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Resting-state electroencephalography
microstates as a marker of photosensitivity
in juvenile myoclonic epilepsy

Adolfo Mazzeo,I (®Emanuele Cerulli Ir'elli,I Giorgio Leodori,"2 Marco Mancuso,I
Alessandra Morano,' Anna Teresa Giallonardo' and Carlo Di Bonaventura'

Juvenile myoclonic epilepsy is an idiopathic generalized epilepsy syndrome associated with photosensitivity in approximately 30-40% of
cases. Microstates consist of a brief period of time during which the topography of the whole resting-state electroencephalography (EEG)
signal is characterized by a specific configuration. Previous neurophysiological and neuroimaging studies have suggested that Microstate B
may represent activity within the visual network. In this case-control study, we aimed to investigate whether anatomical and functional
alterations in the visual network observed in individuals with photosensitivity could lead to changes in Microstate B dynamics in photo-
sensitive patients with juvenile myoclonic epilepsy. Resting-state electroencephalography microstate analysis was performed on 28 patients
with juvenile myoclonic epilepsy. Of these, 15 patients exhibited photosensitivity, while the remaining 13 served as non-photosensitive con-
trols. The two groups were carefully matched in terms of age, sex, seizure control and anti-seizure medications. Multivariate analysis of
variance and repeated-measures analysis of variance were performed to assess significant differences in microstate metrics and syntax be-
tween the photosensitive and the non-photosensitive group. Post hoc false discovery rate adjusted unpaired #-tests were used to determine
differences in specific microstate classes between the two groups. The four classical microstates (Classes A, B, Cand D) accounted for 72.8 %
of the total electroencephalography signal variance in the photosensitive group and 75.64 % in the non-photosensitive group. Multivariate
analysis of variance revealed a statistically significant class—group interaction on microstate temporal metrics (P = 0.021). False discovery
rate adjusted univariate analyses of variance indicated a significant class—group interaction for both mean occurrence (P = 0.002) and cover-
age (P =0.03), but not for mean duration (P =0.14). Post hoc false discovery rate adjusted unpaired #-tests showed significantly higher
coverage (P =0.02) and occurrence (P = 0.04) of Microstate B in photosensitive patients compared with non-photosensitive participants,
along with an increased probability of transitioning from Microstates C (P =0.04) and D (P = 0.02) to Microstate B. No significant differ-
ences were found concerning the other microstate classes between the two groups. Our study provides novel insights on resting-state elec-
troencephalography microstate dynamics underlying photosensitivity in patients with juvenile myoclonic epilepsy. The increased
representation of Microstate B in these patients might reflect the resting-state overactivation of the visual system underlying photosensitiv-
ity. Further research is warranted to investigate microstate dynamics in other photosensitive epilepsy syndromes.
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Introduction

Juvenile myoclonic epilepsy (JME) is a type of idiopathic
generalized epilepsy characterized by the occurrence of myo-
clonic seizures, often associated with generalized tonic—
clonic seizures and, less commonly, absence seizures. It
represents approximately 9% of all epilepsies and 18% of
all idiopathic generalized epilepsies.'* JME typically begins
during adolescence, although it can manifest between 8 and
40 years of age. Mandatory for its diagnosis is the presence of
myoclonic seizures, usually within the first hour of awaken-
ing, associated with generalized polyspike—~wave discharge
and spike-wave discharge at a frequency of 3-5.5 Hz on
the EEG.”

Photosensitivity (PS) is a common feature of idiopathic
generalized epilepsies, especially in JME, where it is esti-
mated to be present in approximately 30-40% of patients,
although the reported range varies depending on different
protocols used for intermittent photic stimulations.*
Neurophysiological investigations including EEG, magne-
toencephalography and transcranial magnetic stimulation,
along with MRI techniques have provided insights into the
pathophysiology of PS. It is believed that PS results from a
failure of the physiological inhibitory mechanisms happen-
ing during the excitation of the visual system due to struc-
tural and functional alterations within this network.’*®
Previous studies showed an increased thickness of the occipi-
tal and frontoparietal cortices in photosensitive [PS(+)]
patients, along with a higher connectivity between the oc-
cipital cortex and supplementary motor area.”” EEG

TOccurrence and coverage of
microstate B in photosensitive
patients might represent a
resting-state marker of visual
network hyperfunction

combined with functional MRI (fMRI) performed during
photoparoxysmal response (PPR) in patients with JME has
revealed early activation of the putamen and primary sen-
sorimotor cortex, followed by a deactivation in the same
structures as well as in the thalami and caudates.'”
Additionally, increased resting-state connectivity has been
observed between the pulvinar and the occipital, sensory-
motor, anterior cingulate and supplementary motor cortices,
which may explain the ‘visuomotor outflow’ originating
myoclonus.”!! These findings, altogether, point to recognize
the origin of PS in an ictogenic network involving the
striato-thalamocortical ~system.'”  Furthermore, neuro-
psychological studies have demonstrated an overactivity of
the visual system in individuals with PS, as PS(+) patients
tend to exhibit a higher analytic score for the visual sensory
modality."?

Microstates are a neurophysiological construct obtained
from scalp EEG signal, reflecting the ‘atoms of thought’.
They consist of brief periods of time (60-150 ms) in which
the topography of the EEG signal is dominated by a specific
configuration, remaining semi-stable. Quite consistently in
the last 20 years, across different ages and conditions, four
microstates have been identified (A-D). By means of fMRI,
the source of microstates has been identified in the resting-
state networks, each pertaining anatomo-functionally to dis-
tinct cortex areas and deep nucleus structures. Specifically,
Microstate A has been attributed to the auditory/phono-
logical network, Microstate B to the visual network,
Microstate C to the salience network, and Microstate D to
the attention network.'*'?
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Table | Demographic and clinical characteristics of JME patients according to PS status

PS(+) patients PS(—) patients

(n=15) (n=13) P-value
Age at EEG time, years, median (IQR) 22 (19-29) 22 (20-29) 0.9
Female sex, n (%) 11 (73.3) 9 (69.2) 0.8
Family history of epilepsy in a Ist or 2nd degree relative, n (%) 6 (40) 3 (23)
Disease duration, years, median (IQR) I (7-17) 6 (5-15)
Seizure freedom duration at EEG time, months, median (IQR) 60 (30-78) 36 (24-72) 0.38
Myoclonus occurrence during PPR, n (%) 8(53.3)
Waltz grade
Grade I/ll, n (%) 3 (20)
Grade II/IV, n (%) 12 (80)
ASM used in monotherapy at EEG time
Levetiracetam, n (%) 6 (40) 5(385) 0.9
Valproic acid, n (%) 7 (46.7) 6 (46.1) 0.9
Phenobarbital, n (%) 2 (13.3) 2 (15.4) 0.9

ASM, anti-seizure medication; EEG, electroencephalography; IQR, interquartile range; JME, juvenile myoclonic epilepsy; PPR, photoparoxysmal response; PS, photosensitivity.

The objective of our study was to investigate the charac-
teristics of microstates in PS(+) JME patients and determine
whether the previously identified alterations within the vis-
ual system could lead to changes in the resting-state micro-
states among this population. Given the correlation
between Microstate B and the visual network, we
hypothesized that PS(+) JME patients would exhibit an al-
tered representation of Microstate B compared with non-
photosensitive [PS(—)] JME patients. This would suggest a
potential impact of PS on the underlying resting-state neural
dynamics and functional organization of the visual network
in individuals with JME.

Materials and methods

In this retrospective case-control study, the clinical charts
and video EEG of patients followed in the Epilepsy Unit of
Policlinico Umberto I from 1980 to 2022 were retrospective-
ly reviewed by two experienced epileptologists (A.T.G. and
E.C.L). Patients with JME were selected according to the
diagnostic criteria for JME: myoclonic jerks mostly occur-
ring on awakening, facilitated by sleep deprivation and
stress; onset age between 6 and 25 years; no intellectual dis-
ability; and an EEG showing a normal background with at
least one polyspike—wave discharge/spike—wave discharge.'®

Inclusion criteria were the following: (i) diagnosis of JME
according to the above-mentioned criteria, (ii) presence
of PPR induced by intermittent photic stimulation and
(iii) availability of the EEG data. The photosensitive group
comprised 15 patients. They were matched with 13 PS(-)
JME patients based on age, sex, seizure control and anti-
seizure medication (ASM) used at the time of the EEG. The
PS(—) group comprised individuals who had never displayed
PPR in their previous EEGs and had no history of photo-
sensitive seizures, pattern sensitivity or eye closure sensitiv-
ity. Demographic and electroclinical characteristics of the
groups are reported in Table 1.

The study was approved by the local ethics committee and
informed consent was obtained by all participants.

Video EEG data were recorded using the Xltech System
(Oakville, Canada), 21 channels, International 10-20 sys-
tem. The reference was placed on FPz and the ground on
FCz. Impedance was kept below 5 kQ for all electrodes.
Electrophysiological data were continuously recorded with
a bandwidth of 0.05-100 Hz and sampled at a rate of
1000 Hz. During the EEG recording, the subjects stayed
awake, with eyes closed, seated in a comfortable chair in a
silent room, for 20 min. Intermittent photic stimulation
was performed according to the European consensus.'”
PPR was classified according to Waltz patterns'® and video
EEGs were inspected to identify the presence of myoclonus
during PPR.

The raw EEG data were processed using the EEGLAB tool-
box (v.2022.1)" running on MATLAB. Data were first re-
sampled at 250 Hz and bandpass filtered 2-20 Hz using a
finite impulse response filter with 2000 filter coefficients as
suggested for microstates analysis.”®>! The data were subse-
quently re-referenced to the average reference. Epileptiform
discharge-free epochs were selected by an experienced epi-
leptologist (E.C.I.), and artefact removal was eventually per-
formed using the clean_artifacts function from the Cleanline
plugin,** which identifies and removes various types of arte-
facts, such as flatline channels, noisy channels and temporal
bursts. The algorithm employs a combination of criteria, in-
cluding flatline, channel, line noise, burst and window cri-
teria, to detect and correct for artefacts. Channels with a
high proportion of bad data (more than 60% of recording
time) were removed from the analysis and interpolated using
spherical interpolation. Residual blinks, muscle activity
and electrical noise artefacts were rejected by independent
component analysis (ICA) using the FastICA algorithm.
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After component rejection, the cleaned data were saved for
microstate analysis.

Microstate analysis was conducted using the Microstate
toolbox.”® The toolbox performs clustering and segmenta-
tion of the EEG data into microstates. Clustering parameters
were set to include a minimum of four and a maximum of six
microstate classes, with a focus on global field power peaks
and polarity independence. A modified k-means algorithm
was employed for clustering, and the best solution was se-
lected based on the highest explained variance. The individ-
ual and grand mean microstate classes were automatically
sorted according to previously published templates.**

We extracted a variety of temporal parameters for each
of the classic A, B, C and D microstates according to
previously described methods.>® First, we calculated the ex-
plained variance, which represents the proportion of total
data variance explained by a specific microstate. Next, we
computed the mean duration, computed as the average
time in milliseconds that a microstate is active, and the
mean occurrence, which refers to the frequency at which a
specific microstate appears. Lastly, we determined the cover-
age, a measure indicating the percentage of time each micro-
state class accounts for within the entire analysis period,
expressed as a ratio of 1.

Following this, we further investigated the temporal dy-
namics of microstates by examining the syntax or the transi-
tion probabilities between microstates. To assess the syntax,
we computed the transition percentages, which are the nor-
malized counts of transitions from one microstate class to
another. We then calculated the expected transition prob-
abilities under the assumption of random transitions, deter-
mined by the relative occurrences of each microstate. The
difference between the observed and expected transitions,
defined as Delta transition, was also evaluated to discern
the degree to which transitions between specific microstates
were driven by patterns beyond chance. These analyses iden-
tified non-random sequential relationships and dynamics be-
tween different brain microstates.

We assessed the effects of group and class separately on mi-
crostate topographic distribution and temporal features by
using a topographic ANOVA (TANOVA) and a multivariate
ANOVA (MANOVA), respectively.

To investigate systematic differences in the spatial distri-
bution of microstate class maps across groups we employed
the Ragu toolbox performing TANOVA, a non-parametric
statistical test designed specifically for analysing differences
in scalp potential field distributions using global randomiza-
tion statistics.® Briefly, it employs a global measure of scalp
field differences (s) and assesses the similarity of the topog-
raphy between groups and classes. With TANOVA, we
tested the significance of class and group effects by compar-
ing the value of s obtained with the real data against a distri-
bution generated from a permutation-based resampling
procedure (1000 permutations). Each individual scalp field
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of each condition was normalized before the TANOVA by
scaling to unity variance.

A two-way MANOVA was run to determine the effect of
group [PS(+) and PS(—)] and class (A, B, C and D) on micro-
states’ temporal metrics: mean duration, mean occurrence
and coverage (combined dependent variables). Therefore,
false discovery rate (FDR)-adjusted repeated measures
ANOVAs (one for each microstate temporal parameter)
were performed using group as a between-participants factor
[PS(+) patients versus PS(—) patients] and microstate class (A
versus B versus C versus D) as a within-participants factor.
Post hoc comparison was performed through a
FDR-adjusted unpaired #-test.

For microstate classes showing significant between-group
differences, we also compared Delta transition between
groups through a FDR-adjusted unpaired #-test.
Additionally, we performed a correlation analysis to evalu-
ate possible associations between microstate parameters
and clinical variables, including Waltz grade or the occur-
rence of body myoclonia during PPR.

Finally, receiver operative curve analysis was used to
evaluate the ability of significant microstate parameters to
discriminate between PS(+) and PS(—) patients.

MANOVA, ANOVA and unpaired #-test were performed
using SPSS version 25. All statistical analyses were per-
formed using a significance level set at P < 0.05.

Results

The identified microstates accounted for 72.8% of the total
EEG signal variance in the PS(+) group and 75.64% in the
PS(—) group, with no significant differences observed be-
tween the groups (P =0.17).

The temporal parameters of microstates according to PS
status are reported in Table 2. Figure 1A shows global field
power time series whereas Fig. 1B indicates microstate
maps from one exemplificative participant. Figure 1C shows
grand-grand-average microstate class maps across subjects
and groups. In Fig. 1D, microstate topographic maps are
shown according to PS status.

TANOVA results revealed a significant main effect of class
(P=0.001) and non-significant main effect of group (P =
0.167) and group—class interaction (P =0.605) on micro-
state topographic distribution (Fig. 1D).

MANOVA showed a statistically significant class—group
interaction on the combined dependent variables [F(9,
185)=2.24, P=0.021; Wilks’ 4=0.778]. Therefore,
FDR-adjusted univariate ANOVAs revealed a significant
class—group interaction for both occurrence [F(3, 78)=
5.51, P=0.002] and coverage [F(3, 78)=3.61, P=0.03],
but not for duration [F(3, 78)=2.22, P=0.14]. The same
ANOVAs revealed a significant effect for class on occurrence
[F(3,78)=6.59, P =0.001], but not on duration [F(3, 78) =
1.18, P=0.29] and coverage [F(3, 78)=2.5, P=0.12],
whereas the group had no significant effect on any microstate
characteristics.
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Table 2 Microstate temporal parameters in juvenile myoclonic patients according to photosensitivity status

PS(+) patients PS(—) patients FDR-adjusted
(n=15), mean + SD (n=13), mean + SD P value P value

Mean duration (ms)

Microstate A 6291 +6.07 68.18 +8.22 0.128 0.26

Microstate B 65.73 +6.17 59.17 +9.53 0.038 0.15

Microstate C 79.96 +9.55 66.72 + 14.88 0.371 0.49

Microstate D 7111+£12.20 69.00 + 17.45 0.711 0.71
Mean occurrence (Hz)

Microstate A 3.25+0.64 3.75+0.75 0.066 0.13

Microstate B 3.72 +0.62 298 +0.72 0.007 0.04*

Microstate C 3.96 +0.48 3.71 +0.88 0.352 0.47

Microstate D 3.89 +0.41 3.80 +0.99 0.731 0.73
Coverage (%)

Microstate A 20.48 +4.38 30.14+ 17.07 0.044 0.09

Microstate B 2448 + 4.44 17.98 + 5.65 0.002 0.02*

Microstate C 28.00 +4.31 25.15+8.01 0.243 0.32

Microstate D 27.61 +5.02 26.73+9.26 0.754 0.75

FDR, false discovery rate; JME, juvenile myoclonic epilepsy; ms, milliseconds; PS(+), photosensitive patients; PS(—), non-photosensitive patients; SD, standard deviation.
“Indicates statistically significant variables after FDR adjustment.
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Figure | Global field power and microstate topographic maps. Panel A shows global field power time series over a 10-s interval from one
exemplificative patient. Each presented peak indicates a distinct topographic map. Panel B indicates microstate maps from one exemplificative
participant. Panel C shows grand-grand-average microstate class maps across subjects and groups. In the upper part of Panel D, microstate
topographic maps are shown according to PS status. In the lower part of Panel D, a multidimensional scaling analysis is displayed, to allow a spatial
comparison for each microstate between the two groups. Multidimensional scaling analysis project points from a multidimensional space into a
lower-dimensional space, by subjecting the spatial principal component analysis to the average group maps, enabling the visualization of the data.
The maps shown on the x- and y-axes represent principal component analysis eigenvector maps. Graph points representing groups with similar
topographies are depicted in close proximity to each other. MDS, multidimensional scaling; PS(+), photosensitive patients; PS(—),
non-photosensitive patients.

Post hoc FDR-adjusted unpaired ¢-tests demonstrated that coverage. Furthermore, FDR-adjusted unpaired #-tests indi-
Microstate B covered significantly more time in PS(+) pa- cated that Microstate B was significantly more frequent in
tients than in PS(—) individuals (P =0.02) while no signifi- PS(+) patients than in PS(—) patients (P = 0.04). No signifi-
cant differences were observed for the other microstate cant differences were found for the other classes (Fig. 2).
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Figure 2 Temporal metrics of microstate classes according to photosensitivity status. Repeated-measures ANOVAs were
performed for mean duration (A), coverage (B) and mean occurrence (C). A significant class—group interaction was found through
repeated-measures ANOVA for microstate occurrence [F(3, 78) = 6 5.50, P=0.002] and coverage [F(3, 78) = 3.61, P =0.03]. Post hoc unpaired
t-tests adjusted for FDR revealed a significant difference (indicated by asterisks in the figure) for both Microstate B occurrence [t(26) = 2,57,
P =0.04)] and coverage [t(26) = 3.01, P=0.02)]. PS(+), photosensitive patients; PS(—), non-photosensitive patients.

The receiver operative curve analysis indicated that sensitivity = 73.3%, specificity = 84.6%, cut-off =3.38 Hz),
Microstate B occurrence could discriminate PS(+) patients as well as Microstate B coverage (area under the curve =
from PS(—) patients with good accuracy (area under the 0.85, 95% confidence interval 0.66-0.99, P = 0.002; sensitiv-
curve =0.78, 95% confidence interval 0.58-0.94, P=0.01; ity = 86.7%, specificity = 84.6%, cut-off =21.63%).
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Considering the statistical significance difference found for
Microstate B, the transition probability from Microstate B to
the other microstates was analysed. FDR-adjusted unpaired
t-tests revealed that PS(+) patients showed significantly
more transitions from Microstates C to B (P=0.04) and
from Microstates D to B (P =0.02) when compared with
PS(-) patients.

Assessing possible correlations between microstate para-
meters and clinical characteristics, after adjusting for FDR,
no significant differences were observed between the tem-
poral parameters of the four microstates and Waltz grade
or the occurrence of body myoclonia during PPR.

Discussion

To our knowledge, this is the first study investigating resting-
state EEG microstates in PS(+) patients to assess whether a
peculiar microstate signature might represent a potential
marker of PS. As hypothesized, our study reveals a different
microstate profile at rest in a population of JME PS(+) pa-
tients compared with PS(—) patients, after controlling for
ASM burden, seizure control and other demographic charac-
teristics. Notably, we purposefully matched patients for JME
syndrome, in order to selectively focus on the impact of the
PS trait on microstate dynamics and avoid the effect of other
syndrome-related factors.

Specifically, in PS(+) patients, we identified (i) an increased
occurrence and coverage of Microstate B compared with
PS(—) patients and (ii) an increased probability of transition-
ing from Microstates C and D to Microstate B.

In the last years, the role of microstates in neuroscience has
grown remarkably, and there is evidence that they might be
used as biomarkers of several conditions, such as schizophre-
nia, 22q11.2 deletion, Alzheimer’s disease, frontotemporal
dementia and migraine.”’° Moreover, preliminary data
have also highlighted the possible relevance of microstate
metrics in some epilepsy syndromes.>!+3?

In this study, we observed an increased occurrence and
coverage of Microstate B in PS(+) patients, along with a high-
er probability of transitioning into Microstate B from other
microstate classes. Previous fMRI studies have consistently
linked Microstate B with the activity of the extrastriate visual
areas bilaterally.'5>33** Moreover, a high-density EEG study
demonstrated that Microstate B occurrence and coverage in-
crease during eyes-open wakeful rest compared with the
eyes-closed condition.®®

Occurrence and time coverage of a specific microstate are
thought to mirror the tendency of its neural substrates to ac-
tivate and, therefore, the relative time during which that
network is predominant at rest.”> Therefore, an over-
representation of Microstate B in PS(+) patients might signify
that in this population, there is higher tendency of the visual
network to be activated at rest as well as an increased suscep-
tibility of this system to hyper-activate when exposed to vis-
ual stimuli. This microstate trait could therefore represent a
potential signature of the anatomical and functional
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alterations of the visual network thought to be pathophysio-
logical features of PS.

Indeed, our results are in line with previous findings from
transcranial magnetic stimulation, MRI and fMRI studies,
which have highlighted the pivotal role of the hyper-
excitability and hyper-connectivity of the visual system in
the generation of PS.>”"'! As microstates are thought to be
driven mainly by alpha oscillations,>® our finding of a differ-
ent profile of microstates in PS(+) patients might reflect the
decreased inhibition of alpha rhythm generating networks
shown in PS epilepsy by means of fMRL.’

Furthermore, the overactivation of the rest of the visual
system might also explain the peculiar neuropsychological
traits observed in PS(+) patients, who have been shown to
have different visual information processing skills.!?
Indeed, previous studies conducted on healthy subjects indi-
cated that Microstate B might be related to the visuospatial
attention and processing aspects of fluid intelligence.?”’

Accordingly, an increased representation of Microstate B
has been also identified in patients affected by migraine with-
out aura. In these patients, hyperactivity of the visual system
is indeed considered a trait of the disease,’® and there is
plenty of evidence pointing to consider migraine, epilepsy
and PS as being part of the same continuum.*°

Interestingly, a previous study conducted in patients with
temporal lobe epilepsy has shown that levetiracetam induces
a reduction in Microstate B duration and occurrence.*' Since
levetiracetam is extremely efficacious in suppressing
PPR*** and considering our findings, it could be argued
that the changes of Microstate B induced by levetiracetam
might reflect the inhibition of the hyper-excitability of the
visual system. If confirmed, Microstate B temporal metrics
could therefore potentially serve as biomarkers to assess
the efficacy of ASMs on PS. Clearly, further studies are neces-
sary to evaluate microstate modulation by other ASMs and
the role of Microstate B as a marker of PS.

Finally, after correcting for FDR, an exploratory analysis
revealed no significant differences in microstate metrics
among patients with different Waltz grades or in those pa-
tients with body myoclonia occurring during PPR.
However, the small number of patients with motor phenom-
ena (8/15), as well as the limited number of patients with I/II
Waltz pattern (3/15), might have undermined the power of
our analysis to detect differences in the PS(+) group.
Further studies are necessary to provide a more comprehen-
sive understanding of microstates among PS(+) patients with
different clinical characteristics.

Our study has some limitations, including the retrospect-
ive design, which may have implied some sampling bias,
and the relatively small sample size, which may have under-
powered our analysis on between-group differences. The use
of 19-channel EEG may have limited the spatial resolution of
our microstate analysis, even if previous studies have shown
microstates to be quite consistent even when extrapolated
from low-density EEG.' Furthermore, although we
matched patients for ASM, we could not definitively exclude
their effect on microstate metrics. Finally, although the

$20Z 1290190 60 U0 1sanb Aq £08019//S08E21/Z/9/01014B/SWWODUIRIG/WO02 dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]



8 | BRAIN COMMUNICATIONS 2024: Page 8 of 9

selective inclusion of JME patients in this study might pre-
vent us from generalizing our findings in PS(+) patients
with other epilepsy syndromes, our methodological ap-
proach helped us to specifically capture the effect of PS on
microstate dynamics. Indeed, several studies demonstrated
significant differences in terms of resting-state networks be-
tween different idiopathic generalized epilepsy syndromes
potentially associated with PS, and their inclusion might
have strongly affected our analysis on microstates.**

In conclusion, our study provides novel insights on
resting-state EEG microstate dynamics underlying PS in pa-
tients with JME. The increased representation of
Microstate B in these patients might reflect the resting-state
overactivation of the visual system underlying PS. Further
studies are needed to confirm our data and investigate micro-
state dynamics in PS(+) patients with other epilepsy
syndromes.

Acknowledgements

None declared.

Funding

Open access funding provided by Department of Human
Neurosciences, Sapienza University of Rome, Rome, Italy.

Competing interests

The authors report no competing interests.

Data availability

De-identified data are available upon reasonable request.

References

1. Camfield CS, Striano P, Camfield PR. Epidemiology of juvenile
myoclonic epilepsy. Epilepsy Behav. 2013;28 Suppl 1:515-S17.

2. Syvertsen M, Hellum MK, Hansen G, et al. Prevalence of juvenile
myoclonic epilepsy in people <30 years of age—A population-based
study in Norway. Epilepsia. 2017;58(1):105-112.

3. Hirsch E, French J, Scheffer IE, et al. ILAE definition of the idiopath-
ic generalized epilepsy syndromes: Position statement by the ILAE
task force on nosology and definitions. Epilepsia. 2022;63(6):
1475-1499.

4. Appleton R, Beirne M, Acomb B. Photosensitivity in juvenile myo-
clonic epilepsy. Seizure. 2000;9(2):108-111.

5. Strigaro G, Prandi P, Varrasi C, Monaco F, Cantello R. Defective
visual inhibition in photosensitive idiopathic generalized epilepsy.
Epilepsia. 2012;53(4):695-704.

6. Poleon S, Szaflarski JP. Photosensitivity in generalized epilepsies.
Epilepsy Bebhav. 2017;68:225-233.

7. Hanganu A, Groppa SA, Deuschl G, et al. Cortical thickness
changes associated with photoparoxysmal response. Brain
Topogr. 2015;28(5):702-709.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

A. Mazzeo et al.

Vollmar C, O’Muircheartaigh J, Symms MR, et al. Altered micro-
structural connectivity in juvenile myoclonic epilepsy: The missing
link. Neurology. 2012;78(20):1555-1559.

Vaudano AE, Ruggieri A, Avanzini P, et al. Photosensitive epilepsy
is associated with reduced inhibition of alpha rhythm generating
networks. Brain. 2017;140(4):981-997.

Bartolini E, Pesaresi I, Fabbri S, et al. Abnormal response to photic
stimulation in juvenile myoclonic epilepsy: An EEG-fMRI study.
Epilepsia. 2014;55(7):1038-1047.

Strigaro G, Falletta L, Varrasi C, Rothwell JC, Cantello R.
Overactive visuomotor connections underlie the photoparoxysmal
response. A TMS study. Epilepsia. 2015;56(11):1828-1835.
Martins da Silva A, Leal B. Photosensitivity and epilepsy: Current con-
cepts and perspectives—A narrative review. Seizure. 2017;50:209-218.
Buonfiglio M, Albini M, Mandillo S, et al. Differences in visual infor-
mation processing style between idiopathic generalized epilepsy with
and without photosensitivity. Epilepsy Bebav. 2021;122:108183.
Michel CM, Koenig T. EEG microstates as a tool for studying the
temporal dynamics of whole-brain neuronal networks: A review.
Neuroimage. 2018;180:577-593.

Tarailis P, Koenig T, Michel CM, Griskova-Bulanova 1. The func-
tional aspects of resting EEG microstates: A systematic review.
Brain Topogr. 2024;37(2):181-217.

Kasteleijn-Nolst Trenité DG, Schmitz B, Janz D, et al. Consensus on
diagnosis and management of JME: From founder’s observations to
current trends. Epilepsy Behav. 2013;28 Suppl 1:587-S90.
Kasteleijn-Nolst Trenité D, Rubboli G, Hirsch E, et al.
Methodology of photic stimulation revisited: Updated European al-
gorithm for visual stimulation in the EEG laboratory. Epilepsia.
2012;53(1):16-24.

Waltz S, Christen HJ, Doose H. The different patterns of the photo-
paroxysmal response—A genetic study. Electroencephalogr Clin
Neurophysiol. 1992;83(2):138-145.

Delorme A, Makeig S. EEGLAB: An open source toolbox
for analysis of single-trial EEG dynamics including independent
component analysis. | Neurosci Methods. 2004;134(1):9-21.
Wackermann J, Lehmann D, Michel CM, Strik WK. Adaptive seg-
mentation of spontaneous EEG map series into spatially defined mi-
crostates. Int | Psychophysiol. 1993;14(3):269-283.

Koenig T, Prichep L, Lehmann D, et al. Millisecond by millisecond,
year by year: Normative EEG microstates and developmental
stages. Neuroimage. 2002;16(1):41-48.

Tim M. Cleanline EEGLAB plugin. Neuroimaging Informatics
Toolsand Resources Clearinghouse (NITRC); 2012.

Koenig T. Microstates in EEGLAB. 2017. Available at: https://www.
thomaskoenig.ch/index.php/work/software/microstates-in-eeglab
Pascual-Marqui RD, Michel CM, Lehmann D. Segmentation of
brain electrical activity into microstates: Model estimation and val-
idation. IEEE Trans Biomed Eng. 1995;42(7):658-665.

Khanna A, Pascual-Leone A, Michel CM, Farzan F. Microstates in
resting-state EEG: Current status and future directions. Neurosci
Biobehav Rev. 2015;49:105-113.

Koenig T, Kottlow M, Stein M, Melie-Garcia L. Ragu: A free tool
for the analysis of EEG and MEG event-related scalp field data using
global randomization statistics. Comput Intell Neurosci. 2011;
2011:938925.

Lehmann D, Faber PL, Galderisi S, et al. EEG microstate duration
and syntax in acute, medication-naive, first-episode schizophrenia:
A multi-center study. Psychiatry Res. 2005;138(2):141-156.
Tomescu MI, Rihs TA, Roinishvili M, et al. Schizophrenia patients
and 22q11.2 deletion syndrome adolescents at risk express the same
deviant patterns of resting state EEG microstates: A candidate endo-
phenotype of schizophrenia. Schizophr Res Cogn. 2015;2(3):
159-165.

Nishida K, Morishima Y, Yoshimura M, et al. EEG microstates
associated with salience and frontoparietal networks in frontotem-
poral dementia, schizophrenia and Alzheimer’s disease. Clin
Neurophysiol. 2013;124(6):1106-1114.

$20Z 1290190 60 U0 1sanb Aq £08019//S08E21/Z/9/01014B/SWWODUIRIG/WO02 dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]


https://www.thomaskoenig.ch/index.php/work/software/microstates-in-eeglab
https://www.thomaskoenig.ch/index.php/work/software/microstates-in-eeglab

EEG microstates in photosensitive JME

30.

31.

32.

33.

34.

35.

36.

37.

LiY, Chen G, Lv J, et al. Abnormalities in resting-state EEG microstates
are a vulnerability marker of migraine. | Headache Pain. 2022;23(1):45.
Jiang YB, Zhu MY, Hu Y, Wang K. Altered resting-state electroen-
cephalography microstates in idiopathic generalized epilepsy: A
prospective case-control study. Front Neurol. 2021;12:710952.

V KR, Rajagopalan SS, Bhardwaj S, et al. Machine learning detects
EEG microstate alterations in patients living with temporal lobe epi-
lepsy. Seizure. 2018;61:8-13.

Britz J, Van De Ville D, Michel CM. BOLD correlates of EEG top-
ography reveal rapid resting-state network dynamics. Neuroimage.
2010;52(4):1162-1170.

Yuan H, Zotev V, Phillips R, Drevets WC, Bodurka J. Spatiotemporal
dynamics of the brain at rest—Exploring EEG microstates as
electrophysiological signatures of BOLD resting state networks.
Neuroimage. 2012;60(4):2062-2072.

Seitzman BA, Abell M, Bartley SC, Erickson MA, Bolbecker AR,
Hetrick WP. Cognitive manipulation of brain electric microstates.
Neuroimage. 2017;146:533-543.

Milz P, Pascual-Marqui RD, Achermann P, Kochi K, Faber PL. The
EEG microstate topography is predominantly determined by intra-
cortical sources in the alpha band. Neuroimage. 2017;162:353-361.
Santarnecchi E, Khanna AR, Musaeus CS, et al. EEG microstate cor-
relates of fluid intelligence and response to cognitive training. Brain
Topogr. 2017;30(4):502-520.

38.

39.

40.

41.

42.

43.

44,

BRAIN COMMUNICATIONS 2024: Page 9 of 9 | 9

LiuJ, XuJ, Zou G,He Y, Zou Q, Gao JH. Reliability and individual
specificity of EEG microstate characteristics. Brain Topogr. 2020;
33(4):438-449.

Zappasodi F, Perrucci MG, Saggino A, et al. EEG microstates distin-
guish between cognitive components of fluid
Neuroimage. 2019;189:560-573.

Kasteleijn-Nolst Trenité DG, Verrotti A, Di Fonzo A, et al.
Headache, epilepsy and photosensitivity: How are they connected?
J Headache Pain. 2010;11(6):469-476.

Ricci L, Croce P, Pulitano P, et al. Levetiracetam modulates EEG mi-
crostates in temporal lobe epilepsy. Brain Topogr. 2022;35(5-6):
680-691.

Reed RC, Rosenfeld WE, Lippmann SM, Eijkemans RM]JC,
Kasteleijn-Nolst Trenité DGA. Rapidity of CNS effect on photopar-
oxysmal response for brivaracetam vs. levetiracetam: A randomized,
double-blind, crossover trial in photosensitive epilepsy patients. CNS
Drugs. 2020;34(10):1075-1086.

Kasteleijn-Nolst Trenité DGA, Marescaux C, Stodieck S, Edelbroek
PM, Oosting J. Photosensitive epilepsy: A model to study the effects
of antiepileptic drugs. Evaluation of the piracetam analogue, levetir-
acetam. Epilepsy Res. 1996;25:225-230.

Vorderwiilbecke BJ, Wandschneider B, Weber Y, Holtkamp M.
Genetic generalized epilepsies in adults—Challenging assumptions
and dogmas. Nat Rev Neurol. 2022;18(2):71-83.

reasoning.

$20Z 1290190 60 U0 1sanb Aq £08019//S08E21/Z/9/01014B/SWWODUIRIG/WO02 dNO"0IWapEI.//:sd)y WO} POPEOjUMO(]



	Resting-state electroencephalography microstates as a marker of photosensitivity in juvenile myoclonic epilepsy
	Introduction
	Materials and methods
	Participants
	EEG acquisition and pre-processing
	Microstate analysis
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	Funding
	Competing interests
	Data availability
	References


