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Abstract

The hypothalamus has been suggested to be important in the initiation cas-

cade of migraine attacks based on clinical and biochemical observations.

Previous imaging studies could not disentangle the changes due to the attack

and those due to the trigger compound. With a novel approach, we assessed

hypothalamic neuronal activity in early premonitory phases of glyceryl-

trinitrate (GTN)-induced and spontaneous migraine attacks. We measured the

hypothalamic blood oxygen level-dependent (BOLD) response to oral glucose

ingestion with 3T-functional magnetic resonance imaging (MRI) in 27 women,

16 with migraine without aura and 11 controls group matched for age and

body mass index (BMI), on 1 day without prior GTN administration and on a

second day after GTN administration (to coincide with the premonitory phase

of an induced attack). Interestingly, subgroups of patients with and without

GTN-triggered attacks could be compared. Additionally, five migraineurs were

investigated in a spontaneous premonitory phase. Linear mixed models were

used to study between- and within-group effects. Without prior GTN infusion,

the BOLD response to glucose was similar in migraine participants and con-

trols (P = .41). After prior GTN infusion, recovery occurred steeper and faster

in migraineurs (versus Day 1; P < .0001) and in those who developed an attack

versus those who did not (P < .0001). Prior GTN infusion did not alter the

glucose-induced response in controls (versus baseline; P = .71). Just before

spontaneous attacks, the BOLD-response recovery was also faster (P < .0001).

In this study, we found new and direct evidence of altered hypothalamic
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neuronal function in the immediate preclinical phase of both GTN-provoked

and spontaneous migraine attacks.
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1 | INTRODUCTION

Migraine is a common, multiphasic, paroxysmal neuro-
vascular brain disorder with recurring disabling attacks
of headache, associated autonomic features and, in
one third of patients, aura (Headache Classification
Committee of the International Headache Society
(IHS), 2018; Ferrari, 1998). Up to 80% of patients experi-
ence 2–48 h before the headache so-called premonitory
symptoms such as yawning, craving for specific food,
fluid retention, tiredness and mood changes (Blau, 1980;
Cuvellier et al., 2009; Giffin et al., 2003; Kelman, 2004;
Laurell et al., 2016; Quintela et al., 2006; Schoonman,
Evers, et al., 2006). This premonitory phase is therefore
considered as the true starting point of a migraine attack.
From there, it is likely that a cascade of events follows in
which separate pathophysiological mechanisms can
explain the development of the headache, the aura and
the associated symptoms. This makes migraine a complex
disorder. Although mechanisms behind some of the later
(secondary) events in the cascade are now relatively
well-understood, the mechanism of the primary initiating
event behind a migraine attack is still largely unknown
(Goadsby et al., 2017).

The episodic nature of attacks (Alstadhaug
et al., 2005, 2007), the clinical characteristics of premoni-
tory symptoms (Blau, 1980), the observation that attacks
may be triggered by acute changes in sleep pattern
(Cortelli & Pierangeli, 2007; Dodick et al., 2003; Kelman &
Rains, 2005; Overeem et al., 2002; Rainero et al., 2008)
and the finding that serum (Awaki et al., 1989; Elwan
et al., 1991; Papakostas et al., 1987; Peres et al., 2001;
Sarchielli et al., 2008; van Oosterhout et al., 2018) and
cerebrospinal fluid (Elwan et al., 1991; Sarchielli
et al., 2008) levels of hypothalamic hormones are abnor-
mal during (Awaki et al., 1989; Elwan et al., 1991; Peres
et al., 2001; van Oosterhout et al., 2018) and in-between
(Papakostas et al., 1987; Sarchielli et al., 2008; van
Oosterhout et al., 2018) migraine attacks all suggest a role
for the hypothalamus in the initiation cascade of
migraine attacks (Goadsby et al., 2017).

Studies using blood oxygen level-dependent func-
tional magnetic resonance imaging (BOLD fMRI)
(Schulte & May, 2016) or positron emission tomography
(PET) (Denuelle et al., 2007; Maniyar et al., 2014) have

indeed found hypothalamic cerebral blood flow (CBF)
changes in glyceryl trinitrate (GTN)-induced (Maniyar
et al., 2014) and a few spontaneous (Denuelle et al., 2007;
Schulte & May, 2016) migraine attacks. These studies,
however, were all small, clinically heterogeneous or
lacked nonmigraine control groups. Moreover, the fMRI
studies mainly investigated connectivity rather than
hypothalamic function, and no attempt was made to dis-
entangle changes caused by GTN from changes due to
the attack (Maniyar et al., 2014).

In the present study, we sought to better determine
the role of the hypothalamus in the initiation of migraine
attacks. As spontaneous migraine attacks are erratic and
therefore complicate studying the initiation phase, we
took advantage of the GTN migraine attack-provocation
model (Iversen, 2001). Most migraineurs (but not
nonmigraineurs), develop premonitory symptoms
approximately 90 min after infusion and a migraine-like
attack a few hours later (Afridi et al., 2004). We assessed
and compared hypothalamic neuronal activity in women
with (n = 19) or without (n = 14) migraine, with and
without prior GTN infusion. Measurements with prior
GTN infusion were done at 90 min after infusion to opti-
mally coincide with possible premonitory symptoms. Five
migraine patients could also be investigated during the
premonitory symptoms phase of a spontaneous attack,
enabling clinical validation of the findings in GTN-
provoked attacks. Hypothalamic neuronal activity was
measured as the fMRI BOLD response to glucose
ingestion, which specifically activates glucose-sensitive
neurons within the hypothalamus (Matsuda et al., 1999;
Smeets et al., 2005). The normal persisting drop in BOLD
signal in response to glucose ingestion reflects reduced
neuronal metabolic activity and is considered a signal of
glucose satisfaction (Oomura, 1980; Smeets et al., 2005).
The design we used enabled disentangling the effects due
to the attack from those due to GTN.

2 | MATERIAL AND METHODS

2.1 | Participants

We included 20 women with migraine without aura
according to the International Classification of Headache
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Disorders-2 (ICHD-2) criteria (Olesen & Steiner, 2004)
and 16 age- and body mass index (BMI) group-matched
control women without a personal and first degree fam-
ily history of migraine or any other regularly occurring
headaches. Migraineurs also fulfilled the new ICHD-3
criteria (IHS, 2018). All participants were recruited from
the Leiden University Medical Centre Migraine Neuro
Analysis (LUMINA) programme including individuals
with migraine and nonheadache controls from the
Dutch population who all agreed to participate in
migraine-related scientific research. Individuals (both
patients and control subjects) within the LUMINA
cohort were recruited nationwide and were diagnosed
using a validated algorithm (van Oosterhout et al.,
2011). Participants with migraine were to have 1–6
migraine attacks and no more than 10 days of
nonmigraine headache per month. In addition, they had
to be free of migraine for at least 3 days before and
2 days after each study day, as was checked by a tele-
phone call 7 days after each study day. Exclusion criteria
for all participants included diabetes, premenstrual
syndrome, hypertension, any psychiatric or neurologic
disease, fever in the week prior and use of vasoactive,
neuroactive or antibiotic medication in the 2 weeks prior
to the measurement days.

2.2 | Standard protocol approvals,
registration and patient consents

The study was approved by the local medical ethics
committee, and all subjects provided written informed
consent prior to participation. The study was conducted
in accordance to the Declaration of the World Medical
Association and the Declaration of Helsinki (World
Medical Association, 2013).

2.3 | fMRI BOLD response to glucose
ingestion

fMRI BOLD provides an indirect and non-invasive
method to assess changes in neuronal activity in the
brain by measuring changes in the BOLD signal. These
changes occur due to fluctuations in local concentrations
of oxygenated and deoxygenated haemoglobin, local
perfusion (blood flow and volume) and haematocrit that
result from changes in neuronal activity (Attwell &
Iadecola, 2002; Ogawa et al., 1992). Glucose-sensitive
neurons within the lateral hypothalamus respond to
glucose triggering after fastening. Physiologically, the
hypothalamic BOLD response to oral glucose administra-
tion follows a typical pattern with an initial, relatively

rapid and steep decrease of the signal becoming notice-
able after about four minutes, and reaching its nadir after
another 4 min. This is then followed by a slow recovery
towards baseline levels over the next ten to twelve
minutes (Matsuda et al., 1999; Smeets et al., 2005). For
glucose ingestion, a standard solution as used for the glu-
cose tolerance test was made by mixing 300-mL tap water
with 75-g glucose (Natufood, Natudis, Harderwijk, the
Netherlands) (Smeets et al., 2005).

2.4 | GTN migraine provocation model

After cannulating an antecubital vein, GTN
(0.5 μg�1�kg�1�min�1) is administered over 20 min with
the study participant in supine position (Iversen, 2001).
Immediately after infusion, all study participants
(migraineurs and nonmigraineurs alike) develop a brief,
non-specific mild headache without associated features.
In approximately 80% of migraineurs, but in none of
nonmigraineurs, this is followed, 3–6 h later, by a
migraine-like attack (Iversen, 2001; Juhasz et al., 2003;
Schoonman, Bakker, et al., 2006; Thomsen
et al., 1994, 1996). In many migraineurs, GTN-provoked
migraine-like attacks are preceded by premonitory
symptoms, which typically start at around 90 min after
GTN infusion (Iversen, 2001; Juhasz et al., 2003;
Schoonman, Bakker, et al., 2006; Thomsen
et al., 1994, 1996).

2.5 | Study design

All participants were scanned on two separate days after
overnight fasting and abstention of coffee, tea and alco-
hol; water intake was allowed. Prior to scanning, all par-
ticipants underwent a detailed standardized interview
and full neurological examination. On the first (baseline)
day, at around 9:00 AM, this was followed by an fMRI
scan, which lasted for 21 min. All participants ingested a
standard glucose solution via a perioral tube approxi-
mately 7 min into the fMRI sequence. They remained
supine with the MR scanning continuously. On the
second (=provocation) day, a 20-min GTN infusion was
begun at 08:30 AM. The post-GTN fMRI scan, which
involved ingestion of glucose at 7 min after onset, was
performed 90 min (mean � SD: 91 � 20; range
30–133 min) after start of the GTN infusion. This time
point was chosen to afford the highest likelihood of cap-
turing possible premonitory symptoms of an ensuing
GTN-provoked attack (Iversen, 2001; Juhasz et al., 2003;
Schoonman, Bakker, et al., 2006; Thomsen
et al., 1994, 1996).
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2.6 | Spontaneous attacks

Participants with migraine were also asked to come to
the MRI at the onset of any symptoms heralding a spon-
taneous migraine attack. They were then scanned during
the premonitory phase of a spontaneous attack, using the
same fMRI and glucose ingestion protocols.

2.7 | Clinical parameters

We assessed premonitory symptoms, headache and
migraine characteristics (according to the ICHD-2
(Olesen & Steiner, 2004) (also fulfilling the new ICHD-3
criteria, IHS, 2018) and pain severity (numeric rating
scale [NRS], ranging from 0 [no headache] to 10 [most
severe headache possible]) before, every 5 min during and
every 30 min after GTN infusion in both migraine
patients and controls. Socio-demographic and clinical
variables including migraine subtype, attack frequency
and medication use were recorded during a structured
interview before the baseline study day.

2.8 | Data acquisition

MRI was performed on a 3.0 Tesla Achieva clinical scan-
ner (Philips Healthcare, Best, the Netherlands) using a
32-channel phased array head coil. The same scan proto-
col was used for all MR sessions. It composed of a whole
brain high-resolution 3-D T1 sequence for imaging ana-
tomical structures (TR 9.7 ms; TE 4.6 ms; flip angle 8�;
FOV = 220 � 174 � 156 mm; 130 slices with a thickness
of 1.2 mm and a voxel size of 0.86 � 0.86 mm), a struc-
tural hypothalamus scan (single slice scan; TR 550 ms; TE
10 ms; FOV = 208 � 208 mm; voxel size = 0.52 � 0.52 �
14 mm; scan time 1.14 min) and midbrain single slice
fMRI scan (TR 120 ms; TE 30 ms; FOV 208 � 208 mm;
voxel size = 0.81 � 0.81 � 14 mm; scan time 21.2 min;
500 dynamics). Anatomic images were screened for acci-
dental findings by a neuroradiologist (MCK).

2.9 | Data processing

Preprocessing and analysis of fMRI data were done using
FSL version 5.03 (Jenkinson et al., 2012). Data were
preprocessed as described in earlier studies (Teeuwisse
et al., 2012). Data were averaged block-wise for each set of
four subsequent volumes, reducing the 500 dynamic scans
to 125. The hypothalamus was segmented manually on
the middle volume of the single slice MRI scan according
to anatomical landmarks as previously described

(Teeuwisse et al., 2012). To correct for scanner drift, all
hypothalamic BOLD values were corrected for the BOLD
signal obtained in an internal reference region of interest
(ROI), drawn manually in grey matter, superior of the
genu of the corpus callosum by an experienced imaging
data analyst who was blinded for group and session
(AvO). To establish the post-ingestion hypothalamic
BOLD response to intervention, the mean preglucose sig-
nal (first 7 min of the 21-min fMRI scan) was used for con-
trast. All data points (n = 125) were divided by the mean
baseline value and converted to percentages, yielding the
percentage signal change relative to baseline, and this
percentage signal change was then averaged per minute.

2.10 | Statistical analysis

General characteristics were compared using Mann–
Whitney U tests for continuous variables and Fisher exact
tests for categorical data. Continuous data are presented
as mean � SD or as median with minimum–maximum.
All fMRI results are reported as percentage BOLD change
relative to the mean preglucose (reference) BOLD signal
(0- to 7-min predrinking). Data between Minutes 8 and
11 were omitted from the statistical analysis for artefacts
in BOLD signal due to swallowing of the glucose solution.
Data from Minute 11 and up (11–21) were considered the
postglucose drinking BOLD response and were used for
statistical analysis. Statistical analysis for comparison
between groups (migraine; control), GTN (baseline; prov-
ocation) and/or migraine attack was performed by mixed
model analysis as described earlier (Teeuwisse et al., 2012;
van Opstal et al., 2018): group and GTN status were used
as a fixed effect, time point as a variate and subject as a
random factor. For within-group comparisons, this model
was applied to paired datasets.

Primary analysis was the difference in fMRI BOLD
response to glucose at 90 min after GTN infusion versus
the fMRI BOLD response to glucose without prior GTN
infusion (i.e., baseline measurement) in participants with
migraine, while focussing on those who developed an
GTN-induced migraine-like attack. Secondary analyses
included (i) baseline day differences between participants
with migraine and controls; (ii) effects of GTN on the
fMRI BOLD response to glucose in participants and
controls; (iii) differences in fMRI BOLD response to
glucose in GTN-induced versus spontaneous attacks; and
(iv) differences in post-GTN fMRI BOLD signal response
to glucose in migraine participants in whom GTN did not
provoke an attack versus controls. For further exploratory
analyses, the fMRI BOLD response after glucose (average
derived from 11- to 21-min postglucose) was correlated
with clinical migraine and demographic parameters using
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Pearson correlation coefficients. Uncorrected P values of
<.05 were deemed significant for all tests. All statistical
analyses were performed with the Statistical Package of
Social Sciences (SPSS, version 23.0; SPSS, Chicago, III).

3 | RESULTS

3.1 | Participants

The study flow is depicted in Figure 1 (reasons for exclu-
sion are given in the legends). Of the 20 migraine partici-
pants with a baseline scan, two were excluded, leaving
18 participants eligible for the GTN scan. In two, post-
GTN scans could not be performed. One post-GTN scan
had to be excluded, leaving 15 post-GTN scans in
migraine participants with also a baseline scan. Of the
16 migraine participants with a post-GTN scan, 13 (81%)
developed a migraine-like attack including the one of
whom the scan had to be excluded due to movement
artefacts. Paired data with both baseline and post-GTN
scans were available for 15 migraine participants, 12 with
and 3 without a provoked attack. In five migraine partici-
pants, scans could also be performed in the premonitory
phase of a spontaneous attack. Of the 16 controls with a
baseline scan, two were excluded, and in four, no post-
GTN scan could be performed, leaving 11 controls with a
post-GTN scan. Paired data with both baseline and post-
GTN scan were available for 10 controls.

3.2 | Clinical and demographic
characteristics

Clinical and demographic characteristics from all partici-
pants whose data were used in the analyses are summa-
rized in Table 1. Demographic characteristics did not
differ between the two groups. Participants with migraine
had been free of migraine for 12.8 � 8.7 (range 4–30) days
before and >3 days after the attack-free measurement
and 10.3 � 6.8 (range 4–30) days before and >3 days after
the provocation day. Duration between baseline and GTN
scan did not differ between migraine patients and con-
trols (5.7 � 6.9 months vs. 6.0 � 5.6 months; P = .89).
There were no major baseline differences between the
13 migraine participants who developed a migraine
attack after GTN and the three who did not.

3.3 | Clinical effects of GTN infusion

GTN infusion caused an immediate transient mild non-
specific headache in all participants with migraine (mean

NRS score = 3.8 � 2.4) and controls (2.8 � 2.0; P = .25).
A delayed migraine-like attack developed in 13/16 (81%)
participants with migraine at a mean of 4:54 � 2:06 h
after start of the GTN infusion versus in 0/12 controls
(0%; P = .007). All participants who developed a
migraine-like attack reported one or more premonitory
symptoms from 60 � 54 min (median 180; range
30–240 min) after onset of the GTN infusion and from
135 � 116 min (median 112; range 30–460 min) before
the headache started (Table 2). In contrast, none of those
who did not develop a migraine-like attack reported any
premonitory symptom.

3.4 | BOLD response to glucose: With
versus without prior GTN infusion

Without prior GTN infusion, the BOLD response to glu-
cose was prototypical (steep decrease followed by a slow
recovery) as reported previously (Matsuda et al., 1999;
Smeets et al., 2005) and similar in the migraine and con-
trol group (Figure 2; P = .41). After prior GTN infusion,
the BOLD response remained the same in the control
group (P = .71; Figure 3a) but was clearly changed in the
migraine group, with a much faster and steeper recovery
phase after prior GTN infusion compared with the
response without prior GTN infusion (total migraine
group; intraindividual comparison: P < .0001; Figure 3b).
A post hoc analysis revealed that this response (after
GTN infusion) differed between patients with and
without provoked migraine attack (between-group com-
parison; P < .0001; Figure 4b). The fast recovery had only
occurred in the 13 migraine participants who later
developed a migraine attack (intraindividual comparison
versus own baseline: P < .0001). In those three who did
not get an attack, the recovery, in contrast, was
slower (intraindividual comparison versus own baseline;
P < .004).

Although the BOLD response to glucose after prior
GTN infusion was visually different (faster and steeper
recovery) in the total migraine group compared with con-
trols, this difference did not reach statistical significance
(between-group comparison: P = .11; Figure 3c), also not
when only the 13 migraine participants who got an attack
were included (P = .12).

3.5 | Similar BOLD response in
spontaneous and GTN-provoked attacks

Five migraine participants could also be studied in the
premonitory phase of a spontaneous attack. The time
from onset of spontaneous premonitory symptoms to
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F I GURE 1 Flowchart of study participants. Flowcharts depicting eligibility and exclusion of study participants at different stages of

the study. *Control participant in whom the baseline scan was excluded due to movement artefact, but glyceryl trinitrate (GTN) scan could

be included in the unpaired analysis. ^Migraine participant in whom both baseline and GTN scan were excluded due to movement artefacts

TAB L E 1 Baseline characteristics of study population

Variable
Migraine without aura Controls

Pn = 19 n = 15

Socio-demographic

Age, ya 44 24–51 40 25–50 .34

BMI, kg/m2 a 23.8 20.1–26.2 23.1 20.5–27.2 .85

Right-handedness, n (%)b 17 (89.5%) 14 (93.3%) .69

Migraine-specific

Attack frequency/monthc 2 1–6

Age at onset, yd 18.5 � 7.9

Disease duration, yd 21.3 � 11.2

Attack severity, NRSc 8 5–10

Abbreviations: BMI, body mass index; NRS, numeric rating scale; y, years.
aMann–Whitney U test, depicted as median and minimum–maximum.
bFisher exact test.
cDepicted as median and minimum–maximum.
dDepicted as mean � SD.
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glucose ingestion (during scan) was 288 � 280 min
(vs. 91 � 20 min in the GTN provocation part; P = .03).
In these patients, the BOLD responses to glucose in
spontaneous and GTN-provoked attacks were similar
(intraindividual comparison; P = .42; Figure 4c). Both
responses differed visually from the attack-free
measurement (Figure 4d), but the response pattern in
spontaneous attacks reached statistical significance at
between-group level (versus baseline; P < .0001) but not
at the intraindividual level likely due to small sample
sizes (P = .30).

4 | DISCUSSION

To assess the role of the hypothalamus in the initiation of
migraine attacks, we intraindividually compared hypo-
thalamic neuronal activity in the premonitory symptom
phase of 13 GTN-induced and five spontaneous migraine
attacks with the activity outside an attack. Activity was
also compared interindividually with measurements with
and without prior GTN infusion in three migraine
participants and 11 controls who did not develop
premonitory symptoms or an attack after GTN infusion.
Hypothalamic neuronal activity was measured as the
hypothalamic fMRI BOLD response to glucose ingestion,
reflecting hypothalamic glucose-sensitive neuronal activ-
ity. Without prior GTN infusion, the hypothalamic BOLD
response was similar in migraine participants and con-
trols. However, while the response did not change after
GTN infusion in controls, in the 13 migraine participants
who developed a migraine attack, but not in the three
who did not so, hypothalamic activity was different, with
a faster and more abrupt recovery phase. Importantly, all
hypothalamic responses and changes from baseline were
similar in GTN-induced and spontaneous attacks,

validating the findings in GTN-induced attacks as repre-
sentative for what is occurring in spontaneous attacks.

In the early phases of provoked and spontaneous
migraine attacks, migraine patients did not respond to
glucose ingestion with a normal, persisting drop in the
BOLD signal. Such a drop is considered to reflect reduced
neuronal metabolic activity in the lateral hypothalamic
area where glucosensitive neurons are located. This nor-
mal response is known across species (Smeets
et al., 2005) and is seen as a signal of glucose satisfaction,
that is, a normal ‘satisfied’ state after glucose ingestion
(Oomura, 1980; Smeets et al., 2005). The migraine
patients rather showed an unresponsiveness to the
glucose trigger during the early attack phase, implying
a migraine-attack related disturbance of normal
hypothalamic functioning, a disinhibited hypothalamic
satisfaction. This abnormal response seems attack-spe-
cific, as it was not found in the control group, nor in the
migraine group when there was no forthcoming attack.
Although it is tempting to link this to the common
premonitory symptom of craving, it would be over-
simplifying to do so as the hypothalamic control of
different homeostatic mechanisms is rather complex.

GTN influences cardiovascular parameters (Verheyden
et al., 2008), and the changes we observed could
theoretically have been due to GTN rather than related to
the initiation cascade of an attack. However, one would
then have expected similar changes to occur in the
control group. Moreover, we measured 90 min after
GTN infusion, which significantly exceeds GTN τ1/2
(2.5–4 min).

Only two studies have previously investigated the role
of the hypothalamus in the initiation phase of migraine
attacks. The study by Maniyar et al. showed activations
in the posterolateral hypothalamus in eight migraine
with aura patients with premonitory symptoms after

F I GURE 2 Comparison of blood oxygen

level-dependent (BOLD) responses to glucose

ingestion at baseline day in migraine and

control participants. The BOLD response to

glucose at a baseline day did not differ between

migraine and control participants. Grey box

indicates drinking period of which data were

omitted from the analysis because they are

considered drinking artefacts. Error bars

indicate 1 standard error
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GTN infusion, using H2
15O PET CBF as a marker for

neuronal activity (Maniyar et al., 2014). Although this
suggests that the hypothalamus is pivotal in the early,
premonitory phase of the migraine attack, a possible
GTN effect cannot be excluded as there was no contem-
poraneous control group. Schulte et al. (Schulte &

May, 2016) daily assessed the hypothalamic fMRI blood
flow response to a trigeminal nociceptive stimulus (nasal
administration of gaseous ammonia) for 30 consecutive
days in a single migraine patient. They prospectively cap-
tured three migraine attacks and found an increased
hypothalamic response in the 24 h prior to onset of the

F I GURE 3 Comparison of blood oxygen

level-dependent (BOLD) responses to glucose

ingestion after glyceryl trinitrate (GTN)

provocation in migraine and control

participants. The BOLD response to glucose

after GTN did not differ from the BOLD

response at baseline (without prior GTN

infusion) in controls (a) but was higher in

migraine participants (b). The BOLD response to

glucose after GTN is higher in migraine

participants then in control participants,

although not significant (c). Grey box indicates

drinking period of which data were omitted

from the analysis because they are considered

drinking artefacts. Error bars indicate 1 standard

error
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migraine headache (Schulte & May, 2016). Although they
did not include a control group to correct for possible
diurnal, weekly or menstrual effects, the findings none-
theless suggest an important role for the hypothalamus
in the early phases of the migraine attack. A third study
found hypothalamic activation in migraine headache but
did not perform measurements during the premonitory
phase. Collectively, these and our data suggest a pivotal
role of the hypothalamus in the early phases of migraine
attack initiation.

There is a growing interest in the hypothalamus as
the site of initiation of a migraine attack initiator based
on clinical and biochemical arguments (Akerman
et al., 2011; Blau, 1984; Charbit et al., 2010). In this study,
we have shown an increased hypothalamic BOLD
response patterns to glucose after fasting in migraine
patients. Normally, the ingestion of oral glucose induces
transient silencing of the activity of glucosensitive

neurons in the lateral hypothalamus. However, in the
preictal phase of both spontaneous and GTN-triggered
attacks, the ingestion of glucose was followed by a much
faster and steeper response than normally. In the trig-
gered migraineurs, the suppression of the hypothalamic
hyperactivity was apparently temporarily and shorter
than in nonmigraine individuals and was suggestive of
an impending migraine attack. We might draw an anal-
ogy between this ‘overdrive’ of ‘craving’ state of these
neurons and the clinical symptom of craving experienced
the hours before the migraine headache starts.

Our study has several strengths. The paired design in
patients and controls enabled to disentangle the effects of
GTN and the attack. Using a validated model to provoke
premonitory symptoms and migraine-like attacks
enabled us to capture the preclinical initiation phase of
attacks (Afridi et al., 2004), which is hardly possible for
spontaneous attacks due to their erratic nature.

F I GURE 4 Comparison of blood oxygen level-dependent (BOLD) responses to glucose ingestion in migraine participants in provoked

and spontaneous attacks. In the preictal phase of a glyceryl trinitrate (GTN)-induced migraine attack, the BOLD response to glucose is

higher compared with the interictal response at baseline (paired analysis; a). The response pattern in spontaneous attack is similar to the

pattern in GTN-induced attacks (b). After GTN infusion, this abnormal response pattern was only seen in the subgroup of migraine patients

who developed a migraine-like attack, that is, who were in the premonitory early phase of the attack. In the five migraine participants

scanned during a spontaneous attack, the response pattern in the spontaneous attack was similar to that in a GTN-provoked attack (c).

Visually, the BOLD responses in both spontaneous attacks and GTN-provoked attacks differ from the response at baseline without GTN. The

response pattern in spontaneous attacks reached statistical significance on between-group level (P < .0001) but not on intraindividual level

due to small sample sizes (P = .30) (d). Grey box indicates drinking period of which data were omitted from the analysis because they are

considered drinking artefacts. Error bars indicate 1 standard error
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Finally, we did manage to capture the presymptomatic
phase of migraine attacks in five patients, which allowed
for a clinical validation of the findings in GTN-provoked
attacks. We included only female migraine without aura
patients, limiting the overall generalizability. The results,
however, were a homogeneous study group. Although we
are aware that changes in gonadal hormones could
possibly have affected these findings, adjusting the main
analysis for this effect was not possible in a robust way
due to small numbers. An additional analysis however
showed that the time since last menstruation during the
GTN day did not differ between migraine and controls,
thereby minimizing its possible effect. In addition, the
time period between baseline and GTN scan session did
not differ between groups.

Theoretically, a nitric oxide donor such as GTN could
modify hypothalamic response to glucose ingestion, as
nitric oxide is known to affect insulin regulation
(Bahadoran et al., 2020). In obesity (Matsuda et al., 1999)
or diabetes type 2 patients (Vidarsdottir et al., 2007) simi-
lar blunted inhibitory fMRI responses to glucose have
been reported. In our study, this would not explain for
the migraine-control differences, because the GTN
protocol was similar in both groups, and none of the
participant had known diabetes. Technically, the small
ROI made the data acquisition susceptible to, for
example, drinking movement artefacts, leading to
exclusion of three subjects from the analyses. We were
not able to distinguish between the different hypotha-
lamic nuclei. Possibly, different nuclei could be involved
in different migraine attack phases, being hyperactive in
one phase and hypoactive in the other. More sophisti-
cated imaging techniques could perhaps be used in the
future to disentangle these possible differential effects.

5 | CONCLUSION

To conclude, this is the first study showing a disturbed
function or reactivity of the hypothalamus during the
earliest phases of both GTN-provoked and spontaneous
migraine attacks. This emphasizes the role of the hypo-
thalamus in the early phase of migraine attacks.
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