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ABBREVIATIONS

Abbreviations and symbols

BOLD blood-oxygenation-level-dependent

CBF cerebral blood flow

CBV cerebral blood volume

CGRP calcitonin gene-related peptide

CMRO, cerebral metabolic rate of oxygen

2D two dimensional

3D three dimensional

EP evoked potential

EPI echo planar imaging

¥E_FDG 8E_fluorodeoxyglucose, *®F labelled deoxyglucose
FFA fusiform face area

FHM familial hemiplegic migraine

FLAIR FLuid Attenuated Inversion Recovery
fMRI functional Magnetic Resonance Imaging
GE gradient echo

GTN glyceryl trinitrate

Gy frequency-encoding gradient along X-axis
Gy phase-encoding gradient along Y-axis

Gy slice-selection gradient along Z-axis

HREs haemodynamic refractory effects

HRF haemodynamic response function

ICHD-II International Classification of Headache Disorders, 2nd edition
IHS the International Headache Society

IL inverse logit



ABBREVIATIONS

ISI interstimulus interval

LFP local field potentials

min minute

mm millimeter

MOH medication-overuse headache

MwA migraine with aura

MwoA migraine without aura

MR(I) Magnetic Resonance (Imaging)

MRS Magnetic Resonance Spectroscopy

Myy transversal magnetization

Mz longitudinal magnetization

NIRS near-infrared spectroscopy

NMR Nuclear Magnetic Resonance

NSAIDs nonsteroidal anti-inflammatory drugs
NVU neurovascular unit

NO nictric oxide

PAG periagueductal gray matter

PET positron emission tomography

ppm parts per million

REF reference condition (in our experiments)
RF radiofrequency

ROI region of interest

1S, 2S, 6S three experimental conditions with 1, 2 and 6 seconds ISI, respectively
SD standard deviation

SE standard error of the mean

SNP single nucleotide polymorphism

SNR signal-to-noise ratio

SPECT single-photon emission computed tomography
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ABBREVIATIONS

SPM
TCA
TCC
TE
TR
TTH
TVS
Vi
Vi
VBM

VEP

Statistical Parametric Mapping
tricarboxylic acid
trigeminocervical complex
echo time

repetition time

tension-type headache

trigeminovascular system

first (ophthalmic) division of fifth cranial (trigeminal) nerve

primary visual cortex
voxel-based morphometry

visual evoked potential
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SAMENVATTING

Samenvatting

Migraine is een primaire hoofdpijnaandoening met een eenjaarsprevalentie van minstens
11%. Het is de meest voorkomende neurologische aandoening en heeft een enorme
economische en sociale impact. De Wereld Gezondheidsorganisatie erkent dat migraine een
ernstige, invaliderende aandoening is, die de levenskwaliteit van de patiént negatief
beinvloedt, ook al zijn de symptomen niet permanent aanwezig. De interictale periode,
wanneer de patiént hoofdpijn-vrij is, wordt afgewisseld met episodische hoofdpijnaanvallen,
de ictale fase genoemd. Een hoofdpijnaanval duurt 4 tot 72 uur wanneer die niet of niet
succesvol behandeld wordt, en gaat gepaard met geassocieerde symptomen, waarvan

fotofobie, fonofobie en nausea de bekendste zijn.

Migraine wordt verder onderverdeeld in verschillende subtypes, waarvan migraine zonder
aura (MwoA) en migraine met aura (MwA) de meest voorkomende zijn. Hoewel er
wereldwijd veel onderzoek gebeurt naar migraine, zowel naar de hoofdpijn en de aura als

naar de interictale aandoening, is de neurobiologie ervan nog steeds niet volledig begrepen.

Deze thesis had tot doel om interictale functionele veranderingen in de hersenen van
patiénten met MwoA te identificeren, gebruik makend van functionele magnetische

resonantie beeldvorming (fMRI).

In hoofdstuk 1 vatten we de huidige kennis over de fysiopathologie van migraine samen.
Wat gebeurt er tijdens een aanval? Waarom ervaren patiénten hoofdpijn, hoewel het
hersenweefsel zelf gevoelloos is? Waarom ontwikkelen patiénten opeens een migraine-
aanval in tegenstelling tot mensen zonder migraine? Welke zijn de interictale afwijkingen in

de hersenen van migrainepatiénten? Wat is de rol van het genoom?

De bevindingen van studies met structurele en functionele hersenbeeldvorming bij
migrainepatiénten worden besproken in hoofdstuk 2. Een MRI scan is de beste modaliteit
om hersenen te evalueren door het excellent contrast in zachte weefsels. Structurele
beeldvorming draagt echter niet bij aan de migraine diagnose, noch is beeldvorming
expliciet vermeld in de huidige diagnostische criteria. Nochtans kan conventionele

structurele MR beeldvorming noodzakelijk zijn om onderliggende pathologieén, zoals een
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SAMENVATTING

hersentumor of hydrocefalie, uit te sluiten. Functionele informatie wordt verkregen met
positron emissie tomografie (PET) scans, nabij-infrarood spectroscopie of fMRI. We stellen
vast dat de interictale haemodynamische respons functie bij migrainepatiénten tot op heden

nog niet bestudeerd werd.

In hoofdstuk 3 wijden we uit over de principes van MRI en fMRI. We beschrijven de
eigenschappen van het BOLD-signaal, dat gewoonlijk gebruikt wordt bij fMRI en afhankelijk
is van de oxygenatiegraad van het bloed, en we onderzoeken de niet-lineariteiten van de
haemodynamische respons functie, ook wel de haemodynamische refractaire effecten

genoemd.

De onderzoeksdoelstellingen worden opgesomd in hoofdstuk 4.

In hoofdstuk 5 beschrijven we de resultaten van ons onderzoekswerk. Eerst gaan we dieper
in op de methodologie om haemodynamische signalen op het individuele niveau te meten
en te kwantificeren, om nuttige informatie over refractaire effecten bij dat individu te
bekomen. Data-acquisitie, -extractie, -fitting en -kwantificatie worden in detail beschreven.
We gebruiken een fitting algoritme met inverse logit functies, zodat informatie optimaal uit
één dataset kan gehaald worden zonder dat de data in een gestandaardiseerd model

geduwd worden.

In het tweede deel van dit hoofdstuk wordt de methode toegepast op patiénten-data. Er zijn
daarvoor 21 patiénten met MwoA gescand. De patiéntenselectie was gebaseerd op strenge
criteria om een homogene groep te bekomen. De patiénten-data worden vergeleken met
referentiegegevens. Onze bevindingen suggereren dat de haemodynamische refractaire
effecten niet voorkomen bij patiénten, wat mogelijks verband houdt met het ontbreken van

habituatie bij metingen van geévokeerde potentialen.

Tenslotte onderzoeken we of het combineren van haemodynamische en metabole
gegevens, die in dezelfde patiénten op dezelfde dag verzameld worden, bijkomende
informatie oplevert. We gaan na of zo’'n gecombineerde dataset bruikbaar is om met
voldoende hoge sensitiviteit en specificiteit te kunnen bepalen of het gescande subject een
migrainepatiént is of niet. We tonen aan dat onze homogene patiéntengroep kan

onderverdeeld worden in verschillende subgroepen.
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We besluiten dat we een methode ontwikkeld hebben om haemodynamische refractaire
effecten op het individueel niveau op te sporen en te kwantificeren. Het toepassen van deze
methode bij patiénten met MwoA toont aan dat een subgroep van deze patiénten geen
haemodynamische refractaire effecten vertonen, terwijl een tweede subgroep metabole

problemen heeft. We eindigen hoofdstuk 6 met enkele suggesties voor toekomstig

onderzoek.
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SUMMARY

Summary

Migraine is a primary headache disorder with a one-year prevalence of at least 11%. It is the
most prevalent of all neurological disorders and has an enormous economic and social
impact. The World Health Organisation recognizes that migraine is a severe and disabling
condition, affecting the patients’ quality of life, although the symptoms are not permanently
present. The interictal period, in which the patient is pain-free, is interspersed with episodic
headache attacks, called the ictal period. The headache attacks last 4 to 72 hours when
untreated or unsuccessfully treated, and are accompanied by associated symptoms, of
which photophobia, phonophobia and nausea are best known. Migraine is further
subdivided into several subtypes of which migraine without aura (MwoA) and migraine with
aura (MwA) are the most common. Although there is a lot of migraine research going on
worldwide, on the headache and the aura as well as on the interictal disorder, its

neurobiology is still incompletely understood.

The aim of this thesis was to identify interictal functional changes in the brain of patients

with MwoA, using functional magnetic resonance imaging (fMRI).

In Chapter 1, we summarize the current knowledge about migraine pathophysiology. What
happens during an attack? Why do patients experience a headache while the brain tissue
itself is insensate? Why do patients suddenly develop an attack while people without
migraine don’t? What are the interictal brain anomalies in migraineurs? What is the role of

the genome?

The findings from both structural and functional neuroimaging studies in migraineurs are
discussed in Chapter 2. An MRI scan is the best modality to evaluate the brain due to its
excellent soft tissue contrast. Structural imaging does not contribute to the diagnosis of
migraine, nor is imaging explicitly mentioned in the current diagnostic criteria. However,
conventional structural MRI may be necessary to exclude underlying pathologies, such as
brain tumor or hydrocephalus. Functional information is obtained with positron emission
tomography (PET) scans, near-infrared spectroscopy or fMRI. We find that, to date, the
interictal haemodynamic response function has not been studied with fMRI in patients with

MwoA.
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In Chapter 3, we elaborate on the principles of MRI and fMRI. We describe the
characteristics of the blood-oxygenation-level-dependent (BOLD) signal, which is commonly
used in fMRI, and we investigate the nonlinearities of the haemodynamic response function,

also called haemodynamic refractory effects (HREs).

The research objectives are listed in Chapter 4.

In Chapter 5, we describe the results of the research work. First, we elaborate on the
methodology to measure and quantify haemodynamic signals at the single-subject level for
obtaining useful information on refractory effects from that particular subject. Data
acquisition, extraction, fitting and quantification are described in detail. We use a fitting
algorithm with inverse logit functions, to optimize information extraction from one data set,

without forcing the data into any standardized model.

In the second part of this chapter, the method is applied on real patient data. Therefore, we
acquired data in 21 patients with MwoA. Patient selection has occurred on the basis of
stringent exclusion criteria to create a homogeneous patient group. The patient data are
compared with reference data. Our findings suggest that patients lack HREs, possibly related

to their lack of habituation in evoked potential measurements.

Finally, we investigate whether the combination of haemodynamic and metabolic data,
obtained in the same patients during the same day, offers additional information. We
consider the usefulness of such a data set to determine — with high sensitivity and specificity
— whether the scanned subject is a migraineur or not. We show that our homogeneous

patient group can be subdivided into several subgroups.

In conclusion, we established a methodology to detect and quantify HREs at the single-
subject level. Application of this method to patients with MwoA reveals that a subgroup of
these patients lack HREs, while a second subgroup has metabolic problems. We end Chapter

6 with some suggestions for future research.
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RESUME

Résumé

La migraine est une céphalée primaire qui a une prévalence d’au moins 11% par an. Elle est
la plus prévalente de toutes les affectations neurologiques et elle a un énorme impact
économique et social. L'Organisation Mondiale de la Santé (OMS) reconnait que la migraine
est une condition grave qui meéne a des conditions de vie invalidantes et qui affecte la
gualité de vie du patient, bien que les symptébmes ne sont pas constamment présents. La
période interictale, pendant laquelle le patient n’éprouve pas de douleurs, alterne avec des
crises de mal de téte épisodiques, la période ictale. Les crises de mal de téte durent de 4h a
72h si elles ne sont pas traitées ou traitées sans succes, et s’accompagnent de symptomes
associés, parmi lesquels la photophobie, la phonophobie et la nausée sont les symptomes les
plus connus. La migraine est subdivisée en plusieurs sous-types parmi lesquels la migraine
sans aura (MwoA) et la migraine avec aura (MwA) sont les plus courants. Bien qu’il y ait
beaucoup de recherche scientifique sur la migraine au niveau mondial, tant sur le mal de
téte et I'aura comme sur I'affectation interictale, la neurobiologie de la migraine reste

partiellement inconnue.

Le but de cette thése était I'identification des changements interictaux fonctionnels dans le
cerveau des patients qui souffrent de MwoA, tout en employant I'imagerie par résonance

magnétique fonctionnelle (IRMf).

Dans le premier chapitre nous résumons les connaissances actuelles sur la physiopathologie
de la migraine. Qu’est-ce qui se passe lors d’une crise? Pourquoi les patients éprouvent-ils
un mal de téte tandis que le cerveau lui-méme n’éprouve pas de douleur? Pourquoi les
patients développent-ils une crise tandis que les personnes sans migraine n’en développent
pas? Quelles sont les anomalies cérébrales interictales dont souffrent les patients de

migraine? Quel est le réle du génome?

Les résultats des études d’'imagerie cérébrale structurelle et fonctionnelle chez les patients
de migraine sont présentés dans le deuxieme chapitre. Le balayage IRM est la meilleure
modalité pour évaluer le cerveau en raison de son excellent contraste des tissus doux.
L'imagerie structurelle ne contribue pas a la diagnose de migraine et I'imagerie n’est pas non
plus mentionnée explicitement parmi les critéres diagnostiques actuels. Néanmoins I'IRM

structurelle conventionnelle peut étre nécessaire afin d’exclure des pathologies sous-
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jacentes, telles que les tumeurs cérébrales, I'hydrocéphalie, etc. Des informations
fonctionnelles peuvent étre obtenues avec des images TEP, la spectroscopie proche
infrarouge ou IRMf. Nous avons constaté que, jusqu’a présent, la fonction de réponse

hémodynamique interictale chez les patients n’a pas encore été examinée avec I'IRMf.

Dans le troisieme chapitre nous développons les principes de I'IRM et IRMf. Nous décrivons
les caractéristiques du contraste BOLD, qui dépend du niveau d’oxygénation du sang et qui
est couramment utilisé dans I'IRMf, et hous examinons les non-linéarités de la fonction de
réponse hémodynamique qui sont également appelées les effets réfractaires

hémodynamiques.

Nous présentons les objectifs de notre recherche dans le quatrieme chapitre.

Dans le cinquieme chapitre nous décrivons les résultats de la recherche scientifique. D’abord
nous développons la méthodologie pour mesurer et quantifier les signaux hémodynamiques
au niveau de l'individu afin d’obtenir des informations utiles sur les effets réfractaires de
I'individu. Nous décrivons en détail I'acquisition, I'extraction, I'insertion et la quantification
des données. Nous utilisons un algorithme d’insertion aux fonctions réciproques logit, afin
d’optimiser I'extraction d’informations d’un set de données sans forcer les données dans un

modele standardisé.

Dans la deuxieme partie de ce chapitre nous appliquons la méthode sur les données réelles
des patients. A cette fin nous avons acquis des données chez 21 patients MwoA. La sélection
des patients a été faite a base de critéres d’exclusion rigoureux afin de créer un groupe de
patients homogéne. Les données des patients ont été comparées avec les données de
référence. Nos constatations suggéerent que les patients manquent d’effets
hémodynamiques réfractaires, ce qui peut étre lié a leur manque d’accoutumance en cas de

potentiels évoqués.

En dernier lieu nous examinons si la combinaison de données hémodynamiques et
métaboliques, obtenues chez les mémes patients lors de la méme journée, donne des
informations supplémentaires. Nous vérifions si un tel set de données permet de déterminer

— avec haute sensitivité et spécificité — si I'individu passé sous le scanner est un patient de
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migraine ou non. Nous démontrons que notre groupe de patients homogene peut étre

subdivisé en plusieurs sous-groupes.

Nous concluons que nous avons établi une méthodologie pour détecter et quantifier les
effets hémodynamiques réfractaires au niveau de l'individu. L’application de cette méthode
a des patients MwoA révele qu’un premier sous-groupe de ces patients manque d’effets
hémodynamiques réfractaires tandis qu’un deuxiéme sous-groupe souffre de problémes

métaboliques. Nous finissons le sixieme chapitre avec des suggestions de recherche future.
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1. MIGRAINE

Chapter 1: Migraine

1. Epidemiology and criteria for migraine diagnosis

Migraine is a severe and disabling neurological disorder with a global one-year prevalence of
at least 11%. Typically, more women (15-18%) than men (7%) suffer from migraine (1).
Migraine is the most prevalent of all neurological disorders and has an enormous economic
and social impact. In 2006, a study of the IDEWE (External Service for Prevention and
Protection at Work) reported an estimated annual loss of around 1.150.000 working days in
Flanders and Brussels due to migraine (2). In the “Global Burden of Disease” analysis, the
World Health Organisation recognizes that migraine is a severe and disabling condition,
affecting the patients’ quality of life, even though the symptoms are not permanently
present. Migraine is the third most prevalent condition worldwide, after iron-deficiency

anaemia and mild hearing loss, with an estimated 324 million sufferers (3).

Criteria for migraine are defined in the second edition of the International Classification of
Headache Disorders (ICHD-II) (4), which is enclosed in Appendix A. Migraine is a chronic,
primary headache disorder with episodic headache attacks, lasting four to seventy-two
hours when untreated or unsuccessfully treated. The headache cannot be attributed to
another disorder, such as brain tumour or hydrocephaly. In addition to this, at least two of

the following headache characteristics must be present:

¢ unilateral location
* pulsating quality

* moderate to severe pain intensity
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1. MIGRAINE

* aggravation by routine physical activity (or causing avoidance of this).

The migraine headache is accompanied by at least one of the following symptoms:

¢ photophobia and phonophobia

* nausea and/or vomiting.

Probably many patients with migraine are not aware of their condition and are undiagnosed
or misdiagnosed, because they do not all meet the standard image of the migraine patient
with unilateral pulsating headache. The estimated migraine prevalence is only the tip of the
migraine iceberg and migraine remains an underdiagnosed condition (5). Migraine is further
subdivided into several subtypes of which migraine without aura (MwoA) and migraine with
aura (MwA, approximately 20 to 30% of all migraine patients) are the most common. The
aura is a collective term for reversible focal neurological symptoms that usually develop
gradually over 5 to 20 minutes and last for less than 60 minutes, e.g. positive and/or
negative visual or sensory symptoms, speech disturbance, etc. For example, patients often
describe a scintillating scotoma, i.e., the combination of a positive and a negative symptom,
respectively. A visual migraine is depicted in Figure 1. Cortical spreading depression (CSD),
first described in rabbits by Ledo in 1944 (6), is thought to be the mechanism underlying
migraine aura (7). CSD is preceded by an initial rim of spreading hyperemia, in response to
increased neuronal excitation, and then followed by the spreading oligemia accompanying
the depression, which is due to a transient failure in the brain ion homeostasis (8).
Investigating the aura phenomenon is more straightforward than the headache itself, due to
the concrete homologue. The aura and CSD originate in the occipital brain regions and
propagate at the same speed (around 2 to 6 mm/min (9)), which is similar to the

propagation of the spreading hypoperfusion (2 mm/min (10)). We note that during the aura
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1. MIGRAINE

only a spreading oligemia is observed. Patients with MwA were also examined with
functional magnetic resonance imaging (fMRI) during their aura and blood-oxygenation-
level-dependent (BOLD) signal changes were reported that demonstrated several
characteristics of CSD (11). Throughout this work, we will focus on patients with MwoA, to

avoid interference of the aura biology, because we use visual stimuli in our research.
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Figure 1 In 1941, neuroscientist Karl S. Lashley illustrated his own visual aura with positive and negative features: a
scintillating scotoma. He indicated the time (in minutes) to spread from the macular area to the edge of the visual field (12).

2. Medical treatment

The acute phase of a migraine attack can be blocked by triptans, a class of drugs specifically
developed for the treatment of migraine headache. These serotonin-agonists can stop the
headache because they occupy 5-HTip and 5-HTp receptors in the trigeminovascular system
(see paragraph 3.2). However, triptans are expensive and only chosen if non-specific acute
migraine treatments such as non steroidal anti-inflammatory drugs (NSAIDs, e.g., ibuprofen,
naproxen, diclofenac), acetylsalicylic acid or paracetamol do not block the attack sufficiently.
Ergotamines are also a specific acute treatment, but not recommended anymore (13).

Antiemetics such as domperidone can reduce the nausea and vomiting.
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Patients are often asked to keep a headache diary. This diary provides a lot of information
for the neurologist to get insight into the patients’ attacks, their frequency, severity, etc.
Also, patterns linked to medication-use or -overuse or the menstrual cycle can come up. The
management of migraine comprises advice concerning trigger avoidance: appropriate sleep
routine, regular meals, regular exercise, smoking cessation, moderate or no alcohol and

caffeine consumption, proper stress management.

A prophylactic treatment can be considered for patients with multiple disabling attacks per
month. Five categories commonly used in prophylactic treatments are p-blockers (e.g.,
propranolol, metoprolol), antiepileptic drugs (e.g., topiramate, valproate), antidepressants
(e.g., amitriptyline), calcium channel-blockers (e.g., flunarizine), and metabolic enhancers

(e.g., riboflavin). The mechanisms of action for most prophylactic drugs is unknown.

These prophylactic treatments can be combined or preceeded by relaxation therapy or

cognitive-behavioural therapy (14-16).

3. Pathophysiology

3.1. Migraine is a chronic disorder with episodic manifestations
Migraine is a disorder rather than a disease, in which several phases can be distinguished
(Figure 2). The interictal period, in which the patient is headache-free and does not
experience any of the associated symptoms, is interspersed with episodic manifestations,
the ictal period. Reported precipitating factors or triggers that induce an attack are stress
and mental tension, lack of sleep, postponing or skipping a meal, consumption of certain
beverages (e.g., drinks containing alcohol, caffeine-overuse) or food, changing hormone

levels in female patients, weather changes, etc (17-20). The headache attack can be
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preceded by premonitory symptoms (e.g. tiredness and yawning, difficulty concentrating, a
stiff neck, hyperactivity, etc.) and an aura (21). After the headache is resolved and
recovered, the patient may experience postdromal symptoms, resembling the prodromal

ones. Not all patients experience all the phases.
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Figure 2 Several subphases can be distinguished within the ictal phase of a migraine attack; note that the associated
symptoms are persistently present and (may) worsen during the headache phase ((22), adapted from Blau (23)).

Migraine is a multifactorial disorder, in which multiple neurotransmitters systems, complex
genetics, and environmental factors play a role. Numerous migraine studies have been
published that reveal ictal and interictal abnormalities. We summarize the most important

literature in the next paragraphs.

Although there is a lot of migraine research going on worldwide, on the headache and the

aura as well as on the interictal disorder, its neurobiology is still incompletely understood

(24).

3.2. Anatomical and functional organisation of the normal brain
Brain tissue itself is insensate, but the meninges and large intracranial blood vessels are
innervated by nociceptive neurons of the ophthalmic division of the trigeminal nerve (V,)

and the upper cervical nerves, the latter for the infratentorial dura mater. The
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trigeminovascular system (TVS) consists of the pseudo-unipolar V; neurons and the
intracranial blood vessels they innervate. The neuronal cell bodies are located in the
trigeminal ganglion, lying close to the brainstem. Afferents leave the ganglion to enter the
brainstem at the level of the pons and continue to the trigeminocervical complex (TCC), a
region at the cervicomedullar junction. This TCC comprises the trigeminal nucleus caudalis,
which is a subnucleus from the spinal trigeminal nucleus, and the superficial layers of the
spinal dorsal horns of C1 and C2 (the uppermost cervical regions of the spinal cord), which
are all interconnected (25). The second-order neurons in the TCC have projections to
hypothalamus, dorsolateral pontine tegmentum, rostral ventromedial medulla,
periagueductal grey matter (PAG), locus coeruleus, etc, as well as connections with neurons
that project to the contralateral thalamus and cortex (Figure 3). Hypothalamus and thalamic
nuclei play an important role in the modulation of pain perception (26): the perception of a
painful stimulus depends on the situation and can be modulated by diencephalic and brain
stem nuclei. Finally, inhibitory interneurons are found in the thalamocortical loops. They
have a regulatory function and should provide a functional balance between somatosensory

cortex and thalamus (27).

At the cellular level, the smallest functional unit in the brain is the neurovascular unit (NVU),
which consists of a neuron, an astrocyte and a capillary (Figure 4). Astrocytes play an
important role in the normal neurophysiology and are therefore not just cells with a
supportive function, inferior to the neuron. First, there is their involvement in the

neurometabolic coupling.
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Figure 3 The major connections involved in the trigeminocervical complex. Neurons from the ophthalmic division of the
trigeminal nerve innervate the meninges and blood vessels. Their cell bodies are found in the trigeminal ganglion. Afferents
leave the ganglion, pass through the pons and end on second-order neurons in the trigeminocervical complex, which
comprises the nucleus caudalis - a part of the spinal trigeminal nucleus - and superficial layers of the spinal dorsal horns of
C1 and C2. Projections towards and from hypothalamus, rostral ventromedial medulla (RVM), dorsolateral pontine
tegmentum (DLPT) and peri-aqueductal grey (PAG) are known, as well as the projections towards the cortex, via the
trigeminothalamic (or quintothalamic) tract and a passage in the contralateral thalamus (ventral posteromedial nucleus,

VPM).
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Neuronal activity is determined by electric and synaptic activity, with action potentials,
neurotransmitter release and postsynaptic chemical and electrical responses. Neuronal
activation stimulates increased glucose consumption. Neuronal glycolysis is necessary to
replenish the high-energy molecule adenosine-tri-phosphate (ATP). Pyruvate is produced as
a first intermediate molecule. Neurotransmitter release (e.g., the most abundant one:
glutamate) into the synaptic cleft excites the postsynaptic neuron and astrocytes extract
these neurotransmitters from the synaptic cleft, together with sodium ions. The astrocytes
use sodium-potassium pumps on their membrane to restore the transmembrane ion
gradients, at the cost of ATP consumption. Therefore, they also possess glucose transporters
for glucose uptake from the blood (28). Astrocytic glycolysis produces lactate, which is
subsequently shuttled to the neurons fur further processing. This is called the astrocyte-
neuron lactate shuttle hypothesis (29, 30). There, lactate is first converted to pyruvate. The
mitochondria in the neurons are responsible for the pyruvate processing, which leads to ATP
production via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (31).
Astrocytes are also involved in the neurovascular coupling: the CBF changes related to
neuronal activation are influenced by the astrocytes’ release of vasoactive compounds,
which influence the smooth muscles surrounding the endothelial cells. Conditions of
reduced nitric oxide (NO) — an important molecule in migraine research — cause the
astrocytes to convert arachidonic acid into eicosanoids and prostaglandins with a
vasodilating effect due to smooth muscle relaxation, while elevated NO levels inhibit their
production. Arachidonic acid is then processed in smooth muscle cells and converted into

eicosanoids with vasoconstriction effects (32).
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Glutamate, adenosine, lactate, K*, etc. also possess vasoactive properties, both directly and
indirectly, via feedback and feedforward mechanisms (33). A detailed description of their

mechanism of action and pathways is beyond the scope of this thesis.

neuron astrocyte .

capillary

Figure 4 Within the neurovascular unit the astrocyte plays a key role for both clearance of the synaptic cleft after neuro-
transmitter release and uptake of glucose from capillaries. Adapted from Tsacopoulos et al. (34).

3.3. Genetics
The high prevalence of migraine in certain families suggests that there is an strong heriditary
component for migraine in these families. Population-based twin cohort studies confirm this
(35-37). In only one subtype of migraine monogenic mutations are linked to the disorder,
namely familial hemiplegic migraine (FHM). This rare form of MwA shows an autosomal
dominant heriditary pattern. Currently, three gene mutations are identified. The subtypes
FHM1, FHM2, and FHM3 are characterized by mutations in CACNAI1A, encoding the al
subunit of a neuronal voltage-gated Ca®*-channel (38), ATP1A2, encoding the a2 subunit of
the Na‘'/K*-ATPase pump located on astrocytes (39, 40), and SCN1A, encoding a neuronal

voltage-gated Na'-channel (41), respectively. Sometimes, the FHM subtypes are called
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channelopathies, because the mechanism can be, at least partly, attributed to defects in

these ion channels.

To date, no monogenic forms of migraine could be identified for MwoA, but a variety of
gene polymorphisms, most often irreproducible, have been described (42). The contribution
of and the interaction between multiple genes is highly likely due to the complexity of
migraine pathophysiology. Just recently, three genome-wide association studies (43-45)
have reported on genetic susceptibility variants in large migraine populations. Two genetic
variants are located within or between genes involved in the homeostasis of the excitatory
neurotransmitter glutamate. A third type lies close to a gene coding for a cold and pain
sensor, while the role of a fourth variant still remains unclear (46). The presence of particular
single nucleotide polymorphisms (SNPs) indicates an increased risk for migraine. However,
contrary to migraine-associated gene mutations in FHM, these SNPs are only risk factors and
so far, no explicit, direct link to MwoA has been demonstrated (47). Obviously, in the near
future, more genetic susceptibility variants either in the nuclear DNA or the mitochondrial

DNA, will be discovered that can be linked to migraine pathogenesis.

3.4. The interictal phase

Since migraine is a chronic disorder with episodic manifestations, scientists are looking for
interictal, measurable differences between patients with migraine and healthy people, that
may (at least partly) explain why migraine patients develop an attack while healthy people

remain headache-free when they are exposed to the same triggers and/or conditions.

In the interictal phase, some differences in brain functioning between patients and healthy
controls can be demonstrated. In 1995, Schoenen et al. were the first to describe the lack of

habituation in patients with migraine, demonstrated with visual evoked potential (VEP)

34



1. MIGRAINE

measurements (48). Habituation is a phenomenon of decreasing response amplitude to
repetitive stimulation in healthy controls (49). Migraineurs do not show this phenomenon,
on the contrary, even a transient potentiation of their responses has been observed. The
lack of habituation in migraine patients of evoked brain potentials (EP) is not exclusively
related to VEP measurements, and has been described with other types of stimuli, such as
auditory, somatosensory and painful stimuli (reviewed by Coppola et al. (49)), blink reflex
(50) and cognitive event-related potentials (51). A hyperventilation study indicated that the

lack of habituation in patients with MwoA is worsened through hypocapnia (52).

Competing theories try to explain the lack of electrophysiological habituation. Arguments
that the migraine brain is dysexcitable (either hyperexcitable or hypoexcitable), as well as

evidence for altered preactivation levels are discussed below.

The migraine brain seems hyperexcitable compared to controls (53-56), leading to
potentiation or at least no decreased EP amplitudes. On the other hand, it has been
proposed that migraineurs have a malfunction of the intracortical inhibition (57), which
would be reflected in the absence of the protective phenomenon habituation. However,
both theories have been questioned in many papers. Huang et al. demonstrated some
limitations to the hyperexcitability-theory, not fully refuting it (58), while Afra et al. reported
several times on hypoexcitability (59, 60). The same group also argued against reduced

intracortical inhibition (61).

This leads to the point of view of the altered preactivation levels in patients. During EP
measurements the peak amplitude in the first averaged block is initially lowered compared
to controls (62, 63). This indicates that the preactivation levels in migraineurs are decreased,

perhaps due to abnormalities in the thalamocortical networks, namely reduced
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thalamocortical activation (61, 64) or due to hypoactivation in certain subcortico-cortical
serotonergic pathways (65). This hypothesis is supported by the ictal and immediate pre-ictal

normalization of EP amplitudes (66).

We want to mention that the interictal lack of habituation in migraineurs is also
characterized by a strong familial influence (67), although this finding is based on statistics,

not on genetic screening.

Other interictal findings cover haemodynamic abnormalities and NO hypersensitivity, or

point towards problems at the level of the energy metabolism.

Interictal transcranial Doppler (TCD) studies reported mostly on increased blood flow mean
velocities in cerebral arteries and increased cerebrovascular reactivity to carbon dioxide in
migraineurs compared to controls (68-73). Patients are also hypersensitive to NO, e.g. by
infusion of glyceryl trinitrate (GTN), a donor of NO (74). Both patients and controls develop a
headache immediately after infusion, but patients also develop a delayed headache with

migraine characteristics (75, 76).

Several observations in migraine patients are correlated with attack frequency and disorder
duration. Although migraine attacks do not cause apparent damage to the brain, some
phenomena are more often present or pronounced, (probably) due to repetitive attacks,
such as an increased risk for white matter lesions (77), iron accumulations in deep brain
nuclei (78, 79) or glucose hypometabolism in selective brain regions involved in the central

pain processing (80).

Furthermore, several studies indicate that there might be a problem with the mitochondrial

energy metabolism in migraineurs. The group of Montagna did a lot of work on metabolism
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in patients with migraine, using muscle biopsy and magnetic resonance spectroscopy (MRS).
Besides reports on changes in enzymes involved in the respiratory chain, such as cytochrome
¢ oxidase, mono-amine oxidase and succinate dehydrogenase (81), they also demonstrated
low phosphocreatine (PCr) levels and a decreased phosphorylation potential in the interictal
migraine brain (82). None of these mitochondrial changes are generalizable to all patients.
The hypothesis on metabolism is strengthened by a recent study of our group with *'P-MRS,
which demonstrated interictal reductions in adenosine triphosphate (ATP) and — again — PCr
concentrations in patients with MwoA compared to controls (83). An attack may originate
when triggers provoke an increased demand of the energy metabolism, while the energy
reserve is decreased. An imbalance between ATP production and consumption is proposed
as a problem in a subgroup of patients. In addition to this, cytosolic free magnesium, which
is an essential element in the energy metabolism at the level of ATP synthesis, is found lower

in migraineurs, rather as a consequence of the deficient metabolism than as its cause (84).

3.5. The ictal phase
There are three major models explaining the development of a migraine headache: (I) a
brainstem dysfunction as the generator of the attacks, (Il) CSD, also clinically silent CSD, and
(1) a vulnerable cortex due to an increased metabolic strain. The following paragraphs

discuss each theory. Figure 5 summarizes the different theories.
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Figure 5 Three models explaining the development of a migraine attack. In each model, the activation of the
trigeminovascular system is essential in developping migraine, but the generator is different. In the first model, a brainstem
dysfunction activates the TVS (24). CSD is an unrelated, additional event, not integrated in this model. The second theory
assigns the key role to CSD (85) with a clinically silent CSD in patients with MwoA. The third model states that a habituation
deficit together with a reduced mitochondrial energy reserve contribute to a cortex which is vulnerabe to recurrent attacks
(86).

I. Brainstem dysfunction

Activation of the TVS plays a key role during a migraine attack (87). Neural events originating
in the brainstem give signals to the innervated blood vessels resulting in the release of
vasoactive compounds (88, 89). The subsequent vasodilation results in pain perception.
Calcitonin gene-related peptide (CGRP) is an example of such a vasoactive substance, which
is released upon trigeminal nerve activation. Since CGRP levels are elevated during a
migraine attack, CGRP seemed an interesting target for new drugs. CGRP-antagonists are
currently being developed for acute migraine treatment (90). NO is another vasoactive

substance, which is naturally present throughout the body and produced by NO synthase.
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Trigeminal nerve activation causes the synthesis and release of NO in the intracranial blood
vessels, which also has a vasodilating effect. In experimental settings, a delayed migraine
attack can be induced by oral or intravenous administration of GTN. However, an imaging
study could not reveal increases in cerebral or meningeal blood vessel diameter during or

between attacks, suggesting that vasodilation is not essentially associated with attacks (91).

In the past, migraine was thought a vascular disorder, solely caused by vasodilation (92), but
nowadays, it is commonly accepted that migraine is a complex neurovascular disorder with
contributions from both the vascular compartment as well as the neurons and glial tissue.
Pain is supposed to be a warning sign that something is wrong, but in patients with migraine
the system is activated from time to time without an apparent reason for the alarm system
to switch on. Contrary to past assumptions, central structures play a key role in the
generation of an attack, rather than peripheral sensory input (93). For example, Welch
demonstrated a permanently impaired iron homeostasis in the PAG, suggesting that PAG is a
potential generator of migraine attacks by disturbing the normal nociceptive systems (79).
This is in line with earlier reports from Weiller et al., showing persistent abnormal activity in

brainstem nuclei even after successful acute treatment (94).

Il. Cortical Spreading Depression

It was already mentioned that some patients experience an aura (see this chapter’s
paragraphs 1 and 3.1), which can be defined as sensory or visual perceptions with a gradual
character, speech disturbance, etc, often but not exclusively preceding a migraine attack.
Electrophysiological as well as perfusion studies revealed an initial, brief phase of increased
activity and hyperaemia, followed by a prolonged spreading depression and oligemia (8, 11,

95-97). Several studies hypothesize that this phenomenon occurs in any migraine patient,
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albeit often a clinically silent CSD (98-100). Is it possible that the CSD is the initiator of a
migraine attack? Two theories argue it is. Since the CSD originates in the occipital cortex,
close to the meninges, it is hypothesized that the initial depolarizations stimulate the
meninges via their peripheral nociceptors, which in turn activate the TVS. Another point of
view is that the CSD eventually reaches the brainstem and causes direct activation of central

trigeminovascular neurons (101-104).

[1. Vulnerable cortex

In paragraph 3.4, we elaborated both on the lack of habituation in migraineurs and on the
decreased mitochondrial energy reserve reflected by altered PCr- and ATP-concentrations.
Both phenomena increase the metabolic strain in migraine patients and make the migraine

cortex vulnerable to develop attacks (86).

Despite the ictal and interictal findings, a coherent theory to explain the complete migraine
neurobiology, culminating into episodic headache attacks, is lacking. Given that several
interictal cortical abnormalities are consequently found in many migraine studies, it is
obvious that migraine is not only a trigeminovascular problem. Now that the influence of
multiple factors and pathways on migraine pathophysiology are discussed, it is reasonable to
look at migraine as a “threshold disorder” (Figure 6). Several factors from different
perspectives contribute to the vulnerability of a patient. Genetic predisposition through the
presence of susceptibility SNPs, or other innate factors such as defects in metabolism,
brainstem or thalamocortical circuits, altered haemodynamics, etc. may all influence the

migraine threshold. A patient with more predisposing factors will have the lower threshold.
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Figure 6 Concept of migraine as a threshold disorder. Genetic predisposition creates variation among patients concerning
their threshold to develop a migraine attack (solid lines). Certain factors can temporarily decrease the personal threshold
(dashed lines, e.g., hormone levels in female patients), as a result of which patients can be more prone to attacks. The
threshold is not fixed within one patient and varies depending on the influencing factors. Finally, triggers (such as sleep
deprivation, postponing a meal, etc) can push the patient above his “migraine threshold”.

Within one migraine patient, this threshold is a dynamic phenomenon, e.g., hormone levels
in women can change their threshold. Any incidental trigger, such as stress, fasting, sleep
disturbances, changing hormone levels, etc, or combinations of triggers may be crucial to

exceeding the threshold and, consequently, the development of a migraine attack.

Given that the threshold is dynamic within one patient, a certain trigger will provoke an

attack, but under different conditions the same trigger will not cause a threshold exceeding.

Strictly speaking, this concept of “vulnerable cortex” is not part of the ictal phase, but it

explains the circumstances in which an attack can develop.
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Chapter 2: Imaging in migraine

Several neuroimaging studies have tried to find structural and/or functional abnormalities in
migraine patients. Generally speaking, structural imaging reveals no extensive structural
changes compared to the normal brain, and review of the literature does not always vyield
concordant results. Ictal functional changes have been demonstrated with positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI) studies. Recently,

interictal studies have been published as well.

1. Structural imaging in migraine

Magnetic Resonance Imaging (MRI) is the preferred modality for structural neuroimaging
due to excellent soft tissue contrast. The technique itself is described in Chapter 3. Apart
from the conventional acquisition sequences, diffusion tensor imaging (DTI) and voxel-based

morphometry (VBM) analyses are also used to evaluate the migraine brain.

Since migraine is a primary headache disorder, by definition no major structural
abnormalities are found in the migraine brain. Structural imaging is useful to exclude other
problems that may cause (migrainous) headache. Yet subtle brain abnormalities are
detected more often in migraine patients compared to controls. Many groups report on the
increased risk of small cerebral white matter abnormalities (meta-analysis by Swartz et al.
(105)) as well as abnormalities in brainstem and cerebellum, presenting as subclinical infarct-
like lesions, typically hyperintense on T,-weighted or FLAIR images (77, 106-111). A
population-based MRI study reports on a higher incidence of brain infarcts particularly in the

posterior circulation territory of the brain (112). Follow-up of patients suggests that
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repeated migraine attacks are the cause of this damage, rather than vice versa (78, 113,

114).

Looking at grey matter changes, there is less concordance in the literature. Matharu et al.
performed a VBM study on groups of patients with MwA and MwoA (115). In both patient
groups no macroscopic and mesoscopic structural changes could be detected. The findings in
this early VBM study are inconsistent with the studies by Rocca et al. (116-118). Both T,-
weighted MRI and DTl were used to detect structural changes in migraineurs. The studies
concluded that patients had several areas of reduced grey matter densities, increased
density of the PAG in the pons and anomalous mean diffusivity histogram peak heights in
their grey matter. Regional grey matter volume loss was also reported by Kim et al. (119),
Valfre et al. (120) and Schmidt-Wilke et al. (121). DaSilva et al. observed a lower fractional
anisotropy for the ventrolateral PAG, indicating a more isotropic diffusion, due to loss of its
microscopic structure (122). Cortical thickness measurements in migraineurs revealed a
thicker somatosensory cortex (123) and thickening of motion-processing visual areas (124).
On the contrary, recent advanced surface-based morphometry was not able to demonstrate

significant differences in grey matter thickness between patients and controls (125).

Alterations in normal appearing brain tissue of migraineurs are probably induced by the
repetitive exposure to pain: there is an association between chronic pain disorders, other
than migraine, and morphologic grey matter changes (126). Several migraine studies
mention a correlation between the amount and extent of abnormalities and attack

frequency and duration of the disorder (77, 117, 119, 127).

T,-weighted MR images can be used to evaluate the in vivo non-haem iron content by

calculating R, relaxation maps (128). Their values are a measure of local free iron deposition.
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Welch et al. (79) mentioned an increase in brain iron accumulation in the PAG of patients
with MwoA and MwA. Later on, Kruit et al confirmed iron accumulations in putamen, globus
pallidus and red nucleus in relatively young migraineurs (< 50 years)(129). Both studies
found a positive correlation with the duration of the disorder, because repeated attacks

would facilitate iron depositions.

To conclude, migraine patients are definitely more at risk to develop subclinical brain white
matter hyperintensities, posterior circulation infarcts and local brain iron depositions, but it
is under debate whether or not patients have grey matter changes more often than controls

and what kind of changes they have.

2. Functional imaging in migraine

Structural imaging may show sublte brain abnormalities, e.g., migraineurs are more at risk
for white matter lesions (78), however, such findings are not valid for all migraineurs.
Imaging is generally non-contributing to the diagnosis (130), because migraine is a primary
headache disorder. Several functional imaging techniques provide complementary

information about the migraine brain.

2.1. Positron Emission Tomography (PET) and Single-Photon Emission Computed
Tomography (SPECT)

PET and SPECT are very sensitive functional imaging techniques. Several PET and SPECT

tracers have been used to investigate the brain during and between migraine attacks. The

injection of a radiotracer probably limits the initiation of new PET and SPECT studies.

PET studies with "O-water have reported increased cerebral blood flow (CBF) in several

pain-related structures, brainstem activation and posterior cerebral hypoperfusion during
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attacks (94, 100, 131). The brainstem activation persists after acute treatment, while clinical
symptoms disappear (94, 132, 133). Dynamic >O-water PET scans in a patient with MwoA
revealed a spreading decrease in CBF, which may be linked to a clinically silent CSD (98). A
PET study with three O-containing tracers confirmed the ictal decrease in global CBF and
cerebral blood volume (CBV), but reported unchanged oxygen metabolism and oxygen
extraction (134). An interictal ‘®F-fluorodeoxyglucose (‘®F-FDG) PET study revealed
hypometabolism in pain-related cerebral regions, such as insula, cingulate cortex and
somatosensory cortex (80). However, it should be mentioned that the concept of a “pain
matrix”, i.e., a network of cortical regions specific for pain and nociception, is currently
under debate, because pain-related regions are also involved in brain activation upon non-

painful stimulation (135).

Injection of 9MTe HMPAO or 133Xe, SPECT tracers used to measure CBF, reveal asymmetric,

locally impaired perfusion in migraineurs, both ictally (136) and interictally (137, 138).

2.2. Functional Magnetic Resonance Imaging (fMRI)
“Conventional” fMRI experiments are used to uncover those brain areas that are more (or
less) actively involved during the execution of a specific task or exposure to a certain
stimulus. Consequently, task-related results from fMRI measurements in patients with
migraine may reveal brain regions that are significantly different from those seen in controls,
either additionally activated regions or regions that do not seem to be activated during that

particular task, whereas they are in controls.

To date, only few fMRI studies have been published investigating differences between
migraineurs and healthy controls. The ictal phase of visually triggered migraine has been

investigated with fMRI by Cao et al. to make inferences about changes in the oxygenation of
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the occipital cortex and brainstem structures during the attack (139). In the previous
paragraph it was mentioned that PET studies are able to detect ictal brainstem activation.
Cao et al. confirmed this and reported additional activated brainstem regions, such as red
nucleus and substantia nigra. In addition, a spreading suppression of the occipital cortical

activation precedes the increased occipital oxygenation in the ictal phase (95).

These activations are in contrast with the interictal phase. An interictal multimodality study
reported decreased activation levels in the visual cortex, which were inversely correlated to
the attack frequency of the participating patients (140). Moulton et al. reported interictal
brainstem abnormalities in migraineurs: the nucleus cuneiformis, part of a modulatory
circuit in the brainstem, was found hypofunctional compared to controls in response to heat

stimuli (141).

Recently, interictal resting-state fMRI measurements — which occur in the absence of an
external task — revealed abnormal connectivity in several brain networks: increased
connectivity was found in primary networks (visual, auditory, sensorimotor) and in the
salience network, which these authors define as a network largely overlapping the pain
network, while decreased connectivity was found in parts of the default mode network
(142). The functional connectivity between the PAG and pathways related to nociception is
increased and positively correlated to attack frequency, whereas its connectivity with

regions involved in pain modulation is decreased (143).

Finally, the haemodynamic time course itself can be studied in migraineurs using the MR
scanner. In an interictal, combined fMRI and DTI study, Rocca et al. compared BOLD-fMRI

time courses following a finger flexion - extension task between patients and controls. They
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could not detect significant changes in the shape, nor in the haemodynamic signal intensity

changes (144).

2.3. Transcranial Doppler (TCD) and near-infrared spectroscopy (NIRS)
Static as well as dynamic cerebral blood properties can be assessed non-invasively. TCD, a
technique based on ultrasound, can measure cerebral blood flow velocities, whereas NIRS is
used to obtain information on haemoglobin content and oxygenation levels. Although these
techniques do not offer images per se, they provide information on the haemodynamic

response, described in more detail in Chapter 3.2.

In Chapter 1, it was already mentioned that interictal TCD studies reported mostly on
increased blood flow velocities in cerebral arteries and increased cerebrovascular reactivity
to carbon dioxide in migraineurs compared to controls (68-73). Analogous to this, Zaletel et
al. (145) demonstrated an increase in cerebrovascular coupling in migraineurs using TCD and
VEP. A combined TCD and NIRS study was also able to identify an increase in vasomotor
reactivity and oxygen haemoglobin saturation in migraineurs (146). Results from NIRS
studies are contradictory. Schytz et al. (147) could not identify differences in amplitude nor
in latency of response curves during a cognitive task. Another functional NIRS study (148)
reports on significantly lower amplitudes of the oxy- and deoxyhaemoglobin response curves
in migraineurs compared to controls when performing a breath hold task. However, the
latencies are unchanged in the migraine patients. In a more recent NIRS study, Coutts et al.
(149) could not demonstrate differences in the amplitude of haemodynamic responses to
visual stimuli, but they were able to differentiate between migraineurs and controls due to

alterations in the latency of the responses. It should be noted that some of the above-
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mentioned studies were performed in patients with MwA only, but obviously, no consensus

has been reached so far.

In summary:

Migraine is a primary disorder, so by definition, no major structural abnormalities
are found in migraineurs.

Epidemiologic studies demonstrate that specific structural imaging findings are
associated with migraine patients, e.g., an increased risk for white matter lesions
and/or posterior circulation infarcts.

Several functional imaging studies link their findings to the migraine patho-
physiology, such as decreased ATP concentrations, VBM abnormalities, local iron
accumulations, etc. Some of them support the theory of a vulnerable cortex, prone
to recurrent attacks (see Chapter 1, paragraph 3.5, § lll). However, so far, no unifying

hypothesis has been formulated.
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Chapter 3: functional Magnetic Resonance Imaging (fMRI)

1. From NMR to fMRI: principles

1.1. Nuclear Magnetic Resonance (NMR)
The nuclei of certain atoms with an odd number of protons possess the NMR property: they
have both a magnetic and an angular moment. Examples of such atoms are 'y, B¢, °F, 3p,
etc. Among these, hydrogen, with a single proton in its nucleus, is the most commonly used
element in NMR and MRI because it is the most abundant atom in the body. When the term
“proton” is used, it refers to a hydrogen proton. The use of the adjective “nuclear” is
somewhat misleading and refers to the fact that the atomic nucleus is involved in the
magnetic resonance phenomenon, not the surrounding electrons. MRI, based on the NMR
principles, is different from the (functional) nuclear imaging techniques PET and SPECT, in

which patients are exposed to ionizing radiation.

Protons — and other NMR sensitive nuclei — possess the intrinsic property called spin, due to
their magnetic and angular moment. They behave like little magnets. They are randomly
oriented in the absence of an external magnetic field and rotate around their axis. The
macroscopic net magnetization M of these spins is 0. When a strong external magnetic field
Bo is applied (by convention along the Z-axis), the spins align along the axis of By in a parallel
(‘spin up’, lower energy) or antiparallel (‘spin down’, higher energy) state. Most spins cancel
each other out, but there is a slight excess of spins (approximately 6 ppm at 1 tesla) in the
preferred low-energy state. As a result the net magnetization M is now M; along the Z-axis.

The spins precess around their axis with a certain frequency, the Larmor frequency, which is
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proportional to the magnetic field strength and dependent on the type of nucleus. Larmor

frequencies are situated in the radiofrequency (RF) range of the electromagnetic spectrum.

When an external RF pulse with this Larmor frequency is sent through a transmit coil, an
oscillating magnetic field B; is generated, the small excess of spins in the lower-energy state
are excited and they will absorb the energy. They change to the high-energy state. Applying
this RF pulse also causes a flip of the precession angle. Consequently, the net magnetization
flips away from the longitudinal Z-axis and a transverse component Myy arises. Once the RF
pulse is switched off, the spins emit the energy with the same resonance frequency while
they return to their original low-energy state. These emitted RF signals can be captured with
one or more receiver coils positioned in the XY-plane. The net magnetization gradually loses
its transverse component and returns to the equilibrium with only the longitudinal
component. The spontaneous change of the magnetization over time once the RF pulse is
switched off, is called relaxation. The spins in the transverse plane quickly lose their phase
coherence due to spin-spin interactions. This fast decay process is called transverse
relaxation and is characterized by the time constant T,: at time T, only 37% of the initial
magnetization in the XY plane is left. The recovery of the M; component is a slower process
due to interactions with surrounding molecules (spin-lattice interactions), and is called the
longitudinal relaxation, characterized by the time constant T;: at time T, the magnetization

along the Z-axis has recovered for about 63%.

T, and T, relaxation processes are illustrated in Figure 7.
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Figure 7 Relaxation processes are exponential processes, characterized by their time constant. Recovery of the macroscopic

magnetization along the Z-axis is called longitudinal relaxation or T; relaxation (left). Decay of the macroscopic

magnetization in the XY plane is called transverse relaxation or T, relaxation (right).

Both relaxation constants are field-dependent: T; increases with increasing Bo, while T, only
slightly decreases with increasing field strength. Furthermore, the time constants are tissue-
specific. The proton density in tissue or in a biological sample and the local environment of
the spins cause a range of T;s and T,s (Table 1, Figure 8). This property of tissue composition

is used to create contrast differences in images (150).

T, (in ms) T, (in ms)
Brain white matter 830 80
Brain grey matter 1300 100
Cerebrospinal fluid / water > 4000 > 2000

Table 1 T; and T, relaxation constants are tissue-specific and dependent on the magnetic field strength; the values given
here are indicative at 3 tesla (151).

1.2. Magnetic Resonance Imaging
The amount of (water) protons in a given tissue and their surrounding molecules, thus the
tissue composition, will determine the relaxation constants. Contrast in the image is
obtained because different tissue types have different T; and T, values. However, different
relaxation constants by themselves are insufficient to create an image. If the spatial origin of
the different signals in a complex sample cannot be differentiated, the measured signal

would be an inextricable tangle with contributions from all tissue types in the field of view of
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Figure 8 Different tissue types have different T, (left part) and T, (right part) time constants. Fatty tissues have shorter
relaxation constants, whereas tissue types with more free water molecules have slower relaxation constants. These
differences are the basis for image contast, because at a well-chosen point in time (along the X-axis), the magnetization is
different for different tissue types.

the system. Spatial localization can be provided by applying gradients in the three directions
X (left — right), Y (anterior — posterior) and Z (head — feet). A gradient generates a linear,
spatial variation in the magnetic field strength, thereby implicitly changing the
corresponding resonance frequencies. The gradient along the longitudinal axis G; is used for
slice selection. Frequency-encoding, obtained by Gy, creates a gradient of frequencies along
the left-right axis. Finally, applying a phase-encoding gradient Gy manipuates the phase of

the spins along this axis (152).

Previously, transverse magnetization Myy and T, relaxation, caused by spin-spin interactions,
have been described. The measured signal decays even faster than the T,-based signal loss,
due to local field inhomogeneities. This decay process is characterized by time constant T,*.
However, the signal can partly be recalled, taking into account that the T, relaxation
continues. The dephased spins can be refocussed to obtain an echo by applying a 180 degree
RF pulse (spin echo, Figure 9) or applying a particular combination of gradients with opposite
polarity (gradient echo). The time between the initial 90 degree RF pulse and the first echo is

called the echo time (TE), an important acquisition parameter (153).
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Figure 9 An initial 90 degree RF pulse flips the spins in the transverse plane. The signal measured in the receiver coil(s)
placed next to this XY-plane quickly decays due local field inhomogeneities (T,*). By applying a 180 degree pulse the
dephased spins can regain their phase coherence and regenerate the signal (spin echo), although the maximum signal
amplitude of the successive echos also decays due to spin-spin interactions (T, relaxation) (150).

The other main parameter for controlling image contrast is the repetition time TR, defined
by the time between the (initial) 90 degree pulses. The succession of RF pulses and gradients
has to be repeated several times to obtain suffcient signals for image acquisition. TR and TE
determine the contrast, the weighting of the image. With a long TR and a short TE, the image
contrast is mainly determined by the proton density, i.e. a proton density weighted image. If
a long TR is accompanied by a long TE, the influence of the T, relaxation is dominant. Images
acquired with such parameter settings are T,-weighted images. Analogously, images with
predominantly information about T; values — T;-weighted images — are obtained with short

TR and short TE (150).

The combination of RF pulses and gradients, necessary for spin excitation, the generation of
an echo, spatial localization and read-out of the signal is called a pulse sequence. They are
schematically represented in pulse sequence diagrams. An example of a gradient echo (GE)
pulse sequence diagram is given in Figure 10. Only one RF pulse is applied to flip the spins 90

degrees in the XY-plane. During the RF pulse a gradient for slice-selection is applied (Gz),
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Figure 10 A pulse diagram of a simple gradient echo sequence. RF pulses and gradients applied during one TR are
schematically given. Typically there is no 180 degree RF refocussing pulse in GE sequences. The echo is created by applying
a rephasing gradient Gy with opposite polarity of the first Gy, yielding a signal that can be read out. After one TR, the cycle is
repeated until all phase-encoding steps (different horizontal lines) are acquired.

followed by dephasing of the spins with frequency-encoding gradient Gy and the first phase-
encoding step with Gy. The echo, created by applying a rephasing gradient Gy with the
opposite polarity of the first Gy, yields a signal that can be read out. In this particular

sequence, the cycle is repeated several times until all phase-encoding steps are acquired.

During every repetition the phase-encoding gradient is slightly altered. Total measurement
time in this sequence is determined by the TR and the number of phase-encoding steps until

all raw data are acquired.

Varying parameter settings (TR, TE, ..) and numerous combinations of RF pulses and
gradient switching provide a wide range of pulse sequences with different contrasts, all with
their specific applications. A single-shot T,*-weighted GE pulse sequence with echo planar
imaging (EPI) read-out is an example of a fast imaging sequence often used in fMRI. Contrary
to conventional sequences, where one phase-encoding step is acquired per TR, multiple
echoes are created after a single excitation. Fast gradient switching and read out allow the

collection of all raw data for one image within one TR (154). An example of such a pulse

56



3.FMRI

RF pulses \/\/ f ky ?
Gz [ ] E :

] f :
Gy AR AR R AR TRTATA A ; :kx

] | f
G LA AL f :
o JOTOInununn ,
signa

Figure 11 An example of a GE sequence with EPI readout (left). All k-space lines are filled within one TR (right) due to fast
gradient switching. T2* weighting is obtained by choosing a long TE and long TR. The timing of the middle line, through the
center of k-space, determines the (effective) echo time.

diagram is given in Figure 11. The TR is typically long enough to allow multi-slice imaging. As
a consequence, images from the whole brain can be acquired within this cycle (typically 1 to
3 seconds). The resulting images have an excellent temporal resolution, but limited spatial
resolution (see Figure 12). The application of this kind of T,*-weighted sequences is

explained in more detail in paragraph 2.

Figure 12 This mosaic image is composed of multiple slices which can cover a whole brain, all acquired during one TR. With
a TR of one second, these images have an excellent temporal resolution, but the spatial resolution is rather limited (e.g., in
this case: voxel size 3x3mm2).
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The signals measured with the receiver coil(s) are characterized by their amplitude and
frequency. They are amplified and digitized and these raw data are stored in k-space, i.e.,
the 2D or 3D data matrix in the frequency domain. The information in k-space is
reconstructed by a mathematical procedure — an inverse Fourier transformation — to obtain

an image (152).
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2. The BOLD signal

Besides providing structural information, MRl measurements can also be used to capture
signals associated with physiological events. This paragraph explains how or why images
provide functional rather than structural information, when they are acquired with T,*-

weighted GE pulse sequences with EPI read-out.

Brain activity can indirectly be mapped by measuring haemodynamic responses. The main
contributors to such responses are local changes in CBF, cerebral blood volume (CBV) and
cerebral metabolic rate of oxygen consumption (CMRO,), thereby altering the oxygen
extraction fraction (OEF) and the proportion of oxyhaemoglobin in the blood (155, 156).
Several invasive and non-invasive measurement techniques can be applied to measure
haemodynamic responses, depending on the aim of the observer and desired resolution,
either spatial or temporal. One of the possibilities is fMRI with blood-oxygenation-level-
dependent (BOLD) contrast, a non-invasive technique providing direct information about the
blood oxygenation level (157). The BOLD signal represents the ratio of oxyhaemoglobin to
deoxyhaemoglobin. The first is a diamagnetic molecule, i.e. due to the absence of unpaired
electrons there is no magnetic moment and hardly interaction with the magnetic field, while
the latter is paramagnetic. Fully deoxygenated haemoglobin has sixteen unpaired electrons
(four per haem group), resulting in a significant magnetic moment (158). The total amount of
oxygen bound to the haem groups in haemoglobin determines the magnetic susceptibility of
the molecule, i.e. its ability to become magnetized and change the magnetic field of the
surrounding red blood cells. Changes in the oxygenation level of haemoglobin alter the MR
relaxation constant T,* because the magnetic susceptibility differences provoke diffusion of

water through local field gradients (159). Consequently, MRI pulse sequences sensitive to
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changes in T,* can be used to capture haemodynamic changes associated with brain activity.
T,*-weighted images, acquired with relatively fast pulse sequences such as GE EPI, are the
most commonly used measurements in brain fMRI. Other fMRI techniques are based on
changes in diffusion (160), perfusion (161) or extravascular proton density (162), but to date,

BOLD is still the most commonly used fMRI technique.

Brain activity is a combination of very fast and slower events. At the neuronal level, the
electrical signal changes have temporal properties on the millisecond scale. For example, a
visual stimulus — such as a flashing light — provokes a positive potential difference in the
primary visual cortex at approximately 100 ms after stimulus onset, flanked by two negative
peaks at 75 and 135 ms, respectively. These fast signals can be measured with surface
electrodes. In 2001, Logothetis et al. described a link between electrophysiological activity
and BOLD signals (163). They measured single-unit activity, multi-unit activity (firing of a
single or small group of neurons, respectively), and local field potentials (LFP, generated by
postsynaptic activity) simultaneously with BOLD fMRI. During prolonged stimulus
presentation the signals of single-unit and multi-unit recordings rapidly returned to baseline,
while those of LFP remained elevated, just like the BOLD response. These results show that
LFP are good predictors of the BOLD signal and suggest that it is primarily the postsynaptic

activity that contributes to the HRF.

BOLD fMRI measurements in the absence of a particular task or stimulus yield data with — at
first sight — no particular pattern. In the past, these data were considered as rather noisy and
meaningless, however, recent combined fMRI/EEG studies with high spatial and temporal
resolution demonstrated that the BOLD fluctuations significantly correspond to the EEG

signals. Decomposing the latter signal into different nonoverlapping frequency bands shows
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that the strongest, positive correlation with BOLD is found for gamma band oscillations
(depending on the study ranging from 30 to 100 Hz) (164). Additionally, Logothetis’ group
has demonstrated that the fluctuations in these bands are not independent from each other:
the relationship between alpha and gamma power is reflected in the amplitude of the BOLD
response, whereas the latency of the response reflects the relationship between beta and
gamma power (165). The high-frequency oscillations are also present during stimulus
presentation. The importance of these gamma band oscillations manifests itself when
comparing the BOLD signal to both EPs and the fast oscillations: it seems that the BOLD

signal is more closely related to the latter than to the EPs (166).

The BOLD response that accompagnies the electrical (and metabolic) activity following a
stimulus is relatively slow and is described by the haemodynamic response function (HRF).
Generally speaking, the HRF has a response peak at five to eight seconds after stimulus onset
and full recovery to the initial baseline signal requires up to twenty-five seconds. These are
slow changes compared to the electrical events, but certain measurement methods require
signals with these temporal properties. Given the temporal resolution of most (structural)
MRI acquisitions, BOLD fMRI measurements with T2*-weighted GE EPI sequences allow
relatively fast acquisitions which are capable of gathering sufficient temporal information, to

catch the varying signal intensities due to the local oxygenation changes.

It was previously mentioned that several parameters (e.g., CBV, CBF, OEF, ...) contribute to
the HRF. A typical HRF in response to a short, single, neuronal stimulus is depicted in Figure
13. Several phases can be distinguished. The first change in the signal after stimulus onset is
an early negative response, the initial dip. During this signal reduction, the oxygen extraction

fraction is already increased, while the CBV and CBF are still unchanged (167). Due to its
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limited duration and amplitude, it was under debate whether or not this dip really existed
(168), and still, this initial dip cannot be detected without a proper temporal resolution. The
inital dip is followed by the major positive response. Taking into account that the BOLD
signal is a ratio with the amount of oxygenated blood in its numerator, the positive signal is
an overcompensatory response. The regional increase in CBV and CBF in response to a
stimulus is significantly larger than strictly necessary to cover the increased demands. Even
with the persistently increased OEF, the local oxygenation level is augmented, causing the
positive BOLD signal. It reaches its peak amplitude around five to eight seconds after
stimulus onset. At that time, CBF and OEF tend to normalize and the BOLD signal decreases.
However, the CBV, which is predominantly determined by the venous fraction of the total
blood volume, remains increased for a while. This parameter is the main contributor to the
post-stimulus undershoot, the last phase of the HRF. Once the diameter of the venous

vessels has normalized, the HRF has fully recovered to its baseline.

Figure 13 Schematic representation of the relationship between the haemodynamic events in the blood vessel (lower part)
and the resulting haemodynamic response function (HRF, upper part) following a single stimulus (arrow down). The phases
of the HRF — rest (phase 0), initial dip (phase 1), main response (phase 2) and post-stimulus undershoot (phase 3) — arise
from the different timings of the haemodynamic parameter changes. An immediately increased oxygen extraction fraction
(arrows up) is the main contributor to the initial dip; the decrease of the response peak is due to a normalizing cerebral
blood flow (arrows to the right) and oxygen extraction fraction, while the post-stimulus undershoot is mainly caused by a
prolonged increase in cerebral blood volume (blood vessel diameter remains increased).
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It is somewhat misleading to talk about “the” HRF. The precise shape and temporal
characteristics of the HRF are influenced by several factors, such as sequence-related
factors, inter- as well as intrasubject variability, and stimulus-related factors. Voxel size,
magnetic field strength and acquisition settings affect the BOLD signal strength, resulting in
different HRFs. Intersubject variability is more distinct than intrasubject variability (169).
Ageing affects the HRF, both in normal as wel as is diseased states, e.g. reduction in resting
CBF in healthy elderly (170, 171). Variability in the BOLD signal can partly be attributed to
the extent of changes in CBV, CBF and OEF. Alterations in physiological conditions can alter
the HRF. For example, CO, has a significant effect on the diameter of arterioles, more than
on the diameter of the venules. Consequently, the amount of CO, in the blood influences the
HRF. Hypercapnia can be used to induce increased BOLD responses, by breathholding or
breathing a mixture of 5% CO, and 95% air or oxygen. The administration of any vasoactive
substance can influence the HRF. An example of a commonly used molecule is caffein, for
instance leading to reductions in the time-to-peak of the BOLD signal (172). Given the
average half-life of three to seven hours in healthy adults (173), this neurostimulant can
affect the “normal” or “baseline” HRF for a long time. Therefore, participants in fMRI studies

are sometimes asked to withdraw from caffein-containing drinks for a certain time.

Depending on the stimulus type (e.g., auditory, visual, somatosensory, etc), different cortical
regions are activated, with subtle regional variation in HRF shapes (174, 175). Differences in
susceptibility across brain regions contribute to this phenomenon. Vulnerable regions are
found in the neighbourhood of marked tissue type changes, e.g. bony structures or air (ear
cavities, sinuses). The use of GE EPI sequences might be replaced by SE EPI sequences to

avoid signal loss in these regions (176).
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The HRF in response to a single stimulus is also largely dependent on stimulus characteristics
such as amplitude, rate or frequency, intensity, and features such as luminance or contrast
for visual or volume for auditory stimuli (177-179). Among these characterictics, the stimulus
duration is a particular one. A shortly presented, single stimulus — often called a pulse
stimulus — results in a single HRF. A visual stimulus with an ultrashort duration (even as short
as 0.1 ms) can already provoke a HRF (179, 180). Extension of the stimulus duration causes a
plateau in the response. In fact, the BOLD response to such a long stimulus is the
convolution of a theoretical single HRF — an impulse response function — with the stimulus
function. However, it is not always possible to make inferences on the shape of the HRF due

to nonlinearities, which are discussed in the next paragraph.
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3. Haemodynamic refractory effects and their nonlinearities

The nonlinearity of haemodynamic responses covers two aspects: the shape of the HRF in
terms of stimulus duration on the one hand, and the shape of a second HRF rapidly following
an earlier HRF in terms of the interstimulus interval on the other hand. The former is only

briefly explained. We focus on the latter type of nonlinearity.

3.1. Effect of stimulus duration
As previously mentioned, the HRF evoked by a stimulus is the result of the convolution of
the stimulus function with an impulse response function. This can be a synthetic HRF
consisting of, for example, two Gamma functions. When it is assumed that the impulse
response function is invariant, irrespective of the stimulus properties, then deconvolving the
HRF would result in correct stimulus functions regarding features such as duration and
amplitude. However, varying the stimulus duration results in varying HRFs. Investigating the
effect of stimulus duration, ranging from a very short duration (millisecond scale) up to a
block stimulus of sixteen seconds, was the topic in many studies (178-185). The overall
conclusion was that the HRF is nonlinear for short stimulus durations: the impulse response
function varies for brief stimuli, with a relatively increased peak amplitude and decreased
response width for shorter stimuli. Figure 14 illustrates this type of nonlinearity. In addition,
the extent of these nonlinearities is highly dependent on the cortical area. The assumption
of linearity is only valid for durations of several seconds: in the auditory cortex for stimuli
more than ten seconds, in primary visual cortex for stimuli more than three seconds (182).
This type of nonlinearity makes it very difficult to predict the exact HRFs in response to
stimuli with different timing properties, which was already observed in the earliest fMRI

studies (186).
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Figure 14 Different impulse functions are elucidated by deconvolving the nonlinear HRFs in response to stimuli with
different durations (ranging from 1 up to 16 seconds). Adapted from Soltysik et al. (182).
3.2. Effect of limited interstimulus intervals

The other type of nonlinearity is about the shape of HRFs when stimuli are rapidly
succeeding: the additivity of multiple HRFs is temporarily nonlinear as well. Dale and
Buckner were one of the earliest researchers investigating the influence of the preceding
stimulus on the haemodynamic response to a second visual stimulus with varying
interstimulus intervals (ISl) (trials spaced two and five seconds apart) (187). Their results
showed a roughly linear additivity for responses to these individual events. However, they
also reported subtle departures from this linearity. When the ISl gets shorter, the
assumption of linearity is not valid anymore. Despite the minor but consistent nonlinearities,
Dale and Buckner held on to the theory of linearity. In their early papers on fMRI analysis
Friston et al. assumed linearity of the fMRI response (188), but soon thereafter, they
described the interaction over time of two stimuli that are rapidly succeeding and suggested
that the haemodynamic response is not fully linear (189). The net haemodynamic response
to a second stimulus in an auditory task (with words presented one second apart) was
attenuated by the preceding stimulus. This nonlinearity turned out to be dependent on the

stimulus presentation rate. Later on, studies were explicitly devoted on investigating the
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nonlinearities. Huettel et al. studied the nonlinearitiy of paired stimuli for ISls of one, two,
four and six seconds (onset-to-onset) using a radial checkerboard pattern (190). Subtraction
of the response to a single stimulus (i.e. the reference response) from the overall response
reveals the net response to the second stimulus of the pair. For longer ISls, this net response
is identical to the reference response, but linearity disappears for short ISls. The nonlinear
effects, called haemodynamic refractory effects (HREs), are present during a limited
refractory period. The extent of the refractory effects is a gradual phenomenon and
dependent on the ISI: the amplitude is more attenuated and the delay in the time-to-peak is
more pronounced for shorter ISls. The poststimulus undershoot appears to be less affected.
The HREs have nearly disappeared with ISls of six seconds. The concept of HREs is illustrated

in Figure 15.

HREs can also be described in a more quantitative way. Several parameters have to be
determined to characterize these signals. Given the limited temporal resolution of the BOLD
time series it is necessary to model the HRF to obtain a continuous function, which is then
used to derive quantitative data. Many procedures have been developed for the estimation
and modeling of the HRF, e.g. Poisson functions (188), Gamma functions (185), extensions to
these Gamma functions (including noise and time shifts) (191), and Gaussian functions (192,
193). The SPM software package, for example, uses the canonical HRF which is a linear
combination of two Gamma functions (189). Several mathematical models have tried to
account for the nonlinearities in particular, because this would substantially increase the
sensitivity of rapid event-related fMRI analyses (194), but the extent of those refractory
BOLD effects have mostly been described qualitatively (185, 195, 196). In 2007, Lindquist
and Wager have developed an algorithm comprising three inverse logit functions to fit HRFs

(197).
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Figure 15 Haemodynamic refractory effects: the theoretical BOLD response to one (upper plot) or two stimuli with varying
interstimulus intervals is illustrated on the left. Two separate, identical stimuli (with interstimulus interval > 20 seconds)
provoke separate responses (second plot). When the interstimulus interval gets shorter, the responses are summed (third
and fourth plot). In the left panel, the responses are linearly summed (dashed line): refractory effects are not taken into
account. The right panel illustrates the nonlinear additivity of HRFs in healthy volunteers: for short interstimulus intervals
the net response to the second stimulus in a pair is decreased in amplitude and delayed compared to the response to a
single, isolated stimulus. Stimulus onsets are depicted in grey bars. The summed responses on the left are shifted 0.2
arbitrary units upwards for reasons of clarity.
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To evaluate and quantify HREs, it is important to use a model in which data are not too much
forced into a predetermined framework with constraints regarding timing and shape.
Lindquist and Wager’s method has no constraints concerning timing and comparison of their

method with other methods using synthetic data yielded better results (198).

Once the data points of the HRFs are fitted with a continuous function, the following
parameters may be calculated for characterization: peak amplitude, latency of the peak or
time-to-peak, peak width measured at half of the peak amplitude (FWHM) and the latency
of this FWHM or time-to-half-peak (Figure 16). During the refractory period, these
parameters change as follows: amplitude decreases, time-to-peak and time-to-half peak

increase and peak width decreases as well.

amplitude time-to-peak time-to-half-peak peak width
25 25 25 25

[a.u]
[a.u]
[a.u]
[a.u]

0 5 10 15 20 25 0 5 10 15 20 25 : 0 5 10 15 20 25 : 0 5 10 15 20 25
time [s] time [s] time [s] time [s]

Figure 16 Four parameters typically measured to characterize HRFs: peak amplitude, peak latency or time-to-peak, latency
of rise (measured at half of the maximum peak height, F’WHM), and peak width (measured at FWHM).

Nearly all studies on BOLD haemodynamics are group studies, either to increase signal-to-
noise ratios because data were collected at lower field strengths, or to cancel out noise,
inherent to the signal type. However, when someone is interested to measure HRFs and
refractory effects at the single-subject level, both in healthy volunteers or patients, it is
necessary to use a reliable and robust fitting and quantification method, not prone to

generalizing algorithms, risking smoothed data with loss of information.

On the neuronal level, effects resembling the HREs have been described: it is shown by

means of EPs that neuronal adaptation (also referred to as repetition suppression) appears
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when subjects are exposed to repeated stimuli. Given the close — albeit not exactly known —
relationship between the neuronal and the vascular compartment, this neuronal repetition
suppression is supposed to play a role in the origin of these refractory effects: neurons tend
to decrease their activation when exposed to repeated stimuli, so does the haemodynamic
response. Grill-Spector et al. reviewed the three theories that explain this increased

neuronal efficiency (199). We briefly summarize them.

* The fatigue model: stimulus-responsive neurons show a mean proportional decrease
in firing amplitude; they respond less due to a learning effect;

* The sharpening model: fewer neurons respond to perform the repeated task;

* The facilitation model: it costs less effort for neurons to respond to repeated
stimulation, resulting in a reduced processing time (decreased latency or decreased

duration of neuronal activation).

Although the repetition suppression is very likely, it is very difficult to attribute the

haemodynamic events to one of these models (or potential other theories).

Other observations indirectly support the relationship between electrical and
haemodynamic signals: the recently identified correlation between VEP and gamma band
activity suggests their potential mediating role in the relationship between VEP and BOLD
(200). Thus, VEP habituation may be a significant contributor to the HREs. However, it should
not be overlooked that there are a couple of other contributors to the HRF, which potentially
play a role in the origin of refractory effects, e.g., vascular changes during repeated
stimulation: sustained neuronal activation, albeit discontinu due to short ISIs, will cause a
gradually increased amount of oxyhaemoglobin in the venous compartment, which

considerably and continuously contributes to the BOLD signal. Furthermore, it is unclear
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which metabolic messengers are involved in the HREs, nor where and when they are

released.

Although BOLD haemodynamics have elaborately been studied, the precise mechanism of
the nonlinearities remains unclear. Moreover, it is difficult to track the precise relationship
between BOLD HREs and several electrophysiological observations, due to the characteristics

and limitations of techniques involved in this research area.
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Chapter 4: Aims of the research

Several structural and functional anomalies in the interical brain of patients with MwoA have
already been described in the literature. However, until now, HREs have not been the object
of study. Nevertheless, it is tempting as well as obvious to investigate whether
haemodynamic anomalies can be measured in migraineurs, analogous the lack of
habituation in the electrical signaling, assuming that healthy volunteers show both

habituation in electrical signalling and HREs for short ISls.

The first research objective is to develop a method to measure and quantify haemodynamic
signals at the single-subject level for obtaining useful information from the particular
subject. Performing all analysis steps at the single-subject level is necessary to provide
insight into individual patient data rather than grouped data, to study certain disease states
of the brain (including headache disorders) or pharmacological responses. Special notice will
have to be taken for the choice of a proper fitting algorithm, to optimize information

extraction from one data set, without forcing the data into any standardized model.

The second research objective is to apply the method on real patient data. Patient selection
will have to occur on the basis of stringent inclusion criteria to create a homogeneous MwoA
patient group. The patient data will be compared with reference data. It is hypothesized that
patients lack HREs, given these patients’ lack of habituation in EPs. Although HRFs and EPs
are different types of signals (temporal characteristics, origin, contributing parameters),

both types of time courses might be affected in patents with MwoA.
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On the day of the fMRI-measurements, patients first underwent a resting MRS protocol to
quantify several *H- and 3!P-metabolites. The aim of these measurements was to identify
differences between patients with MwoA and controls using an absolute quantification
strategy. MRS results were separately cummunicated in two peer-reviewed articles, which

are part of Harmen Reyngoudt’s PhD thesis (201).

The final aim of the current research was to investigate whether data from patients with
MwoA are sufficiently different from controls: can a single-subject data set be used to
determine — with high sensitivity and specificity — whether the scanned subject is a
migraineur or not? This would imply that a set of MR measurements could derive
parameters serving as a biomarker for MwoA. For this purpose the fMRI data will be
combined with the metabolic data, obtained with MRS measurements in the same

participants.
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Chapter 5: Results

In this chapter, we summarize the results of the research work.

First, we elaborate on the methodology to determine the extent of HREs. Data acquisition,

extraction, fitting and quantification at the single-subject level are described in detail.

Subsequently, we apply the method to a group of 21 patients with MwoA. The results are
compared with healthy controls and we investigate the relationship between the findings

and relevant literature.

For results of the MRS studies, performed with the same patient and reference population
on the same day of the fMRI measurements, we refer to Appendix B (page 141) and C (page

159).

Finally, combining the results of both the haemodynamic (fMRI) and metabolic (MRS) studies
is discussed in this chapter. A scientific communication concerning these findings is in

preparation.
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Purpose: To evaluate whether hemodynamic refractory
effects provoked by repeated visual stimulation can be
detected and quantified at the single-subject level using a
recently described hemodynamic response function (HRF)
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Materials and Methods: Hemodynamic refractory effects
were induced with an easily applicable functional MRI
(fMRI) paradigm. A fitting method with inverse logit (IL)
functions was applied to quantify net HRFs at the single-
subject level with three interstimulus intervals (ISI; 1, 2,
and 6 s). The model yielded amplitude, latencies, and
width for each HRF.

Results: HRF fitting was possible in 44 of 51 healthy vol-
unteers, with excellent goodness-of-fit (R? = 0.9745 =+
0.0241). Refractory effects were most pronounced for the
1-s ISI (P < 0.001) and had nearly disappeared for the 6-s
ISIL.

Conclusion: Quantifying refractory effects in individuals
was possible in 86.3% of normal subjects using the IL fit-
ting algorithm. This setup may be suitable to explore
such effects in individual patients.
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BRAIN ACTIVITY CAN be mapped by measuring he-
modynamic responses. One modality able to measure
hemodynamic responses is functional MRI (fMRI), a
noninvasive technique that provides direct informa-
tion regarding blood oxygenation level, with signal
contributions from local changes in cerebral blood
flow, cerebral blood volume, and cerebral metabolic
rate of oxygen consumption altering the oxygen
extraction fraction and oxygenation level. The change
in oxygenation level can be captured by MRI pulse
sequences sensitive to blood-oxygenation-level-de-
pendent (BOLD) contrast (1,2).

The hemodynamic response function (HRF) to a
single, short, neuronal stimulus has a typical shape
in which three major phases can be distinguished.
The increase in the response leads to a response
peak at 5-8 s (phase 1), followed by a decrease
leading to a minimum below baseline (phase 2), and
finally a recovery phase to baseline (phase 3). Full
recovery to the initial baseline signal requires at
least 20 s after presentation of a short-duration
stimulus. The overall HRF to a succession of short
neuronal stimuli is the summation of the HRFs of
individual stimuli. When successive neuronal stim-
uli are roughly more than 6 s apart, i.e., when the
interstimulus interval (ISI) is more than 6 s, the
individual HRFs tend to be identical, whereas as the
ISI becomes shorter, a clear attenuation of the suc-
cessive HRFs has been described by several authors
(3-5).

The study of such refractory effects, or hemody-
namic adaptation, is used in neurocognitive research
to explain the strategies used by the brain or to eluci-
date neural networks (6,7). Studying neural adapta-
tion through refractory effects may also be of interest
in certain disease states of the brain including epi-
lepsy (8), headache disorders (9), and vascular de-
mentia (10). To be useful in investigating these dis-
eases, fMRI must provide insight into individual
patient data (i.e., at the single-subject level). fMRI
studies investigating refractory effects often use stim-
uli that activate a primary cortex, but the effects of re-
petitive stimulation have also been observed and
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studied in higher-order cortical regions (e.g., face rec-
ognition areas (11)).

HRF shape is influenced by several factors includ-
ing stimulus type (e.g., auditory, visual, somatosen-
sory, motor), stimulus amplitude, stimulus rate, stim-
ulus duration (12-17), and the brain region of interest
(5,11), but is fairly consistent if these factors are kept
constant. Fitting of BOLD responses is essential for
quantification, and many studies have proposed pro-
cedures for HRF estimation and modeling, including
Poisson functions (18), gamma functions (19), and
Gaussian functions (20,21). In 2007, Lindquist and
Wager (22) developed an algorithm comprising three
inverse logit (IL) functions to fit HRFs, each corre-
sponding to one of the HRF phases specified above.
Lindquist and Wager compared their new method with
other common models using simulated data based on
empirical HRFs and concluded that the IL model was
more suitable for fitting because it determines charac-
terizing parameters with less error compared with
other models, while preserving sufficient power and
user flexibility (23).

To date, refractory effects have not been quantified
at the single-subject level using the IL fitting algo-
rithm. In the interest of acquiring single-subject data
for patient studies, the aim of this work was to exam-
ine the usefulness of the IL model of Lindquist and
Wager to quantify the extent of individual refractory
effects in BOLD time series from the fusiform face
area (FFA) (24) in normal subjects.

MATERIALS AND METHODS
Subjects

Fifty-one healthy volunteers (17 males) aged 29.8 =
11.6 (mean * SD) years, participated in this study.
The study was approved by the local Ethics Commit-
tee, and all participants provided written informed
consent. Subjects were asked to abstain from caffeine
the day of the examination.

Imaging

A 3 Tesla (T) Siemens Trio Tim system (Siemens AG,
Erlangen, Germany) with an eight-channel head coil
was used for image acquisition. Anatomical images
were acquired using a Tl-weighted sequence
(MPRAGE) with isotropic voxels (voxel size 0.9 x 0.9 x
0.9 mm°, repetition time (TR) = 1550 ms, echo time
(TE) = 2.39 ms, matrix 256 x 256, three-dimensional
(8D) slab with 176 slices). For functional imaging, a
T2*-weighted echo planar sequence was used, which
is sensitive to BOLD contrast (voxel size 3.5 x 3.5 x
5.0 mm®, TR = 1000 ms, TE = 27 ms, matrix 64 x
64, 19 slices). Total protocol scanning time was 45
min 57 s and included two functional measurements:
a localizer and the main experiment. All stimuli for
these measurements were presented through MR-
compatible goggles (Resonance Technology Inc., Los
Angeles, CA) to minimize the possibility of eye
movement.

Descamps et al.

Functional Localizer

To localize the subject-specific FFA (24), a block-
designed visual paradigm was used (functional local-
izer) consisting of alternating blocks of faces, scenes,
and a baseline rest condition with fixation cross hair
(4 x 3 blocks of 16 s). Subjects were instructed to
simply look at the stimuli.

Main Experiment

An event-related visual paradigm incorporating a one-
back task was selected for the main experiment. Stim-
uli consisted of images of male faces presented for
500 ms. During the ISIs, a fixation cross-hair was
presented. The face stimuli were smoothly blurred
along the contours so that only the internal features
of the face were visible to ensure that face-selective
areas were activated (25). Subjects were instructed to
look at the face images or the cross hair without mov-
ing their heads and to press a button if the present
face was identical to the previous face (oddball). Sub-
jects were also instructed that the ISI would be vari-
able, between 1 and 26 s. Figure 1 shows the para-
digm and timing used. Within the paradigm, four
conditions could be distinguished. A single face fol-
lowed by a 26-s rest served as reference condition
(REF), and for the other three conditions faces were
shown in pairs with 1-, 2-, or 6-s ISI (onset-to-onset;
1S, 2S, and 6S, respectively) and a 20-s rest before a
new face was presented. The duration of REF was
chosen to be equal to the total duration of the 6S con-
dition (i.e., 26 s) to generate sufficient data for the
subtraction step.

Five consecutive sessions of 7 min 38 s were
acquired, with 19 trials per session of which three
were oddball trials to ensure subjects’ attention. All
faces were different except for the faces in the oddball
trials. For the one-back task, subjects were instructed
to press a button when the current face was exactly
the same as the previous face. The design was
randomized for every subject to avoid a potential
ordering effect.

Analysis

Preprocessing steps were performed on all data in
SPM5 and included slice timing correction, realign-
ment, coregistration of anatomy to functional images,
spatial normalization to the MNI template (1- and 3-
mm isotropic voxels for anatomical and functional
images, respectively) (26), and spatial Gaussian
smoothing (8-mm kernel). Preprocessed data from the
functional localizer were further analyzed in SPMb5
and provided information for defining the FFA as a
region of interest (ROI). The ROI was derived for each
individual participant. A mask image was created
as the intersection of the fusiform gyrus, selected with
the WFU PickAtlas (27,28), and the spmT image
for the contrast “faces > (scenes & rest).” Only those
voxels with a t value higher than 80% of the maxi-
mum t value within this mask image were selected for
further analysis.
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Figure 1. This diagram represents the four conditions: one reference condition (REF) and three paired trial types (1S, 2S,
and 6S). Stimulus duration was 500 ms. Interstimulus and poststimulus intervals were measured onset-to-onset.

The smoothed images of the main experiment were
analyzed with software built in-house and written in
Matlab (The MathWorks, Inc.). Trials from the main
experiment were excluded from analysis if subjects
had pressed the button during that trial, to avoid a
potential confounding effect caused by the motor
response. If the subject had not pressed the button at
all during a particular session, the subject was con-
sidered inattentive, and the entire session was
excluded from further analysis. For each subject, sev-
eral input parameters were required: (i) the random
trial order for each of the five sessions for that partic-
ular subject, (i) the trials and sessions to exclude,
and (iii) the subject-specific ROI. Time courses from
the selected voxels were averaged. Three data points
before the presentation of every trial were used to cal-
culate the baseline signal. This baseline calculation
was repeated for every session to avoid the effect of
intersession variations such as scanner drift. The
baseline-corrected trials from each condition were
averaged over all sessions.

Normalization was then performed by calculating
percent signal changes for all conditions. Subse-
quently, the normalized mean response to REF was
subtracted from the responses to the three paired
conditions 1S, 2S, and 6S, yielding the net response
to the second stimulus of the pair. For each partici-
pant, raw data with the hemodynamic responses both
before and after subtraction were plotted and visually
inspected. Plots of raw data revealed the additivity of
the hemodynamic responses, whereas plots of the
subtracted, net responses provided information on
the quality of each subject’s responses and a first in-
dication of whether the net responses were linear.
Only datasets of good quality, i.e., where the three
HRF phases could clearly be discerned, were suitable
for application of the fitting algorithm. Participants
with fitted responses are referred to as “responders”.

The net HRFs, four time series per subject, were
semi-automatically fitted using a linear combination
of three inverse logit functions (22,23):

elAr(t=T)) elA2x(t=Tz))
h(t) =dix 1 + e(Arx(t=T)) +dax 1 + e(Aex(t-T»))
elAs#(t=Ts))
+ d3 * m (1)

These three terms model the three phases of the
HREF: the rising slope, the falling slope, and the recov-
ery from undershoot, respectively. The fitting algo-

rithm requires seven parameters: angle of the slope
(A,), time-to-half-peak (T;), and maximum amplitude
(d;) for the first IL function; angle of the slope (As,As)
and time-to-half-peak (T2, T3) for both the second and
third term; and dy and ds calculated in accordance
with restrictions inherent to the algorithm (22). The
initial fit was obtained with a set of seven predeter-
mined values for these parameters and was visually
evaluated and manually fine-tuned by applying subtle
changes to the initial predetermined parameters. The
goodness-of-fit was then determined for the interval
containing the data points used in the subsequent pa-
rameter calculation. This validation was carried out
by calculating the coefficient of determination R*:

o SSres

Sstot
with  SSpes = Z (yi — Qi)z
and SSLoL = Z (yl — Q)Q

RZ=1 (2)

(3)
(4)

where SS,.s is the sum of squares of the residuals,
SS;¢ is the total sum of squares, y; is the observed
value, §; the estimated value, and y the averaged
value. For each properly fitted HRF, four parameters
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Figure 2. The fitted function is used for the calculation of
the maximum amplitude, time-to-peak, time-to-half-peak
measured at FWHM, and peak width. Note that fitting of all
three phases is essential to ensure a reliable HRF parameter
calculation, although this calculation is based on the fit of
the first two phases.
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Figure 3. Time-courses from three subjects are shown, with responses to the four conditions (REF, 1S, 2S, 6S) both before
(left) and after (middle) subtraction of the reference response. The fitted responses (right) were used to derive the characteris-
tic parameters (amplitude, time-to-peak, time-to-half-peak, and peak width). The first three data points were used to calcu-
late the baseline signal and omitted in the fitted plots. Note the wide variety of shapes across individuals.

were automatically calculated based on the fitted
curve: maximum amplitude, latency in time-to-peak,
latency in time-to-half-peak measured at full width at
half maximum (FWHM), and peak width (see Fig. 2 for
an example). Although only the first two phases of the
fit may seem necessary for the calculation of the
parameters, fitting of all three phases is absolutely
essential to obtain the calculated values, because
the third phase actively contributes to a reliable
overall fit.

Absolute and relative differences in the parameters
relative to the REF condition were calculated. The sin-
gle-subject results were used to draw general conclu-
sions about refractory effects in our group of healthy
participants. An analysis of variance (ANOVA,
repeated measures design) was applied to the abso-
Iute values for the four parameters using IBM SPSS
Statistics 18. For each parameter, ANOVA tests were
also used for the relative differences to identify statis-
tically significant differences between the four condi-

tions. Bonferroni tests were used for multiple compar-
isons in the post hoc analysis to determine the ISI
means that differed. The correlation between the
number of included trials for a certain subject and
the number of his/her fitted responses was investi-
gated with Pearson’s correlation. Results with P val-
ues less than 0.05 were considered to be significant.

RESULTS

On average, 72 * 1.5 (mean = SEM) trials per subject
(89.7%) were included (range: 45-80 trials). In four
subjects, at least one entire session was omitted due
to the absence of button presses; in seven subjects, at
least two entire sessions were omitted.

In total, 161 of the 204 time series were fitted
(78.9%). The mean R? for these fits was 0.9745 =+
0.0241 (mean = SD). Specifically, in data from 29
participants all four curves were fitted, and partial
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Figure 4. Box-and-whisker plots are given for the absolute values of the four conditions, sorted by parameter (including out-
liers [°] and extreme values [*]). Note the trend: the shorter the ISI, the larger the deviation from REF.

results were obtained for 15 participants. For seven
participants (13.7%), fitting was impossible due to the
inadequate shape of the reference condition. These
seven subjects were not the same subjects with at
least two omitted sessions. No correlation was
observed between the number of included trials and
the number of fitted responses (P > 0.05). In Figure 3,
the raw responses of three subjects are plotted both
before (left) and after (middle) subtraction of the REF

condition. Their fitted responses are included in the
right panel of Figure 3.

The included participants’ maximum t value in the
ROI was 8.59 * 0.32 (mean = SEM). The mean num-
ber of voxels in their ROIs was 299 * 82 (mean *
SEM). Box-and-whisker plots for the absolute values of
each condition, sorted by parameter, are given in Fig-
ure 4. They provide a first indication of the trend for
shorter ISI associated with larger deviation from REF.

Table 1
The Averaged Absolute Values (Mean = SEM)*
REF 1S 2S 6S
Mean = SEM Mean = SEM Mean = SEM Mean + SEM
Amplitude [a.u.] 6.51 = 0.36 4.73* + 0.33 6.08 = 0.42 6.58 + 0.54
Time-to-peak [s] 5.14 = 0.11 6.38** = 0.19 5.73* = 0.12 5.11 = 0.10
Time-to-half-peak [s] 3.18 = 0.10 4.49* = 0.17 3.82** = 0.09 3.36 = 0.08
Peak width [s] 459 + 0.16 3.86* = 0.17 412 + 0.19 419 + 0.18

*For each parameter, the ANOVA of absolute values was followed by post hoc comparisons with the reference condition (REF; Bonferroni

tests, threshold for significance = 0.05):
*P < 0.01,
**P < 0.001.
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Table 2
Results for the Percentages*
1S 28 6S
Mean = SEM 95% ClI Mean = SEM 95% ClI Mean = SEM 95% ClI
Amplitude —251*+ 49 (—41.6, —8.7) —7.0*x52 (—23.2,9.2) - 18 *+64 (—17.9, 14.4)
Time-to-peak 21.6* = 2.2 (16.2, 27.0) 10.9* + 1.4 (5.5, 16.2) -16 £17 (—6.9, 3.7)
Time-to-half-peak 42.4* + 6.4 (26.4, 58.4) 21.6* =+ 5.2 (5.9, 37.3) 5.7 =46 (—9.9, 21.3)
Peak width —10.0* + 4.4 (—23.8, 3.8) -39 =*51 (—=17.4,9.7) —38=*=44 (—=17.2,9.7)

*Relative differences in comparison with the reference condition (REF; mean percentages + SEM, Bonferroni tests, threshold for signifi-

cance = 0.05; 95% confidence intervals):
*P < 0.001,
P = 0.06.

For each parameter, the ANOVA of the absolute val-
ues revealed significantly different values for at least
one ISI (P < 0.001 for all parameters except peak
width: P < 0.05). Detailed results of the ANOVA and
post hoc Bonferroni tests are included in Table 1 and
show that the 1S condition significantly differed from
REF in all parameters. For the net responses in 2S,
some parameters significantly differed from REF. Re-
fractory effects disappeared in the 6S condition: no
significant differences were found.

Appreciation of the refractory effects is more intui-
tive with percentages, i.e., relative differences in rela-
tion to the REF condition. The mean normalized val-
ues of the responders are shown in Table 2 (mean *
SEM and 95% confidence intervals). Percentage analy-
sis provided comparable results to analysis with abso-
lute values, with a decrease in maximum amplitude,
an increase in the time-to-peak, an increase in the
time-to-half-peak, and a decreased peak width, all of
them more pronounced for shorter ISIs.

Taking into account the standard errors of the
mean values (Table 2), these findings demonstrate
that the refractory effects disappear with a 6-s ISI. No
significant deviations from REF were calculated for
the 6S condition.

DISCUSSION

In this study, refractory effects were induced with
paired brief stimuli using varying interstimulus inter-
vals (1, 2, and 6 s onset-to-onset). Previous work has
reported hemodynamic adaptation for group results
based on averaged time series (5); however, in the
present study results were obtained with all analysis
steps and parameter extraction performed at the sin-
gle-subject level. This may be useful for the study of
individual brain physiology in normal versus abnor-
mal aging (29); to measure pharmacological responses
to specific drugs; or in conditions of cortical hyperex-
citability such as epilepsy (30,31) and primary neuro-
vascular headaches (32), metabolic disorders such as
MELAS (33), and vascular disorders such as hyper-
tension and vascular dementia (10,34). To achieve a
setup that can eventually be used in individual
patients, several issues must be addressed: the brain
region to study, acquisition time, compliance of the
participants, quality assurance of the data, and the
fitting algorithm.

The actual paradigm to measure refractory effects
was preceded by a functional localizer, which was
used for the determination of the subject-dependent
FFA. This face recognition area was selected because
it is a higher-order cortical area, with neurons having
viewpoint-invariant properties to any face in the vis-
ual field (6). Other studies have also observed refrac-
tory effects and priming effects in this region (11,35).

Acquiring data during long scanning sessions is
challenging, because subjects may begin moving their
heads or become less attentive to the stimuli due to
tiredness. Therefore, several measures were taken to
ensure good data quality. Data were acquired over five
separate sessions of 7 min 38 s each. During each
session, the subject’s attention to the faces was
primed by a combination of using an ecologically valid
stimulus, e.g., images of faces, and the one-back task
with the use of many different new faces. To avoid
tiredness, each subject was able to set the pace to
start each subsequent session. If the subject did not
report any of the oddballs in a session, data from that
entire session were excluded from analysis, because
attentive vision of the paradigm could not be ensured.
Using this procedure, refractory effects could be
investigated in 86.3% of the subjects.

Since the first measurement of HRFs, researchers
have been interested in estimating and modeling these
signals. Several procedures have been investigated.
Poisson (18), gamma (19,36-38), and Gaussian
(20,21,39) functions have been implemented to model
the HRF. Currently, gamma and Gaussian functions
are still used often in models. In the analysis of most
fMRI data sets they have proven to work adequately.
However, these fitting algorithms have some draw-
backs that make them unfavorable for the aim of this
work. They rely too heavily on a specific model of the
HRF, with assumptions about its shape and timing,
and too few degrees of freedom.

In this work, a superposition of three inverse logit
functions was used for curve fitting (22,23). This algo-
rithm only assumes the presence of the three major
HR phases: a rise, a fall, and a recovery from under-
shoot. It places no constrains on timing or steepness
of the phases. We applied this model in the present
study on the basis of a simulation study that tested
and compared this algorithm with other methods (23).
The simulation study concluded that the IL model
was more suitable for fitting HRFs because the pa-
rameters were determined with less error compared
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with other models, while preserving sufficient power
and user flexibility. The above-mentioned fitting algo-
rithms have not been formally compared with this
method.

To apply the fitting algorithm, a data set of “good
quality” is required, which is described as a HRF
where rise, fall, and recovery to baseline can be dis-
tinguished. The algorithm cannot fit the HRF when
the three phases are not distinguishable or if the fall
of the HRF does not extend below half of the rise (i.e.,
FWHM becomes infinite). After the subtraction step,
we may obtain HRFs with such a shape that the sub-
sequent fitting step cannot be run properly. This issue
may occur, for example, when too many trials must
be excluded for one particular condition. If the crite-
rion was not fulfilled, no fitting was performed, leav-
ing us with missing HRFs and, in turn, missing
extracted parameters that are calculated using the fit-
ted HRF's.

The quality of the raw data was first assessed by
viewing the extracted time curves. Omission of this
quality assurance step and automatic feeding of
curves in the fitting algorithm can yield useless
results for those time series where no normal HRF
pattern is discernible for REF. When the shape of the
reference condition does not meet the criterion, the
subtraction to calculate the three related net
responses yields inadequate, non-HRF shapes. As a
consequence, the ability to obtain a well-fitted HRF is
affected, and fitting may become impossible for those
net responses. At the end of the discussion, we com-
ment on how to increase the number of successfully
fitted HRFs.

The software developed in-house comprises the fit-
ting algorithm and the subsequent validation. Several
interventions of the user are necessary; for example,
acceptance of the fitting is required before the R? is
calculated. Manual fine-tuning of the predefined pa-
rameter set is optional and suggests that the user
cannot directly determine the optimal fitting parame-
ters. The algorithm will always use a predefined set
(whether or not slightly modified and fine-tuned by
the user) to compute the optimal fitting parameters.
The user-friendliness of the software can be highly
improved without affecting the core of the algorithm.
For instance, the R®> could be calculated automati-
cally, without the user’s acceptance, and ask for fine-
tuning only when the R? is below a certain threshold
(e.g., 0.95). Another improvement is the introduction
of two or three additional predefined parameter sets
that can be invoked when the standard predefined set
is not sufficient to compute the optimal fitting param-
eters (e.g., when R? never exceeds the threshold). This
software modification will avoid the intervention of
manual fine-tuning.

The main goal of this study was to quantify hemo-
dynamic refractory BOLD effects in individuals. For
statistical analysis with a random sample of the over-
all subject population, one must take into account
that subjects’ observations with different ISIs are not
independent. Therefore, an ANOVA repeated measures
design is preferable to a one-way ANOVA. The data set
was split on the basis of the parameters, and the ISI
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was considered to be the fixed factor of interest. In
this way, the study design corrected for intersubject
variability, and a comparison with REF is justified. It
is important to keep in mind that BOLD signal
changes are relatively small (approximately 3-5% at
3T) and susceptible to noise. Nevertheless, this study
managed to demonstrate that even in the data set
with absolute values, refractory effects could be
detected.

The research presented here could be extended with
combined visual evoked potential measurements
using a visual stimulation paradigm (whether simulta-
neous or not with fMRI data acquisition) to correlate
electrical cortical activity with fMRI signal changes.
Future research could also focus on the 13.7% rate of
nonresponders (with inadequate REF shape). How can
the paradigm sensitivity or yield of the analysis proce-
dure be augmented or improved? Changing hardware
devices (e.g., 32-channel head coil) is feasible, while
increasing the number of measurements is not. Trying
to obtain more data points by adding more trials to
the paradigm is not advisable because the total scan-
ning time already exceeds 45 min. Prolonging the par-
adigm would decrease attentiveness and increase
tiredness, probably resulting in a higher dropout rate
(40). Furthermore, because no obvious correlation
was detected between the number of included trials
for a particular subject and the number of his fitted
responses, extending the paradigm would not be
meaningful. To use the analysis of refractory effects at
the single-subject level in applications such as clinical
settings, the ability to detect and quantify those
effects should preferably be close to 100%. Alterna-
tively, a clear indication of what can go wrong in the
measurement should be available from the data (qual-
ity assessment).

In future studies, investigators may pay more atten-
tion to the subjects’ focus to maximize the percentage
of responders; for example, by using an eye-tracking
system in addition to the oddball trials. The partici-
pant’s performance may be enhanced when receiving
accurate feedback between the sessions based on
objective eye-tracking information. The simple fMRI
paradigm and accompanying analysis at the single-
subject level can then also be used to test whether the
HRF of patients differs from controls and to test the
influence of drugs on HRF, either in a therapeutic
scheme or in new pharmacological studies. However,
it should be mentioned that one of the drawbacks of
fMRI, inherent to the technique, is the subject’s com-
pliance, which suggests that further decreasing the
number of nonresponders will be difficult.

When subjects are assessed to determine their indi-
vidual refractory effects in future studies, their results
can be compared with the known relative values for
each parameter. Due to the substantial sample size of
this study, the mean relative difference per parameter
and their corresponding 95% confidence intervals
may serve as such a reference. Because the refractory
effects are most pronounced for the shortest ISI, the
relative values for 1S ISI will be most relevant to
determine whether the effects are present in each par-
ticular subject.
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In conclusion, this work demonstrates the ability to

detect and quantify refractory effects caused by short
interstimulus intervals in the hemodynamic responses

of

healthy individuals, using single and paired brief

stimuli in an event-related paradigm of 5 x 7 min 38 s.
Inverse logit functions have been found suitable to fit
the subtracted, net time points.
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Absence of haemodynamic refractory
effects in patients with migraine without
aura — an interictal fMRI study

Benedicte Descamps, Pieter Vandemaele, Harmen Reyngoudt,
Karel Deblaere, Luc Leybaert, Koen Paemeleire and
Eric Achten

Abstract

Background: In healthy controls, haemodynamic refractory effects are observed with blood-oxygenation-level dependent
(BOLD) functional MRI (fMRI): the haemodynamic response function (HRF) to the second stimulus in a pair of stimuli
with short interstimulus interval (ISI) shows a decreased amplitude and an increased time-to-peak. VWe hypothesize that
there may be interictal haemodynamic abnormalities in migraineurs.

Methods: An event-related fMRI design with paired face stimuli and varying ISIs was used to measure interictal HRFs in the
face recognition area of patients with migraine without aura (MwoA) and controls. Net responses to the second stimulus
in a pair were calculated and averaged per participant. Several characterizing parameters of the net responses were
quantified and examined within each group.

Results: Refractory effects were not observed in our patient group. There are no changes in the net responses compared
with the reference situation in patients, irrespective of the ISI, whereas in controls all HRF parameters are decreased or
delayed for an ISI of | second.

Conclusion: This is the first fMRI study investigating the haemodynamic refractory effects in MwoA patients. Unlike in
controls, these effects are not observed in migraineurs. Although currently unclear, it is tempting to speculate that this
observation reflects the neurovascular correlate of lack of habituation measured with evoked potentials in migraineurs.

Keywords
Migraine without aura, interictal, BOLD-fMRI, haemodynamic refractory effects

Date received: 14 December 2010; revised: 8 June 201 1; accepted: 10 June 201 |

Introduction A hyperventilation study indicated that the lack of

During the interictal phase of migraine, some differ-
ences in brain functioning between patients and healthy
controls can be demonstrated. In 1995, Schoenen et al.
were the first to describe the lack of habituation in
patients with migraine, demonstrated with visual
evoked potential (VEP) measurements (1). Habituation
is a phenomenon of a decreasing response amplitude to
repetitive stimulation in healthy controls (2). Migrai-
neurs do not show this phenomenon; on the contrary,
even a transient potentiation of their responses has
been observed. The lack of habituation of evoked
brain potentials (EP) is not exclusively related to VEP
measurements, and has been described with other
types of stimuli, such as auditory, somatosensory
and pain stimuli (reviewed by Coppola et al. (2)).

habituation in patients with MwoA is worsened by
hypocapnia (low blood carbon dioxide) (3). Transcra-
nial Doppler (TCD) studies mostly reported increased
mean blood flow velocities in cerebral arteries and
increased cerebrovascular reactivity to carbon dioxide
in migraineurs compared with controls (4-9). Further-
more, patients are more sensitive to nitric oxide, such as
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by infusion of nitroglycerin. Both patients and controls
develop a headache immediately after infusion, but
patients also develop a delayed headache with migraine
characteristics (10). A recent study with *'P-magnetic
resonance spectroscopy (°'P-MRS) demonstrated inter-
ictal reductions in ATP and phosphocreatine (PCr)
concentrations in patients with MwoA compared with
controls (11). Glucose hypometabolism had been
reported in episodic migraine using '*F-fluoro-
deoxyglucose positron emission tomography (FDG-
PET). This hypometabolism was more pronounced
with increasing disease duration and increasing
attack frequency (12). Despite these interictal find-
ings, a coherent theory to explain migraine neurobiol-
ogy, culminating in episodic headache attacks, is
lacking.

Haemodynamic changes in response to stimuli can
be measured non-invasively with functional magnetic
resonance imaging (fMRI) to map brain activity.
Externally applied stimuli provoke neuronal activity
and local changes in cerebral blood flow (CBF), cere-
bral blood volume (CBV) and cerebral metabolic rate
of oxygen consumption (CMRO,), thereby altering the
blood oxygenation level. Information about local
changes in oxygenation level are directly captured by
MRI pulse sequences sensitive to blood-oxygenation-
level dependent (BOLD) contrast (13). BOLD-fMRI
is by far the most commonly used non-invasive func-
tional imaging method. The BOLD response to a single
stimulus is described as the haemodynamic response
function (HRF). Single, short, successive stimuli with
an interstimulus interval (ISI) of more than 20s gener-
ate separate HRFs. When the ISI is shortened, the
overall HRF is the summed response of the successive
stimuli (Figure 1, left panel). This summation is linear
to a certain extent: subtraction of a reference HRF (the
HREF in response to a single stimulus) from the overall
HREF reveals the net HRF to the second stimulus in the
pair, which is identical to the reference HRF. However,
when the ISI is very short (less than 6 seconds), the net
HRF to the second stimulus is not identical to the
reference HRF (Figure 1, right panel). The response
amplitude gradually decreases and the time-to-peak is
delayed with shorter ISIs. Consequently, the net HRF
to the second stimulus cannot be predicted based on a
single HRF. Such nonlinear properties of the HRF are
called refractory effects and the short time frame after a
stimulus during which refractory effects will appear in
subsequent responses is referred to as the refractory
period (14,15). Linear responses recur for an ISI of
6 seconds or more.

To date, only a few fMRI studies have been pub-
lished investigating differences between migraineurs
and healthy controls. The ictal phase of visually trig-
gered migraine has been investigated with fMRI by Cao
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et al. (16,17) to make inferences about changes in the
oxygenation of the occipital cortex and brainstem
structures during the attack. Moulton et al. reported
interictal brainstem abnormalities in migraineurs: the
nucleus cuneiformis, part of a modulatory circuit in
the brainstem, was found to be hypofunctional com-
pared with controls (18). Recently, work from
Stankewitz et al. suggested that the migraine attack
might be predictable with fMRI measurements because
of increasing preictal activation in spinal trigeminal
nuclei following nociceptive stimulation (19), and inter-
ictal resting-state fMRI measurements revealed abnor-
mal connectivity in several brain networks (20). To our
knowledge, no fMRI activation studies have been
published investigating the cerebrum of patients with
MwoA interictally, nor on the haemodynamic response
characteristics of such activations.

The aim of this fMRI study was to examine whether
there are interictal haemodynamic abnormalities in
patients with MwoA and to quantify the degree of
the haemodynamic refractory effects or the lack of it.
We focused on patients with MwoA, to avoid interfer-
ence of the aura biology. An event-related fMRI study
was set up to measure haemodynamic responses to
single and paired face stimuli in the face recognition
area of the brain, that is, the fusiform face area
(FFA), a small higher-order cortical area in which hae-
modynamic refractory effects in normal participants
have been demonstrated (21). Net HRFs were calcu-
lated, fitted and quantified per participant. The analysis
procedure was applied on data from patients with
MwoA and healthy controls.

Methods
Subjects

Twenty-one patients with MwoA (1 male, aged 18-53
years, mean 32.9+12.2) and 51 age-matched healthy
volunteers (17 males, aged 18-60 years, mean
29.8 +11.7) participated in this study. We allowed a
gender imbalance between the groups, because a previ-
ous study failed to show differences in the HRF
between men and women (22). Patients were recruited
at the local outpatient headache clinic. They were all
diagnosed according to criteria of the International
Classification of Headache Disorders (23), had 2-8
attacks per month (mean 3.4+ 1.1), were not taking
any prophylactic treatment and were at least 48 hours
attack-free before the scanning procedure. None of the
patients experienced a migraine attack within 24 h after
the study. Candidates with epilepsy or MRI contrain-
dications were excluded. All participants were generally
healthy, had no neurological history (other than
migraine in the patient group) and were asked to
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Figure |. The theoretical BOLD response to one (upper plot) or two stimuli with varying interstimulus intervals is illustrated in the
left panel. Two separate stimuli (interstimulus interval >20s) provoke separate responses (second plot). When the interstimulus
interval gets shorter, the responses are summed (third and fourth plot). In the left panel of this schematic representation, the
responses are linearly summed (dashed line): refractory effects are not taken into account. Stimulus onsets are depicted with grey
bars. For reasons of clarity the summed responses are shifted 0.2 arbitrary units (a.u.) upwards. The right panel illustrates what
haemodynamic refractory effects in healthy volunteers are: for short ISls, the net response to the second stimulus in a pair is
decreased in amplitude and delayed compared to the response to a single stimulus.
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abstain from caffeine 24 h before the examination. The
study was approved by the local ethics committee and
all participants provided written informed consent.

Imaging and experimental setup

A 3T Siemens Trio Tim system (Siemens AG,
Erlangen, Germany) with an 8-channel head coil was
used for image acquisition. Anatomical images were
acquired using a Tl-weighted sequence (MPRAGE)
with isotropic voxels (voxel size 0.9 x 0.9 x 0.9 mm®,
TR =1550ms, TE=2.39ms, matrix 256 x 256, 3D
slab with 176 slices). Fr functional imaging, a T2*-
weighted echo planar sequence was used, which is sen-
sitive to BOLD contrast (voxel size 3.5 x 3.5 x 5.0mm°,
TR =1000ms, TE =27 ms, matrix 64 x 64, 19 slices).
Total protocol scanning time was 45min 57s and
included two functional measurements: a functional
localizer and the main experiment. The block-designed
functional localizer comprised three conditions
(looking at faces, scenes and a fixation cross hair as
rest) and was necessary to determine the subject-specific
FFA. The main experiment was an event-related study.
The global paradigm design and its four conditions are
shown in Figure 2. We acquired five consecutive ses-
sions with 19 trials per session. Each trial belonged to
one of the four conditions and consisted of one or two
male faces with blurred contours. The faces were pre-
sented for 500 ms. A single face followed by 26 seconds
rest served as reference condition (REF); for the three

other conditions faces were shown in pairs with 1, 2 or
6seconds ISI (onset-to-onset; called 1S, 2S and 68S,
respectively) and a fixed post-stimulus interval of
20seconds rest before a new face was presented, to
allow the HRF to return to baseline. Within one ses-
sion, each condition was randomly displayed four times
and between them three random ‘oddball’ trials of
type REF, 1S, 2S or 6S were added to keep the sub-
ject attentive. Omne session took 7min 38s
(4x(26s+21s+22s+26s)+ 3 x max. 26s). The dif-
ference in trial lengths is related to the subtraction
step in the analysis (see below). Participants were
instructed to look at the face images or the cross hair,
without moving the head, and to press a button if the
present face was identical to the previous one (oddball).
The order of appearance of the trials, including the
oddball trials, was randomly assigned and different
for each participant to avoid a potential ordering
effect. All stimuli were supplied by Mark D’Esposito
and are cited in Rissman et al. (24).

Analysis

All data were preprocessed in SPMS5 (Wellcome Trust
Centre for Neuroimaging Functional Imaging
Laboratory, London, UK) comprising slice timing,
realignment, co-registration of anatomy to functional
images, spatial normalization to 1 and 3 mm isotropic
voxels for anatomical and functional images, respec-
tively, and spatial Gaussian smoothing (8§ mm kernel).

(a)
Session 1 Session 2 Session 3
T T TaTsTs T 5]
5 sessions, 19 trials per session: 4 x REF

4x18S
4 x2S
4 x6S

) 3 x oddball (REF, 1S, 2S or 6S)

Session 4

9 10111213 ]14 15|16 17| 18] 19

Session 5

| Total duration: 26”

REF F 56"

18

T

]| Total duration: 21”

| Total duration: 22"

.

28

| Total duration: 26”

"
o]

207

Figure 2. The global paradigm design (a) and a detail of the four conditions (b). One reference condition (REF) and three paired trial
types (IS, 2S, and 6S respectively). Each stimulus is presented for 500 ms. Interstimulus (1S, 2S, and 6S) and poststimulus intervals (20S,

26S) are measured onset-to-onset.
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Preprocessed data from the functional localizer were
further analysed in SPM5 and provided information for
defining each individual’s FFA as a region-of-interest
(ROI). The ROI was the intersection of the fusiform
gyrus, selected with the WFU PickAtlas (25,26), and
the subject-specific spmT image, which contains the
t-values for the contrast ‘faces > (scenes & rest)’. Only
those voxels with a ¢-value higher than 80% of the
maximum z-value within this mask image were selected
for further analysis. The number of voxels in the ROI
of patients and controls were compared with a two-
tailed two-sample z-test.

Processing of the smoothed images from the main
experiment was as follows: first, trials were excluded
from analysis when participants had pressed during a
trial, indicating oddball detection, to prevent confound-
ing effects caused by the motor responses. If the subject
had not pressed at all during a particular session, the
subject was considered inattentive and the entire session
was also excluded from further analysis. Remaining
responses from all voxels in the ROI above the thresh-
old were averaged per condition. The response to the
single stimulus (REF) was subtracted from the overall
responses to the paired stimuli (1S, 2S and 6S). To exe-
cute this subtraction, the two arrays with data points
from REF and the paired condition must have the same
length, otherwise an error due to different array length
will prevent the software from continuing. This is why
the REF duration equals the duration of the longest
paired condition (i.e. 26s). For the 1S and 2S condi-
tions the last time points of REF are not necessary, and
were thus omitted.

Net haemodynamic responses to the second stimulus
in the pair were semi-automatically fitted using a
recently developed algorithm (27), which uses the
linear combination of three inverse logit functions —
sigmoid curves, in fact — followed by a validation of
the fits by calculating the R?. Fitted responses were
used to determine four characterizing parameters of
the haemodynamic responses: peak amplitude, time-
to-peak, time-to-half-peak and peak width (measured
at full-width-at-half-maximum (FWHM)). These abso-
lute values were used to calculate relative differences,
defined as a percentage in relation to REF, because
these percentages are more intuitive for assessing the
refractory effects.

Statistical analysis was performed with SPSS 18
(IBM SPSS Inc., Chicago, IL, USA). A repeated mea-
sures analysis of variance (ANOVA) — including
Levene’s test to assess equality of variances — was car-
ried out separately on the absolute and relative values.
Each of these ANOVAs had a fixed factor with four
levels (the ISI) and a random factor (the participants),
to correct for subject-to-subject variability. As separate
ANOVAs were calculated for migraineurs and controls,

a total of sixteen ANOVAs was carried out: one each
for the four parameters (peak amplitude, time-to-peak,
time-to-half-peak, peak width), separately for absolute
and relative values in each group. Sixteen Bonferroni
tests were used for triple comparisons in the post hoc
analysis, where the ISI is under investigation, to deter-
mine which means differ.

Spearman’s rank-correlation coefficients were calcu-
lated for each parameter to test whether patient results
are correlated with the available clinical data (attack
frequency).

Finally, mean absolute values from patients and con-
trols of the REF condition were additionally compared
for every separate parameter using Student’s r-tests
(uncorrected, two-tailed two-sample z-tests). These
comparisons are helpful, for example to check whether
the reference amplitude is equal in patients with MwoA
and controls.

For all statistical tests, results with p-values less than
0.05 were considered to be significant.

Results

Screening of the high resolution T1-weighted anatomi-
cal images by a neuroradiologist revealed no clinically
relevant abnormalities.

The comparison of the subject-specific ROIs between
patients with MwoA and controls revealed no differ-
ences for the number of voxels in the ROI
(mean =SEM: 192+39 and 299 £ 82 voxels, respec-
tively, p>0.05) and the maximum ¢-values (mean =+
SEM: f,.x=28.678+£0.344 and 1., =8.587 £0.323,
respectively).

For some participants, not all HRFs could be fitted.
Table 1 summarizes the total number of fitted HRFs
per condition in migraineurs and controls. Eleven
patients out of 21 (52.4%) had a full dataset (four
well-fitted HRFs), in seven patients (33.3%) one HRF
was missing (a 1S, 2S or 6S response), and from three
patients (14.3%) we obtained no useful data. In the
control group, comparable ratios were observed: all
four HRFs from 29 participants out of 51 (56.9%)
were fitted and partial results were obtained for 15 par-
ticipants (29.4%). For seven participants (13.7%), fit-
ting was impossible for any HRF. The mean R? of the
fitted HRFs to assess the goodness-of-fit was high for
both groups (0.954+0.006 and 0.97440.002 in
migraineurs and controls, respectively).

An example of the four plotted HRFs from a patient
and a healthy control is given in Figure 3. There, refrac-
tory effects are seen in the net responses for shorter ISIs
in the healthy participants, but not in the patient with
MwoA. The four parameters which characterize the
HRFs are averaged per condition and per group.
These mean values are presented in clustered bar
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Table I. List with the number of fitted HRFs per condition for
the 21 patients and 51 controls

Condition Patients Controls
REF 21 (100%) 46 (90.2%)
IS 15 (71.4%) 37 (72.5%)
2S 15 (71.4%) 38 (74.5%)
6S 17 (81.0%) 39 (76.5%)

diagrams (Figure 4). Whether amplitude, latencies and
width change significantly as a result of the varying ISIs
is investigated with the ANOVA. For each parameter,
results from the ANOVA and post hoc Bonferroni test
of the absolute values are shown in Table 2. For 18, all
parameters were significantly different from REF in
controls, but this was not the case for the patients,
except for the 1S time-to-half-peak.

The relative values of the four parameters are aver-
aged and shown in Figure 5. ANOVA and post hoc
Bonferroni test results of these percentages are compa-
rable to the absolute ones (Table 3). Those values that
were significantly different from REF in the ANOVA
with absolute values are also significantly different from
REF in the ANOVA with relative values, and vice
versa, except for three values out of the 24, where
there is no agreement with the absolute values. In the
migraine patient group, the time-to-peak (1S) and the
time-to-half-peak (2S) are additionally significantly dif-
ferent from REF; in the controls, the width in 1S is not
significantly different from REF, whereas with absolute
values it is.

There is no relationship between the available clini-
cal information of the patients (the attack frequency)
and the values of the parameters characterizing the
haemodynamic responses (p >0.05 for all percentages
per parameter and per ISI, data not shown).

The results of the Student’s r-test for the additional
comparisons of REF wvalues reveal no significant
differences between patients and controls. The REF-
amplitude difference between patients and controls
has a borderline p-value of 0.07 (uncorrected).

Discussion

In this study, the interictal haemodynamic refractory
effects in patients with MwoA were investigated using
BOLD-fMRI. Refractory effects have been extensively
studied in healthy controls, but to date no studies have
examined these effects in migraineurs. We hypothesized
refractory effects to be altered in migraine, based on
several observations in the interictal migrainous brain,
such as lack of habituation (EP), altered haemody-
namics (TCD), ATP and PCr reductions (*'P-MRS),
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glucose hypometabolism (FDG-PET), abnormal brain
network connectivity (resting-state fMRI) and anoma-
lous brainstem activations (fMRI). The nonlinear prop-
erties of the HRF in controls appear when short ISIs
are applied in the fMRI paradigm, that is, less than 65,
and gradually decrease when the ISI increases. We dem-
onstrate that these refractory effects are not present in
our well-selected group of patients with MwoA.

In this section, we comment on the paradigm set up
and the analysis steps, elaborate on the results, discuss
the relevance of our findings and relate them to the
current knowledge.

Faces were chosen as ecologically valid stimuli to
provoke haemodynamic refractory effects. The face
stimuli were smoothly blurred along the contours, so
that only the internal features of the face were visible,
to make sure that the face-selective areas were activated
(24) and the subject was not focusing on hair style, face
shape or background. The face recognition area was
selected to investigate haemodynamic refractory effects,
because it is a higher-order cortical area in which hae-
modynamic refractory effects have already been
observed (21,28) and its neurons have size- and
position-invariant properties to any face in the visual
field (29). This means that neurons remain in an
adapted state when new stimuli have a slightly different
size or position.

The visual task ‘looking at faces’ first provokes
BOLD changes in primary visual areas. The same
visual stimulus activates different brain regions
involved in processing visual information. Huettel
et al. investigated the characteristics of haemodynamic
responses and refractory effects in different regions with
different visual stimuli (15,21). They reported regional
differences in both the haemodynamic responses and
the refractory effects and stipulated that their charac-
teristics are stimulus-specific. This means that haemo-
dynamic responses to a basic alternating checkerboard
are more pronounced in primary visual cortical areas,
whereas faces provoke more pronounced responses in
the face recognition areas. In other words, haemody-
namic responses to certain stimuli should be investi-
gated in the corresponding stimulus-specific region of
activation. Consequently, for the present study com-
parisons with different regions are rather pointless.
We decided to focus on one region, the FFA, to inves-
tigate haemodynamic refractory effects in patients with
MwoA and healthy controls because faces were used to
provoke HRFs. Volumes acquired during motor
responses were omitted because of the possible con-
founding effect. The oddball task might in theory intro-
duce an additional confounding effect, a difference in
working memory load, owing to the difference between
the 1s ISI and 6s ISI. The connectivity between the
hippocampus and the FFA and its potential dynamic



5. RESULTS

‘syo/d pany aya ul
Pa131Wo a4k pue [euSis aul[aseq Yl d3e[Nd[ed 01 pash aue sulod eyep 924Y1 354l 3Y ] “WAONY Ut w.opiad o1 uay1aSol and aue e1ep aya ‘spIemuan)y ‘|9Ad] 323[qns-aj3uls ay3 3e paynuenb
aJe suaeweded (YIpim dead pue dead-jey-or-swn “jead-or-swn ‘opnijdwe) susioweded d1sLI9IdBIRYD SU) SALISP 01 pash aJam (IySi) sasuodsad pany sy ‘asuodsad sduala)ed Sy
Jo uonoeuagns (s|ppiw) Jsye pue (3]) 240499 Y104 (S9 ‘ST ‘S| 43Y) SUORIPUOD unoj Y1 01 sasuodsad Yam ‘(q) ausined suo pue () 499IUN|OA AY3[eaY SUO WOy S9sInod-awl| ¢ a4nsi4

Cephalalgia 31(11)

1226

[s] auy [e] swp
6L8L 2L OLSLVLELZLLLOL 6 8 L 9 STYTE22Z 120261 8L LLOLSLYLELZLLLOL L86VETLO LTS
@ .
& &
3 ]
B B
[2] o
) )
o 2
B B
«Q «Q
o o
B 5
E E
o (q)
[s] aumy [s] s
0 8t LELZLILOL B 8 L 9 § STVZETTZITOZ6LBLLIONGIVLEIZLILOLE 8 L9 SV ET L O LT E
L 1z
« @
Q L=
PR ] ]
—— \\ : s
[~} o
s s
] 29
a a
3 3
v v
£ £
S
S s
[ B
(e)

97



5. RESULTS

Descamps et al. 1227
Parameter: amplitude Parameter: time-to-peak
type type
8.00 Hhealthy volunteer [ healthy volunteer
Clpatient T I patient
T nd L 6.00 BT
’76-00 | T — _I_—-_ _I_ T
El L E z oo
& I T © o3 1
@ i 1 | = 4
E: 1 | S 4.007
Z 4.00 it ]
© o
D =
=
2.004 2.00
0.00 0.00
REF 2S 6S REF 18 28 6S
S]] ISI
Parameter: time-to-half-peak Parameter: peak width
type type
5.00 ‘healthy volunteer 6,00 [Jhealthy volunteer
} Cpatient Clpatient
5.007 T T
4.00 sl T
| £ | kb
@ ] I @ + bty
= [ | ~4.007] 3 ||
S 3.001 rh 1 }1 E + I»q
i § T | |
> > il il
§ | §3.001 I
e | 2 |
2.004 | |
§ 2.007 |
|
11 i
e E 1.004 |
| !
0.00 "+ 0.00 :
REF 1S 2S 6S REF 1S 2S 6S
[5]] 1SI

Figure 4. Graphs showing the mean absolute values for each parameter (amplitude, time-to-peak, time-to-half-peak and peak width)
in patients and healthy controls. Error bars represent 95% confidence intervals. The shorter the ISI, the larger the deviation from the
reference condition. Only for controls are all 1S parameters significantly different from REF. The significant differences are listed in
Table 2.

Table 2. F-values of the ANOVAs with absolute values and p-values for post hoc comparisons with the reference condition following

the ANOVAs

Patients Controls
Parameter F IS 2S 6S F IS 25 6S
Amplitude 0.396 ns. n.s. n.s. 4.161%* <0.001 n.s. n.s.
Time-to-peak 1.829 ns. n.s. n.s. 20.594* <0.001 <0.001 n.s.
Time-to-half-peak 5.011* <0.001 n.s. n.s. 25.730%* <0.001 <0.001 n.s.
Width 1.430 ns. n.s. n.s. 3.095% <0.01 n.s. n.s.

Post hoc Bonferroni tests, threshold for significance = 0.05 for both groups. For each parameter, absolute values for at least one ISI are significantly
different from REF in healthy controls, whereas nearly all these differences are not observed in patients.

adjustments might affect the remaining HRFs (30).
Another point of discussion is the gender imbalance
in the groups. For this, we can refer to one
study, which failed to show statistically significant dif-
ferences in the HRF between men and women, p > 0.10
(22). However, small sample sizes were used as well
as different stimuli and a different brain region.
Therefore, we mention the possibility of a confounding
effect.
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One of the crucial steps involved in this study is the
curve fitting. We incorporated a recently developed
algorithm into the analysis procedure. The choice for
the inverse logit model to fit the HRFs is based on the
information provided by Lindquist and Wager (27,31).
The only criterion for this fitting method is the presence
of the three phases of the haemodynamic response: the
rise, the fall and the recovery from undershoot (the
negative signal in the HRF due to the combination of
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Figure 5. Graphs showing the mean percentages for each parameter (amplitude, time-to-peak, time-to-half-peak and peak width) in
patients and healthy controls. The shorter the IS, the larger the deviation from the reference condition, which is added only for clarity
on these graphs. Error bars indicate 95% confidence intervals. A remarkable difference can be clearly observed for parameter

amplitude: controls show an amplitude decrease of 25% for the net IS response, whereas there is no significant difference from REF in
patients with this ISI. Only for controls are all IS parameters significantly different from REF. Significant differences are listed in Table 3.

Table 3. F-values of the ANOVAs with relative values and mean relative differences for the three net responses in relation to REF for

the four parameters for both patients and controls

Patients Controls
Parameter F IS 2S 6S F IS 2S 6S
Amplitude 0.034 2.8% 2.2% —1.2% 6.388* —25.1%* —7.0% —1.8%
Time-to-peak 9.950* 18.7%* 7.5% —0.7% 53.114* 21.6%* 10.9%* —1.6%
Time-to-half-peak 15.831* 33.7%* 14.4%* 3.8% 19.201* 42.4%* 21.6%* 5.7%
Width 1.330 —15.7% —8.3% —7.2% 1.252%* —10.0% —-3.9% —3.8%

Post hoc Bonferroni tests are used with the threshold for significance at 0.05, indicated with an asterisk.

decreased CBF and increased CBV). Contrary to other
methods, assumptions about timing and steepness of
the phases are not required. This has the advantage
that the parameter calculation is based on fitted
curves that are as close to the raw data as possible.
The algorithm cannot fit the HRF when rise, fall and
recovery to baseline are not distinguishable or if the
fall of the HRF does not go below half of the rise
(i.e. if FWHM becomes infinite). After the subtraction
step we may get HRFs with such a shape that the

subsequent fitting step cannot be run properly. This
may happen when, for example, too many trials had
to be excluded for a particular condition. If the crite-
rion is not fulfilled, no fitting was performed and we
end up with missing HRFs. The extracted parameters,
which are calculated on the fitted HRFs, will also be
missing.

The origin of the haemodynamic refractory effects
is difficult to trace. Neuronal as well as vascular mech-
anisms may be involved, and we discuss both below.
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Neuronal activity contributes to the BOLD signal,
albeit indirectly. The BOLD signal directly reflects the
blood oxygenation level, which is an indirect measure
of neuronal activity. The BOLD signal changes are
indisputably correlated with the neuronal compart-
ment, because the initial triggers for the haemodynamic
changes are the higher regional oxygen and glucose
demand from neurons and astrocytes during neuronal
activation. Several studies, including electrophysiologi-
cal and fMRI studies, have investigated the cortical
responsiveness of patients with migraine (32-35). The
fMRI studies all included patients with MwA and were
focusing on the implications of their findings for the
aura phenomenon. The widely accepted phenomenon
of habituation has been considered a protective mech-
anism against cortical hyperexcitability. The assump-
tion is that patients with both MwA and MwoA
show increased cortical excitability as they lack this
protective mechanism (36). Given that the refractory
period of the haemodynamic response is a sign of tem-
porary neural adaptation and believed to be a protec-
tive phenomenon (29,37), the lack of habituation in
migraineurs could be the basis of the absence of refrac-
tory effects. However, the cortical hyperexcitability
hypothesis in migraine has been refuted (35). A reduc-
tion in the cortical pre-activation level of migraine
patients has been suggested as an alternative explana-
tion and it is inferred from the initial lower amplitude
of the P100 in the first averaged block of VEP measure-
ments (38,39). The reduced cortical pre-activation level
could be due to abnormalities in thalamocortical net-
works (40) or hypoactivation in subcortico-cortical
aminergic pathways (41). This observation might be
reflected in the haemodynamic data presented in our
study: the amplitude of a single response (REF) in
patients secems on average lower than the REF ampli-
tude in controls (Figure 4, parameter amplitude, con-
dition REF). However, the mean difference we have
found is only borderline non-significant (p =0.07).

Another point of view to explain the observed lack
of haemodynamic refractory effects in patients is that
the effects are related to the vascular compartment.
Vascular-related parameters (CBF, CBV, oxygen
extraction fraction, etc) directly contribute to the
BOLD signal. The interictal vascular reactivity in
patients might be affected (either increased or
decreased). However, a recent near infra-red spectros-
copy study demonstrated that the interictal neurovas-
cular coupling in patients with MwoA seems to be
intact (42). Simultaneous measurements of BOLD,
CBV and CBF with a dedicated MR-sequence could
add further strength to this hypothesis (43,44).

Taking into account the fact that successive stimuli
applied to induce the measured HRF provoke local
electrical changes, it is tempting to see a link between
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the electrophysiological habituation and haemody-
namic refractory effects. However, there are some
major differences between these two phenomena. A
first involves the different temporal properties. The
electrophysiological peak latencies are detected at the
millisecond scale after stimulus onset, whereas the peak
of the HRF is reached at 5 to 8 seconds after stimulus
onset. Furthermore, the stimuli used in electrophysiol-
ogy are presented at a high rate (typically 2-8 Hz),
whereas the stimuli in this BOLD-fMRI paradigm
should be considered as single events (viewing faces)
presented for 500 ms with limited ISIs (1-6s onset-to-
onset).

Often, inferences in fMRI studies are based on group
results, similar to EP data: first, individual data are
averaged, followed by the determination of the derived
group parameters. One strength of the paradigm
applied in this study is that the data have first been
analysed and quantified at the single-subject level. A
visual evaluation of the net HRFs in individuals may
already suggest the lack of haemodynamic refractory
effects in individual patients with MwoA, which is illus-
trated by the examples in Figure 3. However, measur-
ing haemodynamic refractory effects is not suitable as a
biomarker for migraine in individual patients. The sen-
sitivity of the measurements is unsatisfactory for
discriminating between healthy controls and patients
owing to an overlap in observations. Averaging of the
extracted data per group is needed to make statistical
inferences.

There is no relationship between available clinical
information of the patients, that is, the attack fre-
quency, and their values characterizing the haemody-
namic responses, lacking refractory effects. Migraine
can be considered as a threshold disorder. Lack of hae-
modynamic refractory effects, decreased ATP concen-
tration (11), genetic susceptibility (45), and so on can all
contribute to a lowered migraine threshold. It is impos-
sible to link each of these factors to, for example, the
attack frequency. One predisposing factor is not gener-
alizable to the whole population of migraine patients,
which is an additional argument why the absence of
haemodynamic refractory effects in migraineurs is
unsuitable as biomarker for migraine.

Finally, it is impossible to determine the exact link
between the two abovementioned signal types (vascular
vs. neuronal) when data from simultaneous measure-
ments are missing. Habituation to repetitive stimula-
tion has been investigated in the face recognition
region using intracranial event-related potentials
(with, for example, significant habituation of the face-
specific P350) in patients with medically intractable
epilepsy (46). However, habituation in face perception
areas in healthy controls and patients with migraine has
not been investigated directly, because of the invasive
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character of the intracranial recordings. Therefore, we
do not wish to state conclusively that the lack of hae-
modynamic refractory effects in patients caused by a
face recognition task also means that they really show
a lack of habituation during that task. A subsequent,
interesting step in this research would be applying a
paradigm to measure combined EEG-fMRI, to define
a more precise relationship between the electrophysio-
logical and the haemodynamic observations. From a
practical point of view, a basic visual paradigm with
MR-compatible surface electrodes is the most realistic
experimental set up.

Besides combined EEG-fMRI or simultaneous
BOLD, CBV and CBF measurements, it would also
be interesting to try to link our findings to the genotype
of the participants. Recently, a genome-wide associa-
tion study identified a minor allele on chromosome
8q22.1 (rs1835740) to be associated with migraine
(45). One of the strengths of this study was the selection
of a well-defined patient group (only patients with
MwoA, no prophylactic treatment, 2-8 attacks per
month, 48h attack free before scan session, and so
on). However, genotyping might reveal additional
divergences or uncover a sub-group in the patient pop-
ulation, in line with a proposal by Schoenen et al. (47)
and a recent *'P-MRS study (11).

Irrespective of the origin of the observations in the
present study, one implication is worth mentioning.
fMRI is widely used to investigate cognitive functions
and physiological brain processes in healthy volunteers,
and several exclusion criteria are therefore applied,
such as MRI incompatible devices and neurological
conditions such as stroke and epilepsy. However,
migraine is hardly ever mentioned. Our findings suggest
that studies with event-related fMRI paradigms using
stimuli with short ISIs should add migraine (without
aura) to the exclusion criteria for candidate partici-
pants, because including data from these patients may
considerably influence the results of these studies.

In summary, this work is the first fMRI study that
has measured BOLD haemodynamics interictally in
patients with MwoA. The net HRFs of healthy controls
have nonlinear properties for very short ISIs, but these
refractory effects are not observed in patients with
MwoA. Conclusive statements about the origin of the
absence of refractory effects are difficult to make with-
out additional, coupled measurements.
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5. RESULTS

3. Combining haemodynamic and metabolic patient data reveals the presence of

subgroups

A scientific communication on this topic is in preparation.

On the day of the fMRI scans, patients first underwent an MRS protocol to quantify several
'H- and 3'P-metabolites. These data have led to two peer-reviewed articles (83, 202), added

in Appendix B and C, and are part of Harmen Reyngoudt’s PhD thesis.

Interictal *H- and *'P-MRS measurements during resting-state revealed decreased PCr- and
ATP-concentrations compared to controls (83). In one fifth of the patients, a deviation of
twice the standard deviation (SD) was observed. Interestingly, these patients had the highest
attack frequency, which points towards latent metabolic abnormalities in at least a subgroup
of patients. On the other hand, lactate was not quantifiable in our MwoA patients (202),
which might be attributed to the introduction of a more correct quantification strategy with
the phantom replacement technique. Later, a stimulation protocol demonstrated that
lactate concentrations remain close to the detection limit during intensive visual stimulation
(203), hence, no lactate increase could be detected, which is in contrast to earlier studies in
controls and patients (204, 205). Results of both resting-state MRS protocols are available in

Appendix B and C.

Given that the haemodynamic and metabolic data are consecutively gathered in the

individual participants, combining the data may result in additional valuable information.
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Figure 17 Scatter plots from controls (left pane) and patients (right pane) giving single subject data for both a metabolic
(ATP concentration on y-axis) and a haemodynamic parameter (amplitude changes for the 1S ISI on x-axis). The horizontal
and vertical red lines indicate the 2 SD borders, displayed for one side only. In the patients population, 2 subgroups are
identified, one with significantly lower ATP concentrations, one with significantly increased amplitude changes. Note that
not all the participants are present in their respective scatter plot because of some missing data in both measurements.

The most striking parameters from both studies, namely the amplitude of the 1S condition
and the ATP-concentration, are combined in Figure 17. Only those participants with a

complete dataset can be included, which results in a slight data reduction.

Nevertheless, the scatter plot clearly demonstrates that a subgroup of patients is not only
present in the MRS-results: within the group of patients with normal ATP-concentrations,
there is another subgroup of patients who have outlying amplitude changes. None of these

subgroups are present in the pool of controls.

Given that there is still a relative large group of patients that cannot be assigned to a specific
subgroup, this combination of MR-related measurements is not sensitive enough to support

a migraine diagnosis.

We elaborate more on the finding of subgroups in the general discussion of this thesis.
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Chapter 6: General discussion

1. Discussion and future perspectives

The main aim of this thesis was to study neurovascular properties in patients with migraine,
thereby focusing on their cerebral haemodynamic behaviour. All measurements were
performed using fMRI as a safe, non-invasive imaging technique. First, a measurement
method was developed to measure HREs at the single-subject level. The method was tested
and validated in a large group of 51 healthy volunteers. In a second phase of this research,
the method was applied on a group of 21 patients with MwoA. Their results were compared
with the large reference group. The haemodynamic results are also combined with
metabolic data obtained in the same patient group with MRS. Options towards the use of

the measurements as biomarkers are investigated.

In Chapter 3, it was explained that the basic, unprocessed signals from fMRI measurements
are interesting to investigate. The haemodynamic response following a single stimulus is
characterized by a particular time-course and successive stimuli alter its intrinsic properties.
HREs are revealed by the presence of nonlinearities in the net haemodynamic response for
very short ISls. These nonlinearities have been described in studies with healthy volunteers
and at the group level, mostly on 1.5T MRI systems (190). Initially, we had tried to detect
these refractory effects in individuals during a pilot study (six healthy volunteers), using a 3T
MRI system (206). It was expected that the stronger magnetic field would allow us to extract
nonlinear signal differences at the single-subject level, which was confirmed by the pilot

results.
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A flashing checkerboard is often used to provoke HRFs with visual stimuli (for example in
(187) and (190)). Although this is an easily standardized and reproducible way of presenting
visual stimuli, the flashing checkerboard mainly activates a primary cortical area (V1) and the
event itself does not ressemble a common daily life situation. For the present research, faces
were chosen as ecologically valid stimuli to provoke HREs. Face-selective areas in the brain
were activated because only the internal features of the faces were visible through blurring
the face stimuli along their contours. That way the participant could not focus on hair style,
face shape or background. This fusiform face area (FFA) is a higher-order cortical area in
which HREs have already been observed (207-209). Moreover, its neurons have size- and
position-invariant properties to any face in the visual field (210). This means that neurons
remain in an adapted state when new stimuli have a slightly different size or position. The
FFA is easily activated through a block-designed functional localizer paradigm, described in

Chapter 5, paragraph 1.

The participants’ responses may be sensitive to their level of attentiveness and mood. To
prevent influences from anxiety and/or lack of attention to the maximum possible extent,
participants were extensively informed before the MR acquisition, followed by a (subjective)
post-acquisition inquiry. Furthermore, given the possible effect of emotional faces on the
participants’ mood, faces with a neutral, instead of a fearful expression were chosen for
presentation. Finally, sessions were entirely excluded from further analysis when the

participant had not pressed during that particular session.

Besides proper data acquisition, the methodological aspect of this thesis also comprised the
need for an adequate fitting and validation method. Therefore, the core of Lindquist and

Wager’s algorithm was used (197). In Chapter 5, paragraph 1, we elaborate on the
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usefulness of the fitting algorithm, which is based on a linear combination of inverse logit
functions. This algorithm was very suitable for our purpose, since it implements all
processing on raw data, without accepting too many indulgences. From our point of view, an
appropriate fitting method cannot force the data into a straitjacket, but has to remain as
close to the raw data as possible to obtain reasonable fits. The IL approach requires only few
assumptions for the fitting: requirements toward the overall HRF shape (rise, fall, rise), not
towards timing of the peak, nor steepness of the signals. We applied a derivative of this
algorithm on real data, while Lindquist and Wager had tested and compared their fitting

procedure on simulated data.

The pool of 51 healthy volunteers was used for the determination of 95% confidence
intervals for each parameter and each ISIl. This results in a useful reference framework,
which allows to test measurements from patients (or controls) for the absence or presence
of HREs. Evaluating the absence or presence of HREs is most straightforward for the
parameters obtained for the 1s ISl in comparison with REF. The 95% confidence intervals for
three relative HRF parameters (i.e., amplitude, time-to-peak and time-to-half-peak) under 1S
are useful to evaluate whether or not the net responses show refractoriness (Chapter 5.1,
table 2). When the newly calculated parameters of a subject are within these boundaries, it
is reasonable to accept the presence of refractory effects. With the current group of
volunteers, these boundaries could not be determined for the peak width, in spite of a

tendency towards a decreased width in the presence of HREs.

Using the current confidence interval boundaries for the reference pool evokes a point of
criticism: there is no real gold standard to determine whether or not subjects show HREs.

Consequently, the sensitivity and specificity for the proposed method is hard to define.
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Particularly for this thesis, such group of patients whose HRFs are measured, are
migraineurs, recruited in the outpatient Headache Clinic at the Department of Neurology of
the Ghent University Hospital. Candidate-patients were carefully screened before they were
included in the study. It was the intention to apply all measurements on a homogeneous
group of patients with MwoA, assessed using the ICHD-II criteria. In paragraph 2 of Chapter
5, the results of the patient study are presented. On average, the MwoA patients lack HREs;
in other words, the averaged, net 1S HRF with all its derived parameters is in migraineurs not

statistically different from the reference HRF.

Since simultaneous electrophysiological data have not been acquired, it is currently difficult
to assess the implications of our findings. Given that migraineurs also show lack of
electrophysiological habituation, it is tempting to pursue the comparison. Our observation
could fit in both theories mentioned in Chapter 1. The hypothesis of dysexcitability can be
supported by our data through the absence of the HREs in migraineurs. These patients do
not show HREs, because their cortex is hyperexcitable. The other hypothesis of reduced
preactivation levels can also be applied onto our data: the amplitude of the reference HRF in
migraineurs seems on average lower than in controls (upper left pane of Figure 4 in Chapter
5, paragraph 2), albeit a borderline nonsignificant difference (p = 0.07). Controls seem to
show on average a decreased amplitude for the net 1S HRF, i.e. a distinct HRE, while patients
with MwoA show on average the same amplitude compared to their REF HRF. These reduced
preactivation levels are schematically explained in Figure 18. Adding haemodynamic
information to related electrophysiological data sets provides a new point of view for future

research on this topic.
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REF HRF net 1S HRF

controls

MwoA

Figure 18 These plots show how the theory of reduced preactivation levels in migraineurs may explain one of our
observations. A characteristic of HREs is observed in controls: the amplitude of the net 1S HRF (upper right) is reduced
compared to their REF HRF (upper left). On the contrary, patients with MwoA seem to have on average a lower amplitude,
even for their REF HRF (lower left). In other words: their baseline or reference or preactivation levels are reduced. The
amplitude of their averaged net 1S HRF is not significantly different from their REF HRF (lower left) and lies in the same
range of that corresponding amplitude in controls. All axes have the same scale (Y axes in arbitrary units, X axes in seconds).

Despite the absence of electrophysiological data, we are able to correlate our
haemodynamic data to other — metabolic — information, namely interictal resting-state ‘H-
and *'P-MRS measurements consecutively acquired during the same day in the same
patients. A scatter plot with ATP-concentrations versus amplitude changes for 1S clearly
demonstrates two subgroups of patients: a subgroup of patients has significantly lowered
ATP-concentrations (at least twice the SD) and within the group of patients with normal ATP-
concentrations, there is another subgroup of patients who have outlying amplitude changes.

None of these subgroups are present in the pool of controls.

Contrary to the ATP-findings, the fMRI-observations could not be related to the patients’

attack frequency. Also, the differentiation into subgroups could not be attributed to patients
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being in the peri-attack period. It is known that habituation in patients tends to normalize
approximately one day before and during an attack (66). However, all patients in the study
were at least 48 hours attack-free before the scanning procedure and none of the patients

experienced a migraine attack within 24 hours after the study.

It would be very interesting to measure the EPs in the patients with increased HRF
amplitudes to see whether their EP amplitude is increased as well, which has been described
as a potentiation instead of a habituation in migraine patients (48). However, to our
knowledge, the face-specific P350 cannot be measured in a non-invasive manner, to obtain
truely simultaneous EP-fMRI data. During epilepsy-related surgery, intracranial EPs have

demonstrated habituation of this P350 (211).

The assumption that the lack of HREs is related to habituation deficits is not too far-fetched,
given the evidence that the lack of VEP habituation in migraineurs is accompagnied by
habituation deficits of their gamma band oscillations (64), and secondly, that there is a

strong correlation with (event-related) gamma band activity and BOLD (164).

Despite the tempting resemblance, we want to stress that there are considerable differences
between (V)EP habituation and HREs: temporal scale (milliseconds vs. seconds), signal
source (electrical vs. haemodynamic), presentation rate (often 8 Hz vs. 2 Hz), (V)EP
amplitude changes in the second block with tens of stimuli vs. 2 stimuli out of max. 20
averaged signals, etc. Furthermore, in Chapter 3, paragraph 3, current literature
demonstrates that the exact link between HREs and electrophysiological findings under

terms of repeated stimuli are not that straightforward.

Rather than deriving generalizing conclusions which apply to all patients, our combined fMRI

and MRS data suggest that patients can be divided into subgroups, although the selection
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criteria for creating a homogeneous patient pool were already stringent. Logically, one could
wonder whether the other patients that are currently not (yet) assigned to a particular
subgroup, also differ from healthy controls or from each other at other levels. As long as
measurements (or combinations of measurements) do not provide a sufficiently high
sensitivity and specificity, which is the case for our relatively small patient group, these

measurements can not be used to support migraine diagnosis in any patient.

Three recent genome-wide association studies (43-45) report genetic susceptibility variants
in large migraine populations. The presence of particular SNPs indicate an increased risk for
migraine. Future genetic studies may reveal additional polymorphisms in migraine
susceptibility genes. Studying the migraine phenotype may evolve more and more toward
genetic research, starting from observations in patients of objectively measurable
parameters. Presumably, this procedure provides a faster chance of success due to its goal-
oriented base, rather than extensive genome screenings which seem more like looking for a
needle in a haystack. Our haemodynamic and metabolic findings provide a clue for future
genetic research. Finally, the observation that patients can be divided into subgroups
supports the thesis that patients with migraine share a common phenotype hiding different

genotypes.

From a radiological point of view, it seems hard, though not impossible, to optimize the fMRI
measurements. Increasing the number of experiments to obtain a higher signal-to-noise
ration (SNR) would have an adverse effect: a higher dropout rate is expected due to
tiredness and loss of attentiveness (212). On the other hand, shortening of the acquisition
time introduces the risk of ending up without enough data due to a low SNR or due to a lack

of included sessions. Improving the amount of responders, i.e., subjects with fitted
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responses, could be obtained by using state-of-the-art hardware: recently, the MR-
equipment at Ghent University Hospital has been upgraded to 32 channels, while all
participants were scanned with a 8-channel birdcage head coil. An increase in SNR is to be

expected.

Structural imaging does not contribute to the diagnosis of migraine, nor is imaging
mentioned in the current diagnostic criteria (ICHD-II) (4). However, conventional structural
MR imaging may be helpful to exclude other underlying pathologies, such as brain tumor or
hydrocephalus. Advanced imaging techniques are not routinely used in daily practice to
corroborate a clinical diagnosis. Although the combination of our fMRI and MRS
measurements may provide objective data to support a migraine diagnosis in some patients,
we cannot conclude that these measurements are sensitive and specific enough to serve as a
biomarker, no more than other findings (213). Therefore, the value of combined MR-
measurements is rather situated in further stratification of migraine disorders. Our data
illustrate that an apparently homogeneous group can be subdivided based on multiple MR-

derived parameters.

Future research with this kind of combined measurements may also be helpful in
prophylactic studies. To date, the choice for a certain prophylactic drug is more or less based
on trial and error, for lack of obvious indications to link a particular drug to the patient’s
profile. Predicting the efficacy of preventive drugs will save time and money for the patient
presenting in daily clinical practice. For example, vitamin B2 (riboflavin) supplementation
may be preferred for migraine patients with metabolic anomalies (14), while patients who

lack HREs may benefit from anti-epileptic drugs.
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2. Conclusion

The conclusion of this doctoral thesis is twofold.

In the first place, we have demonstrated that HREs can be extracted and quantified at the
single-subject level, thereby using non-invasive fMRI measurements with a high field, clinical
MR system in combination with an adjusted processing strategy. In addition, IL functions are

well suited to perform time-course fitting with minimal restrictions and assumptions.

Secondly, application of this measurement technique has led to the observation that
patients with MwoA show anomalies in their haemodynamic responses, which is conceivably
related to the well-known lack of habituation in migraineurs. The absence of HREs is not
observed in all migraineurs. However, together with the outcome of the MRS study in the
same patient group, functional parameters are revealed to evaluate the brain of migraine
patients and subgroups of patients can be identified. These results may be helpful in future

research on understanding the effectiveness of prophylactic treatments.

Once more, functional imaging demonstrates that the migraine disorder stretches beyond
episodic symptoms and the interictal migraine brain is not so normal as it often looks on

structural images.
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Appendices

A. International Classification of Headache Disorders, 2" Edition (ICHD-II),

according to the International Headache Society'

Part I - The primairy headaches

1. Migraine
1.1. Migraine without aura
1.2. Migraine with aura
1.2.1. Typical aura with migraine headache
1.2.2. Typical aura with non-migraine headache
1.2.3. Typical aura without headache
1.2.4. Familial hemiplegic migraine
1.2.5. Sporadic hemiplegic migraine
1.2.6. Basilar-type migraine
1.3. Childhood periodic syndromes that are commonly precursors of migraine
1.3.1. Cyclical vomitting
1.3.2. Abdominal migraine
1.3.3. Benign paroxysmal vertigo of childhood
1.4. Retinal migraine
1.5. Complications of migraine
1.5.1. Chronic migraine
1.5.2. Status migrainosus
1.5.3. Persistent aura without infarction
1.5.4. Migrainous infarction
1.5.5. Migraine-triggered seizure
1.6. Probable migraine
1.6.1. Probable migraine without aura
1.6.2. Probable migraine with aura
1.6.3. Probable chronic migraine
2. Tension-type headache
2.1. Infrequent episodic tension-type headache
2.1.1. Infrequent episodic tension-type headache associated with pericranial
tenderness
2.1.2. Infrequent episodic tension-type headache not associated with pericranial
tenderness
2.2. Frequent episodic tension-type headache
2.2.1. Frequent episodic tension-type headache associated with pericranial
tenderness

"http://ihs-classification.org/_downloads/mixed/ihc_Il_main_no_print.pdf
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2.2.2. Frequent episodic tension-type headache not associated with pericranial
tenderness
2.3. Chronic tension-type headache
2.3.1. Chronic tension-type headache associated with pericranial tenderness
2.3.2. Chronic tension-type headache not associated with pericranial tenderness
2.4. Probable tension-type headache
2.4.1. Probable infrequent episodic tension-type headache
2.4.2. Probable frequent episodic tension-type headache
2.4.3. Probable chronic tension-type headache
3. Cluster headache and other trigeminal autonomic cephalalgias
3.1. Cluster headache
3.1.1. Episodic cluster headache
3.1.2. Chronic cluster headache
3.2. Paroxysmal hemicrania
3.2.1. Episodic paroxysmal hemicrania
3.2.2. Chronic paroxysmal hemicrania
3.3. Short-lasting Unilateral Neuralgiform headache attacks with Conjunctival injection
and Tearing (SUNCT)
3.4. Probable trigeminal autonomic cephalalgia
3.4.1. Probable cluster headache
3.4.2. Probable paroxysmal hemicrania
3.4.3. Probable SUNCT
4. Other primary headaches
4.1. Primary stabbing headache
4.2. Primary cough headache
4.3. Primary exertional headache
4.4. Primary headache associated with sexual activity
4.4.1. Preorgasmic headache
4.4.2. Orgasmic headache
4.5. Hypnic headache
4.6. Primary thunderclap headache
4.7. Hemicrania continua
4.8. New daily-persistent headache

PartII - The secondary headaches

5. Headache attributed to head and/or neck trauma

5.1. Acute post-traumatic headache
5.1.1. Acute post-traumatic headache attributed to moderate or severe head injury
5.1.2. Acute post-traumatic headache attributed to mild head injury

5.2. Chronic post-traumatic headache
5.2.1. Chronic post-traumatic headache attributed to moderate or severe head

injury

5.2.2. Chronic post-traumatic headache attributed to mild head injury

5.3. Acute headache attributed to whiplash injury

5.4. Chronic headache attributed to whiplash injury

5.5. Headache attributed to traumatic intracranial haematoma
5.5.1. Headache attributed to traumatic epidural haematoma
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5.5.2. Headache attributed to subdural haematoma
5.6. Heaache attributed to other head and / or neck traumata
5.6.1. Acute headache attributed to other head and / or neck traumata
5.6.2. Chronic headache attributed to other head and / or neck traumata
5.7. Post-craniotomy headache
5.7.1. Acute post-craniotomy headache
5.7.2. Chronic post-craniotomy
Headache attributed to cranial or cervical vascular disorder
6.1. Headache attributed to ischaemic stroke or transient ischaemic attack
6.1.1. Headache attributed to ischaemic stroke (cerebral infarction)
6.1.2. Headache attributed to transient ischaemic attack
6.2. Headache attributed to non-traumatic intracranial haemorrhage
6.2.1. Headache attributed to intracerebral haemorrhage
6.2.2. Headache attributed to subarachnoid haemorrhage
6.3. Headache attributed to unruptured vascular malformation
6.3.1. Headache attributed to saccular aneurysm
6.3.2. Headache attributed to arteriovenous malformation
6.3.3. Headache attributed to dural arteriovenous fistula
6.3.4. Headache attributed to cavernous angioma
6.3.5. Headache attributed to encephalotrigeminal or leptomeningeal angiomatosis
(Sturge Weber syndrome)
6.4. Headache attributed to arteritis
6.4.1. Headache attributed to giant cell arteritis
6.4.2. Headache attributed to primary central nervous system angiitis
6.4.3. Headache attributed to secondary central nervous system angiitis
6.5. Carotid or vertebral artery pain
6.5.1. Headache or facial or neck pain attributed to arterial dissection
6.5.2. Post-endarterectomy headache
6.5.3. Carotid angioplasty headache
6.5.4. Headache attributed to intracranial endovascular procedures
6.5.5. Angiography headache
6.6. Headache attributed to cerebral venous thrombosis
6.7. Headache attributed to other intracranial vascular disorder
6.7.1. Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL)
6.7.2. Mitochondrial Encephalopathy, Lactic Acidosis and Stroke-like episodes
(MELAS)
6.7.3. Headache attributed to benign angiopathyof the central nervous system
6.7.4. Headache attributed to pituitary apoplexy
Headache attributed to non-vascular intracranial disorder
7.1. Headache attributed to high cerebrospinal fluid pressure
7.1.1. Headache attributed to idiopathic intracranial hypertension
7.1.2. Headache attributed to intracranial hypertension secondary to metabolic,
toxic or hormonal causes
7.1.3. Headache attributed to intracranial hypertension secondary to hydrocephalus
7.2. Headache attributed to low cerebrosspinal fluid pressure
7.2.1. Post-dural puncture headache
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7.2.2. CSF fistula headache
7.2.3. Headache attributed to spontaneous (or idiopathic) low CSF pressure
7.3. Headache attributed to non-infectious inflammatory disease
7.3.1. Headache attributed to neurosarcoidosis
7.3.2. Headache attributed to aseptic (non-infectious) meningitis
7.3.3. Headache attributed to other non-infectious inflamatory disease
7.3.4. Headache attributed to lymphocytic hypophysitis
7.4. Headache attributed to intracranial neoplasm
7.4.1. Headache attributed to increased intracranial pressure or hydrocephalus
caused by neoplasm
7.4.2. Headache attributed directly to neoplasm
7.4.3. Headache attributed to carcinomatous meningitis
7.4.4. Headache attributed to hypothalamic or pituitary hyper- or hyposecretion
7.5. Headache attributed to intrathecal injection
7.6. Headache attributed to epileptic seizure
7.6.1. Hemicrania epileptica
7.6.2. Post-seizure headache
7.7. Headache attributed to Chiari malformation type |
7.8. Syndrome of transient Headache and Neurological Deficits with cerebrospinal fluid
Lymphocytosis (HaNDL)
7.9. Headache attributed to other non-vascular intracranial disorder
8. Headache attributed to a substance or its withdrawal
8.1. Headache induced by acute substance use or exposure
8.1.1. Nitric oxide (NO) donor-induced headache
8.1.1.1. Immediate NO donor-induced headache
8.1.1.2. Delayed NO donor-headache
8.1.2. Phosphodiesterase (PDE) inhibitor-induced headache
8.1.3. Carbon monoxide-induced headache
8.1.4. Alcohol-indiced headache
8.1.4.1. Immediate alcohol-induced headache
8.1.4.2. Delayed alcohol-induced headache
8.1.5. Headache induced by food components and additives
8.1.5.1. Monosodium glutamate-induced headache
8.1.6. Cocaine-induced headache
8.1.7. Cannabis-induced headache
8.1.8. Histamine-induced headache
8.1.8.1. Immediate histamine-induced headache
8.1.8.2. Delayed histamine-induced headache
8.1.9. Calcitonin gene-related peptide (CGRP)-induced headache
8.1.9.1. Immediate CGRP-induced headache
8.1.9.2. Delayed CGRP-induced headache
8.1.10.Headache as an acute adverse event attributed to medication used for other
indications
8.1.11.Headache induced by other acute substance use or exposure
8.2. Medication-overuse headache (MOH)
8.2.1. Ergotamine-overuse headache
8.2.2. Triptan-overuse headache
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10.

11.

8.2.3. Analgesic-overuse headache
8.2.4. Opioid-overuse headache
8.2.5. Combination medication-overuse headache
8.2.6. Headache attributed to other medication overuse
8.2.7. Probable medication-overuse headache
8.3. Headache as an adverse event attributed to chronic medication
8.3.1. Exogenous hormone-induced headache
8.4. Headache attributed to substance withdrawal
8.4.1. Caffeine-withdrawal headache
8.4.2. Opioid-withdrawal headache
8.4.3. Oestrogen-withdrawal headache
8.4.4. Headache attributed to withdrawal from chronic use of other substances
Headache attributed to infection
9.1. Headache attributed to intracranial infection
9.1.1. Headache attributed to bacterial meningitis
9.1.2. Headache attributed to lymphocytic meningitis
9.1.3. Headache attributed to encephalitis
9.1.4. Headache attributed to brain abscess
9.1.5. Headache attributed to subdural empyema
9.2. Headache attributed to systemic infection
9.2.1. Headache attributed to systemic bacterial infection
9.2.2. Headache attributed to systemic viral infection
9.2.3. Headache attributed to other systemic infection
9.3. Headache attributed to HIV / aids
9.4. Chronic post-infection headache
9.4.1. Chronic post-bacterial meningitis headache
Headache attributed to disorder of homoeostasis
10.1. Headache attributed to hypoxia and / or hypercapnia
10.1.1. High-altitude headache
10.1.2.Diving headache
10.1.3.Sleep apnoea headache
10.2. Dialysis headache
10.3. Headache attributed to arterial hypertension
10.3.1.Headache attributed to phaeochromocytoma
10.3.2.Headache attributed to hypertensive crisis without hypertensive
encephalopathy
10.3.3.Headache attributed to hypertensive encephalopathy
10.3.4.Headache attributed to pre-eclampsia
10.3.5.Headache attributed to eclampsia
10.3.6.Headache attributed to acute pressor response to an exogenous agent

10.4. Headache attributed to hypothyroidism

10.5. Headache attributed to fasting

10.6. Cardiac cephalalgia

10.7. Headache attributed to other disorder of homoeostasis

Headache or facial pain attributed to disorder of cranium, neck, eyes, ears, nose, sinuses,
teeth, mouth or other facial or cranial structures
11.1. Headache attributed to disorder of cranial bone
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11.2. Headache attributed to disorder of neck
11.2.1.Cervicogenic headache
11.2.2.Headache attributed to retropharyngeal tendonitis
11.2.3.Headache attributed to craniocervical dystonia
11.3. Headache attributed to disorder of the eyes
11.3.1.Headache attributed to acute glaucoma
11.3.2.Headache attributed to refractive errors
11.3.3.Headache attributed to heterophoria or heterotropia (latent or manifest

squint)
11.3.4.Headache attributed to ocular inflammatory disorder
11.4. Headache attributed to disorder of ears
11.5. Headache attributed to rhinosinusitis
11.6. Headache attributed to disorder of teeth, jaws or related structures
11.7. Headache or facial pain attributed to temporomandibularjoint disorder
11.8. Headache attributed to other disorder of cranium, neck, eyes, ears, nose,

sinuses, teeth, mouth or other facial or cervical structures
12. Headache attributed to psychiatric disorder
12.1. Headache attributed to somatisation disorder
12.2. Headache attributed to psychotic disorder

Part III - Cranial neuralgias, central and primary facial pain and other headaches

13. Cranial neuralgias and central causes of facial pain
13.1. Trigeminal neuralgia
13.1.1.Classical trigeminal migraine
13.1.2.Symptomatic trigeminal neuralgia
13.2. Glossopharyngeal neuralgia
13.2.1.Classical glossopharyngeal neuralgia
13.2.2.Symptomatic glossopharyngeal neuralgia

13.3. Nervus intermedius neuralgia

13.4. Superior laryngeal neuralgia

13.5. Nasociliary neuralgia

13.6. Supraorbital neuralgia

13.7. Other terminal branch neuralgias

13.8. Occipital neuralgia

13.9. Nneck-tongue syndrome

13.10. External compression headache

13.11. Cold-stimulus headache
13.11.1. Headache attributed to external application of a cold stimulus
13.11.2. Headache attributed to ingestion or inhalation of a cold stimulus

13.12. Constant pain caused by compression, irritation or distortion of cranial nerves

or upper cervical roots by structural lesions

13.13. Optic neuritis

13.14. Ocular diabetic neuropathy

13.15. Head or facial pain attributed to herpes zoster
13.15.1. Head or facial pain attributed to acute herpes zoster
13.15.2. Post-herpetic neuralgia

13.16. Tolosa-Hunt syndrome
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13.17. Ophtalmoplegic ‘migraine’
13.18. Central causes of facial pain
13.18.1. Anaesthesia dolorosa
13.18.2. Central post-stroke pain
13.18.3. Facial pain attributed to multiple sclerosis
13.18.4. Persistent idiopathic facial pain
13.18.5. Burning mouth syndrome
13.19. Other cranial neuralgia or other centrally mediated facial pain
14. Other headache, cranial neuralgia, central or primary facial pain
14.1. Headache not elsewhere classified
14.2. Headache unspecified

139






APPENDICES

B. 'H-MRS of brain metabolites in migraine without aura: absolute quantification

using the phantom replacement technique

Harmen Reyngoudt, Yves De Deene, Benedicte Descamps, Koen Paemeleire, Eric Achten

Magn Reson Mater Phy 2010, 23(4): 227-41.

141






APPENDICES

Magn Reson Mater Phy (2010) 23:227-241
DOI 10.1007/s10334-010-0221-z

RESEARCH ARTICLE

TH-MRS of brain metabolites in migraine without aura:
absolute quantification using the phantom replacement

technique

Harmen Reyngoudt - Yves De Deene -
Benedicte Descamps - Koen Paemeleire - Eric Achten

Received: 12 April 2010 / Revised: 21 June 2010 / Accepted: 23 June 2010 / Published online: 13 August 2010

© ESMRMB 2010

Abstract

Objective Several studies have demonstrated differences in
migraine patients when performing 'H-MRS; however, no
studies have performed '"H-MRS in migraine without aura
(MwoA), the most common migraine subtype. The aim of
this ' H-MRS study was to elucidate whether any differences
could be found between MwoA patients and controls by per-
forming absolute quantification.

Materials and methods 'H-MRS was performed in 22
MwoA patients and 25 control subjects. Absolute quanti-
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fication was based on the phantom replacement technique.
Corrections were made for 77 and 7> relaxation effects, CSF
content, coil loading and temperature. The method was vali-
dated by phantom measurements and in vivo measurements
in the occipital visual cortex.

Results After calibration of the quantification procedure and
the implementation of the required correction factors, mea-
sured absolute concentrations in the visual cortex of MwoA
patients showed no significant differences compared to con-
trols, in contrast to relative results obtained in earlier studies.
Conclusion In this study, we demonstrate the implementa-
tion of quantitative in vivo ' H-MRS spectroscopy in migraine
patients. Despite rigorous quantification, no spectroscopic
abnormalities could be found in patients with migraine with-
out aura.

Keywords Absolute quantification - "H-MRS - migraine
without aura - correction factors - phantom replacement
technique

Introduction

Migraine is a common, chronic, disabling neurovascular dis-
order, with episodic manifestations, characterized by attacks
of headache lasting 4—72h, and associated symptoms such
as photophobia, phonophobia, nausea and/or vomiting [1-4].
In 20-30% of the patients, aura symptoms are experienced
[1,2]. Migraine has a 1-year prevalence of at least 11% world-
wide [5], affects women three times more than men [5] and
has a high socio-economic impact [6]. It has been ranked
nineteenth as worldwide cause of years lived with disability,
according to the World Health Organization [7]. Migraine is
a primary headache disorder, with an important genetic back-
ground and can be divided into two major subtypes: migraine

@ Springer
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Table 1 Literature survey of ' H-MRS studies in migraine (n is the number of patients included)

Study Magraine type (n) Brain region Quantification Results

‘Watanabe et al. [19] MwA/other® (3/3) Occipital Relative Lac/NAA 1

Macri et al. [26] MwA (8) Cerebellum Relative Ins/tCr |, Cho/tCr |,
Sandor et al. [20]° MwA/MwpA (5/5) Occipital Relative Lac/NAA 1
Dichgans et al. [22] FHM! (15) Cerebellum Absolute Glu |, NAA |, Ins 1
Sarchielli et al. [21]¢ MwA/MwoA (22/22) Occipital Relative NAA/Cr |

Jacob et al. [23] SHME (1) Temporo-parietal Relative NAA/Cr |, Ins/tCr |,
Schulz et al. [24] MwA (21) Basal ganglia Relative No changes

Gu et al. [25] MwoA (22) Thalamus Relative NAA/Cr |

Grimaldi et al. [28] FHM (4) Parieto-occipital Relative Lac 1

4 Basilar migraine, migrainous infarction and MwpA

b Visual stimulation was performed by projection of a blue/yellow flickering checkerboard (8 Hz)

¢ Familial hemiplegic migraine

4 Visual stimulation was performed by projection of a flashing red light (14 Hz)

¢ Sporadic hemiplegic migraine

without aura (MwoA) and migraine with aura (MwA), previ-
ously known as common and classic migraine, respectively
[4]. Despite the high prevalence of migraine in the general
population, the causes are still unknown. One hypothesis
is that migraine is a disorder that might be caused by the
concurrence of two pathophysiological components: exces-
sive cortical activation due to lack of habituation during
repetitive stimulation as well as a decreased brain mitochon-
drial energy reserve [8,9].

In the last 20years several magnetic resonance spec-
troscopy (MRS) studies, in particular phosphorus magnetic
resonance spectroscopy (' P-MRS), suggested an energy dis-
turbance in the brain of migraine patients during interictal
periods [10-18]. Recent studies emphasized more on pro-
ton magnetic resonance spectroscopy ('H-MRS) with a lot
of heterogenous, sometimes contradictory, results (Table 1).
'H-MRS studies showed elevated interictal levels of cere-
bral lactate (Lac) in the occipital visual cortex of a het-
erogeneous group of migraine patients [19]. These results
suggested a deranged oxidative glycolysis. In functional 'H-
MRS studies, visual stimulation resulted in a Lac increase
in the visual cortex of patients with migraine with pro-
longed aura (MwpA) but not in MwA patients, in which Lac
was already higher than normal [20] and N-acetylaspartate
(NAA) was found to be reduced in the visual cortex of MwA
patients [21]. A reduced NAA concentration was also found
in several other brain regions of MwA patients without stim-
ulation [22,23,25]. In other than occipital regions, signifi-
cant differences for other metabolites such as myo-inositol
(Ins), total creatine (tCr), choline (Cho) and glutamate/glu-
tamine (GIx) have been found between migraineurs and con-
trols [22,23,26,27].

Very few studies have quantified proton metabolites in the
subgroup of MwoA patients. From these studies in which
'H-MRS was performed, only relative quantification was
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applied and/or spectra were acquired following visual
stimulation (Table 1). From this point of view, we took a
great interest in verifying whether there was indeed a basal
interictal metabolic deficiency in the occipital visual cor-
tex of these migraine patients. In order to confirm if there
are subtle differences compared to controls, robust absolute
quantification of these metabolites is necessary. In this study,
we first describe the rigorous methodological setup of abso-
lute quantification of metabolites in the visual cortex using
'H-MRS, based on the phantom replacement technique.
Important methodological parameters of absolute quantifi-
cation were considered and taken into account, including
reproducibility, stability, Bg homogeneity, B; homogeneity,
relaxation effect correction, temperature correction and cere-
brospinal fluid content correction. Absolute quantification
using the internal water reference was also performed. The
optimized method was then applied to address the question
of interictal metabolite abnormalities in the occipital visual
cortex of MwoA patients when compared to normal controls.

Materials and methods
Acquisition, voxel placement, subjects and phantoms

Measurements were taken on a 3 Tesla Siemens Trio-
Tim whole-body MR scanner (Erlangen, Germany), using a
26.5-cm-diameter quadrature dual-tuned (3'P-'H) birdcage
transmit/receive head coil (Rapid Biomedical, Wiirzberg-
Rimpar, Germany). Spectra were acquired using a single
voxel point-resolved spin echo sequence (PRESS), with
CHESS pulses for water suppression. Manual shimming of
the Bp magnetic field and manual optimization of the trans-
mitter pulse power was applied. Twenty-two MwoA patients
(33.3 £ 12.2 years, 1 man) were recruited by the local Head-
ache Clinic of the Ghent University Hospital. The control
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Fig. 1 Sagittal, coronal and axial 7}-weighted images with a 20 mm
cubic VOI localized in the occipital visual cortex

group (27.6 + 12years, 10 men) consisted of twenty-five
volunteers which were matched in age but not in gen-
der. All subjects have given written consent, and the study
was approved by the local ethics committee. The migraine
patients were diagnosed with MwoA according to the crite-
ria of the International Headache Society [4]. On average,
patients experienced 3.4 & 1.1 attacks per month, were not
using any prophylactic medication and were attack free for
at least 48h. A possible attack after the measurement was
verified by e-mail.

The volume of interest (VOI) was placed in the primary
visual cortex (Brodmann area 17), centered on the calca-
rine fissure (Fig. 1), localized on T7-weighted gradient-echo
images in three orthogonal planes with a slice thickness of
1mm, a TR of 1,550ms and a TE of 2.37 ms. VOI size was

20 x 20 x 20 mm?. For each subject, six water-suppressed
spectra at different TE (30, 60, 90, 120, 144 and 288 ms) with
a TR of 4,000ms and 64 averages, one water-suppressed
spectrum with a TE of 30ms, a TR of 2,000ms and 96
averages and ten water-unsuppressed spectra (TE =30, 50,
70, 90, 110, 150, 200, 300, 500, 1000 ms, TR = 10,000 ms,
1 average) were acquired. The raw data of each acquisition
consisted of 1,024 complex-valued data points, at a sam-
pling interval of 0.833 ms. The corresponding bandwidth was
1,200 Hz. The total duration of the examination was approx-
imately 50 min.

The phantoms contained an aqueous solution (pH 7) of
NAA, tCr, Cho and Ins (Sigma Aldrich) in different con-
centrations and combinations. Sodium chloride (NaCl) and
sodium azide (NaN3) were added to change the conductiv-
ity and as an antimycotic agent, respectively. Phantoms were
made of plastic, were spherical and had a diameter of 10.4 cm.
One of the phantoms consisted of an aqueous solution of
12mM NAA, 10mM tCr, 3mM Cho and 6 mM Ins, to which
1% NaCl was added to simulate the physiological NaCl
concentration, referred to further as the standard metabolite
solution.

Spectral analysis

Water-unsuppressed spectra were processed without apodi-
zation and fitted by a single component using HLSVD, a
method based on the Lanczos algorithm and included in the
JMRUI package [29], yielding an estimation of the water sig-
nal amplitude. The residual water resonance was removed
by HLSVD [30]. The signals of Lac, NAA, tCr and Cho
were referenced at 1.31, 2.01, 3.03 and 3.19 ppm, respec-
tively. The strongly coupled signal of Ins is referenced at
3.55 and 3.61 (Fig. 2). Following apodization (Lorentzian
filter of SHz), zero-filling (adding 1,024 zeros) and base-
line correction, the water-suppressed spectra were fitted by
the time-domain algorithm AMARES [31,32], software that
is also included in the jJMRUI package. This nonlinear least-
squares algorithm fits a time-domain model function, using a
singlet approach at a priori predefined resonance frequencies.
The AMARES algorithm also includes other prior knowledge
such as lower and upper bounds of the spectral parameters
(frequency, linewidth, phase), Gaussian instead of Lorentzian
lineshape for each peak and modulation of the background
signal. In this study, Gaussian lineshapes and a least-squares
fit were used in order to avoid problems from occasional
minimal overlap of Cho and tCr peaks (Fig. 2¢). Quantifica-
tion of short TE in vivo signals is often hampered by a back-
ground signal originating mainly from macromolecules and
lipids (Fig. 2b). In order to minimize the signals of macro-
molecules and lipids of water-suppressed spectra, AMARES
gives the opportunity to truncate the initial data points [31].
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Fig. 2 Spectrum obtained in a patient with a water-suppressed PRESS
sequence with a TE of 30ms, a TR of 2,000 ms and 128 averages before
(a) and after (b) removal of the residual water resonance. Notice the
significant background signal in the in vivo spectra. ¢ An estimation of

We truncated the first 20 data points, in order not to influence
the quantification of the metabolites.

Reproducibility and stability

Before using the phantom for calibration of the in vivo
signals, the influence of several scanning factors on signal
amplitude, such as reproducibility and stability of the signal,
was investigated.

Stability of the scanner, repeatability and reproducibility
of the measurements were verified in both phantom and in
vivo experimental setups. Repeatability and reproducibility
both refer to the precision of the measurement and the ability
to repeat and reproduce the experiment. In this study, repeat-
ability is interpreted as consecutive measurements without
repositioning and reshimming of the phantom, and repro-
ducibility is interpreted as measurements with repositioning
and reshimming of the phantom. In the phantom contain-
ing the standard metabolite solution, fifteen measurements
were taken in the same voxel (VOI = 20 x 20 x 20 mm?)
without repositioning and reshimming, followed by five
additional measurements each time with repositioning and
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Frequency (ppm)

the in vivo metabolites based on spectrum b with removal of the mac-
romolecular background signal by AMARES. d Spectrum obtained in
a 20 mm cubic VOI in a phantom containing 12mM NAA, 10mM tCr,
3mM Cho and 6 mM Ins

reshimming of the phantom. The VOI was placed in the cen-
ter of the phantom. This experiment was also repeated after
one week, one month, six months and one year. In ten con-
trols, two consecutive measurements were taken in the same
voxel (VOI = 20 x 20 x 20 mm?) without repositioning and
reshimming. Finally, we verified the in vivo reproducibility
by repeating the experiment 16times during one year in a
single healthy volunteer (male, 29 years).

Bo homogeneity

When a phantom or a subject is scanned, the magnetized
object or body distorts the net magnetic field. Especially in
heterogenous media, composed of tissue with different mag-
netic susceptibilities, significant errors may be induced in the
spectra [33]. Local By inhomogeneities widen and distort the
spectral lines from the ideal Lorentzian form [34]. The homo-
geneity of the By field can be optimized by automatic and
manual shimming. Manual shimming was performed until
the linewidth or full-width-at-half-maximum (FWHM) was
equal to or lower than 0.1 ppm or 12 Hz for By = 3 T and the
time-domain signal showed an exponential decay [33,35].
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We verified the effect of incomplete shimming in a phantom
containing an aqueous solution of 20mM tCr (1% NaCl, pH
7). A first measurement was taken with optimized shim set-
tings, followed by several other measurements with inten-
tionally insufficient shimming (i.e. inhomogeneous By field).
The FWHM of the spectral peaks of all metabolites and water
were verified in every volunteer.

B1 homogeneity

It is assumed that in spectral quantification based on the
phantom replacement technique, spatial sensitivity remains
the same for the phantom and the in vivo measurement. In
practice, there may be unexpected variations in signal inten-
sity due to B; inhomogeneity, effects related to loading,
eddy currents and standing waves [36]. These variations may
depend on the size of the phantom, the electrical properties of
the phantom and the corresponding properties of the human
head. The spatial distribution of the B field was investigated
by the double-angle method, which measures the flip angle
distribution within the sample [37]. This is an indirect mea-
sure of the B field and can reveal standing waves in the coil.
Two gradient-echo images, /1 and I, with corresponding flip
angles 6 and 26 were recorded. The flip angle distribution is
given by:

163
6 = Arccos (—) . (1)
I

These images were obtained in two water-filled phantoms
by a gradient-echo pulse sequence with a TE of 4.15ms, a
TR of 10,000 ms, slice thickness of 5mm and a nominal 6 of
35°. The two phantoms contained a 0 and 1% NaCl solution,
respectively.

We further evaluated the potential presence of standing
waves by positioning the voxel in different locations (central
and off-center) in phantoms with different NaCl concentra-
tion (0, 0.5, 1, 1.5 and 2%) in order to change the dielectric
properties of the phantom.

The effect of coil-related inhomogeneity was investigated
by placing a water-filled phantom with 20 mm cubic VOIs at
the system isocenter and at offsets of 30, 60 and 90 mm
along the x-, y- and z-axes. Spectra were acquired with the
phantom repositioned between each acquisition with the VOI
always located in the center of the phantom. A single-shot
acquisition was used, with a TE of 30 ms, a TR of 10,000 ms
and no water suppression. Each measurement was taken with
separate optimization of the transmitter pulse voltage (Vira).

Absolute quantification

The complete equation for calculating the absolute in vivo
concentrations, using the phantom replacement technique, is

given by [33]:

S; V. N, - T; pi
[Cl] _ [Cr] i VitNyCT 17 CT2r 1 PiCload (2)
Sy ViNicriicr2i Ty prcest

where subscripts i and r correspond with in vivo and the
reference phantom, respectively, [C] is the metabolite con-
centration, the tCr metabolite concentration [C,] in the ref-
erence phantom was 10mM, § is the signal strength, V is
the volume of the voxel from which the signal is acquired,
N is the number of protons that contribute to the spectral
line (N = 3 for NAA and tCr, N = 9 for Choand N = 2
for Ins and water), cy; and ¢y are correction factors for
the signal loss caused by T; and 7>, respectively, T is the
absolute temperature (7; = 37°C in the human subject and
T, = 21°C in the reference phantom), p is the density of
water, Cload 18 a correction factor that accounts for different
coil loading (i.e. the respective Vi) and ccgt is the correc-
tion factor for partial volume effects (i.e. the fraction of CSF
compared to the fraction of water in the brain parenchyma in
the VOI). The volume ratio V,-/ V; cancels from the equation
since V was the same in the reference phantom and in vivo,
i.e. 20 x 20 x 20 mm®.

When using the internal water reference for absolute quan-
tification, the equation has to be adjusted for the reference
concentration, being 55M [38], and for 71 and 73 of water.
The corrections for temperature and coil loading cancel from
the equation, when the internal water signal is used as a ref-
erence.

Relaxation times

The acquired signal must be corrected for 77 and 7> decay
as the measurement was performed with a TE of 30 ms and
a TR of 2,000 ms, corresponding with a considerable loss of
signal in the transverse plane and a not fully relaxed signal in
the longitudinal direction, respectively. The relaxation decay
times were determined in the phantom and in vivo. The phan-
tom containing the standard metabolite solution was used.
For the phantom measurement 77 relaxation times, a water-
suppressed PRESS sequence was used with thirty different
repetition times (between 1,120 and 30,000ms), a TE of
30ms and 128 averages. For the measurement of the phantom
T, relaxation times, a water-suppressed PRESS sequence was
used with twenty-four different echo times (between 30 and
1,500 ms), a TR of 10,000 ms and 128 averages.

The determination of 7, was performed in all volun-
teers (MwoA patients and controls) with the same water-
suppressed PRESS sequence with six different echo times
(TE =30, 60, 90, 120, 144 and 288 ms), a TR of 4,000 ms and
64 averages. In order not to expose the MwoA patients and the
controls to excessive scan times, the measurement of in vivo
T relaxation times was performed in an additional group
of age- and gender-matched healthy volunteers (n = 12,
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men/women=5/7, age=28.5 £ 4.8 years). The same water-
suppressed PRESS sequence was used with eight different
repetition times (TR = 1,500, 2,000, 2,500, 3,000, 3,500,
4,000, 6,000 and 10,000 ms), a TE of 30 ms and 64 averages.
T1 and 7> relaxation times were calculated by fitting the peak
areas determined by AMARES, to single-exponential func-
tions, using a Levenberg-Marquardt algorithm in MATLAB
(Mathworks, Natick, MA):

S =Spe TE/MD 3)
S = 8y(1 —e TR/ “)

The correction factors are given by:

crp=e /T 5)
ery = (1—e TR/ (©)
Temperature

Temperature has to be taken into account as it has an influ-
ence on the spin populations, according to the Boltzmann
distribution. A 5 % difference between the in vivo signal (i.e.
body temperature) and the reference signal (i.e. room tem-
perature) is found [33,39]. Temperature has also an influence
on the water density; however, in the temperature range from
20 to 37°C, this influence is negligible. Temperature in the
phantoms was verified regularly.

Coil loading

When applying the phantom replacement technique for abso-
lute quantification, a correction is needed to compensate for
the change in coil loading between volunteer and the phan-
tom [40—42]. The change in coil loading is related to the dif-
ference in electrical conductivity and shape of the scanned
subject or phantom [33]. The correction method is based on
the principle of reciprocity, which states that (for combined
transmit/receive coils) the external voltage needed to produce
a certain B at a given location is inversely proportional to
the voltage induced by a predefined B; [43]. A measure of
the local Bj in a certain VOI can be derived from the Vi,
required to obtain a 90° excitation pulse. According to the
principle of reciprocity, the product of the received signal
and Vi, is constant, under varying loading conditions [33].
This was verified by measuring a set of phantoms containing
an aqueous solution of 10mM tCr with varying NaCl con-
centration (0, 0.5, 1, 1.5 and 2%), simulating differential coil
loading. The correction factor cjp,q used in Eq. 2 is calculated
by the following correction factor:

Vira,in vivo
Cload = o @)
Vlra,phantom
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where Vira,in vivo a0d Vira, phantom are the transmitter voltages,
determined in vivo and in the reference phantom, respec-
tively.

Partial volume effects

Brain tissue consists of different compartments (gray matter,
white matter, CSF, blood), and this compartmentalization is
spatially dependent [44]. Metabolite concentrations are often
underestimated when the contribution of cerebrospinal fluid
is not accounted for [45]. There are several segmentation
approaches, all of which are based on differences in relaxa-
tion properties. Next to image segmentation [46], the deter-
mination of the CSF compartment can also be accomplished
by a series of spectra in which the signal amplitude of water is
measured as a function of TE, yielding 7> [42,47]. Based on
the differences in 7, between CSF and brain tissue water, the
CSF contribution can be easily determined [40,44]. The dou-
ble-exponential decay of the water signal was measured using
a single shot water-unsuppressed PRESS sequence with ten
different echo times (TE = 30, 50, 70, 90, 110, 150, 200, 300,
500 and 1,000 ms) and a TR of 10,000 ms. The signal ampli-
tudes of CSF and brain tissue water were extracted using
a Levenberg—Marquardt algorithm in MATLAB, using the
following equation:

S — SO osf e_TE/TZ,csf(l _ e_TR/Tl.csf)

+50.bw e*TE/Tz,bw(l _ e*TR/Tl.bw) 8)

with T7 ¢st, T2.csf» T1,bw and T3 by the longitudinal and trans-
verse relaxation times of CSF and brain water (bw), respec-
tively and Sp csr and Sp pw the unrelaxed signal amplitudes of
CSF and brain water, respectively. The signal intensity with
the longer 7> was assigned to CSF. The correction factor c¢st
used in equation 2 is determined by the following ratio:

SO,csf

_— )
So,bw + S0,csf

Cest = 1 —

Statistical analysis

Statistical analysis was performed using the SPSS software
(SPSS 15.0 for Windows, Chicago, IL). Descriptive statis-
tics were calculated for age, sex, T1, T», Vi, Ccsf, absolute
metabolite concentrations and metabolite ratios. The ¢-test
for unpaired data was applied. Analyses were done on 77,
T», Vira, Cest» absolute metabolite concentrations and metabo-
lite ratios between MwoA patients and controls, and between
men and women. Results were considered to be significant at
P < 0.05. For Vi, and csf, a nonparametric test for unpaired
data (Mann—Whitney U-test) was applied. Coefficients of
variation (CV), defined as the ratio of standard deviation and
mean (in %), were calculated for repeatability, reproducibil-
ity, Bo homogeneity, the inter-subject variation of 77 and 75
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Table 2 R tability,
avie 2 hopeatabily NAA (Cr Cho Ins
reproducibility and signal
amplitudes: CV (%) 15 Consecutive measurements in 1 phantom 1.83 1.44 1.53 3.23
30 Measuremtents spread over 1year in 1 phantom 4.62 4.01 5.63 12.45
2 Consecutive measurements in 10 healthy subjects 1.99 3.59 8.23 5.58
18 Measurements spread over 1 year in 1 healthy subject 3.42 4.65 11.99 8.56
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Accuracy of the single voxel spectroscopy measurement can o ‘ ‘ ‘ ‘ ‘ ‘

be verified by both repeatability and reproducibility (Table 2).
When performing consecutive measurements (= repeatabil-
ity) in the same voxel without repositioning the phantom, the
Vira-value had a CV of 0.16%. Variation of the metabolite
signals, corrected for coil loading, ranged from 1.44% for
tCr to 3.23% for Ins. Variation of these metabolite signals,
again corrected for coil loading, measured within the same
phantom at several times spread over a timespan of a year
(= reproducibility), ranged from 4.62% for NAA to 12.45%
for Ins. Vi, had a CV of 1.33% (Table 2; Fig. 3a).

The average CV of the metabolite signals when perform-
ing consecutive measurements in ten healthy subjects ranged
from 1.99% for NAA to 8.23% for Cho. Finally, the CV of the
metabolite signals when performing measurements on regu-
lar time points during the year in one healthy subject ranged
from 3.42% for NAA to 11.99% for Cho (Table 2; Fig. 3b).

Bp homogeneity

Upon shimming, a spectral width of 3-5Hz could easily
be achieved for the water resonance in phantoms. When
deliberately increasing the FWHM of the water resonance
in increments of 5Hz to about 35Hz, we observed a CV
of 12.86 = 6.39 % for the tCr signal in a phantom, when
comparing to the optimally shimmed water resonance of
5Hz. In vivo we achieved on average a spectral width of
15.42 + 1.48Hz for water in the occipital visual cortex.
The FWHM for the main metabolites in vivo ranged from
8.34 + 1.80Hz for NAA to 10.87 & 3.13 Hz for Cho.

B homogeneity
Figure 4 shows the signal intensity profiles of the water res-

onance, obtained in a small spherical phantom. Spatial var-
iation has been calculated from signal intensities measured

(b) e ‘
—— NAA
—*—1{Cr
. 40r —=— Cho H
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=
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=
©
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©
c
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? _ao0} g
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Fig. 3 a Signal variation in a phantom measured at different time
points during the year (with the value of the first measured time point
normalized to 0%). b Signal variation in one subject measured at dif-
ferent time points during the year (with the average value normalized
to 0%). Experiments are shown chronologically

within 20 mm cubic VOIs with offsets along all three Carte-
sian axes of up to 90 mm. Signal intensity is defined to be 0%
at the isocenter, so significant deviation of mean signal inten-
sities from this value indicates variation in response along
one or more axes. Different spatial variations were observed
along different axes (as shown in Fig. 4). A signal intensity
variation of 5.40, 3.04 and 4.97% was observed in the z-,
y- and x-directions, respectively.

The variation in signal intensity was quite similar in all
phantoms with different NaCl concentrations with the high-
est variation closest to the edge of the phantoms (Fig. 5). The
smallest variation (2.76%) was found in the 1%-NaCl-doped
phantom. Figure 6 shows the flip angle images in the axial
plane obtained in the phantoms containing 0 and 1% NaCl.
The mean flip angle and the corresponding standard deviation
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Fig. 4 Spatial variation in the water signal intensity with respect to
the value at the isocenter (normalized to 0% at the isocenter) in a small
water-filled phantom. The excitation pulse flip angle was optimized at
each VOI location
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Fig. 5 Spatial variation in signal intensity for different NaCl concen-
trations (normalized to 0% at the central position in the phantom), with
optimization of the excitation pulse flip angle at isocenter at each VOI.
Positions 1 and 5 are VOISs closest to the edge of the phantom

were 32.87 £ 2.21° and 37.74 4 2.34°, respectively. As can
be seen, there are no significant deviations from the nominal
flip angle in both phantoms.

%

Relaxation times

Relaxation times of the metabolites, both in the phantom and
in vivo, are listed in Table 3. The tCr signal was used as the
external reference standard for absolute quantification of the
in vivo metabolites. 7 and T, relaxation times of brain water
and CSF are listed separately in Table 3 and were also derived
from the double-exponential fit of the water decay. There
were no significant differences in relaxation times between
MwoA patients and controls (P > 0.113), nor between men
and women (P > 0.100). The T»-value of Ins could not be
determined since the signal of Ins does not follow a single-
or double-exponential with multiple echo times.

Table 3 Relaxation times

T1 (ms, £SD) T, (ms, =SD)
Phantom®
H,0 2,860 & 177 2,275 +77
NAA 1,267 & 84 1,247 + 84
tCr 1,825+ 95 1,385 + 108
Cho 1,934 4+ 76 1,882 + 101
Ins 1,117+ 51 -
In vivo
H,0 (CSF) 2,897 + 701P 670 + 120°
H,0 (bw) 484 + 113 70 + 6°
NAA 1,448 =+ 99¢ 224 4 27°
tCr 1,424 + 146° 146 + 230
Cho 1,380 4 232°¢ 148 + 38°
Ins 1,113 4+ 201° -

4 All values were the average of six identical measurements
b These values were the average 22 MwoA patients and 25 controls
¢ These values were the average of an additional group of 12 controls

(b) -

Fig. 6 Axial flip angle images for phantoms containing 0 % (a) and 1% NaCl (b), respectively. The nominal flip angle (¢) was 35°
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Temperature

No significant temperature variations were observed over the
phantom measurements during the study. Temperature was
always 20 + 0.7°C.

Coil loading

The effect of different coil loading on the acquired signal
in a phantom is demonstrated in Fig. 7. Signal amplitudes
decrease with increasing NaCl concentration (and hence
increased coil loading). Since Vi, is a direct measure of coil
loading, Fig. 7 also illustrates an increase of Vi, with increas-
ing NaCl concentration.

Vira Wwas 168.03 £8.06 Vand 176.88 £+ 12.86 V for MwoA
patients and controls (P = 0.001), respectively. Whereas the
Vira in vivo was on average 170V, the Viz,-value was 138.5V
when scanning the phantom.

115 T T T T T T T T T 160
—— signal
1100 —=— corrected signal 1155
—_ —— Vitra
]
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s 05 50
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NaCl-concentration (% NaCl)

Fig. 7 Relation between the signal intensity (before and after correc-
tion), NaCl concentration and the Vi,

Partial volume effects

The CSF content is on average 11.84 +4.17%. The CSF
fraction does not show any significant differences both
between MwoA patients (12.00 +=4.70%) and controls
(12.58 £4.10%) and between men (13.00 £ 4.36%) and
women (12.00 + 4.38%), respectively. The P-values were
0.719 and 0.927, respectively.

Absolute quantification

The quantification protocol was evaluated using a phantom
containing an aqueous solution of 15 mM NAA (pH 7) and
2% NaCl to simulate a different coil loading. The phantom
containing the standard metabolite solution was used as a
reference. After taking into account correction factors for
T1, T» and coil loading, the absolute concentration of NAA
was found to be 15.22 mM NAA, which results in an error of
1.01%. There was no temperature difference between these
phantoms.

Table 4 shows the absolute concentrations of NAA, tCr,
Cho and Ins, with their corresponding standard deviations,
in the occipital visual cortex of 22 MwoA patients and 25
controls. These values were obtained after applying correc-
tions for 77, T» (except for Ins in vivo), coil loading, tem-
perature and CSF, as described above. Absolute metabolite
concentrations based on the internal water reference method
and metabolite ratios are also listed in Table 4. For all con-
centrations and ratios, there were no significant differences
between MwoA patients and controls (P > 0.550, Table 4).
In addition, because the study population was age- but not
gender-matched, a similar analysis was performed to com-
pare male and female volunteers. This showed no significant
differences in metabolite concentrations between men and
women in the occipital visual cortex (P > 0.100).

Table 4 Absolute concentration

values in mmol/(kg wet weight) MwoA patients Controls Absolute quantification method
and metabolite ratios (mean
+SD)? [NAA] (mmol/(kg ww)) 11.39 £ 1.55 11.39 + 1.35 Phantom replacement technique
12.21 £ 1.78 11.56 £+ 1.66 Internal water reference
[tCr] (mmol/(kg ww)) 8.78 £ 1.59 8.96 +1.37 Phantom replacement technique
9.37 +£1.53 9.03 + 1.46 Internal water reference
[Cho] (mmol/(kg ww)) 1.59 £0.41 1.58 +0.47 Phantom replacement technique
1.70 £0.43 1.624+0.43 Internal water reference
[Ins] (mmol/(kg ww)) 2.44 +0.46 2.46 £ 0.65 Phantom replacement technique
2.63 £0.58 2.524+0.64 Internal water reference
NAA/tCr 1.44 £0.13 1.42 +£0.18 -
Cho/tCr 0.18 +0.03 0.18 £0.05 -
Ins/tCr 0.38 £ 0.06 0.38 = 0.09 -
Cho/NAA 0.12+0.02 0.12+0.03 -
Ins/NAA 0.27 £0.03 0.27 £0.05 -

# Significance level: P < 0.05
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Discussion

In migraine, several magnetic resonance spectroscopy stud-
ies, in particular 3IP_MRS and a few 'H-MRS studies, have
been performed. Most of these studies suggested a meta-
bolic disturbance in the brain of MwA patients and, to a
lesser extent, of MwoA patients, which is evident even in the
interictal period [10-18].

In MwoA, '"H-MRS has only been performed follow-
ing visual stimulation and using relative quantification. As
already mentioned, only a few number of studies emphasized
on MwoA. Only one study reports measurements from the
occipital visual cortex. Sarchielli et al. observed no changes
in the occipital cortex between MwoA patients and controls
before visual stimulation; however, following stimulation,
the NAA signal amplitude was found to be downregulated
(unsignificantly) [21].

One other study (Gu et al.) found a significant decrease in
NAA/tCr in the left thalamus of MwoA patients compared
to controls [25].

Several other studies also performed 'H-MRS in the
occipital cortex, however, in other migraine subgroups. Sar-
chielli et al. found a significantly decreased NAA signal
amplitude in MwA patients, both before and after visual
stimulation [21]. Lactate was found increased in MwA and
MwpA patients in several other studies [19-21]. In a few
other studies, significant changes have been observed in other
brain regions of MwA patients.

Because of the lack of quantitative ' H-MRS data in MwoA
patients and the assumption of a possible deficiency in the
energy metabolism of the brain in these patients, in which
tCr plays a vital role, a firm interest grew to perform abso-
lute quantification with "H-MRS in this migraine subgroup.

In this study, we searched for possible interictal differ-
ences in metabolic concentrations in the occipital visual cor-
tex between healthy subjects and MwoA patients by use of
quantitative absolute 'H-MRS. The assumption of a con-
stant in vivo water concentration of 55 mM, as used with
internal water referencing, was an important reason to prefer
the phantom replacement technique for obtaining absolute
concentrations [38]. To utilize a robust methodological
'H-MRS protocol in this migraine study, several scanner
properties such as reproducibility, By and B; homogeneity
were assessed in both phantom and in vivo situations. Abso-
lute quantification also involves the determination of sev-
eral correction factors such as relaxation times, coil loading
effects and temperature. One of the big advantages of abso-
lute quantification when compared to relative quantification
is that it does not assume a constant metabolite concentra-
tion (e.g. tCr). Indeed, several studies have shown significant
changes in both tCr and Cho [48,49]. In addition, if patients
have global metabolic defects, comparisons with contralat-
eral brain regions (which are assumed to be metabolically
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normal) are not possible [50,51]. To our knowledge, this was
the first study in which absolute quantification was applied
with '"H-MRS in MwoA and migraine in general.

Quality assessment

When performing consecutive measurements in the same
voxel of a phantom, without repositioning and reshimming,
CVs were small for all metabolites (around 3% maximal).
When repeating this experiment but now with reposition-
ing and reshimming of the phantom, the CV increased for
all metabolites and for Vi,. The reproducibility was also
assessed by repeating the experiment after one week, one
month, six months and one year, each time with repositioning
and reshimming of the phantom. The CV for all metabolites
during this period amounted to around 4 or 5% for NAA, tCr
and Cho and 12.45% for Ins. Vi, had a CV of 1.33% during
a 1-year period. No systematic trend was found in the varia-
tions with respect to time. Possible reasons for this variation
are the deviating stability of the scanner and the phantom
composition. No degradation of metabolites was found.

When performing consecutive measurements in ten
healthy control subjects, the CV ranged from 1.99% for NAA
to 8.23% for Cho, indicating an inherent signal variation of
the system. For Cho, this was somewhat higher than for
the other metabolites, which can be attributed to underly-
ing J-coupling evolutions and small metabolic fluctuations
[39,52]. So far, all variation could be attributed to variation
in the methodological setup, which includes the influence of
spectral noise, data analysis, repositioning of the subject, the
phantom and voxel volume. Signal variation was also verified
in a longitudinal experiment in which a male healthy volun-
teer was followed up during one year with CVs smaller than
5% for NAA and tCr and smaller than 10% for Ins. Again, sig-
nal variation for Cho was the highest (12%). Intra-subject
variation was similar to that reported in the literature [53].
Inter-subject variation varied from approximately 10% for
NAA and tCr to approximately 20% for Cho and Ins, which
were values that were somewhat higher than in a previous
report [53]. Next to the methodological variation described
above, there is also the inherent biological variation, which
can be further complicated by pathology.

In both phantoms and human subjects, following shim-
ming, the FWHM of the metabolites was always less than
12 Hz except in the case of the in vivo water resonance
(£15Hz). The somewhat higher, yet acceptable linewidth
of the water resonance is probably due to the central occipi-
tal localization of the voxel with a high contribution of CSF,
affecting the By homogeneity. The VOI (8 ml) was placed
in the primary visual cortex close to the skull and the sub-
cutaneous fat, all contributing to susceptibility issues and
Bp inhomogeneities. Phantom experiments demonstrated the
importance of shimming and By homogeneity.
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Table 5 The different errors on the absolute metabolite concentrations (of the 25 control subjects) when the correction factors were not taken into

account, using the phantom replacement technique

[¢i] (mmol/(kg ww), £SD)

CV of error on absolute metabolite concentration (%, +SD)

All corrections No ¢ No c71 No cesf No cload No ctemp No corrections Int. wat.?
NAA 11.39 £ 1.35 —11.55+2.14 14.49 —33.05 +£6.07 1.5
tCr 8.96 + 1.37 —18.16 +3.86 12.34 —11.06 —21.44 —5.48 —39.24 +5.84 0.8
Cho 1.58 +£0.47 —19.22 +£8.78 13.95 +3.15 +5.28 —39.17 £ 8.49 2.5
Ins 2.46 +0.65 - 24.20 —16.53 £ 5.41 2.4

4 The CV is based on the average differences in concentration between both quantification methods, as seen in Table 4

The water signal intensity did not show significant var-
iation with respect to the VOI position. The spatial unifor-
mity has important implications for quantification methods
involving external standards. Signal variation at greater dis-
tances from the coils isocenter is of relevance to techniques
in which an external reference is placed adjacent to the head
of the subject. The results shown in Fig. 7 indicate signal
intensity variations of 4.47% on average. Large signal varia-
tions can be caused by standing radiofrequency waves [36].
Standing waves can be compensated by using a small and/or
doped water phantom [36,54,55], as used in our study. Sig-
nal variations were quite similar between different NaCl-
doped phantoms and with the smallest signal variation in the
1%NaCl-doped phantom which corresponded to the phys-
iological NaCl concentration. Highest variation was found
closest to the edge of the phantoms, because of susceptibility
artifacts. Other contributions to signal variations are related
to eddy currents and coil loading, as well as the intrinsic inho-
mogeneity of the B field of the RF coil. Most variation was
found away from the isocenter. These coil-dependent signal
variations are present in in vivo and phantom measurements.
The external calibration method used in this study relies on
the ratio of the in vivo signal and the phantom signal obtained
at the same location with respect to the coil and given the
small signal variation in the center of the coil, it is expected
that the error caused by these coil-related variations will be
minimal. Separate optimization of the excitation pulse angle
at each VOI location had little effect on the signal profile,
and this alone is not a satisfactory approach to the problem
of spatial variation in signal intensity.

Correction factors

A first correction was applied for T and T, relaxation effects.
The T>-values were measured in all subjects separately and
also compensated individually. Except for the T>-value of
Cho, all in vivo values corresponded well with literature val-
ues [52,56]. The T-values of Cho (i.e. 148 4+ 38 ms) in this
study were significantly lower than in previous reports [52,
56]. A potential reason for this could be the interference with
underlying J-coupled resonances which are dependent on the

echo time [52]. Due to 7>-decay, the signal was reduced by
1.7% in the phantom and 18.6% in vivo, indicating a correc-
tion for 7-relaxation was only needed for the in vivo data.
The inter-subject variation for the 75 of NAA, tCr and Cho
was approximately 12, 16 and 26%, respectively, indicating
a substantial biological variation, especially for Cho and Ins.
When using an average T>-value or a literature value, the
error in the quantified concentration might have been as high
as 0.13mmol/(kg wet weight) in the case of Cho, which is
not negligible. For resonances of coupled spin systems such
as Ins, J-modulation strongly affects both the signal intensity
and the spectral lineshape and hence, complicating the deter-
mination of reproducible 7>-values. The signal of Ins does
not follow a single- or double-exponential with multiple echo
times, so the T»-value of Ins could not be determined. There
is a lack of literature values concerning the in vivo 7> of
Ins, and only a few studies report values varying from 110
to 279 ms in the occipital cortex; however, these values were
obtained at a field strength of 1.5 T [57-59]. It also has to be
emphasized that T, decreases with increasing field strength.
So taking all this into consideration, absolute Ins concentra-
tion was not corrected for 75 in vivo, resulting in an error on
the actual concentration. This would explain the discrepancy
in absolute Ins concentration between this study and previ-
ous studies [39]. When not correcting for 73, the error on the
concentration could amount to 19.22%, as was the case for
Cho (Table 5; Fig. 8).

In vivo T relaxation times were also measured, although
in a separate group of age- and gender-matched subjects.
These values were similar to literature values [52,56]. A rela-
tively short TR (i.e. 2,000 ms) was used in the experiments, so
T correction was necessary since the tCr signal was reduced
to 64.6% in the phantom and 75% in vivo because of incom-
plete longitudinal magnetization recovery. The inter-subject
variation for the 77-value of NAA, tCr, Cho and Ins was
approximately 7, 10, 17 and 18%, respectively, indicating a
substantial biological variation for Cho and Ins. There were
no significant differences in relaxation times between MwoA
patients and controls. Both 77 and 7, relaxation times of
NAA, tCr, Cho, Ins and water were also measured in a phan-
tom. These values can be used for relaxation time corrections
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concentration (mmol/kg ww, +/— SD)

no cT2
(ext. ref.)

all corrections
(ext. ref.)

int. wat. ref. no cT1

Fig. 8 Absolute metabolite concentrations (mmol/(kg wet weight)
+SD) when the different correction factors are not applied, using the
phantom replacement technique (ext. ref.). The bars on the extreme

when using an external reference standard. In contrast to the
in vivo values, phantom 73-values are much higher. When
not correcting for 77, the error on the concentration could
amount to 24.20%, as was the case for Ins (Table 5; Fig. 8).

The partial volume effect of CSF is derived by fitting
a double-exponential function to the water-unsuppressed
signal as a function of TE. On average, the CSF content
was 11.84% and thus had a significant effect on the ulti-
mate metabolite concentrations (Table 5; Fig. 8). When not
accounted for, this would have led to an underestimation of
the metabolite concentrations. This high contribution of CSF
was due to the central occipital localization of the voxel and
was in accordance with CSF values in a previous study in the
same brainregion [56]. No significant differences were found
between MwoA patients and controls. When not using a cor-
rection for the partial volume effect, the error in the quantified
concentration might have been as high as 1.32 mmol/(kg wet
weight) in the case of NAA.

A fourth correction was made for the different coil load-
ing between the phantom and the in vivo measurement. Coil
loading has a large influence on the final absolute concen-
tration values when comparing with an external reference
phantom. When not correcting for coil loading, the error on
the concentration was 21.44% (Table 5; Fig. 8).

The fifth and final correction factor concerned the temper-
ature difference between the human subjects and the exter-
nal reference phantom. Since no significant variations were
observed over the phantom measurements, a constant cor-
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(ext. ref.)

no corrections
(ext. ref.)

no cload
(ext. ref.)

no ccsf
(ext. ref.)

no ctemp
(ext. ref.)

left illustrate the absolute metabolite concentrations, obtained with the
internal water reference (int. wat. ref.)

rection factor of approximately 5% was attributed to all in
vivo measurements. When not correcting for temperature,
the error on the concentration was 5.48% (Table 5; Fig. 8).

Patients vs controls

In this work, we performed absolute quantification of pro-
ton metabolites in the occipital visual cortex of 22 MwoA
patients and 25 control subjects. Effects of signal relaxation,
CSF contribution, coil loading and temperature difference
between the external reference phantom and in vivo were
compensated for.

No significant differences in absolute metabolite concen-
trations nor in metabolite ratios were found between MwoA
patients and controls. This confirms the earlier results of
Sarchielli et al., although they did not perform a quantita-
tive 'H-MRS study [21]. We did not observe a decreased
NAA or increased Lac concentration as seen in several stud-
ies, performed in MwA [19-21]. Sarchielli et al. observed a
decrease in NAA (even before visual stimulation) in MwA
patients [21]. More specifically, NAA is considered a neuro-
nal marker, synthesized and located prevalently in neuronal
mitochondria, and it is assumed to be involved in mitochon-
drial/cytosolic carbon transport [60]. In migraine patients,
both MwA and MwoA, a disturbance of the interictal energy
metabolism has been demonstrated [10-16] and the find-
ing of a NAA decrease in MwA patients would, according
to Sarchielli et al., indicate a less efficient mitochondrial
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functioning in MwA patients compared to MwoA patients
and controls [21]. This decrease in occipital NAA could not
be confirmed by another study in which no significant dif-
ferences were found between FHM patients, a rare type of
MwA, and controls [20].

In addition, when using the internal water reference,
the absolute values were very similar to the concentrations
obtained with the phantom replacement technique. We can
therefore conclude that both methods, with their own spe-
cific inherent difficulties, lead to comparable data (Table 5;
Fig. 8).

Limitations

In this study, we did not consider the quantification of other
metabolites such as Lac and Glx.

Because of both the chemical shift displacement artifact
and anomalous J-modulation at 3 T and using a PRESS
sequence, the Lac resonance showed a reduced or absent
signal intensity at an echo time of 144 ms [61], which can
lead to a severe underestimation of Lac. The extent of the
signal loss due to anomalous J-modulation can vary consid-
erably depending on the field strength, the used coil and the
sequence parameters. A recommendation is to acquire also a
spectrum at an echo time of 288 ms but the Lac peak, how-
ever, was only detected in a few subjects, including both
patients and controls. A possible reason could have been
the decreased sensitivity due to 7» relaxation at longer echo
times. Strategies to reduce the signal loss due to anomalous
J-modulation usually requires changes in the sequence pro-
gramming.

Glx signal strengths were also processed, but due to the
unreliable quantification in unedited spectra, the values were
not included in this study. We did, however, perform an ini-
tial AMARES analysis of Glx and did not observe any differ-
ences between MwoA patients and controls (data not shown).
Since the partial overlap of NAA and GIx resonances can
interfere with the NAA quantification at low TE and in the
presence of possible Glx changes between MwoA patients
and controls, a similar analysis was performed at longer
TE [62]. Still no differences were observed between MwoA
patients and controls. A possible solution to exclude these
ambiguities in the future is to use the QUEST algorithm, as
demonstrated in a previous study [63].

Conclusion

In this study, absolute quantification with ' H-MRS was per-
formed in an experimental migraine study in a homogeneous
patient group. To obtain reliable absolute concentrations,
however, several methodological aspects were investigated in
depth and compensated for. Absolute quantification showed

no differences in metabolite concentrations in the occipi-
tal visual cortex between MwoA patients and controls, in
contrast to results obtained by relative quantification in ear-
lier studies. When no corrections were applied for relaxation
times, CSF, temperature and coil loading, absolute concentra-
tion errors could amount to approximately 40%, emphasizing
the importance of these correction factors.
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*'P-MRS demonstrates a reduction in
high-energy phosphates in the occipital
lobe of migraine without aura patients
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Abstract

Background: Differences in brain energy metabolism have been found between migraine patients and controls in previous
phosphorus magnetic resonance spectroscopy (*'P-MRS) studies, most of them emphasizing migraine with aura (MwA).
The aim of this study was to verify potential changes in resting-state brain energy metabolism in patients with migraine
without aura (MwoA) compared to control subjects by 3'P-MRS at 3 tesla.

Methods: Quantification was performed using the phantom replacement technique. MRS measurements were performed
interictally and in the medial occipital lobe of 19 MwoA patients and 26 age-matched controls.

Results: A significantly decreased phosphocreatine concentration ([PCr]) was found as in previous studies. While aden-
osine triphosphate concentration ([ATP]) was considered to be constant in previously published work, this study found a
significant decrease in the measured [ATP] in MwoA patients. The inorganic phosphate ([P;]) and magnesium ([Mg**])
concentrations were not significantly different between MwoA patients and controls.

Conclusions: The altered metabolic concentrations indicate that the energy metabolism in MwoA patients is impaired,
certainly in a subgroup of patients. The actual decrease in [ATP] adds further strength to the theory of the presence of a
mitochondrial component in the pathophysiology of migraine.

Keywords

3IP-MRS, creatine kinase reaction, migraine without aura, mitochondria, phantom replacement technique
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Introduction

Migraine is a common, disabling, primary headache
disorder, with episodic manifestations, affecting
women three times more than men (1). Migraine is
subdivided into two major subtypes: migraine without
aura (MwoA) and migraine with aura (MwA), previ-
ously known as common and classic migraine, respec-
tively (2). The aura is characterized by a gradual
development of transient and reversible focal neurolog-
ical symptoms, most often visual, and may be related to
cortical spreading depression (3). The headache attack
suggests a significant role of the activation of the trige-
minovascular system (4). Migraine attacks are often
triggered by external factors, with psychological
stress, hormones and fasting being the most
common (5).

Despite the high prevalence of migraine in the
general population, its pathophysiology is still
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largely unknown. The current assumption is that
subcortical structures, probably including the brain
stem, hypothalamus and thalamus, are involved in the
generation of migraine attacks (6). Even more puzzling
are the mechanisms at the basis of the interictal brain
disorder that predisposes migraine patients to develop
an attack. Until now no integrative model has been
formulated that accounts for all the factors that may
play a role in migraine neurobiology. Some of these
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factors include genetic background, nitric oxide hyper-
sensitivity (7), lack of cortical habituation (8,9) and a
disturbed energy metabolism. Genetic background and
disturbed energy metabolism are discussed below.

Twin studies and familial aggregation studies
strongly suggest that migraine is genetically determined
(10). The mode of inheritance is most likely multifacto-
rial in both MwA and MwoA (11). No genetic mutations
have been found in the common forms of migraine, but a
variety of gene polymorphisms, most often irreproduc-
ible, have been described (12). Recently though, the first
genetic risk factor for migraine (MwA and MwoA) has
been described (13). Molecular genetic studies have not
detected specific mitochondrial DNA (mtDNA) muta-
tions in patients with migraine, but other studies suggest
that particular genetic markers (i.e. neutral polymor-
phisms or secondary mtDNA mutations) might be pre-
sent in some migraineurs (10,14). For instance, in
migraineurs with occipital stroke (15) as well as in chil-
dren with MwoA or cyclic vomiting, which can be a
migraine equivalent (16), an increased number of muta-
tions was detected in the noncoding control regions of
mtDNA. The noncoding region of mtDNA has an extre-
mely high mutation rate and is therefore highly poly-
morphic. Collections of mtDNA mutations derived
from the same ancestor (i.e. haplogroups) can influence
oxidative phosphorylation performance and could thus
play a more subtle role in migraine pathogenesis, predis-
posing subjects to the disorder (14). A monogenic sub-
type of migraine is familial hemiplegic migraine (FHM),
a rare form of MwA, in which three known different
missense mutations have been found, all causing iono-
pathies, affecting ion homeostasis and eventually leading
to cortical hyperexcitability by increasing synaptic glu-
tamate levels, involved in the generation of an aura (17).
No convincing evidence, however, has been obtained
that these same genes play a major role in the common
forms of migraine (12).

In vivo energy metabolism can be studied by phos-
phorus magnetic resonance spectroscopy (*'P-MRS).
This technique allows for the noninvasive quantification
of phosphorylated compounds, including high-energy
phosphates such as adenosine triphosphate (ATP) and
phosphocreatine (PCr) and low-energy phosphates such
as inorganic phosphate (P;). >'P-MRS can also deter-
mine intracellular pH (pH;) and intracellular magne-
sium (Mg®"). In addition, adenosine diphosphate
(ADP) and the phosphorylation potential (PP) can be
calculated based on the creatine kinase equilibrium.
Figure 1 shows resting-state brain energy metabolism
and the corresponding metabolites that can be detected
by 3'P-MRS (18). In the past 20 years, several *'P-MRS
studies suggested an abnormal cerebral energy metabo-
lism in migraine patients during ictal and interictal per-
i0ds (see Table 1 for a review) (19-29). These alterations

ATP .
|__2-'I
ATP Mg}
Synthesis Cr v
& A2 ATP
Creatine
50 kinase L=t
2 j T
. ¢ el
Glucose oS o :H+E PCr
i ADP}
i
Figure |. Resting-state brain energy metabolism, adapted from

Kemp et al., 2000 (I8). In the resting state, intracellular adeno-
sine triphosphate (ATP) results from the balance between ATP
use and ATP synthesis. ATP is derived almost exclusively from
mitochondrial oxidative phosphorylation, depending on glucose
and oxygen supply. Changes in phosphocreatine (PCr) reflect the
time integral of the mismatch between ATP usage and supply, as
adenosine diphosphate (ADP) can be rephosphorylated through
the creatine kinase reaction, with conversion from PCr to cre-
atine (Cr). Magnesium (Mg>") is bound to ATP in order for ATP
to be biologically active. The metabolites in boxes can be
detected by 'P-MRS.

concern energy metabolism and are not limited to the
brain but have also been observed in muscle (22—
24,27,30). The reduced energy potential was interpreted
as being indicative of a reduced mitochondrial reserve
and was hypothesized to be the biochemical substrate of
the susceptibility to migraine attacks (28,31). As sum-
marized in Table 1, studies have been performed in a
wide variety of migraine subtypes, during either the ictal
or interictal period, mostly localized in the occipital lobe
and mostly in patients who did not undergo prophylac-
tic treatment. In several of these studies, the migraine
patient group was heterogeneous and information
about the attack frequency was scarce. These studies
were performed at different field strengths and provided
little information, if any, about the procedure for quan-
tification of the metabolites. Most importantly, the ATP
concentration ([ATP]) was always assumed constant
and equal to that of normal controls, being 3mM
(32), or was not mentioned at all. However, cortical
ATP levels can be decreased, as was demonstrated
with *'P-MRS in other pathologies, such as systemic
lupus erythematosus (33), episodic ataxia type 2 (34),
progressive supranuclear palsy (35) and Parkinson’s dis-
ease (36).

In this study, the aim was to revisit quantitative
3'P_.MRS at 3 tesla in the medial occipital lobe in
patients with migraine without aura in the interictal
phase, using quantification based on the phantom
replacement technique.
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Table I. Literature survey of >'P-MRS studies performed in the brain of migraine patients

Field

Prophylaxis at

Ictal/ interictal

study

[ATP] (mM) Results

strength (T)

time of study?

Brain region

Migraine type (N)

Study

PCr/P; |

1.89

Yes

Occipital

Ictal

MwoA (12), MwA (8)

Welch et al., 1988 (19);

Welch et al., 1989 (20)

Barbiroli et al., 1990 (21)

PCr/P; |

1.5
1.5
1.5
1.5

Occipital

Interictal

MwpA (4), MS (4)

MwpA (1)

[P] 4, PPy

Occipital

Interictal

Sacquegna et al.,, 1992 (22)
Barbiroli et al., 1992 (23)

pH |, [PCr] |, [ADP] |, PP |,

[PCr] |, [ADP] 1, PP |

No

Occipital

Interictal

MwA (12)

Occipital

MwoA (22), MwA (18), Interictal

Montagna et al., 1994 (24);

other® (15)

FHM (5)

Montagna et al., 1995 (25)
Uncini et al.,, 1995 (26)

Lodi et al,, 1997 (27)

[PCr] L. [P] 1, PP, [ADP] 1
[PCr] |. [P] 1, [ADP] 1, PP |,

1.5
1.5

Occipital

Interictal

Occipital

Interictal

MwA (12), MwpA (3)

[Mg>*] |, pH 1
[Mg>*] |, [PDE] ¢

Occipital

Interictal

MwoA (19), MwA (19), FHM (8)

MwA (22)

Boska et al., 2002 (28)
Schulz et al, 2007 (29)

PCr/P; |, PJATP 4

b

Basal ganglia

Interictal

phosphorylation potential. ADP = adenosine

migrainous stroke. N=number of included patients. PCr = phosphocreatine. P;=inorganic phosphate. PP

migraine with prolonged aura. MS=

MwpA

information not mentioned

phosphodiesters.[ Jare molar concentrations. PCr/P; and P/ATP are ratios. *Other = MS or MwpA, ®— =

diphosphate. ATP = adenosine triphosphate. Mg*™ = magnesium. PDE

in the study.
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Table 2. Participant characteristics

Characteristic Patients (N=19) Controls (N =26)

Age (years, mean+SD) 323+ 2.1 27.6£10.9
Males | Il
Females 18 15

Attack frequency per 36£1.1 —

month (mean =+ SD)

SD = standard deviation.

Materials and methods
Patients and control subjects

Nineteen MwoA patients fulfilling all required inclu-
sion criteria (vide infra) were recruited by the
local headache clinic. The control group consisted of
26 volunteers who were matched in age but not in
gender. The details of the MwoA patients and the
controls are given in Table 2.

The study was approved by the local ethics commit-
tee and all subjects gave written informed consent. The
migraine patients were diagnosed with MwoA accord-
ing to the criteria of the International Headache Society
(2). Patients experienced two to eight attacks per
month, were not using any prophylactic medication
and were attack-free for at least 48 hours. None of
the 19 patients experienced a migraine attack within
24 hours after the spectroscopy study.

3'P-MRS and region of interest

All measurements were performed on a 3 tesla Siemens
TrioTim whole-body scanner (Erlangen, Germany),
using a 26.5-cm-diameter quadrature dual tuned
(*'P-'H) transmit/receive birdcage head coil (Rapid
Biomedical, Wiirzburg-Rimpar, Germany). Spectra
were acquired using a two-dimensional chemical shift
imaging (CSI) phase-encoding scheme applying a pulse-
free induction decay sequence. Manual shimming of the
By magnetic field and manual optimization of the trans-
mitter pulse power were used.

The field of view (FOV) was placed occipitally, cov-
ering the visual cortex (Figures 2a and 2b), localized on
T;-weighted gradient-echo images in three orthogonal
planes with a slice thickness of 1 mm, a repetition time
(TR) of 1550 ms and an echo time (TE) of 2.37 ms.

A 240 x240 x 30 mm” two-dimensional CSI slice was
recorded. Phase encoding was used with a weighted
acquisition scheme, resulting in an axial slice with a
nominal thickness of 30 mm and 30 x 30 mm? in plane
resolution (four averages, flip angle of 90°, TR of
4000ms and TE of 2.3ms). The raw data of each



APPENDICES

1246

Cephalalgia 31(12)

acquisition consisted of 1024 complex-valued data
points, at a sampling period of 0.4 ms. The correspond-
ing bandwidth was 2500 Hz. The total duration of the
measurement was approximately 10 minutes.

External calibration

Signal intensities were quantified in terms of arbitrary
units (a.u.) by using the phantom replacement tech-
nique. The reference phantom contained an aqueous
solution (pH 7) of 10mM PCr (Sigma Aldrich).

Sodium chloride (NaCl) and sodium azide (NaNj)

were added to change the conductivity and to avoid

mycotic growth, respectively. The phantom was made

of plastic, was spherical and had a diameter of 10.4 cm.

The complete equation for calculating the in vivo
concentrations is given by:

S; VN, T;

il = rl1 &5, xr + Cloa 1

[C1 = [CI 5 3 7 Cod (M)

with subscripts i and r corresponding with the

in vivo measurement and the reference phantom

(A) ©) PCr
0.6
0.4 =
PME a
FATP AP
0.2 PDE
R B-ATP
0.0
I T T T T ppm
10 5 0 -5 -10 -15
(€) (D)
PCr
0.6 =
0.4 =
-ATP
PME a-ATP
0.2 PDE B-ATP
P1
0.0
f T T T T T ppm
10 5 0 -5 -10 -15

Figure 2. (a) Axial T,-weighted image and (b) sagittal T,-weighted image with the field of view and the voxel in the medial occipital
lobe. (c) Spectrum acquired in the highlighted voxel. (d) The same spectrum with curve fitting. A CSI (chemical shift imaging) slice of
(240 x 240 x 30) mm?> was placed and the nominal voxel volume was 30 ml.
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measurement, respectively. [C] is the metabolite concen-
tration, S is the signal strength, V' is the volume of
the voxel from which the signal is acquired, N is the
number of phosphorus atoms that contribute to the
spectral line (N=1 in all cases), 7 is the absolute
temperature (7;=310.16K in the human subject and
T,=294.16 K in the reference phantom), ¢, 1s a cor-
rection factor for different coil loading (i.e. the respec-
tive transmitter voltages, V,,,). The volume ratio V,/V;
cancels from the equation because V' was the same
in the reference phantom and in vivo, (i.e. 30ml).
All concentrations are expressed in a.u..

Spectral analysis

Figure 2c shows a typical *'P-spectrum. The *'P reso-
nances can be allocated to ATP, PCr, phosphodiesters
(PDE), phosphomonoesters (PME) and P;. The
3'P_MRS spectra for ATP contain three signals corre-
sponding to the three phosphorus nuclei of the mole-
cule: the a-ATP resonance contains contributions from
both NADH and o-ADP, the y-ATP resonance
contains contributions from B-ADP, and B-ATP is
proportional to the total cellular ATP content.
We therefore used the B-ATP resonance to quantify
[ATP] (37). Following apodization (exponential filter,
width=110ms) and zero-filling, the Fourier trans-
formed free induction decays were phase and baseline
corrected. Peak areas were obtained by the classical
Levenberg-Marquardt frequency domain-fitting
method, using the software on the scanner (syngoMR
B15, Numaris 4 [Siemens]) (Figure 2d).

Creatine kinase reaction

pH; was calculated from the chemical shift of P; in rela-
tion to PCr (38). Brain cytosolic free [Mg?'] was
assessed by a semi-empirical equation that correlates
the chemical shift of the B-ATP signal from PCr to
the free [Mg”*] (39).

The biochemical equation for the creatine kinase
reaction is as follows:

PCr+ ADP 4+ H" = ATP + Cr )

where Cr is creatine.

Based on this equilibrium, the cytosolic ADP con-
centration (JADP]) was calculated as follows:

[CA[ATP]

ADP = TP CrTa

(€)

where the in vitro value of 1.66 10° M~! is used for the
creatine kinase equilibrium constant K. (40). [Cr] is
calculated from the measured PCr concentration
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([PCr]), and [H™] is the proton concentration derived
from the measured pH. The tCr concentration,
measured with proton MRS (‘H-MRS), contains both
contributions from both Cr and PCr. For tCr, no
significant changes have been found between MwoA
patients and controls in a recent 'H-MRS study by
our group (41). [ATP] is calculated from the B-ATP
resonance (37). In addition, the PP, an index of free
available energy per ATP, was calculated as follows:

[ATP]

PP =ippip)

(4)

Statistical analysis

Statistical analysis was performed using the SPSS soft-
ware (SPSS 15.0 for Windows; Chicago, IL, USA).
Descriptive statistics was applied for age, V,,,, metab-
olite concentrations and calculated values. Wilcoxon’s
rank-sum test was applied to compare V,,,, metabolite
concentrations and calculated values between MwoA
patients and controls. Results were considered to be
significant at p <.05.

Results

Table 3 shows the concentrations of PCr, P; and ATP
as well as calculated values for pH;, ADP, PP and Mg2+
with their corresponding standard deviations, in the
medial occipital lobe of 19 MwoA patients and 26
healthy volunteers. These values were obtained after
applying corrections for coil loading and temperature.

First, no significant differences were observed for
any of the variables between males and females in the
control group (data not shown).

A significantly low PCr content was found in MwoA
patients (p=.001). We also fitted the B-ATP signal to
calculate [ATP]. On average, the ATP content was
found to be significantly lower in MwoA patients

Table 3. Concentration values in a.u. and calculated values
(mean = SD)

MwoA patients Controls b
pH; 7.03+0.09 7.03+0.03 702
[PCr](a.u.) 4.0940.58" 4.8540.60 001"
[P](a.u.) 1.324+0.50 1.06 +0.36 129
[ATP](a.u.) 2.33+£0.63" 2.76 +0.59 023"
[ADP](a.u.) 0.020 + 0.006 0.0180.009 735
PP(a.u.”") 88.71 +21.95 144.35+18.12 001
Mg*"](a.u.) 0.135+0.058 0.156 +0.038 254

*a.u. =arbitrary units. SD =standard deviation. Level of significance,

p <.05.
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compared to controls (p =.023). This corresponds with
an average reduction of [ATP] by approximately 15%.
A subgroup of the MwoA patients (i.e. 20 %) demon-
strates [ATP] values at least 2 standard deviations (SD)
beneath the average [ATP] of controls, as illustrated in
Figure 3. This subgroup corresponds with those
patients who had the highest attack frequency.

Mean [P;] showed no significant difference between
the MwoA patient group and the controls (p=.129).
Calculated values of pH; and [ADP] showed no differ-
ences between MwoA patients and controls (p=.702

and p=.735, respectively). The PP was significantly
decreased in the MwoA patient group (p=0.001).
Finally, the Mg>" content did not demonstrate a
significant difference between MwoA patients and
controls (p =.254).

Discussion

*'P-MRS provides a reliable noninvasive tool for the
in vivo assessment of mitochondrial functionality by
measuring cytosolic [ATP], [PCr], and [P;] and by

45 T T
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- *
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Figure 3. Distribution of the concentrations of the high-energy phosphates adenosine triphosphate (ATP) and phosphocreatine
(PCr). Mean concentrations are illustrated with a horizontal line. The mean minus 2x the standard deviation is also shown. Note that
in every plot, four patients have concentrations beneath this threshold. These patients are not the same for the two plots. In the case
of [ATP], these values correspond with the patients who had the highest attack frequency.
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calculating [ADP], PP, pH and [Mg>"], all playing
crucial roles in the creatine kinase equilibrium
(Figure 1).

In migraine, several magnetic resonance spectros-
copy studies, in particular *'P-MRS, have been
performed. These studies were the first to document
intrinsic  biochemical abnormalities in migraine.
In most of these studies, data was obtained in patients
with migraine with prolonged aura (MwpA) and MwA
patients, including patients with FHM (Table 1). Only
two studies emphasized MwoA; in these, measurements
were performed interictally (24,28).

To assess the resting-state brain energy metabolism,
we performed *'P-MRS on a 3 tesla high-field scanner
in the medial occipital lobe of MwoA patients, who
were attack-free and were not using any prophylactic
medication, and compared the results with those of pre-
vious *'P-MRS studies. It is worth underlining that the
aim was to study a very homogeneous group of
migraine patients who experienced a well-defined
number of attacks (two to eight per month). This is
in contrast to several other studies, in which a hetero-
geneous group of migraine patients was examined and
in which information about the attack frequency is not
always available (21,25). By focusing on MwoA, the
potential influence of the predisposition to aura,
which is most often visual and thus related to the occip-
ital cortex too, was avoided in this study. The chance of
migraine attack-related brain disturbances was mini-
mized by examining the patients interictally, by assur-
ing patients were at pain-free for at least 48 hours
before the procedure and pain-free for at least
24 hours after the procedure.

We calibrated the in vivo spectra to an external stan-
dard to quantify metabolite concentrations rather than
using raw signal intensities.

Because we were looking for metabolic disturbances,
measurements were performed in the occipital lobe, as
it has been found that the regional cerebral metabolic
oxygen rate (CMRO,) is significantly higher in this
brain area compared to other cortical regions (42).
Additionally, the regional cerebral metabolic glucose
rate (CMRy) has been found to be the highest in occip-
ital white matter and the visual cortex (43). An addi-
tional advantage is that the visual cortex remains
metabolically unchanged with advancing age (44).

High-energy phosphate metabolism was found to be
altered in MwoA patients in the medial occipital lobe.
The average PCr concentrations were decreased
significantly, which is comparable with previous data
(24). However, others could not confirm this (28).
In contrast to all other *'P-MRS studies in migraine,
in this study [ATP] was calculated from the spectrum.
All other *'P-MRS studies in migraine assumed a
constant [ATP] of 3mM (22-28). This assumption
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was based on a *'P-MRS study in healthy subjects
(32). We observed a significant decrease in the average
[ATP] of approximately 15% in MwoA patients as
compared to controls.

The PP is an index of mitochondrial functionality
and of the energy status of the cell. The higher the
PP, the more free energy is available in the cell. The
PP was significantly decreased in MwoA patients
compared to controls. This is in concordance with the
findings of previous studies (23,24). ADP is the major
driving force for mitochondrial energy production. The
concentration of free cytosolic ADP is in the micromo-
lar range and is below the sensitivity of MRS in vivo.
However, [ADP] can be calculated from the creatine
kinase equilibrium. In contrast to most other studies,
we did not find a difference between MwoA patients
and controls. In all other studies, [ADP] was derived
assuming an ATP concentration of 3mM in both
MwoA patients and controls. When calculating
[ADP] assuming a constant [ATP] in our subjects,
there was still no significant difference in [ADP]
between MwoA patients and controls.

No cytosolic pH difference was found between
MwoA patients and controls, as was also the case in
previous studies (24,28).

Mg is an important enzymatic cofactor and can
influence the equilibrium constant of several biochem-
ical reactions, including the creatine kinase reaction.
Brain cytosolic free [Mg>"] was not significantly differ-
ent in MwoA patients compared to controls. In a
previous study, a significant decrease in interictal
[Mg®>] was found in MwA patients (27). In another
study, whereas a significantly reduced brain [Mg**]
was observed ictally in both MwA and MwoA patients,
this was not the case for interictal brain [Mg>*] in some
of the patients (45). The absence of a significant inter-
ictal reduction of [Mg>*] may be attributed to the large
heterogeneity of the patient group, the variability of the
examined brain area examined, or the semi-empirical
method to calculate [Mg”*].

The decrease in high-energy phosphates suggests a
mitochondrial component in the neurobiology of
migraine. The brain is one of the most energy-expensive
tissues and although it comprises only 2-3 % of the
total body weight (46), it utilizes approximately 25%
of the total glucose. The baseline metabolic rate of the
brain is very high and most energy is thought to
support glutamatergic neurotransmission, at least in
the cortical grey matter (47). The brain at rest relies
almost entirely on aerobic metabolism with glucose as
the principal fuel (48). Glycogen can also be used but is
only found in small amounts in the astrocytes (49).
Lactate, an indicator of anaerobic glycolysis, accumu-
lating in case of mitochondrial dysfunction, can be
detected by 'H-MRS (50). A recent resting state
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"H-MRS study did not show any quantifiable lactate in
the visual cortex of MwoA patients (41). The observed
decrease in [ATP], often called the ‘molecular unit of
currency’ of intracellular energy transfer, might thus be
explained by a decrease in ATP production through
aerobic glycolysis and oxidative phosphorylation
(Figure 1). We emphasize that the decrease of high-
energy phosphates in MwoA was detected at rest (inter-
ictally), implying the constant nature of this energy
disturbance rather than being a transient phenomenon.
This cannot be explained by hypermetabolism, as a
recent  [18]fluorodeoxyglucose—positron  emission
tomography (PET) study in migraine patients failed
to show any hypermetabolic brain regions, including
in the occipital lobe (51).

Is the reduction of interictal [ATP] related to a
decrease in the number of mitochondria or to a
decrease in mitochondrial efficiency? It is very difficult
to draw conclusions in this regard since the brain is not
readily accessible for histological and biochemical stud-
ies. There is, however, additional evidence for a mito-
chondrial component in migraine pathophysiology.

With *'P-MRS, a decreased postexercise recovery of
high-energy phosphates was found in the gastrocne-
mius muscle of MwoA patients compared to controls
(24,52). Platelet mitochondrial enzyme activities were
found significantly lower in MwoA patients than in
controls (53). Plasma lactate and pyruvate levels were
found significantly increased in migraine patients
compared to controls (54). Alterations comparable to
those in migraine have been found in mitochondrial
encephalomyopathies, and could conceivably result
either from errors in energetic, oxidative pathways lim-
iting the energy supply of cells, or to defects in ionic
conductances or some specific neurotransmitters,
responsible for neuronal excitability, whose failure
increases energy expenditure in excitable cells (595).
Stroke-like episodes and migraine are the predominant
symptoms of mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes (MELAS), but
the mtDNA point mutations at bp 3243 and 3271,
generally associated with this syndrome, were not
found in migraine (56). *'P-MRS studies in mitochon-
drial diseases such as MELAS show similar results as in
migraine both in brain (57) and in muscle (58). In both
aforementioned studies, no data concerning [ATP] is
shown or [ATP] is, surprisingly, assumed constant,
respectively. An occasional mtDNA mutation has
been found in one study (59); however, this was not
the case in systematic studies (60). Additionally,
another study showed mitochondrial abnormalities in
muscle biopsies of some migraine patients compared to
controls (30). Mitochondrial metabolic enhancers such
as riboflavin (61) and coenzyme Q10 (62) have a
prophylactic effect in a subgroup of migraine patients.

Response to riboflavin seems to be related to a specific
mitochondrial haplotype (14).

Stress, female hormones and fasting are the most
common trigger factors for migraine attacks (5).
Normobaric hypoxia is able to trigger a migraine
attack (63), as well as hypoglycemia (5) in a subgroup
of patients. It is intuitive to think that such specific
triggers, having a direct effect on oxygen and glucose
metabolism, respectively, would put a significant strain
on the mitochondria. The hormones progesterone and
estrogen regulate oxidative metabolism in brain
mitochondria (64). It has also been shown, albeit in
cardiac myocytes, that noradrenaline, a typical stress
mediator, causes calcium overload and results in a
decreased mitochondrial respiration (65). Stress acti-
vates the noradrenergic locus coeruleus (66), which
projects widely to the cortex, including the occipital
visual cortex (67).

A mitochondrial defect may reduce the threshold for
migraine. The hypothesis of migraine being a ““biobe-
havioural” (68) or a threshold disorder (69) states that
it is a disorder in which an intrinsic metabolic defect
renders the brain more susceptible to various factors
that trigger an attack. It is hypothesized that trigger
factors would act by increasing the metabolic energy
demand or decreasing the metabolic energy supply.
When a certain metabolic threshold is reached in the
brain, which is already near to its maximum energetic
capabilities, a metabolic crisis could be induced which
is responsible for the headache attack. Our data show
that [ATP] is profoundly reduced in a subgroup of
MwoA patients. Rather than being a generic compo-
nent of migraine neurobiology, we hypothesize that a
reduced mitochondrial energy reserve may be one of the
many factors determining the migraine threshold. This
hypothesis is in line with the observation that a
subgroup of migraine patients respond to mitochon-
drial enhancers, such as riboflavin (61) and coenzyme
Q10 (62), and that this response may be related to a
specific mitochondrial haplotype (14).

In conclusion, a significant depletion of high-energy
phosphates, both ATP and PCr, was found at rest in
the medial occipital lobe of MwoA patients, compared
to controls. This suggests a decrease in oxidative phos-
phorylation and implies a mitochondrial component in
the pathophysiology of migraine without aura.
A decreased mitochondrial energy reserve is pivotal in
lowering the threshold for a migraine attack, at least in
a subgroup of patients. It has to be emphasized that
also other factors such as a lack of cortical habituation,
NO hypersensitivity and genetic aspects play crucial
roles in migraine pathophysiology. *'P-MRS is sensi-
tive enough to reveal defects of cell energy production
of MwoA patients even in the absence of any symptoms
and signs.
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