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Abstract

The human brain consists of a very complex and specialized organ and is responsible for

coordinating the execution of several functions performed by the subjects. The brain tissue

must be continuously supplied with oxygen and all the nutrients necessary to provide the

required energy to keep all these mechanisms regulated in a normal condition since the brain

is not capable of storing energy. The neurovascular system is crucial to keep the delivery of

nutrients constant, though it implies a complex mechanism of auto-regulation. Deregulation

of this essential mechanism may impair the delivery of nutrients according to the demand for

energy, which may lead to various brain disorders.

Magnetic resonance imaging (MRI) is a potent imaging tool that allows the analysis of several

characteristics related to brain structure, function, perfusion, water diffusion, and others.

These characteristics can be assessed exploiting different possible contrast mechanisms.

Arterial Spin Labeling (ASL) and Intravoxel Incoherent Motion (IVIM) are two noninvasive

and quantitative methods based on blood perfusion and water diffusion, respectively, which

enable the quantification of cerebral blood flow (CBF) and water diffusion coefficient in brain

tissue. Moreover, due to the neurovascular coupling, the analysis of the temporal fluctuations

in blood perfusion at different anatomical brain regions allows the study of brain functions,

which is called functional MRI (fMRI) and consists of a widely used imaging modality to assess

brain integrity.

In this study, we worked on the interface between the development of image acquisition and

analysis methods, and their application in both healthy subjects and patients. Regarding

acquisition methods, we worked on the optimization of the 3D Gradient and Spin Echo

(GRASE) readout and the effect of flow compensated gradients in ASL images. For IVIM, we

evaluated the effect of different acquisition parameters in the analysis model to optimize

the analysis for neurological and neurovascular patients. Finally, we evaluated the capability

of ASL to study brain functions in a resting-state condition and while performing different

actions, such as motor and language tasks. We started with a simple and robust motor task

to validate our method and then applied it to study a more complex function (language).

We developed and implemented a novel dual-echo readout for ASL protocol to improve

quantitative assessment of the CBF and the blood oxygen level-dependent (BOLD) signals.

The main findings of this thesis include the better delineation of the arterial signal when

using segmented 3D GRASE and flow compensation gradients; the demonstration of the

feasibility of ASL with dual-echo readout in a simultaneous accurate quantification of CBF

and measurement of BOLD signal for functional analysis; the investigation of the physiological

basis for brain functional reorganization and better spatial localization of brain activation of



a cognitive task through dual-echo ASL; a description of the start-of-the-art use of IVIM for

neurological and neurovascular diseases; an analysis of the impact of IVIM acquisition and

analysis parameters to better fit the IVIM measurements, and a pilot study of IVIM applied in

patients with brain glioma as a model of the blood-brain barrier disruption.

Keywords: arterial spin labeling, cerebral blood flow, diffusion, functional MRI, intravoxel

incoherent motion, perfusion.



Resumo

O cérebro humano consiste de um orgão bastante complexo e especializado, sendo responsá-

vel por coordenar a execução das mais diversas funções desempenhadas pelo indivíduo. Para

manter esses mecanismos regulados em uma condição normal, o cérebro deve ser continua-

mente abastecido por oxigênio e nutrientes requeridos para geração da energia necessária

para desempenhar tais funções, uma vez que o cérebro não é capaz de armazenar energia.

Para manter a entrega de nutrientes constante, o sistema neurovascular é crucial, o que im-

plica em um complexo mecanismo de auto-regulação para evitar quaisquer obstrução em seu

caminho. Tendo em vista a optimização da execução das tarefas requeridas, o cortex cerebral

é dividido em sub-regiões estruturais, funcionais e vasculares, de modo que o abastacimento

do cérebro pelo sangue varia tanto regionalmente quanto temporalmente, a depender do

estímulo recebido pelo cérebro e com a demanda de energia requerida, de modo que uma

desregulação dessa organização cerebral pode levar às mais variadas doenças.

Imagem por ressonância magnética (IRM) é uma poderosa ferramenta de imagens que

possibilita a análise de diversas características do tecido cerebral, tais como estrutura, função,

perfusão tecidual, fluxo sanguíneo, difusão das moléculas de água no tecido e muitas outras.

Todas essas características podem ser analisadas devido a existencia de inúmeros tipos de

mecanismos de constraste nas IRM. Para avaliar a entrega de sangue no tecido cerebral,

imagens ponderadas em perfusão sanguínea e difusão molecular são dois dos contrastes

recomendáveis, e Arterial Spin Labeling (ASL) e Intravoxel Incoherent Motion (IVIM), imagens

ponderadas em persufão e difusão respectivamente, são dois importantes métodos não-

invasivos e quantitativos. Além disso, analisando flutuações temporais no fluxo sanguíneo

em diferentes regiões anatômicas é possível realizar um estudo das funções cerebrais, o que é

chamado IRM funcional (fIRM) e que consiste numa importante modalidade de imagem.

No presente estudo, nós trabalhamos na interface entre o desenvolvimento de métodos de

acquisição e análise de imagens bem como na aplicação tanto em sujeitos saudáveis quanto

em pacientes. Em termos de aquisição de imagem, trabalhamos na optimização do modo de

leitura 3D Gradiente e Spin Eco (3D GRASE) e o efeito do uso de gradientes de compensação

de fluxo nas imagens. Para os dados de IVIM, analisamos o efeito de diferentes parâmetros

de aquisição nos modelos de análise, com o intuito de optimizar os algorítimos de análise

das imagens a fim de uma fácil aplicação na rotina de pacientes com doenças neurológicas e

cerebrovasculares. Finalmente, avaliamos a capacidade de ASL no estudo de funções cerebrais,

seja no estado de repouso ou durante a realização de tarefas motoras e de linguagem. Para

isso, usamos um módulo de leitura duplo eco para as imagens ASL, possibilitando assim a

obtenção de parâmetros adequados tanto para a quantificação do fluxo sanguíneo cerebral

(CBF), quanto para a análise do sinal que é dependente do nível de oxigenação do sangue



(sinal BOLD). Para isso, começamos com uma tarefa mais simples e robusta, a tarefa motora,

para a validação dos modelos utilizados e posteriormente a aplicação de tais modelos em

sistemas mais complexos, como o caso das redes cerebrais de linguagem.

Os principais achados desta tese incluem a melhor delimitação do sinal arterial ao usar o mó-

dulo de leitura 3D GRASE segmentado e gradientes de compensação de fluxo; a demonstração

da viabilidade do ASL com leitura de eco duplo para a medida simultânea da quantificação

precisa de CBF e medição do sinal BOLD para análise funcional; a investigação das bases

fisiológicas da reorganização funcional do cérebro e melhor localização espacial da ativação

cerebral de uma tarefa cognitiva por meio do ASL com eco duplo; uma descrição do estado

da arte em IVIM para doenças neurológicas e neurovasculares; uma análise do impacto dos

parâmetros de aquisição e análise do IVIM para melhor ajustar as medidas de IVIM e um

estudo piloto de IVIM aplicado em pacientes com glioma cerebral como um modelo de

ruptura da barreira hematoencefálica.

Palavras-chave: marcação dos spins arteriais, fluxo sanguíneo cerebral, difusão, IRM funcio-

nal, movimento incoerente intravoxel, perfusão.
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1 General Introduction

Studies on neurovascular diseases are of increasing interest, since according to the

World Health Organization, in the top ten causes of death, two are classified as neurovascular

(1). Stroke is the second cause, while Alzheimer’s disease and other vascular dementias take

the seventh place. For this reason, new strategies of diagnosis, treatment, and monitoring

related to this class of diseases are in the focus of the scientific community worldwide. In this

context, magnetic resonance neuroimaging emerges as an important tool that can be used for

the diagnosis and monitoring of such diseases, especially for being a noninvasive alternative

to evaluate the patient’s condition.

Magnetic resonance imaging (MRI) is a technique of high impact in both research

and clinical environment. Among the reasons for such importance, one can highlight the

absence of ionizing radiation and the great diversity of imaging contrasts. Specifically to

neurovascular diseases, several MRI-based methods are beneficial, such as those weighted in

perfusion, molecular diffusion, and angiography (2). All of them can be used separately or

even combined to provide a robust set of information.

The choice of the best method to use depends on the specific tissue characteristic

that we intend to investigate. For the neurovascular questions, important topics are the blood

delivery into the brain tissue, the CBF, water diffusion properties, and blood-brain barrier

(BBB) permeability, which may be altered in, e.g., cerebral small vessels disease (CSVD) and

Leukoaraiosis (3, 4, 5). Despite the existing methods available in clinical routines to assess

blood flow, water diffusion, and angiography, most of them are not quantitative and/or

demands the injection of a bolus of exogenous tracer, which might be invasive for the patients.

Among all the possibilities, ASL and IVIM appear as two promising options to evaluate the

neurovascular system and the delivery of blood to the brain. Furthermore, the combination of

these methods with other MRI components, such as crushing gradients, showed interesting

results (6, 7, 8, 9, 10).

Another strategy to evaluate patients of neurologic and neurovascular diseases refers

to the assessment of brain functionality (11, 12). Several tools can be used for this purpose,

such as neuropsychological tests and neuroimaging. Functional Magnetic Resonance Imaging

(fMRI) is a very well established tool widely used to assess brain networks and functional

connectivity. The gold standard fMRI technique is based on the blood oxygen level-dependent

(BOLD) contrast (13), which depends on the variation of the rate between oxi-hemoglobin

and deoxi-hemoglobin (14). Although the BOLD contrast provides good results, the use of

ASL in functional studies has increased over the last years because of two main reasons. First,

while BOLD contrast depends on a complex combination of blood oxygenation, cerebral

blood volume (CBV), CBF and the cerebral metabolic rate of oxygen (CMRO2), ASL provides
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quantitative information of one physiologic parameter (CBF). Second, ASL has a better spatial

specificity to neuronal activity when compared to BOLD.

Therefore, the present study aimed to contribute with the improvement of acquisition

methods and analysis models for quantitative MRI measurements, specifically brain perfusion

and diffusion information through ASL and IVIM methods. We also worked on advanced

applications of functional ASL, reporting its benefits compared to a traditional method as the

BOLD signal analysis. The next sections of this chapter will cover the general basis necessary

to follow our results and a description of our objectives.

1.1 Motivations: from vessels to brain
The human brain is the most complex organ, responsible for coordinating all the

functions performed by the subject. In order to keep its mechanism properly working, the

supply of oxygen and nutrients through the arterial blood is crucial, since the brain tissue

is not able to store enough energy. This necessity of continuous delivery of blood requires a

highly complex mechanism of coupling between the vascular system and the brain tissue,

whose auto-regulation is vital for a normal neurological condition.

Some physical models based on physiological parameters are proposed to measure,

monitor, and explain this high-complex blood-brain coupling (Figure 1). Such parameters are

the CBV, aBV, CBF, CMRO2 and intracranial pressure (ICP) (15). All of them are directly or

indirectly related to each other such as the deregulation of one can compromise the entire

system, possibly leading to a disorder condition.

Figure 1 – The neurovascular coupling

The neurovascular coupling mechanism (16).

Among all the mentioned parameters, the CBF plays a central position in the auto-
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regulation mechanism. While the brain represents about only 2% of total human body weight,

it demands an amount of 12 to 15% of total cardiac output (17, 18). Therefore, CBF needs to re-

main approximately constant over time, which implies in adjustment in the other parameters

according to changes in the metabolism and external conditions. Several conditions lead to

changes in CBF, being both healthy or pathological. In a healthy adult, CBF value in baseline

varies from 60 to 80 ml/(100g of tissue)/min, but it shows regional and temporal fluctuations

according to the performance of a task by the person. It is also known that changes in CO2 and

O2 partial pressure in the blood lead to vasoconstriction or vasodilatation. Finally, disruption

and deregulation of BBB (Figure 2) can also cause an impact in regional CBF, which might

result in some diseases, especially the Alzheimer’s disease and other vascular dementias (19).

Contextualized the physiological importance of the CBF, it is not difficult to under-

stand why measuring it is so relevant. In the next section, there will be a discussion of the

importance of MRI-based methods to measure CBF. Particularly, we will focus on two nonin-

vasive methods: ASL and IVIM.

Figure 2 – Blood-brain barrier

The water transfer mechanism across the blood-brain barrier (19).

1.2 Magnetic resonance imaging methods to measure blood flow -
brain perfusion properties

Magnetic resonance imaging is a powerful imaging modality that takes advantage of

the electromagnetic properties of the tissues. Despite other useful techniques, such as X-rays,

computed tomography (CT) and positron emission tomography (PET), the use of MRI has

been preferred, due to at least two main reasons: (1) it does not require the use of ionizing

radiation and (2) the possibility to explore a big range of different imaging contrast, which

may be chosen according to the necessity.
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Among all the several existing contrast mechanisms, three of them suit better the

measurement of the blood flow-brain coupling: perfusion weighted images (PWI), diffusion

weighted images (DWI) and MR angiography. All of them are on the spins’ mobility. However,

while MR angiography is optimized to image the vascular compartment, PWIs and DWIs are

focused on spins movements in the brain tissue.

The concept of PWIs is based on the labeling of spins or the injection of a tracer in

the blood. In dynamic susceptibility contrast (DSC) and dynamic contrast-enhanced (DCE)

methods, the kinetic tracer is exogenous, intravenously injected in the subject (20, 21, 22).

The contrast agent then travels until the region of interest (ROI), where it changes relaxation

properties with the tissue, changing the image contrast. In DSC, by exploring changes in the

transversal relaxation time (T2), it is possible to estimate CBF, CBV and the mean transit

time (MTT). On the other hand, DCE explore changes in longitudinal relaxation time (T1)

to measure the water exchange rate (ktrans) mainly. However, besides DSC and DCE are the

two most commonly used methods in the clinical environment to assess brain perfusion,

arterial spin labeling is a PWI method that has gained more attention since it enables the

measurement of quantitative values of CBF, aBV, and arterial transit time (ATT) noninvasively

(23). Furthermore, more complex ASL methods are being developed to measure regional

angiography and CBF, BBB permeability and oxygen extraction (24, 7, 25).

DWI is an imaging modality based on the diffusion of water molecules in the biological

tissue. Due to its high sensibility to detect biological changes in the tissue characteristics, such

as abnormal blood irrigation, altered cellularity level, and tissue death, DWIs significantly

revolutionized the use of MRI for some diseases, e.g., stroke and brain tumor. DWIs are also the

basis for a popular model of structural analysis nowadays, the diffusion tensor imaging (DTI)

model, which allows the tractography reconstruction to study the brain fibers (26, 27, 28).

Alternatively, it is also possible to extract perfusion information from DWI by exploring a

method named intravoxel incoherent motion IVIM, which is based on multiple levels of

diffusion movement restriction (29, 30).

The next two sections will cover the basis for understanding the two main methods

explored during the evolution of this study, arterial spin labeling and intravoxel incoherent

motion.

1.3 Arterial Spin Labeling

Arterial spin labeling (ASL) is a PWI method that uses the water molecules of the

arterial blood as an endogenous tracer. A bolus of blood is tagged in a strategic position

(Figure 3). This region is named labeling plane and is chosen where the main feeding arteries

are relatively straight and perpendicular to the labeling plane. The bolus of blood at the

labeling plane is magnetically labeled through the application of an radio frequency (RF)
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pulse. There are three main classes of ASL methods according to the labeling strategy, but

for all of them, a pair of images is acquired. When the labeling pulse is applied, the image

acquired is named labeling image. Then, the control image is acquired at the same position

as the labeling one, but without the application of any labeling pulse. The difference between

the control and labeling images is proportional to the CBF (31, 32, 33).

Figure 3 – Arterial Spin Labeling

Arterial spin labeling: control and label images. Source: the author.

In pulsed ASL (PASL), a short-time pulse is applied, and the labeling plane is large,

so a significant amount of blood is labeled to guarantee enough labeled blood at the imag-

ing slab. However, the labeling efficiency in PASL is lower than for the other ASL methods.

For continuous ASL (CASL), the labeling efficiency is higher in comparison with PASL. It is

achieved by labeling a short-width labeling plane but for a longer time. The drawbacks of

using a continuous RF labeling pulse are the accumulation of magnetization transfer (MT)

effects and the mismatch when switching the head coil from RF pulse generation mode to

receptor mode. This second drawback could be solved by using a dedicated labeling coil, but

this hardware demand is not clinically accessible and would require a custom MRI system

(34, 35, 36, 37, 38).

The third class of ASL is the pCASL. In this category, the labeling plane uses the same

configuration as in CASL, but the labeling is achieved using a long train of short-duration

RF pulses. This strategy keeps the labeling efficiency comparable to the CASL but avoiding

its major side effects. In pCASL labeling train, the polarity of two subsequent RF pulses is

alternated for the control condition and always remains positive for the labeling condition.

There is also a subdivision in pCASL according to the gradient configuration in the labeling

train of pulses. For balanced pCASL, the gradient configuration for two subsequent pulses

remains constant, but the mean gradient value is not zero. On the other hand, for unbalanced

pCASL, the mean gradient for two subsequent pulses is zero, but the gradient configuration

between them is not the same (39, 40).

Due to the advantages listed before, pCASL has been recommended for research and
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clinical uses, besides new designed ASL sequence are being optimized based on the PASL,

e.g., the velocity selective ASL. (41). Despite ASL pulse sequence is composed of two main

blocks, i.e., the preparation and the readout, several elements have been added to the pulse

sequence in order to obtain images with higher signal-to-noise ratio (SNR), or to extract

different information than the traditional ASL outputs. Over the last decade, a large amount

of new ASL pulse sequence designs has been proposed through the different combination

of some MRI elements. The numerous options of acquisition strategies became a hindrance

to the dissemination of ASL in the clinical routine. Therefore, a paper with the consensus

recommendation for clinical applications of ASL was published (31). Next, there is a short

description of the major elements used in this study.

• Labeling duration (LD): is the duration of the labeling train of pulses. Optimally is de-

fined according to T1 value (around 1800 ms) so that when these values are comparable,

the ASL image SNR is higher.

• Post labeling delay (PLD): is the time interval between the end of ASL labeling and the

start of the readout. It is calculated according to the arterial transit time, and therefore

it varies among subjects and conditions, as aging and diseases. Traditionally, a single

PLD is used, which is enough for several applications. However, a multi-PLD approach

is preferred for an application where the transit time is not known, or to analyze the

evolution of the ASL signal from the brain arteries to the tissue and obtain ATT maps

(42, 43).

• Background suppression (BS): the ASL perfusion maps results from the subtraction of

two images (control - label)and therefore its SNR is intrinsically low. Every one second

of blood flow only 1% of the gray matter water is replaced by the new bolus of blood.

Subject’s motion during the acquisition also hampers the removal of the static brain

tissue when the control - label subtraction is performed. Through the application of one

or more saturation selective pulses (44, 45), it is possible to minimize the background

signal for both control and label images, without compromising the subtracted image

correspondent to the perfusion signal. This approach is not a time consuming element

and can significantly improve the SNR of ASL maps (46, 47).

• Flow Compensation (FC): without flow compensation, the measurement of flowing

spins can lead to dephasing effects at the time of echo, when the image is acquired.

The dephased spins might have a direct impact in the visualization of the intravascular

signal by suppressing it signal or adding some blurring to the interface between the

vessel and brain tissue. A bipolar gradient can be added in a preparation module of the

pulse sequence to minimize this effect, which also named gradient-moment nulling.

This gradient’s lobes are designed so that its effects to the static spins is null, but reduce

the dephasing for the moving spins (48).



1.3. Arterial Spin Labeling 29

• Readout approaches: the choice of the readout module plays an important role in the

resulted image SNR. Several new strategies have been optimized to get higher SNR in a

short time interval. However, two main readout approaches are the most commonly

used:

– 2D multi-slice echo-planar images (EPI): it is a standard readout available in the

MR systems that provides reasonable good ASL maps, besides not providing the

highest SNR possible.

– 3D gradient and spin echo (GRASE) (49): it is the recommended readout approach

for pCASL, since it provides optimal background suppression by only using a single

excitation per repetition time (TR) and results in a higher SNR compared to 2D

EPI (31).

1.3.1 3D GRASE readout

The 3D Gradient and Spin Echo (GRASE) readout is an alternative approach to the

EPI readout. Its pulse sequence consists of a train of RF refocusing pulses, combined with

a train of alternating readout gradient polarity, similar to the EPI readout gradients. By this

combination of RF pulses and readout gradients, the idea is to rephase the magnetization

enabling the occurrence of several echoes and, consequently, the acquisition of several MRI

signals with the application of only one RF excitation pulse (Figure 4) (50).

Figure 4 – 3D GRASE Readout

3D GRASE readout pulse sequence. Multi RF excitation pulses are combined with a train of alternating polarity
readout gradients and a single excitation pulse. (51)
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Although the EPI readout is a faster strategy, by acquiring several k-space lines with a

single refocusing RF pulse or with a single refocusing through gradients, a large amount of

phase is accumulated by the off-resonance spins. The best way to avoid phase accumulation

would be the acquisition of one echo per refocusing pulse, in an approach called rapid ac-

quisition with relaxation enhancement (RARE). However, the application of a high number

of refocusing pulses increases significantly the specific absorption rate (SAR), which com-

promises its uses in a MRI pulse sequence with high SAR, as the ASL pulse sequence. The

GRASE readout is in a half-way between the EPI and RARE readouts, by employing multiple

refocusing pulses, but in a different way than in RARE (Figure 5).

Figure 5 – Phase accumulation by off-resonance spins

Phase accumulation by off-resonacne spins for (a) EPI, (b) RARE and (c) GRASE readouts. (51)

1.3.2 Time-encoded arterial spin labeling

For multi-PLD pCASL, traditionally, several images are acquired repeatedly for each

one of the multiple PLDs used. It is necessary to increase the low SNR of ASL subtracted maps

by taking the average of all repetition acquired. In this approach, the same information is
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acquired several times, which makes the pulse sequence inefficient and the total acquisition

time for the whole brain inadequate for clinical routine.

Gunther proposed a temporal encoding to the ASL labeling process to overcome

this drawback (52). In this new approach, a bolus of blood is split into different blocks that

can be both a label or a control block. The number of repetitions and blocks are defined

according to a Hadamard matrix of rank H, resulting in (H - 1) blocks and H repetitions

(53). Each Hadamard matrix line is a different bolus (ASL repetition) composed of a different

combination of control and label blocks. This combination of blocks is designed, such as

each Hadamard columns (or each sub-bolus) is composed of the same number of control

and labels blocks. The Hadamard matrix is defined before data acquisition and must be used

to decode the ASL images during the subtraction process.

Every sub-bolus will be read after waiting for a different PLD since the labeling du-

ration is different across all the sub-bolus. In an acquisition of a pCASL data set using a

Hadamard encoding strategy, there will be acquired a total H/2∗ (H −1) ASL pairs, or (H-1)

PLDs and (H/2) repetitions by labeling only H bolus of blood. It is a very appealing approach

when the hemodynamic information of the inflow blood is needed, or when it is desired to

follow the blood passing from the vascular tree to the brain tissue (54, 24).

1.4 Functional Arterial Spin Labeling

In functional magnetic resonance imaging, the gold-standard method is based on

the BOLD contrast. Among the reasons to use BOLD for fMRI, its high SNR, good temporal

resolution and easy implementation in MRI systems are maybe the three most convincing

arguments (55, 56, 57). Furthermore, the gradient echo (GE) is very sensitive to changes in

the oxygenation level temporally, which is the basis for functional analysis.

The intrinsically low SNR of ASL maps requires the acquisition of multiple pairs of

control-label images to calculate further the average of the subtracted images resulting in

improved-SNR CBF maps. Exploring the signal fluctuation pair-by-pair in the temporal series,

it is also possible to perform functional analysis in ASL data (58). The basis for a functional

ASL (fASL) study is pretty similar to the BOLD basis since, for both methods, the analysis is

based on temporal changes in blood flow, directly or indirectly.

There are some clear drawbacks of using ASL for fMRI study when directly compared to

the BOLD approach. First, the TR of ASL is usually at least two times greater than it is for BOLD,

which increases total acquisition time or limits the number of time points and increases the

interval between two-time points data making it more susceptible to physiological changes,

e.g., cardiac and respiratory trigger. There is also a disadvantage in the SNR, which is lower

for ASL. Nonetheless, despite the drawbacks, there are physiological characteristics of the

ASL that make it interesting to be explored. While the BOLD signal results from a complex
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dependency among CBF, CMRO2 and CBV (59), for fASL the analysis depend only on one

quantitative parameter (CBF). The advantage in using CBF for functional measurement is

its more direct relation to neuronal activation than the BOLD signal (17, 60). Moreover, ASL

signal comes from the capillary bed, which may lead to a spatial localization closer to the

activation site (58, 61, 62, 63, 64).

The fASL can be performed in two different approaches, based on CBF fluctuations or

by exploring the BOLD contamination of ASL data. The CBF approach consists in analyzing

the CBF value temporally, pair-by-pair, and then proceed to the statistical analysis. On the

other hand, the exploration of BOLD contamination of ASL images, or the ccBOLD effect,

takes advantage of susceptibility effects in the acquired image (typical of a BOLD signal).

Despite this susceptibility contamination is not desired for CBF quantification, it is hardly

difficult to avoid during data acquisition, especially when using a GE-EPI readout. Therefore,

it can be explored to obtain simultaneous information about CBF and BOLD effect.

1.5 Intravoxel Incoherent Motion

DWI takes advantage of the restrictions imposed to the water molecule movement

in the biological tissue (65), which can be measured by the application of magnetic field

gradients in an MRI acquisition (66, 67). Although the general pulse sequence to acquire a

DWI is relatively simple and readily available in any MRI scanner, its use revolutionized the

application of MRI to several different diseases, making DWI widely spread in clinical routine

all over the world. Such versatility of DWI applications is because several intracranial diseases

contribute to diffusion restrictions (68, 69).

Besides its simplicity in pulse sequence design, diffusion can also be explored in

more complex models. A very typical diffusion advanced application is the DTI, one of the

models to analyze brain structure through the tractography (70, 71). Another advanced DWI

application is the intravoxel incoherent motion IVIM, which explores different restriction

levels of the water molecules in the biological tissue to split the diffusion decay in MRI signal

into a summation of contributions (72). According to its model, the main contribution to the

total diffusion decay are the water molecules randomly moving in the biological tissue and

those that are randomly moving within the blood system (73).

The motivation to split the total signal into different contributions is to extract pure

diffusion maps of the static tissue and simultaneously get perfusion-related information. It

is achieved by using a range of b-values (explained later) and the fitting of the signal decay

with a multi-exponential model. The outputs of this model are the diffusion coefficient for

the static tissue and the perfusion fraction, which represents the water molecules in a flowing

movement. Unexpected values for perfusion fraction may indicate some abnormality in

the blood flow - brain tissue coupling, while alterations in the diffusion coefficient mean
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altered tissue restriction to water diffusion, typical of neurological diseases. Furthermore,

the correlation between the different IVIM outputs are also useful to some application, e.g.

glioma grading (74), and combining IVIM with ASL has been studied as a tool to measure the

BBB permeability (7).

The complete description of the IVIM method and its main applications in neurologi-

cal and cerebrovascular diseases will be presented in chapter 5.

1.6 Objectives

1.6.1 General objectives

This thesis aimed to perform image acquisition optimization, develop methods for

image analysis and investigate advanced applications to obtain clinical relevant neurovascular

information. The focuses were ASL and IVIM.

1.6.2 Specific objectives

The specific goals of this thesis are listed below. For each goal, we performed a study

and wrote a manuscript. Therefore, each study is presented in a paper format in each chapter.

• Perform the optimization of 3D GRASE readout for time-encoded pCASL (te-pCASL)

and analyze the effect of segmentation number in the temporal SNR for single-shot,

two-shot and three-shot acquisitions as well as compare the results with the multi-slice

GE-EPI readout. (Chapter 2).

• Evaluate the effect of gradients for flow compensation in delineating the intra-vascular

signal in time-encoded pCASL. (Chapter 2).

• Analysis and validation of the dual-echo readout for pCASL for CBF quantification and

functional analysis during the execution of a robust motor task. (Chapter 3).

• Indicate the benefits of fASL for the advanced application of measuring functional and

physiological changes in brain organization when executing a semantic verbal fluency

task and the comparison to the resting-state condition. (Chapter 4).

• Review the concepts of acquisition strategies and analysis models for IVIM, as well

as an overview of the state-of-the-art in its applications, focused on neurological and

neurovascular diseases. (Chapter 5).

• Investigate the critical parameters to execute the non-negative least square model to fit

the IVIM data using a simulated signal and healthy subjects data. (chapter 6).
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2 Dual-Echo Arterial Spin Labeling for Brain Perfusion Quantifi-
cation and Functional Analysis

2.1 Abstract

Arterial Spin Labeling ASL is a noninvasive MRI-based method to measure cerebral

blood flow (CBF). Recently, the study of ASL as a functional tool has emerged once CBF

fluctuation comes from capillaries in brain tissue, giving a more spatially specific response

when compared to the standard functional MRI method, based on the blood oxygenation

level-dependent BOLD contrast. Although the BOLD effect could be desirable to study brain

function, if one aims to quantify CBF, such effect is considered contamination that can be

more attenuated if short time to echo (TE) value is used in the image acquisition. An approach

that provides both CBF and function information in a simultaneous acquisition is the use of a

dual-echo ASL (DE-ASL) readout. Our purpose was to evaluate the information provided by

DE-ASL regarding CBF quantification and functional connectivity with a motor task. pCASL

of twenty healthy subjects (age: 32.4 ± 10.2 years, 13 male) was acquired at a 3T scanner.

We analyzed the influence of TE on CBF values and brain connectivity provided by CBF and

concurrent BOLD (ccBOLD) time series. Brain networks were obtained by the general linear

model and independent component analyses. Connectivity matrices were generated using a

bivariate correlation (Fisher Z values). No effect of the sequence readout, but a significant

effect of the TE value, was observed on gray matter CBF values. Motor networks with reduced

extension and more connections with important regions for brain integration were observed

for CBF data acquired with short TE, proving its higher spatial specificity. Therefore, it was

possible to use a dual-echo readout provided by a standard commercial ASL pulse sequence

to obtain reliable quantitative CBF values and functional information simultaneously.

2.2 Introduction

Arterial Spin Labeling (ASL) is a magnetic resonance perfusion-weighted technique

with the advantage of not using an exogenous contrast agent. It is achieved by using the

arterial blood as an endogenous tracer, which is magnetically labeled (label image) through

the application of radiofrequency (RF) pulses. Such pulses are applied in a strategic position

(labeling plane) so that the magnetization in the region of interest (ROI) is changed compared

to a non-label situation (control image) (75, 23). With this set of images, cerebral blood flow

(CBF) is estimated from the subtraction between control and label images. Due to the ASL

intrinsic low SNR, there is the necessity of acquiring multiple control-label pairs, and the CBF

map is the mean of all subtractions executed (76). On the other hand, the temporal series
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of ASL images allows the evaluation of CBF fluctuations over time, from which functional

information can be estimated (77, 78, 79).

Although in functional magnetic resonance imaging (fMRI) the blood oxygen level-

dependent (BOLD) contrast is mainly used, applications of ASL in functional studies have

increased over the last years mainly because of two reasons. First, while BOLD contrast

depends on a complex combination of blood oxygenation, cerebral blood volume (CBV),

CBF, and metabolic rate of oxygen (CMRO2), ASL provides quantitative information of one

physiologic parameter (CBF) (60, 80). Second, ASL has a better spatial specificity to neuronal

activity when compared to BOLD (58, 63, 64, 81, 62). Moreover, ASL combined with dual-echo

readout (DE-ASL) is an interesting approach to optimize the acquisition aimed at both CBF

quantification and functional analysis (82). Images acquired using short echo time (TE) are

more weighted in perfusion, while the use of longer TE increases the effect of transversal

relaxation (T2*), typical of the BOLD contrast (79, 83).

Some previous reports used DE-ASL to evaluate the correlation between CBF time

series and the ccBOLD signal, either in resting state or with a visual/motor task condition,

and analyze the functional connectivity (84, 61, 85, 86, 87). Lu and colleagues showed the

influence of BOLD contamination on the temporal dynamics of ASL curve but did not analyze

its effects on functional connectivity (61). Regarding acquisition and analysis, Ghariq and

colleagues investigated some specific aspects of the signal and suggested the use of back-

ground suppression to reduce BOLD contamination and to increase CBF sensibility (84).

Moreover, Storti and colleagues recently reported the contribution of ASL to understand how

CBF is related to functional connectivity (85) and the feasibility of DE-ASL to analyze brain

function (86). However, they did not evaluate the method regarding the direct effect of TE in

CBF quantification, ccBOLD and CBF networks, and functional analysis.

Therefore, we aimed to evaluate the CBF quantification with DE-ASL in comparison

with standard ASL acquisition, analyze the similarity of networks between CBF and ccBOLD

and between each TE used, and verify changes in brain connectivity for different TE values.

2.3 Methods

2.3.1 Subjects

Twenty healthy participants (age: 32.4±10.2 years, 13 male) were scanned on a 3T

Achieva MRI Scanner (Philips Healthcare, Best, Netherlands) equipped with a 32-channel

receive head coil. All subjects gave their written informed consent after the ethics committee

of the institution approved the study.
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2.3.2 Image Acquisition and Protocol

DE-ASL data were acquired using a 2D echo-planar imaging (EPI) readout and a

pseudo-continuous labeling (pCASL) scheme with the following parameters: TR = 4000 ms,

TE1/TE2 = 9/28 ms, labeling duration/postlabeling delay = 1450/1550 ms, 20 slices, slice

thickness = 5 mm, spatial resolution = 3.75 x 3.75 mm2, FOV = 240 x 240 mm2, flip angle =

90◦, and total acquisition time of 4.26 min. For conventional single-echo pCASL, the same

parameters were used for both TE values (9 and 28 ms). No background suppression was used.

In addition, a structural 3D gradient-echo T1-weighted scan was performed with TR = 7 ms,

TE = 3.2 ms, FOV = 240 x 240 mm2, 180 slices, slice thickness = 1 mm, spatial resolution = 1 x 1

mm2, flip angle = 8◦.

The experimental protocol was a block design paradigm alternating rest and right-

hand finger tapping. Each block had duration of 32 seconds (8 volumes), totaling four blocks

of rest and four blocks of motor task. The command to the subject to start or stop the task was

shown in a monitor: red screen during rest blocks and green screen for the task blocks.

2.3.3 Image Processing

Imaging preprocessing was performed using local scripts in MATLAB (MathWorks,

Natick, MA) in combination with Statistical Parametric Mapping (<SPM12,http://www.fil.ion.

ucl.ac.uk/spm/software/spm12/>). Structural T1-weighted images were used for segmenta-

tion and obtaining the gray matter (GM) and white matter (WM) masks. For ASL images, we

adapted scripts from ASLtbx (88) performing the following steps: motion correction, coregis-

tration to anatomical image and masks, temporal filtering, and spatial smoothing through

the application of an isotropic Gaussian kernel (FWHM = 4 mm for CBF quantification and

FWHM = 6 mm for functional images).

2.3.4 CBF Quantification

Perfusion maps were generated by the subtraction of control and label images. For

basal CBF analysis, we used the sync subtraction, while for functional analysis we performed a

running pairwise subtraction to increase the number of perfusion images (89). Quantification

was based on the General Kinetic Model (60) using the following parameters: blood longitu-

dinal relaxation time T1 = 1650 ms; labeling efficiency = 0.85; blood/tissue water partition

coefficient (GM/WM) = 0.98/0.84 g/mL; tissue T1 (GM/WM) = 1020/770 ms calculated using

a Look-Locker sequence (90). Finally, CBF time series and mean CBF map were normalized to

MNI standard space (resolution = 2 x 2 x 2 mm3; matrix size: 79 x 95 x 79).

SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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2.3.5 General Linear Model

We ran a general linear model (general linear model (GLM)) analysis using FSL

(<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki>) to assess the differences regarding CBF and ccBOLD

networks between TE values. Both CBF and ccBOLD information were obtained using FEAT

to preprocess and perform the statistical analysis according to the following steps: subject

motion correction (MCFLIRT (91)), brain extraction, spatial smoothing filtering (FWHM = 5

mm), temporal filtering, coregistration to MNI atlas, whitening, GLM analysis according to

experimental design, and finally the clustering analysis. The obtained networks were spatially

compared by the Dice Similarity Coefficient (DSC) (92) using local scripts in MATLAB.

2.3.6 Independent Component Analysis Networks

The functional analysis was performed using CONN Toolbox (93), in which CBF time

series were detrended and filtered with a low-pass filter (f < 0.07). To remove the signal

from white matter and cerebrospinal fluid we used principal component analysis (PCA) with

the CompCor algorithm. Then, we ran the independent component analysis (independent

component analysis (ICA)) algorithm setting 20 individual components previously.

Next, we selected the motor network that resulted from ICA from CBF maps obtained

with each echo to evaluate the difference between them regarding spatial similarity and

functional connectivity. For spatial similarity, we used the DSC calculated in MATLAB. We

also analyzed the difference between groups in Z scores and performed a one-sample t-test

using the R Project (94) to obtain a p-value matrix considering only significant differences

(p < 0.05, corrected for multiple comparisons using Bonferroni-Holm method). Finally we

evaluated the differences in functional connectivity between the two CBF time series.

2.4 Results

2.4.1 CBF Comparison between Single- and Dual-Echo pCASL

We compared the mean CBF values for gray matter acquired with different sequences

and TEs to evaluate how such parameters affected the CBF quantification. Figure 6 shows CBF

maps obtained with standard single-echo and dual-echo readouts. No significant difference

in gray matter CBF values was observed for different readouts but the same TE. Mean values

for TE1 were 35.50 ± 11.23 mL/100g/min and 36.08 ± 9.45 mL/100 g/min, respectively, for

single- and dual-echo acquisitions (p = 0.95). For TE2 mean values were 21.84 ± 8.15 mL/100

g/min and 22.16 ± 6.74 mL/100 g/min, respectively, for single- and dual-echo acquisitions (p

= 0.95). However, significant differences were observed when comparing CBF for different TE

values but the same readout (p < 0.05), due to the T2 decay present in images acquired with

longer TE value.

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki
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Figure 6 – Cerebral blood flow quantification

CBF maps obtained with different readouts (DE: dual-echo, SE: single-echo) and TE values: (a) DE, TE1 = 10
ms; (b) SE, TE1 = 10 ms; (c) DE, TE2 = 28 ms; (d) SE, TE2 = 28 ms. Color bar shows CBF range in mL/100 g/min.
Source: the author.

Considering only the motor cortex, for TE1, CBF values were 41.58 ± 12.61 mL/100

g/min and 36.46 ± 14.21 mL/100 g/min, respectively, for single- and dual-echo acquisi-

tions (p = 0.48). And for TE2, CBF values were 28.28 ± 8.22 mL/100g/min and 27.38 ± 9.69

mL/100g/min, respectively, for single- and dual-echo acquisitions (p = 0.88).

2.4.2 GLM Analysis

Figure 7 shows the motor network of normalized CBF and ccBOLD. We only assessed

the results obtained with the DE-ASL since they were acquired during the same scan, and no

variability resulted due to differences in task performance. The spatial similarity between them

was higher for TE1 (DSC = 0.4, Figure 7a) than for TE2 (Figure 7b, DSC = 0.25). Moreover, when

comparing CBF (Figure 7c) or ccBOLD (Figure 7d) network for both TE values, we observed a

higher number of activated voxels for longer TE due to the higher BOLD contamination in

the signal. It increases the sensitivity of the method to detect brain activation but decreases

its spatial specificity. Such contamination can be seen on CBF time series for the longer TE.

Figure 8 shows the mean CBF time series for all voxels of the motor network activated by the

finger-tapping task normalized to the mean CBF of first rest condition block, considering all

subjects.
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Figure 7 – Activation maps for CBF and ccBOLD

Comparisons of GLM results for the motor networks obtained with dual-echo readout: (a) CBF versus ccBOLD
for TE1;(b)CBF versus ccBOLD for TE2;(c)TE1 versus TE2 for CBF networks; and (d) TE1 versus TE2 for ccBOLD
networks. DSC: Dice Similarity Coefficient. Source: the author.

2.4.3 ICA Networks

For both TE values, in a dual-echo acquisition, ICA was able to identify the following

networks: motor, auditory, default mode network (DMN), visual and executive control network

(ECN). A comparison of the motor network obtained for each TE showed a spatial similarity

of 30% (DSC = 0.30). Table 1 shows how that difference in similarity is distributed over the

anatomical regions by the different number of activated voxels in the primary motor cortex.

Figure 9 shows the connectivity patterns for the motor network obtained with both

TE values of the dual-echo readout. Although for TE2 (Figure 9b) the connectivity within

the motor network was stronger than for TE1 (Figure 9a), some connections with other

brain regions, such as the precuneus, were not identified for the longer TE. Moreover, the

correlation between right precentral and postcentral gyri was statistically significant (p < 0.05,

FDR corrected) when comparing data of both TE values.
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Figure 8 – CBF time-series for TE1 and TE2

CBF time series normalized to the mean CBF of the first rest condition block for TE1(blue) and TE2(red). The
experimental block design is shown in green. Source: the author.

Table 1 – Main anatomical regions activated during the finger-tapping task and the corre-
sponding number of activated voxels.

TE1
Number of

voxels
TE1

Number of
voxels

Left Precentral Gyrus 418 Left Precentral Gyrus 431
Left Postcentral Gyrus 407 Left Postcentral Gyrus 500
Right Precentral Gyrus 384 Right Precentral Gyrus 489
Left Superior Parietal Lob-
ule

292
Left Superior Parietal

Lobule
281

Right Postcentral Gyrus 265 Right Postcentral Gyrus 176
Right Superior Parietal Lob-
ule

169
Right Superior Parietal

Lobule
241

2.5 Discussion

The acquisition of DE-pCASL is an interesting strategy to acquire quantitative CBF and

functional network information simultaneously. To guarantee that CBF is measured with the

same precision as in standard pCASL scheme, we compared the results of CBF quantification

for both readout schemes, EPI single- and dual-echo. We found that there is no significant

difference between the gray matter CBF values obtained for each scheme. The difference in

CBF between TE1 and TE2 was also nearly the same for single- and dual-echo schemes, in



42 Chapter 2. Dual-Echo Arterial Spin Labeling for Brain Perfusion Quantification and Functional Analysis

Figure 9 – Functional connectivity

Functional connectivity within the motor network for (a) TE1 and (b)TE2. The arrow points to the correlation that
shows a significant difference when comparing TE1 and TE2d ata. PreCG-l: left precentral gyrus; PreCG-r: right
precentral gyrus; PostCG-l:left postcentral gyrus; PostCG-r: right postcentral gyrus; SMA-l: left supplementary
motor area, SMA-r: right supplementary motor area, precuneus. Color bar refers to the range of T scores. Source:
the author.

which the CBF values for TE2 were approximately 60% of the ones for TE1, due to T2 decay.

One could account for such decay, but the lower image SNR for longer TE would still be

present (95), resulting in a decrease of precision in CBF quantification. Short TE values are

preferred for that case. To our knowledge, it is the first study that confirms that it is trustful to

quantify CBF with DE-pCASL and short TE.

Although there was considerable spatial overlap between CBF and ccBOLD activa-

tion maps, the similarity coefficient was not high. More activation voxels were observed for

ccBOLD, confirming its higher sensitivity but lower spatial specificity when compared to CBF

signal (96, 97). It is especially observed for the longer TE acquisition where the BOLD contam-

ination was higher (Figure 2). Such contamination may explain the signal variability observed

on CBF time series for longer TE (Figure 3). For TE1, CBF values followed the experimental

design for the finger-tapping task, in which all the four blocks were present. That behavior is

not visible for TE2 due to the lower SNR of the images, so that the effect of outliers had a high

impact in the time-series profile.

Those differences in CBF signal for different TE values also reflected changes in func-

tional connectivity. There was a significant loss of connections among primary motor cortex

areas and other regions not primarily associated with motor activation, but important for

brain integration, such as the precuneus. Looking specifically to the primary motor cortex,

we also found significant differences in the connectivity pattern for the connection between

the post- and precentral gyri, two primary anatomical areas related to motor functions.

However, our study has some limitations. First, the number of volumes acquired in
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each block of the acquisition paradigm was small, which may increase the effects of outliers

in the temporal series, especially for the longer TE (Figure 3). However, increasing the number

of volumes per block would increase significantly the total acquisition time, so that it must

be considered to design the experiment. Second, our sample size may be considered small.

However, we performed robust data analysis which is constantly performed in studies with

similar sample size.

In conclusion, our study explored a set of information provided by the acquisition

of DE-pCASL. Regarding CBF quantification, we found that CBF values obtained through

DE-pCASL are statistically the same as those obtained with the standard pCASL scheme. Also,

for functional analysis, images acquired with short TE were successful in identifying brain

networks. Our findings suggest that DE-pCASL results are trustful for both CBF quantification

and functional analysis and may be a good alternative to separate acquisitions of ASL and

BOLD-fMRI, reducing acquisition time without losing any of that information.
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3 Semantic verbal fluency brain network: delineating a physiologi-
cal basis for the functional hubs using dual-echo ASL and graph
theory approach

3.1 Abstract

The semantic verbal fluency (SVF) is a cognitive process that engages and modulates

specific brain areas related to language comprehension and production, decision making,

response inhibition, and memory retrieval. The impairment of the brain network responsible

for these functions is related to a variety of neurological conditions, and different strategies

have been proposed to assess SVF-related deficits in such diseases. In the present study, the

concomitant changes of brain perfusion and functional connectivity were investigated during

the reorganization of the brain network, considering resting state and SVF task performance.

Arterial Spin Labeling, a perfusion-based magnetic resonance imaging (MRI) method, was

used with a pseudocontinuous labeling approach and dual-echo readout, in thirteen healthy

right-handed, Brazilian Portuguese speakers. During task performance, a significant increase

in CBF was observed in language-related regions of the frontal lobe, including Brodmann’s

areas (BA) 6, 9, 45, and 47, associated with semantic processing, word retrieval, and speech

motor programming. Such regions, along with the posterior cingulate, showed to have a

crucial role in the SVF functional network, assessed by seed-to-voxel and graph analysis.

Our approach was successful in overcoming the generalization problem regarding the graph

analysis of functional MRI (fMRI) with cognitive, task-based paradigms. Moreover, the CBF

maps enabled the functional assessment of orbital frontal and temporal regions commonly

affected by magnetic susceptibility artifacts in conventional T2*-weighted fMRI approaches.

Therefore, our results demonstrated the capability of ASL to evaluate perfusion alterations and

functional patterns simultaneously during the reorganization of the SVF network providing a

quantitative physiological basis to functional hubs in this network, which may support future

clinical studies.

3.2 Introduction

Verbal fluency (VF) is a cognitive function that allows retrieving specific semantic

or phonemic information within restricted searching parameters (98, 99). More specifically,

semantic verbal fluency (SVF) involves typically the generation of words belonging to a given

category. The cognitive processing associated with the SVF is supposed to engage and modu-

late specific brain areas related to language comprehension and production, decision making,

response inhibition, and memory retrieval (100). The impairment of the brain network respon-
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dual-echo ASL and graph theory approach

sible for these functions is related to several neurological conditions, such as Alzheimer’s dis-

ease (101), Parkinson’s disease (102), attention-deficit/hyperactivity disorder (103), epilepsy

(104) and schizophrenia (105). Therefore, different strategies have been employed to assess

SVF-related deficits related to them. They include the applications of neuropsychological

tests (106) and neuroimaging techniques (100) in both clinical and investigational domains.

Functional neuroimaging studies have demonstrated the specialization of brain areas,

mainly in frontal, parietal, and temporal lobes for SVF processing (107, 108). A recent meta-

analysis reported left frontal areas along with left anterior cingulate, thalamus, and precuneus

as the central regions involved with word production, attentional demands, and working

memory (100). Other studies have also discussed the role of the temporal cortex, which is

believed to mediate the semantic-based word retrieval (109, 108). Its involvement with SVF

was confirmed by a recent study on the investigation of the effects of cortical excitability

modulation with transcranial direct current stimulation (110). However, more than locating

SVF-related regions, it is desirable to investigate how they are integrated. A dual-stream

model, consisted of ventral and dorsal pathways for language, proposed that the dorsal route,

which connects regions of the frontal lobe, is restricted to sensory-motor mapping of sound

to articulation, while the ventral pathway, connecting the middle temporal lobe and the

prefrontal cortex, subserves linguistic processing of sound to meaning (111). The ventral

regions are also highly connected during resting-state, representing a semantic network, and

facilitating neuronal activation during semantic-based tasks (112).

Moreover, recent studies have used graph theory analysis to assess the topology of

brain networks. They have reported that semantic, phonological, and orthographic networks

have small-world characteristics defined by short average path lengths between nodes and

high local clustering (113). Regions of the anterior temporal lobe and inferior frontal cortex,

including Broca’s area, were reported to be hubs in functional brain networks related to lan-

guage processing (114, 115). Also, graph analysis seems likely to become clinically relevant

in neurology and psychiatry. It was useful to differentiate between mild cognitive impair-

ment and Alzheimer’s disease, and assess atypical hemispheric dominance in brain tumor,

evaluating functional connections in language-related network (116, 117).

Many of SVF studies have used functional magnetic resonance imaging (fMRI based on

the blood oxygen level-dependent (BOLD) contrast, given its fair compromise between spatial

and temporal resolution, and high sensitivity to neuronal-related hemodynamic changes

(78). However, BOLD contrast depends on a complex combination of blood oxygenation,

cerebral blood volume, cerebral blood flow (CBF), and metabolic rate of oxygen, which may

hamper the analysis in different diseases. On the other hand, the assessment of a single

physiological parameter such as CBF, which is tightly coupled with glucose metabolism

(118), is an appealing alternative for providing a novel perspective on the physiological basis

underlying changes of functional connectivity in the healthy and damaged brain.
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Arterial Spin Labeling (ASL) has shown its advantages as a magnetic resonance (MR)

perfusion-weighted technique. Besides being noninvasive, ASL shows tissue specificity (119)

and, to some degree, is insensitive to susceptibility artifacts (120). Perfusion-weighted images

are achieved using the arterial blood as an endogenous tracer, which is magnetically labeled

by the application of radiofrequency pulses. The pulses are applied in a strategic position

(labeling plane), so the magnetization in the region of interest is altered when compared to a

non-labeled condition (75, 23). CBF is then estimated from the subtraction between unlabeled

images (ASL control images) and labeled images. Due to the ASL intrinsic low signal-to-noise

ratio, multiple unlabeled-label pairs are acquired and averaged to quantify CBF (79). Moreover,

the temporal series of ASL images allows the evaluation of CBF fluctuations over time, from

which functional information can be estimated (78, 77, 79).

The investigation of the functional organization through ASL has two main advantages

over BOLD-fMRI. First, ASL provides quantitative information about a single physiologic

parameter (CBF) (60, 80). Second, ASL has a better spatial specificity to neuronal activity

because its signal originates in the capillary bed (58, 61, 62, 63, 64). However, it is not as

sensitive to hemodynamic alterations as BOLD-fMRI. Therefore, simultaneous BOLD and ASL

sequences have been proposed (85, 86, 121). In this context, ASL, combined with a dual-echo

readout (DE-ASL), is an emerging approach to optimize the acquisition aiming at both CBF

quantification and functional analysis (82). Acquisition using short echo time (TE) provides

perfusion-weighted images, while the use of longer TE increases the effect of transversal

relaxation (T2*), typical of the BOLD contrast (79, 83). The BOLD signal measured from ASL

images is called the concurrent BOLD (ccBOLD) effect.

Therefore, a simultaneous BOLD-CBF analysis was performed to assess the brain func-

tional connectivity of the SVF-related network in healthy participants. The rearrangement of

brain connections and changes in regional CBF, when compared to the resting-state condi-

tion, was also evaluated. A single perfusion-based ASL acquisition with dual-echo readout

was used to ensure the same state during task engagement for BOLD and CBF responses. No

similar study was previously reported for a cognitive task. Therefore, our objectives were to

demonstrate the feasibility and advantages of performing this method to investigate the phys-

iological basis underlying the functional organization of the SVF network; and to investigate

the reorganization of the SVF network from resting-state to task performance. We hypothesize

that we will observe CBF changes, and functional connectivity reorganization of SVF-related

regions, mainly of classical word production, such as inferior frontal and temporal regions in

the left hemisphere, from resting-state to task performance, using data of a single acquisition.
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3.3 Methods

3.3.1 Subjects

Thirteen healthy right-handed, Brazilian Portuguese speakers were recruited. Exclu-

sion criteria included: abuse of alcohol or illicit drugs, verified by the CAGE questionnaire

(122); previous experience with the cognitive test within less than six months; language other

than Portuguese; psychiatric disorders; presence of partial or total carotid artery stenosis,

unilateral or bilateral; presence of brain injury from stroke or tumor; presence of pacemaker

or prosthesis incompatible with the magnetic resonance environment; claustrophobia; visual

deficits; and pregnancy. Gender, age, and education years were obtained from a demographic

questionnaire. Cognitive status was assessed by the mini-mental state examination – ex-

panded version (MMSE-2EV) (123). Participants showed no cognitive impairment (MMSE-

2EV: 63 ± 8). The Ethics Committee of the institution approved the study, and all participants

gave their written informed consent before participating in the study.

3.3.2 Image acquisition and protocol

Images were acquired on a 3T MRI scanner (Philips Healthcare, Best, Netherlands)

equipped with a 32-channel receive head coil. A structural 3D gradient-echo T1-weighted

scan was performed with TR = 7 ms, TE = 3.2 ms, FOV = 240 x 240 mm2, 180 slices, slice

thickness = 1 mm, spatial resolution = 1 x 1 mm2, flip angle = 8◦. 3D-TOF (time of flight) and

axial fluid-attenuated inversion recovery (FLAIR) images were acquired with clinical protocols

of the institution to confirm the absence of arterial occlusions and brain lesions, respectively.

DE-ASL data were acquired during task performance and at resting-state using a 2D

echo-planar imaging (EPI) readout and a pseudo continuous (pCASL) labeling scheme with

TR = 4000ms, TE1/TE2 = 9/28 ms, labeling duration/post-label delay = 1550/1600 ms, 20

slices, slice thickness = 5 mm, spatial resolution = 3.75 x 3.75 mm2, FOV = 240 x 240 mm2, flip

angle = 90◦. Proton-density-weighted images (M0) were acquired with TR = 15000 ms, TE = 14

ms, 20 slices, slice thickness = 5 mm, spatial resolution = 3.75 x 3.75 mm2, FOV = 240 x 240

mm2, flip angle = 90◦, for CBF quantification.

The experimental protocol was divided into two runs: one consisting of a block-

designed paradigm alternating an SVF task and a control condition, and another consisting of

a 6-minute run at resting-state. For the task-based experiment (124), one category (among

animals, colors, sports, and foods) was presented for each task block, and the participants were

asked to think about words related to that category. During the control condition, participants

were asked to read the months of the year presented randomly on a screen. Each block lasted

32 seconds (8 image volumes), totaling four blocks of rest and four blocks of task. Commands

were developed in PsychoPy software (125) and presented on a monitor positioned in front

of the MR scanner. Participants viewed the monitor through a mirror system placed on the
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head coil. During the resting-state run, participants were asked to stay still with their eyes

open in the absence of any specific thought or intention. Instead of including a rest condition

between the task and control blocks, we chose to run a separate resting-state sequence to

compare the task condition with the classical resting-state fMRI.

3.3.3 Image preprocessing

Imaging preprocessing was performed using customized scripts in MATLAB (Math-

Works, Natick, MA), SPM12 (<http://www.fil.ion.ucl.ac.uk/spm>), and an open-source tool-

box for ASL images (ASLtbx) (6). Preprocessing steps were applied to each participant’s data

separately. First, raw ASL images were head-motion corrected with a separate realignment

for unlabeled and label images. No image dataset was excluded because of the incorrigible

motion artifact. Then, ASL images were coregistered to anatomical images, temporal filtered

(high pass > 0.04 Hz), and spatial smoothed using an isotropic Gaussian kernel (FWHM = 4

mm for CBF quantification and FWHM = 6 mm for functional analysis).

3.3.4 CBF quantification

Perfusion maps were generated by the subtraction of unlabeled and label images

acquired with the short TE (= 9 ms). Quantification was performed using the sync subtraction

for regional CBF mapping, while a running pairwise subtraction was performed for functional

analysis to increase the number of perfusion-weighted images in the time series (89). Quan-

tification was based on the General Kinetic Model (60) using the following parameters: blood

longitudinal relaxation time (T1b) = 1650 ms; labeling efficiency = 0.85; blood/tissue water

partition coefficient (gray matter/white matter) = 0.98/0.84 g/mL; tissue T1 (gray matter/white

matter) = 1020/770 ms (90). Finally, CBF time series and mean CBF map were normalized to

the MNI standard space (resolution = 2 x 2 x 2 mm3; matrix size: 79 x 95 x 79).

3.3.5 Functional Localization Analysis

Functional analysis for resting-state and task conditions was performed using the

time series of CBF and concurrent BOLD (ccBOLD). The latter was obtained from the residual

T2* weighting of the ASL images acquired with long TE (= 28 ms), regressing out the paradigm

of the labeling and unlabeled [-1, 1, . . . , -1, 1] from the label/unlabeled image series (126).

CBF and ccBOLD time series were detrended and band-pass filtered (0.01-0.07 Hz for CBF;

0.0078-0.1 Hz for ccBOLD (86). A standard principal component analysis was used together

with the CompCor algorithm (127) to remove the signal of white matter and cerebrospinal

fluid.

A general linear model analysis using the FSL (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki>)

was performed on each participant’s data to check the activation map obtained from CBF

http://www.fil.ion.ucl.ac.uk/spm
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki
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and ccBOLD (p-FDR < 0.05). The resulting maps were then compared with an anatomical

template derived from the meta-analysis of different language tasks and fMRI (100). After

overlapping the activated regions of our GLM maps and the template from the meta-analysis,

six anatomical brain regions in the left hemisphere were coincident: superior frontal gyrus

(SFG) – Brodmann area (BA) 6 and BA 8; medial frontal gyrus (MFG) – BA 6; inferior frontal

gyrus (IFG) – BA 9, BA 45 and BA 47. These were selected for further analysis along with the

posterior division of the left middle temporal gyrus (pMTG) – BA 21 and the posterior division

of the left superior temporal gyrus (pSTG) – BA22. These regions are called SVF-related in the

remaining of the text. Additionally, four nodes of the default mode network (DMN) and the

cingulate gyrus (anterior and posterior divisions) were assessed. The additional regions were

included due to th recent literature on SVF tasks (128).

The mean CBF value of each region was obtained for three conditions: resting-state,

control, and SVF. A two-way ANOVA with repeated measures was performed to assess the

effects of region and condition on CBF, considering significance at p < 0.05. A Tukey posthoc

analysis was performed to evaluate CBF changes among conditions for each region of interest

(ROI), considering multiple-comparisons and significance at p < 0.05. This statistical analysis

was performed in R software.

A seed-to-voxel analysis was performed using CONN Toolbox (93), considering the

SVF-related regions as seeds for the task-based data. First, CBF and ccBOLD were considered

separately, and then the main effects of each one were analyzed to obtain a single map

from both imaging modalities. For the three cases, a bivariate Pearson’s correlation on r-

values transformed to z-scores was performed. Significant correlations after correction for

multiple comparisons and a cluster size cut-off (p-FDR < 0.00001, k ≥ 10 for CBF and ccBOLD

separately; p-FDR < 0.0000001, k ≥ 10 for CBF and ccBOLD main effects) were shown in a

spatial map.

The laterality index to verify the hemispheric dominance of SVF function, and the

degree of clustering to assess the spatial layout of the obtained maps were calculated since

meaningful processes tend to exhibit a well-defined spatial structure (129). The laterality

index was defined as LI = (VLH – VRH)/(VLH + VRH), where VLH and VRH are the numbers of

significant voxels in the left and right hemispheres of the obtained spatial maps, respectively.

Left (LI > LITH) and right (LI < - LITH) dominances were assessed considering an LI threshold

(LITH) of 0.2 (Seghier, 2008). The degree of clustering was defined as DCi = Nclu/Ntot for each

obtained cluster i, where Nclu is the number of significant voxels of cluster i, and Ntot is the

total number of significant voxels in the spatial map (130).

3.3.6 Functional Integration Analysis

First, an ROI-to-ROI analysis was performed considering the CBF and ccBOLD data

separately for both SVF task and resting-state conditions. Then, for a combined analysis of
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CBF and ccBOLD, the ROI-to-ROI analysis was performed considering both data. For all

cases, a bivariate Pearson’s correlation on r-values transformed to z-scores was performed

and checked the significance correcting for multiple comparisons.

3.3.7 Graph Theory Analysis

Graph theory analysis (GTA) was performed using the Graph toolbox implemented in

CONN (93). The topological structure of the functional brain network organization during

the performance of the SVF task was analyzed to verify whether a small-world topology was

satisfied for CBF, ccBOLD, and combined CBF and ccBOLD data. We used an approach for

range cut-off threshold previously published (131), and two different templates separately.

• Template 1: ROIs previously used for functional integration analysis.

• Template 2: functional templates of the resting-state networks available in CONN

toolbox and composed by the DMN, sensory-motor network (SMN), visual network

(VN), salience network (SAN), dorsal attention network (DAN), frontal-parietal network

(FPN), language network (LAN), cerebellar network (CB), and their subdivisions, totaling

32 nodes. This template comprised a whole-brain network and was used for exploratory

analysis of the brain organization during the SVF task.

The next step was the construction of a weighted adjacency matrix for each template

and threshold them over a range of r-values in steps of 0.01. Since there is no consensus on

the most accurate approach for such thresholding (132), the following criteria to define the r-

value range (133) were considered. First, the experimental network should be fully connected,

i.e., every node should be integrated into the network by at least one edge (131). Second,

the experimental network should meet the criteria for a small-world network, as expected

from a group of young participants (134). Finally, the experimental network should be as

cost-efficient as possible, i.e., it should have the lowest connection density while keeping the

same efficiency. Therefore, its wiring cost should not exceed the value of 0.5 (135).

To meet the small-world network condition, two main criteria were analyzed. First,

the range in which the global efficiency of the experimental network approximates to the

global efficiency of an equivalent random network and, second, when its local efficiency

surpasses that of an equivalent random network (136). The analysis considering all criteria

described above was used to find the range of r-values (Fisher transformed) for thresholding.

The following parameters were calculated over the obtained range: clustering coefficient,

local efficiency, characteristic path length, global efficiency, degree, and betweenness cen-

trality (136, 137, 138). Nodes with degree and betweenness centrality (BC) values at least one

standard deviation above the average values for the network were considered hubs. All graph

metrics were compared to assess the differences between the resting-state and SVF task. First,
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variable homoscedasticity was tested with the Shapiro-Wilk normality test (p < 0.05). For

normal variables, a parametric t-test for two independent means was used. For non-normal

variables, a non-parametric Mann Whitney U test.

3.4 Results

3.4.1 CBF changes

Figure 10 shows the mean CBF values for all ROIs comparing resting-state, control

condition, and SVF task performance. No region showed CBF differences when comparing the

control condition with the other two conditions (SVF and resting-state). CBF differences were

significant between SVF and resting-state conditions for the superior frontal gyrus (SFG – BA6;

p = 0.008) and inferior frontal gyrus (IFG – BA47; p = 0.023). For SFG – BA9 (p = 0.078), medial

frontal gyrus (MFG – BA6; p = 0.077) and IFG – BA45 (p = 0.065), the differences indicate a

tendency of CBF change.

Figure 10 – Regional cerebral blood flow

Mean CBF values (mL/100g/min) of each region of interest (ROI) for semantic verbal fluency (SVF, black),
control (gray), and resting-state (white) conditions. A two-way ANOVA with repeated measures was performed
to assess the effects of region and condition on CBF. A Tukey posthoc analysis was performed to assess CBF
changes among conditions for each ROI. ** p < 0.05, corrected for multiple comparisons. * p < 0.1, corrected
for multiple comparisons (p < 0.05, when control condition was excluded from the statistical analysis). SFG:
superior frontal gyrus, MFG: medial frontal gyrus, IFG: inferior frontal gyrus, pMTG: middle temporal gyrus
– posterior division, pSTG: superior temporal gyrus – posterior division, DMN: default mode network. MPFC:
medial prefrontal cortex, LP: lateral parietal, PCC: posterior cingulate cortex, AC: anterior cingulate, PC: posterior
cingulate. Source: the author.
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3.4.2 Seed-to-voxel analysis

Functional maps obtained from ccBOLD (Figure 11a) and CBF (Figure 11b) showed

responses mostly in the left hemisphere during the SVF task, confirming the lateralization

of this function. Responses were more lateralized for CBF (LI = 0.63) compared to ccBOLD

(LI = 0.42), but no difference was observed regarding degree of clustering (CBF – DC = 0.018,

ccBOLD – DC = 0.022; p > 0.05). Moreover, ccBOLD map showed a more extended response in

the frontal pole, middle frontal gyrus, superior parietal lobule, and superior portion of the

lateral occipital cortex. On the other hand, the CBF map showed more extended response in

the middle and superior temporal gyri, Heschl’s gyrus, planum temporale, orbital part of the

inferior frontal gyrus, and insular cortex. When considering CBF and ccBOLD information

simultaneously (Figure 11c), it resulted in left lateralization (LI = 0.44), and degree of clustering

similar to the other maps (DC = 0.018).

Figure 11 – Functional localization

Functional maps of the semantic verbal fluency task for (a) ccBOLD (p-FDR < 10−5, k ≥ 10), (b) CBF (p-FDR
< 10−5, k ≥ 10) and (c) combined CBF and ccBOLD time series (p-FDR < 10−7, k ≥ 10). Color bars represent
F-values. Source: the author.

3.4.3 ROI-to-ROI analysis

Figure 12 shows the functional connectivity patterns for the SVF network compared to

the resting-state (SVF task > resting-state). Results from ccBOLD (Figure 12a) showed the infe-

rior frontal gyrus (BA 9) connecting to the frontal, temporal, and right hemisphere areas of the

network. Functional connectivity obtained from CBF (Figure 12b) showed pMTG connecting

to the entire network. ccBOLD findings presented a higher number of significant connections

and connected nodes when compared to the CBF results. Moreover, the SVF-related network,

when considering the main effects of CBF and ccBOLD together (Figure 13), showed the

IFG-BA 9 as an important node. This conjunction analysis showed a more integrated network

when compared to the findings from Figure 12.



54

Chapter 3. Semantic verbal fluency brain network: delineating a physiological basis for the functional hubs using

dual-echo ASL and graph theory approach

Figure 12 – Functional connectivity

ROI-to-ROI functional connectivity patterns for (a) ccBOLD, and (b) CBF. Significance was set to p < 0.1,
FDR-corrected. Source: the author.

3.4.4 Graph Analysis

3.4.4.1 Small-world networks

During resting-state condition and SVF task, the network of our empirical data met all

criteria for small-worldness when considering CBF, ccBOLD, and CBF-ccBOLD time series for

both templates. Table 2 presents the respective r-value ranges for such cases. For illustration,

Figure 14 shows the obtained graphs for combined CBF-ccBOLD data, indicating the intervals

of costs where the networks present small-world characteristics when template 2 was used.

3.4.4.2 Graph metrics

Table 3 presents the graph metrics calculated from data obtained with CBF, ccBOLD

and the combination of CBF and ccBOLD information for both resting-state and task condi-

tions, using templates 1 and 2, and the respective r-value ranges obtained for small-wordness

criteria (Table 2). For template 1, results showed no difference in graph metrics during the

functional reorganization. However, for template 2, global efficiency, cost, and degree in-

creased significantly when considering the CBF time-series, while only betweenness central-

ity increased significantly when considering the ccBOLD time-series. For the combination

of both imaging categories, the clustering coefficient, local efficiency, global efficiency, de-

gree, and cost increased significantly, while the average path length decreased, during the

reorganization of the whole-brain network from resting-state to task performance.

Moreover, for template 2, regions that constitute the DMN, LAN, and DAN were hubs

during the resting-state condition, while regions of the DMN, SAN, LAN, and DAN were hubs

during task performance (Table 4). The left IFG portion of LAN englobes part of the IFG-BA 47

node, while both the superior node of SMN and left FEF portion of DAN overlap with part of

the SFG-BA 6. In contrast, no functional hubs were found for template 1 when using the three
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Figure 13 – Functional integration

Functional connectivity pattern considering the main effects of CBF and ccBOLD time series. All regions of
template 1 were considered (p-FDR < 0.1). Source: the author.

Table 2 – Functional hubs obtained for template 2.

Resting-state condition Semantic verbal fluency task

Template 1 Template 2 Template 1 Template 2
r mini r max ii r min r max r min r max r min r max

ccBOLD 0.52 0.58 0.41 0.47 0.53 0.59 0.50 0.56
CBF 0.34 0.36 0.45 0.51 0.44 0.50 0.41 0.47
CBF-
ccBOLD

0.39 0.43 0.46 0.52 0.46 0.52 0.41 0.47

i r min: minimum r-value ii r max: maximum r-value

time-series (CBF, ccBOLD and the combination of both). However, the MFG (BA 6) and the

posterior cingulate presented high values of global efficiency, cost, betweenness centrality,

and degree, when considering the combined CBF-ccBOLD information (Figure 15).
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Table 3 – Graph metrics (mean ± SD) of the overall network for CBF, ccBOLD, and combined
CBF-ccBOLD data.

Template 1

CBF ccBOLD CBF-ccBOLD
RSiii Task Statistic RS Task Statistic RS Task Statistic

CLUSTERING

COEFFICIENT

0.71
± 0.12

0.61
± 0.22

U=64, Z=-1.02,
†P=0.15

0.50
± 0.28

0.65
± 0.12

U=61, Z=1.18,
†P=0.12

0.68
± 0.16

0.65
± 0.18

U=290, Z=-0.87,
†P=0.19

LOCAL

EFFICIENCY

0.80
± 0.12

0.69
± 0.25

U=58, Z=-1.33,
†P=0.09

0.57
± 0.32

0.74
± 0.13

U=59, Z=1.28,
†P=0.10

0.77
± 0.17

0.74
± 0.21

U=299, Z=-0.70,
†P=0.24

GLOBAL

EFFICIENCY

0.66
± 0.15

0.57
± 0.21

T=-1.22,
* P=0.12

0.45
± 0.18

0.55
± 0.22

T=1.20,
* P=0.12

0.62
± 0.19

0.60
± 0.22

U=327, Z=-0.19,
†P=0.42

AVERAGE

PATH LENGTH

1.69
± 0.34

1.72
± 0.33

T=0.19,
* P=0.43

1.92
± 0.43

1.68
± 0.27

T=-1.70,
* P=0.05

1.63
± 0.27

1.66
± 0.29

T=0.37,
P=0.35

BETWEENNESS

CENTRALITY

0.054
± 0.026

0.050
± 0.025

T=-0.34,
* P=0.37

0.062
± 0.036

0.047
± 0.021

T=-1.29,
* P=0.10

0.045
± 0.021

0.047
± 0.022

T=0.22,
* P=0.41

DEGREE
5.84
± 2.22

4.94
± 2.49

T=-0.98,
* P=0.17

3.41
± 1.75

4.61
± 2.35

T=1.47,
* P=0.08

5.60
± 2.38

5.38
± 2.57

T=-0.32,
* P=0.37

COST
0.45
± 0.17

0.38
± 0.19

T=-0.98,
* P=0.17

0.26
± 0.13

0.35
± 0.18

T=1.47,
* P=0.08

0.43
± 0.18

0.41
± 0.19

T=-0.32,
* P=0.37

Template 2
RS Task Statistic RS Task Statistic RS Task Statistic

CLUSTERING

COEFFICIENT

0.64
± 0.06

0.66
± 0.09

T=0.89,
* P=0.19

0.66
± 0.09

0.68
± 0.09

T=0.49,
* P=0.31

0.63
± 0.09

0.69
± 0.11

U=206, Z=2.40,
†P=0.008

LOCAL

EFFICIENCY

0.74
± 0.06

0.78
± 0.07

T=1.57,
* P=0.06

0.79
± 0.09

0.81
± 0.08

U=75, Z=0.46,
†P=0.32

0.74
± 0.11

0.80
± 0.09

U=192, Z=2.66,
†P=0.004

GLOBAL

EFFICIENCY

0.39
± 0.13

0.56
± 0.07

T=4.18,
* P=0.0002

0.58
± 0.10

0.53
± 0.17

T=-0.79,
* P=0.22

0.43
± 0.14

0.62
± 0.12

T=5.26,
* P<0.00001

AVERAGE

PATH LENGTH

2.12
± 0.35

2.03
± 0.29

T=-0.71,
* P=0.24

2.04
± 0.65

1.84
± 0.29

U=71, Z=-0.67,
†P=0.25

2.14
± 0.39

1.86
± 0.35

U=195, Z=-2.61,
†P=0.0045

BETWEENNESS

CENTRALITY

0.029
± 0.010

0.032
± 0.010

T=0.70,
* P=0.24

0.032
± 0.018

0.022
± 0.056

U=43, Z=-2.10,
†P=0.02

0.030
± 0.010

0.027
± 0.011

T=-0.99,
* P=0.16

DEGREE
6.17
± 2.25

9.62
± 2.77

T=3.49,
* P=0.0009

10.07
± 3.39

10.04
± 4.94

T=-0.02,
* P=0.49

6.92
± 2.87

11.97
± 4.95

T=4.49,
* P=0.00002

COST
0.19
± 0.07

0.31
± 0.09

T=3.48,
* P=0.0009

0.32
± 0.11

0.32
± 0.16

T=-0.02,
* P=0.49

0.63
± 0.09

0.69
± 0.11

T=4.49,
* P=0.00002

iii RS = resting state † p calculated using Mann Whitney U test. * p calculated using the t-test for two indepen-
dent means. Significant differences in bold.
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Figure 14 – Small-world networks

Global efficiency and local efficiency versus the cost of the brain network organization (a) at resting-state and
(b) task performance using template 2. Combined CBF-ccBOLD data was considered. Red dotted rectangles
indicate the regions where the networks present small-world characteristics. Source: the author.

3.5 Discussion

In the present study, the reorganization of the semantic verbal fluency network in

healthy controls was evaluated using a dual-echo ASL acquisition, allowing the quantifica-

tion of CBF and the assessment of functional connectivity concomitantly, which provided a

physiological basis to our functional findings.

When comparing task performance with the resting-state condition, an increase in

CBF was observed in language-associated regions in the frontal lobe, mainly in the inferior

(BA 47) and superior (BA 6) frontal gyri. Both areas are associated with semantic (88, 126,

90) and phonological processing (93) and encoding (127, 85, 86). Moreover, a PET study

reported that BA 6 is related to word retrieval (139), while a previous BOLD study reported

its activation during overt speech (140). The significant CBF change in BA 6 during our

covert word production task seems to be associated with word retrieval and speech motor

programming. However, these areas did not show CBF increase when comparing SVF task with

the control condition, probably because both regions are also related to word reading, aloud

or silently, as in our control task (reading the months of the year) (141, 142). Other frontal

regions previously associated with language processing, including Broca’s area (IFG – BA 45),

showed a trend for a significant increase in CBF during SVF task performance compared

to the resting-state condition. These areas are involved in the ability to generate words and

working memory during tasks similar to ours (79, 60, 80).

The functional connectivity maps obtained with the seed-to-voxel analysis showed
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Figure 15 – Graphs metrics

Panels (A–G) illustrate the averaged graph metrics of the semantic verbal fluency network considering the
combined CBF-ccBOLD information (r-value range: 0.46 to 0.52) during task condition. Red: the network mean
values; pink: regions (nodes) with mean value at least one standard deviation over the network mean; blue:
regions with a mean value higher than the average value for the network; light green: regions with equal or
smaller values than the average value for the network. Error bars represent the standard error. Source: the author.

similar spatial patterns when comparing CBF and ccBOLD data regarding left lateralization

and response of the main SVF-related regions. However, ccBOLD map showed response in a

greater area of the frontal lobe, superior parietal lobule, and lateral occipital cortex (superior

portion). These regions, associated with language processing and speech motor programming,

were also found in CBF maps, but in smaller clusters. On the other hand, CBF map showed

extended response in the orbital part of the inferior frontal gyrus, and in the temporal gyrus,

which encloses areas that are part of the language network for comprehension and production,

as identified in PET studies (131, 143). Such areas are mostly affected by the signal loss at

the interface of tissue and fluid/air due to local differences of magnetic susceptibility in

conventional T2*-weighted fMRI approaches (144, 114). The results obtained by DE-ASL were

able to overcome this issue, which suggests this method an appealing alternative to combine

brain physiology and functionality in a non-invasive approach.

Additional connectivity findings include the anterior and posterior parts of the cingu-

late gyrus, and parietal regions, which are associated with transferring visual information to

Wernicke’s area and with lexico-semantic processing of familiar words (145). Moreover, the
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Table 4 – Functional hubs obtained for template 2.

Resting State Task

Region BC Degree Region BCiv Degree

CBF

Left lateral region
(SMNv)

0.083 12.10
Right lateral parietal

(DMN)
0.048 14.25

Right lateral region
(SMN)

0.061 10.89 Right SMGvi (SANvii) 0.067 16.36

Left STGviii (LANix) 0.067 11.67 Left STG (LAN) 0.049 16.38
Right STG (LAN) 0.067 10.69

ccBOLD

Left IPSx (DANxi) 0.055 14.46 Left IPS (DAN) 0.040 15.58
Right IPS (DAN) 0.056 14.52

Right lateral region
(SMN)

0.053 15.80

Right STG (LAN) 0.056 14.07

CBF-

Left lateral region (SMN) 0.063 12.21 Right SMG (SAN) 0.090 17.53

ccBOLD

Right lateral region
(SMN)

0.055 11.85 Left STG (LAN) 0.043 17.78

Left STG (LAN) 0.067 11.47
Right STG (LAN) 0.064 10.09

iv BC: betweenness centrality v SMN: sensory-motor network vi SMG: supramarginal gyrus vii SAN: salience
network viii STG: superior temporal gyrus ix LAN: language network x IPS: intraparietal sulcus. xi DAN:

dorsal attention network

anterior cingulate is activated during word generation and can be related to the attentional

demands required by the task. It was recently reported that this region is critical in reducing

distraction from irrelevant stimuli and driving attention toward specific sites (146).

The rearrangement of brain temporal functional connectivity patterns between resting-

state and SVF conditions was evaluated by an ROI-to-ROI analysis. For ccBOLD, the rear-

rangement had IFG-BA9 as a critical connecting region as previously reported (106). On the

other hand, for CBF, there were a lower number of rearranged connections and nodes. Such

feature reinforced the spatial specificity of CBF measurements and suggested a more accurate

localization of the rearranged regions (147, 97), while BOLD presented higher sensitivity.

Moreover, the combined CBF-ccBOLD analysis presented a more interconnected

network, while retaining a connection between clusters (functional integration), typical

behavior of BOLD signal analysis (148, 149, 150). Furthermore, considering the DMN nodes

and the anterior and posterior portions of the cingulate cortex, the results showed that the

posterior regions are associated with transferring visual information to Wernicke’s area, where

such information is comprehended, and phonological retrieval happens (151), and then

transferred to frontal areas, where words are generated. Our findings support the current

model of language processing in which a frontotemporal network is divided into dorsal and

ventral pathways associated with phonological and semantic operations (152).
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SVF functional organization presented small-world characteristics, that is, high lo-

cal and global efficiencies. It reflects highly clustered networks with a small average path

length, allowing rapid communication between any two regions of the network (134). As

expected, the most probable functional hubs were found in regions of the attentive, language

and sensorimotor networks when considering the whole brain (template 2). Moreover, the

posterior cingulate and medial frontal gyrus (BA 6) seem to play an essential role in the SVF

network when considering only the regions activated by the task (template 1). The posterior

cingulate is known as part of the central DMN node, being related to language and semantic

discrimination (128). This region also presented the highest CBF value for all conditions,

showing a possible relationship between metabolism and functional hubs. In addition, as

cited before, the medial frontal gyrus is commonly associated with word retrieval and speech

motor programming and showed a significant increase in CBF during task performance.

Another approach used to verify the reorganization of the whole-brain network from

resting-state to task performance was the graph metrics. For this analysis, increases in the

clustering coefficient, local efficiency, global efficiency, degree and cost, and decrease in

average path length were observed when analyzing the combined CBF-ccBOLD. This analysis

using fMRI has been previously performed for the brain network at rest, showing that it

presents small-world topology (122), which is considered a characteristic of healthy subjects.

However, graph analysis in task-based fMRI suffers from limited validity and generalization

(123). Therefore, we applied the criteria used in a previous graph theory analysis of language

in the brain at rest (133) and found similar and consistent results.

In summary, the graph analysis using the CBF and BOLD information concomitantly

and a whole-brain template for the nodes allowed us to assess the changes that occurred

in the SVF functional network when comparing the resting-state condition with the task

performance. Our results suggest that the used methodology may overcome the generalization

problem regarding the graph analysis of fMRI with cognitive paradigms. Therefore, the graph

theory approach can be used as a tool in future studies to assess functional markers between

healthy and clinical groups in both rest and task-based fMRI if one carefully selects the regions

of interest.

The joint CBF-ccBOLD analysis presented a more interconnected network with every

node integrated with the network by at least on edge when compared to ccBOLD and CBF

individual findings. Interestingly, it meets the first criteria considered in this study to perform

graph analysis (131). It suggests that joint CBF-ccBOLD is useful to apply graph theory ap-

proaches. Additionally, it was possible to delineate a physiological basis for functional hubs

in the SVF network, once significant CBF changes in SFG-BA 6 and IFG-47 nodes match areas

of functional hubs of SVF network, namely the DMN, DAN, and LAN networks. It suggests

that dual-echo acquisition providing CBF and ccBOLD conjunction analysis are useful to

determine functional hubs in task performance and its related physiological basis using a
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whole-brain parcellation template.

Limitations of our study include the relatively small number of participants, and

the SVF task performed silently. Currently, verbal fluency fMRI studies have used tasks with

loud articulation of words, since silent articulation may produce non-linguistic activation,

resulting from response inhibition within the motor speech system. However, we chose the

silent performance of the SVF task to avoid motor and movement artifacts. Regarding the

sample size, although small, it is similar to the number of participants of other task-based

fMRI studies. Moreover, the results were consistent between subjects and were in accordance

with what we expected based on the literature.

In conclusion, our study demonstrated the potential of arterial spin labeling technique

for the assessment of an important brain function by evidence of a quantitative physiological

parameter. Through a single MRI acquisition, our results suggested the effectiveness of ASL

to detect CBF changes under an SVF task, and are comparable to other imaging techniques.

Moreover, our CBF/ccBOLD results for network delineation, functional connectivity, and

graph analysis provided a complete evaluation of the functional brain reorganization in

agreement to classical results in the literature. The advantage of spatial specificity and quanti-

tative physiological information makes ASL an appealing method to investigate neurological

disorders that affect the cognitive processing of language-associated brain function.
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4 Evaluation of number of segments in 3D GRASE readout and
flow compensation effects for time-encoded pCASL

4.1 Introduction

Arterial Spin Labeling (ASL) is a noninvasive perfusion-weighted image (PWI) that

takes advantage of the arterial blood as an endogenous tracer. A bolus of arterial blood is

magnetically labeled in a slab proximal to the imaging plane to follow the flowing blood from

the basilar artery to the intracranial arteries and further crossing the blood-brain barrier (BBB)

to reach the brain tissue. After labeling the blood through the application of radio-frequency

(RF) pulses, the labeled blood continues flowing during a time interval called post labeling

delay PLD until arriving at the imaging slab. In order to measure the cerebral blood flow (CBF),

a single PLD is enough. Nonetheless, when the subject suffers from an altered arterial transit

time (ATT) or when it is desired to measure ATT or to follow the inflow blood, multiple PLDs

are required, the so-called multi-PLD ASL.

Although a general ASL sequence can be described as three main blocks (labeling,

post-labeling delay and the readout), there are several different ASL pulse sequence designs,

which hampered its dissemination to the clinical routine practices. In 2015, a consensus

paper was published with the recommended implementation of ASL for clinical application

(31) to help the standardization and dissemination of ASL. Pseudo-continuous ASL (pCASL)

combined with a Hadamard temporal encoding strategy was the recommended combination

of labeling and post-labeling delay when multi-PLD ASL is chosen. Hadamard-encoded pCASL

or time-encoded pCASL (te-pCASL) is a time-efficient way to retrieve ATT information as well

as the monitoring of the inflow blood during the brain perfusion process (52, 153, 154, 53).

Regarding the readout module for ASL pulse sequence, the recommendation was

the segmented 3D Gradient and Spin Echo (GRASE) (50, 49, 31), since it provides optimal

background suppression by only using a single excitation pulse per TR and results in a higher

SNR compared to 2D echo-planar images (EPI) (47, 45). The choice of the number of segments

of the 3D GRASE readout scheme requires a fine-tuning between gains in SNR, blurring in the

z-direction, and vulnerability to motion. While e.g. single-shot 3D GRASE results in significant

blurring in the z-direction and the acquisition of only one average will make the images

vulnerable to motion, it can be time-efficient when the M0 scan is acquired with the same

segmentation number.

Another difficult choice is whether to use flow compensated (FC) gradients that com-

pensate for the first-order dephasing effects (48). The use of FC can result in longer TE as well

as longer readout times, which may lead to the introduction of blurring artifacts. However,

the absence of FC might crush the vascular ASL-signal and thereby the suppression of vas-
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cular artifacts. Despite the use of flow crushing was not recommended, the impact of FC is

especially important for te-pCASL since it also depicts the angiographic phase of the dynamic

ASL signal.

This study aimed to evaluate the impact of the number of segmentation of the 3D

GRASE readout on the tSNR, comparing its performance to the 2D EPI readout, as well as to

analyze the effect of flow compensation gradients, regarding the delineation of the presence

of vascular ASL-signal.

4.2 Methods

4.2.1 Hadamard-encoded pCASL

Figure 16 – Hadamard encoding pCASL

pCASL labeling scheme with temporal enconding using the Hadamard matrix. Source: the author.

Time-encoded or Hadamard-encoded pCASL is a time-efficient strategy to acquire

multi-PLD pCASL, providing the monitoring of the inflow blood in the brain tissue, CBF

quantification, ATT and aBV maps. In a time-encoded acquisition, the labeling module is

divided into small label and control blocks, which are encoded according to a Hadamard

matrix to determine if a block will be control or label. In this study, a Hadamard-8 matrix

was chosen for the labeling module, with a total labeling duration of 3500 ms split into seven

blocks of 1800, 800, 400, 2 x 150, and 2 x 100 ms. After the labeling module, there is a post-

labeling delay PLD of 160 ms until the image acquisition (Figure 16). The image is acquired

eight times so that each one contains information of all the PLD acquired, which can be

a control or label information, according to the Hadamard matrix. The subtraction is then
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performed for each column of blocks by decoding the Hadamard matrix. Since there are eight

repetitions and seven PLDs, a total of 56 images are acquired, resulting in 28 ASL pairs.

4.2.2 3D GRASE segmentation number experiment

The 3D GRASE readout is an alternative strategy to combine the time efficiency of EPI

readout with the high SNR of the rapid acquisition with refocused echoes (RARE) technique.

The approach consists of the use of refocusing RF pulses to reduce the effects of phase errors,

allowing the acquisition of multiple k-space lines with a single excitation RF pulse (Figure 17).

If an entire slab is acquired with the application of only one excitation pulse, the approach is

called single-shot 3D GRASE, while when more than one shot is required to fill the k-space for

one slab the approach is named multi-shot. In this study, we evaluated the number of shots

in 3D GRASE readout for a te-pCASL acquisition regarding time efficiency, blurring in the

z-direction and the SNR by acquiring images using approaches with a single shot, two shots,

and three shots. The results for SNR were also compared to a 2D multi-slice EPI.

Figure 17 – 3D GRASE readout for one segment

3D GRASE readout for one segment. For this approach, only one excitation pulse is employed in one TR. N
refocusing pulses are employed to reduce the dephasing errors. Source: the author.

4.2.3 Flow compensation scaling experiment

The purpose of using flow compensation gradients is to correct for 1st order flow-

related dephasing. It is achieved by the employment of additional bipolar gradient lobes

before signal readout (Figure 18). As the contribution for the positive and negative lobes

are the same, the mean gradient added is zero, so these gradients do not affect stationary

spins. On the other hand, the timing for the application of each gradient lobe is calculated to
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have zero dephasing at imaging time for the moving spins. The limitations in adding flow-

compensate gradients are the correction only for spins moving under constant velocity or

acceleration, and the increase in the TE value, which may introduce some blurring effects

to the acquired images. These limitations were the reason for the non-recommendation of

FC gradients for ASL. Nonetheless, especially when using a 3D readout, the visualization of

the intravascular signal in the angiography phase of the dynamic ASL signal can be hardly

hampered. Therefore, we analyzed the effect of scaling the FC gradients added in a 2-shot

3D GRASE readout on the resulted images, evaluating the results for both intravascular and

perfusion phases.

Figure 18 – Flow compensation gradients

A bipolar flow compensate gradient is added to the readout gradients in x-direction to minimize dephasing
effects for moving spins. Source: the author.

4.2.4 MRI experiments

Eleven volunteers (7 females, age 26.3 ± 5.2 years) were scanned in a 3T Philips MRI

scanner. We used a time-encoded Hadamard 8 pCASL labeling sequence with single-shot, two-

shot and three-shot 3D GRASE (TE (ms)/TR (s) = 9.2/4.1, 13.9/3.9 and 10.5/3.9, respectively;

all with first-order FC enabled) and 2D EPI (TE (ms)/TR (s) = 9.2/4.1). The total labeling

duration was 3500 ms, which was divided into blocks of 1800, 800, 400, 2 x 150, and 2 x 100

ms and a minimum PLD of 260 ms. Two background suppressions were applied at 1831 ms

and 3135 ms. For all acquisitions, total scan time was kept around 6 min using 8, 6, 3 and 1

averages, respectively. Two-shot 3D GRASE scans were acquired with and without FC. The

flow-compensation gradients’ strength was also scaled with 25%, 50%, 75% and 100% of full

first-order FC to analyze the visualization of the vascular ASL-signal.

4.2.5 Data analysis

The decoding of the Hadamard matrix for ASL subtraction was performed in MATLAB

(MathWorks, Natick, MA) to obtain the perfusion maps. The scans were corrected for motion

using the MCFLIRT tool in FSL (FMRIB Analysis Group, Oxford, UK) to reduce subtraction

errors. FSL/BASIL was used to quantify CBF and arterial blood volume (aBV). Post-processing
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and calculation of temporal SNR (tSNR) was done in MATLAB according to Equation 4.1.

tSNR = S ∗
√

Number of averages in 6 min

σ
(4.1)

where S is the mean signal of a voxel over the different PLDs and σ is the standard

deviation for the same voxel.

4.3 Results

4.3.1 Effects of segmentation number

Figure 19 – Time-encoded pCASL maps

Two representative slices for all PLDs and readout schemes. (a) Axial view; (b) Sagittal view. Source: the author.

In Figure 19 two representative slices of ASL maps at multiple PLDs are shown in

(A) axial and (B) sagittal views for 3d GRASE with different number of shots, and also for

the 2D multislice EPI. Axial maps were used to calculate the tSNR maps (Figure 20) for two
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representative PLDs to analyze the intravascular and the perfusion signal, while the sagittal

maps were used to visualize the blurring in the z-direction. For a better analysis of the vascular

signal, the arterial blood volume maps were calculated from the ASL maps, and Figure 21

show the results for the different number of segmentation acquired.

Figure 20 – tSNR maps for different readouts

Temporal SNR calculated for all readouts at a PLD of 360ms (a and c) and 1860ms (b and d). Source: the author.

Figure 21 – aBV maps for different readouts

Arterial blood volume (aBV) maps quantified from the time-encoded pCASL data. Color bar shows aBV range in
mL/100 g. Source: the author.
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4.3.2 Effects of flow compensation scaling

Figure 22 – Time-encoded pCASL maps for different flow-compensation levels

Two representative slices for all PLDs and each flow compensation (FC) level acquired. Source: the author.

The last experiment consisted in varying the intensity of flow compensation gradients

(Figure 18) to scale the reduction of the dephasing effects arising from the moving spins in

blood flow. This scale was performed for two-shot 3D GRASE te-pCASL, and the results are in

Figure 22 for two representative slices at multiple PLDs. The tSNR maps for two representative

PLDs is reported in Figure 23 as well as the statistical analysis for this measurement. Finally,

aBV maps from the respective FC scaling is shown in Figure 24.

4.4 Discussion
In this study, the number of segmentation in 3D GRASE readout and the effect of

the use of flow-compensation gradients were evaluated for a te-pCASL approach using a

Hadamard-8 matrix to encode the labeling module. The number of segmentation represents a

close connection between gains in SNR and the time efficiency for the total acquisition dura-

tion. Additionally, the use of flow compensation gradients consists of a complex relationship

among increasing the TE, adding blurring in the vessels/brain boundary, and good visualiza-

tion of the arterial compartment. Both factors are important to advanced applications of ASL,

such as measurement of BBB permeability (155, 7) and oxygen extraction factor (25, 41).

In a visual inspection of the maps acquired with different readouts in Figure 19, the 2D

EPI showed good results for time-encoded pCASL, allowing the visualization of both arterial

and perfusion signal, albeit with lower SNR than segmented 3D GRASE (Figure 20). When

using a single-shot 3D GRASE, the tSNR was comparable to the one obtained by 2D EPI for
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Figure 23 – tSNR maps for different FC levels

Temporal SNR calculated for different levels of flow compensation at a PLD of 360ms (a and c) and 1860ms (b
and d). Source: the author.

Figure 24 – aBV maps for different FC levels

Arterial blood volume (aBV) maps quantified from the time-encoded pCASL data for each different flow com-
pensation level. Color bar shows CBF range in mL/100 g. Source: the author.

perfusion signal (Figure 20b), in agreement to Feinberg et al (156), which analyzed the effects

of the number of segmentation in a single-PLD 3D GRASE PASL data, but worse than for

arterial signal (Figure 20 a and c). On the other hand, for two and three times segmented 3D

GRASE, the obtained tSNR was higher for both perfusion and arterial signal when compared

to the 2D EPI (Figure 20a). The aBV maps in Figure 21 show a better delineation of the arterial

signal when the first order FC was employed, and when two and three shots were performed.
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Regarding the blurring effects on 3D GRASE data, the present results for te-pCASL showed

considerable less blurring for segmented acquisition when compared two the single-shot

readout, also in agreement to previously reported studies (156, 157).

Although the non-recommendation in a standard ASL sequence for clinical routine

(31), the scaling of the flow compensation experiment plays a big role in recovering the

vascular signal (158, 159, 160, 24). The present results revealed that the visualization of the

intravascular signal at PLDs of 510 ms and 660 ms was restored (Figure 22). However, at a PLD

of 510 ms, a good visualization of the intravascular signal was achieved only using 75% or

more of FC gradient-strength (Figure 23b). When the inflow blood started to fuel the cerebral

arteries, at the PLD of 310 ms, only with full flow compensation gradients, it was possible

to depict the intravascular signal (Figure 23a). The inspection of aBV maps in Figure 24 also

shows a better visualization starting from 75% of flow compensation (160). Regarding the

perfusion signal, all FC settings resulted in good signal quality.

In conclusion, this study showed higher effective tSNR for segmented GRASE com-

pared to 2D-EPI and single-shot GRASE. Based on the presented results, we recommend

the use of two or three shots for 3D GRASE. Flow crushing properties of the GRASE readout

module should be carefully controlled when applying it for time-encoded pCASL. The use of

full FC is essential to visualize the inflow blood through the intravascular signal since, without

FC, the vascular signal is considerably crushed. When single-shot readout is required, 3D

GRASE and multi-slice EPI provide similar results regarding the tSNR.
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5 Intravoxel Incoherent Motion MRI in Neurological and Cere-
brovascular Diseases

5.1 Abstract

Intravoxel Incoherent Motion (IVIM) is a recently rediscovered noninvasive magnetic

resonance imaging (MRI) method based on diffusion-weighted imaging. It enables the sepa-

ration of the intravoxel signal into diffusion due to Brownian motion and perfusion-related

contributions and provides important information on microperfusion in the tissue and there-

fore it is a promising tool for applications in neurological and neurovascular diseases. This

review focuses on the basic principles and outputs of IVIM and details its major applications

in the brain, such as stroke, tumor, and cerebral small vessel disease. A bi-exponential model

that considers two different compartments, namely capillaries, and medium-sized vessels,

has been frequently used for the description of the IVIM signal and may be important in

those clinical applications cited before. Moreover, the combination of IVIM and arterial spin

labeling MRI enables the estimation of water permeability across the blood-brain barrier

(BBB), suggesting a potential imaging biomarker for disrupted-BBB diseases.

5.2 Introduction

Perfusion refers to the passage of blood delivering nutrients and oxygen to the tissue

in the capillary bed (161). It is an important mechanism of the brain metabolism and plays a

crucial role in its normal operation. It is directly involved with regulatory mechanisms (e.g.

autoregulation of blood flow, vascular reactivity, and hyperemia) that once unregulated result

in cerebral disorders (162), such as stroke, dementia and cognitive deficits.

In the brain, perfusion is classically quantified as cerebral blood flow (CBF) which

consists of blood volume per unit of brain tissue per unit of time, usually given in mL/100

g/min (163). However, other metrics can be estimated depending on the imaging method.

Among several methods, intravoxel incoherent motion (IVIM) estimates brain perfusion based

on magnetic resonance imaging (MRI) (72). Other approaches are also based on MRI, nuclear

medicine and optics (164, 165).

MRI-based perfusion methods include dynamic contrast enhancement (DCE), dy-

namic susceptibility contrast (DSC), arterial spin labeling (ASL) (164), and IVIM. The former

two techniques are based on the concept of a bolus of blood volume transiting through the

tissue. DCE provides information about Ktrans (volumetric transfer constant between blood

plasma and extracellular extravascular space (EES)) (166), permeability-surface area product,

and cerebral blood volume (CBV) (167, 168). However, the latter is not usually assessed. DSC,
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the best choice for brain evaluation in clinical settings, provides a relative measurement

of CBV, mean transit time (MTT), time to peak (TTP) and an estimation of CBF. ASL is a

noninvasive alternative that assesses perfusion through quantification of CBF, which takes

advantage of the hydrogen in the arterial blood as an endogenous tracer (75, 169, 23).

In the late 1980’s, Le Bihan designed IVIM, another approach that measures perfusion-

related parameters using MRI noninvasively (72). Multiple diffusion-weighted images (DWI)

were acquired varying the diffusion gradient weighting. The amplitude of the resulted signal

decays exponentially as the diffusion weighting increases. This decay is fitted to a theoret-

ical model to separate diffusion and perfusion contributions of the signal (73). A detailed

explanation is provided is section 2.

Initially, IVIM drew interest for applications in liver and kidney. Several studies proved

its usefulness (170, 171, 172, 124, 173). Despite having been initially tested for cerebral imag-

ing, due to its high fractional anisotropy, the existence of several other established imaging

methods, and the lack of a consensus about the best fitting method to adjust the signal to a

physiological model, IVIM was not very well explored a priori. However, a better physiological

description of IVIM signal and emergence of optimized fitting approaches have increased the

application of IVIM in the brain over the past years.

This review provides an overview of the IVIM technique and addresses its main ap-

plications in the brain and future directions regarding its use for the study and evaluation

of neurological and neurovascular diseases. The combination of IVIM with ASL and their

complementarity are also discussed.

5.3 Theoretical considerations

5.3.1 The concept of the IVIM signal

Water molecules in a fluid exhibit microscopic random translational motion, called

Brownian motion (174), which results in molecular diffusion. The mean square distance

traveled by a molecule is proportional to time and to the diffusion coefficient (D). The latter

coefficient depends on diffusing molecules, fluid viscosity, and temperature. At the capillary

bed, besides the free water diffusion, the water molecules also flow (175), due to the blood

flow. Therefore, in the vascular compartment, the molecular diffusion path is limited by the

vessel wall and influenced by the fluid viscosity and blood flow, which results in another

diffusion contribution, modulated by a different coefficient, the pseudo-diffusion coefficient

(D∗), one order of magnitude greater than coefficient D and first described by Le Bihan in

1986 (72).

Restrictions imposed on diffusion motion (65) are measured by MR experiments

through the application of magnetic field gradients and result in diffusion-weighted images



5.3. Theoretical considerations 75

(66, 67). After the use of those gradients, the MR signal decays exponentially according to the

diffusion coefficient and the b-value, introduced by Stejskal and Tanner in 1965 (176) and

refers to the weighting of the diffusion pulse sequence. The b-value, expressed in s/mm2,

depends on the diffusion gradient waveform, the time duration of the gradients and the

interval between them, according to Equation 5.1 and 5.2:

b = (2π)2
∫ T E

0

~K(t ) ∗ ~K(t )d t (5.1)

~K(t ) = γ

2π

∫ t

0

~G(t ′)d t ′ (5.2)

where γ is the gyromagnetic ratio, G is the diffusion gradient magnitude in mT/m and

t is the time duration of the application of the gradient pulse.

If the signal is measured in a pure solution, where the only source of motion is Brown-

ian due to thermal diffusion, the MR signal can be expressed by a single exponential equation:

S(b)

S0
= e−bD (5.3)

where S(b) represents the signal acquired at a specific b-value and S0 is the signal with

no application of diffusion gradients.

When the signal comes from a biological tissue, some factors reduce the diffusion

motion, such that it decays according to a different diffusion coefficient, called apparent

diffusion coefficient (ADC) (72) which is the sum of contribution of all diffusion coefficients

related the resulting motion. Under such a condition, diffusion MR signal can be expressed

by:

S(b)

S0
= e−b ADC (5.4)

which is the representation of the diffusion mono-exponential model.

Several components account for the total ADC under biological conditions. However,

in comparison to contributions of thermal diffusion and flowing effects, other sources can be

neglected, and the signal can be modeled through a bi-exponential model (Equation 5.5), in

which each exponential amplitude depends on the blood volume perfusion fraction (f) in a

way the sum of those amplitudes must be one.

S(b)

S0
= f e−bD∗ + (1− f )e−bD (5.5)

Equation 5.5 describes the IVIM signal where D is the diffusion coefficient of free

water, D∗ is the pseudo-diffusion coefficient, f is the perfusion fraction and b is the b-value.
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The idea beyond the IVIM method is to separate those contributions through the mapping of

D, D∗ and f (Figure 25). Each map contributes with different information, which, combined,

helps the understanding of the water movement. Perfusion fraction f represents the volume of

blood flowing into the capillary, whose water movement has the contribution of the blood flow

and the diffusion motion within a single voxel. All such motions are summarized into pseudo-

diffusion coefficient D∗. Thus, with the parameters f and D∗, IVIM provides the perfusion

contribution to the MR signal. Although D∗ maps are noisier than the others (Figure 25b),

studies in the literature have shown their utility, as discussed in section 2.1. The omission

of D∗ maps might result in the loss of useful information. On the other hand, D is the pure

water diffusion coefficient and represents a voxel diffusion contribution to the signal in the

extra-vascular pool.

Figure 25 – IVIM maps

Examples of D, f and D∗ maps. Source: the author.

Since D∗ is one order of magnitude higher than D, the exponential decay with the

pseudo-diffusion coefficient vanishes faster, and its contribution to the total signal is distin-

guishable only at low b-values. At higher b-values, the contribution of the exponential with D

models the signal. Multiple b-values are necessary to estimate from which b-value there is

only diffusion contribution and consequently to estimate D, D∗ and f precisely (Figure 26). Le

Bihan proposed acquisition with only three b-values, which are theoretically enough for the

obtaining of IVIM outputs. However, more points are necessary especially for the brain due

to noise contamination and low D/f ratio, i. e., 0.5%, in comparison to 3.5% in the liver, for

example (29). Such a small percentage of perfusion contribution requires oversampling of low

b-values. Therefore, between 10 and 30 b-values are usually employed, and the maximum

b-value ranges from 1000 to 2000 s/mm2 (177).

The IVIM signal represents approximately 5% of the total diffusion signal, which

motivated Neil et al. to develop strategies for suppressing the diffusion contribution and

better understanding the IVIM signal (178). The approach used was the injection of a contrast

agent for decreasing T1 and selectively suppressing the signal of non-flowing components.

Once the diffusion contribution had been suppressed, the authors expected to fit the resulted

signal by a mono-exponential model. However, they observed the signal was better adjusted
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Figure 26 – IVIM signal decay

Example of Pseudo-Diffusion (green) and Diffusion (red) contributions to IVIM signal (blue). Pseudo-diffusion
(D∗) and diffusion coefficients (D) are extracted from the exponential decay of green and red curves, respectively.
Perfusion fraction f is obtained from the difference of the intercept of blue and red curves. Source: the author.

through a bi-exponential approach. Other studies also investigated that behavior towards

explaining the results (179, 180, 181).

Fournet et al. described a more specific bi-exponential model (182) that considers

two different compartments, namely capillaries, and medium-sized vessels. The authors

hypothesized the bi-exponential behavior reflected the contribution of flow through two dif-

ferent vascular pools. The slow and fast pools represent capillaries and medium-sized vessels,

respectively. That differs from classical IVIM models that consider a single compartment:

the intravascular. At high b-values, both models converge to the mono-exponential decay,

however, at low b-values, the signal is better fitted considering two pools. Such information

helps the understanding of the IVIM signal and can also be useful for clinical applications.

5.3.2 Physiological models and fitting approaches

Since IVIM was proposed in 1986, several models were developed to explain the

physiology related to the IVIM signal (physiological models) and others to better fit the

acquired signal resulting in more trustful output maps (fitting models/approaches). However,

there is some confusion in the literature about the terminology employed to classify all these

models, especially about the bi-exponential terminology that is recurrently used to refer to
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both physiological and fitting models.

5.3.2.1 Physiological models

Physiological models aim to explain the nature of the measured IVIM signal. Le Bi-

han et al. (1988) introduced the two first models, the mono-exponential and sinc models.

Part of the confusion on terminology is related to the mono-exponential model since it is

described by an equation of two exponential terms (Equation 5.5). It is referred to as mono-

exponential because only one compartment (the intravascular one) is used for explaining the

pseudo-diffusion contribution to a single exponential term. On the other hand, Fournet’s bi-

exponential IVIM model considers two compartments, namely capillaries and medium-sized

vessels, to explain the pseudo-diffusion and perfusion related information (182). Therefore,

the use of mono- and bi-compartment models may help to end the confusion.

5.3.2.2 Fitting models

The main step of the IVIM data analysis consists of fitting the measured signal to a

theoretical model and, consequently, researches have focused on the optimization of the

fitting approaches. Classically, the IVIM signal is fitted through a two-step mono-exponential

analysis. First, the diffusion coefficient (D) is obtained from the mono-exponential fitting

of the exponential decay for high b-values (usually higher than 200 s/mm2). Then, a mono-

exponential fitting of the exponential decay for low b-values is applied towards estimating

the pseudo-diffusion coefficient (D∗) and perfusion fraction (f). The other usual fitting model

is the bi-exponential, which tries to adjust the entire curve including all b-values to obtain D,

D∗ and f. The approach is commonly used for the mono-exponential physiological model.

Several studies have implemented more robust models for fitting the IVIM signal, e.g.

kurtosis model, non-negative least squares (NNLS), models that use artificial neural network

and Bayesian approaches. Details can be found in (183, 184, 185).

5.3.3 IVIM and classical perfusion measurements

IVIM emerged as a different approach for the obtaining of perfusion information and

studies have aimed to correlate IVIM outputs with standard perfusion-related measures, as

CBF and CBV (186, 187, 188).

Conventional perfusion can be assessed by nuclear medicine techniques, as positron

emission tomography (PET) and single photon emission computed tomography (SPECT).

In both techniques, a bolus of exogenous tracer is intravenously injected for tagging the

arterial blood with radioisotopes. Emissions from radioisotopes enable the estimation of the

delivery of nutrients, as oxygen, glucose and tracer injected in the tissues, which results in the

measurement of CBF in physiological units, mL/100 g of tissue/min (163).
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MRI-based DSC and DCE are well established methods applied in clinical routine for

the assessment of perfusion (189). DSC uses T2*-weighted images of high temporal resolution

to calculate perfusion-related metrics (CBV, MTT and TTP), towards CBF estimation. On the

other hand, DCE – originally a technique to assess permeability of blood-brain barrier (BBB) –

estimates CBF and CBV according to dynamic T1-weighted images and classic permeability

parameters, as volume transfer constant (Ktrans) and plasma volume (Vp). It is the best option

for the study of neck, breast, and abdomen, which are regions of high field inhomogeneities

due to fat, bone and air interfaces that suffer from susceptibility artifacts in T2*-weighted

images. However, both methods require an intravenous injection of gadolinium. Besides

concerns regarding its deposition in the brain, some factors hamper the quantification of

perfusion-related parameters – e.g. gauge of the venous access that limits injection velocity;

physical characteristics of the contrast agent, as temperature and viscosity; characteristics of

the injection pump; the injection protocol, and characteristics of patients, as arterial blood

pressure and atherosclerosis.

In ASL, labeled blood flows through capillaries, delivers nutrients and oxygen to the

brain tissue, and exchanges magnetization. The approach consists in the magnetic labeling of

the arterial blood through the application of radiofrequency pulses. After the labeled blood

has reached the slices of interest, the image is acquired and then subtracted from a label-free

image acquired at the same position, which results in a perfusion map proportional to the

CBF (60, 80) that takes into account some physiological and acquisition parameters (31).

On the other hand, IVIM perfusion measures all water motion contributions to the

intravoxel signal, as the Brownian motion of free water at perivascular space, the microper-

fusion signal of water flowing in randomly distributed microvasculature and flowing blood

inside arteries. Since f represents the volume fraction of the intravascular blood and D∗ refers

to pseudo-diffusion motions related to blood flow, these measurements can be connected to

those of classical methods. The first hypothesis proposed by Le Bihan and colleagues (29, 188)

suggests the link is related to capillary network geometry, as described by:

f IV I M = C BV

fw
(5.6)

MT T = L

v
= Ll

6D∗ (5.7)

C BF = 6 fw

Ll
f IV I M D∗ (5.8)

where fw is the MRI-visible water content fraction, L is the total capillary length, l

is the mean capillary segment length and v is the average blood velocity. Therefore, CBF is

related to IVIM perfusion through product fD∗.
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Recent studies have compared the blood flow measured with ASL and fD∗ measured

with IVIM. Yao and colleagues showed the correlation between fD∗ and ASL-CBF was fair to

good for stroke patients (190). Liang and colleagues also obtained a good correlation with

the renal cortex, but weak correlation when the whole kidney was considered (191). Wu

and colleagues did not achieve the same good correlation for the brain (192). Therefore,

the comparison between IVIM parameters and ASL-CBF is still inconclusive and must be

clarified. However, more than comparing IVIM parameters with standard ones, it is important

to understand their physiological meaning, since they may provide complementary and

useful information.

5.4 Neurological and Neurovascular applications
The analysis of neurological and neurovascular diseases revealed that measures of

perfusion provide essential information for the patient’s diagnosis and the disease character-

ization and monitoring. IVIM is an imaging tool that represents a new insight in perfusion

measurements combined with simultaneously acquired diffusion information. Since its de-

velopment, some applications for IVIM such as glioma grading, tumor diagnosis, stroke and

cerebral death have been reported (193), and once the results have proven positive, their

range has been extended over the past few years.

5.4.1 Cerebrovascular diseases

5.4.1.1 Stroke

Stroke is the second leading cause of death worldwide (1), therefore, it has been

the subject of extensive studies regarding its characterization, diagnosis, and tissue lesion

progression. Besides structural sequences, as T2W, T1W and T2-FLAIR (fluid attenuation

inversion recovery), the standard protocols used for stroke evaluation include DWI and

perfusion-weighted imaging. The current perfusion mapping is mostly performed by DSC,

DCE and, more recently ASL methods (194, 195, 196). Measurements of perfusion in stroke aim

to assess the reduction of regional blood flow, volume and transit time through maps of CBF,

CBV, and MTT respectively. However, DSC and DCE use gadolinium-based contrast injected

in peripheral veins and are highly dependent on hemodynamics impairment, stenosis of

proximal large arteries and velocity of contrast injection. Moreover, they provide information

mainly from large vessels rather than the microvasculature (197). On the other hand, the use

of ASL, the classic non-contrast-agent technique, strongly depends on changes in the arterial

arrival time and may provide underestimated CBF values (198).

IVIM provides intrinsically local information, and is nondependent on the regional ef-

fects of big arteries and peripheral hemodynamic impairment or problems related to gadolin-

ium injection. It also provides absolute perfusion and diffusion information with a single
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three-minute sequence. According to IVIM-based maps, information from D or ADC enables

the anatomical determination of stroke lesions since it indicates the degree of diffusion

restriction of water molecules (199). Simultaneously, due to incoherent motion, perfusion

information is also available (f map) making it possible to determine if it is from intra- or

extravascular medium.

The assessment of stroke by IVIM was first reported by Wirestam et al. (200). Perfusion

fraction f was reduced in affected areas in comparison to the respective contralateral region.

After that study, stroke evaluation by IVIM was not reported until 2014, when Federau et

al. revisited (201). In agreement with the previous study (200), the authors also reported a

reduction in perfusion fraction f in 14 out of 17 patients. The novelty was the combined

analysis of quantitative maps of ADC and f (Figure 27b and c), which provided information

about the penumbra region.

Figure 27 – IVIM application in stroke

Example of a patient with a stroke in the middle cerebral artery territory. a) Raw image (b= 900 s/mm2). b) ADC
map. c) Perfusion fraction map. d) IVIM fitting in the stroke area. e) IVIM fitting in the contralateral hemisphere
(201).

Other studies reported the possible use of different IVIM outputs, as maps of D, ADC,

D∗, f, and fD∗ for analysis of affected regions (202, 190). The authors concluded f and fD∗

are more sensitive to detect changes during the stroke process, as these parameters are more

related to CBF, with similar results to those obtained using ASL. In a different analysis, Suo

et al. evaluated the correlation between ADC and IVIM-derived parameters and showed

that for stroke lesions this correlation is different in comparison to normal tissue. Such a
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difference is clear in the analysis of the scatter plot of the correlations, where stroke areas can

be distinguished, especially for the ADC-f correlation (203).

5.4.1.2 Cerebral small vessel disease

A novel application of IVIM refers to the assessment of patients with cerebral small

vessels disease (cSVD), a common microvascular pathology that can progress to complications

such as lacunar stroke, leukoaraiosis and vascular dementia (204, 3). Such patients have

reported alterations in the parenchyma, lacunes, enlarged perivascular spaces (PVS) and

atrophy, which result in structural MRI abnormalities, as hyperintensities and microbleeds

(205, 206, 207, 208, 209, 210, 211, 212, 213). Although the identification of cSVD through

conventional MRI is relatively easy, finding indications of normal appearing white matter

(NAWM) that can advance to cSVD is still a challenge.

Perfusion images have shown a reduction in white matter CBF for cSVD patients

(214, 215), while DWI has also shown abnormalities (216). Wong et al. used FLAIR image

to localize affected areas (Figure 28) and IVIM to estimate perfusion fraction f (Figure 28b)

(217). They observed an increase in f values for both affected areas and in regions of FLAIR-

NAWM, which is contrary to previous perfusion-based studies in cSVD. The results may be an

evidence of vasodilation to increase the blood flow in those regions to suppress the cognition

loss effects. Other possible explanations include deregulation in blood-brain barrier (BBB)

and effects of increased vessel tortuosity. Even though the authors showed that IVIM might

be useful to indicate affected regions before structural MRI, future studies must investigate

the mechanism more carefully.

5.4.2 Tumor

Brain tumors deriving from cells of the central nervous system (CNS) are classified

into benign and malignant. The most common malignant brain tumors are diffuse gliomas,

mainly astrocytomas, and glioblastomas (218). Due to their high mortality rate, early diagnosis

and precise characterization are crucial to the treatment prospectus. Clinically, DSC and DWI

are commonly used to help the diagnosis in case of tumor suspicion (219). Therefore, tumors

have quickly become an important target of application for IVIM that provides perfusion and

diffusion information (193).

5.4.2.1 Glioma

Glial tumors represent over 50% of primary brain neoplasms and approximately 80%

of all malignant brain tumors (220). Term glioma refers to all glial tumors, however diffuse

gliomas (grades II to IV) are more critical than low proliferative and well-delimitated gliomas

(grade I), which enable complete surgical resection. Diffuse gliomas are divided into low grade

glioma (LGG) or grade II, high grade glioma (HGG) or grade III), and glioblastoma (GBM,
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Figure 28 – IVIM application in cerebral small vessels disease

Example of FLAIR images (A, D), perfusion fraction f maps (B, E) and parenchymal diffusivity D (C, F) for a small
vessel disease patient (top row) and a healthy subject (bottom row) (217).

grade IV), according to the World Health Organization (WHO) (221). Histologically, grade II

gliomas have well-differentiated cells, and patients have an average survival of 5 to 10 years

after diagnosis. Grade III anaplastic oligodendrogliomas or astrocytomas show anaplasia and

mitotic activity and patients usually survive less than 5 years. Grade IV GBM shows further

microvascular proliferation and necrosis and is associated with less than two-year average

survival. Because of such differences, therapeutic strategies are different, and the grading of

diffuse gliomas is crucial.

Bisdas showed the first evidence that IVIM could provide useful information in grading

gliomas (74). They reported both D∗ and f could be used to differentiate gliomas since these

parameters were higher in HGG in comparison to LGG, which is consistent with the patho-

physiology of the disease. Other researchers have reported similar results and emphasized

IVIM-derived parameters could be used as markers for the diagnosis of glioma (222, 223).

According to Hu et al. ADC and D were significantly lower in HGG in comparison

to LGG and, similarly to previous studies, D∗ at tumor site showed higher values for HGG

(224). However, the authors found lower f values for HGG, possibly due to the use of different

b-values, especially for lower ones, and to ROI selection that, in contrast to other studies,

included the solid tumor with the highest signal intensity on DWI. Moreover, the highest

cellularity density, nuclear-cytoplasmic ratio, and relatively fewer mesenchymal components

are present in anaplastic gliomas and glioblastomas (225), which are possible sources of

reduction in perfusion fraction (74, 222).
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There are also reports on IVIM to differentiate between glioblastoma, metastasis

and primary central nervous system lymphoma (PCNSL) (226, 227, 228). Other researchers

reported ADC obtained from a mono-exponential model of DWI could differentiate glioblas-

toma from PCNSL (229, 230, 231, 232). However, there is evidence that perfusion effects

enhance this difference in ADC within the affected region. Suh et al. used the bi-exponential

model to separate perfusion and diffusion information on the IVIM signal and found no signif-

icant difference in the D coefficient comparing PNCSL and glioblastoma. They suggested the

difference in ADC was related to perfusion (227) which was confirmed through the analysis of

the perfusion fraction f higher in glioblastoma than in PNCSL, such a result is in agreement

with histological examination, once the level of cellularity in tumors is higher in comparison

to normal tissue (230, 231, 232).

5.4.2.2 Tumor monitoring

IVIM parameters have been used in the monitoring of tumors in patients treated with

drugs, as antiangiogenic and vascular target agents applied outside the brain (233, 234, 235,

236, 237).

Detsky and colleagues used IVIM imaging to investigate patients subjected to stereo-

tactic radiotherapy (238), and differentiate radiation necrosis from tumor progression. This

differentiation is crucial for the continuation of or changes in the treatment. A signal en-

hancement in conventional MRI for both tumor progression and radiation necrosis hampers

differentiation, although occurring in different scales. Detsky et al. showed perfusion fraction

f might be useful for that differentiation (Figure 29). The perfusion fraction map is uniformly

low in the affected region for the radiation necrosis (top row of Figure 29), whereas for tumor

recurrence, it is more heterogeneous and shows higher perfusion fraction values (bottom row

of Figure 29). However, such findings must be validated in a larger cohort.

5.5 Combination of IVIM and ASL

Recent studies have documented gadolinium deposits in the brain and adverse effects

in several subjects (239, 240, 241, 242). As addressed in section 1, an accurate estimation

of perfusion parameters based on DSC and DCE depends on different factors, including

injection protocol and patients’ anatomical vascularization. Therefore, a combination of ASL

and IVIM may render a possible diagnostic benefit without the use of gadolinium.

Early ASL models assumed the labeled arterial blood could be classified as a freely

diffusible tracer (75). However, other studies have reported the assumption is not completely

valid, due to regulatory mechanisms of BBB that reduce water permeability according to the

tissue necessity (243, 244, 245, 246). Researchers started to assess the ASL signal through a

two-compartment model that considers BBB permeability. ASL images acquired at multiple
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Figure 29 – IVIM application in tumor monitoring

Example of IVIM parameter maps for a patient with radiation necrosis (top row) and another with tumor
recurrence (bottom row) (238).

inflow times, which is known as multi-TI/PLD ASL, are an alternative for the obtaining of the

BBB permeability resulted from a fitting model. However, the origin of ASL signal must be

investigated through its splitting into intravascular and extravascular contributions, which

can be done with IVIM. Therefore, a combination of ASL and IVIM started to be considered.

The combination of ASL and diffusion gradients was first described by Wang et al. (6),

who used a hybrid sequence of continuous ASL and the twice-refocused spin-echo method

for acquiring images with different b-values at three different post-labeling delays (PLDs).

They estimated the BBB permeability to water through the bi-exponential model. Lawrence

et al. reported a similar study but using a two-stage approach (7). First, the hybrid ASL.-DWI

sequence was used in the estimation of b-values necessary for the separation of extra and

intravascular components of the ASL signal. Using only the chosen b-values and varying the

PLD, the authors acquired images that enabled the calculation of each contribution to the

signal (Figure 30).

Other studies have aimed at better results of BBB permeability and understanding

of the origin of the MRI perfusion signal (8, 247). The results of the combination of ASL and

IVIM methods are promising and suggest a possible new imaging tool for the assessment of

water exchange across BBB, providing important information about diseases as tumor and

cSVD, and neurodegeneration.
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Figure 30 – Combination of IVIM and ASL

Examples of ASL-DWI images. For both figures a and b, first row shows the average diffusion-weighted (∆M) maps
for b0; second row shows ∆M including diffusion weighting (bd w ); third row shows the ratio ∆M(bd w )/∆M(b0).
In fourth row, in figure a it is shown the Transit time to the capillary-tissue compartment (τa) while in figure b it
is presented the exchange rate of water from blood to tissue (kw ) (7).

5.6 Conclusions
IVIM method is a diffusion-weighted MRI sequence for the estimation of perfusion

parameters that offers several advantages in comparison to commonly used approaches.

First, it is a noninvasive alternative for the measurement of perfusion with no intravenous

injection of exogenous contrast agents, as gadolinium, and provides information on perfusion

and diffusion simultaneously through a single image sequence, which shortens the exam.

Third, its signal has high spatial specificity since it comes primarily from where the measure

is achieved independently of the arterial blood path before arriving there. Finally, it provides

complementary information in comparison to ASL and the combination of both methods

can be useful for the assessment of neurological diseases.

However, for being a recently rediscovered method, especially for brain applications,

IVIM is in development in almost every stage, such as acquisition, analysis, and applications.

There is still discussion on how many b-values are necessary to obtain a reliable signal

fitting, the maximum b-value to be acquired and the cutoff value where diffusion dominates

the signal. Regarding analysis, physiological models and fitting strategies are still under

investigation.
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6 Non-negative least squares fitting model for IVIM data: simula-
tion analysis and in vivo application

6.1 Abstract

Intravoxel incoherent motion (IVIM) is a DWI method that also allows the measure-

ment of perfusion parameters. DWI are widely used in the clinical environment for the

assessment of the spatial location of brain tumors, such as gliomas. Beyond such information,

it is also possible to obtain simultaneous perfusion measurement if using IVIM. However, the

fitting model plays a crucial role in the analysis of IVIM data due to the limited number of

points and to typical noisy data. Also, injured tissues may present changes in the apparent

diffusion coefficient (ADC) value so that the number of diffusion components that contribute

to the total signal might be unknown. A possible solution for this problem is the utilization

of non-negative least square (NNLS) fitting. This study aimed to evaluate the impact of the

parameters used in this fitting algorithm and its applicability to simulated IVIM signal data

processing. We also analyzed the use of the NNLS fitting model in patients with diffuse glioma

to assess both diffusion and perfusion characteristics. Through such measurement, we aimed

to enable the monitoring of whole-brain volume and tumor evolution regarding its structural

and hemodynamic features.

6.2 Introduction

Diffusion-weighted image (DWI) is a magnetic resonance imaging (MRI) modality

widely used in the clinical environment for a broad range of applications. It takes advantage of

different levels of freedom of the water molecules’ diffusion in the biologic tissue to measure

the cellularity degree for different tissues. A widespread application for DWI is in brain tumors,

which present a high cellularity level (248). Intravoxel incoherent motion (IVIM) is a DWI

technique developed in the late 80’s to explore the moving water molecules in blood flow by

using various b-values to achieve different diffusion gradient intensities (30).

Due to its capability to measure both diffusion and perfusion, IVIM has several appli-

cations for glioma patients, such as spatial localization, monitoring tumor evolution, tumor

grading, and re-incidence after radiotherapy, among others. However, the use of an appropri-

ated analysis model plays an essential role in IVIM results, and so far, there is not a consensus

about that. Recently, studies have suggested to take into account different compartments

(182) to model the IVIM signal. Also, in some neurological applications, the number of contri-

butions to the total signal is unknown, since affected tissues might induce a shift on specific

diffusion coefficients. Therefore, NNLS (249, 250) fitting model is a promising approach, since
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it does not require any prior information about the total number of compartments (185).

This study aimed to evaluate the impact of fitting parameters through simulated data

based on NNLS model and evaluate its applicability for IVIM data processing. After defining

the optimal fitting parameters for the model, it was applied first in a healthy subjects group

and further to a group of patients with brain glioma.

6.3 Methods

6.3.1 Simulation experiment

IVIM signals were simulated using MATLAB according to Equation 6.1, setting D =
1×10−3mm2/s and D∗ = 10×10−3mm2/s. The amplitudes f and f* randomly varied between 0

and 1, respecting the constraint that f + f* = 1. Two sets of b-values were used in the simulation,

with 10 and 20 values, respectively, ranging from 0 to 1000s/mm2 spaced logarithmically.

Each of these configurations was analyzed without and with noise generated using a Gaussian

distribution with standard deviation estimated from typical real data measured in a 3T MRI

system.

In NNLS, signal intensity as a function of b-values is described as in Equation 6.1:

y(bi ) =
M∑

i=1
S(D j )e−bDi =

M∑
i=1

Ai j S J (6.1)

where y(bi ) is the simulated signal, Ai j is the matrix containing the exponential kernel

function, and Sj is the unknown amplitude for the component with diffusion coefficient D j .

Using Tikhonov regularization to NNLS, the problem consists of finding amplitudes Sj that

minimize Equation 6.2.

N∑
i=1

(
M∑

j=1
Ai j S j − yi )2 +µ

N∑
i=1

(
M∑

j=1
Hi j S J )2 (6.2)

in which µ is the regularization parameter calculated according to the L-curve for

Tikhonov regularization (251) and Hi j is the identity matrix. In Equation 6.2, N is the number

of b-values used in the simulation and M is the number of exponential terms with different

diffusion values used in the fitting. Results are presented as a “D spectrum”, where each

peak corresponds to a diffusion component and its area represents the amplitude of that

component. In this study, diffusion coefficients between 10−3 and 103mm2/s were analyzed

and the number of exponentials used for fitting assumed the following values: 200, 400, 600,

800 and 1000. Perfusion fraction was estimated as pf = f*/(f+f*).
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6.3.2 MRI experiment

Twenty healthy subjects (8 females, 31.05 ±10.30) and twenty patients (12 females,

50.35±19.36) with diffuse glioma were scanned in a 3T Philips system equipped with gra-

dients capable of 80 mT/m amplitude and 200 mT/m/ms slew rate, and a 32-channel head

coil. Images were acquired using 15 different b-values and a SE-EPI sequence (TR/TE =

1500/106ms, FOV = 240x240mm, matrix = 288x288). For this study, two patients were chosen

to be described. In one patient, images were acquired in three sessions, with one week of

interval between each other, while the second had only one scan session.

6.3.3 Data analysis

Data analysis was performed in MATLAB (MathWorks, Natick, MA). The data prepro-

cessing consisted of the correction for motion and effects of eddy currents using the ACID

toolbox (252). The NNLS fitting model described in Equation 6.1 and 6.2 was implemented in

a local script in MATLAB to extract the IVIM outputs.

6.4 Results

6.4.1 Simulation experiment

Figure 31 shows a simulated signal with 20 b-values and its respective spectral distri-

bution of diffusion coefficients obtained from regularized NNLS fitting using 600 exponentials.

In this case, values estimated for diffusion coefficients (D and D*) and perfusion fraction were

exact for noiseless data and 0.80x10−3mm2/s, 10−3mm2/s, 0.64, respectively, for noisy data.

Figure 32 shows the percentage difference between simulated signal parameters and fitting

outputs for a different number of b-values and noisy and noiseless data. Figure 33 illustrates

the importance of using the proper regularization parameter. Although fitting seems good,

the use of a high regularization parameter prevented NNLS from separating the diffusion

coefficients contributing to the signal properly.

6.4.2 MRI experiments

The results for the three sessions of patient 1 are shown in Figure 34. In Figure 34a

we show the structural images resulted from b0 of IVIM acquisition. Apparent diffusion

coefficient (ADC) and perfusion fraction measurements were output of NNLS fitting and

shown in Figure 34b and 34c, respectively. For patient 2, images were acquired for only one

session. Results for structural images, ADC and perfusion fraction are in Figure 35a, 35b and

35c, respectively. Red arrows indicate tumor abnormalities.
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Figure 31 – IVIM simulation fitting

Diffusion signal simulated with 20 b-values (upper row) and its respective spectral distribution of diffusion
coefficients obtained from regularized NNLS fitting using 600 exponentials (lower row). (a) Noiseless and (b)
noisy data. Source: the author.

6.5 Discussion

The simulated data showed that the fitting model we used could provide the required

information without any prior inputs (185). It is a relevant contribution since some neurologi-

cal diseases present an unknown number of diffusion components (253), which can impair

conventional evaluation using either mono or bi-exponential models. Also, this method has

the potential to separate large vessels’ contributions, which is expected to present a very

fast-decaying component (182), undetectable by conventional fitting methods. For noiseless

data, the method returns all values of interest with high precision (Figure 32 a and c). For

noisy data, every diffusion component is found within its own order of magnitude (Figure 32

b and d). The precision of the fitting improves as the number of exponentials used for the

fitting, increases. Thus, we recommend using at least 600 intervals in the spectrum (Figure 32).

Finally, determining the regularization parameter accurately is crucial for the efficiency of the

proposed method. We used the L-curve method, which revealed to be a good candidate for

that (251). First, results for in vivo data showed good perspectives.

From data of patient 1, we evaluated the use of IVIM for tumor monitoring within

three weeks. ADC maps had a good sensibility to detect tumor localization according to struc-

tural images in agreement to (254, 74). In regions affected by the tumor, increased ADC was

observed (224, 74). It was also possible to find abnormalities in perfusion measurements by as-

sessing perfusion fraction maps, which also showed differences among the three acquisitions.

Images for patient 2 showed good accuracy in IVIM ADC to localize tumor spatially, com-

pared to structural images. Perfusion fraction maps allowed the detection of small perfusion

changes due to the glioma.

In conclusion, our preliminary study showed the efficiency of the NNLS fitting model
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Figure 32 – IVIM fitting errors

Variation between simulated and obtained values using NNLS fitting for IVIM data processing. (a) Noiseless and
(b) noisy data with 10 b-values. (c) Noiseless and (d) noisy data with 20 b-values. Source: the author.

for analyzing IVIM images for the whole-brain assessment of brain glioma. The next steps

include the acquisition of a higher number of patients, statistical analysis, and correlation of

IVIM outputs between each other and also combining with other MRI approaches, such as

ASL,DSC, and DCE for glioma grading and assessment of blood-brain barrier integrity.
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Figure 33 – IVIM fitting with non-optimized parameters

Fitting result calculated with a wrong regularization parameter. NNLS model could not separate the diffusion
coefficients contributing to total signal. Source: the author.

Figure 34 – IVIM maps for tumor monitoring of patient 1

Three sessions acquired for patient 1. (a) Structural images, (b) Apparent diffusion coefficient map and (c)
Perfusion fraction map. Source: the author.
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Figure 35 – IVIM maps for tumor assessment of patient 2

Images acquired for patient 2. (a) Structural images, (b) Apparent diffusion coefficient map and (c) Perfusion
fraction map. Red arrows indicate tumor abnormalities. Source: the author.
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7 General conclusion and future steps

This doctoral thesis aimed to explore imaging methods related to blood flow and

brain perfusion, with possible clinical applications in several neurological diseases, in par-

ticular, cerebrovascular diseases. For early diagnosis improvement, we explored acquisition

methods’ optimization, as well as the combination of different techniques to assess the brain

hemodynamics, and also to obtain information about the blood-brain barrier integrity. On

the other hand, for the aim of patient monitoring, we focused on the use of a different ap-

proach to performing functional analysis based on the cerebral blood flow fluctuations. So,

the use of functional arterial spin labeling (fASL) was explored to analyze the brain functional

connectivity in the resting state condition and under the performing of motor and language

tasks.

The results obtained for functional analysis using fASL showed a high potential of

applicability. The first step was to optimize the imaging protocol for dual-echo ASL, to obtain

accurate information of both the cerebral blood flow and the bold signal simultaneously. The

protocol optimization, as well as the method validation, was performed with a task-based

fMRI experiment during a robust motor task. The analysis of the results showed no statistical

difference for CBF quantification between single-echo and dual-echo ASL acquisitions while

providing the exploration of functional analysis by using the concurrent BOLD signal of the

ASL data. After its validation in a more robust task, the next step was the novel application

in a language task and its comparison to the resting-state condition. For this application,

we showed statistical differences in the quantitative CBF in regions primarily related to the

language processing in the brain when comparing the language task experiment to the resting

state condition. Furthermore, we showed positive evidence in the addition of a physiological

basis (CBF) to the brain reorganization when performing a language task as well as a more

accurate localization of the site of activation in the brain when compared to the BOLD signal.

All these results suggest that fASL has good potential for the study of patients with neurological

conditions. The future steps for this ASL application are to perform a larger cohort as well as

its application to groups of patients with neurological diseases, e.g., Alzheimer’s and cerebral

small vessel diseases.

The effort to contribute to the imaging tools for diagnosis consisted of exploring MRI

acquisition improvements as well as the combination of information provided by different

techniques, including ASL and IVIM. The final, future goal is the noninvasive measurement of

the blood-brain barrier permeability. To do so, we focused on the combination of a Hadamard-

encoding approach for multi-PLD pCASL with the recommended 3D GRASE readout module.

The obtained results suggested the segmented GRASE and the use of flow-compensation

gradients to delineate better the vascular signal during the inflow of the arterial blood crossing
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the BBB and its perfusion in the brain tissue. These two pulse sequence elements play an

important role in increasing the SNR in the measurement of the capillaries signal and a key

point to the further measurement of BBB water exchange.

We also performed the optimization of IVIM protocol to our MRI scanner, evaluating

the number of b-values as well as the maximum b-value acquired. It was performed through a

simulation study followed by the in vivo acquisition. Simulations were performed to optimize

the fitting parameters required in the non-negative least squares approach and to analyze

the impact of acquisition parameters on this model. After the simulation experiment, we

acquired data of 20 healthy subjects for the validation of the acquisition protocol and the

fitting model. Finally, to evaluate the IVIM outputs to obtain evidence of damages to BBB

integrity, we started a pilot experiment in patients with diffuse glioma, which is an excellent

model to analyze BBB disruption. Further steps for the measurement of BBB permeability

include the combination of ASL and IVIM in a single MRI pulse sequence, which is also known

as diffusion-ASL, to better understanding the flow direction within the vascular side and its

movement crossing the BBB. Finally, we intend to compare our results with traditional BBB

measurements, e.g., using the DCE-MRI approach.
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8 Scientific production

8.1 Awards
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MONTEIRO ; DE OLIVEIRA, ÍCARO AGENOR FERREIRA ; LEONI, RENATA FERRANTI .

Effects of global signal regression and subtraction methods on resting-state functional

connectivity using arterial spin labeling data. MAGNETIC RESONANCE IMAGING, v. X,

p. X, 2018.

• PASCHOAL, A. M.; LEONI, R. F.; SANTOS, A. C.; PAIVA, F.F. Intravoxel incoherent motion

MRI in neurological andcerebrovascular diseases.NeuroImage: Clinical, v. 20, 2018.
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• PASCHOAL, A. M.; PAIVA, F. F.; LEONI, R. F. Dual-Echo Arterial SpinLabeling for Brain

Perfusion Quantification and Functional Analysis.Concepts inMagnetic Resonance Part

A, v. 2019, p. 1–7, aug 2019. ISSN 1546-6086.

8.4 Peer-reviewed abstracts at international conferences

• PASCHOAL, A. M.; LEONI, R. ; FOERSTER, B. U. ; SANTOS, A. ; PONTES NETO, O. M.

; PAIVA, F. F. . Improving Arterial Spin Labeling Acquisition to Reduce the Effect of

Delayed Arrival Time. In: ISMRM 25th Annual Meeting & Exhibition, 2017, Honolulu.

Proceedings of the ISMRM 25th Scientific Meeting & Exhibition. Saint Louis, MO: Mira

Digital Publishing, 2017. v. 1. p. 1496-1496.
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