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Resumo

Motivação: A enxaqueca é uma patologia neurológica extremamente debilitante, associada a um ele-

vado risco de doença cardiovascular. A avaliação da vasoreatividade cerebral (CVR), utilizada para a

deteção de patologia cerebrovascular, tem mostrado alterações nos doentes com enxaqueca.

Objetivo: Estudo dos mecanismos neurovasculares da enxaqueca através da comparação da CVR

durante ataques espontâneos comparativamente a perı́odos sem dor na enxaqueca.

Métodos: Foram estudadas pacientes com enxaqueca episódica durante os perı́odos ictal e inter-

ictal da doença, utilizando dados de ressonância magnética funcional (fMRI) obtidos durante tarefas

motoras, visuais, e apneia. Foram criados os mapas de ativação cerebral e efetuado o cálculo da

amplitude (CVR, mudança percentual de sinal) e o tempo de pico (TTP) da resposta à apneia. Pos-

teriormente, procedeu-se à investigação de diferenças na ativação cerebral bem como na CVR e TTP

entre os perı́odos ictal e interictal. Os valores individuais médios de CVR e TTP obtidos para as regiões

de interesse foram correlacionados com caracterı́sticas clı́nicas da enxaqueca.

Resultados: Tanto a CVR como o TTP revelaram estar elevados em regiões occipitais durante o ataque

de enxaqueca comparativamente ao perı́odo interictal. Os valores de CVR e TTP não mostraram

correlação com as caracterı́sticas clı́nicas da enxaqueca.

Conclusões: Estes resultados são consistentes com relatos anteriores de CVR diminuı́da na circulação

cerebral posterior no perı́odo interictal da enxaqueca comparativamente a controlos, e também com a

presença de lesões isquémicas na mesma região. Simultaneamente, confirmam a maior vulnerabilidade

do lobo occipital e da circulação cerebral posterior nos enfartes cerebrais na enxaqueca. Estes resul-

tados contribuem com nova evidência para a reduzida literatura sobre o perı́odo ictal da enxaqueca, e

este é o segundo estudo a avaliar a CVR de todo o cérebro utilizando fMRI.

Palavras-chave: enxaqueca episódica, ressonância magnética funcional, vasoreatividade

cerebral, apneia, lobo occipital
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Abstract

Motivation: Migraine is a disabling neurological condition, associated with an increased risk of cardio-

vascular disease. Cerebrovascular reactivity (CVR) measurements have the potential to detect cere-

brovascular pathophysiology and have been shown to be altered in migraine.

Objective: To elucidate neurovascular mechanisms in migraine by investigating CVR changes during

spontaneous attacks (ictal phase) compared to pain-free periods (interictal phase).

Methods: Patients with episodic migraine without aura were studied during ictal and interictal phases.

BOLD-fMRI data were acquired during a breath-holding (BH) challenge, to map CVR, as well as during

two brain activation tasks (visual and motor), to map cerebrovascular changes in response to brain

activation. Whole-brain activation maps were obtained through a general linear model analysis, and

the amplitude (CVR, percent signal change) and time-to-peak (TTP) of the BH BOLD response were

computed in each voxel. Next, group-level analysis was performed to identify differences in CVR and

TTP, as well as in brain activation in response to sensory stimuli between ictal and interictal phases.

Additionally, correlation analysis was performed between the individual mean CVR and TTP values

across regions-of-interest and migraine clinical features.

Results: Increased CVR and TTP were found in occipital regions during the attack compared with

the pain-free period. No significant correlation was found between CVR and TTP values and migraine

clinical features.

Conclusions: These results are consistent with previously reported reduced reactivity of the posterior

cerebral circulation in the interictal phase of migraineurs relative to controls, and also with the presence

of ischemic-like lesions in the posterior circulation of migraineurs. It also confirms the vulnerability of the

occipital lobe and posterior cerebral circulation regarding cerebral infarcts in migraine. These findings

contribute with new evidence to the limited literature regarding the ictal phase of migraine, and this is

the second only study evaluating CVR across the whole-brain on a voxel-by-voxel basis using fMRI.

Keywords: episodic migraine, functional magnetic resonance imaging, cerebrovascular reac-

tivity, breath-holding, occipital lobe
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Chapter 1

Introduction

This Master's Thesis aims to investigate neurovascular changes of migraine by investigating differences

in cerebrovascular reactivity (CVR) and brain activation in distinct periods of this cyclic disease. To

do so, analysis of blood oxygen level dependent functional magnetic resonance imaging (BOLD-fMRI)

data from a group of patients with episodic migraine without aura was conducted. Each participant was

scanned under two different conditions: during a spontaneous migraine attack (ictal phase) and during

an attack-free period (interictal phase). In both conditions, data were acquired during a breath-holding

(BH) challenge, visual stimulation, and a motor task.

This chapter starts by describing the motivation behind this study (section 1.1), followed by the main

objectives aimed to be achieved by this work in section 1.2 and publications arising from this thesis

(section 1.3) and the last section (1.4) provides a thesis outline, with an overview of the several chapters.

1.1 Motivation

Migraine is one of the most prevalent and disabling diseases worldwide [1]. It was ranked second in

terms of disability in a global scale, and presented no association with sociodemographic development,

which means that it affects both low- and high-income countries [1]. It is a brain disorder that affects pre-

dominantly young and middle-aged women, in particular when they are highly active in the professional

area, therefore causing a signi�cant loss of productivity [1]. Thus, it not only causes a general reduction

of quality of life with consequent societal concern, but it also represents a signi�cant �nancial burden

on economies worldwide [2]. Migraine is a complex cyclic disorder, characterized by intermittent attacks

of throbbing head pain alternated with attack-free periods. The headache attack is usually accompa-

nied by neurological symptoms including increased sensitivity to movement, light (photophobia), sound

(phonophobia) and any other sensorial inputs [2]. Additionally, the fact of resulting from a combination

of genetic predisposition and environmental factors adds greater complexity to this disorder.

Adding to the enormous impact caused by the disease itself, it has been observed that migraineurs

are at increased risk for cardiovascular disease, including conditions such as stroke, myocardial infarc-

tion, and cardiovascular mortality [3, 4]. Cerebrovascular reactivity (CVR) measurements have great
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potential as a way to detect cerebrovascular pathophysiology and possible consequent vascular events

in migraineurs' brain. CVR is commonly assessed using transcranial Dopller ultrasound (TCD) combined

with hypercapnia-inducing stimuli to measure vasodilation and blood �ow changes in the main cerebral

arteries. More recently, BOLD-fMRI has been used to obtain more accurate CVR measurements across

the whole-brain with high spatial resolution. It has been observed that CVR is impaired in the posterior

circulation of migraineurs, and suggestions arose of reduced CVR being a key link between migraine

and stroke [5]. However, only a few studies have investigated CVR in migraine. Almost all of them used

TCD, assessing speci�c large arteries of the brain thus lacking regional information. fMRI appears as

an indispensable tool for a whole-brain CVR evaluation. Furthermore, the majority of studies reported

interictal (between attacks) measurements compared to healthy controls (HC). No study to date has

used fMRI to measure CVR during migraine attacks. Being migraine a cyclic disorder, great potential is

achieved by studying the brain activity of patients along different phases of the migraine cycle, as it is

conducted in this study. Comparing to analysing migraine patients versus HC, studying migraineurs in a

longitudinal approach allows the investigation of attack-speci�c neurovascular alterations [2]. This exam-

ination could allow a better description of migraine-speci�c characteristics, the identi�cation of imaging

biomarkers, the strati�cation of patients according to cardiovascular disease risk, the development of

therapeutic agents and the evaluation of treatment response.

1.2 Thesis objectives

In this study, the main goal is the investigation of vascular reactivity changes during migraine attacks

compared to attack-free periods through the analysis of BOLD-fMRI data. As a secondary objective, we

also analysed neurovascular changes in response to brain activation associated with visual stimulation

and with the performance of a motor task. With this purpose, previously collected data from a group

of migraine patients during an attack and in an attack-free period was analyzed, including BOLD-fMRI

data during visual stimulation, motor task, and a BH challenge. Information regarding the participants'

migraine clinical features was also collected, allowing the investigation of how such parameters relate to

CVR differences.

In order to successfully accomplish these objectives, speci�c goals were de�ned:

1. To process the functional data from all participants in both sessions, through appropriate pre-

processing steps followed by a General Linear Model (GLM) approach and subsequent statistical in-

ference. This allowed the attainment of individual maps showing the brain regions that activated in

response to BH, motor task, and visual stimulation for the two sessions.

2. To obtain whole-brain maps describing the CVR for each subject and each session. CVR and time-to-

peak (TTP) maps were constructed from the GLM referent to the BOLD response to the BH challenge,

and CVR was characterized by the BOLD percent signal change and by the TTP of the BOLD signal.
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3. To identify brain regions showing altered CVR, TTP, and brain activation during migraine attacks

when compared to attack-free periods, by conducting a group-level analysis. This allowed the de�nition

of regions of interest (ROIs), i.e. brain regions showing signi�cant CVR and/or TTP differences between

both sessions. Furthermore, the relationship between the averaged CVR and TTP within the ROIs and

several migraine clinical features was also matter of investigation.

1.3 Publications arising from this thesis

The work developed in this thesis resulted in an abstract submission, which was selected for an oral

presentation in the European Society for Magnetic Resonance in Medicine and Biology (ESMRMB)

congress, that took place online between the Semptember 30th and October 1st 2020 [6].

1.4 Thesis Outline

This dissertation is organized in 6 main chapters. The �rst and current chapter consists in a brief intro-

duction to this work, where the motivation for the study and main objectives to be accomplished have

been described. Next, chapter 2 introduces the theoretical background behind this work, covering a

description of migraine and its associated vasculopathy in section 2.1. Section 2.2 contains relevant

information about the concept of CVR, along with the vasoactive stimuli and neuroimaging techniques

that can be used to assess it. Following, section 2.3 comprises pertinent material on functional magnetic

resonance imaging, such as the contrast used in this study and common data preprocessing and pro-

cessing methods. In addition, it also focuses on speci�c topics regarding CVR, in particular the way CVR

and TTP maps can be obtained, as well as speci�c brain regions that are more interesting to evaluate.

Chapter 3 consists in the State of the Art, where a literature review can be found, focusing on previous

studies assessing CVR in migraine, directly or indirectly related to the present work. Afterwards, chapter

4 starts with a description of the participants recruited for this work, the study design and the acquired

fMRI data. Next, section 4.2 presents the methodology applied in order to achieve this dissertation's

objectives: starting with information regarding preprocessing steps, going through subject-level analysis

and computation of CVR and TTP maps, and ending with a group-level BOLD-fMRI data analysis and

correlation with migraine clinical features. Chapter 5 focuses on the description of the results achieved

at both the subject-level and group-level analysis (sections 5.1 and 5.2, respectively). Simultaneously

with results' exposure, these are discussed and interpreted along with their comparison with �ndings

from previous studies.

This dissertation ends with chapter 6, where the main conclusions to be drawn from this work are

exposed, together with its main limitations and suggestions for future work.
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Chapter 2

Theoretical Background

2.1 Migraine

Migraine is a severe and disabling neurological disorder, causing signi�cant individual and societal bur-

den due to pain, resulting disability with lost productivity, and an overall decreased quality of life [7].

In 2016, out of 328 diseases and injuries considered by the World Health Organization (WHO),

migraine was the sixth most prevalent, and it was ranked second globally in terms of years lived with

disability by the �rst study in subjects under 50 years old [1].

This disease is a relevant health problem in both genders and all age groups, but predominantly

affects young and middle-aged females: there is a 3:1 female-to-male ratio, and it is most prevalent

between the ages of 15 and 49, a time when most people are highly active in the professional area [1].

Importantly, unlike many other diseases, headache presents no clear relation to sociodemographic

development, meaning that it is not limited to the high-income countries, but instead being an important

cause of disability worldwide [1].

Migraine is a clinical syndrome characterised by headache with speci�c features and associated

symptoms. It is a disease of cyclical nature, where intermittent headache attacks - ictal phase - alter-

nate with attack-free periods - interictal phase. Typical characteristics of the headache are its unilateral

location, pulsating quality, moderate to severe intensity, and variability in duration (between 4 and 72

hours). The headache attacks are usually aggravated by routine physical activity and are normally ac-

companied by a variety of autonomic symptoms (nausea, vomiting, nasal/sinus congestion, lacrimation,

yawning), affective symptoms (depression and irritability), cognitive symptoms (attention de�cit, dif�culty

�nding words, transient amnesia, and reduced ability to navigate in familiar environments), and sensory

symptoms (photophobia, phonophobia, osmophobia, muscle stiffness, and cutaneous allodynia) [8–11].

In around 70-80% of migraine patients, the headache is preceded by a prodromal phase, where

symptoms such as fatigue, irritability, reduced concentration, neck stiffness, photo-/phonophobia, nau-

sea and yawning appear up to 48 hours before the headache [8].

Most headaches are followed by up to 48 hours of feeling tired, together with dif�culty with concen-

tration and neck stiffness, called the postdrome phase [8].
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In addition, approximately 20 to 40% of migraine patients suffer from migraine aura just before and/or

during the headache phase. Migraine aura includes a variety of visual (most common), sensory, speech,

and/or other neurological symptoms that usually develop gradually. The accepted duration for most aura

symptoms is one hour [8, 12]. Positive (gain of function) and negative (loss of function) symptoms can

take place, such as scintillating lights when affecting the visual cortex; paresthesia and numbness of

the face and hands when affecting the somatosensory cortex; tremor and unilateral muscle weakness

when affecting the motor cortex; and aphasia (dif�culty saying words) when affecting the speech area

[13]. Figure 2.1 represents the migraine cycle, with the ictal phase consisting of a whole migraine attack,

where the duration of the four phases and principal associated symptoms are shown.

Figure 2.1: Graphical representation of the migraine cycle, with the ictal phase representing a whole attack and the interictal
corresponding to the between-attack phase. Within a complete classic migraine attack with aura, four phases can be distinguished:
the prodrome phase, the aura phase, the headache phase and the postdrome phase. The principal symptoms associated to each
one of the four phases are listed. Figure based on information from [2, 8, 14].

The extent of the described symptoms suggests that migraine is more than just a headache, but in-

stead it is a complex and multifaceted disorder which can last over several days. Although it is possible to

distinguish four main phases of a migraine attack (prodrome, aura, headache, and postdrome), these do

not usually follow a sequential order, but instead overlap with each other. Besides, the clinical manifes-

tations of migraine probably depend upon a complex relationship between genetic, environmental and

endogenous cognitive and emotive factors (migraine susceptibility), which enhance migraine complexity

[2, 15].

According to the third edition of the International Classi�cation of Headache Disorders (ICHD-3) [8],

migraine can be subtyped as episodic migraine (EM) or chronic migraine (CM) based on the frequency

of headache days. EM refers to a diagnosis of migraine with frequency of headache occurring on

fewer than 15 days per month on average. CM is de�ned as a diagnosis of migraine with 15 or more
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headache days per month, for more than 3 months, of which at least eight days have the features of

migraine headache.

2.1.1 Migraine pathophysiology

The debate over the pathophysiology of migraine extends back to the middle decades of the 20th century,

and has always been centered on neural versus vascular mechanisms that may be involved in triggering

and driving the attacks.

Until the 1980s, the predominant explanation for migraine was the vasogenic theory, which held

that migraine was a form of cerebrovascular dysregulation. It assumed that vasodilation of extracranial

arteries and also intracranial blood vessels produced mechanical activation of perivascular nerve �bers

that innervate the vessels, resulting in head pain [16].

The alternative neurogenic theory viewed migraine as a disorder of the brain, and considered that

vascular changes were the result of neuronal dysfunction. In the late 1980s it was proposed that migraine

pain may be due to a neurogenically induced in�ammation of the dura matter [17, 18]. However, the use

of speci�c proteins as migraine treatments failed, which called for new explanations [19, 20]. Further

studies suggested the role of brainstem regions in migraine attacks, and even named brainstem as

the “migraine generator” [21, 22]. This brainstem ”generator” theory has been debated over the last

years, and resulted in the concept of a unique migraine generator being abandoned. Instead, much

research has focused on other speci�c brain structures that may be involved. For example, it was

observed hypothalamic activation during the prodromal phase [23] and during spontaneous migraine

headache [24]. In addition, functional neuroimaging has detected altered functional connectivity between

the hypothalamus and the areas of the brainstem “generator” during the 24h preceding a migraine attack,

which led the authors to think that this network's connectivity change might be the driver of attacks [25].

The thalamus has also been a matter of discussion, showing structural and functional alterations in

migraineurs during the ictal and interictal phases of migraine which might in�uence the onset of the

migraine attack [26–28]. Furthermore, the thalamus is a central area for the processing and integration

of pain stimuli and its connection to a wide variety of cortical areas could explain part of the complexity

of several migraine symptoms such as sensory hypersensitivity to visual stimuli [29]. Finally, several

migraine therapies are thought to act centrally through the modulation of thalamic neurons [30, 31].

Having said that, migraine is currently recognized as a complex brain disorder that involves multiple

brain regions - from cortical, subcortical, to brainstem regions - to account for both the pain and the vari-

ety of symptoms characterizing the attack. Simultaneously, there is evidence that migraine is associated

with vascular dysfunction, both as a cause and a consequence [32]. Supporting this vascular involve-

ment in migraine pathophysiology, there is evidence that the trigeminovascular pathways (neurons in the

trigeminal nerve that innervate cerebral blood vessels) which speci�cally innervate the dural vascula-

ture are activated and sensitized during a migraine attack, and studies show that vasodilators such as

nitric oxide and CGRP (most potent vasodilator transmitter identi�ed in the cerebral circulation [33]) are

able to trigger migraine attacks. Additionally, CGRP-based drugs have shown a vasoconstrictive and
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therapeutic effect, which also support the view that vascular changes are certainly involved in migraine

attacks.

Having said, although the full pathophysiology of migraine is still incompletely understood, the con-

sensus nowadays is of the neurovascular hypothesis being the most likely explanation, as it emphasizes

the coupling between neural and vascular mechanisms: the condition is viewed as an inherent disorder

of the brain, but vascular mechanisms are clearly implicated.

2.1.2 Migraine-associated vasculopathy

As presented, vascular changes are assumed to be an important pathophysiological factor in migraine

disorder.

Migraine and cerebral ischemia have been linked for around 30 years, with reports of ischemic stroke

(obstruction of a vessel supplying blood to the brain) occurring during and between migraine attacks

[3, 34–38]. A hospital study suggested that, of all unusual causes of �rst-ever ischemic stroke, migraine

accounted for 13% [39]. Adding to this, in a more recent meta-analysis of 21 observational studies re-

garding the association between migraine headache and ischemic stroke, migraine was reported as a

signi�cant risk factor for stroke, being independently associated with a 2-fold increased risk of ischemic

stroke, with no signi�cant differences between migraine with and without aura [40]. Importantly, the

association between migraine and ischemic stroke showed to be independent of other cardiovascular

risk factors, supporting the idea that there is a subgroup of people with migraine and vasculopathy even

in the absence of atherosclerotic disease. Besides ischemic stroke, migraine was also associated with

higher risk of hemorraghic stroke (rupture and bleeding of a blood vessel in the brain) [41], transient

ischemic attacks (TIA) (temporary blockage or decreased blood �ow to the brain) [42], and subclinical

brain infarction (asymptomatic cerebral infarction, also called ”silent cerebral infarction”) [43]. Addition-

ally, imaging evidence for the migraine-stroke association showed a high incidence of infarct-like lesions

and white matter lesions in migraineurs [44–46], and imaging studies in migraine patients suffering from

stroke have con�rmed that infarct progression is accelerated, with reduced size of potentially salvageble

brain tissue when compared to those stroke patients without a history of migraine [47]. Moreover, mi-

graine has been associated not only with cerebral vasculopathy, but also with more widespread vascular

changes, such as ischemic heart disease and myocardial infarction [3]. In addition, patients with mi-

graine were found to be more likely to develop cardiovascular disease than those reporting no migraine

history [4], which led the American Heart Association to provide speci�c recommendations for stroke

prevention in women suffering from migraine [48].

Migraine and cardiovascular disease are among the most prevalent and disabling diseases in the

world [49]. Because of their high prevalence and consequences on morbidity and mortality in the general

population, a potential association between migraine and stroke/cardiovascular disease would have a

substantial impact on public health.

Several proposed mechanisms have been suggested to be involved in this association, such as ge-

netic risk factors, cardiac abnormalities, and atherosclerotic and nonatherosclerotic causes. Aiming to
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investigate this possible connection, particular interest has been raised in the role of vasculature in mi-

graineurs. In recent years, it has been proposed that the vasculopathy in migraine is thought to re�ect

endothelial dysfunction. The endothelium is the monolayer of endothelial cells lining the lumen of all

blood vessels. It acts as a key regulator of vascular homeostasis, playing a direct role in the balance of

tissue oxygen supply and metabolic demand via regulation of vessel tone and diameter [50]. Endothelial

dysfunction is a pathological state of the endothelium resulting in impaired endothelium-dependent va-

sodilation, impaired vascular reactivity, hypercoagulability and in�ammation. Subsequently, endothelial

dysfunction is predictive of an increased rate of cerebrovascular and cardiovascular events, and is fre-

quently referred as ”the ultimate risk of the risk factors” [51]. There is mounting evidence that migraine

is linked to endothelial dysfunction. This includes decreased vasodilation, lower levels of in�ammation

markers, and increased thickness of the carotid intima media in migraine patients compared to healthy

subjects [52], as well as fewer circulating endothelial-precursor cells in migraineurs compared to healthy

controls [53, 54]. Importantly, while there have been controversial reports on systemic endothelial dys-

function, with studies not unanimously suggesting an impairment of systemic endothelial function in

migraine, cerebral endothelial dysfunction has been reported to be impaired in migraineurs even in the

absence of the systemic endothelial dysfunction [55]. All together, these results strongly support the idea

of a dysfunctional cerebral endothelium playing an important role in the association between migraine

and cardiovascular disease.

2.2 Cerebrovascular Reactivity (CVR)

Considering the above mentioned, especially the fact that endothelial dysfunction can be characterised

by impaired vascular reactivity, it is of great interest to study changes of cerebrovascular regulation in

migraine, as a way of identifying endothelial dysfunction and potential consequent vascular events in

migraineurs' brain, this way shedding light into possible mechanisms of the migraine-stroke relationship.

Cerebrovascular reactivity, or CVR, is an intrinsic regulatory brain mechanism whereby blood vessels

adjust their calibre in response to a vasoactive stimulus, in order to increase or decrease regional cere-

bral blood �ow (CBF). Thus, this physiological parameter is an important index of the brain's vascular

health. Measuring CVR variations within the brain has been able to detect cerebrovascular pathophys-

iology such as arterial stenosis [56], increased stroke risk [57, 58], brain tumours [59], and traumatic

brain injury [60].

CVR is usually measured by applying a challenge to the vasculature and assessing the associated

CBF changes. Thus, as it usually represents the unit change in CBF per unit change in a vasoactive

stimulus, it is important that both of these variables are measured accurately and applied consistently

across study subjects. Failure to do so can lead to differences in CVR measurements within subjects

and between subject groups that are due to the methodological limitations and variability in techniques

and not the disease processes under investigation.

9



2.2.1 Vasoactive stimuli

In order to obtain an accurate measure of CBF, it is important that the vasoactive stimulus produces a

quanti�able and reliable effect on the cerebral vasculature. In addition, this standardized stimulus has

to be applied across subjects and during assessments within the same subject. Otherwise, it will be

impossible to conclude whether the differences in CVR are due to disease mechanisms or technique

variability [61].

The most common approach involves the induction of hypercapnia, whereby the arterial blood par-

tial pressure of carbon dioxide (PaCO2) is increased, leading to vasodilation and increased CBF. The

main hypercapnia-inductive stimuli fall into two categories: (i) administration of exogenous vasodilat-

ing agents, or (ii) manipulation of respiratory gases. A summary comparison of these approaches is

presented on Table 2.1.

Acetazolamide falls into the �rst category. It is a selective inhibitor of the enzyme carbonic anhydrase,

which decreases the conversion rate of CO2 to bicarbonate, inducing an intracellular and extracellular

acidosis (due to the increase of CO2) and producing a vasodilatory effect. This technique was �rst used

to measure CVR in 1986 [62], and has the advantages of allowing precise control of the amount of aceta-

zolamide that is injected and requiring little subject adherence, which make it reproducible independent

of subject cooperation. However, the injection of acetazolamide can be considered an invasive proce-

dure, as it requires intravenous access, and can elicit variable side effects in different individuals: while

low doses of acetazolamide can provoke dizziness, nausea, headache and fatigue lasting 0.5-72h [63],

higher doses can lead to more severe effects, which may require treatment and even imply the terminus

of the study [64]. Moreover, the most signi�cant disadvantage of this technique for use in CVR studies

is the acetazolamide's unpredictable pharmacokinetics and resultant effects on CBF: it has been found

that a standardized dose does not generate the reproducible stimulus required for standardizing the

measurement. More precisely, the same dose lead to different serum concentrations and cerebrovascu-

lar responses in different individuals [65], and even using large enough doses of acetazolamide did not

produce a maximal CBF response in many normal subjects [64].

Administration of the aminoacid L-arginine has also been used to induce hypercapnia, since it has

shown to induce vasodilation through enhanced production of nitric oxide in the cerebral endothelium

[5]. Likewise acetazolamide, L-arginine requires intravenous infusion, thus being considered an invasive

procedure.

The alternative approach of inducing hypercapnia consists in the manipulation of respiratory gases.

This includes CO2 inhalation: subjects are given a gas mixture with an increased CO2 partial pressure,

normally consisting of approximately 21% O2 and 4-5% CO2 with balanced nitrogen (“room” air contains

0.04% CO2). More important than the CO2 composition of the inspired gas is the resulting level of end-

tidal CO2 partial pressure (PETCO2) (at the end of expiration), as this is thought to be representative

of the PaCO2 (the actual stimulus) [65]. Different techniques have been developed with the goal of

manipulating the end-tidal pressure of respiratory gases [66–69]. This precise manipulation can be

achieved despite variable ventilatory responses, which make these methods reliable [70]. However, they

require complex and expensive experimental setups together with trained on-site personnel. Also, the
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inhalation mask can be uncomfortable, and some individuals have experienced anxiety or panic attack

symptoms [71]. Not only these symptoms cause discomfort to the subject, but they also can confound

the measurement of CBF.

Alternative strategies have been proposed, based on respiratory tasks such as hyperventilation/paced

deep breathing and breath-holding (BH). The BH technique involves short-duration periods of apnea,

typically in the range of seconds, that lead to CO2 increase and consequent vasodilation and CBF in-

crease, alternated with periods of normal breathing. The primary advantage of this technique is its total

noninvasiveness and relatively simple and inexpensive implementation (it requires no breathing circuits

or equipment). Unfortunately, the BH technique is less controlled and, when used alone, it lacks the

ability to measure delivered or expired gases. Even so, BH tasks showed to lead to mild hypercapnia

and consequent vasodilation, and have been validated to be comparable to CO2 inhalation, with stud-

ies founding no signi�cant differences between CVR measurements obtained with both methods [72].

Moreover, the mild hypoxia that BH was shown to provoke has not signi�cantly in�uenced CVR results

when compared to methods that control respiratory gases levels [73, 74]. Hyperventilation or paced

deep breathing methods, although equally as feasible, lead to hypocapnia-associated vasoconstriction

and could be less intuitive in measuring cerebral blood vessel function [75]. Both of these strategies

rely solely on the subject's ventilatory response and are well tolerated by healthy volunteers and pa-

tients. However, a potential drawback is that they may bring participant-related variability in adherence

to the protocol. For example, some participants may �nd it dif�cult to follow the instructions and conse-

quently perform hyperventilation or BH differently, which can affect the data quality and reliability of the

methods. Nevertheless, several studies have proved that the BH task has many advantages over CO2

administration due to its simplicity, especially when used with clinical populations [76–78].

Recently, resting-state fMRI, which is often used for functional connectivity mapping, has been shown

to provide an estimation of CVR maps [79–81]. This approach exploits spontaneous �uctuations in

the breathing pattern, and thus the CO2 level, to extract CVR information from the resting-state BOLD

signal changes. Good agreement between resting-state CVR results and hypercapnia CVR results has

been reported [79, 81]. In general, the resting-state CVR method requires minimal subject compliance,

overcoming task-related measurement inconsistencies, which makes it easier to perform by patients with

more severe conditions. A limitation of the resting-state method is that, if the subject breathes regularly

with minimal �uctuation in CO 2 level, there will not be enough CO2-related signal variations for CVR

evaluation. One study found that modelling the Resting State Fluctuation Amplitude (RSFA)-induced

CVR was signi�cantly worse than modelling for BH-CVR [82], and another one concluded that BH-

based based vascular reactivity assessment was more reproducible than resting-state-based estimates

[83], which indicate that the method needs some further investigations in order to become reliable and

even possibly replace the BH task.

Having said, despite BH acknowledged limitations, this task offers signi�cant advantages over the

other existing methods, in particular its noninvasiveness and simplicity. In addition, BH-derived CVR

measurements were seen to be similar or even superior to those obtained with other vasoactive stimuli.

As such, BH stands as a widespread vasoactive stimulus to be employed in CVR studies.
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Table 2.1: Advantages and disadvantages of several vasoactive stimuli for hypercania induction (acetazolamide injection, CO2
inhalation, and breath-holding).

Vasoactive stimulus Advantages Disadvantages

Acetazolamide
- Precise control of the amount injected

- Requires little subject adherence

- Invasive (intravenous administration)

- Large variability in side effects between individuals

- Unpredictable pharmacokinetics and effects on CBF

CO2 inhalation

- Precise control of the amount delivered/expired

(despite variable ventilatory responses)

- Requires little subject adherence

- Invasive (inhalation mask)

- May induce anxiety and/or panic attack symptoms

- Fixed fraction amount of inspired CO2 does not lead

to equal PaCO2 (actual stimulus) between and

within subjects

- Requires complex and expensive experimental setup,

as well as trained personnel

Breath-holding

- Non-invasive

- Safe

- Simple and easy to implement (does not require

complex equipment) and inexpensive

- Possible to use a nasal cannula to measure

PETCO2 (although it lowers the ease of

implementation)

- Less controlled and alone lacks the ability to measure

delivered/expired gases

- Variability in subject adherence

- Equal apnea lengths does not lead to equal PaCO2

2.2.2 Neuroimaging techniques for CBF assessment

Regarding the neuroimaging techniques to measure CBF, various have been used in CVR studies.

These include Transcranial Doppler Ultrasound (TCD), Positron Emission Tomography (PET), Single-

Photon Emission Computed Tomography (SPECT), and functional Magnetic Resonance Imaging (fMRI).

A summary comparison of CBF measurement methods is found in Table 2.2.

TCD, �rst described by Markwalder et al. [84], can be used to measure blood �ow velocities by taking

advantage of the Doppler effect [85]. It is easily applied to large cerebral arteries and it allows the detec-

tion of changes in their mean velocity before and after applying the vasoactive stimulus, which are then

used to calculate a reactivity (CVR) index. TCD is a simple, readily available, portable, inexpensive and

completely non-invasive method; however, its poor spatial resolution i.e. the fact of only being possible

to study large arteries, being user dependent, together with the fact of only allowing the measurement

of global blood �ow changes and not regional tissue perfusion limit its value [85].

Radiotracer imaging techniques, such as SPECT and PET, explore the properties of radioactive

materials, or radiotracers. These materials target different organs in the body and images of their distri-

bution give information about how much, how quickly, and where the radioactive material uptake occurs,

which can determine whether tissue is healthy or diseased [85]. To obtain a map of CBF (and hence

CVR), appropriate CBF radiotracers are needed. These modalities provide accurate and quantitave re-

gional/tissue CBF measurements, thus enabling whole-brain mapping of CVR, are extremely sensitive

(are able to detect nanograms of injected radioactive material) and speci�c (there is no natural radioac-

tivity from the body). However, these techniques are quite expensive and invasive as they require the

administration of radioactive tracers, which can limit their usage in many situations [85].

Alternatively, MRI techniques overcome the limitations of the supra mentioned methods, and allow

improved temporal and spatial resolutions. MRI provides a spatial map of the hydrogen nuclei (water and

lipid) in different tissues. Among the most common MRI sequences that are used to assess CVR are
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blood oxygen level-dependent (BOLD) and arterial spin labeling (ASL). A more detailed explanation of

BOLD-fMRI will be given further in Section 2.3.1. Regarding ASL, this is a perfusion imaging technique

that provides truly quantitative measurements of CBF. To accomplish this, incoming blood water protons

to the brain are labeled and can be measured once the blood reaches the perfusion bed of the target

tissue. The balance between labeled intravascular water (reaching the tissue) and non-labeled water in

the tissue is proportional to the CBF [86].

The main advantages of both of these MRI techniques are: (i) they are non invasive, with no ionizing

radiation being required, (ii) they provide whole-brain scans (the images can be acquired in any two-

or three-dimensional plane), and (iii) they allow high spatial resolution (order of 1 mm or less can be

achieved). However, MR image acquisition scans might last 30-40 minutes; a signi�cant number of

patients have to be excluded due to metallic implants or because they are required to be in a small

enclosed space; and they are moderately expensive [85]. Furthermore, and speci�cally for ASL, its

intrinsic low signal-to-noise ratio (SNR) and relatively poor temporal resolution hamper its value and

make it less useful for CBF quanti�cation [86].

Despite the mentioned disadvantages, functional magnetic resonance imaging (fMRI) (in particu-

lar, BOLD-fMRI) is currently considered the most promising measurement technique of CVR, mainly

because it provides whole-brain scans with high spatial resolution.

Table 2.2: Advantages and disadvantages of several neuroimaging techniques for CBF assessment: Transcranial Doppler Ultra-
sound (TCD), radiotracer imaging techniques (SPECT and PET), and functional Magnetic Resonance Imaging (fMRI).

Neuroimaging technique

for CBF measurement
Advantages Disadvantages

Transcranial Doppler Ultrasound

(TCD)

- Non-invasive

- Safe

- Readily available and inexpensive

- Low spatial resolution (can only

measure large arteries)

- Only allows the measurement of global

blood �ow changes, not regional tissue

perfusion

Radiotracer imaging techniques

(SPECT and PET)

- Provide whole-brain scans

- Sensitive (able to detect nanograms

of injected radioactive material)

- Speci�c (there is no natural radioactivity

from the body)

- Accurate and quantitative regional/tissue

CBF measurements

- Moderate spatial resolution

- Low temporal resolution

- Invasive (requires administration of

radioactive contrast agents)

- Expensive

- Less available than TCD

functional Magnetic Resonance

Imaging (fMRI)

- Non-invasive

- Safe

- Readily available

- Provides whole-brain scans

- High spatial resolution

- High temporal resolution

- Accurate (and potentially quantitative)

regional/tissue CBF measurements

- Long image acquisition scans

- Excludes claustrophobic subjects or

using metallic implants

- Moderately expensive

2.2.3 Breath-holding data acquisition parameters

Several protocol parameters have to be adjusted regarding the use of a breath-holding task in order to

assure that it produces a reliable effect and that its consequent CBF changes can be properly measured.
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The BH protocols normally consist of a standard block design, with alternating periods of ceasing

respiration and normal breathing. The parameters that need to be adjusted include the duration of the

BH and normal breathing periods, the number of BH challenges, and choosing between performing the

breath-hold after inspiration or expiration.

Regarding the BH period duration, this must be short enough in order to be well performed and tol-

erated by the participant, but long enough to induce suf�cient hypercapnia and CBF response. Although

it has been reported that BOLD responses can be detected with breath-holds as short as 3 seconds

[87], the brain greatly responds to longer block durations, leading to more activated voxels (plateau at

BH duration of 20s [88]) and to an increase in the measured imaging signal amplitude [89]. Longer

BH also produce more robust and reproducible BOLD responses across scanning sessions spanning

weeks [90]. A literature review observed that clinical studies typically have BH lengths around 15s, prob-

ably due to being easier to implement, and that methodological studies averaged BH period duration

of around 20s [91]. 20s BH duration has shown to lead to a more sharp increase in CVR [88] and to

express signi�cantly higher CVR values than using 15s [90]. Thus, the authors have suggested that the

best BH protocol would most likely consist of a BH block of 20s. Normal breathing periods need to have

a longer duration in order to allow blood gas levels to return to baseline.

Regarding the number of BH challenges, one expects that a higher number of challenges enables

more averaging and consequent higher SNR. However, more challenges also implies longer protocol

durations which may bring patient fatigue and increase motion artifacts. Common number of challenges

in BH-CVR studies is between 3 and 7 [91].

Finally, it is required to choose between performing the BH after an inspiration or expiration. This

is an important question to address because CBF responses and consequent BOLD signal changes

present different shapes depending on end-inspiration or end-expiration BH protocols. CBF (and con-

sequent BOLD signal) has been found to present a biphasic change (decrease followed by increase)

when the BH is performed after inspiration [92], whereas BH after expiration has lead to an immedi-

ate rise in CBF (and BOLD signal) [93]. However, more complex responses have been observed, with

end-inspiration BH protocols producing a triphasic shape and end-expiration a biphasic one [90]. Thus,

when analyzing BOLD signal changes induced by BH, one should expect different shapes depending

on the moment when BH was performed by the subject. Furthermore, end-inspiration BH is a more

comfortable and natural form of holding one's breath, especially considering the ease of implementation

of this task; however, it has been shown that subjects have different levels of inspiration depth, which

can be a confounding variable [94]. BH after expiration, although more dif�cult to perform, offers better

reproducibility: following normal exhalation, the lungs return to the state of “functional reserve capacity”

at which the lungs, chest and diaphragm are resting at equilibrium, which is a more repeatable starting

point for BH challenges [95]. Moreover, end-expiration based protocols have shown a quicker CVR peak

(reached peak signal about 10 seconds earlier [96]), although both methods reached the same signal

peak.

Having said, it is evident that several variables have to be taken into consideration when constructing

the BH procotol to be used. In addition, this protocol has to be equally applied to all subjects in the study,
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otherwise it will be impossible to reach correct conclusions regarding the observed CVR measurements.

2.3 Functional Magnetic Resonance Imaging

Since its development in the early 1990s, fMRI has become a standard tool for mapping brain activation,

both in health and in disease. The reason for this is that fMRI allows to safely and noninvasively image

brain activity, with very good spatial resolution, good temporal resolution, robustness and reproducibility

[86]. fMRI provides information about the activity of the neurons in the brain, either in response to

speci�c stimuli or tasks that the experimenter applies to the participant - task-based fMRI -, or in relation

to the spontaneous activity of the participant's neurons - resting-state fMRI-, which is commonly used to

investigate brain's functional connectivity.

2.3.1 The BOLD contrast

Functional brain mapping most commonly measures the blood oxygenation level dependent (BOLD)

signal, based on the fact that an increase in neuronal activity in the brain stimulates higher energy

consumption and increased blood �ow through the activated area.

This underlying mechanism is called neurovascular coupling: the regular interplay between neural

activity changes and corresponding vascular changes to alter cerebral blood �ow to maintain metabolic

support. More speci�cally, an increase in electrical and synaptic activity of an assembly of neurons in the

brain results in an increased cerebral metabolic rate of oxygen (CMRO2) and glucose, which ultimately

results in an hemodynamic response characterized by larger cerebral blood �ow (CBF), cerebral blood

volume (CBV) and blood oxygenation. What is particularly interesting is that the amount of blood that

is sent to the area is more than what is needed to replenish the oxygen that is used by the cells. Thus,

the activity-related increase in blood �ow caused by neuronal activity leads to a relative surplus in local

blood oxygen. This oversupply of oxygen means an increase in the oxy-/deoxy-hemoglobin ratio. Oxy-

hemoglobin (HbO2) is diamagnetic, i.e. has the same susceptibility as surrounding tissues and therefore

has minimal impact on the measured BOLD signal, while deoxyhemoglobin (HHb) is paramagnetic and

degrades the BOLD signal. Consequently, higher HbO2/HHb ratio leads to an increase in the MRI signal

of the activated region compared to that of the surrounding tissues [86].

It is important to recognize that BOLD contrast is a consequence of a series of indirect effects. It

results from changes in the magnetic properties of water molecules, which in turn re�ect the in�uence of

paramagnetic HHb, which is a physiological correlate of oxygen consumption, which itself is a correlate

of a change in neuronal activity evoked by a given stimulus. Consequently, BOLD signal changes must

be interpreted as a relative rather than a quantitative measure of activity.
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Figure 2.2: Schematic representation of the relationship between a transient increase in neural activity and the corresponding
BOLD signal. Neuronal activity causes increased cerebral metabolic rate of oxygen consumption (CMRO2 ), leading to alterations
in the tone of the surrounding vasculature through neurovascular coupling. Such vascular adjustments lead to changes in the
cerebral blood �ow (CBF) and cerebral blood volume (CBV). The interaction between these 3 parameters leads to the blood
oxygenation level dependent (BOLD) signal as measured in fMRI. Figure adapted from [97].

2.3.2 fMRI data preprocessing

fMRI data can be seen as 4D dataset consisting of a 3D matrix (a volume) of smaller volume elements

(voxels) that is repeatedly sampled over time. The set of images can be considered to form a 4D image,

where the fourth dimension is time. This enables the construction of a time course for each voxel, which

translates its signal (arising from BOLD contrast) variation throughout time. This is represented in �gure

2.3.

Figure 2.3: Example of a 4D fMRI dataset. For easier illustration, a single slice of each 3D volume is shown, but the 4D data
contains a full 3D image sampled throughout time. Extracting the intensities over time from a single voxel gives a timeseries (a set
of intensities over time), as illustrated on the bottom right. Figure extracted from [98].
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However, only 1-3% of the change in the fMRI signal arises from underlying neuronal activity. Noise

and artifactual sources of �uctuation considerably contribute to the BOLD signal. There are very forms

of artifacts: they can be caused either by the MRI scanner itself, by the subject being scanned, or even

a combination of both. Furthermore, all fMRI data suffers from spatial and temporal inaccuracy that, if

uncorrected, may reduce or even eliminate the detection power of an experiment.

Consequently, MRI data directly from the scanner require a number of preprocessing operations in

order to remove uninteresting variability from the data and prepare it for further processing steps. These

include correcting for geometrical distortions, signal losses, different acquisition times between slices,

as well as motion correction techniques and spatial and temporal �ltering. A �nal preprocessing step

consists of normalization of each individual data to a common standard space in order to be able to

do comparisons between individuals. Figure 2.4 provides an overview of the principal preprocessing

operations that are usually performed. Further in this dissertation (Section 4.2.1), preprocessing steps

employed in this work will be described in more detail.

Figure 2.4: Standard pipeline for fMRI data preprocessing steps.

2.3.3 Subject-level fMRI data analysis

Following preprocessing, a separate �rst-level analysis of data from each individual subject is carried out.

When using task-based fMRI data, the objective is to locate and analyze the brain activity in response

to the task performed by the subject within the scanner.

2.3.3.1 The General Linear Model approach

The most employed method in task-based fMRI data analysis is the General Linear Model (GLM). This

is fundamentally a linear model whose basic idea is that the observed signal can be described as a
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