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Highlights

-Of 144 patients with migraine, Focal subdelta slow and Focal delta slow were observed
in EEG of 38 and 58 patients, respectively.

‘Focal subdelta slow showed a positive correlation with several clinical variables,
particularly with the phase of migraine.

-Focal subdelta slow or focal delta slow may help us delineate core or subgroup patient

populations of migraineurs.

Abstract

Objective: Cortical spreading depolarization is one possible pathogenesis of migraine,
of which slow neurophysiological change is barely recorded in conventional EEG
settings. Using wide-band EEG conditions, we reappraised the features of EEG in
migraineurs, including subdelta-band EEG changes.

Methods: This retrospective study included 144 patients with migraine. We delineated
EEG of focal delta slow (FDS) (1-4 Hz) by time constant (TC) 0.3 s and focal subdelta
slow (FSDS) (< 1 Hz) by TC 2 s. Relationships between clinical variables and EEG
findings were evaluated.

Results: Of 144 patients, 39 had aura and 105 did not. FSDS and FDS were observed in
38 and 58 patients, respectively. No EEG was recorded during the aura. In multivariate
analysis with the phase of migraine, family history, age, and percentage of sleep during
EEG recording, the phase of migraine was related to the occurrence of FSDS
(postdrome vs interictal, prodrome, and headache respectively (OR =49.00 [95% CI =

3.89-616.66], 46.28 [2.99-715.78], 32.79 [2.23-481.96], p = 0.0026, 0.0061, 0.011).
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FDS was clinically unremarkable for differential evaluation.

Conclusions: Wide-band EEG abnormality in migraineurs, i.e., FSDS, can be affected
by migraine phase.

Significance: Wide-band EEG finding could be a biomarker related to clinical variables

in migraines.

Key words: migraine, CSD, wide-band EEG

Abbreviations

SD, cortical spreading depression; CSD, cortical spreading depolarization; ECoG,
electrocorticogram; EEG, electroencephalography; MA, migraine with aura; MO
migraine without aura; DC, direct current; TC, time constant; FDS, focal delta slow;
FSDS, focal subdelta slow; EEGers, electroencephalographers; CT, computed
tomography; MRI, magnetic resonance imaging; ACNS, American Clinical

Neurophysiology Society; OR, odds ratio; CI, confidence interval;
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1. Introduction

Migraine is a common disorder characterized by headache attacks accompanied by
various neurological symptoms (Headache Classification Committee of the
International Headache, 2013). The 2019 Global Burden of Disease Survey ranked it as
the second most common cause of global disability (expressed as years lived with
disability) and the worst cause of disability-adjusted life year reduction in young
women (Steiner et al., 2020). The prevalence of migraine is age-dependent. Migraine
attacks begin in puberty, peak at approximately 40 years of age, and then decline.
Patients with migraines often have a family history of migraine (Silberstein, 2004).
Migraine attacks comprise not only the main headache phase but also the preceding
prodrome, aura, and postdrome phases. Patients often develop various symptoms as a
complex attack, which suggests a complex pathophysiology, but the underlying
mechanisms remain unclear (Blau, 1992). Cortical spreading depression (SD) is a well-
known phenomenon thought to underlie the pathogenesis of migraines. SD is preceded
by a depolarization, described as cortical spreading depolarization (CSD) (Charles et al.,
2013). CSD is defined as a large slow potential change measured in the low-frequency
range of an electrocorticogram (ECoG) in patients with acute traumatic brain injury or
cerebral ischemic attack (Drenckhahn et al., 2012). Multiple human neuroimaging
studies have indirectly suggested that SD underlies migraine (Hadjikhani et al., 2001,
Tfelt-Hansen, 2010). However, SD/CSD has never been observed in human patients
with migraine using electroencephalography (EEG), except in a previous
magnetoencephalography study (Bowyer et al., 2001).

EEG findings of migraineurs have been reported since the 1940s. In general



86  migraines (with the exception of hemiplegic migraines), the occurrence rate of EEG
87  abnormalities varies (approximately 15-65%) (Facchetti et al., 1990, Selby et al., 1960,
88  Smyth et al., 1964), as do EEG findings, such as focal slow, and diffuse slowing (Sand,
89 2003, Slatter, 1968). The difference in EEG between patients with migraine with aura
90  (MA) and migraine without aura (MO) is controversial (Coppola et al., 2019, Genco et
91  al., 1994). Therefore, until now, the clinical application of EEG in headache disorders
92  has been almost limited to differentiating from focal epilepsy (Report of the Quality
93  Standards Subcommittee of the American Academy of Neurology, 1995).
94  Currently, clinical EEG are mainly focused on brain activity in the frequency band
95 around 0.5 - 100 Hz. However, clinicians have started to use digital wide-band EEG
96 activities, such as very slow and fast frequency (Ikeda et al., 2020, Zijlmans et al.,
97  2017). In low-frequency band activity, activity < 1 Hz is focused on sleep,
98  consciousness, and epilepsy. For example, a direct current (DC) shift is a low-frequency
99  band activity thought to be related to epileptic seizures (Ikeda et al., 1999). Recent
100  reports have shown that CSD and its partial activity can be recorded by scalp EEG, even
101 with a time constant (TC) 2 s (high-pass filter 0.08 Hz) in patients with acute traumatic
102 brain injury (Tsukamoto et al., 2020) and in others (Murai et al., 2020). Based on these
103 reports, we considered that it may be possible to search for CSD or CSD-related
104  activities on scalp EEG of patients with migraine. DC shift and CSD are thought to be
105  generated by astrocytes because of their slow evolution, according to recent reports on
106  the underlying mechanism (Capendeguy et al., 2004, Charles et al., 2013, Tkeda et al.,
107 1999, Sugaya et al., 1975).
108 The analysis of wide-band EEG in migraineurs may provide new insights into

109 its pathogenesis and further clinical application. In this study, we reappraised the new
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scope of EEG in migraineurs diagnosed by board-certified headache specialists, that is,
focal delta slow (FDS) and focal subdelta slow (FSDS) (< 1 Hz) by board-certified
electroencephalographers (EEGers) using wide-band EEG. We sought to clarify whether
wide-band EEG could be a potential biomarker for headache disorders by assessing the

relationship between the new scope of EEG and clinical variables.

2. Methods

2.1. Patients

This retrospective case study included 145 patients with migraines who were treated at
the Tatsuoka Neurology Clinic and Tominaga Hospital between December 2019 and
April 2021. The research protocol was approved by the Ethical Committee of Kyoto
University Graduate School of Medicine (approval R2167). Written informed consent
was obtained from all patients before enrollment. They were diagnosed with migraine
according to ICHD-3 by board-certified headache specialists (Japanese Headache
Society) and EEG was performed based on R2167. Clinical variables were collected for
each patient including age, gender, aura, age at onset of migraine, family history,
frequency of headache attacks, frequency of drug use for headache attacks, disease
duration, use of drugs for prophylaxis, worsening by menstruation, history of abdominal
migraine, and use of psychiatric drugs and/or antiseizure drugs (ASM) (Tablel).
Immediately after EEG recording, each patient was questioned about the phase of
migraine (interictal or symptomatic, symptomatic phase including prodrome, aura,
headache, and postdrome) while undergoing EEG and the time interval from the last

headache attack. Clinical variables were collected from the clinical records (mainly of
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the first visit). Patients who had a brain lesion involving the cortex, such as old major
cerebrovascular disease (not a lacunar state), or a tumor on brain computed tomography

(CT) or magnetic resonance imaging (MRI), were excluded from the data analysis.

2.2. Electroencephalography (EEG)

Scalp-recorded EEG was obtained in a conventional manner using a multichannel EEG
machine (Nihon Kohden, Tokyo, Japan) with Ag-AgCl electrodes the International 10-
20 system and T1/T2 electrodes. Contact impedance of each electrode was kept at least
below 10 kQ. The EEGs were recorded for 30 min. The following activation procedures
were done during EEG recording: eye opening and closing, and photic stimulation of 1,
3,6,9, 12, 14 and 20 Hz. Hyperventilation was not done to prevent SARS-CoV2 from
spread in the EEG recording room just in case following the recommended protocol in
the hospital. The recording TC was set to 2 s (high-pass filter, 0.08 Hz) at a sampling
rate of 500 Hz. This TC setting has already been reported to allow us to evaluate low-
frequency band activity, including DC shift and CSD (Kajikawa et al., 2022, Murai et
al., 2020, Tsukamoto et al., 2020).

Each EEG was visually analyzed in a conventional manner. The display EEG
utilized reference electrode of A1 or A2 for referential montage and also common
average reference montage was applied. We evaluated focal delta-band (1-4 Hz) activity
(focal delta slow: FDS) with a TC 0.3 s (high-pass filter 0.53 Hz) and low-pass filter
120 Hz. We also evaluated subdelta band (< 1 Hz) activity as a FSDS with a TC 2 s and
a low-pass filter 15 Hz. Sensitivity for display was set to 10 uV/mm. We judged both
FDS and FSDS as present once the amplitude was > 50 pV with referential montage or

average montage, and once we confirmed that they were reproducible by observing
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them twice or more during whole 30-min recording. EEG interpretation was conducted
by standard methods according to the guideline of American Clinical Neurophysiology
Society (ACNS) (Tatum et al., 2016). EEG mimics, such as eye movements, movement
artifacts, and waveform changes seen only at one electrode, were excluded as artifacts.
The EEG waveforms of the FDS or FSDS were confirmed by two board-certified
EEGers (certified by Japanese Society of Clinical Neurophysiology, or also by ACNS).
EEGers were blinded to patent’s clinical information other than age, gender, and as a
patient with migraine.

In this study, we carefully accepted FDS or FSDS that were considered
abnormal by excluding normal variants of EEG findings as follows: 1) posterior slow
wave of youth: we judged it as normal when it was seen under 25 years old because it is
rarely seen above 21 years old (Mizrahi, 1996). 2) benign temporal transients of the
elderly (Schomer et al., 2011).

We also examined the relationship between the FDS and FSDS and the
patients’ clinical variables. Finally, we evaluated the laterality of symptoms and EEG
abnormalities in the following situations:

1. The dominant side of habitual migraine headache and the side of abnormal EEG
finding.

2. The dominant side of headache and the side of abnormal EEG findings when
headache phase occurred during EEG recording.

3. In patients with MA the dominant side of habitual aura and the side of EEG
abnormality.

4. The dominant side of habitual aura and the side of EEG abnormality when patients

with MA were in headache phase during EEG recording.
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We determined that the laterality was concordant if headache and EEG abnormalities
occurred on the same side because ipsilateral dural innervation via the trigeminal nerve
is thought to underlie migraine headache pain (Iyengar et al., 2019). If aura and EEG
abnormalities occurred on the opposite side, we judged that the laterality was
concordant because the symptoms of migraine aura are thought to be of cerebral cortical

origin (Tfelt-Hansen, 2010).

2.3. Statistical analysis

We analyzed the occurrence rates of FDS and FSDS. The relationship between these
EEG findings and clinical variables were analyzed using the chi-squared test. Fisher’s
exact test was used if a chi-square test was not available because 20% or more of the
cells have an expected value < 5. Odds ratios (ORs) and 95% confidence interval (CI)
were also calculated. Statistical comparisons were performed for clinical variables of
patients with MA and MO using the Welch’s #-test or chi-square test. If the chi-square
test was not available, the Fisher’s exact test was used. Multivariate analysis was used
for further assessment of the relationships between the occurrence of FSDS and each
clinical variable. We performed logistic regression analysis and calculated the OR for
each factor. However, the number of patients was insufficient to include all clinical
variables as explanatory variables in logistic regression analysis. Therefore, explanatory
variables were selected according to results of univariate analysis. All statistical analysis
were performed with JMP pro 17.0.0. A p-value of < 0.05 was considered to be

statistically significant.

3. Results
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The clinical demographics of the patients are presented in Table 1. We excluded one of
145 patients because the patient had an old cerebral infarction lesion on brain MRI. The
mean age + standard deviation (SD) of the enrolled 144 patients was 41.7+15.3 years.
Of the enrolled 144 patients, 39 had MA, and 105 had MO. The male: female ratio was
20/124. Of the 39 patients with MA, 38 had a visual aura and one patient had both
sensory and brainstem auras. Patients with hemiplegic migraines were excluded from
the enrollment. A summary of the analysis is shown in Table 2 and 3. Some patients had
other headache related disorders and/or psychiatric disorders as comorbidities. We also
performed analysis after excluding those comorbidities (medication-overuse headache,
tension-type headache, depression, panic disorder, anxiety disorder and personality
disorder) (Table S1, S2 and S3). Psychiatric drugs and/or ASM were used for migraine

prophylaxis, psychiatric disorders or unknown reason (Table S4).

3.1. EEG findings: FSDS was always in the posterior area whereas FDS was
located differently by patients’ age

The representative waveforms are shown in Figure 1. We were not able to evaluate
FSDS in 3 patients because their baseline EEG drifts prevented us from evaluation with
a TC 2 s. FSDS was observed in 38 of the 144 patients. All FSDS were observed in the
posterior area during sleep. This was more seen in under 40 years (OR =5.21 [95% CI
=2.28-11.93]; p < 0.0001) (Figure 2A). FSDS was seen 37/122 in female and 1/19 in
male, and FSDS occurrence rate was significantly higher in female than in male (OR =
7.84 [95% CI =1.01-60.89]; p = 0.022). The occurrence of FSDS did not differ between
patients with MA and those with MO.

FDS was observed in 58 of the 144 patients. The location of FDS tended to

10
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differ by age (Figure 2B). Thus, we divided the patients into the following two groups:
under 40 years old vs. at or over 40 years old, and performed a statistical analysis. FDS
was seen in the posterior area in < 40 years old patients (OR =4.90 [95% CI = 1.70-
14.14]; p = 0.0017), while in the temporal area in patients at and over age 40 (OR =
9.92 [95% CI =2.21-44.56]; p = 0.0004). FDS occurrence did not differ between MA
and MO patients and was also commonly observed in the posterior area in both groups.
Additionally, as a minor finding, we found generalized slow in 6, sharp waves
in 1, and sharp transients (morphologically resembling normal or non-specific sharply
contoured waveforms (Sultana et al., 2021)) in 8 out of 144 patients with conventional

EEG review conditions.

3.2. Phase of the migraine and EEG findings: FSDS was significantly seen in a
symptomatic phase

We further classified the EEG according to the phase of the migraine (interictal,
prodrome, headache, and postdrome) during EEG recording. No EEGs were recorded
during aura. The occurrence rates of the FSDS and FDS in each phase are shown in
Figure 3. FSDS was observed more frequently in the symptomatic phase (including the
phase of prodrome, headache and postdrome) than in the interictal phase (OR = 2.29
[95% CI =1.05-4.97]; p = 0.035) (Table 2). In contrast, FDS occurred almost similarly
in each phase. The occurrence rates of FDS and FSDS did not differ between patients

with MA and those with MO in each phase.

3.3. Family history was positively related to the occurrence of FSDS

FSDS occurred more frequently in the group with a family history of migraine than in

11
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those without (OR =2.58 [95% CI=1.11-6.01]; p = 0.026). However, a family
history of migraine was not associated with the occurrence of FDS (Figure 4, Table 2

and 3).

3.4. The other clinical variables and EEG findings

The occurrence rate of either FDS or FSDS was not affected by any of the following
parameters: frequency of use of drugs for headache attacks, time interval from the last
attack, use of drugs for prophylaxis, use of psychiatric drugs and/or ASM, worsening by
menstruation, and presence of a history of abdominal migraine (Table 2 and 3).

We found that FSDS occurred in a group with frequency of headache attack > 15/month
than in a group with 9-14/month (OR = 6.75 [95% CI = 1.31-34.85]; p = 0.014). With
regards to disease duration and age at onset of migraine, FSDS was frequently observed
in a group with < 20 years of disease duration than > 20 years (OR =2.37 [95% CI =
1.10-5.11]; p = 0.026), and in a group with onset age < 20 years than > 20 years old (OR
=3.48 [95% CI = 1.40-8.65]; p = 0.0054). We also analyzed age and sleep status of the
recorded EEG for confounding factors. The group with the frequency of headache
attack > 15/month, the group with < 20 years of disease duration, and the group with
onset age < 20 years old were younger than other groups (p = 0.0091, p <0.001, p <
0.001), the above three groups reached stage N2 more frequently (»p = 0.033, p = 0.072,

p=0.01).

3.5. Multivariate analysis showed that the phase of migraine was associated with
the occurrence of FSDS

Considering the sample size, the stability of model for logistic regression analysis, and
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the results of the above univariate analysis, we performed logistic regression analysis
for the occurrence of FSDS using four factors: the phase of migraine, family history, age
(< 40 years old, or > 40 years old), and percentage of sleep during EEG recording. The
phase of migraine (postdrome vs interictal OR = 49.00 [95% CI = 3.89-616.66]; p =
0.0026, postdrome vs prodrome OR = 46.28 [95% CI =2.99-715.78]; p = 0.0061,
postdrome vs headache OR = 32.79 [95% CI = 2.23-481.96]; p = 0.011), age (OR =
5.67 [95% CI=2.07-15.50]; p = 0.0007), and percentage of sleep (OR = 1.04 [95% CI
=1.02-1.07]; p = 0.0009) was significantly related to the occurrence of FSDS. Family
history showed a tendency related to FSDS occurrence but did not show a significance

in multivariate analysis (OR = 2.49 [95% CI 0.93-6.71]; p = 0.070) (Table 4).

3.6. Results in populations without comorbidities

Once comorbidities excluded, we still found similar tendency between EEG findings
and clinical variables (Table S2 and S3). FSDS was tended to occur more frequently in
female than male patients (OR = 6.28 [95% CI = 0.78-50.41]; p = 0.061). For migraine
symptom phases, FSDS occurred more frequently in the symptomatic phase than in the
interictal phase (OR = 1.93 [95% CI = 0.77-4.84]; p = 0.16). FSDS occurred more
frequently in the group of positive family history of migraine than in the negative one
(OR =2.26 [95% CI = 0.85-6.01]; p = 0.099). With comorbidity factors excluded, FDS
more frequently occurred in the group of no abdominal migraine than in the group of
positive abdominal migraine (OR = 0.17 [0.036-0.77]; p = 0.012). Multivariate analysis
was not performed for the populations without comorbidities because the number of

patients was limited.
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3.7. The laterality of symptoms and EEG abnormality did not show correlation
The laterality of the FDS or FSDS did not match any of the following variables: the
dominant side of habitual headache, dominant side of headache while recording EEG in
the headache phase, dominant side of habitual aura in patients with MA, and dominant
side of habitual aura in the headache phase. Statistical analysis was not performed

because of the limited number of patients included (Table S5).

4. Discussion

We tried to clarify the correlation between so-called wide-band EEG abnormalities and
clinical variables in 144 patients with migraine. FDS occurred in 58 patients and FSDS
in 38. With regard to location of them, the FDS was observed in the posterior head area
in patients aged < 40 years and in the temporal area in patients aged > 40 years. FSDS
was always observed in the posterior parts.

The occurrence of FSDS was positively correlated with several clinical
variables as follows. 1) FSDS occurred in female than male, and 2) it was significantly
more common during the symptomatic phase than during the interictal phase. 3)
Moreover, FSDS occurred significantly higher in positive family history of migraine
than negative family history. 4) The frequency of headache attacks, disease duration,
and age at migraine onset were positively correlated with FSDS occurrence. In
multivariate analysis using four explanatory variables (the phase of migraine, family
history, age, and percentage of sleep during EEG recording), the phase of migraine, age,
and percentage of sleep were related to the occurrence of FSDS significantly. However,

we did not find a difference in either the FDS or FSDS between MA and MO patients in
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this study. No clear concordance in laterality was observed between the EEG
abnormalities and clinical symptoms. Once comorbidities excluded, we found similar
tendency between EEG findings and clinical variables. Some results showed no
statistical significance possibly because the number of patients were not enough.

In this study, we selected visual inspection rather than time-frequency analysis
as a method of EEG evaluation because visual analysis is still considered to be the gold
standard in clinical EEG (Kural et al., 2020, Tatum et al., 2018). Furthermore, the
present study included patients who have slow activity rather infrequently, and thus in
those patients time-frequency analysis may have less sensitivity. Further case

accumulation may allow time-frequency analysis.

4.1. Differences between MA and MO patients

MA is characterized by auras, transient focal neurological symptoms that precede or
sometimes accompany the headache at the same time (Headache Classification
Committee of the International Headache, 2013). Therefore, it was expected that
patients with MA would have EEG abnormalities during aura. In this study, we mainly
analyzed the interictal phase of EEG; EEG during aura was not included in our analysis
because no cases of EEG were recorded during aura (Figure 3). This partially explains
why we did not observe a difference in EEG abnormalities between the patients with
MA and those with MO, although a recent study in a small cohort reported that high-
dense scalp EEG with DC amplifier failed to record CSD during visual aura (Riederer et
al., 2024). The differences between MA and MO remain controversial. Some reports
compared EEG between MA and MO; for example, delta power increased the whole

scalp in patients with MA compared to those with MO. However, these results did not
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reach a consensus (Coppola et al., 2019, Genco et al., 1994). CSD is thought to be
related to aura (Hadjikhani et al., 2001, Tfelt-Hansen, 2010), which demarcates the two
subtypes of migraine. However, some researchers have described that CSD might occur
even in MO and that CSD may not necessarily generate neurological symptoms
clinically (Imamura et al., 2008). Therefore, our results imply that the
electrophysiological pathology of the two is common, at least at the level of the scalp-
recorded, wide-band EEG. In addition, patients with MA involved at times may
manifest not only MA but also MO in general, which is another reason as to why it is

difficult to distinguish between the two.

4.2. Feature of FSDS

In this study, we evaluated subdelta band (< 1 Hz) activity as an FSDS using wide-band
EEG. Evaluating subdelta band activity of EEG in patients with migraine is a new
approach.

Difference between female and male

Patients with migraine are more female than male (Silberstein, 2004). It was reported
that hormone in women can trigger acute migraine attack (Kelman, 2007). Several
studies using model mice showed female or ovarian hormone reduced threshold to
induce CSD or increase susceptibility of CSD (Brennan et al., 2007, Eikermann-Haerter
et al., 2009). FSDS which we found in this study may reflect the difference of migraine
pathology between female and male. However, because there was a large difference in
the number of female and male of the whole subjects in this study, we need careful
interpretation.

Phase of migraine attack and FSDS
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We found that the occurrence of FSDS was associated with the phase of migraine attack.
The FSDS was significantly more common in the symptomatic phase than in the interictal
phase. This result suggests that it reflects changes in brain abnormalities during migraine
attacks. FSDS would at least partly share the common features of CSD or fragmented
CSD recorded by scalp EEG because FSDS was mainly seen during the symptomatic
phase. However, this argument needs to be evaluated carefully because we did not have
any patients whose EEG were examined during aura in this study.

Family history and FSDS

Genetic factors may be associated with migraine, and in the present study, FSDS was
significantly observed in the group with a positive family history of migraine in
univariate analysis. In addition, a previous animal study showed that gene mutations
underlying familial hemiplegic migraine (FHM) increase susceptibility to CSD (Charles
etal., 2013, Leo et al., 2011, van den Maagdenberg et al., 2004). In multivariate
analysis, the family history of migraine did not show a significant relationship with
FSDS occurrence but there was a tendency that it to be related with FSDS occurrence.
The limited number of patients may be one of the reasons why no significant difference
was found in this study. Wide-band EEG studies of the FHM cohort will further reveal
how genetic factors affect electrophysiological phenotypes in migraineurs.

Physiology and interpretation of FSDS

The physiological basis of the FSDS has not yet been fully established. There are
several possibilities as follows:1) focal hypofunctional abnormality of the distributed
area, which is the same as focal slow activity in the classical EEG interpretation. 2)
Activities related to CSD, or at least partly or fragmentedly reflect CSD (Tsukamoto et

al., 2020), and it has been suggested that low-frequency activities such as ictal DC shifts
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and CSD are related to the activities of astrocytes (Capendeguy et al., 2004, Ikeda et al.,
1999, Sugaya et al., 1975). It remains controversial how well the activity of astrocytes
can be recorded on scalp EEG. 3) Physiological sleep-related EEG changes because we
observed activity during sleep and the factor of sleep was significantly related to the
occurrence of FSDS in multivariate analysis. Physiological sleep-related subdelta band
activity is usually distributed in the frontal area (Evans, 2003), although this distribution
differs from our present findings.

As documented in our results, EEG changes in general migraines were
moderate. It has been hypothesized that EEG changes are modulated by various factors,
including gender, the phase of the migraine and genetic factors that may be related to
CSD. In addition, clinical symptoms, such as the aura of the MA, could occur owing to
these factors influencing neurons. Future studies should consider not only neurons or
non-neuronal structures, including astrocytes, but also their combined eftects on clinical
symptoms and EEG findings.

The other clinical variables and FSDS

We found that FSDS was dependent on disease duration, headache frequency, and
migraine onset age. However, these results may have been influenced by patient age and
sleep stage during EEG recording as confounding factors. Patients’ ages and/or the
presence of stage N2 were significantly different. The young age of the patients and the

presence of stage N2 may explain these results.

4.3. Feature of FDS different from FSDS: its location dependent on age
Previous reports on the occurrence rate of FDS varied (approximately 12-50%)

(Hockaday et al., 1969, Slatter, 1968). Our FDS occurrence rate is concordant with these
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results. Limited reports refer to the location of the FDS. In our study, we found that FDS
was observed in the posterior area in younger patients aged < 40 years and in the
temporal area in patients aged > 40 years. Heathy middle to old persons > 45 years have
“benign temporal transients of the elderly” as normal variant (Schomer et al., 2011). It
has been reported to reflect a mild degree of vulnerability in the temporal area
functionally in electrophysiology, and this area tends to have a theta range of slow
activity with aging. Thus, FDS may represent hypofunction due to migraine attacks
during the long course of the disease, and therefore it was thought to occur in the
temporal area in patients aged > 40 years. In addition, it is well known that the clinical
conditions of migraines change with life stage, especially in women (Makita et al.,
2017, Silberstein, 2004). Thus, the finding that the location of the FDS differs by age
may reflect age-related changes in the pathology of migraine or ontogenetic features of
the cortical lobes, although this needs further validation, including comparison with
normal group data.

Some reports described that the occurrence of delta activity is related to disease
duration or family history, and a higher EEG abnormality at juvenile onset. However, no
general consensus has been reached (Hockaday et al., 1969, Smyth et al., 1964). We
also did not find any relationship between the occurrence of FDS and clinical variables,
except for age. Therefore, we believe that the FDS may reflect a common pathology of
migraines. According to the present study, there were no common results to the
relationships between FSDS/FDS and clinical variables, suggesting that the generator of
each EEG change is different. After comorbidities were excluded, we found FDS more
frequently in the group without history of abdominal migraine, but its significance was

unknown. Further study is needed for this result.
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4.4. Limitations

This study had several limitations. First, this study did not include a control group
because of the difficulty in enrolling participants without a history of headache attacks
that were caused by migraines. Due to the high prevalence of headache symptoms and
disorders, it could not be ensured that the patients with migraine or other headache
disorders were excluded from the control group undergoing EEG. However, we found
the EEG abnormalities by the board-certified EEGers and showed that no difference
was observed between MA/MO patients in migraineurs correctly diagnosed by the
board-certified headache specialists. Seconds, the number of patients was insufficient
especially for multivariate analysis. Therefore, it was not possible to evaluate all clinical
variables in multivariate analysis. Third, in this study, clinical variables were collected
from the medical records. Therefore, the frequency of headache attacks was self-
reported by patients, which we thought is considered as the best approach in clinical
settings. We analyzed the frequency of “headache attacks™ as clinical variables,

although we thought these headache attacks were almost migraine attacks.

5. Conclusions

We found that FDS and FSDS at a certain rate in the EEG of migraineurs and that FSDS
had relationships with clinical variables. Although further studies are needed to evaluate
the clinical utility of the FSDS and FDS, they could be a biomarker related to the
clinical variables and migraine pathology. Therefore, in future studies, it will be useful

to focus on the FSDS and record EEG during the aura phase. In addition, it is clinically
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467  useful for migraineurs to show FSDS as well as FDS at a certain rate on EEG. Diseases
468  other than general migraine should be considered if patients have severe EEG

469  abnormalities beyond our report. Further EEG studies in patients with hemiplegic

470  migraine with severe symptoms and clear genetic factors could elucidate the usefulness
471  of wide-band digital EEG in migraineurs.

472

21



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

Conflict of Interest Statement

The authors declared the following potential conflict of interest with respect to the
research, authorship, and/or publication of this article: KU belongs to the Department of
Epilepsy, Movement Disorders and Physiology, Kyoto University Graduate School of
Medicine, which is an Industry-Academia Collaboration supported by a grant from
Eisai Co., Ltd, NIHON KOHDEN CORPORATION, Otsuka Pharmaceutical Co., and

UCB Japan Co., Ltd.,

Al belongs to the Department of Epilepsy, Movement Disorders and Physiology, Kyoto
University Graduate School of Medicine, which is an Industry-Academia Collaboration
supported by a grant from Eisai Co., Ltd, NJHON KOHDEN CORPORATION, Otsuka
Pharmaceutical Co., and UCB Japan Co., Ltd., and received research supports from
Japanese Society for the Promotion of Science KAKENHI (20K21573).

KH, Yuu Tatsuoka, DD, TT, Yoshihisa Tatsuoka, RT reports no disclosures relevant to

the manuscript.

Author Contributions

KH and KU contributed to the conception and design of the study, acquisition and
analysis of data, drafting a significant portion of the manuscript or figures

Yuu Tatsuoka: acquisition and analysis of data

DD, TT, and Yoshihisa Tatsuoka contributed to the acquisition of data, conception and
design of the study

RT contributed to the conception and design of the study

22



496

497

498

499

500

501

502

503

504

505

506

507

Al contributed to the conception and design of the study, analysis or interpretation of

data

Acknowledgement
The authors disclosed receipt of the following financial support for the research,
authorship, and/or publication of this article: This work was supported by Japanese

Society for the Promotion of Science KAKENHI (20K21573 to A.L).

Data Availability

The data and data codes used in this study are available upon reasonable request from

the corresponding author.

23



508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

References

Blau JN. Migraine: theories of pathogenesis. Lancet 1992;339: 1202-1207. DOL:
10.1016/0140-6736(92)91140-4.

Bowyer SM, Aurora KS, Moran JE, Tepley N and Welch KM.
Magnetoencephalographic fields from patients with spontaneous and induced migraine
aura. Ann Neurol 2001; 50: 582-587. DOI: 10.1002/ana.1293.

Brennan KC, Romero Reyes M, Lopez Valdes HE, Arnold AP and Charles AC.
Reduced threshold for cortical spreading depression in female mice. Ann Neurol 2007,
61: 603-606. DOI: 10.1002/ana.21138.

Capendeguy O and Horisberger JD. Functional effects of Na+,K+-ATPase gene
mutations linked to familial hemiplegic migraine. Neuromolecular Med 2004; 6: 105-116.
DOI: 10.1385/NMM:6:2-3:105.

Charles AC and Baca SM. Cortical spreading depression and migraine. Nat Rev
Neurol 2013; 9: 637-644. DOI: 10.1038/nrneurol.2013.192.

Coppola G, Di Lorenzo C, Parisi V, Lisicki M, Serrao M and Pierelli F. Clinical
neurophysiology of migraine with aura. J Headache Pain 2019; 20: 42. DOI:
10.1186/s10194-019-0997-9.

Drenckhahn C, Winkler MK, Major S, Scheel M, Kang EJ, Pinczolits A, et al.
Correlates of spreading depolarization in human scalp electroencephalography. Brain
2012; 135: 853-868. DOI: 10.1093/brain/aws010.

Eikermann-Haerter K, Dilekoz E, Kudo C, Savitz SI, Waeber C, Baum MJ, et al.
Genetic and hormonal factors modulate spreading depression and transient hemiparesis
in mouse models of familial hemiplegic migraine type 1. J Clin Invest 2009; 119: 99-109.

DOI: 10.1172/JCI36059.

24



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

Evans BM. Sleep, consciousness and the spontaneous and evoked electrical
activity of the brain. Is there a cortical integrating mechanism? Neurophysiol Clin 2003;
33: 1-10. DOI: 10.1016/s0987-7053(03)00002-9.

Facchetti D, Marsile C, Faggi L, Donati E, Kokodoko A and Poloni M. Cerebral
mapping in subjects suffering from migraine with aura. Cephalalgia 1990; 10: 279-284.
DOI: 10.1046/1.1468-2982.1990.1006279 x.

Genco S, de Tommaso M, Prudenzano AM, Savarese M and Puca FM. EEG
features in juvenile migraine: topographic analysis of spontaneous and visual evoked
brain electrical activity: a comparison with adult migraine. Cephalalgia 1994; 14: 41-46;
discussion 44. DOI: 10.1046/j.1468-2982.1994.1401041 .x.

Hadjikhani N, Sanchez Del Rio M, Wu O, Schwartz D, Bakker D, Fischl B, et
al. Mechanisms of migraine aura revealed by functional MRI in human visual cortex.
Proc Natl Acad Sci U S A 2001; 98: 4687-4692. DOI: 10.1073/pnas.071582498.

Headache Classification Committee of the International Headache S. The
International Classification of Headache Disorders, 3rd edition (beta version).
Cephalalgia 2013; 33: 629-808. DOI: 10.1177/0333102413485658.

Hockaday JM and Whitty CW. Factors determining the electroencephalogram in
migraine: a study of 560 patients, according to clinical type of migraine. Brain 1969; 92:
769-788. DOI: 10.1093/brain/92.4.769.

Ikeda A, Takeyama H, Bernard C, Nakatani M, Shimotake A, Daifu M, et al.
Active direct current (DC) shifts and "Red slow": two new concepts for seizure
mechanisms and identification of the epileptogenic zone. Neurosci Res 2020; 156: 95-
101. DOI: 10.1016/j.neures.2020.01.014.

Ikeda A, Taki W, Kunieda T, Terada K, Mikuni N, Nagamine T, et al. Focal ictal

25



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

direct current shifts in human epilepsy as studied by subdural and scalp recording. Brain
1999; 122: 827-838. DOI: 10.1093/brain/122.5.827.

Imamura K, Takeshima T, Fusayasu E and Nakashima K. Increased plasma
matrix metalloproteinase-9 levels in migraineurs. Headache 2008; 48: 135-139. DOI:
10.1111/5.1526-4610.2007.00958.x.

Iyengar S, Johnson KW, Ossipov MH and Aurora SK. CGRP and the Trigeminal
System in Migraine. Headache 2019; 59: 659-681. DOI: 10.1111/head.13529.

Kajikawa S, Matsuhashi M, Kobayashi K, Hitomi T, Daifu-Kobayashi M,
Kobayashi T, et al. Two types of clinical ictal direct current shifts in invasive EEG of
intractable focal epilepsy identified by waveform cluster analysis. Clin Neurophysiol
2022; 137: 113-121. DOI: 10.1016/j.clinph.2022.02.021.

Kelman L. The triggers or precipitants of the acute migraine attack. Cephalalgia
2007; 27: 394-402. DOI: 10.1111/5.1468-2982.2007.01303 .x.

Kural MA, Duez L, Sejer Hansen V, Larsson PG, Rampp S, Schulz R, et al.
Criteria for defining interictal epileptiform discharges in EEG: A clinical validation study.
Neurology 2020; 94: €2139-e2147. DOI: 10.1212/WNL.0000000000009439.

Leo L, Gherardini L, Barone V, De Fusco M, Pietrobon D, Pizzorusso T, et al.
Increased susceptibility to cortical spreading depression in the mouse model of familial
hemiplegic migraine type 2. PLoS Genet 2011; 7: €1002129. DOI:
10.1371/journal.pgen.1002129.

Makita K, Inagaki M, Kitamura S and Tatsuoka Y. Changes in migraine before
and after menopause in Japanese climacteric women. Cephalalgia 2017; 37: 1088-1092.
DOI: 10.1177/0333102416653234.

Mizrahi EM. Avoiding the pitfalls of EEG interpretation in childhood epilepsy.

26



580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

Epilepsia 1996; 37 Suppl 1: S41-51. DOIL: 10.1111/5.1528-1157.1996.tb06021 .x.

Murai T, Hitomi T, Matsuhashi M, Matsumoto R, Kawamura Y, Kanda M, et al.
Scalp EEG Could Record Both Ictal Direct Current Shift and High-Frequency Oscillation
Together Even With a Time Constant of 2 Seconds. J Clin Neurophysiol 2020; 37: 191-
194. DOI: 10.1097/wnp.0000000000000670.

Neurology. RotQSSotAAo. Practice parameter: the electroencephalogram in the
evaluation of headache (summary statement). Report of the Quality Standards
Subcommittee of the American Academy of Neurology. Neurology 1995; 45: 1411-1413.
DOI: 10.1212/wnl.45.7.1411.

Riederer F, Beiersdorf J, Lang C, Pirker-Kees A, Klein A, Scutelnic A, et al.
Signatures of migraine aura in high-density-EEG. Clin Neurophysiol 2024; 160: 113-120.
DOI: 10.1016/j.clinph.2024.01.008.

Sand T. Electroencephalography in migraine: a review with focus on quantitative
electroencephalography and the migraine vs. epilepsy relationship. Cephalalgia 2003; 23
Suppl 1: 5-11. DOI: 10.1046/7.1468-2982.2003.00570.x.

Schomer DL, Lopes da Silva FH and Niedermeyer E. Niedermeyer's
electroencephalography : basic principles, clinical applications, and related fields. 6th ed.:
Wolters Kluwer Health/Lippincott Williams & Wilkins, 2011, pp.375-394.

Selby G and Lance JW. Observations on 500 cases of migraine and allied
vascular headache. J Neurol Neurosurg Psychiatry 1960; 23: 23-32. DOI:
10.1136/jnnp.23.1.23.

Silberstein SD. Migraine. Lancet 2004; 363: 381-391. DOI: 10.1016/s0140-
6736(04)15440-8.

Slatter KH. Some clinical and EEG findings in patients with migraine. Brain

27



604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

1968; 91: 85-98. DOI: 10.1093/brain/91.1.85.

Smyth VOG and Winter AL. The EEG in migraine. Electroencephalogr Clin
Neurophysiol 1964; 16: 194-202. DOI: 10.1016/0013-4694(64)90038-0.

Steiner TJ, Stovner LJ, Jensen R, Uluduz D, Katsarava Z and Lifting The
Burden: the Global Campaign against H. Migraine remains second among the world's
causes of disability, and first among young women: findings from GBD2019. J Headache
Pain 2020; 21: 137. DOI: 10.1186/s10194-020-01208-0.

Sugaya E, Takato M and Noda Y. Neuronal and glial activity during spreading
depression in cerebral cortex of cat. J Neurophysiol 1975; 38: 822-841. DOI:
10.1152/jn.1975.38.4.822.

Sultana S, Hitomi T, Daifu Kobayashi M, Shimotake A, Matsuhashi M,
Takahashi R, et al. A Long Time Constant May Endorse Sharp Waves and Spikes Over
Sharp Transients in Scalp Electroencephalography: A Comparison of After-Slow Among
Different Time Constants Concordant With High-Frequency Activity Analysis. Front
Hum Neurosci 2021; 15: 748893. DOI: 10.3389/fnhum.2021.748893.

Tatum WO, Olga S, Ochoa JG, Munger Clary H, Cheek J, Drislane F, et al.
American Clinical Neurophysiology Society Guideline 7: Guidelines for EEG Reporting.
J Clin Neurophysiol 2016; 33: 328-332. DOI: 10.1097/WNP.0000000000000319.

Tatum WO, Rubboli G, Kaplan PW, Mirsatari SM, Radhakrishnan K, Gloss D,
et al. Clinical utility of EEG in diagnosing and monitoring epilepsy in adults. Clin
Neurophysiol 2018; 129: 1056-1082. DOI: 10.1016/j.clinph.2018.01.019.

Tfelt-Hansen PC. History of migraine with aura and cortical spreading
depression from 1941 and onwards. Cephalalgia 2010; 30: 780-792. DOI:

10.1111/5.1468-2982.2009.02015 .x.

28



628

629

630

631

632

633

634

635

636

637

638

639

640

Tsukamoto T, Kajikawa S, Hitomi T, Funaki T, Urushitani M, Takahashi R, et al.
[Scalp-recorded cortical spreading depolarizations (CSDs) of EEG with time constant of
2 seconds in a patient with acute traumatic brain injury]. Rinsho Shinkeigaku 2020; 60:
473-478. DOL: 10.5692/clinicalneurol.60.cn-001421.

van den Maagdenberg AMJIM, Pietrobon D, Pizzorusso T, Kaja S, Broos LAM,
Cesetti T, et al. A Cacnala Knockin Migraine Mouse Model with Increased Susceptibility
to Cortical Spreading Depression. Neuron 2004; 41: 701-710. DOI: 10.1016/s0896-
6273(04)00085-6.

Zijlmans M, Worrell GA, Dumpelmann M, Stieglitz T, Barborica A, Heers M, et
al. How to record high-frequency oscillations in epilepsy: A practical guideline. Epilepsia

2017; 58: 1305-1315. DOI: 10.1111/epi.13814.

29



641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Figure Legends

Figure 1. Representative EEG waveforms in migraineurs. (A) Focal subdelta slow
(FSDS) on the bilateral occipital observed in a 31-year-old female patient with migraine
with aura (MA). (B) Focal delta slow (FDS) on the bilateral occipital area observed in a
53-year-old female patient with MA. (C) FDS on the left frontotemporal observed in a
53-year-old female patient with migraine without aura (MO). Time constant (TC) 2 s
(high-pass filter 0.08 Hz) in (A), TC 0.3 s (high-pass filter 0.53 Hz) in (B) and (C).

Low-pass filter is 15 Hz in (A), 120 Hz in (B) and (C).

Figure 2. The number and the location of FSDS and FDS. (A) Effect of age and
MA/MO status of patients on FSDS occurrence. Note that FSDS tended to be observed
in patients younger than 40 years and was equally found in both MA patients and MO
patients. (B) Age and MA/MO status of patients linked to FDS. Patients younger than
40 years tended to have FDS in the posterior area while patients at age 40 years and
older tended to have temporal FDS. FDS was equally seen in both MA patients and MO
patients. O: occipital, PO: parietooccipital, PQ: posterior quadrant, T: temporal, F:
frontal, multi: multiple, none: no FSDS or no FDS. All other conventions are the same

as in Figure 1.

Figure 3. Symptomatic phase dependence on EEG findings in migraineurs. (A) The
occurrence rate and location of FSDS in variable phases of migraine. (B) The

occurrence rate and location of FDS in variable phases of migraine. Note that the

occurrence rate of FDS was not significantly different in each phase. * p <0.05. The
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other conventions are the same as in Figure 2. $Symptomatic phase includes prodrome,
headache, and postdrome. The phase of aura was not included in the symptomatic phase

because no cases of EEG recorded during aura were obtained.

Figure 4. Effect of family history on EEG findings. (A) The occurrence rate and location
of FSDS in migraineurs with family history (FH+) and in those without (FH-). (B) The
occurrence rate and location of FDS in migraineurs with FH+ and FH-. The other

conventions are the same as in Figure 2.
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Table 1. Patient demographics

Clinical variables MA patients MO patients  Total p-value
n=39 n =105 n =144 MA patients vs. MO patients

Age, y (mean £ SD) 41.8%16.5 41.6+14.9 417153 0.95°
Female, n 31 93 124 0.16°
Phase of migraine while recording EEG, n (%)

Interictal 22 (59.5) 70 (68.6) 92 (66.2) 0.31°

Prodrome 4(10.8) 12 (11.8) 16 (11.5) 1¢

Aura 0(0) 0(0) 0(0)

Headache 10 (27.0) 16 (15.7) 26 (18.7) 0.13°

Postdrome 1(2.7) 4 (3.9 5(3.6) 1¢
Positive Family History 22 63 85 0.86°
Frequency of headache attacks (/month) mean (range) 6.5 (0-30) 9.9 (0-30) 9.0 (0-30) 0.015%*
Days since last attack, days mean (range) 12.7 (1-45) 8.0 (0-60) 9.0 (0-60) 0.222
Disease duration, y mean (range) 24.6 (1-73.5)  21.9 (0-60) 22.6 (0-73.5) 0.39*
Age at onset of migraine, y mean (range) 16.8 (3-36) 19.5 (3-58) 18.8 (3-58) 0.122
Worsening by menstruation 13/29 54/85 66/114 0.08°
Positive history of abdominal migraine 8 14 22 0.26°
Frequency of drug use for headache attack (/month) 7.7 (0-75) 8.1 (0-60) 8.0 (0-75) 0.88?
mean (range)
Use of drugs for prophylaxis 12 48 60 0.13b
Use of psychiatric drugs and/or antiseizure drugs 6 33 39 0.06°
Sleep period during EEG recording (%) mean (range) 37.8 (0-70) 41.9 (0-90) 40.8 (0-90) 0.312

Abbreviations MA, migraine with aura; MO, migraine without aura

p-values were calculated using Welch’s ¢ test (a), chi-square test (b), and Fisher’s exact test (¢).

Patients with unavailable data were excluded before p-value calculation for each clinical variable.



Table 2. The occurrence rate of FSDS in each clinical variable.

Clinical variables FSDS (%) Odds ratio [95% CI] p-value
Phase of migraine
Symptomatic phase 18/47 (38.3%)
Prodrome 4/16 (25.0%) 1.23 [0.36-4.24]¢
Headache 10/26 (38.5%) 2.30[0.90-5.89]¢
Postdrome 4/5 (80.0%) 14.7 [1.55-139.71]¢
Interictal phase 19/89 (21.3%) 2.29 [1.05-4.97] 0.035*
Family History
+ 29/84 (34.5%)
- 9/53 (17.0%) 2.58 [1.11-6.01] 0.026*
Age
<40 years old 28/64 (43.8%)
> 40 years old 10/77 (13.0%) 5.21 [2.28-11.93] <0.0001*
Sex
Female 37/122 (30.3%)
Male 1/19 (5.3%) 7.84 [1.01-60.89] 0.022*
Frequency of headache attacks
= 15/month 12/28 (42.9%)
9-14/month 2/20 (10.0%) 6.75 [1.31-34.85]° 0.014*>
0-8/month 24/93 (25.8%) 2.16 [0.89-5.2]° 0.084¢
Frequency of drug use for headache attacks
< 10/month 28/107 (26.2%)
= 10/month 9/30 (30.0%) 0.83 [0.34-2.02] 0.68
Disease duration
<20 years 24/66 (36.4%)
> 20 years 14/72 (19.4%) 2.37 [1.10-5.11] 0.026*
Age at onset of migraine
<20 years old 31/87 (35.6%)
= 20 years old 7/51 (13.7%) 3.48 [1.40-8.65] 0.0054*
Latest attack
The day and the day before 5/17 (29.4%)
> 2 days ago 11/62 (17.7%) 1.93 [0.56-6.61] 0.32?
Use of drugs for prophylaxis
+ 15/59 (25.4%)
- 23/81 (28.4%) 0.86 [0.40-1.84] 0.70
Use of psychiatric drugs and/or antiseizure
drugs
+ 10/38 (26.3%)
- 28/102 (27.5%) 0.94 [0.41-2.19] 0.89
Worsening by menstruation
+ 19/66 (28.8%)
- 15/46 (32.6%) 0.84 [0.37-1.89] 0.67
History of abdominal migraine
+ 3/22 (13.6%)
- 33/114 (28.9%) 0.39[0.11-1.4] 0.14
Sleep period during EEG recordings
+ 38/134 (28.4%)
- 0/10 (0.0%) 3.96 [0.49-31.99] 0.0632

Abbreviations: FSDS, focal subdelta slow; CI, confidence interval

p-values were calculated using the chi-square test. * Calculated using Fisher’s exact test. ® Comparison between > 15/month

and 9-14/month. ¢ Comparison between > 15/month and 0-8/month. ¢ Comparison with interictal phase. FSDS was not

evaluated in 3 patients because their baseline drifts prevented us from EEG evaluation with a time constant 2 s. These 3



patients were excluded from this analysis. Patients with unavailable data were excluded before the p-value calculation for

each clinical variable. Whether migraines worsened during menstruation was assessed in female patients.



Table 3. The occurrence rate of FDS in each clinical variable.

Clinical variables FDS+ (%) Odds ratio [95% CI] p-value
Phase of migraine
Symptomatic phase 18/47 (38.3%)
Prodrome 6/16 (37.5%) 0.85[0.29-2.55]¢
Headache 10/26 (38.5%) 0.89 [0.36-2.17]¢
Postdrome 2/5 (40.0%) 0.95[0.15-5.95]¢
Interictal phase 38/92 (41.3%) 0.88[0.43-1.81] 0.73
Family History
+ 34/85 (40.0%)
- 23/55 (41.8%) 0.93 10.47-1.85] 0.83
Age
<40 years old 28/67 (41.8%)
> 40 years old 30/77 (39.0%) 1.12 [0.58-2.19] 0.73
Sex
Female 53/124 (42.7%)
Male 5/20 (25.0%) 2.2410.77-6.55] 0.13
Frequency of headache attacks
> 15/month 12/28 (42.9%)
9-14/month 7/20 (35.0%) 1.39 [0.46-4.56]° 0.58°
0-8/month 39/96 (40.6%) 1.1[0.47-2.57]° 0.83¢
Frequency of drug use for headache attacks
< 10/month 45/110 (40.9%)
= 10/month 11/30 (36.7%) 1.2 [0.52-2.75] 0.67
Disease duration
<20 years 30/69 (43.5%)
= 20 years 28/72 (38.9%) 1.21[0.62-2.37] 0.58
Age at onset of migraine
<20 years old 36/90 (40.0%)
= 20 years old 22/51 (43.1%) 0.88 [0.44-1.76] 0.72
Latest attack
The day and the day before 9/17 (52.9%)
> 2 days ago 22/63 (34.9%) 2.1[0.71-6.2] 0.18
Use of drugs for prophylaxis
+ 24/60 (40.0%)
- 34/83 (41.0%) 0.96 [0.49-1.89] 0.91
Use of psychiatric drugs and/or antiseizure drugs
+ 18/39 (46.2%)
- 40/104 (38.5%) 1.37[0.65-2.88] 0.40
Worsening by menstruation
+ 30/67 (44.8%)
- 18/47 (38.3%) 1.31[0.61-2.79] 0.49
History of abdominal migraine
+ 5/22 (22.7%)
- 51/117 (43.6%) 0.38 [0.13-1.1] 0.067
Sleep period during EEG recording
+ 53/134 (37.3%)
- 5/10 (50.0%) 0.65 [0.18-2.37] 0.52°

Abbreviations: FDS, focal delta slow; CI, confidence interval

p-values were calculated using the chi-square test. * Calculated using Fisher’s exact test. ® Comparison between > 15/month
and 9-14/month. ¢ Comparison between > 15/month and 0-8/month. ¢ Comparison with interictal phase. Patients with
unavailable data were excluded before the p-value calculation for each clinical variable. Whether migraines worsened during

menstruation was assessed in female patients.



Table 4. Results between FSDS and 4 clinical variables by multivariate analysis.

Clinical variables Odds ratio [95% CI] p-value
Phase of migraine
Postdrome vs Interictal 49.00 [3.89-616.66] 0.0026*
Postdrome vs Prodrome 46.28 [2.99-715.78] 0.0061*
Postdrome vs Headache 32.79 [2.23-481.96] 0.011*
Headache vs Interictal 1.49 [0.48-4.66] 0.49
Headache vs Prodrome 1.41[0.30-6.73] 0.67
Prodrome vs Interictal 1.06 [0.27-4.14] 0.93
Family History
+vs - 2.4910.93-6.71] 0.070
Age
<40 years old vs > 40 years old 5.67 [2.07-15.50] 0.0007*
Sleep
% during EEG recordings 1.04 [1.02-1.07]? 0.0009*

Abbreviations: FSDS, focal subdelta slow; CI, confidence interval

3: unit odds ratio



Table S1. Patient demographics (exclusion of comorbidities)

Clinical variables MA patients MO patients  Total p-value
n=33 n =69 n =102 MA patients vs. MO patients

Age, y (mean £ SD) 39.8+t14.6 41.0*15.1 40.6*+14.9 0.72?
Female, n 25 62 87 0.08°
Phase of migraine while recording EEG, n (%)

Interictal 18 (56.3) 49 (74.2) 67 (68.4) 0.07°

Prodrome 3(9.3) 8(12.1) 11 (11.2) 1°

Aura 0(0) 0(0) 0(0)

Headache 10 (31.3) 8(12.1) 18 (18.4) 0.025%*

Postdrome 13.1) 1(1.5) 2(2.0) 0.55¢
Positive Family History 18 44 62 0.47°
Frequency of headache attacks (/month) mean (range) 5.9 (0.5-20) 8.0 (0-30) 7.3 (0-30) 0.122
Days since last attack, days mean (range) 13.8 (1-45) 8.8 (0-60) 10.0 (0-60) 0.29?
Disease duration, y mean (range) 23.8 (6-55) 21.1 (0-46) 22.0 (0-55) 0.372
Age at onset of migraine, y mean (range) 16.5 (3-36) 19.6 (3-58) 18.6 (3-58) 0.15°
Worsening by menstruation 12/25 33/57 45/82 0.41°
Positive history of abdominal migraine 8 9 17 0.12°
Frequency of drug use for headache attack (/month) 6.0 (0-60) 5.9 (0-30) 6.0 (0-60) 0.96*
mean (range)
Use of drugs for prophylaxis 10 26 36 0.53%
Use of psychiatric drugs and/or antiseizure drugs 2 14 16 0.07°
Sleep period during EEG recording (%) mean (range) 38.3 (0-70) 42.9 (0-90) 41.4 (0-90) 0.31

Abbreviations MA, migraine with aura; MO, migraine without aura

p-values were calculated using Welch’s ¢ test (a), chi-square test (b), and Fisher’s exact test (¢).

Patients with unavailable data were excluded before p-value calculation for each clinical variable.



Table S2. The occurrence rate of FSDS in each clinical variable (exclusion of comorbidities).

Clinical variables FSDS (%) Odds ratio [95% CI] p-value
Phase of migraine
Symptomatic phase 12/31 (38.7%)
Prodrome 2/11 (18.2%) 0.68 [0.13-3.48]¢
Headache 8/18 (44.4%) 2.451[0.83-7.27]¢
Postdrome 2/2 (100.0%) 6.13 [0.52-72.17¢
Interictal phase 16/65 (24.6%) 1.93 [0.77-4.84] 0.16
Family History
+ 22/61 (36.1%)
- 7/35 (20.0%) 2.26 [0.85-6.01] 0.099
Age
<40 years old 23/47 (48.9%)
> 40 years old 6/53 (11.3%) 7.51 [2.70-20.91] <0.0001*
Sex
Female 28/86 (32.6%)
Male 1/14 (7.1%) 6.28 [0.78-50.41] 0.061*
Frequency of headache attacks
> 15/month 9/15 (60.0%)
9-14/month 0/8 (0.0%) 12.0 [1.18-122.28]>  0.00722*
0-8/month 20/77 (26.0%) 4.28 [1.35-13.53]° 0.015%*
Frequency of drug use for headache attacks
< 10/month 22/82 (26.8%)
= 10/month 6/14 (42.9%) 0.49 [0.15-1.57] 0.34°
Disease duration
<20 years 21/51 (41.2%)
> 20 years 8/47 (17.0%) 3.41 [1.33-8.76] 0.0089*
Age at onset of migraine
<20 years old 23/65 (35.4%)
= 20 years old 6/33 (18.2%) 2.46 [0.89-6.84] 0.078
Latest attack
The day and the day before 4/9 (44.4%)
> 2 days ago 9/47 (19.1%) 3.38[0.75-15.17] 0.192
Use of drugs for prophylaxis
+ 9/36 (25.0%)
- 20/63 (31.7%) 0.72 [0.28-1.80] 0.48
Use of psychiatric drugs and/or antiseizure
drugs
+ 4/16 (25.0%)
- 25/83 (30.1%) 0.77 [0.23-2.63] 0.772
Worsening by menstruation
+ 13/44 (29.5%)
- 13/37 (35.1%) 0.77 [0.30-1.97] 0.59
History of abdominal migraine
+ 2/17 (11.8%)
- 26/81 (32.1%) 0.28 [0.06-1.33] 0.14°
Sleep period during EEG recordings
+ 29/94 (30.9%)
- 0/6 (0.0%) 2.68 [0.31-23.25] 0.18

Abbreviations: FSDS, focal subdelta slow; CI, confidence interval

p-values were calculated using the chi-square test. ? Calculated using Fisher’s exact test. ® Comparison between > 15/month

and 9-14/month. ¢ Comparison between > 15/month and 0-8/month. ¢ Comparison with interictal phase. FSDS was not

evaluated in 3 patients because their baseline EEG drifts prevented us from evaluation with a time constant 2s. These 3 patients



were excluded from this analysis. Patients with unavailable data were excluded before the p-value calculation for each clinical

variable. Whether migraines worsened during menstruation was assessed in female patients.



Table S3. The occurrence rate of FDS in each clinical variable (exclusion of comorbidities).

Clinical variables FDS+ (%) Odds ratio [95% CI] p-value
Phase of migraine
Symptomatic phase 13/31 (41.9%)
Prodrome 4/11 (36.4%) 0.96 [0.26-3.61]¢
Headache 8/18 (44.4%) 1.34[0.47-3.85]¢
Postdrome 1/2 (50.0%) 1.68 [0.10-28.07]¢
Interictal phase 25/67 (37.3%) 1.21 [0.51-2.89] 0.66
Family History
+ 25/62 (40.3%)
- 14/36 (38.9%) 1.06 [0.46-2.46] 0.89
Age
<40 years old 23/49 (46.9%)
> 40 years old 17/53 (32.1%) 1.87[0.84-4.19] 0.12
Sex
Female 37/87 (43.7%)
Male 3/15 (20.0%) 2.96 [0.78-11.24] 0.099
Frequency of headache attacks
> 15/month 6/15 (40.0%)
9-14/month 1/8 (12.5%) 5.33[0.52-54.35]° 0.058*
0-8/month 33/79 (41.8%) 0.93 [0.30-2.86]° 0.90
Frequency of drug use for headache attacks
< 10/month 34/84 (40.5%)
= 10/month 4/14 (28.6%) 1.70 [0.49-5.87] 0.40
Disease duration
<20 years 23/53 (43.4%)
> 20 years 17/47 (36.2%) 1.35[0.60-3.03] 0.46
Age at onset of migraine
<20 years old 25/67 (37.3%)
= 20 years old 15/33 (45.5%) 0.71[0.31-1.66] 0.43
Latest attack
The day and the day before 4/9 (44.4%)
> 2 days ago 15/47 (31.9%) 1.71 [0.40-7.28] 0.472
Use of drugs for prophylaxis
+ 13/36 (36.1%)
- 27/65 (41.5%) 0.80 [0.34-1.84] 0.59
Use of psychiatric drugs and/or antiseizure drugs
+ 8/16 (50.0%)
- 32/85 (37.6%) 1.66 [0.57-4.85] 0.35
Worsening by menstruation
+ 20/45 (44.4%)
- 13/37 (35.1%) 1.48 [0.60-3.62] 0.39
History of abdominal migraine
+ 2/17 (11.8%)
- 37/83 (44.6%) 0.17 [0.036-0.77] 0.012*
Sleep period during EEG recordings
+ 37/96 (38.5%)
- 3/6 (50.0%) 0.63 [0.12-3.27] 0.68°

Abbreviations: FDS, focal delta slow; CI, Confidence interval

p-values were calculated using the chi-square test. * Calculated using Fisher’s exact test. ® Comparison between > 15/month

and 9-14/month. ¢ Comparison between > 15/month and 0-8/month. ¢ Comparison with interictal phase. Patients with

unavailable data were excluded before the p-value calculation for each clinical variable. Whether migraines worsened during

menstruation was assessed in female patients.



psychiatric drugs and/or antiseizure drugs

reason for use

Tal

Ta2

Tab

Ta8

Tal4
Talb
Ta22
Ta24
Ta28
Ta29
Ta30
Ta33
Ta36
Ta37
Ta43
Tad5b
Tad6
Tab2
Tab7
Tab8
Tab9
Ta63
Tab4
Ta65
Ta68
Ta69
Ta74
Tod

To8

Toll
To21
To23
To25
To27
To28
To4l
To46
To60
To91

45f
50f
57m
60f
69f
64f
37f
51m
34f
57f
53f
42f
78f
27f
70f
52f
43f
42f
76f
48f
54f
40f
51f
67m
61f
T4f
58f
39f
24m
28f
36f
30f
17m
25f
35f
23f
61f
35m
39f

amitriptyline hydrochloride

topiramate

amitriptyline hydrochloride

sodium valproate, amitriptyline hydrochloride
ethyl loflazepate

sodium valproate

amitriptyline hydrochloride

duloxetine hydrochloride

sodium valproate, medazepam

sodium valproate, amitriptyline hydrochloride
sodium valproate, ethyl loflazepate

amitriptyline hydrochloride

ethyl loflazepate

lorazepam, sertraline hydrochloride, mirtazapine
amitriptyline hydrochloride

topiramate, duloxetine hydrochloride

sodium valproate, duloxetine hydrochloride, ethyl loflazepate
sodium valproate, amitriptyline hydrochloride
amitriptyline hydrochloride, topiramate
mirtazapine

cloxazolam, amitriptyline hydrochloride, sodium valproate

amitriptyline hydrochloride

clonazepam, quetiapine fumarate, lithium carbonate, brotizolam

sodium valproate, clonazepam

amitriptyline hydrochloride, topiramate, sodium valproate
sodium valproate

amitriptyline hydrochloride, sodium valproate

etizolam

sodium valproate

brotizolam

ethyl loflazepate, pregabalin

lamotrigine, cloxazolam, aripiprazole, duloxetine hydrochloride
alprazolam, sertraline hydrochloride, brotizolam
amitriptyline hydrochloride

clotiazepam

pregabalin

triazolam, etizolam

escitalopram oxalate, ethyl loflazepate

zolpidem tartrate

migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
unknown

migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
depression

migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
anxiety disorder
depression

migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
unknown

migraine prophylaxis
depression, personality disorder
migraine prophylaxis, unknown
migraine prophylaxis
migraine prophylaxis
migraine prophylaxis
unknown

migraine prophylaxis
unknown

migraine prophylaxis
depression
depression

migraine prophylaxis
panic disorder
migraine prophylaxis
unknown

migraine prophylaxis

unknown




1-1. The relationship between the dominant side of habitual headache and the side of FSDS

The side of headache
Right Left Right & Left | Bilateral Total
independently
é Right 0 0 0 1 1
% Left 0 0 0 0 0
2 | Bilateral 4 1 4 10 19
é No FSDS 10 6 5 19 40
N/A 0 1 0 2 3
total 14 8 9 32 63

1-2. The relationship between the dominant side of habitual headache and the side of FDS

The side of headache
Right Left Right & Left | Bilateral Total

8 independently
; Right 0 0 1 0 1
:a': Left 3 0 0 1 4
o | Bilateral 5 3 3 1 22
= | NoFDS 6 5 5 20 36

total 14 8 9 32 63

Abbreviations FDS, focal delta slow; FSDS, focal subdelta slow.
Sixty-three patients were included in this analysis; 81 patients out of 144 patients were excluded
because it was difficult to determine the dominant side of symptoms due to a lack of accurate

information regarding the laterality of symptoms.



2-1. The dominant side of headache and the side of FSDS in patients in headache phase patients

The side of headache during EEG recording

Right Left Bilateral Total
é Right 0 0 0 0
S | Left 0 0 0 0
;E Bilateral 2 0 1 3
E No FSDS 2 3 2 7
i total 4 3 3 10

2-2. The dominant side of headache and the side of FDS in headache phase patients

The side of headache during EEG recording

Right Left Bilateral Total
2 | Right 0 0 0 0
; Left 0 1 1 2
-'q'é Bilateral 1 1 0 2
2 | No FDS 3 1 2 6
total 4 3 3 10

Abbreviations FDS, focal delta slow; FSDS, focal subdelta slow.
Ten patients were included in this analysis. Sixteen of the 26 patients in the headache phase were
excluded because it was difficult to determine the dominant side of the symptoms due to a lack of

accurate information on symptom laterality.



3-1. The dominant side of habitual aura and the side of FSDS in patients with MA

The side of habitual aura

Right Left No laterality Total
8 Right 0 0 0 0
4
= Left 0 0 0 0
%}
= | Bilateral 0 2 3 5
%)
£ | No FSDS 1 1 6 8
total 1 3 9 13

3-2. The dominant side of habitual aura and the side of FDS in patients with MA

The side of habitual aura

Right Left No laterality Total
2 | Right 0 0 0 0
% Left 1 0 2 3
-'q'é Bilateral 0 2 2 4
é No FDS 0 1 5 6
total 1 3 9 13

Abbreviations FDS, focal delta slow; FSDS, focal subdelta slow; MA, migraine with aura
Thirteen patients with MA were included in this analysis. Of the 39 patients with MA, 26 were
excluded because it was difficult to determine the dominant side of the symptoms due to a lack of

accurate information on symptom laterality.



4-1. The dominant side of habitual aura and the side of FSDS in headache phase MA patients

The side of habitual aura

Right Left No laterality Total

8 Right 0 0 0 0
Z
= Left 0 0 0 0
%]
= | Bilateral 0 1 1 2
[-P]
£ | No FSDS 0 0 2 2

total 0 1 3 4

4-2. The dominant side of habitual aura and the side of FDS in headache phase MA patients

The side of habitual aura

Right Left No laterality Total

é Right 0 0 0 0
S | Left 0 0 1 1
2]
2 | Bilateral 0 1 0 1
%]
= | NoFDS 0 0 2 2

total 0 1 3 4

Abbreviations FDS, focal delta slow; FSDS, focal subdelta slow; MA, migraine with aura

Four patients with MA were included in this analysis. Six of the 10 MA patients in the headache phase

were excluded because it was difficult to determine the dominant side of the symptoms owing to a

lack of accurate information on symptom laterality.




