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� FAME2, compared to EPM1, had confined beta-cortico-muscular coherence (CMC) and increased centrality index in the sensorimotor region contralateral
to movement.

� In FAME2, CMC distribution and increased centrality index could counteract the severity and the spreading of the myoclonus.
� In FAME2, there was a main decline in the network connectivity indexes, possibly linked to neuropsychological comorbidities.
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Objective: Familial Adult Myoclonic Epilepsy (FAME) presents with action-activated myoclonus, often
associated with epilepsy, sharing various features with Progressive Myoclonic Epilepsy (PMEs), but with
slower course and limited motor disability. We aimed our study to identify measures suitable to explain
the different severity of FAME2 compared to EPM1, the most common PME, and to detect the signature of
the distinctive brain networks.
Methods: We analyzed the EEG-EMG coherence (CMC) during segmental motor activity and indexes of
connectivity in the two patient groups, and in healthy subjects (HS). We also investigated the regional
and global properties of the network.
Results: In FAME2, differently from EPM1, we found a well-localized distribution of beta-CMC and
increased betweenness-centrality (BC) on the sensorimotor region contralateral to the activated hand.
In both patient groups, compared to HS, there was a decline in the network connectivity indexes in the

beta and gamma band, which was more obvious in FAME2.
Conclusions: In FAME2, better localized CMC and increased BC in comparison with EPM1 patients could
counteract the severity and the spreading of the myoclonus.
Decreased indexes of cortical integration were more severe in FAME2.

Significance: Our measures correlated with different motor disabilities and identified distinctive brain
network impairments.

� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Familial Adult Myoclonic Epilepsy, with dominant inheritance
(FAME), presents as an adolescent/adult-onset myoclonus often
associated with epilepsy. The movement disorder was originally
described as ‘‘cortical tremor”, as a variant of cortical reflex myo-
clonus (Ikeda et al., 1990), associated with cortical spikes (Oguni
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et al., 1995; Terada et al. 1997). Electrophysiological studies
revealed signs of sensorimotor cortical hyperexcitability, further
indicating a cortical origin, including giant somatosensory evoked
potentials (SEPs), enhanced long-loop C-reflexes, increased facilita-
tion, and decreased inhibition in response to transcranial magnetic
stimulation (Oguni et al., 1995; Cen et al., 2016; Tojima et al., 2021;
Dubbioso et al., 2022). Moreover, some data suggested the involve-
ment of a cerebellar-thalamocortical loop in the pathophysiology
of FAME (Latorre et al., 2020; Wang et al., 2022).

Several patients also have seizures and show generalized spike
and wave complexes on EEG, and sometimes photo-paroxysmal
responses (Terada et al., 1997; Cen et al., 2016).

Expanded TTTCA and TTTTA in an intronic region of different
genes in different ethnical groups are the causative factors
(Ishiura et al., 2018; Corbett et al., 2019; Florian et al., 2019;
Yeetong et al., 2019), all patients are included in the FAME cate-
gory, with similar even if non-identical phenotypes. Among them,
FAME2 (MIM #607876) has been reported in adults, with relatively
late onset of rhythmic myoclonic jerks, sometimes associated with
seizures, photosensitivity, possible cognitive decline, and frequent
psychiatric symptoms (Guerrini et al., 2001; Crompton et al., 2012;
Licchetta et al., 2013; Coppola et al., 2016; Kobayashi et al., 2018).

We included in our study 13 patients with genetically con-
firmed FAME2, from two families (n. 2 and 22 reported by
Corbett et al., 2019), all showing a limited motor disability, and
we evaluated the cortico-muscular coherence (CMC) and network
indexes based on EEG-EMG polygraphic recordings.

To understand why cortical myoclonus is much less severe in
FAME2 patients than in patients with typical progressive myoclo-
nic epilepsy (PME), we evaluated measures obtained from poly-
graphic recordings performed in patients with FAME2 and
compared them with those obtained from13 patients with
Unverricht-Lundborg disease (EPM1 #254800). In particular, we
estimated the cortico-muscular coherence (CMC) and indexes
derived from graph analysis capable of providing information on
the cortical network in the two patient populations. Taking into
account the different courses of the disease in the two groups of
patients, we chose patients with EPM1 as this form is less severe
than many other PMEs and tends to reach relative stability in
adulthood (Ramachandran et al, 2009).
2. Methods

2.1. Patients

We included 13 patients with a molecular diagnosis of FAME2
(5-bp repeat expansion, ATTTC, in intron 1 of the STARD7 gene
(#616712) in chromosome 2q11 (four females; age 55.3 ± 4.2 yea
rs). Moreover, we included 13 patients with ‘‘mild” EPM1
(#254800; all carrying homozygous CCC-CGC-CCC-GCG dode-
camer repeat expansions on chromosome 21q22 at the promoter
of cystatin B gene (9 females; age 44.5 ± 2.7 years), with prominent
myoclonus, not associated with important cerebellar signs, cogni-
tive impairment, or recurrent seizures (Kälviäinen et al., 2008;
Canafoglia et al., 2017). The age of the two patient groups had a
weakly significant statistical difference (t (24) = 2.1, p = 0.046).
Moreover, we compared these two groups with 11 healthy subjects
(HS, 5 females; age 43.3 ± 4.1 years). All patients and HS were
right-handed and able to collaborate on the polygraphic recording
and requested motor tasks.

All EPM1 patients received anti-seizure medications (ASM), as
reported in Table 1, and all had very few seizures at the disease
onset. Seven of the 13 FAME2 patients had occasional seizures in
the past and received chronic ASM (one had infantile-onset sei-
75
zures reported as ‘‘spasms”; then he developed focal to bilateral
seizures).

According to the simplified myoclonus score (Magaudda et al.,
2004), the EPM1 patients had a myoclonus score ranging from
two to five, while FAME2 patients had scores from one to three
(Table 1).

At the time of this evaluation, all patients had EEG abnormali-
ties absent or limited to occasional residual diffuse brief spike-
wave sequences. All EPM1 patients had PPR during the initial stage
of the disease, which persisted in two of them at the time of this
evaluation. ‘‘Subclinical” PPR was present also in four FAME2 and
in two EPM1 patients.

Somatosensory evoked potentials (SEPs) and C-reflex data were
available for all EPM1 and for 11 of the 13 FAME2 patients. SEPs
were elicited by electrically stimulating the median nerve at the
wrist at an intensity that was just over the motor threshold with
a stimulation frequency of 1 Hz. SEPs were defined as ‘‘giant” when
the amplitudes of N20P25 and P25N33 cortical components
exceeded the mean value + 3SD the normative laboratory values
(12.3 lV and 8.6 lV for N20P25 and P25N33 respectively; Visani
et al., 2013). C-reflex was obtained in all EPM1 and in nine FAME2
patients, using surface electrodes positioned on the thenar muscle
and evoked by electrical stimulation at the wrist just over the
motor threshold at a frequency rate of 0.5 Hz.

The study was approved by the Ethics Committee of the Fon-
dazione IRCCS Istituto Neurologico Carlo Besta and carried out
according to the Declaration of Helsinki, and its amendments. All
of the subjects gave their written informed consent before being
included in the study.

2.2. EEG-polygraphic recordings

We evaluated the EEG-polygraphic recordings from 19 scalp
electrodes positioned according to the International 10–20 system
with reference to linked earlobes and EMG from surface electrodes
positioned in all patients on various muscles always including
bilateral wrist extensor and flexor.

The sampling frequency was set at 512 Hz and the EEG signals
were band-pass filtered in the range of 1.6–120 Hz. We evaluated
the EEG at rest and during maintained unilateral isometric wrist
extension.

Two epochs lasting 30 seconds of EEG and EMG signals obtained
at the onset of right-hand extension and free from artifacts, were
selected for the analyses. We also analyzed epochs of equal dura-
tion recorded under resting conditions. Taking into account the
preliminary examination done on individual electrodes, we
grouped the electrodes in different regions of interest (ROIs). We
defined the following ROIs: L sensorimotor (L-SM) as the mean of
the values measured on F3, C3, and P3, R sensorimotor (R-SM) as
the mean of F4, C4, and P4 values, vertex region (V) as the mean
of Fz, Cz, Pz values. We never found a significant difference in val-
ues obtained from left and right frontopolar (FP) or occipital (OCC)
electrodes; therefore, we included as FP values the mean of the val-
ues of Fp1 and Fp2 and as occipital (OCC) ROI the mean of the val-
ues of O2 and O1.

2.3. Power spectrum density and cortico-muscular coherence analysis

We estimated the power spectrum density (PSD) at rest and
CMC during isometric contraction using a blockwise autoregressive
parametric model (AR, Panzica et al., 2003); the model order was
determined using the multichannel version of the Akaike criterion,
while we used a ‘portmanteau’ chi-square and Anderson’s tests to
verify the goodness of the identification. We evaluated both PSD
and CMC in delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta
(13–30 Hz), and low gamma (30–40 Hz) bands.



Table 1
Main demographic and clinical data of FAME2 and EPM1 patients. TC = tonic-clonic seizures� myo = myoclonic seizures, F = focal seizures, VPA = valproate, BZ = benzodiazepines
(clonazepam or diazepam), PRM = primidone, LEV = levetiracetam, PER = perampanel, GBT = vigabatrin, SRT = sertraline, PAR = paroxetine, ZON = zonisamide, TPM = topiramate,
PB = phenobarbital.

Age (ys) Onset (ys) Disease duration (ys) Score Seizures type Seizure
free

PPR ASMs

FAME2 1 34 18 16 2 TC yes no PRM
FAME2 2 39 14 25 2 no yes no -
FAME2 3 49 20 29 2 no yes yes -
FAME2 4 49 15 34 3 TC yes no PRM, LEV
FAME2 5 49 20 34 2 no yes no -
FAME2 6 70 20 50 3 TC yes yes PRM,VPA, PER, BZ
FAME2 7 36 20 16 1 no yes no -
FAME2 8 78 23 55 2 no yes no -
FAME2 9 78 40 38 3 Visual, TC Yes no VPA, PB
FAME2 10 57 41 16 2 no yes yes VPA
FAME2 11 64 30 34 2 TC yes yes BZ, PAR
FAME2 12 70 40 30 2 TC yes no GBT, SRT
FAME2 13 65 54 11 3 Spasms (2 ys) yes no VPA

EPM1 1 32 12 20 2 TC & myo yes no VPA, BZ
EPM1 2 32 9 23 2 TC & myo yes yes VPA
EPM1 3 46 16 30 3 TC & myo yes yes VPA, BZ, PRM, LEV
EPM1 4 48 9 39 3 TC & myo yes no VPA, PB, BZ
EPM1 5 48 11 37 4 TC & myo yes no VPA,CLZ, LEV
EPM1 6 36 11 25 3 TC & myo yes no VPA, LEV
EPM1 7 48 11 37 5 TC & myo yes no PB, BZ, VPA, TPM, LEV
EPM1 8 48 12 36 5 TC & myo yes no VPA, BZ, TPM
EPM1 9 56 12 44 5 TC & myo yes no PB, VPA, BZ
EPM1 10 56 11 45 5 TC & myo yes no VPA, BZ
EPM1 11 65 10 55 5 TC & myo yes no LEV, VPA, TPM, BZ
EPM1 12 38 12 26 4 TC & myo yes no VPA, BZ
EPM1 13 38 12 26 3 TC & myo yes no VPA, PER, ZON

S. Franceschetti, E. Visani, F. Panzica et al. Clinical Neurophysiology 151 (2023) 74–82
2.4. Network analysis

Generalized partial directed coherence (gPDC, Baccalà et al.,
2013), and indexes derived from graph theory-based measures
were estimated on the same epochs and in the same frequency
bands used for rest and CMC analyses.

The gPDC was applied to estimate the directional flow of infor-
mation between pairs of signals, with values ranging from 0 (no
connectivity) to 1 (maximal connectivity). We assessed the statis-
tical significance of non-zero values at each frequency by a boot-
strap approach using phase randomization, based on Theiler’s
method (Theiler, 1992; Zoubir and Iskander, 2004).

To investigate the regional properties of the network, we calcu-
lated the in- and out-degrees (the number of edges going into or
going out of a node, considering each ROI as a node). Moreover,
we calculated the betweenness-centrality (BC), measuring the cen-
trality in a graph of a specific region based on shortest paths, and
the clustering coefficient (CC), measuring the degree to which a
network organizes into a region. We also evaluated as indexes of
the whole brain network the global efficiency (EGlob), measuring
the capacity for parallel information transfer, and the characteristic
path length (CPL), giving the average number of edges in the short-
est paths between all node pairs, in the different frequency bands.

The signals were pre-processed and analyzed using a custom-
written toolbox in MATLAB (MathWorks Inc., Natick, MA, U.S.A.)
containing modified functions from Biosig (Vidaurre et al., 2011)
and ARFit (Schneider and Neumaier, 2001) toolboxes.

2.5. Statistical analysis

We applied repeated measures analysis of variance (RM-
ANOVA) at a significance level of 5% to PSD relative power, CMC
values, and connectivity indexes using groups (HS, EPM1, FAME2)
as between factor and ROIs as within-subject factors. The spheric-
ity assumption was evaluated using Mauchly’s test, and, in the case
of its violation, the Greenhouse-Geisser correction was applied.
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Where the RM-ANOVA indicated a significant interaction, we
applied the post hoc Bonferroni test to compare the different
groups. Moreover, we applied independent samples t-tests to com-
pare the values obtained in individual ROIs in HS and in the two
patient groups. For the network indexes, we applied paired t-
tests to compare the values obtained at rest and during motor acti-
vation. Correlation analysis was performed to determine the rela-
tionship between age or disease duration and the values
obtained in the different analyses. Correlations were also evaluated
between myoclonus score and CMC or network indexes, removing
the effect of age or diseased duration.

Values are expressed as the mean and standard error of the
mean. All obtainedmeasures were statistically analyzed using SPSS
software (version 17, SPSS Inc. Chicago, IL, USA).
3. Results

For illustrative purposes, Fig. 1 displays four epochs extracted
from the EEG-EMG recording performed in two FAME2 (#3 and
#11, Table 1) and two EPM1 patients (#4 and #12, Table 1) during
right-hand extension.
3.1. Spectral analysis at rest

We performed the PSD analysis mainly to exclude different EEG
frequency compositions in the two populations of patients, possi-
bly influencing further analysis.

By evaluating the relative PSD values at rest (Fig. 2), RM-ANOVA
showed a significant effect of ROIs in delta (F(2.11,71.83) = 6.81,
p = 0.002), theta (F(2.97,100.96) = 6.98, p < 0.001), alpha (F(1.51,
51.39) = 16.83p < 0.001), beta (F(1.87,63.55) = 7.02, p = 0.002)
bands, but not in the gamma band. Moreover, RM-ANOVA showed
a significant interaction ROIs � GROUPS in delta (F(2,34) = 21.07,
p < 0.001) and theta (F(2,34) = 14.91, p < 0.001) bands, but not in
alpha and beta bands.



Fig. 1. Five seconds epochs of EEG-EMG recording during active right-hand extension performed in two FAME2 and two EPM1 patients, showing the pattern of action
activated myoclonus.

Fig. 2. A: Relative power spectrum density (PSD) measured in healthy subjects (HS), EPM1 and FAME2 patients in different frequency bands and ROIs (regions of interest) L-
SM = left sensorimotor, R-SM = right sensorimotor, V = Vertex, FP = bilateral frontopolar, OCC = bilateral occipital). Both FAME2 and EPM1 had higher relative delta power than
HS, in all ROIs.
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Bonferroni tests indicated significant differences comparing
both EPM1 and FAME2 patients with HS with in delta (p < 0.001)
and theta (p < 0.001) bands only, but no differences between the
two patient groups.

EPM1 and FAME2 patients, compared to HS, had prominent
theta PSD in all ROIs, with the exclusion of the FP ROI.

The spectrum of the EMG signals recorded on wrist muscles
during motor activation revealed, on the same epochs selected
for CMC analysis, a prominent and sharp peak at a frequency that
was similar in FAME2 (mean 19.1 ± 3.4 Hz, range 11.5–23.1 Hz)
and EPM1 (mean 19.5 ± 0.4 Hz, range 17.5–23.7 Hz), and multiple
and less sharp peaks at higher frequencies. The relative power of
the prominent peak was also similar in the two groups (EPM1:
mean 0.51 ± 0.04, range 0.38–0.77; FAME2: mean 0.43 ± 0.03,
range 0.31–0.70).

3.2. Cortico-muscular coherence analysis

The main CMC peak occurred in the beta band at a similar fre-
quency in both EPM1 (mean 18.9 ± 0.2 Hz), and in 12 FAME-2
patients, while occurring in high-alpha frequency in one (#6,
10.2 Hz) (mean 18.7 ± 0.9 Hz) . All HS also showed a low but pre-
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sent CMC in the beta band (mean 20.4 1.1 Hz). In all groups, the
peak was typically prominent in L-SM ROI and often present in V
ROI (Fig. 3).

In theta, alpha, and gamma bands, RM-ANOVA did not show
main effects. In the beta band, RM-ANOVA showed significant main
effects of ROIs (F(1.71,58.04) = 18.50, p < 0.001) and GROUPS (F
(2,34) = 7.27, p = 0.002) and significant interactions
ROIs � GROUPS (F(3.41,58.04) = 18.50, p = 0.006). Post-hoc tests
revealed that the GROUPS effect was due to EPM1 vs HS
(p = 0.003) and FAME2 vs HS (p = 0.018) without significant
differences between the two patient groups (Fig. 3).

Independent samples t-test applied on individual ROIs showed
that both FAME2 and EPM1 patients compared to HS, had signifi-
cantly higher beta CMC in the L-SM (t(13.8) = 4.4, p < 0.001 and t
(12.4) = 3.0, p = 0.010) and V ROIs (t(12.0) = 3.5, p = 0.002 and t
(12.1) = 3.6, p = 0.002), without differences between the two
patient groups.

In EPM1, but not in FAME2 patients compared with HS, beta
CMC was significantly higher in FP (t(12.6) = 3.5, p = 0.002) and
in R-SM (t(12.1) = 3.06, p = 0.010) ROIs. Similarly, EPM1 had signif-
icantly higher values in FP (t(14.1) = 3.1, p = 0.008) and R-SM (t



Fig. 3. cortico-muscular coherence (CMC) measured with respect to right wrist extensor in different ROIs during hand extension. Both FAME2 and EPM1 showed significantly
higher values in the left sensorimotor (L-SM) and V (=Vertex) ROIs, compared with healthy subjects (HS), while EPM1 had similarly higher CMC values also on R SM and FP
ROIs with respect to both HS and FAME2 (**=p < 0.002; *=p < 0.05). (ROIs = regions of interest: L-SM = left sensorimotor, R-SM = right sensorimotor, V = Vertex, FP = bilateral
frontopolar, OCC = bilateral occipital).
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(12.6) = 2.8, p = 0.016) ROIs also when compared with FAME2
patients.
3.3. Network analysis

3.3.1. Out and In-Degrees
RMANOVA showed a significant effect of ROIs in the alpha band

(F(70.9) = 5.4, p = 0.001) for Out-degree but not GROUPS effects. For
In-degree, RMANOVA did not show any ROIs or GROUPS effects.
3.3.2. Betweenness centrality index
Comparing the two patient groups and HS, statistical analysis

showed significant differences only in the beta band. RM-ANOVA
showed a significant main effect of ROIs (F(4,14) = 4.97,
p < 0.001) and GROUPS (F(2,3) = 12.8, p < 0.001) and a significant
ROIs � GROUPS interaction (F(8,136) = 4.21, p < 0.001) only during
motor activation. Post-hoc analysis indicated significant differ-
ences between FAME2 and both EPM1 (p = 0.002) and HS
(p < 0.001), but no difference between EPM1 and HS.

Comparing the individual ROIs, t-tests showed that FAME2
patients had, during motor activation, significantly increased BC
values in the L-SM ROI compared with both HS (t(22) = -4.44,
p = 0.001) and EPM1 patients and (t(24) = 5.04, p < 0.001, Fig. 4A).

During motor activation, in FAME2 patient only, BC values sig-
nificantly increased in the LSM ROI with respect to those measured
at rest (paired t-test: (t(12) = 5.41, p < 0.001) (Fig. 4B). In EPM1
patients the behavior was the opposite, with values of BC reduced
during muscle activation (t(12) = -2.80, p = 0.008). HS did not show
a significant difference comparing BC values during motor activa-
tion with those measured under resting conditions.
Fig. 4. A: betweenness centrality (BC) measured in the beta-band during right-hand e
(ROIs = regions of interest: L-SM = left sensorimotor, R-SM = right sensorimotor, V = Verte
ROI during right-hand extension (action) compared with values measured at rest. Sig
(**=p < 0.001; *=p < 0.05).
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3.3.3. Cluster coefficient
RM-ANOVA on CC values evaluated revealed a significant main

effect of GROUPS both in beta (F(2,34) = 9.47, p < 0.001) and
gamma bands (F(2,34) = 50.44, p < 0.001), without ROIs effect.

In the beta band, Bonferroni post hoc tests indicate that the CC
values in FAME2 patients were significantly lower than in both HS
(p < 0.001) and in EPM1 (p = 0.025) (Fig. 5A), without significant
differences between HS and EPM1 patients.

Even when evaluated on individual ROIs, CC in the beta band
showed significantly lower values in FAME2 compared to both
HS (t values ranging from 3.4 to 3.7, p values ranging from 0.004
to 0.010) and EPM1 (t values ranging from 3.5 to 5.0, p values rang-
ing from 0.3 to 0.001). EPM1 did not show a significant difference
with respect to HS.

In the gamma band, in both FAME2 and EPM1 patients, the CC
showed significantly lower values compared to HS (t values rang-
ing from 5.0 to 8.2, p values < 0.001 in all ROIs). When compared
with EPM1, FAME2 patients had lower CC in the gamma band in
all ROIs (t values ranging from 2.2 to 3.3, p values ranging from
0.032 to 0.005) with the exclusion of the OCC ROI (Fig. 5B).

The comparison between the CC values measured during mus-
cle activation with those measured at rest did not show any signif-
icant changes.

3.3.4. Global efficiency and characteristic path length
ANOVA test indicates that EGlob was significantly different

between GROUPS in the beta (F(2,34) = 8.38, p = 0.001) and the
gamma (F(2,34) = 50.54, p < 0.001) bands. In both bands, the Bon-
ferroni post-hoc test showed significantly lower EGlob in FAME2
with respect to both HS (beta: p = 0.002; gamma: p < 0.001) and
EPM1 (beta: p = 0.008; gamma: p = 0.008). In the gamma band,
xtension in healthy subjects (HS), EPM1 and FAME2 patients in the different ROIs
x, FP = bilateral frontopolar, OCC = bilateral occipital). B: BC values measured on L SM
nificant differences found comparing action with rest are marked with asterisks



Fig. 5. Clustering Coefficient (CC) measured in beta (A) and gamma (B) bands
during right-hand extension in healthy subjects (HS), EPM1 and FAME2 patients in
the different ROIs (ROIs = regions of interest: L-SM = left sensorimotor, R-SM = right
sensorimotor, V = Vertex, FP = bilateral frontopolar, OCC = bilateral occipital). The
differences among subject groups were similar in all ROIs; no significant differences
were observed with respect to the same values measured at rest. Significant
differences between groups are marked with asterisks (**=p < 0.001; *=p < 0.05).
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FAME2 patients had also lower values compared to EPM1
(p < 0.001) (Fig. 6).

CPL showed significant differences between GROUPS in the beta
(F(2,34) = 6.82, p = 0.003) and gamma (F(2,34) = 19.30, p < 0.001)
bands. Bonferroni Post-hoc test revealed that CPL had an inverse
behavior with respect EGlob. In the beta band, FAME2 patients
showed higher CPL values with respect to both HS (p = 0.006)
and EPM1 patients (p = 0.016). In the gamma band, HS had lower
values with respect to FAME2 (p < 0.001) and EPM1 (p = 0.013);
moreover, EPM1 had lower values with respect to FAME2 patients
(p = 0.007).

Both EGlob and CPL measures performed during right-hand
movement were not significantly different with respect to those
measured at rest.
Fig. 6. Global efficiency (EGlob) measured in different frequency bands in healthy
subjects (HS), EPM1 and FAME2. The differences among HS and FAME2 patients as
well from EPM1 and FAME2 patients were significant in both the beta and gamma
bands, while the difference between HS and EPM1 was significant in the gamma
band only. Differences are marked with asterisks (**=p < 0.001; *=p < 0.05).
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3.3.5. Associated electrophysiological indexes of enhanced excitability
of the sensorimotor cortex.

SEPs evaluated in all EPM1 and in 11 FAME2 patients were
defined as ‘‘giant” in eight of the patients in each group. The ampli-
tude of N20P25 and of P25N33 was on average higher in EPM1,
without a significant difference between EPM1 and FAME2
(N20P25: 16.5 ± 2.3 and 13.8 ± 2.4 lV; P25N33: 14.8 ± 4.3 and
13.1 ± 2.0 lV). The C-reflex was enhanced at rest in six EPM1
and in eight FAME2 patients.

3.3.6. Correlations
Patient age and disease duration. CMC measured on different

ROIs had no significant relationship with age or disease duration.
The same occurred for the BC values.

Values of EGlob in the gamma band only negatively correlated
with both age (-0.624 (13), p = 0.023) and disease duration (-
0.641(13), p = 0.018) in EPM1, but not in FAME2 patients; as well,
CPL in gamma band positively correlated with age (0.666,
p = 0.013) and disease duration (0.649, p = 0.016) in gamma band
in EPM1 only.

Myoclonus severity score. The obvious difference between the
simplified myoclonus score values in EPM1 and FAME2 patients
(3.5 ± 0.29 vs 2.0 ± 0.16, t(18.65) = 4.63, p < 0.001), and the
restricted range of the score values in FAME2, prevented the sepa-
rate evaluation of the relationship between the myoclonus score
and the different evaluated indexes in the two patient populations.
However, to test the value of the different indexes with respect to
the severity of myoclonus, we grouped the two patient popula-
tions. After removing the effect of age, the myoclonus score corre-
lated with the CMC value on R-SM (0.490 (23) p = 0.012) and FP
(0.511(23), p = 0.009) ROIs. After removing the effect of disease
duration, the myoclonus score correlated with the CMC value on
R-SM (0.424 (23) p = 0.034) and FP (0.510(23), p = 0.009) ROIs.
4. Discussion

We examined basic neurophysiological data, including EEG
spectral properties at rest and cortico-muscular coherence during
segmental motor activation in FAME2 patients presenting with
prominent action myoclonus, and we compared the results with
those obtained in a group of EPM1 patients, and with a group of
healthy subjects.

The spectral properties of the EEG signal revealed an increased
amount of slow (theta-delta) frequencies in both EPM1 and
FAME2, without significant differences in beta and gamma bands
in the two patient groups. This finding can be considered in line
with previous observations indicating a trend toward EEG slowing
in FAME2 patients (Coppola et al. 2011), and a persistent slowing of
background activity in EPM1 (Ferlazzo et al., 2007).

The significant differences that we found comparing FAME2 and
EPM1 patients, which could enlighten about the different charac-
teristics and severity of action myoclonus in the two patient
groups occurred in beta and gamma bands.

4.1. Parameters expected to influence the severity of myoclonus

An obvious difference was the uneven distribution of CMC in
the different cortical regions and the dissimilarities found for the
betweenness centrality index. In fact, high CMC in beta frequen-
cies, which is a typical marker of cortically generated myoclonic
jerks elicited by segmental motor activation (Silén et al., 2002;
Shibasaki 2006; Zutt et al., 2019), characterized the sensorimotor
area contralateral to activated hand in both patient groups, but a
main difference resided in the more restricted distribution of
beta-CMC in FAME2 patients.
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Various neurophysiological studies performed in FAME2
patients have highlighted the cortical origin of the myoclonus
using the JLBA technique, but only a few have also analyzed the
CMC for this purpose (Guerrini et al., 2001, Van Rootselaar et al.,
2006). In our study, we evaluated a simple electrode array, group-
ing the values of electrodes in ROIs; therefore, we did not explore
in detail the contribution of specific cortical areas. However, the
local setting of high CMC in FAME2 can suggest a less complex
‘‘myoclonus” circuitry than in EPM1. The involvement of cortical
area exceeding the contralateral motor one in action myoclonus
has been repeatedly reported in PME (Hanajima et al., 2001;
Panzica et al., 2014), even if its influence on myoclonus severity
has been probably not highlighted. Spreading excitation through
callosal and cortico-cortical pathways has been originally found
(Brown et al., 1991) in patients with cortical myoclonus, and can
be a possible mechanism favoring the myoclonus spreading toward
additional segments with respect to the activated one.

In previous EEG and MEG studies (Panzica et al., 2014,
Franceschetti et al., 2016), comparing EPM1 patients with HS, we
already found the presence of high CMC values in regions other
than the primary sensorimotor area contralateral to the activated
segment in EPM1, and the involvement of the ipsilateral hemi-
sphere. Moreover, in a MEG study, performed to evaluate the
changes occurring after drug-induced reduction of the myoclonus
severity, we found in EPM1 a significant lessening in the involve-
ment of cortical areas exceeding the contralateral sensorimotor
one in the presence of the effective treatment (Franceschetti
et al., 2021).

We found another significant difference between FAME2 and
EPM1 patients by evaluating the betweenness centrality measured,
which is an indicator of the number of shortest paths characteriz-
ing the involved local network (García-Prieto et al., 2017), thus
describing the ability of the cortical region to maintain high local
integration. The significant strengthening of BC, which we found
only in FAME2 patients during motor activation with respect to
the resting condition, may represent an efficient compensatory
phenomenon, completely lost in EPM1, suitable to better execute
the movement, and reflecting on the low myoclonus score and
the more delimited presentation to the activated muscles observed
in these patients. This finding also agrees with what we previously
found in a MEG study, indicating an increased BC on motor ROI
occurring in EPM1 together with a drug-induced better ‘‘control”
of action myoclonus (Franceschetti et al., 2021).

Correlation analysis indicated that age and disease duration did
not influence the measures found for CMC and betweennes cen-
trality in the two patient populations. The lack of influence of
age may depend on the fact that, to evaluate differences with
respect to FAME2 we selected adult or aged EPM1 patients, there-
fore with an age as similar as possible to that of FAME2.

The presence of ASMs in all EPM1, but not in FAME2 patients,
may also have reduced the cortical excitability in this population.
However, this does not appear to have influenced the persistence
of differences in the topography of the CMC, exceeding the primary
sensorimotor area in EPM1, and the positive variations of between-
ness centrality occurring in FAME2 only, as a possible mechanism
suitable to better control action myoclonus.

4.2. Network characteristics

Different information may arise from the evidence of non-local
and non-movement-related defects of indexes evaluating the glo-
bal integration of the network. In FAME2 patients, the clustering
coefficient was impaired without any regional prominence, in beta
and gamma frequencies, indicating that the degree of local cir-
cuitry integration is widely impaired, while in EPM1 patients a
similar, although less strong, reduction appears to involve gamma
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band only. In line with this, the global efficiency was significantly
impaired in both patient groups with respect to healthy subjects,
but more strongly impaired in FAME2 patients in beta and gamma
bands. Recent data revealed a significant lessening of early high-
frequency oscillations in FAME2 patients, suggesting dysfunction
of thalamic-somatosensory cortex circuits (Dubbioso et al., 2022).
Actually, we found a widespread reduction of fast activities both
during active movements and at rest; however, this can be coher-
ent with a significant inability of this disorder in generating fast
oscillations, which can be better explored by specific stimulus pro-
tocols and waveform analysis.

The generation of beta and gamma activities appeared to be
impaired also in EPM1, but more severely in FAME2, compared
to both HS and EPM1. In fact, significantly low values were limited
to the gamma band in EPM1 showing a negative correlation with
age, while in FAME2, low values involved both beta and gamma
frequencies and did not correlate with age and disease duration,
suggesting that this was an intrinsic feature of this disorder.

Fast activities are mainly generated by subgroups of GABA
interneurons (Lewis, 2014), playing a major role in the production
of gamma oscillations (Buzsáki and Wang, 2012). Both beta and
gamma activities are considered to be generated by the complex
network including primary neurons and interneurons
(Whittington et al., 2000), so we can consider that the same phe-
nomenon, involving ‘‘fast” activities takes place in both patient
groups, being more extensive and severe in FAME2.

Gamma oscillations and their network functions are thought to
be fundamental for normal cortico-cortical communication, and
cognitive functioning (Uhlhaas et al., 2010; Fries 2015). Weakened
functional connectivity, evaluated with different algorithms, and
mainly involving the frontal, fronto-limbic regions, or the default
mode network, has been repeatedly reported in neurodegenerative
dementias (Babiloni et al., 2020) and in psychiatric conditions such
as depression (Helm et al., 2018) or bipolar disorder (Furlong et al.,
2021). We could not evaluate our FAME2 patients with quantita-
tive psychometric tests; therefore, we cannot correlate the
observed network impairment with neuropsychological or psychi-
atric parameters. However, important psychiatric comorbidities
have been previously reported in individual patients with FAME2
(Zhang et al., 2020) and tested in family groups (Coppola et al.,
2016), with evidence of rather severe neuropsychiatric
comorbidity.

The negative relationships between patient age or disease dura-
tion and indexes of poor network integration, identified by cluster
coefficient and global efficiency in the gamma band, seems to indi-
cate that a poor integrative network ability is associated with the
disease progression in EPM1 patients while characterizing the
FAME2 patients irrespectively to age and progression.

We have carried out our study in patients with FAME2; there-
fore, we cannot extend our observations to all patients included
in the broad FAME category. However, we think that our findings
are significant in the interpretation of the clinical presentation of
this specific disorder, with analogies and differences compared to
a non-severe form of PME, and they can inspire further evaluations
aimed at clarifying its pathophysiology.
5. Limitations and conclusions

The main limits are the limited number of the included subjects,
the lack of quantitative measures deriving from neuropsychologi-
cal evaluation, and the limited definition of the specific cortical
areas in the EEG-polygraphic study due to the ‘‘standard” EEG
recording based on 19 electrodes. Nevertheless, the differences
were homogeneous and reached high statistical significance, indi-
cating for FAME2: 1) a better-localized distribution of high beta
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CMC values and 2) a clearly increased betweenness centrality
index during the active movement possibly influencing the sever-
ity of the movement disorder and avoiding the myoclonus spread-
ing outside the activated segment. In both patient groups,
compared to HS, there was an obvious decrease in network indexes
of local and global network organization, which was however more
obvious in FAME2 patients without a clear relationship with the
age or disease duration. Further studies could match these finding
with neuropsychological deficits in FAME2 population, suggested
by previous observation reported literature.
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