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1 | INTRODUCTION

| Antonio Suppa®*

| Marina A. J. Tijssen*”® | Akio Ikeda®

Abstract

Familial adult myoclonus epilepsy (FAME) also described as benign adult
familial myoclonus epilepsy (BAFME) is a high-penetrant autosomal dominant
condition featuring cortical myoclonus of varying frequency and occasional/rare
convulsive seizures. In this update we provide a detailed overview of the main
neurophysiological findings so far reported in patients with FAME/BAFME.
After reviewing the diagnostic contribution of each neurophysiological tech-
nique, we discuss the possible mechanisms underlying cortical hyperexcitabil-
ity and suggest the involvement of more complex circuits engaging cortical and
subcortical structures, such as the cerebellum. We, thus, propose that FAME/
BAFME clinical features should arise from an “abnormal neuronal network
activity,” where the cerebellum represents a possible common denominator. In
the last part of the article, we suggest that future neurophysiological studies using
more advanced transcranial magnetic stimulation (TMS) protocols could be used
to evaluate the functional connectivity between the cerebellum and cortical
structures. Finally, non-invasive brain stimulation techniques such as repeti-
tive TMS or transcranial direct current stimulation could be assessed as potential
therapeutic tools to ameliorate cortical excitability.

KEYWORDS
cortical excitability, cortical tremor, giant SEP, JLA, TMS

In the first description in 1990, Ikeda et al.! reported

Familial adult myoclonus epilepsy (FAME), also described
as benign adult familial myoclonus epilepsy (BAFME), is
a high-penetrant autosomal dominant condition charac-
terized by the clinical combination of varying frequency of
cortical myoclonus, and tonic-clonic seizures. The main
frequencies of cortical myoclonus may overlap with those
seen in specific tremors.

an action and postural tremor originating from the cere-
bral cortex, which was thus defined as a cortical tremor.
Cortical tremor was then recognized to be a remarkable
feature of the disease, often in association with general-
ized tonic—clonic seizures.

Over time, neurophysiological findings have clarified
that cortical tremor and myoclonus shared pathophysio-
logical features suggesting the existence of a continuum.’
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Indeed FAME/BAFME patients can display rhythmic and
highly frequent jerks of small amplitude and involving
the distal upper limb during posture and action and/or
less frequent and arrhythmic jerks affecting the legs, head,
trunk, proximal upper limbs, and facial muscles, especially
around the mouth and the eyelids. Cortical myoclonus can
be spontaneous or stimulus sensitive, namely provoked by
sensory inputs (i.e., somatosensory, visual stimulation).?

The aim of this update is to provide a detailed descrip-
tion of the main neurophysiological findings reported so
far in FAME/BAFME patients, discussing the possible
pathophysiological mechanisms underlying aberrant cor-
tical hyperexcitability. In the last section of the article, we
consider more advanced neurophysiological techniques to
get new neurobiological insight of the disease and their
use as innovative therapeutic approaches to ameliorate
cortical hyperexcitability.

2 | THE CONTRIBUTION OF
NEUROPHYSIOLOGY TO FAME/
BAFME

Electrophysiological investigations are essential for the
diagnostic workup of FAME/BAFME, since neurophysi-
ological tools may help to confirm the cortical origin of
myoclonus. An adequate neurophysiological study should
include:

(i) Electroencephalography (EEG).

(ii) The occurrence of cortical spikes preceding myoclonic
jerks, demonstrated by jerk-locked back averaging
(JLA).

(iii) Polymyographic recording demonstrating the clas-
sic electromyography (EMG) pattern consistent with
irregular, arrhythmic (or semi-rhythmic), and high-
frequency myoclonic jerks occurring in bursts lasting
50-100 ms.

(iv) Somatosensory evoked potentials (SEPs) with en-
larged cortical components (i.e., giant SEPs).

(v) An enhanced long-loop reflex (C-reflex) evoked by the
stimulation of the peripheral nerve.

(vi)Strong cortical and intermuscular coherence in an
8-30 Hz range.

Table 1 summarizes the articles on FAME/BAFME
with the main neurophysiological findings.
3 | STANDARD EEG RECORDINGS

EEG recordings of patients with FAME/BAFME have
been characterized by non-epileptic background

Key Points

« A detailed neurophysiological study remains
the main tool for the diagnosis of familial adult
myoclonus epilepsy/benign adult familial myo-
clonus epilepsy (FAME/BAFME).

« Neurophysiological studies have consistently
demonstrated marked and diffuse hyperex-
citability of several cortical areas, likely due
to an imbalance between facilitation and
inhibition.

« We propose that FAME/BAFME clinical fea-
tures should arise from an “abnormal neuronal
network activity” between cortical and subcor-
tical structures, such as the cerebellum.

« Future neurophysiological studies using more
advanced protocols could be used to evaluate
functional connectivity between the cerebellum
and cortical structures.

activity and epileptic activity. The posterior dominant
rhythm (PDR) was commonly reported as mildly ab-
normal because of slight slowing at the time of occur-
rence of symptoms in middle age.'®*® Initially, gradual
and progressive slowing of the PDR with age was re-
ported in European patients with FAME/BAFME based
on EEG." Following this report, the statistical analysis
compared with the control data was performed, and the
effect of antiseizure medications (ASMs) was also in-
vestigated in 19 Japanese patients with FAME/BAFME
(50.6+15.7years).” PDR frequency in the patient
group (9.1 +0.7 Hz) was significantly slower than that
of age-matched 38 control subjects (50.14+ 14.5years)
(10.4+1.1 Hz; p <.0001).

Controls were gathered from an EEG database of nor-
mal EEG judgment blind to clinical information with the
same age range as patients with FAME/BAFME. Their
diagnosis was then disclosed as idiopathic generalized
epilepsy, focal epilepsy, syncopal attack, movement dis-
orders, and other various kinds of etiology (e.g., sleep
disorders, psychiatric disorders, and so forth). Of 38
control subjects, 24 were on ASMs. PDR frequency was
also significantly lower in the 19 FAME/BAFME pa-
tients than in the age-matched control subjects taking
anticonvulsants (24 subjects; 10.6 + 0.9 Hz; p <.0001) or
not taking ASMs (14 subjects; 10.0+1.2 Hz, p = .0068).
Both findings are consistently suggestive of slowly pro-
gressive diffuse encephalopathy, but its degree was very
mild compared with other so-called progressive myoc-
lonus epilepsy.
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TABLE 1 Neurophysiological studies on FAME/BAFME patients.

No. of Abnormal Giant
Articles patients ASMs C-reflex SEP
Tkeda et al., 1990 2 2/2 2/2 2/2
Okuma et al., 1998° 4 4/4 4/4 4/4
Elia et al., 1998* 4 3/4 4/4 4/4
Mikami et al., 1999° 17 - 17/17 17/17
Guerrini et al., 2001° 8 6/8 717 6/7
Labauge et al., 20027 15 5/5 5/5 3/5
Van Rootselaar et al., 20028 13 6/13 4/5 4/5
De Falco et al., 2003’ 15 8/15  12/15 10/15
Striano et al., 2004'° 5 5/5 5/5 3/5
Striano et al., 2005 11 9/11  11/11 9/11
Van Rootselaar et al., 2006'* 7 5/7 4/5 4/5
Gardella et al., 2006" 7 1/7 2/7 1/7
Carr et al., 2007" 17 - 11/11 7/8
Van Rootselaar et al., 2007"> 10 7/10  4/6 4/6
Van Rootselaar et al., 2008 8 5/8 5/6 4/6
Suppa et al., 2009"7 7 - 0/7 0/7
Coppola et al., 2011'* 14 12/14 - -
Hitomi et al., 2011* 16 9/16 - 13/16
Licchetta et al., 2013% 16 13/16  3/3 2/3
Yeetong et al., 2013 13 7/13  11/11 7/11
Buijink et al., 2013* 7 5/7 5/5 3/5
Cen et al., 2016% 55 29/55  29/31 28/32
Gao et al., 2016* 6 5/6 1/1 1/1
Mahadevan et al., 2016 48 48/48 - 33/48
Latorre et al., 2018% 3 - 2/3 3/4
Kobayashi et al., 2018’ 101 88/95  35/41 55/67
Liu et al., 2020* 12 6/12 - 12/12
Demura et al., 2020%° 3 1/3 1/3 3/3
Matsubara et al., 2021%° 5 5/5 5/5 4/5
Tojima et al., 2021°" 16 15/16 - 16/16
Dubbioso et al., 2022% 26 21/26  21/26 20/26

Epilepsia**

Cortico-muscular EMG- tremor
EEG Presence coherencerange frequency

abnormalities of JLA (Hz) range (Hz)

2/2 2/2 - -

4/4 4/4 = 8-10

4/4 4/4 - 8-10

17/17 - - 9-10

717 9/9 8-25 (Rolandic 8-15
area)

1/5 3/3 = 10-13

2/4 Absent - 12-16

9/15 717 - High frequency

5/5 5/5 - -

10/11 11/11 - -

3/5 Absent 8-30(C3 and FC3) 13-20

2/7 Present -

12/12 7/8 - 8-10

4/10 - - -

2/5 - Present -

7/7 717 = 8-12

8/14 - - -

10/11 3/3 - 7-15

9/10 2/2 - -

2/5 - - -

26/35 - - -

5/5 - - -

48/48 - - -

. 0/3 - -

64/94 8/11 = -

1/3 - - -

5/5 - - -

15/24 18/18 N 6-11.25

Note: EEG abnormalities include nonepileptic background activity and/or epileptic activity. Note that ratios refer to the number of patients manifesting the
specific neurophysiological abnormality over the total number of patients examined with the same technique in each study.

Abbreviations: ASMs, antiseizure medications; SEP, somatosensory evoked potential; JLA, jerk-locked back averaging. -, Not performed.

Concerning epileptiform discharges, generalized spike/
polyspike and wave complexes have been recorded fre-
quently in BAFME patients, and with a higher frequency
than those observed in patients affected by idiopathic gen-
eralized tonic—clonic seizures (4.3+1.0 vs 3.2+0.8 Hz).**
Moreover, in a subsequent sleep study,’ epileptiform dis-
charges have been reported more frequently in awake pa-
tients rather than during sleep periods, suggesting a relative
reduction in cortical irritability during sleep in BAFME.*”

Finally, several studies have demonstrated that pa-
tients with FAME/BAFME may frequently manifest the
photoparoxysmal response, especially when not receiving
therapy. Moreover, during intermittent photic stimula-
tion, patients may also show a photomyogenic response
in cranial and/or limb muscles time-locked with visual
inputs. The photomyogenic response might be considered
as the neurophysiological correlate of reflex myoclonus
induced by visual stimuli.
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4 | JERK-LOCKED BACKWARD
AVERAGING (JLA)

Jerk-locked backward averaging (or JLA) may help to
demonstrate the cortical origin of myoclonus. By av-
eraging at least 50-200 trials of scalp EEG, JLA can
reveal cortical spikes preceding and time-locked to in-
dividual myoclonic jerks recorded from intrinsic hand
muscles (i.e., the extensor indicis muscle or the first
dorsal interosseous muscle). The time interval between
the cortical spike preceding the onset of the EMG dis-
charge recorded from hand muscles was compatible
with the cortico-muscular transmission.! Because JLA
can directly demonstrate a causal relationship between
cortical activity and EMG discharge, its specificity is
thought to be high. Recently, a study investigating 44
patients who manifested cortical myoclonus clinically
and instrumentally using EMG, demonstrated that JLA
disclosed cortical spikes preceding and time-locked to
individual myoclonic jerks in only 22% of participants.
It is relevant to report, however, that half of the patients
were not investigated because of technical limitations
(i.e., the high frequency of myoclonic jerks, major EEG
artifacts, or neuropathy). An improved method seems to
be warranted such as time-frequency analysis for JLA.
Indeed, the time-frequency analysis might provide more
information of a wider frequency range than those ob-
tained by single waveform analysis by JLA, and thus
possibly supplement, endorse, or replace JLA.

5 | MYOCLONUS ANALYSIS

In patients with FAME/BAFME, most of the studies exam-
ining surface EMG recordings to extract the dominant peak
frequency found increased power in the range of 8-15Hz
(see Table 1). This observation points to a rather homo-
geneous frequency of myoclonus in patients with FAME/
BAFME typically occurring in the beta range. Of inter-
est, patients with a longer disease duration have a higher
power of tremor associated with a lower frequency.** The
dominant peak frequency of jerky EMG activity in patients
with FAME/BAFME differs from that commonly observed
in patients with Parkinson's disease (PD) (i.e., 4-6 Hz);
it significantly overlaps with the frequency of essential
tremor (ET). However, the peak in FAME/BAFME is much
broader because it reflects myoclonus rather than tremor.
Concerning the neurophysiological difference between
FAME/BAFME and ET, it is relevant to consider that ET
is usually characterized by alternating EMG bursts in ago-
nist and antagonist muscles, whereas myoclonic activity
occurs synchronously in antagonist and agonist muscles in
patients with FAME/BAFME.

6 | SOMATOSENSORY EVOKED
POTENTIALS

Since the first description of cortical myoclonus in FAME/
BAFME patients, giant SEPs have been considered the
neurophysiological signature of somatosensory corti-
cal hyperexcitability in response to peripheral electric
stimuli.! Patients usually display a cortical amplitude's
enlargement of P25 (e.g., >8.6 pV) and N33 components
(e.g., >8.4 pV),36 whereas the early negative component,
N20, seems to be unaffected or in some cases even re-
duced.** However, the absence of giant SEPs does not
exclude the diagnosis of FAME/BAFME, since its occur-
rence in previous studies ranges from 0% to 100% (Table 1).
This would also reflect the influence of ASMs on reducing
somatosensory cortex excitability. For instance, Striano
et al. reported the beneficial effect of levetiracetam on six
FAME/BAFME patients demonstrating improvement in
myoclonus severity as well as the significant reduction of
SEP amplitudes in all patients for P25 component and in 4
of 6 patients for N30 wave.?’

More recently, some authors have shown that per-
ampanel (PER),*® an a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid-receptor antagonist, reduces
the amplitude of early cortical components of giant
SEPs. In addition, the decrease of P25 and N33
amplitudes was associated with prolonged latencies,
especially for the N33 component. The amount of SEP
prolongation scaled positively with blood PER concen-
tration, suggesting that the drug reduced the degree of
synchronized discharges in the postsynaptic neurons in
the motor efferent pathways.*®

Somatosensory hyperexcitability, indexed by giant
SEPs, seems to be associated with a more severe myoclo-
nus? and older age.39 However, such results were not en-
tirely confirmed by the other two studies,**’ raising the
question that not only cortical circuits but also subcortical
networks might play a role in disease severity.

In this direction, a recent study with paired-pulse
SEPs, applied at interstimulus intervals of 5, 20, and
40ms, has shown that the physiological suppression
of the second response is less evident in patients with
FAME. Such results indicated that in addition to intra-
cortical hyperexcitability, as indexed by short interstim-
ulus intervals (ISIs) (i.e., 5 ms), the lack of suppression
at longer ISIs (i.e., 20 and 40ms) may also reflect the
concomitant involvement of subcortical networks, such
as the dorsal column nuclei and the ventral posterolat-
eral nucleus of the thalamus.***' The same study has
confirmed the involvement of subcortical structures, by
using the early component of the high-frequency oscil-
lations (e-HFOs) evoked by electrical nerve stimulation
and overlapping the earliest part of the N20. Indeed, the
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authors have demonstrated a significant reduction of the
area of e-HFOs that likely represents the activity of thal-
amocortical fibers directed to the somatosensory cortex.*
On the other hand, a Japanese study”' has demonstrated
that the presence of the late HFO component (i.e., over-
lapping P25 component) might differentiate BAFME
from other forms of cortical myoclonus, with a sensitivity
and specificity higher than enlarged P25 and N33 com-
ponents. The authors, therefore, speculated that the pres-
ence of late HFOs may reflect cortical hyperexcitability
partly due to paroxysmal depolarizing shifts in epileptic
neuronal activities and higher degrees of rhythmic trem-
ulousness than those observed in other neurological dis-
eases denoted by cortical myoclonus.™

7 | C-REFLEX

Among the typical neurophysiological features of pa-
tients with cortical myoclonus, the enhanced C-reflex is
thought to provide robust evidence of cortical hyperex-
citability. The C-reflex is commonly elicited in the the-
nar muscle following percutaneous electric stimulation
of the median nerve at the wrist.** The afferent neuronal
pathway that is thought to mediate the C-reflex includes
electric activation of Ia afferents with action potentials
traveling through the lemniscal pathway, and finally
reaching the primary somatosensory cortex (S1) in
about 20 ms. Conversely, the efferent neuronal pathway
likely responsible for the C-reflex implies the activation
of the primary motor cortex (M1) and descending sig-
nals traveling through the corticospinal tract and in turn
activating anterior horn alpha motor neurons project-
ing to thenar muscles, again in about 20ms. Typically
an expected latency of 45-55ms for a C-reflex recorded
from thenar muscles would reflect the time required for
activation of S1 (about 20ms)+ the transcortical poly-
synaptic transmission of signals from S1 to ipsilateral
M1 (5-15ms) +the time required for signals generated
in M1 to elicit thenar muscle activation (about 20 ms).
Accordingly, the observation of enhanced C-reflex in a
patient manifesting myoclonus is thought to support the
hypothesis of sensory-motor cortex hyperexcitability.*®
The enhanced C-reflex would be, therefore, considered
the neurophysiological counterpart of cortical reflex my-
oclonus induced by somatosensory stimulation. Finally,
in FAME/BAFME patients, enhanced C-reflex is a com-
mon neurophysiological observation being observed
even more frequently than giant SEPs (see Table 1). This
would in theory be explained considering the specific
neurophysiological underpinning of enhanced C-reflex
that, differently from SEP, also reflects the hyperexcit-
ability of M1.

Epilepsia**

8 | CORTICOMUSCULAR
COHERENCE

EEG-EMG corticomuscular coherence consists of a com-
monly used method allowing the assessment of the func-
tional coupling between the sensorimotor cortex activity
and the (voluntary or involuntary) contraction of con-
tralateral upper limb muscles.*® Specifically, EEG-EMG
corticomuscular coherence allows the examination of
the functional coupling between neural signals gener-
ated from the sensorimotor cortex (i.e., through surface
EEG recordings) and EMG signals recorded from con-
tralateral upper limb muscles. Accordingly, abnormal
corticomuscular coherence (mainly in the beta band)
may help to demonstrate a cortical drive for involuntary
muscle activity, especially in patients with cortical myo-
clonus without evidence of cortical potentials preceding
myoclonus at the EEG back-averaging technique.** This
specific scenario would likely occur in patients with cor-
tical myoclonus manifesting continuous/subcontinuous
muscular activity, leading to low-amplitude myoclonic
jerks (i.e., polymyoclonus or cortical tremor). Moreover,
the abnormally increased EEG-EMG corticomuscular
coherence in patients with cortical myoclonus would be
considered the neurophysiological counterpart of pos-
tural/action myoclonus. Only a few studies (see Table 1)
have examined EEG-EMG corticomuscular coherence
in patients with FAME/BAFME, demonstrating that
coherence analysis can provide additional information
compared with back-averaging EEG alone. For instance,
van Rootselaar and colleagues'? showed a strong cortical
and intermuscular coherence in the 8- to 30-Hz range in
FAME/BAFME, whereas healthy subjects and ET pa-
tients displayed normal weak coherence around 20 Hz.
In addition, ET patients showed coherence at tremor
frequency (6 Hz), suggesting that coherence analysis
could be an easy and useful method to differentiate ET
from FAME/BAFME.

9 | MOTOR EVOKED POTENTIALS
Four studies®'>'7>? evaluated M1 excitability by using
single and paired-pulse TMS paradigms. Specifically,
these studies demonstrated a reduction of motor thresh-
o0lds®'7** along with a significant decrease of short in-
tracortical inhibition (SICI)'*'7*? and a shorter cortical
silent period.®'”** These results put forward a signifi-
cant excitatory-inhibitory imbalance within M1 char-
acterized by increased facilitation and/or decreased
inhibition of the primary motor cortex involving both
glutamatergic as well as y-aminobutyric acid (GABA)
ergic networks.
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A direct comparison of diagnostic accuracy of neuro-
physiological techniques, such as SEP and TMS, has been
performed recently.> Specifically, the authors demon-
strated that specific TMS variables such as SICI and long-
interval intracortical inhibition, predicted FAME/BAFME
with much higher diagnostic usefulness than the conven-
tional SEP variables (i.e., P25 and N33 amplitudes) and
supported the implementation of TMS protocols in the
neurophysiological workup before genetic testing.

In summary, data from SEP and TMS suggest that
pathological cortical excitability affecting FAME/BAFME
patients might be composed of hyperexcitability of both
the primary somatosensory and motor cortex.

10 | VISUAL EVOKED
POTENTIALS

Besides sensory-motor cortex hyperexcitability, FAME/
BAFME patients might also display a significant increase
of primary visual cortex excitability. The neurophysi-
ological correlate is the significant enlargement of visual
evoked potentials (VEPs).® In a recent study on BAFME
patients carrying the intronic expansions in the SAMDI12
gene,” the authors have found giant VEPs as a reliable
measure to detect photosensitive myoclonus elicited dur-
ing flash stimulation.? Of interest, in these patients, the
authors have observed a clinically overt reflex myoclonus
induced by visual stimuli.

11 | CONCLUSION AND OUTLOOK
Despite relevant advances in the genetic investigation of
FAME/BAFME, the detailed neurophysiological study re-
mains the main tool to demonstrate the cortical origin of
myoclonus.

So far, neurophysiological studies have consistently
demonstrated marked and diffuse hyperexcitability of
cortical areas, such as somatosensory, motor, and visual
areas, likely due to excessive facilitation along with de-
creased inhibition of cortical excitability only partially
attenuated by current ASMs. However, such cortical
hyperexcitability is not strictly associated with disease
severity and the size of expanded repeats.* The lack of
correlation among cortical hyperexcitability measures
and phenotypes as well as genotype would point to the
intrinsic heterogeneity in clinical (i.e., phenotypic vari-
ability due to different ethnic origins), genetic (i.e., the
site of the intronic expansion), as well as neurophysio-
logical features of the disease (i.e., complex pathophys-
iological interaction between cortical and subcortical
structures).?

We suggest that FAME/BAFME clinical features
should arise from “an abnormal neuronal network”
activity. Among putative pathophysiologic theories,
a fascinating hypothesis is that the decreased cortical
inhibition is driven by a dysfunction of the cerebellar-
thalamocortical loop secondary to primary cerebellar
pathology. Indeed, cerebellar clinical signs as well as
structural and functional cerebellar alterations have
been demonstrated by postmortem studies, magnetic
resonance imaging (MRI) spectroscopy data, and brain
MR diffusion tensor imaging (DTI).* Therefore, future
neurophysiological studies using more advanced TMS
protocols should focus on evaluating functional con-
nectivity between the cerebellum and cortical structures
(i.e., cerebellar brain inhibition*). Future therapeu-
tic approaches based on repetitive cerebellar-TMS or
cerebellar-transcranial direct stimulation would in
theory ameliorate the abnormal excitability of sensory-
motor cortex*® in FAME/BAFME patients.
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