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General discussion

The ability to predict the timing of a migraine attack would reduce the burden of
migraine substantially, and open up new horizons for short-term preventive
therapies. The fact that only few studies have focused on identifying functional
markers of attack initiation in migraine is probably a reflection of the challenges to
measure brain activity from a migraine patient while he or she develops a
spontaneous attack. Migraine patients often indicate that certain external triggers
specifically enhance the chance of developing an attack.> When tested in a clinical
laboratory setting, however, it has always proven difficult to initiate an attack with
supposedly reliable, patient-specific triggers like visual stimulation or physical
exercise.>* Elaborate neuroimaging and neurophysiology studies that aimed to
dissect internal mechanisms contributing to the initiation of a migraine attack
identified specific rises in brain activity during early phases of migraine attacks in
the hypothalamus,’ sensory cortex,® or visual cortex.” Applying such measurements
on a daily basis for an early warning of an impending attack, preferably in a home

setting, seems impracticable or even impossible.

The original research idea for this thesis was to combine longitudinal
neurophysiological recordings with visual stimulation or transcranial magnetic
stimulation, with the aim to identify neurophysiological features with predictive
value for an upcoming migraine attack. This idea was based on the theory that in
several biological systems, the speed by which a system recovers from a short
perturbation is reduced when the system is nearing a tipping point, i.e., in our case
a migraine attack onset.® However, we first had to develop a ‘toolbox’ of functional
methods that are easy to apply over the migraine cycle with sufficient
reproducibility, that allow measuring changes in brain excitability. Only after
development of such methodes, it is feasible to identify neurophysiological features
indicative of an impending migraine attack. To this end, we developed and tested
different techniques that allow to measure longitudinal changes in (cortical)
responsivity in migraine. Firstly, we developed and applied the Leiden Visual
Sensitivity Scale (Chapter 2). Secondly, we tested the applicability of several visual
stimulation paradigms, including the visual chirp stimulation, in combination with

EEG recordings, in a migraine mouse model (Chapter 3), and next validated the
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usefulness of the same visual chirp stimulation in migraine patients (Chapter 4).
Lastly, we studied transcranial magnetic stimulation evoked potentials (TEPs) and

EEG phase clustering in migraine with aura and epilepsy (Chapters 5 and 6).

In this discussion, the findings presented in this thesis are placed in a broader
context and suggestions are provided for future work aimed at identifying and

understanding functional features of migraine attack onset.

Visual sensitivity and cortical excitability

In this thesis we identified features of abnormal visual processing in the migraine
brain, evidenced from (i) the increased visual sensitivity in migraine, especially in
the ictal state and further enhanced in migraine with aura and chronic migraine, as
measured by the L-VISS questionnaire (Chapter 2), (ii) altered interictal TEP
responses at the visual cortex (Chapter 5), and (iii) specific pre-ictal enhancement
of visual responsivity in response to chirp stimulation (Chapter 4). Our findings
point to hyperexcitability of visual cortical networks, and using a subjective outcome
instrument as the L-VISS may provide a more simple approach to assess (clinical
symptoms of) abnormal visual cortical excitability. In contrast to the used VEP and
TMS measures, however, our L-VISS measures do not provide direct insight in
underlying neuronal network mechanisms. Subjective measures of visual sensitivity
in its different forms (like perception of luminance, contrast, color, motion and
orientation’) are not a substitute for objective, but more elaborate, measures of
cortical excitability using neuroimaging or neurophysiology. Indications of
enhanced visual system activation during the interictal period based on subjective
measures of visual sensitivity with questionnaires (Chapter 2), or psychophysical
tests concerning visual motion, contrast or orientation sensitivity in migraine,'®!!
will have increased value when being supported by findings from neurophysiology

and neuroimaging studies.

With magnetic resonance imaging, photophobia as measured by questionnaires
positively correlated with blood oxygen-level dependent activation in the visual
cortex interictally,'>'3 and positron emission tomography activation levels were also
extra enhanced in migraine patients experiencing photophobia compared to

patients without this symptom.'* With a psychophysical approach, enhanced
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contrast perception in the interictal period in migraine has been related to excessive
cortical GABA-ergic inhibition in between attacks, which would reduce in the pre-
ictal phase, thus resulting in more excessive excitation.”. Also in schizophrenia
patients, performance in a psychophysical contrast increment tasks has been
correlated to levels of the inhibitory neurotransmitter GABA as measured with
magnetic resonance spectroscopy.'® To further explore the underlying mechanisms
of visual sensitivity as measured by the L-VISS questionnaire or other psychophysical
measures, combined research including neuroimaging or neurophysiology would

be a next step.

After publication, the L-VISS questionnaire has been applied in other patient groups
with possible alterations in cortical excitability.!”-!® People with Visual Snow
Syndrome, a condition where continuous visual distortions like TV-static are present
in the entire visual field, report a level of visual burden (as measured by L-VISS)
comparable to migraine patients during the attack, irrespective of comorbid
migraine.” Other studies had shown that contrast and luminance increment
thresholds are altered in those patients, suggestive of elevated visual cortex
excitability in Visual Snow Syndrome." In patients with the chronic pain syndromes
fibromyalgia or chronic regional pain syndrome (CRPS), visual discomfort as
measured by L-VISS was increased with regards to controls or patients with other
chronic pain like back pain or ostheoarthritis.”® In CRPS and fibromyalgia, but not
in the other pain conditions studied, hypersensitivity to bright light and flashing
stimuli was previously reported, possibly as a result of central sensitization.’® The
increased levels of visual sensitivity in those disorders could be another, still indirect,

hint of the link between visual sensitivity and cortical excitability.

Recently, a couple of longitudinal studies employed measurements of visual
sensitivity across the migraine cycle using on-screen image presentations.
Afterimage duration was increased in individual migraine patients during the attack
compared to interictal measurements, while 48 and 24 hours before attack onset the
averaged afterimage duration showed a non-significant positive trend.”® The
detection of contrast increments, but not luminance increments, improved in
patients two days (but not one day) before the attack. This effect was mainly
reported on a group level, but was also highly patient-specific; contrast perception

was enhanced either before or during the attack depending on the subject. Lastly,
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the threshold for detecting vertical coherent motion improved from two days before
to two days after the attack.” These findings, based on subjective psychophysical
experiments, illustrate that within-patient differences in visual processing may lead
to individual ‘attack predictors’. With a questionnaire like the L-VISS, such patient-
specific differences in visual sensitivity could also be tracked. The subjective nature
of such instruments, however, still allows for the presence of a learning effect and
personal bias in the interpretation of these tests. Parallel future neurophysiological
and neuroimaging studies would be required to identify whether patient-specific

changes in visual processing occur towards and during attack onset.

Translational research for identification and understanding of migraine attack
biomarkers

In this thesis, we studied the visual chirp stimulation, a promising
neurophysiological method for migraine attack prediction, in a migraine mouse
model (Chapter 3) as well as in migraine patients (Chapter 4). A translational
approach helps to unravel the mechanistic underpinnings of functional differences
between migraine patients and headache-free control subjects, and has identified
neuronal hyperexcitability as key feature contributing to migraine-related
functional changes.??? The influence of genetic background on neurophysiological
findings in migraine,” is controlled for in animal experiments by studying
comparable stimulation paradigms as are used in patient studies. Also, more invasive
recordings at 7z vitro (e.g., neuronal) and iz vivo level (e.g., single cell, local fields

potentials and intracranial EEG) could be conducted with relevant mouse models.

The mutant mice used for the VEP experiments in Chapter 3 harbor an R192Q
mutation that in patients causes familial hemiplegic migraine type 1 (FHM1). The
mutation causes a gain of presynaptic neuronal Cay2.1 channel function that was
demonstrated to lead to enhanced glutamatergic neurotransmission in the
cortex.”** Those Ca** channels play a key role in thalamocortical oscillatory activity,
as absence of Cay2.1 channels showed reduced gamma-band power in iz vitro and
i vivo experiments.?® FHM1 mutant mice showed entrainment of cortical
oscillatory activity up to 40 Hz, as evidenced by an enhanced EEG response power

to chirp stimulation in beta- and lower gamma-band (Chapter 3). This observation
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adds to the literature pointing towards enhanced thalamocortical excitability in a
migraine-susceptible brain.?” In our mouse study, especially the combination of
local field recordings and subdural EEG recordings allowed us to point to a role of
neural network interactions outside of the visual cortex, as local neuronal activity
during chirp stimulation was absent above 15 Hz, whereas in the EEG recordings
entrainment was present up to 40 Hz (Chapter 3). In the same mouse model,
females were shown to be most susceptible to induction of cortical spreading
depolarization (CSD),* the neural correlate of the migraine aura. Our preliminary
observation that EEG responses to visual chirp stimulation appeared larger (but not
significantly so) interictally in female migraine patients (Chapter 4) is an interesting

lead for further translational research.

In migraine patients, beta-gamma band responses to chirp stimulation were
previously reported to be increased interictally,”” whereas our experiments in
migraine patients showed this enhancement only for pre-ictal recordings (Chapter
4). Our translational findings (Chapter 3) support the link between enhanced
cortical excitability?>*® and increased chirp responsivity in migraine, while our
clinical findings (Chapter 4) suggest a transient pre-ictal, but not interictal, rise in
responsivity. Compared to previous reports of interictal increases in EEG

29,31,32 our

responsivity to visual stimulation in beta-gamma band frequencies,
findings could differ due to selection of participants experiencing at least on
migraine episode per month. As cortical excitability measured in migraine patients
differs with the attack frequency, within episodic migraine’® and between episodic
and chronic migraine** (as also indicated in Chapter 2) a comparison between
groups of patients with different attack frequencies could provide more insight into

possible frequency related differences in EEG responses to visual chirp stimulation.

To further our mechanistic insights in brain disorders, the recent development of
‘lab-on-a-chip’ methods to study, e.g., the effect of ion channel deficiencies at a
neuronal (and even vascular) level are exciting. Ex vzvo cellular models using brain
slices or neuronal cultures based on stem-cells derived from migraine patients can
help to elucidate the role of glutamatergic versus GABA-ergic inhibitory neurons in
altered brain excitability in migraine® and, by comparison to 77z vivo animal models,
roles of larger-range brain connectivity. Cortical dynamics are being studied with

‘brain-on-a-chip’ models with thalamic and hippocampal input,*® and epileptic
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seizures could already be modelled with a modular approach to mimic functionally
connected (human) neural networks.>” On the side of visual input, several advances
are made in ‘eye-on-a-chip’ models, with focus on retinal or cornea models to study
ophthalmic disorders.>® The combination of these different models can provide a
first step towards unraveling functional features of the entire chain of visual
processing, in line with future visions of a ‘human-on-a-chip’.>* In migraine research,
however, factors like individual external attack triggers and the combination of
systemic fluctuations possibly underlying an attack, are highly unlikely to be
mimicked in ex vivo research. In this light, 7z vivo animal research will remain an
important link between ex vivo research in cellular models, and human patient
studies, to bridge the knowledge gaps between single cell responses, local

interactions and visual system responsivity.

The value of TMS-EEG measurements in migraine attack prediction and
prevention

Transcranial magnetic stimulation as a method to probe cortical excitability has
been applied in migraine and epilepsy in various ways. Here, we focused specifically
on the direct measurement of cortical responses using concomitant EEG recordings.
In Chapter §, we showed frontal and occipital decreases in the N100 peak of the
TMS evoked potentials for migraine patients with aura in the interictal phase
compared to controls, but no differences in phase clustering over stimuli for any of
the studied EEG response frequency bands. In people with epilepsy, relative phase
clustering was enhanced when no anti-epileptic medication (typically directed at
reducing excitability) was used (Chapter 6), but not when such medication was
used, nor in controls or migraine patients with aura. In line with the findings at the
group level, in a single subject with epilepsy, we demonstrated an inversely

proportional relationship between medication dosage and phase synchronization.

In contrast to our TMS-EEG findings in migraine patients (with aura; Chapters §
and 6), altered EEG phase synchronization in relation to visual stimulation was
reported for migraine (with and without aura) patients, indicating altered
excitability of the visual cortex.**#! The effect, however, was not similar in both

subgroups of migraine; phase synchronization was enhanced in the alpha band in
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migraine without aura, whereas it was decreased in the beta band in migraine with
aura.** In photosensitive epilepsy, increased phase synchrony to flash stimuli was
measured in the EEG gamma band right before the occurrence of the light-induced
epileptic discharge.** This synchronization could be indicative of an increased
propensity to neural entrainment. Although we measured a similar propensity of
enhanced synchronization involving the gamma-band using visual chirp
stimulation in migraine (Chapter 4), direct stimulation (over electrode Cz at the
center of the scalp) of cortical neurons by magnetic stimulation did not result in
entrainment in the visual cortex (Chapters 5 and 6). The absence of such
synchronization effects with TMS in migraine with aura points to different
underlying mechanisms, including region and frequency specific effects, and
between subgroups of patients. Future studies incorporating groups of migraine
with and without aura (compared to controls), and utilizing multiple stimulation
frequencies and synchronization measures are necessary to provide additional

insight in phase clustering and its relationship to cortical excitability in migraine.

Over the migraine cycle, various motor responses after TMS, measured by
electromyography (EMG), were altered pre-ictally compared to interictal
measurements,>»* and also differed during and after an attack.’® Those responses
were also altered in interictal migraine patients compared to controls, in line with
our findings obtained by EEG for cortical instead of motor activity (Chapter 5). In
epilepsy, seizure susceptibility is suggested to be reflected in changes in TMS-
induced motor responses up to 24 hours before the seizure.*** TMS-EEG could be
an addition to this repertoire of tests not only for epilepsy but also for migraine.
Unlike visual stimulation (Chapter 4), such tests involving daily magnetic
stimulation seem currently only suitable in a clinical setting and are thus mainly of

interest for research purposes rather than supporting individual attack prediction.

The observed effect of medication which alters brain excitability on TMS induced
phase clustering in one epilepsy patient (Chapter 6), emphasizes that another
potential clinical application of TMS-EEG in migraine is the prediction of an
individual’s response to preventive medication.*# Clinically, medication
responsiveness can only be established when a period of at least three times the usual
interval between attacks has passed without attacks. In epilepsy, attacks are usually

easy to count (unless the patient is unaware of seizures) and are preventively treated
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even when their frequency is low (e.g., two per year), hence this may require a long
period of observation. In migraine, other issues hamper the clinical evaluation of
preventive medication. The number of attacks per month is more difficult to register
for migraine patients, as attacks vary in severity and duration. Furthermore, epilepsy
preventives induce complete remission more often than migraine preventives.
Therefore, migraine patients find it difficult to assess the overall effectiveness of their
preventive medication. Objective measures to predict medication efficacy by
assessing the inhibitory/excitatory balance in the brain could therefore be of great
clinical benefit when preventing migraine attacks. In epilepsy, an increased TMS-
EMG resting motor threshold, induced with anti-epileptic medication, was
positively correlated with seizure reduction after one year.* With TMS-EEG, based
on single and paired-pulse stimulation a distinction between anti-epileptic
medication responders and non-responders could be made with 80% accuracy
(compared to 92% accuracy for differentiating patients from controls).” In
migraine, some older studies associated altered in phosphene thresholds with the
prophylactic effects of e.g. beta-blockers or anti-epileptic medication on cortical

excitability.5%51

Predicting migraine attacks requires longitudinal studies

Most studies in migraine focus on differences between measurements in migraine
patients during the interictal phase and control subjects, with a wide variety of
measurement modalities and readouts. Methods from neuroimaging,
neurophysiology, neurochemistry and psychophysiology are applied to provide
insights in the ‘trait’ of migraine, i.e., in which way differs the physiology (and
psychology) of a migraine patient compared to people without the disease.?>3* For
insight in the start of the migraine attack, we are more interested in the ‘state’ of the
migraine patient, i.e., in which way differs the physiology (and psychology) of an

individual with migraine during the different phases of the migraine attack.

Different theories and frameworks regarding the onset of the migraine attack co-
exist in scientific literature, most of which focus either on changes in cortical
excitability,®53 or changes in subcortical brain activation levels.>** The onset of the

migraine attack is hypothesized to be related to a ‘critical transition’ in brain
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dynamics.® In a similar way, EEG-based signatures of epileptic seizure susceptibility
showed paroxysmal critical transitions before an attack based on the concept of
critical slowing down over short (minutes) and longer (hours to days) timescales.>
As the tipping point of this transition is approached, the migraine attack threshold
lowers and smaller triggers are sufficient to start the attack.® Based on the theory of
early-warning signals for critical transitions,’® the recovery rate to small
perturbations (like flashes of light) decreases as the tipping point (the migraine
attack onset) is eminent.’” Our findings support the view that brain excitability,
including that of the cortex, fluctuates over the migraine cycle (Chapters 2 and 4).
This fluctuation combines with (and may be caused by) effects of other physiological
rhythms that are related to factors like (lack of) sleep, stress and hormonal levels.
The combined impact of these changes on brain function could cause a migraine
patient to have a temporarily lower attack threshold. A trigger like a flashing light,
a change in external stressors or intake of certain food that normally would not
initiate a migraine attack, could in case of a lower attack threshold start a cascade of
brain activation leading to the migraine headache.® For instance, a reduction in
stress level (i.e., relief after stress) appeared to be a specific trigger for headache
initiation in certain patients.’® The concept that relief after chronic stress could
lower the attack threshold has been supported by pre-clinical findings in the FHM1
mouse model.*’ In the cortex, a lower threshold as result of hyperexcitability can

also result in a migraine aura by initiation of a cortical spreading depolarization.

For longitudinal studies over the migraine cycle, the reproducibility of EEG read-
outs within a participant should be high for consistent intra-individual comparisons
(Chapter 4). Several findings of altered interictal cortical excitability, however,
could not be reproduced in other, blinded, study designs.®¢! Multiple reasons for
this lack of inter-individual reliability are proposed, like differences in stimulation
parameters (e.g., intensity, frequency and duration) and read-out parameters (e.g.,
block amplitude, synchronization, habituation, et cetera), but also timing with
respect to the previous or next migraine attack, differences in medication or
comorbidities, and (relatively) low number of patients in studies.??¢! It could be
possible that for different individuals, different stimulation paradigms and read-outs
need to be combined to meet this criterium. Therefore, already during the

development of biomarkers that could be used as early-warning signals for an
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impending migraine attack, this longitudinal reproducibility should be taken into
account by repeatedly measuring the same patients — preferably over multiple
attacks — before conclusions can be drawn. As outlined in the next paragraphs several
promising recent developments including home EEG recordings and the rise of data

analysis using artificial intelligence are leading the way towards such studies.

Future directions in migraine attack prediction

The prediction of an impending migraine attack with a simple home test would be
valuable for patients on several levels.®¢? It provides patients with the possibility to
manage their lives around the paroxysmal nature of the disease, and helps in timing
the use of pre-emptive prophylactic medication to avert attacks, as well as acute
medication to suppress or shorten the headache phase. From a research perspective,
new avenues for therapeutic targets and drug development could open up when it
becomes easier to study patients with more elaborate methods like neuroimaging in

research labs or hospitals during the premonitory or early headache phase.

Home EEG recordings

Recording brain signals in a home environment used to be limited to small-scale,
often recreative, EEG systems with a limited number of electrodes in e.g. a
headband. Systems developed for this purpose demonstrated the potential for
research applications by recording eventrelated potentials after auditory
stimulation, although especially the signal-to-noise ratio warrants improvement.®>
More elaborate scalp EEG systems with a cap with 10 or more electrodes and direct
connection to a smartphone could provide more information, although home
application could be more bothersome due to the number of electrodes. Comparing
data obtained with an open source smartphone-based system to a standard clinical
EEG system, both used for recordings in a hospital setting, showed that epileptiform
abnormalities were correctly captured when the smartphone-based EEG recordings
were analyzed manually by neurologists, albeit with lower sensitivity than with the
standard EEG recordings in the same patients.®* To train patients to use comparable
systems themselves in a home setting with the aim of consistent, longitudinal data

generation is one of the challenges that have to be overcome. Easier-to-use EEG
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systems could mitigate the inconsistent application of for instance the EEG cap, with
mobile in-ear EEG electrodes integrated in a headphone providing a possible

solution.®

In migraine, a promising longitudinal application of home EEG applying a
commercial device with electrodes over the frontal cortex was recently published.®
Resting state brain waves and image-induced event-related potentials were recorded
daily for 14 days, with patients doing all the necessary setup themselves. Based on
diary input, recordings were categorized into interictal, pre-ictal (<24 hrs before an
attack), ictal or post-ictal (<48 hrs after an attack) phases. Decreased theta power,
increased relative beta power, and decreased event-related potential amplitude were
present in the 24 hours before an attack and during the attack, compared to interictal
recordings in the same patients. In another pilot study, patients were recorded at
least five times per week over several weeks with a similar commercial EEG device,
while receiving an auditory oddball task. Prediction of attack likelihood improved
with one or two (short) tests in the pre-ictal phase, where induced EEG responses
differed from a priori defined template EEG activity.®® The relationship between the
changes in EEG features observed in these longitudinal recordings and possible

underlying changes in cortical excitability remains to be determined.

To efficiently implement longitudinal home recordings of EEG activity in patients,
several difficulties that were indicated in those recent longitudinal studies with
large, at-home, patient involvement (like setting up the EEG recordings without
help of a researcher)®>% need to be addressed in further research. Firstly, no within-
patient repeatability could be tested, and when multiple recordings in the same
phase were available in the same patient only the measurement with highest quality
of data was used. Secondly, for a single daily measurement participants had to record
at least 20 minutes of brain activity, which could be a large burden in a home setting.
Still, data quality was relatively low, as just 20-30% (7-11 out of 35, depending on
the paradigm) of participants had enough artifact-free recordings in all migraine
phases.®? A quicker stimulation with high signal to noise ratio, like the visual chirp
stimulation (Chapter 4) could improve data quality issues. Thirdly, the division of
phases in 24 hours blocks for the statistical analysis still averages brain activity that
might change on an hour-level towards an impending attack. Daily neuroimaging

measurements showed that up to 48 hours before an attack the brain’s activity is
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already altered.’ Especially an easy-to-use method like EEG could shed further light
on the relevant time scale of attack prediction, possibly in combination with

psychophysical visual tests,” or questionnaires (Chapter 2).

Resting-state recordings of brain activity and artificial intelligence

In this thesis, we studied the brain’s response to external perturbations. From the
ongoing EEG activity (so-called ‘resting-state’ EEG), however, a wealth of additional
information about the brain’s functioning including disease propensity could also
be extracted. Standard quantitative EEG analyses in migraine did not provide a clear
biomarker for disease presence or phase of the migraine cycle.*” With the advent of
artificial intelligence methods to be applied to large EEG datasets, several new

directions of study become available.®

Firstly, with machine learning methods, classification patterns that otherwise may
go undetected could be distinguishable, by combining multiple — hundreds — of
EEG-based features, and also data from e.g. questionnaires and patient headache
diaries, in a single model.” For example, when classifying pain phenotypes using
standard quantitative EEG features, multiple comparison correction limited the
amount of features that could be taken into account. With a machine learning
classification algorithm, hundreds of EEG features over multiple frequency bands
and electrode locations were combined in one model, demonstrating the possibility
of pain phenotype classification that was not feasible with the traditional
combination of statistics and feature extraction.”” Due to the number of features and
the non-linear nature of the model, it was unfortunately not possible to study which

parameters carried the largest distinctive load.”

Secondly, non-standard features can be extracted automatically from the raw EEG
signal using a subset of machine learning, i.e., deep learning methods like
convolutional neuronal networks. Using such methods, the gender of a subject
could be predicted based on EEG signals only; reverse-engineering of the sex-specific
features revealed that fast beta activity and its spatial distribution were main
attributes.”! With a large database of EEG recordings of people with migraine and
controls, similar big data analyses could yield insights that are not attainable in

smaller studies like presented in this thesis. The clinical relevance of the predictive
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ability of newly detected EEG features should be in balance with the amount of
intra- and interpatient recordings necessary to detect the feature(s). As observed in
longitudinal recordings in people with epilepsy, features indicative of an impending
migraine attack with a large individual effect size (high predictive value within a
patient) could be more relevant than standard clinical neurophysiological features

with a larger group effect size but smaller individual effect.”

Thirdly, ‘deep learning’ methods could aid in the prediction of migraine attacks by
building patient-specific models that take into account individual variation in
activity within and across brain areas. Deep learning methods are able to extract
(‘learn’) relevant features from large datasets with examples, like EEG recordings
with the corresponding migraine phase, without explicit definition of EEG features
by a researcher. Within-patient epileptic seizure detection using longitudinal scalp
EEG, recorded with a wearable setup, indicated that patient-specific models can be
effective for individual seizure prediction.”? Interestingly, a more general seizure
prediction model, developed on EEG data from multiple patients, could easily be
adapted to a personalized attack prediction model using transfer learning (i.e.,
adapting a general model by partly retraining it with a smaller amount of extra
data).”? After an initial model development phase on a large dataset containing
longitudinal EEG data from many patients (20 or more), for other patients
personalized predictive models could possibly be developed. Short EEG recordings
(up to a couple of minutes) could then suffice in training such individualized
predictors based on the general model, instead of needing multiple patient-specific,
longitudinal EEG recordings (resting state and/or evoked EEG responses) to build a
personalized model.”? Applying such an approach to migraine attack prediction
could direct future studies towards the development of a general EEG-based attack
onset model, that is adaptable to individual differences in brain activity (including

responses to triggers) towards the next attack.

Multidisciplinary research in a university medical center

A multidisciplinary approach towards migraine attack prediction, as described in
this thesis, with a combination of clinical and translational studies with a focus on

state-of-the-art data analytics, is important to bring together knowledge in the
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different fields studying the origins of migraine. Within a university medical center,
there is wide-spread clinical, medical and biological expertise; the addition of
technical expertise provides opportunities in, amongst others, data analytics, and
hardware and software design for stimulation and recording. With the emergence
of overlapping, multidisciplinary study fields like biomedical engineering, clinical
technology and technical medicine, researchers working as intermediaries between
patients, clinicians, biologists and engineers will be better equipped to balance
different visions on e.g. patient burden, clinical and biological relevance, technical
implementation and, preferably, also make the sum more than its parts. Challenges
in patient recruitment and measurements, stimulus design and data analysis would
benefit from such a combined approach by selecting the right discipline for each

step — while maintaining oversight of all developments.

The success of a multidisciplinary approach is not a given. Complex research
questions, like the origin of the migraine attack, have to be solved at the cross-
borders between the patient, the doctor, and a technical environment.”* By being
open to each other’s viewpoints and qualities, expectations between researchers,
medical doctors and patients can be managed and resources allocated; the so-called
‘discipline openness’ challenge.”* For instance, while many recordings and
burdensome stimulations might improve the availability of (EEG) data, the patient’s
involvement will probably be more difficult to ensure. As seen in migraine research,
new methods to perturb and probe the brain’s activity emerge on a regular basis,
shining new light (sometimes literally) on the enigma at hand. Where this tendency
to accumulate, by adding more techniques to a toolbox with each newly involved
discipline, possibly leads to more publications, the step to better integrate and

compare those techniques might lead to more insight.

While connecting people, data and health systems,” all involved disciplines should
put the patient first. Especially in migraine, with a disease burden that stretches
beyond the headache phase, a home test for an impending attack should be easy to
do for the patient — possibly by subtracting as much technology as possible to get a
simple yet effective home test.”® How much technology could be subtracted is one

of the next challenges.
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