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ABSTRACT

IDENTIFICATION OF ARTERIAL INPUT FUNCTION
IN PERFUSION IMAGING

WITH MR ANGIOGRAPHY-SUPPORTED
SEMI-AUTOMATIC METHOD

This thesis aims to improve arterial input function (AIF) selection in DSC-MRI

by using the information gathered through magnetic resonance angiography (MRA)

and cluster analysis of the concentration time curve (CTC) parameters. MRA was

utilized with a dual-purpose, identifying arterial locations during the parametric eval-

uation of CTCs in DSC-MRI, and avoiding shape distortions in AIF. The knowledge

of arterial locations is essential to the research, as it guided the cluster analysis carried

out with the CTC parameters of voxels located within and around the middle cerebral

artery (MCA). Additionally, it enabled us to identify the voxels that meet the AIF

criteria and those with distorted CTCs. The literature has developed the following

criteria for selecting AIF: high peak height (PH), small full-width-at-half-maximum,

(FWHM), early time-to-peak (TTP), and early arrival time (AT). However, it has been

found that high PH and small FWHM may indicate a shape distortion due to partial

volume e�ect (PVE). PVE is a common problem in AIF identi�cation, which emerges

when a voxel contains both artery and brain tissue. To avoid PVE, we included in our

cluster analysis a recently introduced parameter, the SS:AUC ratio, which indicates the

ratio of the mean steady state (SS) value (post-bolus equilibrium) to the area under the

curve (AUC) of the �rst passage of contrast agent. We calculated the SS:AUC of VOF

and used it as a reference in selecting AIF. By using this reference value, we managed

to detect the CTCs that were not distorted by PVE. If the SS:AUC of AIF was far

from the reference value, CBF was either under- or over-estimated by a maximum of

41.1 ± 14.3 and 36.6 ± 19.2%, respectively.

Keywords: DSC magnetic resonance imaging, cerebral blood �ow, arterial input func-

tion, MR angiography, cluster analysis, partial volume e�ect, middle cerebral artery.
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ÖZET

PERFÜZYON GÖRÜNTÜLEMEDE MR ANJ�YOGRAF�
DESTEKL� YARI OTOMAT�K METOTLA ARTERYAL

G�RD� FONKS�YONU TANIMLANMASI

Bu tez DSC-MR görüntülemede damara ait girdi fonksiyonunun seçimini MR

anjiyogra� ve konsantrasyon zaman e§rilerinin parametrelerini s�n��and�rma yöntemi

kullanarak geli³tirmeyi hede�emektedir. MR anjiyogra�den konsantrasyon zaman e§ri-

lerinin parametrik de§erlendirilmesi s�ras�nda damar lokasyonlar�n�n tespiti ve arteryel

girdi fonksiyonunda olabilecek ³ekil bozukluklar�ndan kaç�nmak için faydalan�lm�³t�r.

Damar lokasyonlar�n�n bilinmesi bu ara³t�rma için önem ta³�maktad�r çünkü MCA'in

üzerindeki ve etraf�ndaki piksellere ait konsantrasyon zaman e§ri parametrelerinin

s�n��and�rma analizinde rehberlik etme de§erine sahiptir. Buna ilave olarak, AIF kriter-

lerine sahip olanlar�n yan�nda konsantrasyon zaman e§rilerinde ³ekil bozuklu§u gözle-

nen piksellerin damar lokasyonuna göre konumlar�n� tespit edebilmemizi sa§lar. Önceki

çal�³malar AIF seçimi için ³u kriterleri geli³tirmi³tir: tepe noktas�n�n yüksek olmas�,

tepe noktas�n�n yar�s�ndaki e§ri geni³li§in küçük olmas�, zirve zaman�n�n erken olmas�

ve kontrast madde var�³ zaman�n�n erken olmas�. Bununla birlikte, tepe noktas�n�n çok

yüksek olmas� ve tepe yüksekli§inin yar�s�nda e§ri geni³li§inin çok küçük olmas� k�smi

hacim etkisine ba§l� ³ekil bozuklu§unun göstergesi oldu§u bulunmu³tur. Tek bir vok-

selin içinde hem beyin dokusu hem damar bulundu§unda olu³an k�smi hacim etkisi, AIF

seçiminde s�kça kar³�la³�lan bir problemdir. Bundan kaç�nmak için çal�³mam�zda, kon-

santrasyon zaman e§risinin son k�sm�ndaki denge düzeyi ile kontrast maddenin ilk geçi³

bölümünün alt�nda kalan alan�n oran� olarak tan�mlanm�³ olan SS:AUC parametresini

kulland�k. AIF in SS:AUC de§eri referans de§erden uzak oldu§unda CBF nin %41.1

± 14.3 dü³ük veya %36.6 ± 19.2 yüksek hesaplanmas�na sebep oldu§u görülmü³tür.

Anahtar Sözcükler: DSCmanyetik rezonans görüntüleme, serebral kan ak�³�, arteryel

girdi fonksiyonu, MR anjiyogra�, kümeleme analizi, k�smi hacim etkisi, orta serebral

arter.
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1. INTRODUCTION

1.1 Cerebral Perfusion

Cerebral perfusion imaging is a technique used for measuring cerebral blood

�ow (CBF), with which the �rst passage of the contrast agent through the brain tissue

is observed [1]. It indicates the blood �ow in tissue capillaries, which is measured

in units of �ml g−1 min−1�. The CBF measurement is approximately 60 ml and 20

ml (100 g)−1 min−1 in grey and white matter tissues, respectively, which leads to a

very high grey matter-white matter contrast in CBF maps. Brain tissue health is

contingent on blood supply, and perfusion de�cit is a typical cause of tissue death [2].

Local increase in blood �ow is associated with the cognitive function of a speci�c

brain region [3]. Based on these �ndings, it can be argued that cerebral perfusion is

an extremely crucial parameter, which is highly de�nitive of brain functioning. CBF

measurement is essential to our understanding of the brain physiology, through which

we can monitor oxygen and nutrients delivery to tissue and also waste removal.

There are various magnetic resonance imaging (MRI) methods for measuring

CBF. The widely used techniques are dynamic-susceptibility contrast (DSC) MRI and

arterial spin labelling (ASL) [4]. The non-invasive ASL technique is based on the

use of magnetic labelled blood as an endogenous contrast. DSC-MRI, currently the

most popular method, is carried out by injecting a paramagnetic contrast agent (a

gadolinium-based contrast agent) [5]. During the passage of the bolus through the

brain, transient MR signal changes are measured [1]. DSC-MRI is usually found e�-

cient, although an exogenous MR contrast agent is injected as part of the procedure.

Its advantages include short acquisition time (approximately 1 min), use of widely

available MRI sequences (e.g. gradient-echo echo-planar imaging, EPI), and a superior

contrast-to-noise ratio compared with ASL and perfusion computer tomography (CT).

During the passage of contrast matter through the brain, there occurs a transient signal

drop on T2- and T2*-weighted images. The concentration of the contrast agent, C(t),
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can be inferred from this signal intensity change. C(t) is formulated by a convolution

expression, as described by the kinetic theory in DSC-MRI [6,7]

C(t) = CBF · AIF (t)⊗R(t) = CBF ·
∫ t

0
AIF (τ)R(t− τ)dτ (1.1)

AIF(t), the arterial input function, is the contrast agent in time for an artery

that is supposed to supply blood to the tissue of interest. R(t) is the tissue residue

function, which can also be referred to as impulse response function; as the name

implies, it is the function that describes the response of the tissue to an instantaneous

input. R(t) indicates the fraction of the contrast agent residue in the tissue following an

in�nitesimally short (i.e. a delta Dirac) input function. R(0) = 1 states that initially

all the contrast agent is present in the tissue, whereas R(∞) = 0 means that there is no

contrast agent in the tissue after a long time. Given that AIF is composed of consecutive

short boluses, the total contrast agent accumulated in the tissue at time t is given by the

sum of the contributions from these short boluses AIF(τ) injected at time τ . In the same

equation, R(t-τ) stands for the fraction of the contrast agent that remains at time t from

each short bolus injected at time τ . The extent of concentration in tissue is determined

by the amount of blood delivered to the tissue per unit time, which is expressed in the

equation with the CBF factor. The quanti�cation of cerebral perfusion involves two

tasks of utmost importance: the AIF measurement and a deconvolution analysis for the

removal of the temporal spread contribution of AIF from the tissue concentration time-

course [6]. The literature has also used the DSC-MRI data in assessing two other crucial

physiological parameters: cerebral blood volume, CBV, which refers to the fraction of

the tissue volume �lled with blood, and the mean transit time, MTT, which stands

for the average time it takes the contrast agent to pass through the tissue vasculature.

The relationship between the three perfusion parameters (CBF, CBV, and MTT) is

explained by the central volume theorem as follows [8]:
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MTT =
CBV

CBF
(1.2)

CBV is usually measured in units of ml g−1. Grey matter and white matter

tissues have approximately 4 ml (100 g)−1 and 2 ml (100 g)−1 of blood CBV value,

respectively, which leads to a very high grey matter-white matter contrast in CBV

maps. MTT is measured in units of seconds, while both grey matter and white matter

tissue MTT values are approximately 4 seconds, though the latter may be slightly

longer. That is why a MTT map has much lower grey matter-white matter contrast

than that in a CBF or CBV map. This research has been built upon a wide literature

on cerebral perfusion MRI methods [4,9�15]. However, we have focused on the studies

that are highly innovative in CBF quanti�cation [16, 17], bene�ting from signi�cant

contributions to AIF measurement based on DSC-MRI. As already established in the

literature [6,18], the accurate measurement of AIF is a critical step in perfusion imaging

methods, including ASL, CT, PET, and DSC-MRI, which is the subject matter of this

dissertation. The literature has accounted for various aspects of AIF, trying to �nd

out where to measure it, which methods (manual, automatic, semi-automatic) to use

in selecting it, and the sources of artefacts in CBF quanti�cation. This research has

similarly sought for ways of resolving issues related to sources of artefacts, such as

bolus delay and dispersion e�ects, peak truncation e�ects, contrast agent non-linearity

e�ects, scaling to absolute units, and partial volume e�ect (PVE).

1.2 An Overview of AIF

In this section, we aim to make an in-depth analysis of AIF, by discussing

its signi�cance for perfusion quanti�cation and addressing the main methodological

questions concerning AIF measurement.
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1.2.1 De�ning the Function

Perfusion imaging (DSC-MRI) starts with the injection of a paramagnetic con-

trast agent to a peripheral vein, and proceeds with the detection of the transient

signal intensity change as the contrast agent arrives at the brain. The concentration

of the contrast agent is determined based on the induced changes in relaxation rate.

Early studies on DSC-MRI quanti�ed the perfusion data through �summary parame-

ters� [4]: the time-to-peak (TTP), the bolus arrival time (BAT), the maximum peak-

concentration (MPC), the full-width at half-maximum (FWHM), or the �rst moment

(FM) of the concentration time-course. It was later found out that these parameters

depend on both tissue properties such as CBF and MTT and non-tissue related features

(e.g. arterial status, cardiac output, injection rate, vascular path to the tissue). This

implies that the physiological interpretation of the data acquired through DSC-MRI is

a highly complicated task [19, 20]. To give an example for the complexity of the task,

let us look at how the same concentration-time curve can be obtained in tissue regions

(or in patients) with two very di�erent perfusion conditions (Figure 1.1a) [18]. In the

�rst case, a very fast and narrow bolus enters the tissue and leaves very slowly due to

severe hypoperfusion and prolonged MTT. In the second case, a very slow and wide

bolus enters the tissue, but this time leaves very fast due to hyperperfusion and reduced

MTT. In spite of the very di�erent tissue statuses (hypoperfusion and hyperperfusion,

respectively), both these cases may lead to the same measured tissue concentration,

and thus, the same summary parameter values.
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Figure 1.1 Illustration to explain the requirement for AIF measurement. a Two di�erent bolus
arrivals to the brain, and two di�erent tissue CBF. In the �rst one bolus delivery is slow but the tissue
has high CBF; in the second one bolus delivery is fast but the tissue has low CBF. It is impossible
to di�erentiate the CBF in both cases using only the summary parameters since both cases result in
the same tissue curve, C(t). b These two cases can be di�erentiated by using C(t) and AIF of each
case and applying deconvolution analysis. For each case the tissue retention which is scaled by CBF
is recovered. Thus two di�erent CBF conditions are revealed [18].

Non-tissue related standards concerning the injection rate and the volume of

contrast agent are known to be signi�cant for controlling some of the factors that

determine the shape of the tissue concentration curve. However, these standards have

only a limited impact on the actual shape of the bolus entering the tissue. When a

contrast agent is injected in a peripheral vein (e.g. the antecubital vein), it arrives at

the brain only after traveling to the heart, then to the lungs, and back to the heart.

In cases of arterial stenosis or collateral path due to an arterial occlusion, contrast

agent travels through an alternative arterial pathway, which in turn distorts the bolus
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shape on its way to the target tissue [21]. In numerical terms, 20 ml of contrast

agent volume is injected with a power injector at a rate of 5ml s−1, which results

in a 4 s width of bolus at the injection site. However, the bolus is much wider

(typically 20 s in width) when measured passing through the MCA in the brain. As

the reader can guess, the injection rate changes the actual value of the AIF width

and therefore plays a major role in CBF quanti�cation. A study carried out with

simulations using a human vasculature model demonstrated that injection speeds less

than 3 ml s−1 result in the underestimation of CBF, and also, increasing the injection

rate does not necessarily improve CBF estimations [22]. It was also argued that the

AIF shape does not signi�cantly change when the rate increases from 5 ml s−1 to 10

ml s−1, a situation that is usually related to bolus dispersion through the heart-lungs-

heart system. Based on these �ndings, we maintain that it is crucial to know how the

contrast agent enters the tissue. This knowledge is essential to our ability to explain

the confounding e�ects mentioned above and to distinguish the true microvascular

(i.e. related to the tissue) information from the measured concentration-time curve

(Figure 1.1b). This information itself constitutes the arterial input function, that is,

the function indicating the time-dependent concentration input to the tissue [18].

1.2.2 Perfusion Quanti�cation without an AIF

It is crucial to note here that we need to make a distinction between quantify-

ing DSC-MRI data and quantifying perfusion using DSC-MRI data. We have already

discussed above that DSC-MRI data can be quanti�ed using only the �summary pa-

rameters�, and without measuring an AIF. We have also implied that the relationship

between any of these parameters and CBF is quite complicated, and, none of these

parameters is reliable enough in calculating CBF [20]. This brings us to the necessity

of AIF for quantifying perfusion. Finding AIF is essential to accurate CBF measure-

ment, which in turn is indispensable to the diagnosis and treatment of certain brain

pathologies. This is not to ignore the current debates about acute stroke imaging, with

some studies arguing that one would yield the same results in infarct prediction by

using only summary parameters (without an AIF) [18].
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1.2.3 The AIF shape

Contrast agent is injected as a bolus in DSC-MRI studies. The transient change

in signal intensity is mainly observed as a peak (�rst passage) with a wash-in (rise)

and wash-out (fall) periods. The initial signals measured before the arrival of the bolus

constitute the baseline. The �rst passage is followed by a smaller second peak which

falls down towards baseline level. This segment is known as �recirculation�, but the

name can be misleading since the signal measured during this period is not related with

the return of the contrast agent to the brain after the �rst passage. It originates from

the injected bolus that was distributed to other organs mainly the thyroid, kidneys and

lymph nodes [22]. Some studies have assumed the recirculation to be related to the �rst

passage [23]. Most of the functions proposed for modeling the AIF concerns modeling

the �rst passage of the bolus. These models are widely used, especially in numerical

simulation studies to evaluate DSC-MRI analysis methods [6, 13, 20, 21, 24�30], or to

remove the contributions from the contrast agent from recirculation while assessing

in vivo data. Gamma-variate function can be considered as the most popular model

[31,32]

AIF (t) = A(t−BAT )be−
(t−BAT )

C (1.3)

In the function, A stands for scaling factor, while the shape of the peak is

determined by B and C. BAT is the bolus arrival time.

1.2.4 AIF Measurement

This section aims to discuss the procedural details of AIF measurement, guided

by the following questions: Why do we need to measure AIF? Where should we measure

it? How do we know which curve is the best AIF candidate? Which criteria should be

taken into account when evaluating the measured curves?
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1.2.4.1 Where to Measure AIF. As already indicated, AIF describes the time-

dependent concentration input to the tissue. Regarding the complexity of the vascular

structure of the brain, each region has a di�erent blood supply. This implies that,

for each voxel in the brain one should obtain a di�erent AIF since the tissue at each

brain location may have a di�erent input shape of contrast agent [28]. If that is the

case, one should measure the AIF from small arteries supplying blood to the tissue in a

voxel (see Figure 1.2 for a demonstration of this measuring technique). There are, yet,

certain problems that impede the AIF measurement from a small artery. Before all,

the coarse spatial resolution of DSC-MRI, where a voxel size is usually 2 × 2 × 5 mm3,

makes it di�cult to measure the signal from inside a small artery, as the latter is hardly

distinguishable from the surrounding tissue. Here, we are talking about partial volume

e�ect (PVE), which causes major errors in the measurement of AIF shape. Therefore

to minimize PVE it would be wiser to measure AIF from a large artery (location 3 in

Figure 1.2). However, large arteries are located distal to the tissue, which would result

in altered shape of the bolus on its route to the tissue due to delay and dispersion.

Obviously there is a trade o� between measuring AIF on a small artery on the tissue

proximity (for a correct input bolus shape) and measuring AIF on a large artery (for

minimizing PVE) located far from the tissue (Figure 1.2).
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Figure 1.2 Cerebral arteries (MCA: middle cerebral artery, ICA: internal carotid artery, BA: basilar
artery) and the location alternatives for AIF measurement. The vascular territories of the right ICA,
left ICA and BA are labelled with green, blue, and red colours, respectively. If we want to calculate
cerebral blood �ow (CBF) in a tissue voxel located in the position labelled by the star symbol, the
AIF should ideally be measured from the signal changes in the small arteriole supplying the tissue
in that voxel (location labelled (1) in the �gure). Since the small size of this arteriole is a potential
reason for partial volume e�ect, a larger artery (ICA in location (3)) would be a better location to
measure the AIF. However, ICA is remote from the tissue of interest, which is disadvantageous for
it may cause bolus delay and dispersion. For this reason M1 segment of the MCA (location (2)) is
usually preferred when measuring the AIF, given that it is relatively closer to the tissue compared to
ICA [18].

1.2.4.2 Local / Global AIF. There seems to be two options for measuring AIF.

We will either measure it in a small artery to better estimate the bolus, or prefer a large

artery distal to the tissue of interest to avoid complications caused by PVE. However,

either option is far away from being the perfect solution, and one should rather make

case-based decisions. In some cases (for example, in severe cerebrovascular diseases such

as the moyamoya syndrome) it can be wiser to measure the AIF from a small proximal

artery, compromising to some extent on PVE [33, 34]. In other cases (e.g. epilepsy,

multiple sclerosis), where arterial abnormalities are out of question, AIF should be

measured from a large artery, such as the M1 segment of the MCA. This way, the

researcher would both minimize the risk of PVE and avoid AIF shape distortions due
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to the e�ects of bolus delay and dispersion [18]. The literature has introduced the

concepts of global AIF and local AIF as a terminology for AIF measurement in large

and small arterial locations. DSC-MRI studies have mostly used a single measurement

of AIF from a large artery as an input for the tissue in the whole brain to evaluate

perfusion. DSC-MRI analysis tools (manual or automatic) are designed to �nd this

global AIF. On the other hand, AIF can also be measured from a small artery, and

yet this also raises two choices. One is to use this AIF as an input for all the brain

tissue, considering it as a global AIF. The other choice is to use the AIF as an input

only for the tissue supplied by that small artery, considering it as a local AIF. In the

latter case, several AIFs are measured to be inputs for other tissue regions. If an AIF is

assigned for major arterial territories (MCA, posterior cerebral artery) then local AIF

is referred to as regional AIF. Researchers have developed several local and regional

AIF methods [23,35�41] since it was �rst introduced by Calamante et al. [42] in 2004.

The aim of using local AIFs is to minimize the CBF quanti�cation errors related with

bolus dispersion. However, local AIF methods are still not widely implemented, as

they are not found to be truly valid [39,43]. Local AIF software tools to be developed

by scanner manufacturers are believed to improve this method. Apart from the issue

of remoteness from the tissue of interest, global AIF measurement can be problematic

due to the inevitable drop of signal to noise level at the peak of the bolus. This

complete signal loss is related to dephasing induced by the contrast agent. AIF is

usually measured from the M1 segment of the MCA by the DSC-MRI studies at 1.5

T [6]. The M1 segment is considered advantageous since it is not too far away from

the tissue (location (2) in Figure 1.2) and has a fairly large diameter that reduces the

risk of PVE to some extent. However, at 3T, the complete dephasing of the signal

occurs (at typical TE values in single echo gradient echo EPI sequences) in the M1

segment of the MCA, and this condition leads to the underestimation of the peak. To

avoid this signal truncation e�ect, AIF should be measured in the M2 or M3 segments

of the MCA, but doing so, one takes the increased risk of PVE at the same time. In

their perfusion study on stroke patients, Ebinger et al. [44] found that AIF selection at

the MCA has a major impact on CBF quanti�cation, and suggested to use the distal

branch of the MCA (e.g. M3), contralateral to the ischaemic lesion. Another option

is to measure AIF from completely outside the M1 segment of the MCA (suggested



12

locations relative to the location of the artery are explained in Section 1.3), which, in

spite of the PVE, can result in acceptable approximation of the curve shape.

1.2.4.3 Inside / Outside the Artery. AIF, as the name implies, should be mea-

sured from inside an artery or from a partial volume voxel where the arterial signal

is dominant over tissue signal. However, there are many studies that measure AIF

outside the artery [45]. In manual AIF selection, some DSC-MRI users are not doing

this on purpose, as they select the AIF voxels by evaluating the bolus curves regard-

ing the characteristics such as peak height, full width half maximum, arrival time and

area under curve, etc. in a region around an artery. The criteria sought for the AIF

characteristics are high and narrow peak and early arrival time. Exclusively relying on

these criteria, the user usually doesn't check the location of the selected voxels relative

to the position of the artery.

Decision on the location of AIF measurement (from inside or outside the artery)

is related with the type of the sequence being used. The susceptibility e�ect of the

contrast agent relative to the vessel size is di�erent for gradient-echo and spin-echo

based sequences [46,47]. Spin-echo based sequences are responsive to small vessel size,

while gradient-echo sequences are sensitive to all sizes [48]. If we take into account this

increased sensitivity to large vessels in gradient-echo sequences, together with the high

concentration of the contrast agent inside the artery, it turns out to be highly di�cult

to measure an AIF in good shape using DSC-MRI data with typical TE values (TE =

35-45 ms at 1.5 T, or 25-30 ms at 3 T for gradient-echo EPI [49]). At these TE values,

with the passage of the bolus, complete signal dephasing causes the signal inside the

artery to reach at the noise level (Figure 1.3).
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Figure 1.3 Simulated AIF measurement inside an artery using a single-echo gradient-echo esquence.
AIFs were taken from a vascular model at [22] for a typical dose of contrast agent. During the bolus
passage, the complete signal dephasing is observed for TEs longer than approximately 20 ms which
resulted in truncation of the AIF shape [18].

To avoid the signal truncation at the peak of the bolus, a very short TE should

be used, which is possible only when multi-echo sequences are used. Otherwise, AIF is

usually measured from tissue outside the artery in gradient-echo based sequences.

1.2.4.4 Manual and Automatic Methods. The existing literature has so far

applied di�erent manual [50] and automatic AIF selection methods [51�56]. The man-

ual method entails search in the arterial region (e.g. MCA) for concentration time

curves (CTCs) that have early, high and narrow peaks. The users select a region-of-

interest (ROI) and, considering the overall characteristics of the bolus passage, deter-

mines the mean curve of the voxels in this ROI as the global AIF. In DSC-MRI studies,

factors such as the injection technique, cardiac output, and vascular condition di�er

across patients, which is why the measured bolus may not be equally sharp and narrow

for every patient. During trials, the users make comparisons of concentration time

curves, and, when they �nd a peak that is narrower, taller and has an earlier arrival

time, they decide to use it as the AIF. It is very likely that di�erent users would de-

cide on di�erent AIFs during evaluation. Thus, obviously, the downside of the manual

method is that it is highly subjective, time consuming and prone to inconsistencies in
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determining arterial voxels [51�54]. Several fully and semi-automatic methods were de-

veloped to overcome these shortcomings [51�54]. Automatic methods employ a search

algorithm to identify the voxels that meet certain ad hoc criteria related to the fea-

tures of the concentration time course. These criteria include high peak height (PH),

small full-width-at-half-maximum (FWHM), early time-to-peak (TTP), and early ar-

rival time (AT) [51�55]. The automatic methods are faster, more reproducible and

objective than the manual selection. They can widely be used in hospitals by the sta�

with limited expertise. However, they are used as a �black box�, since the user has

almost no control on the output of the searching algorithm. Automatic AIF selection

is usually integrated to an automatic DSC-MRI analysis software [55�57], where the

deconvolution analysis is also automatically performed and the user is provided only

with the �nal perfusion maps. We agree that automatic DSC-MRI methods may in-

troduce errors, no matter how sophisticated the AIF searching algorithms may be. To

increase the reliability of the procedure, the user should have the means to intervene

during the analysis where possible [58]. Speci�cally, the user should be able to observe

both the spatial location of the selected voxels relative to the artery and the shape of

the concentration time curve (whether the curve is distorted or not) prior to accept-

ing it as the AIF. To sum up, the use of automatic AIF searching methods is highly

recommended to improve objectivity and reliability. However, user control should be

available so that the perfusion evaluation can be accomplished deliberately.

1.3 The Aim of the Study

In the above section, we have noted that the literature has developed the follow-

ing criteria for selecting AIF: high peak height (PH), small full-width-at-half-maximum

(FWHM), early time-to-peak (TTP), and early arrival time (AT). However, it has been

found that high PH and small FWHM may indicate a shape distortion due to PVE [59].

Therefore, the concentration time curves (CTCs) labeled as AIF by the automatic se-

lection method are at times questionable since the PVE factor is disregarded. In an

e�ort to resolve the PVE problem, Bleeker et al. [16] introduced a new parameter, the

SS:AUC ratio, that is de�ned as the ratio of the mean steady state (SS) value (post-
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bolus equilibrium) to the area under the curve (AUC) of the �rst passage of contrast

agent. The reference value for the SS:AUC ratio was obtained from the tissue, where

there is linearity between the change of the transverse relaxation rate (∆R2*) and the

concentration of the contrast agent. This reference value was used for picking out the

CTCs that were not distorted by PVE. By employing the SS:AUC ratio, Bleeker et

al. [16] evaluated the CTCs in and around the middle cerebral artery (MCA), and

concluded that measurements within and anterior to the MCA show PVEs because the

magnetic �eld inside and outside the vessel changes due to contrast agent, a�ecting in

turn the gradient echo MR signal outside the vessel.

The CTCs corrupted by PVE demonstrate three types of shape characteristics

[16]. In the �rst type, the CTCs have higher peaks and smaller FWHMs than the

true reference. In the second type, two peaks are observed in the �rst passage of the

contrast agent. In the third type, no �rst pass peak is detected while high SS amplitude

is observed. It was also demonstrated (by simulations and in vivo) that, in general,

AIF is better if measured in tissue located outside the MCA rather than in voxels on

the artery. The possible locations for AIF might di�er across patients as the angle

between the vessel and the main magnetic �eld deviates from 90deg. However, the

AIF is usually found to be free of PVE when the voxels are superior and posterior to

the MCA [16].

As implied in earlier research, the parametric evaluation of CTCs does not

guarantee correct AIF measurements, and the knowledge of spatial location of the AIF

voxel is highly crucial for the procedure [18]. In this study we aim to improve AIF

selection by utilizing magnetic resonance angiography (MRA) as a tool for identifying

arterial locations during the parametric evaluation of CTCs, and thereby resolving

problems that usually lead to shape distortions in AIF.

As we carried out our research, we explored the utility of both manual and

automatic/semi-automatic AIF selection methods. The semi-automatic AIF selection

method is based on the cluster analysis of the CTC parameters (FWHM, PH, AT, TTP,

SS, AUC, SS:AUC) obtained from the voxels located within and around the MCA.
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2. MATERIALS AND METHODS

2.1 Patients

We worked on the MR images of six patients with brain tumors, who had al-

ready been scheduled for perfusion imaging. Informed consent was obtained from all

individual participants included in the study for anonymized use of their MR images.

The study was approved by the local institutional review board.

2.2 Magnetic Resonance Imaging

The MR images were acquired by a 3T MR system (Achieva, Philips Medical

Systems) using the 8 channel sense head coil.

For perfusion imaging, a transverse T2*-weighted pulse sequence with three

dimensional (3D) echo-planar principles of echo shifting with a train of observations

(PRESTO) was used [60]. The parameters are TR (repetition time) = 16 ms; TE (echo

time) = 24 ms; �ip angle = 7 deg; data matrix = 144 × 144; slice thickness = 4 mm

with 30 slices per single slab; voxel resolution of 1.67 × 1.67 × 4 mm; �eld of view =

240 mm. Patients received 0.1 mmol/kg body weight of a contrast agent Gd-DTPA

(Magnevist, Bayer Schering Pharma AG, Leverkusen, Germany). The contrast agent

was injected using a power injector at a rate of 5 ml/s, followed by a 20 ml saline �ush

at the same injection rate.

The MRA images were acquired with a 3D time-of-�ight (TOF) sequence (TR

= 25 ms; TE = 3.5 ms; SENSE = 2.0; voxel resolution of 0.375 × 0.375 × 4 mm).

T2-weighted images were acquired with SPIR sequence (TR = 3000 ms; TE =

80 ms; �ip angle = 90 deg; data matrix = 560 × 560; slice thickness = 4 mm with 30
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slices per single slab; voxel resolution of 0.4464 × 0.4464 × 4 mm).

2.3 Image Registration

Perfusion images were co-registered with the MRA images employing SPM8

(Wellcome Trust Centre for Neuroimaging, Institute of Neurology, UCL, London UK-

http://www.�l.ion.ucl.ac.uk/spm). For each perfusion image slice, the mean image of

the time series (i.e. 60 dynamic scans) was calculated and used for registering to the

MRA images. 5 images of the time series of a perfusion scan were shown in Figure 2.1.

Figure 2.1 Five images of the time series of perfusion imaging. From left to right; images are
from baseline, contrast arrival (wash in), peak contrast, contrast removal (wash out) and steady state
periods.

The transformation matrix of this registration was applied on to all time frames

of the perfusion scan. Normalized mutual information was used as the objective func-

tion in the estimation options and trilinear interpolation was applied to reslice perfusion

images. Finally, T2-weighted images were registered to the MRA images. Samples of

MRA and T2-weighted images are shown in Figure 2.2.
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Figure 2.2 MRA (top row) and T2-weighted (bottom row) images of 3 slices.

After image registration, we wanted to monitor the �rst pass of the contrast

agent through the cerebral arteries. To visualize the arteries, we created perfusion

movies by overlaying the MRA images on top of the perfusion image series. The

snapshots of the movies of the slices containing the MCA are shown in Figure 2.3. Red

arrows point at the signal intensity drop that occurs as the contrast matter arrives at

the MCA.
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Figure 2.3 The snapshots of the movies of the slices containing the MCA. Red arrows point at the
signal intensity drop that occurs as the contrast matter arrives at the MCA.

2.4 MCA Segmentation

All image processing in the rest of the study was carried out by using in-house

Matlab (R2013b, the MathWorks Inc, Natick, MA, USA) code. For each patient, we

selected TOF MRA image slices where the M1 segment of MCA was visible, and de�ned

a region-of-interest (ROI) that contains the artery (ROI 1 for the right and ROI 2 for

the left hemisphere, see Figure 2.4). Arterial voxels in each ROI were segmented by

simple intensity thresholding.
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Figure 2.4 a) MRA image of the MCA, b) ROI 1 for the right hemisphere, c) ROI 2 for the left
hemisphere.

2.5 Dilation of MCA

Segmented MCA was expanded through 3D image dilation. Each branch was

dilated in all directions with a pyramid shaped structuring element in order to encap-

sulate the MCA as illustrated in Figure 2.5a and Figure 2.5b. This dilated volume

contains voxels that are located both inside and outside the artery.

Figure 2.5 3D volume rendering of middle cerebral artery. a) The volume computed by the 3D
image dilation of the segmented MCA, b) the coronal cross section of the volume that encapsulates
the MCA.
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2.6 CTC Parameters

For each voxel in the dilated volume, we computed the CTC parameters (PH,

FWHM, TTP, AT, SS, AUC, SS:AUC ratio) that have been widely used for AIF

selection [51�56] (Figure 2.6). The dilated volume covers three brain slices: the slice

including the MCA, and the slices that are inferior and posterior to the MCA.

Figure 2.6 CTC parameters (arbitrary units). a) PH, b) AUC, c) SS, d) SS:AUC, e) FWHM, f)
AT, g) TTP of three successive slices (Left: Inferior slice, Middle: MCA slice, Right: Superior slice)
of the dilated volume
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2.7 AIF Selection Methods

In this study we examined the utility of both manual and automatic/semi-

automatic AIF selection methods. We explain below the procedures for the particular

techniques we have tried out. We aimed to improve each selection technique by utilizing

MRA as a tool for identifying arterial locations during parametric evaluation of CTCs.

In both methods, we worked on the CTC parameters (FWHM, PH, AT, TTP, SS,

AUC, SS:AUC) obtained from the voxels located within and around the MCA. We

calculated SS:AUC from venous output function (VOF) which is obtained from the

superior sagittal sinus and used it as a reference in selecting AIF.

2.7.1 Manual AIF Selection

A user interface was designed in MATLAB for determining the CTCs that show

AIF characteristics.

To �lter out CTCs, the ad hoc criteria suggested in literature (relatively high

PH, AUC and SS values, and relatively low AT, TTP, FWHM values) were experi-

mented through this interface.

We set thresholds on the parameters by trial and error, and observed the pixels

corresponding these CTCs on the MRA image. The screenshots of the interface for

ROI1 and ROI2 are shown in Figure 2.7a and Figure 2.7b, respectively.
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Figure 2.7 Interface for manual AIF selection. The screenshots of the interface a) for ROI1 and b)
for ROI2.

The interface is composed of three sections. Eight frames are displayed in the

�rst section (left column), each including a parametric image, a colorbar that indicates

the range of values from minumum (blue) to maximum (red), and two edit boxes

for setting lower and upper thresholds. The second section (middle column) presents

the CTCs of which parameters fall between the lower and upper thresholds. The third

section (right column) shows the spatial locations (black dots) of the voxels from which
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the CTCs were obtained.

The interface enables the user to set a lower and upper threshold for each pa-

rameter, thus to select the CTCs with parameters that fall between these thresholds,

and to observe the voxel locations of these CTCs on the MRA image of the ROI.

2.7.1.1 Parameter Thresholds and Locating Voxels on MRA Images. In-

terface initially takes all CTC parameters between the lowest and highest threshold

values in order to consider all concentration changes as potential candidates for AIF

(see the left columns of Figure 2.7a and Figure 2.7b). Next, the user experiments with

the parameter thresholds to see how the CTCs and the related voxel locations change

across di�erent threshold values. At each threshold setting, the mean and the standard

deviation of all parameters are observed so that the user can �nally obtain CTCs with

common shape characteristics. The time average of these CTCs is set as the AIF (the

black circles in the middle column of Figure 2.7a and Figure 2.7b). During threshold

settings the interface also helps locate on MRA images the voxels corresponding to the

CTCs (see the right columns of Figure 2.7a and Figure 2.7b). The use of the interface

for AIF selection is demonstrated with an example in the results section.

The interface can also be used to detect shape distorted CTCs by setting thresh-

olds outside the acceptable range of the SS:AUC parameter. Examples are provided in

the results section.

As our research has con�rmed, the manual AIF selection techniques have certain

disadvantages. They are highly subjective, time consuming and prone to inconsistencies

in determining AIF. Therefore, we employed a semi-automatic method in our study to

overcome these shortcomings. The major contributions of this research are based on

this method, which is outlined in the following sections.
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2.7.2 Semi-automatic Method

Our semi-automatic AIF selection method is based on the cluster analysis of

the CTC parameters obtained from the voxels located within and around the MCA.

At the onset of the study, a binary MCA image obtained through MRA is dilated so

as to observe all voxels within and around the MCA (anterior, posterior, superior, and

inferior). The CTC parameters of these voxels are computed, to be used as inputs to a

fuzzy clustering algorithm. Clusters are then classi�ed by way of parametric evaluation,

which guides us in detecting both the AIF voxel and shape distortions due to PVE.

As we evaluate the clusters, we treat SS:AUC as the most important parameter that

is decisive in detecting PVE. In the last stage of the study, we carry out angiographic

investigation for comparatively examining the clusters exhibiting AIF characteristics

and those containing distorted CTCs due to PVE.

2.7.2.1 The Method of Cluster Analysis. Since the range of CTC parameter

values of AIF are not known a priori, it is hard to identify AIF based on an absolute

threshold level.

In this study, we employed the fuzzy c-means clustering technique in MATLAB

to divide the CTCs into groups with similar parameter values for each voxel within the

dilated volume [52,54]. Prior to clustering, all parameters were rescaled to a range of 0

to 1 so that none of them would dominate when calculating the distances throughout

clustering.

Since the employed clustering technique is unsupervised, the possible number of

classes is as many as the number of voxels. To arrive at a reasonable number of clusters

we employed a method that looks at the percentage of variation explained (POVE),

which is the ratio of between-group variance (σ2
between) to the total variance (σ2

total) as

explained in Equations 2-4. When POVE is plotted as a function of the number of

clusters, a breaking point is observed with diminishing marginal gain as the number of

clusters increased. Figure 2.8 demonstrates the POVE vs number of clusters.
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Figure 2.8 POVE vs number of clusters.
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where nj is the number of elements in group j,
−
yj is the mean of group j and

−
y is the

mean of all samples.

Therefore, decision on the number of clusters is contingent on the signi�cance
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of a change in POVE. In our study, we stopped increasing the number of clusters when

the marginal gain was less than 1% (Figure 2.8). Once the number of clusters was

decided, each clustering was repeated 10 times to assure that the initialization did not

make any di�erence in the clusters. Thereby the reproducibility of the results was

ensured.

2.7.2.2 The Prevention of Shape Distortions in CTCs. With the MRA im-

ages at hand, we were able to distinguish the arterial voxels from tissues in all clusters.

This enabled us to prevent shape distortions in CTCs in two steps: (1) cluster modi�-

cation by removing arterial voxels, and (2) AIF correction using venous output function

(VOF).

In the �rst step, we removed arterial voxels when found in a cluster in order to

prevent shape distortions in CTCs that might be caused by arterial signal saturation at

peak concentration, arterial signal relocation during the passage of the contrast agent,

and the non-linearity in ∆R2* vs contrast in whole blood. To reveal the e�ect of

removing arterial voxels, we compared the mean CTCs of the cluster before and after

modi�cation. The results of the comparisons are demonstrated in Section 3.1.

In the second step, aiming at correcting PVE, we rescaled the mean CTCs of the

clusters (both before and after the modi�cation) so that they will have the same AUC

with that of the VOF, which is obtained from the superior sagittal sinus. Based on

a correction factor (AUCVOF/AUCCTC), we tried to equalize the arterial time integral

to the venous time integral. The advantage of using sagittal sinus for VOF is that

PVE is already minimized in this vessel, since it has a large diameter and is almost

perpendicular to several slices [61].

This step was also applied in unmodi�ed clusters that already do not contain

arterial voxels.
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2.7.2.3 De�ning AIFs with respect to SS:AUC. After minimizing the risk of

shape distortion, we calculated SS:AUC of VOF and used it as a reference in selecting

AIF among the rescaled mean CTCs (see Section 3.3). The mean CTC of the cluster

that is close to the reference SS:AUC gives the selected AIF (AIFS), whereas the one

that is far from the reference value will be referred to as the eliminated AIF (AIFE).

If multiple clusters are close to the reference SS:AUC, the one with the highest AUC

was labelled as AIFS. Also note that AIFE was selected among the mean CTCs of the

clusters that is far from the reference SS:AUC but do not exhibit any shape distortions.

The shape of AIFE was visually assessed. This procedure was implemented in both

ROI1 and ROI2.

2.7.2.4 Evaluating the clusters. Prior to rescaling the mean CTCs, all the clus-

ters were re-numbered in an ascending order, starting from the lowest to the highest

AUC. Next an image was generated where the clustered voxels were marked in a color

scale from blue to red (blue for the cluster with the lowest AUC, red for the cluster with

the highest AUC). The artery borders (the MCA edge) were imposed on the images in

order to investigate AIFS and AIFE based on their locations with regard to the MCA

(Figure 2.9).

Figure 2.9 The MCA edge imposed on the cluster image (Colorbar indicates the background (BG)
and cluster numbers. Blue and red designate the clusters with the lowest and highest AUCs, respec-
tively).
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2.7.2.5 Finding the CBF di�erences between AIFS and AIFE. Tissue-spe-

ci�c (GM) CBF maps (CBF (AIFS) and CBF (AIFE)) were computed for all brain

slices using AIFS and AIFE to compare the two AIFs in terms of the CBF values they

result in. Di�erences in CBF values were calculated as follows:

CBFDIFF =
CBF (AIFS)− CBF (AIFE)

CBF (AIFS)
(2.4)

To avoid errors caused by bolus delay, all the CTCs have been shifted to a

common time origin before the deconvolution analysis has been performed. CBF cal-

culations were carried out through Tikhonov regularization [35, 62]. This technique

was utilized in estimating the impulse response whose initial value was recorded as

the CBF value of a tissue voxel. The regularization parameter was selected according

to the L-curve criterion [63], where the residual norm and the solution norm are kept

reasonably small. To compute CBF di�erences (CBFDIFF ), we used GM voxels, as

they allow for more practical image segmentation compared to tumors and provide

su�cient data to perform descriptive statistics.
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3. RESULTS

3.1 The results of manual AIF selection

3.1.1 Using the Interface for AIF Selection: Setting Thresholds on CTC

Parameters

Figure 3.1 demonstrates how the CTCs and the related voxel locations change

as the interface user experiments with the parameter thresholds (steps 1 to 4). The

parameters used in this example (Patient 5) are the SS:AUC ratio and the PH. SS:AUC

is the PVE related parameter whereas PH is the conventional AIF selecting parameter,

which should be chosen at moderate levels since the highest peaks may indicate PVE.

Figure 3.1 Filtering out CTCs by threshold setting. a) Remaining CTCs after threshold setting
(see Table 3.1), b) Voxels on the MRA image.

The optimal number of CTCs is determined in four steps. The number of CTCs

decreases as the range of lower and upper thresholds narrows down from 0-0.03 to

0.016-0.023 for the SS:AUC ratio and from 10-60 to 40-60 for the PH (Table 3.1).

In this example, the number of CTCs with common shape characteristics is 660

and the time avarage of these CTCs is set as the AIF.

For every threshold setting, the interface computes the mean and SD of all
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Table 3.1
Number of CTCs after threshold setting.

Step # 1 2 3 4

Number of CTCs 6054 2907 2021 660

SS:AUC LoT 0 0.016 0.016 0.016

SS:AUC UpT 0.03 0.03 0.023 0.023

PH LoT 10 10 10 40

PH UpT 60 60 60 60

parameters of the remaining CTCs (Table 3.2). In this way, the user is able to decide

whether or not to change the threshold values of other parameters.

A signi�cant aspect of this AIF selection process is that one can start with the

thresholds of any parameter and change those of others when needed. The purpose

here is to decrease SD of all parameters of the remaining CTCs and obtain curves with

common shape characteristics in terms of all parameters.

For the case demonstrated above, Table 3.2 demonstrates how the mean and the

SD of FWHM, PH, and SS:AUC change at each step of threshold setting for SS:AUC

ratio and PH.

3.1.2 Using the Interface for Detecting Shape Distortions

Using the interface we evaluated the MCA neighborhood with respect to PVE

and came across the three types of shape distortions mentioned by Bleeker et al. [16].

Figure 3.2 exempli�es the �rst type, where CTCs with high peaks and small FWHMs

were derived from the voxels located on and anterior to the MCA, which resulted in

low SS:AUC ratios as shown in Table 3.3.



32

Table 3.2
The mean and the SD of FWHM, PH, and SS:AUC change at each step of threshold setting.

Step # 1 2 3 4

FWHM mean 6.922 7.278 7.119 7.048

FWHM SD 0.775 0.666 0.64 0.576

SD/mean (%) 11.20 9.15 8.99 8.17

SS:AUC ratio mean 0.016 0.021 0.019 0.019

SS:AUC ratio SD 0.007 0.004 0.002 0.002

SD/mean (%) 42.04 16.43 9.84 9.79

PH mean 31.3 31.88 35.48 48.24

PH SD 12 12.56 11.49 5.203

SD/mean (%) 38.34 39.41 32.39 10.79

Figure 3.2 CTCs with high peaks and small FWHMs; and their locations (on and anterior to the
MCA).
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Table 3.3
Low SS:AUC ratios of the CTCs derived from voxels located on and anterior to the MCA.

PAT # SS:AUC Mean SS:AUC SD

Pat 6 (ROI1) 0.0056 0.0023

Pat 4 (ROI1) 0.0057 0.0046

Pat 2 (ROI1) 0.0059 0.0033

Pat 5 (ROI1) 0.0052 0.0034

Pat 5 (ROI2) 0.0068 0.0022

3.2 Results of Semi-automatic AIF Selection

3.2.1 Shape Distortions in CTCs

Comparisons of the clusters before and after modi�cation (i.e. before and after

removing the arterial voxels) reveal signi�cant di�erences in the mean CTCs, as shown

in Figure 3.3. The SS:AUC ratio of the mean CTC in modi�ed clusters got closer to

the reference SS:AUC.

Figure 3.3 The mean CTCs of the clusters before and after modi�cation (i.e. before and after
removing the arterial voxels).

The correction factors (AUCVOF/AUCCTC) used for equalizing the time integral

of mean CTCs to the venous time integral can be found in Table 3.4.
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Table 3.4
The PVE correction factors.

PAT 1 PAT 2 PAT 3 PAT 4 PAT 5 PAT 6

ROI1 AIFS 1.28 1.26 1.17 1.16 1.62 1.57

ROI1 AIFE 1.60 1.38 1.71 1.99 1.06 1.04

ROI2 AIFS 1.24 1.02 1.00 1.68 1.03 1.87

ROI2 AIFE 1.18 1.71 1.18 1.21 1.36 1.15

PAT: Patient, ROI: Region of interest

This study has also shown that the CTCs belonging to voxels mostly located

on or anterior to the MCA fail to be AIF. Table 3.5 presents the typical clusters that

were rejected to be AIF, their locations with respect to the artery, and SS:AUC values

for all patients.

Table 3.5
Rejected clusters (AIFE), their locations, and SS:AUC.

PAT ROI SL CL CL Region SS:AUC

1 1 MCA 10 On & anterior 0.0109

1 2 MCA 11 On & anterior & posterior 0.0355

2 1 MCA 9 On & anterior & posterior 0.0149

2 2 MCA 9 Mostly on & posterior 0.0270

3 1 MCA 8 On & distal 0.0146

3 2 MCA 9 On 0.0264

4 1 MCA 9 Mostly on 0.0151

4 2 MCA 9 On & anterior 0.0131

5 1 MCA 8 On 0.0136

5 2 MCA 8 On & anterior 0.0138

6 1 MCA 10 On & anterior 0.0174

6 2 MCA 10 On 0.0094

PAT: Patient, ROI: Region of interest, SL: Slice, CL: Cluster
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As we investigated the CTC shape distortions, we came across the typology

suggested by Bleeker et al. [16] in unsafe regions of the MCA territory for AIF selection

(Figure 3.4).

Figure 3.4 CTC shape distortions demonstrated in a), b), and c) are derived from voxels shown in
d), e), and f). a) The higher peaks and smaller FWHMs than the true reference, b) two peaks in the
�rst passage of the contrast agent, c) no peak in the �rst passage and a high post-bolus equilibrium,
d) voxels on and anterior to the MCA, e) voxels on the MCA, f) voxels on the MCA .

Figure 3.4a exempli�es the �rst type of shape distortion, where CTCs have high

peaks and small FWHMs. Figure 3.4b demonstrates the second type, where the con-

centration curve is characterized by two peaks in the �rst passage of the contrast agent.

Figure 3.4c shows the third type, which is characterized by an almost undetectable peak

in the �rst passage and a high post-bolus equilibrium.



36

3.2.2 AIF Clusters

Fuzzy clustering employed for each patient resulted in a di�erent number of

clusters (from 9 to 12 across 6 patients), among which we were able to �nd at least

one cluster (AIF cluster) that is close to the reference SS:AUC. Table 3.6 presents the

reference SS:AUC values for all patients.

Table 3.6
Reference SS:AUC values for all patients.

PAT 1 PAT 2 PAT 3 PAT 4 PAT 5 PAT 6

Reference SS:AUC 0.0220 0.0200 0.0211 0.0208 0.0199 0.0192

PAT: Patient

The AIF clusters were examined in terms of their locations with respect to the

MCA. AIF clusters' locations (�cluster region�) and SS:AUC values are provided in

Table 3.7.
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Table 3.7
Selected clusters (AIFS), their locations, and SS:AUC.

PAT ROI SL CL CL Region SS:AUC

1 1 Superior 11 Superior & posterior 0.0220

1 2 Inferior 12 Inferior 0.0192

2 1 MCA 10 Anterior 0.0208

2 2 Inferior 11 Inferior & posterior 0.0199

3 1 Inferior 10 Inferior & posterior 0.0219

3 2 MCA 9 Mostly posterior & anterior 0.0235*

4 1 Inferior 11 Inferior 0.0200

4 2 Inferior 7 Inferior 0.0200

5 1 Superior 7 Superior & posterior 0.0213

5 2 Inferior 10 Inferior & posterior & anterior 0.0184

6 1 Superior 9 Superior & posterior 0.0206

6 2 MCA 8 Posterior & anterior 0.0191

PAT: Patient, ROI: Region of interest, SL: Slice, CL: Cluster

*SS:AUC is 0.0264 with arterial voxels

The evaluation of cluster regions revealed that the AIF can be found outside

the MCA (Figure 3.5).
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Figure 3.5 Cluster locations of AIFS.
PAT1: a) ROI1: CL 11 at superior slice, superior and posterior region of MCA; b) ROI2: CL 12 at
inferior slice, inferior region of MCA;
PAT2: c) ROI1: CL 10 at MCA slice, anterior region of MCA; d) ROI2: CL 11 at inferior slice,
inferior and posterior region of MCA;
PAT3: e) ROI1: CL 10 at inferior slice, inferior and posterior region of MCA; f) ROI2: CL 9 at MCA
slice, mostly posterior and anterior region of MCA;
PAT4: g) ROI1: CL11 at inferior slice, inferior region of MCA; h) ROI2: CL 7 at inferior slice,
inferior region of MCA;
PAT5: i) ROI1: CL7 at superior slice, superior and posterior region of MCA; j) ROI2: CL 10 at
inferior slice, inferior, posterior and anterior region of MCA;
PAT6: k) ROI1: CL 9 at superior slice, superior and posterior region of MCA; l) ROI2: CL 8 at
MCA slice, posterior and anterior region of MCA.
Color bar indicates the background (dark blue) and cluster numbers .

It was also observed that AIFSs calculated through clustering from ROI1 and

ROI2 reveal close similarities in terms of CTC parameters for the patients 2, 4, 5, and
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6, whereas they di�ered signi�cantly for patients 1 and 3.

3.3 CBF Estimation

Figure 3.6 shows AIFS and AIFE estimated from ROI1 and ROI2 for all patients,

whereas Figure 3.7 presents the CBF maps of a sample brain slice for each case.

Figure 3.6 AIFS and AIFE (from ROI1 and ROI2) of each patient.

.
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Figure 3.7 CBF maps of a sample brain slice computed using AIFS from ROI1 (�rst row), AIFE
from ROI1 (second row), AIFS from ROI2 (third row), and AIFE from ROI2 (fourth row).

.

It was found that CBF would be either under- or over-estimated if AIF is far

from the reference SS:AUC (see Table 3.8 for CBF percentage di�erences).

CBF maps calculated using AIFSs from ipsilateral and contralateral sides do not

have signi�cant di�erences for patients 2, 4, 5, and 6, whereas they di�ered signi�cantly

for patients 1 and 3.
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Table 3.8
CBF percentage di�erences between using AIFE and AIFS.

PAT ROI CBF by AIFE Mean ± SD (%)

1 1 Overestimated by 36.6 ± 19.2

1 2 Underestimated by 29.2 ± 16.2

2 1 Overestimated by 25.7 ± 15.2

2 2 Underestimated by 35.2 ± 13.4

3 1 Underestimated by 12.9 ± 11.6

3 2 Underestimated by 41.1 ± 14.3

4 1 Overestimated by 33.1 ± 16.8

4 2 Overestimated by 17.3 ± 11.9

5 1 Overestimated by 31.0 ± 17.8

5 2 Underestimated by 14.1 ± 11.6

6 1 Overestimated by 26.8 ± 15.6

6 2 Overestimated by 23.8 ± 16.4

PAT: Patient, ROI: Region of interest
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4. DISCUSSION

The selection of the AIF voxel is an extremely complicated task that requires

case-based reasoning [24]. In pathologies such as arterial stenosis or occlusion, where

the AIF shape might be distorted due to the delay and dispersion of the contrast

agent [34], it is wiser to measure the AIF from a small proximal artery, despite the

risk of PVE at some level [18]. In cases with no major arterial abnormalities, where

delay and dispersion e�ects are unlikely or negligible, AIF can be obtained from a

large artery, preferably the M1 segment of the middle cerebral artery (MCA), which is

advantageous in terms of compromising between PVE and proximity to the tissue [6].

In this study, we similarly focused on this segment of the MCA.

Earlier studies, using manual or automatic AIF selection methods, have referred

to certain common CTC criteria. In cases where manual technique is implemented,

researchers search for the CTCs that have early, high and narrow peaks in the ROI,

where they will determine the mean curve of the voxels as the AIF [51�55]. The

manual method is usually criticized for being highly subjective, time consuming and

prone to inconsistencies in determining AIF voxels [51�54]. In automatic methods, on

the other hand, a search-algorithm is employed to identify the CTCs with high PH,

small FWHM, early TTP, and early AT [51�55]. This latter technique might also be

misleading since there is always the risk of shape distortions in AIF [59].

The study by Bleeker et al. [16], o�ering to use the SS:AUC ratio as an additional

CTC criterion in order to circumvent PVE, marks a signi�cant progress in the �eld,

however the knowledge of the spatial location of the AIF voxel remains a challenging

task for avoiding all other possible causes of shape distortion. The ultimate purpose

of this study is to improve AIF selection by utilizing MRA for detecting the arterial

locations and dealing with shape distortions. Using MRA images is suggested as a

complementary procedure alongside the recognized approaches based on the parametric

evaluation of CTCs. This is a promising technique in AIF selection that will enable
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radiologists to distinguish the arteries from the surrounding tissue and to specify the

arterial location of AIF voxels in a ROI, a task that cannot be accomplished exclusively

based on perfusion imaging.

Our AIF selection procedure based on cluster analysis entails both the preven-

tion and correction of shape distortions in the mean CTCs. We eliminated the arterial

voxels from clusters to avoid the distortion risk that is associated with problems such

as arterial signal saturation at peak concentration, signal relocation during the passage

of the contrast agent, and the non-linearity in ∆R2* vs contrast in whole blood. We

have found this method more convenient than time consuming manual techniques used

for AIF correction. The bene�t of removing the arterial voxels became evident when

we compared the mean CTCs of the clusters before and after modi�cation (i.e. before

and after removing the arterial voxels). It was observed that the SS:AUC ratio of the

mean CTC gets closer to the reference value when the arterial voxels are excluded from

the cluster.

To correct PVE, we resorted to a common method that normalizes the AIF with

respect to the VOF [61]. Thereby, the AUC of the AIF has been increased to prevent

overestimation of CBF. Another advantage about the VOF is obtaining a reference

value for SS:AUC to be used in AIF decision. The study revealed that signi�cant CBF

di�erences occur between AIFs that are close to and far from the reference SS:AUC,

namely AIFS and AIFE. The CBF would be under- or overestimated if AIFE is mistak-

enly used, which is highly probable when employing manual or automatic AIF selection

methods based on conventional CTC parameters regardless of the SS:AUC ratio.

With fuzzy clustering, the study systematically compared the selected and elim-

inated CTCs based on established parameters with a particular focus on the SS:AUC

ratio that has been found critical in eliminating PVE [16]. The parametric evaluations

of the CTCs and the angiographic investigation of the related voxels yielded consis-

tent results. Speci�cally, through MRA we have veri�ed that it is highly crucial to

determine the reference SS:AUC value in AIF selection.
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Overall, the MRA assessment enabled us to locate the voxels that meet the AIF

criteria as well as those with shape distortions. We were able to evaluate both sets of

voxels in terms of their positions with regard to the MCA. Our study demonstrated

that the voxels of the cluster chosen as AIF are located superior, inferior, posterior

or anterior to the MCA, whereas CTC distortions are mostly observed either on or

anterior to the MCA. Our �ndings related to PVE are compatible with the CTC shape

distortion typology suggested by Bleeker et al. [16]. In the �rst type, the CTCs have

higher peaks and smaller FWHMs than the true reference. In the second type, two

peaks are observed in the �rst passage of the contrast agent. In the third type, no �rst

pass peak is detected while high SS amplitude is observed.

Angiographic investigation fosters a productive doubt about AIF selection meth-

ods that are exclusively based on the CTC parameter analysis. With MRA images at

hand, the proposed technique will enable the researchers to exclude the voxels on the

MCA during cluster analysis, and to avoid the risk of shape distortions.
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5. CONCLUSION

MRA is recommended as a supplementary technique in perfusion imaging to

identify the spatial location of an AIF. This imaging technique contributes to quanti-

tative assessment of brain perfusion through improved AIF selection. Accurate CBF

quanti�cation is crucial for understanding the extent of brain damages caused by

pathologies, including tumors and ischemia. This study ultimately seeks to provide

guidance to clinical MR imaging practitioners and healthcare providers who particu-

larly work on the diagnosis and treatment of such cerebral pathologies.
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