manual seletion of referene points.two datasets from patients with a erebral dural arteriovenous �stula as proven by DSAwere inluded. This retrospetive analysis of the patient data was approved by the loalethis board.2.4.1 MRI image aquisitionCerebral time-resolved 3D-MRA datasets used for this study were aquired using 3DFLASH sequene implemented on a 1.5T MRI system (Magnetom Avanto, SiemensMedial Solutions, Erlangen, Germany) as desribed by Mekel et al [6,7℄. An in-planeresolution of 2.0 mm x 2.0 mm with a slie thikness of 2.2 mm and a temporal resolutionof 1.5 se per 3D dataset were obtained. A single bolus of ontrast agent (0.5 molarGadolinium-DOTA) was administered using a power injetor (20 ml, 3 ml/s) followedby a saline �ush. In total, a series of 25 3D-datasets were aquired in 37.5 seonds,where the aquisition of the �rst dataset was started simultaneously with the injetionof the ontrast agent bolus.To evaluate the e�et of time resolution on the separation performane, one datasetwas downsampled from the original time resolution (1.5s) to lower sampling periods(3.0s, 4.5s, 6.0s and 7.5s) to mimi multiple aquisitions at di�erent time resolutions.The ross-orrelation and the double-referene orrelation algorithms were then inde-pendently applied on all obtained datasets.In order to diretly ompare the results of the double-referene orrelation algorithmwith the ross-orrelation tehnique, graylevel maps were also alulated from the RGBimages. This was ahieved by alternatively seleting the red hannel and the bluehannel information for diret omparison with the standard ross-orrelation algorithmand quantitative analysis. 40



CHAPTER 2. A/V SEPARATION2.4.2 Data analysis and quality assessmentThe results of the double-referene orrelation algorithm were presented to two ex-periened radiologists for qualitative evaluation as red-green-blue maximum intensityprojetion images. They were asked to deide whether the artery/vein separation wasorret, and to identify and desribe possible pathologies.Quantitative assessment of the separation e�ieny was evaluated by alulatingthe ontrast between arteries and veins in the arterial and venous graylevel maps. Forthis purpose, the sagittal maximum intensity projetions (obtained with the double-referene orrelation and with the ross-orrelation algorithms) were alulated, andROIs were seleted in the arteries of the irle of Willis and in the superior sagittalsinus. Speial attention was taken so to selet areas where arteries and veins do notoverlap in the projetion. The mean intensities of the ROIs were alulated in the al-ulated arterial map and in the alulated venous map. The ontrasts were alulatedas artery/vein intensity ratio between the values obtained from the arterial map, andas vein/artery intensity ratio between the values obtained from the venous map. Withthis method, four values were obtained for eah dataset, i.e. AVDRC , AVCC , V ADRC ,
V ACC , respetively representing the artery/vein ontrast in the double-referene orre-lation arterial map, the artery/vein ontrast in the ross-orrelation arterial map, thevein/artery ontrast in the double-referene orrelation venous map and the vein/arteryontrast in the ross-orrelation venous map. In ase of perfet separation, these in-dies would all assume an in�nite value. The results were ompared by alulatingthe di�erene between the ontrast obtained with ross-orrelation and the ontrast ob-tained with double-referene orrelation, divided by the ontrast of the ross-orrelationalgorithm.2.5 Results2.5.1 Visual assessment of the vesselsThe radiologists reported a orret visual separation of arteries and veins using thedouble referene ross-orrelation algorithm on all datasets. Examples are shown in�gure 2.5 , representing arteriograms and venograms of �ve datasets, and in �gure2.6, where the results obtained with the double referene ross-orrelation algorithm onthe dataset of a normal subjet are ompared to the results deriving from the ross-orrelation tehnique.The improvement on the separation of arteries and veins was visually pronounedif the skew angle was low, indiating a high bolus dispersion, as shown in �gure 2.7. In both datasets from patients su�ering from dural erebral arteriovenous �stulas,the radiologists were able to identify, in aordane to the �ndings from DSA, four�funtional� types of vessels, as shown in �gure 2.8 . The arteries were depited in red;the veins with normal (late) venous out�ow in blue; the �arterialized� veins, i.e. theveins with early �lling with arterial blood due to the �stula, and no normal venousout�ow in red; veins that showed early �lling with arterial blood but also late venous41
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Figure 2.5: Sagittal graysale MIPs of the arteriogram (top row) and venogram (bottomrow) obtained by keeping alternatively the red and blue hannel information of 3DRGB datasets of �ve normal subjets, omputed with double-referene ross-orrelationalgorithm (skew angle values, from left to right: 44.0°,86.4°, 93.6°, 115.8°, 129.6°)

Figure 2.6: a) MIP (Maximum Intensity Projetion) of arteriogram obtained usingstandard ross-orrelation tehnique. In this ase, the orrelation value between arterialand venous referene was positive and a strong overlay of veins an be seen. b) SagittalMIP representation of the entire angiogram of a normal subjet, obtained using doublereferene ross-orrelation algorithm. Red hannel is used to depit arteriogram andblue hannel is used to depit venogram. ) Sagittal MIP of the arteriogram. Theimage was omputed from the 3-D RGB dataset generated by the algorithm by keepingthe red hannel information and displayed as a gray-sale MIP.
42
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Figure 2.7: Di�erent dispersion of ontrast agent bolus in two subjets leads to di�erenttime ourses of referene points (in solid line the arterial referene and in dashed linethe venous referene). The upper panel shows that the standard ross-orrelation (CC)and double referene ross-orrelation (DRC) algorithms have similar performane whenthe skew angle is higher (129.6 degrees). The lower panel shows the performane of thetwo algorithms when the skew is lower (44.0 degrees) indiating dispersion is higher inlevel. In this ase the standard ross-orrelation algorithm almost ompletely fails inseparating the vessels, while double referene ross-orrelation sueeds, at the ost oflower SNR.
43
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Figure 2.8: a) Mask subtrated onventional DSA image in anterior-posterior orienta-tion of a patient with a dural �stula. The early appearing vessels appear blak, thelater ones white. Note that due to the �stula on the right side, the right transversevenous sinus appears early (red arrow) while the left transverse sinus shows a mixedblak and white appearane (pink arrow). This indiates that shunted blood from theright side is mixed with the normal venous blood from the superior sagittal sinus (bluearrow). b) and ) Sagittal and Coronal MIP of a patient having a dural arteriovenous�stula involving the transverse sinus. The arteriovenous shunt is visible at the pointwhere the oipital artery indiated in red enters into the right transverse sinus. Theproximal part of the transverse sinus is depited in red olor indiating the arterial-ization of this vein. In addition, mixed blood �owing through the left jugular vein ishighlighted in purple. The ipsilateral right jugular vein and sigmoid sinus is oludedafter endovasular embolization therapy.
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CHAPTER 2. A/V SEPARATIONSkew angle AVCC AVDRC Change V ACC V ADRC Change44.0° 1.03 9.24 799.73% 1.38 1.56 13.48%60.5° 0.86 5.29 513.62% 3.61 4.14 14.87%86.4° 7.04 14.57 106.90% 7.62 7.66 0.49%93.6° 8.43 8.50 0.83% 7.42 7.42 0.01%96.8° 11.86 11.86 0.00% 3.69 3.69 0.01%100.2° 14.68 14.70 0.18% 4.08 4.08 0.05%110.7° 6.54 6.53 -0.11% 4.03 4.03 -0.03%115.8° 6.01 6.00 -0.06% 10.94 10.93 -0.03%122.1° 18.40 18.38 -0.07% 5.00 5.00 0.01%129.6° 14.19 14.18 -0.02% 2.80 2.80 0.00%Table 2.1: Comparison between double referene ross-orrelation (DRC) and standardross-orrelation (CC) algorithms for datasets of 10 di�erent subjets having di�erentvalues of skew angle.out�ow in purple.2.5.2 Quantitative assessmentThe performane of the double referene ross-orrelation algorithm was ompared inthe non-pathologial brain datasets with the standard ross-orrelation algorithm byomparing the arteriogram artery/vein intensity ratio and the venogram vein/arteryintensity ratio.Out of ten analyzed datasets, three showed a skew angle smaller than 90°, whih isthe theoretial threshold for the performane deay of the ross-orrelation algorithm,as desribed in the theory setion.In aordane to the qualitative results (�gure 2.7), the performane for the doublereferene ross-orrelation algorithm is signi�antly higher than for the standard ross-orrelation algorithm at low skew angles (<90°), while both algorithms have similarperformane (di�erene <1%) at higher skew angles (table 2.1).As expeted, the redution in temporal resolution (inrease of sampling period) ofaquisition of the 3D MRA datasets also redued the skew angle. As shown in table 2.2,the double referene orrelation algorithm outperformed the ross-orrelation algorithmat lower temporal resolutions. In partiular, at the lowest temporal resolution (7.5s)the double referene ross-orrelation had an improvement of up to 555% with respetto the standard ross-orrelation algorithm.45



CHAPTER 2. A/V SEPARATIONTimeresolution Skewangle AVCC AVDRC Change V ACC V ADRC Change1.5s 86.4° 7.04 14.57 106.90% 7.62 7.66 0.49%3s 79.6° 2.70 13.21 388.41% 6.81 7.02 3.12%4.5s 74.5° 1.95 11.83 506.28% 5.87 7.14 21.77%6s 68.1° 1.54 7.98 418.52% 4.52 7.74 71.21%7.5s 48.8° 0.93 6.10 555.81% 2.52 5.24 67.94%Table 2.2: Separation performane of the double-referene orrelation (DRC) algorithmompared to the standard ross-orrelation (CC) algorithm for the same dataset sam-pled at di�erent frame rates and thus having di�erent skew angles. Top: separationperformane for arteries; bottom: separation performane for veins.2.6 DisussionThis hapter presented a postproessing algorithm for the separation of arteries andveins in time resolved 3D CE-MRA datasets, termed double referene ross-orrelationtehnique, an extension of the already established ross-orrelation tehnique [12℄. Withthis tehnique it was possible to improve the suppression of bakground strutures andthe separation of the arterial phase from the venous phase ompared to the aforemen-tioned tehnique. Utilizing RGB olor enoding tehnique a display of mixed bloode�et in �stulas was made, and a onsistent and reliable 3D or MIP display of botharteriogram and venogram was provided.As expeted from the theoretial derivations, the performane of the double refereneross-orrelation tehnique was equivalent to ross-orrelation when the orrelation be-tween the two referenes is zero. When this orrelation value is negative, the results aresimilar, provided that thresholding is applied to the output image of the ross-orrelationalgorithm. The advantage of the double referene ross-orrelation tehnique over thestandard ross-orrelation tehnique an be appreiated when the orrelation value be-tween the two referenes is positive. This happens when the ontrast agent bolus isdispersed due to subjet's irulatory system harateristis or due to tehnial reasons,resulting in overlapping of the arterial and venous phase. An important feature of thedouble-referene orrelation algorithm is the robustness towards lower time resolutionof the aquired datasets, whih leads to higher orrelation between the referenes.A drawbak of this algorithm is that it does not allow a real-time implementation,requiring all time points to be aquired before the proessing.Various other postproessing algorithms for artery/vein separation utilizing timeresolved datasets are present in the literature [12, 16, 20℄. All these algorithms relyon measuring the similarity between the time ourse of the dataset voxels with somereferene funtion. Kim and Zabih [20℄ desribed an approah termed as �model basedsegmentation�, in whih the temporal behavior of eah time-series pixel was ompared46



CHAPTER 2. A/V SEPARATIONwith a standard model suh as straight line or series of straight lines. As a majoradvantage, this method required no manual seletion of a referene ROIs as the referenewaveform is a priori de�ned; however, this assumption, together with the assumptionthat the time series an be desribed as a series of straight lines, might lead to reduedperformane in some ases as a tradeo� for the lesser need for user interation.Another approah for artery/vein segmentation is based on di�erent types of onne-tivity algorithms [13�15, 17�19, 21℄, whih utilizes a high resolution dataset to segmentout the arteries and veins. It exploits the geometrial harateristis of the arterial andvenous vessel trees, omparing the brightness of every voxel with its neighbors and thusdeiding whether they belong to the same struture or not. Di�erent deision-makingalgorithms lead to di�erent implementations and di�erent performanes. Though sim-ilar in purpose, this lass of tehniques for artery/vein segmentation is very di�erentfrom the lass to whih the double-referene algorithm belongs. In the former ase,separation is obtained by pure image proessing tehniques and is diretly related tothe geometry of the aquired dataset, and not to the �ow harateristis; it allows theaquisition of the MR dataset during the steady-state phase of the ontrast agent, withlonger san times and higher resolution, beause no time-resolved aquisition is needed.In the latter ase, separation is obtained through the analysis of �ow patterns as de-teted from a time-resolved san, and therefore diret information about blood �ow isobtained. For these reasons, diret omparison between these two lasses of algorithmsannot be performed.In onlusion, the results of the double-referene orrelation tehnique were promis-ing for the appliation to CE-MRA, as shown in the example of neurovasular applia-tions. The ability of this algorithm to ompensate for higher orrelation between theseleted referene time ourses an be exploited to aquire datasets with lower timeresolution and therefore higher spatial detail.
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Chapter 3Automati referene seletion

An adapted version of this hapter is submitted to the Journal of Magneti Resonane Imaging: SantiniF, Shubert T, Patil S, Mekel S, Wetzel SG, She�er K, Automati referene seletion for artery/veinseparation from time-resolved 3D ontrast-enhaned MRA datasets.51



CHAPTER 3. REF. SELECTION3.1 IntrodutionIn this hapter, a method for automati referene seletion that is speially designedfor usage with the double-referene ross-orrelation algorithm introdued in hapter 2,and that is based on a modi�ed version of the k-means lustering algorithm [1℄. Theproposed algorithm performs an approximate segmentation on a subset of the originaltime-resolved dataset, eventually identifying two lusters that minimize the intra-lusterorrelation and maximize the inter-luster orrelation. The entroids of the identi�edlusters are used as referene for the double-referene orrelation algorithm.To evaluate the e�ay of the method, 10 time-resolved CE-MRA datasets of ere-bral vessels, whih were retrospetively seleted from routine exams and showed noabnormalities, and 2 datasets from patients with dural arteriovenous �stulas were pro-essed both manually and automatially. The quality of the extrated arteriogramsand venograms was assessed independently by two radiologists who were blinded to themethod for referene seletion used to produe eah dataset. In addition, both meth-ods were evaluated for their diagnosti quality in vasular disease on the pathologialdatasets.3.2 The lustering algorithmThe �rst step of the lustering algorithm onsists of reduing the dimension of the orig-inal dataset, based on the signal variane. Considering the sparsity of an angiographydataset, voxels that show low signal variane over time are disarded, and a thresholdis set so that only 1% of the dataset is retained.On this 1%, a modi�ed k-means lustering is performed. This proedure is explainedas following:1. Initialization of k arbitrarily-hosen vetors, whih are the �rst estimation of theluster entroids. In our algorithm the initial entroids are vetors of unit norm.2. Every point in the dataset is assigned to one luster by alulating the distaneof it from all the entroids and seleting the one with minimum distane. In ourimplementation, eq. 4 is used as a measure of �inverse distane�, meaning thatthe assignation is made based on maximum orrelation value between the entroidunit vetor and the dataset point.3. The entroids are realulated as the mean vetor of all elements belonging to theorresponding luster.4. As an additional step, in our implementation of the algorithm, the length of theentroids is normalized in order to obtain unit vetors.5. The algorithm iterates from step 2, until no more hanges are made to lusterassignments. 52



CHAPTER 3. REF. SELECTION
Figure 3.1: Cluster identi�ation and rejetion. Solid line is the arterial referene,dashed line is the venous referene, dotted line is the rejeted luster. The three plotsshow three di�erent situations of identi�ation of the third luster: a) empty luster;b) identi�ation of stati tissue (low-variane time ourse); ) identi�ation of an inter-mediate time ourse.Our implementation identi�es three lusters to aount for a possible luster plaedbetween the arterial and venous lusters. Examples of the three-luster identi�ationare shown in �gure 3.1.One of the three lusters is disarded by two riteria: if the variane of the entroidis signi�antly smaller than the other two (less than half of the smaller variane), thenthe luster is disarded as it was not populated or only ontains stati tissue. If thevariane is similar to the other two lusters, the two less-orrelated lusters are kept.The entroid orresponding to a time ourse with shorter time-to-peak is seleted asarterial referene, and the other as venous referene.3.3 Aquisition and analysisThe datasets used for the testing of the algorithm were the same desribed in hapter2 (see setion 2.4.1).The datasets were proessed by applying the double-referene ross-orrelation al-gorithm twie, one with referenes seleted manually by a trained operator (arterialreferene time ourse was derived from voxels in the internal arotid artery, and ve-nous referene time ourse from the superior sagittal sinus), and the seond time withautomati referene seletion.The datasets were randomized with respet to the referene method used and pre-sented in separate reading sessions to two radiologists as three-diretional maximumintensity projetion (MIP) images of the alulated angiograms. Arteriogram andvenogram were shown on the same image through a red-green-blue olor oding (show-ing arteries in red and veins in blue). For non-pathologial datasets, the both readersrated eah dataset on a sale from 1 to 5, with the following riteria: 1 = �optimalperformane�; 2 = �good�; 3 = �fair�; 4 = �aeptable�; 5 = �poor�. The optimal perfor-mane was ahieved when all the vessels were orretly lassi�ed, and no artifat wasvisible on the �nal image; a sore of 2 was assigned when some minor mislassi�ationsin smaller vessels were visible without signi�ant artifats; a sore of 3 was assigned53



CHAPTER 3. REF. SELECTIONwhen some artifats were visible without impairment of the diagnosti quality; a soreof 4 indiated that artifats impaired other diagnosti quality of the dataset, but majorvessels ould still be orretly separated; a sore of 5 indiated failure of the separationalgorithm, with errors even in the major vessels.The results from both readers were pooled and a two-sample Kolmogorov-Smirnovstatistial test was applied to the two distributions of ratings to determine if the di�er-ene in performane of the two methods was statistially signi�ant. Both a two-sidedtest (testing the alternative hypothesis of inequality) and a one-sided test (testing thealternative hypothesis that one probability distribution is greater than the other) wereperformed.Pathologial datasets were not inluded in the rating, and were qualitatively eval-uated in order to assess the auray of depition of the arterialized venous vessels atthe site of the arteriovenous shunt, and depition of possible arterial and venous bloodmixing onditions.3.4 ResultsThe referene waveforms seleted by the automati algorithm were similar in shape tothe manually seleted ones, both for tight and disperse boluses (�g. 3.2).The evaluation of the datasets showed a better average performane of the manualseletion with respet to the automati seletion (average ratings were 1.95 and 2.10,respetively). However, this di�erene was not statistially signi�ant, both using thetwo-sided test (p = 1.00) and the one-sided test (p = 0.80). A hart showing detailedresults of the evaluation is shown in �g. 3.3.Both algorithms ahieved qualitatively similar results for the pathologial datasets,orretly identifying the mixed arterial and venous blood ondition (�g 3.4) and depit-ing arterialized veins with a similar auray.3.5 DisussionIn this paper a method for automati referene seletion for orrelation-based artery/veinseparation methods was presented. This method is based on a modi�ed implementationof the well-known k-means lustering algorithm. The original algorithm, in an unmod-i�ed version was already used by Mouridsen et al. [2℄ for a similar task (identi�ationof the arterial input funtion for perfusion imaging).With our implementation of this algorithm the standard riterion of minimizingthe intra-luster Eulidean distane was replaed with the maximization of the intra-luster orrelation value. This approah was hosen beause it adopts the same distanemeasure subsequently used in orrelation-based methods, thus reating lusters that areoherent with the �nal result of segmentation. Moreover, the orrelation value gives asmaller weight to the time ourses with smaller variane (i.e. stati tissue), privileginghigher-variane time ourses (i.e. vessels).54



CHAPTER 3. REF. SELECTION

Figure 3.2: Manually and automatially seleted referene time ourses for arteries (solidline) and veins (dashed line) in ases of a subjet with very disperse ontrast agent bolus(left) and subjet with tight bolus (right). X axis shows the dataset number (temporalprogression) and Y axis shows signal intensity.
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CHAPTER 3. REF. SELECTION

Figure 3.3: Quality evaluation of the segmented datasets. Eah bar represents thenumber of datasets that reeived a spei�ed rating.Identi�ation of three lusters was hosen instead of the more intuitive assumptionof two-luster identi�ation (arteries and veins). This was neessary beause manydatasets ontained voxels with time ourses that presented both venous and arterialharateristis. This espeially happened in pathologial datasets with arteriovenousshunts, but also in normal subjets the time ourses of venules and arterioles an berather di�erent from the major vessels. If only two lusters are identi�ed, these voxelare randomly assigned to one or the other luster, moving the entroid and generatingtwo referenes with high mutual orrelation.This implementation of the lustering algorithm gave satisfatory results in all on-sidered datasets. This allows for the implementation of an artery/vein separation algo-rithm that an run ompletely unsupervised, thus removing the bottlenek of humaninteration and signi�antly reduing postproessing times for CE-MRA datasets. Inase the user is not satis�ed with the �nal result, it an be re�ned by the manualseletion of the referene points, whih showed a marginally better average quality.
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Figure 3.4: Maximum intensity projetion of artery/vein separation with automatireferene, in a patient with a dural arteriovenous �stula (arteriovenous shunt from theright oipital artery to right transverse sinus); oronal (a) and sagittal (b) views.The separation orretly showed the arterialization of the right transverse sinus (whitearrows) and the mixed arterial and venous blood �owing in the left transverse/sigmoidsinus and jugular vein (green arrows).
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Chapter 4Quantitative time-resolvedthree-dimensional �owmeasurements with balaned SSFP

An adapted version of this hapter is in press as: Santini F, Wetzel SG, Bok J, Markl M, She�erK. Time-resolved three-dimensional phase-ontrast balaned SSFP , Magneti Resonane in Mediine,in press. 61



CHAPTER 4. 4D PC-BSSFP4.1 IntrodutionIn order to quantitatively measure �ow veloities, whih is useful information for theevaluation of both anatomy and funtion within the human irulatory system, e.g. theardiovasular system and the erebrospinal �uid (CSF) irulation system, the phase-ontrast (PC) MRI tehnique an be used. It is based on the enoding of the meanveloity of an isohromat into the orresponding voxel loation of the reonstrutedphase image. An additional referene image is aquired to remove bakground e�etsvia phase subtration and the underlying �uid veloity or tissue motion is representedby the pixel intensity in the resulting phase di�erene image.The traditional implementation onsists of the aquisition of two-dimensional slieswith a modi�ed radiofrequeny-spoiled sequene that is sensitive to �ow in the through-plane diretion [1℄. More reently, time-resolved three-dimensional sequenes, enoding�ow in three diretions, were proposed and used in researh studies of thorai andbrain vessels [2�7℄. Suh data aquisition strategies allow for improved quanti�ationof veloities, ompared to single-diretion �ow enoding, whih is biased if the �ow isnot ompletely parallel to the enoding diretion. Furthermore, the aquisition of 3Dvolumes in ombination with three-diretional veloity enoding permits the visualiza-tion of omplex �ow patterns, and the estimation of other parameters suh as wall shearstress or vortiity [8℄. Although 3D methods su�er from longer san times, three dimen-sional aquisitions also provide improved and potentially isotropi resolution related tothe higher signal-to-noise ratio of a thik 3D slab ompared to the signal obtained froma thin 2D slie.One major disadvantage of typial �ow quanti�ation methods based on radiofrequeny(RF) spoiled gradient eho sequenes is tissue saturation that ours when the repetitiontime TR is signi�antly shorter than T1, as in the ase of blood and CSF. This disad-vantage is partiularly notieable for three-dimensional aquisitions of large slabs or inases of slow �ow beause of redued in-�ow enhanement. For this reason, and partiu-larly for CSF �ow whih is more prone to tissue saturation, through-slie �ow-sensitivebalaned SSFP sequenes were proposed [9�11℄.Balaned SSFP (bSSFP) has the advantage of providing T2/T1 ontrast for short TR,whih results in high signal from blood and CSF. Nevertheless, for �ow enoding, mea-sures need to be taken in order to maintain the sensitive steady state of bSSFP. Toavoid steady state disruptions leading to signal loss and artifats as shown by Bieri andShe�er [12℄, �ow-related phase hanges need to be rephased during eah repetitiontime TR. Additionally, SSFP imaging requires short TR to minimize banding artifats.Therefore, it is ritial to optimize the gradient parameters to obtain the desired �owsensitivity while maintaining the shortest possible TR. Finally, stability of the bSSFPsteady-state magnetization an be further enhaned by implementing intrinsi eddyurrent ompensation into the sequene design.In this hapter, the implementation of a time-resolved �ow-sensitive 3D bSSFPsequene with three-diretional veloity enoding is presented. Flow-sensitive bSSFPhas to exhibit user-de�ned �ow sensitivity at the eho time TE, and, at the same time,62



CHAPTER 4. 4D PC-BSSFPhas to be �ow-ompensated at the instants of exitation pulses. In the latter aspet,the bSSFP sequene di�erentiates from onventional phase-ontrast sequenes based onRF-spoiled gradient eho. To obtain exat gradient moments for all loations in k-spae,a ustom method for real-time alulation of gradient waveforms is introdued. Twoeddy urrent ompensation methods are implemented and ompared: �k-spae pairing�,as proposed by Bieri et al. in [13℄, and �double-averaging�, as presented by Markl et al.in [14℄.I n vivo results are presented, demonstrating the potential of �ow-sensitive 3DbSSFP for the assessment of three-diretional blood and CSF �ow in intraranial re-gions. Measurements were performed with pulse sequenes that normally result in lowsignal-to-noise ratio with standard RF-spoiled gradient eho sequenes, i.e. a sagittalslab of the superior sagittal sinus for blood �ow and a sagittal slab of the spine in thenek for CSF �ow.4.2 Optimized gradient waveformsIn a standard imaging sequene, the sampled loation of the k-spae is ontrolled bythe zeroth moments M0 of the gradients on the three spatial axes at aquisition time
Ta, given by:

M0 =

ˆ Ta

0
G(t)dt, (4.1)where time 0 is onsidered as the enter of the exitation RF pulse and G(t) is thegradient amplitude over time. In a phase ontrast sequene the veloity of a movingisohromat is enoded in the phase image as a phase shift equal to γvM1. Here, γ is thegyromagneti ratio of the proton, v is the veloity of the isohromat in the diretion ofthe �ow sensitivity, and M1 is the �rst moment of the gradient in the same diretion,given by:

M1 =

ˆ Ta

0
G(t)tdt. (4.2)For phase-ontrast imaging it is therefore ruial to ontrol both M0 and M1 at thetime of aquisition.To take into aount the hardware restritions of a real MRI system, the onstraints on

M0 and M1 an be ful�lled by using a generi bipolar gradient waveform (see �g. 4.1for variable de�nitions) haraterized by the following moment equations :
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Figure 4.1: Generi bipolar gradient waveform. A1, A2: �rst and seond lobe gradientamplitudes, w1, w2: �rst and seond lobe �at top widths, r: gradient ramp times, t0:gradient start time.It is onvenient to hoose the amplitudes as dependent variables as they an generallybe non-integer values.To �nd the values for the parameters of equation system (4.4) that de�ne gradientwaveforms with the shortest possible total time, the following assumptions are made: t0is de�ned by sequene timings as an independent variable; r is imposed as max(A)/s,whih is the minimum ramp time for a gradient to reah the maximum allowed am-plitude. Based on these assumptions, A1 and A2 are quantities whose absolute valuesderease when w1 and w2 inrease, for any physially onsistent values of M0 and M1,as shown in �gure 4.2a.An iterative algorithm is used to identify the minimum values for w1 and w2 thatgenerate a realizable gradient waveform (�gure 4.3).The algorithm ensures that the total time of the gradient waveform, given by totalWidth+
4r, is minimized. As shown in �gure 4.2b, totalWidth as a funtion of M0 and M1 re-sults in a onvex-shaped surfae. Therefore, the longest timing is needed when M0 and
M1 are maximal, and the longest TR required by the sequene an be alulated at theedges of the k-spae.4.3 Sequene designTo implement a �ow-sensitive bSSFP sequene, a generi sequene template was de-veloped, onsisting of a slie seletion gradient, a readout gradient and generi bipolar64
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Figure 4.2: a) Behavior of gradient amplitudes A1 (top surfae) and A2 (bottom surfae)as funtions of w1 and w2 for generi values of M0 and M1. b) Behavior of the minimumtotal gradient �at top width w1 + w2 as a funtion of M0 and M1.

Figure 4.3: Flowhart desribing the iterative algorithm used to obtain the optimalgradient parameters (see the text for a desription of the symbols). The gradient tim-ings are inreased at eah iteration by an amount de�ned by the sanner hardwareharateristis. 65
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Figure 4.4: Flow-sensitive bSSFP sequene sheme. Gradient waveforms drawn indashed lines are alulated with the proposed algorithm to satisfy the onstraints on
M0 and M1. Gradients drawn in solid lines are �xed in timings and amplitudes and de-pend on sequene parameters. The represented durations and amplitudes of the dashedwaveforms are merely illustrative: the atual parameters are automatially alulatedin real-time.waveforms before and after the readout on all three gradient axes, as shown in �gure4.4. All gradient waveforms were alulated with the algorithm desribed above, tosatisfy the following bSSFP-spei� onstraints:1. M0 = 0 at TR on all axes (to satisfy the de�nition of bSSFP).2. M1 = 0 at TR on all axes to provide �ow ompensation, needed to maintain thesteady state as shown in [12, 15℄.3. M0 = 0 at TE on the readout axis to produe a gradient eho.4. M0 as required for phase/partition enoding at TE on phase/slie gradient axis.5. M1 = π/γ·venc at TE on all axes, where γ is the gyromagneti ratio and venc is thedesired veloity enoding anti-aliasing limit as desribed in 1.4.1.1.66



CHAPTER 4. 4D PC-BSSFP4.3.1 Enoding shemeFor �ow enoding balaned four-point veloity vetor extration desribed in [16℄ washosen to maximize e�ieny and signal-to noise ratio. Enoding was obtained on allaxes at the same time, with alternatively positive and negative polarity. This allowedfor the usage of smaller enoding moments sine the enoding of the veloity on eahaxis was spanned over two di�erent repetitions.4.3.2 Eddy urrent ompensationIn order to redue artifats generated by eddy urrents, two ompensation methods wereimplemented and ompared. The �rst method is �k-spae pairing� [13℄, i.e. performingeah �ow enoding step twie for two adjaent k-spae lines. The aquisition of theseond line is thus performed using similar gradient waveforms, whih generates similareddy urrents. As a result, the spin population experienes two almost equal pertur-bations for two TRs. Due to sign alternation of the RF pulse in bSSFP imaging, thetwo suessive perturbations mutually ompensate, leading to redued artifats. Thismethod introdues no penalty in the san time, but does not ompletely eliminate ar-tifats, and imposes limits on the k-spae trajetory. Figure 4.5a shows the aquisitionsheme of the sequene implementing pairing.The seond implemented method is �double averaging� [14℄: eah �ow enoding stepis repeated twie at eah k-spae line. This guarantees that eddy urrents are perfetlyompensated over two TRs. As a result, san time is doubled but no restritions onthe k-spae trajetory are imposed. Parallel imaging algorithms an therefore easilybe implemented to partially ompensate for the inreased san time. The aquisitionsheme for this sequene is shown in �gure 4.5b.4.3.3 TriggeringThe sequene was exeuted with prospetive ardia triggering. For eah time-frame allfour enodings and two k-spae lines were aquired, resulting in a temporal resolutionof 8xTR. To maintain the steady state between suessive RR-intervals, RF exitationwas ontinued after the end of the aquisition of the last desired ardia time-frameuntil the detetion of the next trigger signal.4.4 Aquisitions4.4.1 Phantom studiesThe sequene was tested on a stati spherial phantom for image quality evaluation andon a ustom �ow phantom for validation. 67



CHAPTER 4. 4D PC-BSSFP

Figure 4.5: Flow enoding sheme. The four di�erent gray levels orrespond to the�ow enoding steps along di�erent diretions. Before the EKG trigger dummy RFpulses are run in order to keep the steady state. a) �k-spae pairing� implementation:every step is repeated on two adjaent k-spae lines to avoid eddy urrent artifats, b)�double-averaging� implementation: every k-spae line is aquired twie.4.4.1.1 Stati phantomA single slie of a standard spherial saline solution phantom was sanned with a Venof 10 m/s (TE 6ms, TR 12ms, �ip angle 60°, FOV 200x200mm2, matrix size 256x256x1,spatial resolution 0.78x0.78x5 mm3). Measurements were performed without eddy ur-rent ompensation, with k-spae pairing, and with double averaging, to evaluate generalimaging quality and the e�ieny of the hosen eddy urrent artifat suppression teh-niques.4.4.1.2 Flow phantomValidation of �ow enoding preision and auray was performed by using setup on-sisting of a steady �ow pump, onneted to 20 m of plasti tubing with 19 mm diametervia a quarter-turn regulating valve. The tube was deployed through the bore of themagnet, folded in a way that allowed both inoming and outgoing �ow to be imagedin the �eld of view. Gd-doped water (0.25 mmol/L of Gd-DOTA), mimiking bloodmagneti properties, was used in the iruit.Two sets of MR images were obtained from the setup. The �rst dataset was aquiredwith a standard RF-spoiled gradient eho phase-ontrast sequene, enoding �ow in thethrough-plane diretion, provided by the sanner manufaturer. A 2D slie with itsnormal vetor aligned with the �ow diretion (Ven 100 m/s, �ip angle 15°, TR/TE17.7/5.34 ms, resolution 1.17x1.17x5 mm3) was used. The seond dataset was aquiredwith the proposed sequene, with the same slie position and orientation but with a 3Daquisition (Ven 100 m/s, �ip angle 70°, TR/TE 12/6 ms, 8 partitions, and resolution1.17x1.17x2 mm3). The aquisition was repeated 10 times, at di�erent openings of theregulating valve, from fully open to approximately 25% of the fully opened position.68



CHAPTER 4. 4D PC-BSSFPSine the �ow rate was onstant during the san, triggering was not ativated andtherefore the resulting datasets were not time-resolved.4.4.1.3 Data reonstrution and analysisData were reonstruted using a home built ode (Matlab, The Mathworks, Natik, MA)inluding alulation of phase-ontrast images. Two ROIs, one plaed on the setionof the tube with �ow in the diretion head-to-feet, and the other on the setion of thetube with �ow in the diretion feet-to-head, were seleted from eah slie obtained fromthe gradient eho sequene and from the spatially orresponding 4th partition of thebSSFP sequene. Mean and standard deviation of measured phase di�erenes and thusveloities were alulated over the ROIs. The results obtained with the gradient ehosequene were onsidered as referene, sine the sequene is normally used in linialroutine. Linear regression was used to evaluate the performane of bSSFP ompared toRF-spoiled GRE.4.4.2 In vivo studiesIn vivo experiments were performed on healthy volunteers. All datasets were aquiredon a 1.5T Magnetom Avanto (Siemens Healthare, Erlangen, Germany) sanner, withstandard 12-hannel head oil and nek oil (Siemens Healthare, Erlangen, Germany).Maximum amplitude ahievable by the gradient system was 28 mT/m and the maximumslew rate was 170 mT/(m*ms). Veloity sensitivity (Ven) ranged from 10m/s (suitablefor erebrospinal �uid investigation) to 100m/s (suitable for blood �ow measurement).Double averaging was used as eddy urrent ompensation method.Ethial approval for this study was obtained from the loal ethis ommittee andinformed onsent was obtained from all volunteers.4.4.2.1 Blood �owVenous erebral blood �ow measurements (superior sagittal sinus and straight sinus)were performed in two healthy volunteers with the following imaging parameters: Ven100m/s, TE 4.8 ms, TR 9.6 ms, �ip angle 70°, matrix size 128x128x10, spatial resolution2.3x2.3x3 mm3, temporal resolution 76.8 ms. Total san time was dependent on heartrate, and was approximately 10 minutes.4.4.2.2 CSF �owCSF �ow measurements were performed in two healthy volunteers in the region of thenek, at the level of C3-C5 vertebrae, with the following imaging parameters: Ven10m/s, TE 6ms, TR 12ms, �ip angle 70°, matrix size 128x128x22, spatial resolution1.1x1.1x2mm3, temporal resolution 86 ms. Total san time was approximately 20 min-utes. 69



CHAPTER 4. 4D PC-BSSFP4.4.2.3 Postproessing and visualizationPost-proessing of the phase images was performed with a speialized tool written forthe Matlab environment [17℄.Noise masking, based on magnitude intensity, was applied and linear phase driftsand onomitant �eld e�ets were ompensated by estimating the bakground phasefrom stationary regions, �tting it to a 2nd order 2D polynomial, and subtrating itfrom the phase images [18℄. The modi�ed images were further onverted into three-dimensional datasets for import into ommerial 3D visualization software (Ensight,CEI, Apex, NC). The tool also generated a phase-ontrast angiogram.Visualization of the 3D data was performed as desribed in [4, 6℄, with the usageof partile traes (traes of virtual massless partiles released within the time-varyingveloity �eld) and vetor �elds for 3D �ow visualization and isosurfaes for the visual-ization of the vasular geometry [5℄.4.5 Results4.5.1 Image quality and eddy urrentsThe sanning of the stati phantom showed that by implementing no eddy urrentorretion method, the features of image were substantially obsured by artifats (�g.4.6a), whereas the pairing method resulted in a very faint residual ghosting artifat (�g.4.6b), and no artifat was detetable with the double averaging method (�g 4.6).4.5.2 Flow phantom experimentThe quantitative omparison between veloities measured using the standard sequene(GRE) and the proposed sequene (bSSFP) demonstrated exellent agreement betweenboth methods (R2 = 0.9981, �gure 4.7). The oe�ient of proportionality was 0.948,thus leading to an underestimation bias in the auray of 5.2%. The preision of themeasurement, shown by the standard deviation bars on the plot, was similar for boththe tehniques.4.5.3 In vivo �ow harateristisThe slow 3D venous blood �ow in the superior sagittal sinus was suessfully visualizedusing 3D partile traes. One volunteer presented an anatomial variation in whihblood from the superior sagittal sinus �owed to the right transverse sinus only, and bloodfrom the straight sinus was direted to the left transverse sinus. The sequene orretlydepited this anatomy (�g. 4.8). Maximum venous �ow veloities of approximately 10m/s orresponded well to the physiologial range as desribed in the literature [19℄.The phase-ontrast angiogram (yellow isosurfaes), derived from sum of squares ofthe veloities in all three diretions, su�ers from o�-resonane-indued phase shifts andphase noise in the tissue of the outer skull, resulting in artifats outside the vessels.70
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Figure 4.6: Spherial phantom sanned without eddy urrent ompensation (a), withpairing (b) and with double averaging () using the �ow-sensitive bSSFP sequene.Strong eddy urrent artifats are visible in (a), whereas only a very faint ghostingartifat is visible on top of image (b), and no artifat is detetable in (). Magnitudeimages are displayed in the top row; phase images in the bottom row.

Figure 4.7: Plot of mean phase values over ROIs in the �ow phantom setup measuredwith bSSFP sequene versus produt RF-spoiled sequene. Plotted values are the graylevels of the phase-ontrast images (range 0-4095). The standard deviation over theROI is displayed as error bars. Linear �tting is shown as solid line.71
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Figure 4.8: Streamline representation of blood �ow in the superior sagittal sinus (redarrow) and straight sinus (light blue arrow), sagittal (left) and oblique oronal (right)views. The anatomial variant of the subjet, showing that blood from the two sinusesdoes not mix, is visible. The strutures depited as yellow isosurfaes in the image onthe left are the phase-ontrast angiogram, su�ering from artifats deriving from phaseshifts in the tissue of the outer skull.
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Figure 4.9: Streamlines representing CSF �ow in the nek (C3-C5 setions). Eightplanes are plaed axially 5mm apart from eah other and are hosen as emittersfor the streamlines. Image view is oblique sagittal/oronal approximately 45° in theleft/posterior diretion (frames a, b, ) and axial (frames d, e and f ). Antero-posteriorand head-feet diretions are represented by the A-P and H-F letters. The vetors repre-sent magnitude and diretion of veloities of eah point at three di�erent ardia phases:seond phase after R wave (a, d), third phase (b, e) and last phase (eighth phase � ,f ). Non-negligible in-plane omponents are visible in the oblique view.Measurements of CSF showed an initial ranio-audally-direted �ow followed by aaudo-ranial bak�ow during the last time-frame, as expeted from the literature [20℄,and also in-plane �ow omponents, as shown in �gure 4.9.4.6 DisussionIn this hapter, a pulse sequene for time-resolved, three-dimensional three-diretionalphase-ontrast �ow enoding, based on bSSFP, was presented. This sequene providesan alternative to RF-spoiled 3D gradient eho phase-ontrast sequenes, whih are om-monly used for veloity quanti�ation in various parts of the body (3-7,22) [2, 4�7, 21℄.Due to the long longitudinal relaxation time of blood and of other body �uids, RF-spoiled gradient eho sequenes do not o�er optimal ontrast for imaging these tissues,partiularly in ases of low �ow veloities or thik imaging 3D slabs, for whih in�owenhanement e�ets are negligible. This results in a strong saturation of magnetizationand thus low signal-to-noise for both the magnitude and the phase images. In ontrast,bSSFP is haraterized by high signal for blood and espeially CSF, and thereforeprovides a valid alternative for �ow measurements.For the �ow ases analyzed in this study, the sequene ould suessfully be ap-plied to aquire omplex 3D �ow patterns in-vivo even for slow venous and CSF �ow.Measured veloities were within the physiologial ranges. Nevertheless, a signi�ant73



CHAPTER 4. 4D PC-BSSFPunderestimation of peak veloity of blood �ow was found beause of the low temporalresolution of 8xTR, ompared to 4xTR for the onventional RF-spoiled gradient ehosequene. In order to overome this problem, a new reonstrution method able toe�etively improve the temporal resolution was developed, and presented in hapter 5.In omparison with onventional bSSFP, relatively long repetition times are neededfor this sequene. In addition to redued temporal resolution longer TRs inrease theo�-resonane sensitivity of bSSFP imaging and may therefore also be a soure of bandingartifats in regions with inreased �eld inhomogeneity. In the experiments performedfor this study in the regions of head and nek, we did not observe any impaired imagequality in the desired region, espeially if manual shimming of the magneti �eld wasperformed. Field inhomogeneity an ause phase errors and singularities in the phaseimages where shimming is less aurate, whih normally happens far from the regionof interest. This an impair the auray of the phase ontrast angiogram, as shown in�gure 4.8.The implementation of the sequene inluded the real-time alulation of the gradi-ent waveforms whih was neessary to ahieve the same M1 at TE for eah k-spae lineand to ensure orret ompensation at TR, whih would otherwise disrupt the steadystate. This approah is more omputational demanding than the non-iterative approahproposed by Bernstein et al. [22℄, whih is still widely used, but it is more �exible ifustom moment values need to be ahieved. Higher order moments are not ontrolledby this algorithm, so artifats may arise in ase of turbulent �ow.Two eddy urrent ompensation methods were implemented in order to redue ar-tifats in the �nal images: �k-spae pairing� [13℄ and �double averaging� [14℄. Bothmethods produed aeptable image quality, but double averaging o�ers the possibil-ity for straightforward implementation of parallel imaging, due to the non-restritedk-spae trajetory. Due to the high signal-to-noise ratio of �uids, parallel imaging ouldbe useful to redue total san times without signi�ant loss of preision in the �owmeasurement [23℄. Sine �ow is on�ned to small regions (vessels, spinal anal) withinthe aquired volume, the appliation of other spatio-temporal aelerating tehniquessuh as k-t BLAST, VIPR and variants thereof [24�26℄ is also possible.In order to eliminate steady state artifats, the sequene was designed to be �ow-ompensated at TR. This ompensation needed additional gradients after data aquisi-tion, whih are usually not needed for RF-spoiled sequenes. Furthermore, traditionalbSSFP ontrast is ahieved when TE is equal to half of the TR, and this onditionposed another onstraint in the realization of the sequene, whih needed longer TRswith respet to the RF-spoiled �ow-sensitive sequene with equivalent parameters, asdesribed in [27℄.In order to redue TR, a marginally more e�ient implementation of the gradientoptimization algorithm would onsider onstant slew rate s = dA/dt instead of onstantramp times in equation system (4.3), imposing r = |A|/s. However, suh a hoie formaximal slew rate would result in equations that annot be inverted through algebraimanipulation, making a diret mathematial solution of the problem impossible.The experimental setup for the quantitative omparison of measured veloities was74



CHAPTER 4. 4D PC-BSSFPhosen in order to maximize the SNR performane of the standard sequene providedby the manufaturer, i.e. exploiting in-�ow e�et at high �ow rates and through-planeaquisition. The aordane of the result was exellent (R2 = 0.9981), but a systematierror of 5.2% in the measurement of veloities was deteted. We do not have aessto the Siemens implementation of the standard sequene, so we annot make preiseassumptions on the origin of this disrepany, but it an be orreted in a postproessingstep if needed.In this study, the feasibility of 3D aquisition of CSF �ow has also been demon-strated. This results showed that there are non-negligible in-plane veloity omponentswithin a transversal imaging slab, information not provided by earlier works using phase-ontrast bSSFP for 2D, through-plane �ow quanti�ation of the CSF [10℄. A more ex-tensive study on the ventriular system is being performed, and preliminary results areshown in hapter (6).In onlusion, the appliation of �ow sensitive bSSFP allowed for the depition of3D �ow patterns in tissues that show high signal in T2/T1-weighted sequene and lowsignal in T1-weighted sequenes. Quantitatively, the results obtained were ompatiblewith the physiologial data present in the literature.This tehnique is a valuable tool for the study of intraranial �ow, espeially toextend the knowledge of CSF irulation in healthy volunteers and in patients su�eringfrom hydroephalus [?, 28℄ and Chiari malformation.
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CHAPTER 5. OPTIMAL ENCODING5.1 IntrodutionMost three-diretional phase ontrast sequenes enode �ow with a sheme alled �4-point balaned�, �rst proposed by Pel et al in [1℄ (see also 1.4.1.1), beause it holdsthe highest signal-to noise ratio ahievable with 4 sans, and it is independent of �owdiretion.This enoding sheme uses 4 steps to simultaneously enode �ow from all three spa-tial diretions, and single omponents of the veloity vetor are then retrieved throughlinear ombinations of the four sans. In ardia-gated aquisitions, the 4 steps areusually aquired in an interleaved manner during a single ardia phase, thus limitingthe temporal resolution to 4xTR, in the best ase. In other situations, as for the phaseontrast bSSFP sequene presented in hapter 4, the temporal resolution might be lim-ited by other fators and be even lower; or it an be desirable to aquire more k-spaelines during one ardia yle in order to redue total san time.In this hapter it will be shown that this aquisition sheme is equivalent to a low-pass �ltering of the veloity waveform, followed by a 4x downsampling. To ompensatefor this e�et, a novel method of reonstruting the phase ontrast images based on viewsharing along the veloity diretion is presented. The proposed tehnique eliminates thedownsampling step and provides a more aurate reonstrution of the signal. In vivoaquisitions with low temporal resolution are performed and ompared with a fullysampled veloity waveform.5.2 TheoryIn a phase-ontrast aquisition the phase omponent of the MR signal is proportionalto the veloity of the moving isohromat and to the �rst moment of the applied gradi-ents. In order to ompensate for stati phase errors, a referene san or a �two-sided�aquisition sheme, where enoding is performed using bipolar gradients with opposite�rst moments, is used [2℄.In the ase of three-diretional aquisitions, the optimal enoding sheme onsists of4 steps, sensitive to motion in all diretions, with hanging polarities so that the threeomponents are linearly separable from the four sans. At the end of the aquisition,every omponent of the veloity vetor is enoded twie with positive polarity, and twiewith negative polarity. The aquisition sheme is shown in �gure 5.1a.The reonstrution of the veloities along eah axis is obtained by the followingequations:
vx = ((v1+v2)−(v0+v3))/4

vy = ((v2+v3)−(v0+v1))/4, (5.1)
vz = ((v1+v3)−(v0+v2))/4where vx, vy and vz are the veloities along the readout, phase and slie seletiondiretion respetively, and v0, v1, v2 and v3 are the veloities orresponding to thephase values aquired in eah step. 80



CHAPTER 5. OPTIMAL ENCODING

Figure 5.1: Enoding shemes for a three-diretional �ow enoding sequene. A �+� signrepresents positive enoding moment; a �-� sign represents negative enoding moment.a) Aquisition sheme with onventional reonstrution; b) Aquisition sheme with�view sharing� reonstrution.
81
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Figure 5.2: Enoding of veloity from a phase ontrast sequene represented as a FIR�ltering followed by a downsampling step.The oe�ients by whih eah enoding step is multiplied serve the purpose ofompensating for the di�erent polarity of the �ow-sensitizing gradients. From a signalproessing point of view, this sum orresponds to a simple 4-tap �nite impulse response(FIR) low-pass �ltering of eah omponent, where all the �lter oe�ients are set to 1/4.A single image is retrieved from the sum of four enoding steps, and this orrespondsto a downsampling of the signal by a fator of four. A shemati representation of theaquisition method is shown in �g. 5.2.The frequeny response of the �lter is shown in �g. 5.3. Attenuation is -3.7dB at0.25 normalized frequeny, and -11.3dB in the stop-band. The downsampling uts theavailable band at 0.25 normalized frequeny, therefore the signal omponents at higherfrequenies will ause aliasing noise in the resulting waveform.In order to avoid the downsampling, a �sliding window� approah to veloity wave-form reonstrution an be used: the �rst sample is obtained from the four enodingsteps from the �rst ardia phase, then the seond, third and fourth steps from the �rstphase and the �rst step from the seond phase are used to produe the seond sample,and so on (�g. 5.1b). This is equivalent to �ltering the signal with the aforementioned�lter, while maintaining same sampling rate.82
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Figure 5.3: Filter frequeny response.5.3 AquisitionsA pulse-gated phase-ontrast san of an axial slie of the nek was aquired in a healthyvolunteer on a whole-body 3T sanner (Magnetom Verio, Siemens Healthare, Er-langen, Germany) with a 12-hannel head oil and dediated nek oil. A through-plane 2D SPGR sequene was used (Ven: 100m/s, matrix size 256x216x1, resolution0.94x0.94x5 mm3, TR/TE 9.0/5.5 ms, temporal resolution 18 ms). A slower three-diretional aquisition was aquired with a ustom SPGR implementing the 4-pointbalaned enoding sheme (same slie and sanning parameters, temporal resolution 72ms). Reonstrution was performed with the �standard� and with the �time shared�algorithms. A region of interest was plaed on the left internal arotid artery, andtime ourse of the pixel intensity of the phase images aross the di�erent datasets (hightemporal resolution, standard and time shared reonstrution) was ompared.5.4 ResultsThe downsampling aused the missing of the sharper veloity peak in the waveform,whih was more aurately followed by the view-shared reonstrution, as shown in�gure 5.4. Low-pass e�et is learly visible in the lower temporal resolution, where theslope of the urve is muh less steep than the high-resolution waveform. In priniple,some information ould be retrieved by interpolating the downsampled signal, but thealiasing noise added by the ine�ient low-pass �ltering would still be present, and thehigher-frequeny omponents of the original signal ould not be retrieved.5.5 DisussionIn this hapter, a novel method for the reonstrution of phase ontrast images waspresented. This method is appliable with all sequenes that use a four-point balanedaquisition sheme, beause information about the original waveform are aquired at83
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Figure 5.4: Flow waveform. Blak: high-temporal-resolution aquisition; dashed-blue:reonstrution with view-sharing; red: standard reonstrution.every enoding step. In this sequenes, the traditional method of reonstrution of thephase ontrast images is equivalent to a low-pass �ltering followed by a downsamplingof the signal.Avoiding the downsampling is an operation that omes at no additional ost afteraquiring the �ow-enoded images, as it an be ahieved by the proposed simple re-onstrution algorithm. If the attenuation of the higher-frequeny omponents of thesignal is not aeptable, a orretion through inverse �ltering ould be applied, but thiswould ome at the ost of possible ampli�ation of noise.This reonstrution method is espeially bene�ial when high temporal resolutionis not ahievable by the sequene, beause of restritions in the total aquisition time(as ould happen in breathhold aquisitions), or beause of other restritions posed bythe sequene design itself (as the ase of the bSSFP sequene presented in hapter 4).
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Chapter 6Cerebrospinal �uid �ow
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CHAPTER 6. CSF FLOW6.1 IntrodutionCerebrospinal �uid (CSF) �ow in the ventriular system and subarahnoid spae presentsomplex dynamis that are yet to be fully understood by the sienti� ommunity. Ob-strutions in the out�ow path of the �uid produed inside the ventriles lead to om-pression of the brain parenhyma and to onditions that an signi�antly impat thequality of life of the patient, like obstrutive hydroephalus and Chiari malformation.Also in the absene of obstrutions, whih is the ase of normal pressure hydroephalus(NPH), CSF �ow an re�et pathologial onditions, and the study of the dynamis animprove the knowledge of this lass of pathologies [1, 2℄.Magneti resonane imaging (MRI) is often the tehnique of hoie for the study ofthe CNS in general and of CSF in partiular, beause it is non-invasive, holds high soft-tissue ontrast and an provide some funtional details about �ow dynamis. However,due to the long T1 relaxation time of CSF, and due to the slow veloity of the �uid,onventional MR �ow quanti�ation tehniques were never used for diret measurementof three dimensional �ow patterns.The most ommon approah present in the literature is to and measure through-plane �ow in one loation [3℄ and to apply omputational �uid dynamis to MRI anatom-ial data.In this hapter, preliminary results of in vivo three-dimensional �ow quanti�ationof CSF in the ventriular system are presented. This aquisitions were performed usingthe bSSFP sequene presented in hapter 4, whih presents a high SNR even for three-dimensional aquisitions. The results from healthy volunteers are shown and omparedto a ase of three-ventriular obstrutive hydroephalus.6.2 Materials and methodsThree healthy volunteers and one patient su�ering from a long standing three-ventriularhydroephalus were inluded in the study. The patient was sanned twie: beforesurgery and after a ventriulostomy that opened the lamina terminalis, the treatmentof hoie for this ondition [4℄.6.2.1 MRI aquisitionsThe 3D time-resolved phase ontrast bSSFP sequene presented in hapter 4 was usedfor the san of all subjets.The sanned region was a sagittal slab ontaining the third ventrile, the aquedutof Sylvius, the foramina Monroi and part of the lateral ventriles. The magneti �eldwas manually shimmed in order to obtain less than 20Hz of total signal bandwidth inthe region of interest. The hosen sanning parameters were: Ven 10m/s, number ofaverages 2, TR/TE 14/7 ms, resolution 1x1x1.5mm3, bandwidth 965Hz/px. General-ized autoalibrating partially parallel aquisitions (GRAPPA) [5℄ algorithm for parallelimaging with an aeleration fator of 2 was used, in order to ompensate for the san88



CHAPTER 6. CSF FLOWtime penalty deriving from the averaging. Due to the harateristis of the sequene,the time footprint for data aquisition was 8*TR (112ms). The e�etive time resolutionof the �nal dataset was redued to 2*TR (28ms), by implementing the view sharingapproah of the �ow enoding steps shown in hapter 5. Prospetive ardia gating wasused, and the number of aquired ardia phases was adjusted in order to have max-imum possible overage of the ardia yle. Total san time was around 20 minutes,with small variations depending on the heart rate of the subjet.6.2.2 Image preproessingThe phase ontrast images aquired were preproessed using a software tool [6℄ devel-oped in Matlab (The Mathworks, Natik, MA). Noise masking, based on magnitudeintensity, was applied and linear phase drifts and onomitant �eld e�ets were om-pensated by estimating the bakground phase from stationary regions, �tting it to a2nd order 2D polynomial, and subtrating it from the phase images [7℄.The tool onverted the modi�ed images into three-dimensional datasets for importinto ommerial 3D visualization software for engineering (Ensight, CEI, Apex, NC).6.2.3 Data visualizationThe dataset was visually inspeted using 3D visualization software, and two kind ofrepresentation of the veloity �eld were obtained:1. Streamlines: lines showing the ideal path of massless partiles released in theventriular spae, under the assumption that the veloity �eld is onstant in time.They give a representation of the veloity �eld at eah ardia phase.2. Pathlines: lines showing the ideal path of massless partiles in a time-resolvedveloity �eld. These lines an be animated in order to depit the atual behaviorof a partile released in the ventriular spae, and an be visualized as videos.Emitter planes for these partiles were plaed inside the third ventrile, utting it axially,to visualize the �ow patterns of the CSF inside the ventrile itself, and in the foraminaof Monro and in the fourth ventrile to visualize feeding �ow inside the third ventrile.6.3 Results6.3.1 Healthy volunteershe results showed the presene of two ounter-rotating vorties in the third ventrile,whih keep the same diretion of rotation throughout the whole ardia yle, and arealternatively fed from the foramina of Monro (during systole, �g. 6.1 - left) and theaquedut of Sylvius (during diastole, �g. 6.1 - right). Peak �ow veloities are up to 5m/s in the aquedut, but �ow pulsatility is very high, resulting in little net �ow in theranio-audal diretion, whih is ompatible with the observation of physiologial CSFprodution. 89
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Figure 6.1: Flow patterns in healthy volunteer: left - systole; right - diastole. Timeshown is in ms after R peak.

Figure 6.2: Shemati model of �ow in the third ventrile: left - systole; right - diastole.A proposed model of CSF �ow for healthy volunteers is presented in �g. 6.2.6.3.2 PatientDespite the absene of any obstrution visible on T2-weighted anatomial imaging, no�ow through the aquedut was observed. This �nding was on�rmed by the endo-sopi investigation that was performed after the imaging, and revealed obstrutivemembranes. The omplex �ow patterns within the third ventrile visible in the healthyvolunteers were not present, merely a slow pulsation in the ranio-audal diretion,with no signi�ant net �ow was visualized. Flow was traed to transverse the �oor ofthe third ventrile, indiating a spontaneous ventriulostomy, but not large enough toompensate for the prodution of CSF (�gure 6.3 - left). After surgery, the rupture ofthe the lamina terminalis is on�rmed by higher �ow from the third ventrile to the90
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Figure 6.3: Systoli �ow in the third ventrile of an obstrutive hydroephalus patientbefore surgery (left) and after surgery (right).extraventriular spae (�gure 6.3 - right).6.4 DisussionThree-dimensional, time-resolved, three-diretional �ow-sensitive balaned SSFP se-quene was able to produed high SNR and enabled a omprehensive study of �owpatterns and veloities. The omparison of the three-dimensional �ow patterns betweenhealthy volunteers and a patient with hydroephalus revealed signi�ant di�erenes thatmight beome helpful in the de�nition of the diagnosis and the therapy. In partiular,the spontaneous rupture of the lamina terminalis was a �nding that other imagingtehnique would not have shown, but it is reported to happen in patients with similaronditions [8�10℄.The results presented in this hapter are still preliminary and based on a veryrestrited ohort of subjets, but the tehniques here presented o�er the possibility ofstarting a more omplete study of the various forms of hydroephalus and di�erentpathologies related to CSF �ow.
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CHAPTER 7. SUMMARY AND CONCLUSIONThe main goal of this thesis was to present novel methods for the study of physiolog-ial and pathologial onditions assoiated to intraranial �ow. Flow inside the entralnervous system ours in two ompartments: the blood, on�ned to the vessels and themirovasulature, and the erebrospinal �uid, whih irulates in the ventriular andsubarahnoid spae.There is a physiologial link between CSF and blood, both from a biohemial pointof view, as the CSF is produed by �ltration of the blood and reabsorbed in the venoussystem, and from a mehanial point of view, as the blood pulsation inside the braindrives the pulsation of the CSF itself. Therefore, blood and CSF �ow dynamis aredeeply linked.7.1 Blood �owIn order to study the blood �ow, magneti resonane angiography is a widely usedtehnique, both by means of non-ontrast-enhaned sequenes and �rst-pass gadolinium-enhaned angiography. In this thesis, the fous was set on time-resolved ontrast-enhaned angiography, beause it is a widely used method for the evaluation of blooddynamis [1�10℄, able to identify many relevant pathologies.In order to improve the image quality, some algorithm able to separate the arteri-ogram and the venogram from the aquired datasets is important [11℄. In hapter 2, anovel algorithm to ahieve this separation, termed �double-referene ross-orrelation�,was introdued. This method is based on the analysis of the time ourse of the signalintensity of eah voxel in the aquired dataset, whih re�ets the passage of the ontrastagent bolus at the observed loation. This time ourse is then ompared both to an ar-terial and a venous referene time ourses, by means of a ross-orrelation analysis. Theross-orrelation values are then mapped onto a two-dimensional vetor spae, whih issubsequently olor-oded by an adapting red-green-blue olormap that depends on themutual orrelation of the referene time ourses. The �nal result of olor-oding is asingle three-dimensional RGB dataset, whih depits the arteriogram and the venogramat the same time, by onventionally assigning a �red� olor to the vessels identi�ed asarteries, and a �blue� olor to vessels identi�ed as veins. This representation is ableto provide diagnostially useful information in one single dataset, without the need toseparately analyze and ompare the arteriogram and venogram. Moreover, it an eas-ily highlight potentially pathologial onditions, as mixing of arterial and venous �ow.The method was validated quantitatively on normal datasets, and was proven to besuperior in quality with respet to the established ross-orrelation method [12℄, andqualitatively on datasets from healthy and pathologial subjets, and good diagnostiquality was ahieved in both ases.In order to improve the performane, and to remove the dependane on a man-ual hoie of referene time ourses, a lustering-based automati referene seletionmethod was introdued in hapter 3. This tehnique relies on a modi�ed version ofthe k-means algorithm for unsupervised lustering. The results obtained by separatingarteries and veins with the automati referene seletion were found to be equivalent94



CHAPTER 7. SUMMARY AND CONCLUSIONto the separation based on manual identi�ation of referene. The usage of the double-referene ross-orrelation algorithm together with automati referene seletion is ableto improve the work�ow of time-resolved ontrast enhaned angiography examinations,allowinga diret implementation of the method on the sanner workstation in the future.The novel �ow quanti�ation sequene introdued in hapter 4, espeially when ou-pled with the reonstrution method presented in hapter 5 to enhane the temporalresolution, an also be used for quanti�ation of �ow inside the vessels. Neverthe-less, when in�ow-enhanement e�ets an be exploited, standard sequenes based onradiofrequeny-spoiled gradient eho [13℄ an be more suitable for this purpose beauseof inherently shorter TRs and therefore higher temporal resolution. However, relax-ation harateristis of �uids make the bSSFP-based sequene a valid alternative froma signal-to-noise point of view, when in�ow enhanement e�ets are not available, as itis mostly the ase of CSF �ow.7.2 CSF �owCerebrospinal �uid �ow is still an open question for the sienti� ommunity. Severalstudies [14�19℄ have been trying to provide a �ow model, based on two-dimensional ve-loity aquisitions, anatomial information, and omputational �uid dynamis. A diretin vivo measurement of the three-dimensional �ow patterns is proven to be di�ult dueto the peuliar relaxation harateristis of this �uid, whih shows virtually no signalon onventional T1-weighted sequenes.For these reasons, a novel method based on balaned SSFP, whih shows a T2/T1ontrast, has been introdued in this thesis. The harateristi of this sequene is thatthe transversal magnetization is refoused at the end of TR, building a steady-stateondition, whih results in a very strong signal reeived from CSF at short repetitiontimes. High signal-to-noise allows high auray in the veloity measurements and alsoallows the usage of aeleration tehniques to redue aquisition times.Chapter 4 desribes the implementation of this three-dimensional, three-diretional,time-resolved phase ontrast balaned SSFP sequene. Beause of the sensitivity of thesteady state to dephasing e�ets due to �ow and to eddy urrents, speial measuresneeded to be taken in order to avoid artifats arising from these issues. Flow ompen-sation at TR was implemented, in order to ompensate for �ow-related spin dephasing,whih auses instability in the steady-state [20,21℄, and, to ahieve this onsistently forevery k-spae line, a ustom iterative algorithm for the alulation of gradient shapeswas introdued. Eddy urrents issues were addressed by the implementation of twodi�erent strategies: k-spae pairing [22℄ and double averaging [23℄. The double averag-ing approah was �nally hosen, as it provided better image quality and allowed easierimplementation of arbitrary k-spae trajetories, useful for enabling parallel imagingmethods.The appliability to CSF aquisition to healthy volunteers and patients was shown inhapters 4 and 6. The preliminary results from volunteers show that the �ow dynamis ofCSF inside the ventriular system an be very omplex, and pathologies an potentially95



CHAPTER 7. SUMMARY AND CONCLUSIONalter them. In partiular, the measurements allowed the identi�ation of a simpli�edirulation model of CSF inside the third ventrile, onsisting of two ounter-rotatingvorties, whose rotation diretion does not hange throughout the ardia yle, andwhih are fed from the foramina Monroi during systole, and from the aquedut of Sylviusduring diastole.In the linial environment, the most important pathology to be foused on is hy-droephalus, whih presents itself as an abnormal enlargement of the ventriles withsubsequent ompression of the erebral parenhyma, and severe disability. It is believedthat hydroephalus, when not linked to obstrutions in the normal CSF out�ow hannels(ie aquedut of Sylvius, foramen magnum), an be aused by a potential link betweenvenous out�ow, sti�ness of the brain parenhyma and CSF prodution [24℄. All theseparameters an be diretly or indiretly evaluated by the tehniques presented in thisthesis, possibly linked with anatomial information and omputational �uid dynamis.7.3 OutlookFuture work will be foused on bringing the methods proposed in this thesis to a liniallevel, so that physiians will bene�t from valuable additional information for the diag-nosis and follow-up of patients. The double-referene ross-orrelation tehnique ouldbe diretly implemented on the sanner workstation, and ould be a valuable additionto the onventional observation of time-resolved CE-MRA datasets at virtually no addi-tional ost, as it an e�etively highlight arteriovenous malformations and vessels withmixed arterial and venous blood.Three-dimensional �ow measurements would require an extension of the urrentlinial protools, and a penalty for this is the long san time required to obtain adataset. However, a �ow examination an add valuable information in the diagnosis ofobstrutive hydroephalus, and also as a non-invasive tool for surgery follow-up, aftera ventriulostomy or a ventriular shunting.The tehniques presented in this thesis will also be used for more basi linialresearh: the mehanis of CSF �ow and hydroephalus, and the relationship betweenCSF and blood, are not yet fully understood and both time-resolved angiography dataand quantitative �ow measurement ould be helpful for inreasing the knowledge ofthis system. For this purpose, a large ohort of healthy volunteers and patients willbe needed for the determination of the whole spetrum of possible �ow patterns, andfor the determination of how spei� �ow patterns an be linked to physiologial opathologial parameters.Quantitative �ow measurements ould also be aquired together with high-resolutionanatomial datasets, and omputational �uid dynamis analysis ould be performed,using the �ow data as boundary onditions, in order to ahieve high spatial and temporalresolutions.In onlusion, this thesis aimed to o�er a set of new tools to be applied to theanalysis of intraranial �ow, with the potential to be diretly useful both in linis andin basi researh. The hope is that my work will in the future be able to expand the96



CHAPTER 7. SUMMARY AND CONCLUSIONknowledge and the possibility of diagnosis for important diseases and malformations asthe one ited, and improve the hanes of reovery for patients.
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