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OVERVIEW

Epilepsy affects 1% of all children, and patients with epilepsy report that cognitive problems
diminish their quality of life as much or more so than seizures. [1,2] Benign epilepsy with
centrotemporal spikes (BECTS) is the most common pediatric epilepsy syndrome, accounting for
15-25% of all cases. Children have frequent, focal, sleep-potentiated interictal epileptiform
discharges (IEDs) emerging from one or both motor cortices, but typically have only rare seizures
occurring nearly exclusively out of sleep. BECTS self-resolves in adolescence, so treatment is
often not initiated.[3] Despite the relatively mild course, children with BECTS develop a variety of
cognitive deficits, most prominently in language[4—6] that may persist even after the epilepsy
resolves.[7,8] Language difficulties correlate with atypical maturation of the language network.
Specifically, lateralization of language function to the left hemisphere is either delayed[9-11] or
permanently disrupted[8] and functional connectivity within the language network[10-13] is
decreased. We do not understand the pathophysiology of language dysfunction in BECTS and
have no specific treatments to target it.

Many speculate that frequent IEDs disrupt language development in BECTS, but studies focusing
on the correlation between IED frequency and cognition have had variable results.[8,14—18]
Several lines of evidence suggest that the interaction between IEDs and the language network
may be critical. First, children with BECTS and left-lateralized IEDs have greater language
dysfunction than those with right-lateralized |EDs.[8,17,18] Second, functional magnetic
resonance imaging (fMRI) shows that the inferior frontal gyrus, a key structure in the language
network, has increased blood flow during IEDs. Third, plasticity of the motor cortex correlates
strongly with children’s performance on language learning tasks.[19] Current pharmacologic
therapies for BECTS focus on stopping seizures but not IEDs. The impact of IEDs on language
presents a critical gap in our knowledge with both biological and clinical significance.

High-density electroencephalogram (HD-EEG) alone and high-density EEG paired with single
pulses of transcranial magnetic stimulation (spTMS-EEG) can help map the impact of IEDs on
brain connectivity in children with BECTS. HD-EEG is a minimally-invasive, well-established
method for assessing connectivity between brain regions with much greater temporal specificity
than fMRI. TMS-EEG is the only non-invasive way to directly assess the influence of one brain
region over another. In TMS, an extracranial magnetic field is used to induce an intracranial
electrical current, which can be traced to structurally and functionally linked regions. While



spTMS-EEG interrogates the brain state at the moment of stimulation, repetitive trains
administered in specific patterns (repetitive TMS or rTMS) can change underlying cortical
excitability.[20] Studies of rTMS to treat seizures[21] as well as our preliminary data in BECTS
patients suggest that IEDs transiently decrease in frequency after rTMS. Therefore, rTMS will
allow us to test how connectivity changes with IED suppression.

The purpose of this study is to evaluate if rTMS to the motor cortex: (1) reduces IEDs in children
with BECTS; and (2) changes brain connectivity between the motor cortex and language
regions.

Literature Review

i. Children with BECTS have disturbed language skills. Detailed neuropsychological profiles show
deficits in many language domains, including reading, expressive and receptive language, and
phonological processing.[4,5] Children have near-normal language abilities at the time of
diagnosis of BECTS but their language skills lag behind their peers over time,[4,22] suggesting
that BECTS can be classified as a mild epileptic encephalopathy. The few studies to formally
assess language in adults with a history of BECTS have found persistent deficits.[7,8]

ii. Maturation of the language network is also altered in BECTS. Language typically lateralizes to
the left hemisphere in childhood. Neurocognitive, evoked potential,[8,18] and fMRI[23-25] studies
find that this process is delayed[9—11] or permanently disrupted[8] in BECTS. Language
performance varies with the degree of disruption.

iii. Interictal epileptiform discharges (IEDs) may interrupt normal lanquage development.
Substantial evidence indicates that IEDs cause transient changes in perception, processing, and
reactivity.[26] Disorders like Landau-Kleffner Syndrome — in which patients experience a sudden
language regression accompanied by constant IEDs throughout sleep but few EEG abnormalities
during the day — suggest that frequent nocturnal IEDs may be sufficient to disrupt cognition.[27]
In BECTS, the effects of IEDs have largely been inferred from studies correlating diurnal[14] and
nocturnal[15,16] IED burden with degree and type of cognitive dysfunction, though not all studies
have found a correlation.[4] Location of IEDs likely matters; of the 60% of BECTS patients with
unilateral discharges, those with left-lateralized IEDs have greater language dysfunction while
those with right-lateralized IEDs have greater spatial dysfunction.[8,17,18]

iv. Brain connectivity is altered in BECTS, potentially due to IEDs. fMRI studies suggest that in
BECTS, the epileptogenic motor cortices have abnormal structural and functional connections
with various regions.[10-13,28—-33] Broader resting state networks[33-35] are also altered. A
series of studies[9-11,36] found that BECTS patients have decreased connectivity between the
motor cortex and language regions, but these studies did not account for the effect of IEDs. In
contrast, Xiao et al.[33] found that connectivity between the motor cortex and inferior frontal gyrus
increases after IEDs, and that greater connectivity correlates with worse language function. This
literature suggests that the immediate impact of IEDs on connectivity may differ from persistent
connectivity changes that develop with chronic IED exposure. This highlights a need to investigate
both types of connectivity. Furthermore, connectivity differences may be especially prominent
during language tasks compared to when at rest.[24]

v. EEG-based connectivity analysis offers superior temporal specificity for the study of IEDs.
Assessment of IEDs using fMRI is limited by the poor temporal specificity of fMRI. IEDs last
hundreds of milliseconds whereas blood flow changes measured by fMRI require multiple
seconds. In contrast, EEG is a temporally-precise method for studying the impact of IEDs on
network connectivity.[37] High-density EEG (HD-EEG) specifically estimates the underlying
source of this activity. Surprisingly, however, few EEG connectivity analyses have been done in
children with BECTS.[38—41] Only one study assess the impact of IEDs in wakefulness and it is
limited by a small sample size of children with only right hemispheric IEDs, thus obscuring the
impact of IEDs on language network connectivity. Furthermore, all EEG connectivity studies in
BECTS have been done in the resting state, whereas language network connectivity is likely to
be better measured when the network is engaged in a task. Therefore, a significant gap persists
in understanding connectivity in BECTS.




EEG connectivity analysis has been limited by the concern for volume conduction, a problem that
arises when activity in nearby electrodes is correlated not because the regions are connected but
rather because the electrodes are picking up neuronal activity from a single common source.
Fortunately, new connectivity metrics, such as the weighted Phase Lag Index (wPLlI),[42] are
quite robust against volume conduction. To calculate wPLI, the EEG signal is broken down into
frequency bands (i.e. alpha, beta) and the phase of the waveforms in each band is compared
across brain regions; non-zero phase lags are considered true connectivity.[42] wPLI is a
continuous metric ranging from 0-1, where 0 indicates no connectivity and 1 indicates perfect
connectivity. wPLlI offers better spatial-specificity when it is calculated from a high number of EEG
electrodes.

vi._Combining transcranial magnetic stimulation with EEG (TMS-EEG) will shed new insight into
BECTS by directly probing the epileptogenic motor cortex. TMS is the only non-invasive method
to directly interrogate the influence of one brain region over another. Single pulses of TMS
(spTMS) introduce a current into the stimulated cortex, the immediate downstream effect of which
can be mapped by EEG on the order of milliseconds.[20] The strength of the magnetic pulse
required to induce a muscle twitch (typically in an intrinsic hand muscle like the abductor pollicis
brevis [APB]) is known as the motor threshold (MT). The EEG data recorded immediately after
TMS pulses can also be analyzed with connectivity measures like wPLI. Additionally, TMS elicits
motor evoked potentials (MEPs) recorded by surface EMG as well as TMS-EEG evoked
potentials (TEPs) broadly across the brain. Finally, repetitive trains of TMS (rTMS) induce long-
lasting changes in brain excitability,[43,44] and inhibitory rTMS can reduce IED frequency in
epilepsy patients.[21,45] rTMS can therefore be used to model how changes in IED frequency
affect brain connectivity.

Significance

The impact of IEDs on children with BECTS and other epilepsies is not understood. We typically
do not treat IEDs due to our poor understanding of their significance. In this trial, we will evaluate
if rTMS could be a treatment for focal IEDs in pediatric epilepsy and will assess the impact of such
a treatment on the language network. Successful completion of the proposed studies will
determine if IEDs directly alter connectivity between the motor and language regions in children
with BECTS, if such connectivity differences persist even during IED-free periods, and whether
connectivity differences correlate with language dysfunction. We will utilize rTMS as a novel
method to suppress IEDs in BECTS in order to determine if rTMS could be a treatment for focal
IEDs and what the impact of such treatment on the language network might be. Together, these
data lay the groundwork for highly innovative future neurostimulation trials targeting IEDs in not
only BECTS but also a wide range of pediatric epilepsy syndromes.



RISKS/BENEFITS

Potential Risks:
(1) Risks of EEG Recording: EEG does not cause harmful effects, though some children

may find the EEG caps uncomfortable.

(2) Risks of TMS: TMS is considered very safe in both adults and children.[46—49] The main
concern is that TMS could induce a seizure, but this is a truly rare phenomenon. In our
preliminary study of 14 children with BECTS, none had seizures with TMS; a separate

study also reported no seizures in children with BECTS.[19]

a.

In considering the TMS literature more broadly, the main risk of seizures is in
individuals: a) receiving high-frequency repetitive (>2Hz) stimulation or
stimulation using the H-coil (which allows for deeper stimulation); or b) taking
certain psychiatric medications.

TMS is safe in children. In the most recent review of over 4000 children with and
without neuropsychiatric disease, the 3 reported new seizures all occurred with
high frequency TMS; in addition, 2 of these children were on psychiatric
medications and one child received H-coil stimulation.[49] Another recent study
found no seizures in 165 healthy children receiving a form of repetitive TMS.[50]
Risks of seizures induced by TMS is also not clearly elevated in patients with
epilepsy. In one study of 152 patients with epilepsy having weekly TMS at 1 Hz
or less, none had induced seizures.[47] A review[51] found that 4 of 280 epilepsy
patients had a seizure around time of TMS, reflecting a risk of 1.4%. However,
these patients also had refractory and frequent spontaneous seizures at other
times. In children with epilepsy, TMS is very safe; some children with very difficult
to control seizures (multiple per day at baseline) self-reported a slight increase in
seizures for 3 days after TMS but then a return to baseline. The authors felt this
was a minimal increase in risk in this population.[49]

Other potential risks of TMS include hearing problems from the sound of the coll
or scalp burns if the EEG electrodes are excessively heated by the magnet.
These are mitigated by the use of noise-cancelling ear protection and by
specially-cooled coils. Minor potential side effects include scalp discomfort,
headache, lightheadedness and boredom. There is a theoretical risk that rTMS
could lead to a change in mood, but this is highly unlikely when applied to the
motor cortex. Procedures to minimize the risk of TMS are described in more
detail below.

(3) Risks of Collecting Personal Information: One potential risk is breach of confidentiality

related to the collection of sensitive information, but this will be minimized by following
standardized procedures to protect all such information.

Protection Against Risk:

Risk of EEG: We will monitor the children during the studies and can adjust or remove the EEG
caps if there is any discomfort.

Risk of TMS: We protect against the risk of seizure by having a pediatric epileptologist (Dr.
Baumer) in the room during all TMS procedures and actively monitoring the EEG during
stimulation so that stimulation can be stopped if there are any concerns. Furthermore, we use
only single pulse stimulation and low-frequency repetitive stimulation (<1Hz), both of which
have been well studied and are quite safe. Dr. Baumer will be present for all TMS sessions.
She has extensive experience performing TMS in children and clinical expertise in the
management of seizures in children. Furthermore, all TMS will be done at Stanford University
in close proximity to Lucile Packard Children’s Hospital. Any persons assisting with the TMS
will undergo TMS safety training and seizure training. All children wear noise-cancelling



headphones to protect their ears from the TMS click. Scalp burns are prevented using cooled-
coils. We speak with children throughout the TMS session so will actively monitor them for any
other discomfort. If there is minor discomfort due to the TMS, the study will be paused and
potentially halted.

Risk of Loss of Privacy: To maintain confidentiality, we will restrict access of private health
information exclusively to the PI, necessary personnel of the Data Safety Monitoring Board
and research staff. We will de-identify all data obtained from subjects. We will store all data
on a PGP encrypted server within the School of Medicine at Stanford University. All hard
copies of data, including medical records and copies of informed consent, will be maintained
in a locked file cabinet in the lab. All members of the research team will undergo HIPPA
training.

Additional Protections for Children: The study is recruiting children as BECTS is a pediatric
condition not present in adults; there are also no good animal models of this condition. The
study procedures will be reviewed with the children in language they can understand before
the protocol begins and children will be told they can stop the study at any time. Parents of
children participating will also be informed that they are free to choose not to participate and
may withdraw at any time. We will obtain assent from children who are of an appropriate age
(typically >8yo of age). We will frequently check-in with children throughout the study to
ensure that they are comfortable with continuing the procedures.

Potential Benefits: IEDs lead to cognitive problems in some children. Participants may benefit by
having a reduction in IEDs at least temporarily. Additionally, we will learn more about the
pathophysiology of BECTS, which may improve treatment in the future.



OBJECTIVES & ENDPOINTS

OBJECTIVES

To evaluate if rTMS
reduces the frequency
of IEDs in children with
BECTS.

To evaluate if rTMS
reduces connectivity
between the motor and
language regions in
children with BECTS.

ENDPOINTS JUSTIFICATION

FOR ENDPOINTS RATIONALE

Change in IEDs/minute

induced by active rTMS

vs. change induced by

sham rTMS. Change will | This will assess if rTMS | There is evidence that

be calculated by reduces IED frequency |rTMS reduces cortical
comparing IED countin \when compared to a excitability and hence may
the 20 minutes after sham control. reduce generation of IEDs.

rTMS with IED count in
the 20 minutes before
rTMS.

Change in weighted
phase lag index (wPLI)
(an EEG-based
connectivity measure)
between the stimulated
motor cortex and the left
inferior frontal gyrus

induced by active rTMS Epilepsy is a network
vs. sham rTMS. Change disorder and fMRI studies
will be calculated by suggest that IEDs from the
comparing wPLI in the motor cortex increase
20 minutes after rTMS | This endpoint will help us |connectivity between the
vs. the 20 minutes determine the motor cortex and inferior
before rTMS. downstream effect of frontal gyrus. Therefore,
rTMS on other brain inhibition of IEDs and
networks. increased inhibition of the

motor cortex may
i decrease connectivity
We will collect 2 types of between the motor cortex

EEG data before and and inferior frontal gyrus.
after the active/sham

rTMS: (a) spTMS-EEG,
and (b) resting-state
EEG; and Connectivity
will be calculated for
each of these data types
separately.



STUDY DESIGN

Overview: Children with BECTS will undergo both active rTMS and sham rTMS to the
epileptogenic motor cortex. We will compare the impact of active vs. sham rTMS on: (a) IED
frequency; and (b) motor-to-language connectivity. We hypothesize that active rTMS induce a
greater decrease in: (a) IED frequency and (b) motor-to-language cortex connectivity than sham
rTMS.

Study Stage: Stage 0

Study Design: Sham-controlled cross-over study in which all participants will receive both active
and sham rTMS, with randomization of order of intervention. We will have repeated-measures
data as subjects will undergo both sham and real rTMS on different days. The potential missing
data issue will be evaluated thoroughly prior to the analysis. Multiple imputation will be applied if
needed.

Assignation Methods: Not applicable, subjects will undergo both active and sham rTMS.

Study Arms: All subjects will participate in each arm, and arm order will be randomized on a per-
subject basis. Participation in each arm will take approximately 4 hours (including set-up of
equipment and data recording). Arms will be separated by at least 1 week.

Arm 1 (active rTMS): 1000 pulses of rTMS administered via an active TMS coil at 1Hz to
the motor cortex. EEG and spTMS-EEG data will be recorded during the 20 minutes prior
to and following the rTMS.

Arm 2 (sham rTMS): 1000 pulses of rTMS administered via a sham TMS coil at 1Hz to the
motor cortex. EEG and spTMS-EEG data will be recorded during the 20 minutes prior to
and following the rTMS.

Control Groups: As above, each subject will receive sham rTMS and thus serve as their own
control. This within-subject analysis is meant to reduce the influence of inter-subject variability in
IED frequency (which can be high) on the results. A potential limitation is that a sham-control may
be excessively stringent, given that other studies have found clinically meaningful improvements
when sham rTMS is used (i.e. in post-stroke motor recovery), suggesting that even sham rTMS
can exert a meaningful physiologic influence. A second limitation is that IED frequency and
connectivity may be influenced by behavioral state, which may change between days or
behavioral states; we will interact with participants and monitor EEG to maintain behavioral state.

rTMS Intervention: The 1000 pulses of 1Hz rTMS will be delivered in 2 blocks of 500pulses
administered over a total of 16-20minutes. Changes in cortical excitability after 1Hz rTMS
typically last approximately the duration of the rTMS itself, so we will measure changes to IEDs
and connectivity in the 15-20minutes directly before and after rTMS. If a subject only tolerates
500 pulses, we will restrict measurements to the 10 minutes before and after the rTMS; we will
shorten the second intervention accordingly. If a subject does not tolerate 500 pulses, they will
be excluded for inability to tolerate the protocol. We will separate the active and sham rTMS
session by at least 1 week to ensure adequate wash-out of effects, as is standard in rTMS trials.

RECRUITMENT & RETENTION

Anticipated number to be screened: We expect to recruit 36-40 subjects and anticipate
screening 70-80 subjects to reach this target enroliment.

Anticipated Sample Size: We expect to recruit 36-40 subjects over 4 years, at a rate of 9-10
subjects per year. Subjects will be between the ages of 5-16 years. Based on the typical
epidemiology and presenting age of BECTS, we expect 60-70% of subjects to be male and 80%
of subjects to be between the ages of 7-12 years. Based on the demographics of the patient



population served by Lucile Packard Children’s Hospital and other Bay Area medical centers,
subjects are expected to be 35% Caucasian/Non-Hispanic, 25% Caucasian/Hispanic, 30%
Asian, 4% African American, and 6% Mixed/Other. Adults will not be included as BECTS
resolves in adolescence.

Planned Recruitment Strategies: The study will recruit children with BECTS seen at Lucile
Packard Children’s Hospital (LPCH) outpatient neurology clinic or the neurophysiology
laboratory. Additionally, children will be recruited if they are referred to the study from
surrounding child neurology practices. The catchment area for LPCH extends south into
California’s Central Valley, north to the Oregon border and east to Reno, Nevada. The patient
population is ethnically and socioeconomically diverse. In addition to direct referrals, we will
screen the LPCH medical records to identify potential participants and request referrals from
their treating providers. We will advertise the trial online and during speaking/outreach events
with patient advocacy groups to allow for direct referrals from interested patients and their
families. Screening and data gathering will not occur in a public setting.

Retention: Subjects must return for 2 sessions separated by at least 1 week. To improve
retention, we will endeavor to schedule the 2 sessions as close together as possible, and
specifically within 4-8 weeks of one another. We will frequently check-in with the participant,
allow for flexibility in the scheduling, send reminder emails and phone calls, and provide a
reasonable stipend for the child’s time ($25/session).

Participant Incentives: Children will be given a $25 gift card at the completion of each session.
This is meaningful enough to thank the child for his or her effort without being significant enough
to unduly influence the parents when they are providing informed consent. The parents will also
be reimbursed for travel costs such as parking.

JUSTIFICATION FOR STUDY DESIGN AND DOSE

Active rTMS: The active intervention is 1Hz rTMS applied with an active coil to the motor
cortex. Low frequency (1Hz or slower) rTMS can induce changes in brain excitability lasting
minutes to hours [43,44] and has been shown to reduce IED frequency in patients with
refractory focal epilepsy.[21,45] Focal changes induced by rTMS have downstream effects on
brain regions connected to the stimulated motor cortex. Theoretically, 1Hz active rTMS will
reduce cortical excitability of the epileptogenic motor cortex, thus reducing IED frequency.
Furthermore, it will alter connectivity between the epileptogenic motor cortex and other
connected cortices. Thus, we are measuring IED frequency and EEG-based connectivity.

Sham rTMS: The sham control is 1Hz rTMS administered with a sham coil, which will help
account for the impact of other components of the experimental session (i.e. fear, boredom,
variable attention).

rTMS Administration: The rTMS (sham and active) will be administered by a study team
including Dr. Baumer and a research assistant over the course of 2 sessions separated from
one another by at least a week. This will occur in a room dedicated to the TMS session. The
rTMS will be administered as 2 blocks of 500 pulses applied at 1Hz to the motor cortex. A break
of 2-3 minutes between blocks is acceptable if needed to allow for maximum participation. The
sham rTMS will be administered using the same parameters and same stimulation site, but the
intensity of the sham coil is such that it is not expected to induce an intracranial current.



RANDOMIZATION & BLINDING:

The order of conditions (active vs. sham rTMS) will be randomized on a per-subject basis. A
random number generator will be used to create a random list using numbers 1-40. Subjects
whose recruitment lines up with an even number will receive active rTMS in the first session and
sham rTMS in the second session and vice versa for odd numbers. Participants will be blind to
the condition order. The sham rTMS will be administered using the same parameters and same
stimulation site as the active stimulation. The intensity of the sham coil is such that it is expected
to create a scalp sensation without inducing an intracranial current. It is possible that some
subjects will recognize a difference between the 2 sessions, and we will ask them after each
session to assess if it was active vs. sham rTMS. If subjects can consistently identify a
difference, than we will report that blinding was not successful in our final analyses.

Researchers will not be blinded during the session, but the data will be coded prior to analysis
and the person performing the analysis will be blinded to the session type.

STUDY PROCEDURES

Screening: For subjects referred by their physician, the study team will confirm the diagnosis of
BECTS with the referring provider. Parents of participants will then be called by a member of the
research team and screened on the inclusion and exclusion criteria. If the parents primarily
speak a different language than English, the screening will be conducted with the help of an
interpreter or by a study team member fluent in that language.

For subjects who self-refer to the study, the study team will review the inclusion and exclusion
criteria with the family. Subjects who screen-in and consent to the study will be asked to bring a
physician's note stating their diagnosis and prior EEG findings.

Screening will be done within 2 months of participation. If this time window is delayed, the
inclusion/exclusion criteria will be reviewed on the day of the first intervention to ensure the
subject is still eligible.

Informed Consent & Assent: Since informed consent is required from both parents and/or
legal guardians if they are reasonably available (i.e. not deceased, imprisoned, whereabouts
unknown or not involved in the care of the child), informed consent will be first obtained over the
telephone with the help of an interpreter if necessary. Assent will be obtained from the
participating child on the day of the first rTMS session.

Coding of Subjects & Randomization: Subjects will be assigned a study-number based on
the order of consent. This will be used to label all information and the CRF. In addition, the
study number will be compared against a list of randomly generated numbers to determine if the
subject will receive active or sham rTMS first (as described in the section on randomization).

Baseline Assessments:

Clinical & Demographic Data: We will collect the following variables: age, gender, age of first
seizure, number of lifetime seizures, anti-seizure medications, and side of centrotemporal IEDs
(left, right or bilateral) from the medical chart. We will measure degree of right-handedness with
the Edinburgh Handedness Questionnaire®' and parental education and socioeconomic status
with The Hollingshead Four-Factor Index. This coded data will be kept in subject-specific binders.

Anti-Seizure Medication Dose and Level: We will record the daily dose (both absolute and
dose-by-weight) of all medications that the subject is receiving. If the subject is on an anti-
seizure medication, we will record a level within 2-4 weeks of the first intervention day. We will



use a clinically-drawn level if this is available or otherwise draw a serum level as part of the
experimental procedure.

Neurocognitive Testing: All subjects will complete the Weschler Abbreviated Scale of
Intelligence — Second Edition (WASI-I1)%2 to measure 1Q and the Test of Variable Attention
(T.O.V.A.)% to provide a continuous measure of attention. The Clinical Evaluation of Language
Fundamentals 5 (CELF-5)>* core language score will be collected to provide an age-normalized
measure of language function. These may be collected anytime in the 2-8 weeks prior to the
first intervention.

MRI: If subjects have undergone an MRI as part of clinical care, we will request that they bring a
copy of this MRI on disc to be used for neuro-navigation for the rTMS session. If an MRI is not
available, we will use a dummy head model.

First rTMS Session: BECTS subjects will wear a 64-channel TMS-compatible high-density
EEG cap while watching a video and listening to white noise. We will use neuro-navigation
software to co-register the head and electrode positions to a representative pediatric brain or to
the subject’s MRI if one is clinically available. At the beginning of the session, we will monitor
the EEG recording to determine if IEDs are unilateral or bilateral. We will then measure the
resting motor threshold (rMT) for the hemisphere with the higher IED burden or the left
hemisphere if IEDs are bilateral. The rMT will be established in the standard way.>® We will
apply 150 single pulses of TMS (spTMS) at 90% rMT in 2 blocks, with additional resting-state
EEG (without spTMS) data gathered between these blocks. The patient will then receive either
1000 pulses of 1THz rTMS at 90% rMT or 1000 pulses of sham 1Hz rTMS to the motor cortex,
depending on the prior randomization. After the rTMS, we will repeat the blocks of spTMS
interspersed with resting-state EEG.

Second rTMS Session: The second session will occur at least one week after the first session,
but ideally will be done within 2-4 weeks of the first. In the second session, the procedures will
be repeated as above except the other intervention will be administered. Of note, occasionally
IED-predominance shifts hemispheres between EEGs. We will stimulate the same side as
received rTMS during the first session unless >80% of IEDs are emerging from the contralateral
hemisphere. If this occurs, we will stimulate the contralateral hemisphere and request that the
subject come in for a third “tie-breaker” session.



REFERENCES

[1]

[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]

Speechley KN, Ferro MA, Camfield CS, Huang W, Levin SD, Smith M Lou, et al. Quality
of life in children with new-onset epilepsy: a 2-year prospective cohort study. Neurology
2012;79:1548-55. doi:10.1212/WNL.0b013e31826e25aa.

Baumer FM, Cardon AL, Porter BE. Language Dysfunction in Pediatric Epilepsy. J
Pediatr 2018;194:13-21. doi:10.1016/j.jpeds.2017.10.031.

Wirrell EC. Benign epilepsy of childhood with centrotemporal spikes. Epilepsia 1998;39
Suppl 4:5S32-41.

Smith AB, Bajomo O, Pal DK. A meta-analysis of literacy and language in children with
rolandic epilepsy. Dev Med Child Neurol 2015;57:1019-26. doi:10.1111/dmcn.12856.
Kavros PM, Clarke T, Strug LJ, Halperin JM, Dorta NJ, Pal DK. Attention impairment in
rolandic epilepsy: Systematic review. Epilepsia 2008;49:1570-80. doi:10.1111/j.1528-
1167.2008.01610.x.

Teixeira J, Santos ME. Language skills in children with benign childhood epilepsy with
centrotemporal spikes: A systematic review. Epilepsy Behav 2018;84:15-21.
doi:10.1016/j.yebeh.2018.04.002.

Monjauze C, Tuller L, Hommet C, Barthez MA, Khomsi A. Language in benign childhood
epilepsy with centro-temporal spikes abbreviated form: rolandic epilepsy and language.
Brain Lang 2005;92:300-8.

Monjauze C, Broadbent H, Boyd SG, Neville BGR, Baldeweg T. Language deficits and
altered hemispheric lateralization in young people in remission from BECTS. Epilepsia
2011;52:79-84. doi:10.1111/j.1528-1167.2011.03105.x.

Besseling RMH, Jansen JFA, Overvliet GM, Van Der Kruijs SJM, Ebus SCM, De Louw A,
et al. Reduced structural connectivity between sensorimotor and language areas in
rolandic epilepsy. PLoS One 2013;8:1-7. doi:10.1371/journal.pone.0083568.

Besseling RMH, Overvliet GM, Jansen JFA, van der Kruijs SIM, Vles JSH, Ebus SCM, et
al. Aberrant functional connectivity between motor and language networks in rolandic
epilepsy. Epilepsy Res 2013;107:253-62. doi:10.1016/j.eplepsyres.2013.10.008.
Besseling RMH, Jansen JFA, Overvliet GM, van der Kruijs SJM, Ebus SCM, de Louw
AJA, et al. Delayed convergence between brain network structure and function in rolandic
epilepsy. Front Hum Neurosci 2014;8:704. doi:10.3389/fnhum.2014.00704.

Fang J, Chen S, Luo C, Gong Q, An D, Zhou D. Altered language network in benign
childhood epilepsy patients with spikes from non-dominant side: A resting-state fMRI
study. Epilepsy Res 2017;136:109—-14. doi:10.1016/j.eplepsyres.2017.07.020.
McGinnity CJ, Smith AB, Yaakub SN, Weidenbach Gerbase S, Gammerman A, Tyson
AL, et al. Decreased functional connectivity within a language subnetwork in benign
epilepsy with centrotemporal spikes. Epilepsia Open 2017;2:214-25.
doi:10.1002/epi4.12051.

Riva D, Vago C, Franceschetti S, Pantaleoni C, D’Arrigo S, Granata T, et al. Intellectual
and language findings and their relationship to EEG characteristics in benign childhood
epilepsy with centrotemporal spikes. Epilepsy Behav 2007;10:278-85.
doi:10.1016/j.yebeh.2006.12.003.

Ebus SCM, Overvliet GM, Arends JBAM, Aldenkamp AP. Reading performance in
children with rolandic epilepsy correlates with nocturnal epileptiform activity, but not with
epileptiform activity while awake. Epilepsy Behav 2011;22:518-22.
doi:10.1016/j.yebeh.2011.08.008.

Liu X, Zhang X, Han Q, Guo J, Wang C. Cognition in Chinese children with benign
childhood epilepsy with centrotemporal spikes (BCECTS). Neurosci Lett 2012;507:1—-4.
Bedoin N, Herbillon V, Lamoury I, Arthaud-Garde P, Ostrowsky K, De Bellescize J, et al.
Hemispheric lateralization of cognitive functions in children with centrotemporal spikes.
Epilepsy Behav 2006;9:268—74. doi:10.1016/j.yebeh.2006.06.002.

Bedoin N, Ferragne E, Lopez C, Herbillon V, De Bellescize J, des Portes V. Atypical
hemispheric asymmetries for the processing of phonological features in children with
rolandic epilepsy. Epilepsy Behav 2011;21:42-51. doi:10.1016/j.yebeh.2011.02.026.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

Baumer FM, Pfeifer K, Fogarty A, Pena-Solorzano D, Rolle CE, Wallace JL, et al. Cortical
Excitability, Synaptic Plasticity, and Cognition in Benign Epilepsy With Centrotemporal
Spikes: A Pilot TMS-EMG-EEG Study. J Clin Neurophysiol 2020;37:170-80.
doi:10.1097/WNP.0000000000000662.

lImoniemi RJ, Kici¢ D. Methodology for combined TMS and EEG. Brain Topogr
2010;22:233-48. doi:10.1007/s10548-009-0123-4.

Chen R, Spencer DC, Weston J, Nolan SJ. Transcranial magnetic stimulation for the
treatment of epilepsy. Cochrane Database Syst Rev 2016:CD011025.
doi:10.1002/14651858.CD011025.pub2.

Vannest J, Tenney JR, Altaye M, Byars AW, Spencer C, Maloney TC, et al. Impact of
frequency and lateralization of interictal discharges on neuropsychological and fine motor
status in children with benign epilepsy with centrotemporal spikes. Epilepsia
2016;57:€161-7. doi:10.1111/epi.13445.

Datta AN, Oser N, Bauder F, Maier O, Martin F, Ramelli GP, et al. Cognitive impairment
and cortical reorganization in children with benign epilepsy with centrotemporal spikes.
Epilepsia 2013;54:487-94. doi:10.1111/epi.12067.

Lillywhite LM, Saling MM, Simon Harvey A, Abbott DF, Archer JS, Vears DF, et al.
Neuropsychological and functional MRI studies provide converging evidence of anterior
language dysfunction in BECTS. Epilepsia 2009;50:2276—84. doi:10.1111/j.1528-
1167.2009.02065.x.

Vannest J, Szaflarski JP, Eaton KP, Henkel DM, Morita D, Glauser TA, et al. Functional
Magnetic Resonance Imaging Reveals Changes in Language Localization in Children
With Benign Childhood Epilepsy With Centrotemporal Spikes. J Child Neurol
2013;28:435-45. doi:10.1177/0883073812447682.

Holmes GL, Lenck-Santini P-P. Role of interictal epileptiform abnormalities in cognitive
impairment. Epilepsy Behav E&B 2006;8:504—15. doi:10.1016/j.yebeh.2005.11.014.

van den Munckhof B, van Dee V, Sagi L, Caraballo RH, Veggiotti P, Liukkonen E, et al.
Treatment of electrical status epilepticus in sleep: A pooled analysis of 575 cases.
Epilepsia 2015;56:1738—46. doi:10.1111/epi.13128.

Archer JS, Briellman RS, Abbott DF, Syngeniotis A, Wellard RM, Jackson GD. Benign
epilepsy with centro-temporal spikes: Spike triggered fMRI shows somato-sensory cortex
activity. Epilepsia 2003;44:200—4. doi:10.1046/j.1528-1157.2003.02502.x.

Boor R, Jacobs J, Hinzmann A, Bauermann T, Scherg M, Boor S, et al. Combined spike-
related functional MRI and multiple source analysis in the non-invasive spike localization
of benign rolandic epilepsy. Clin Neurophysiol 2007;118:901-9.
doi:10.1016/j.clinph.2006.11.272.

Lengler U, Kafadar |, Neubauer BA, Krakow K. fMRI correlates of interictal epileptic
activity in patients with idiopathic benign focal epilepsy of childhood. Epilepsy Res
2007;75:29-38. doi:10.1016/j.eplepsyres.2007.03.016.

Masterton RAJ, Harvey AS, Archer JS, Lillywhite LM, Abbott DF, Scheffer IE, et al. Focal
epileptiform spikes do not show a canonical BOLD response in patients with benign
rolandic epilepsy (BECTS). Neuroimage 2010;51:252—60.
doi:10.1016/j.neuroimage.2010.01.109.

Moeller F, Moehring J, Ick |, Steinmann E, Wolff S, Jansen O, et al. EEG-fMRI in atypical
benign partial epilepsy. Epilepsia 2013;54:€103-8. doi:10.1111/epi.12243.

Xiao F, An D, Lei D, LiL, Chen S, Wu X, et al. Real-time effects of centrotemporal spikes
on cognition in rolandic epilepsy. Neurology 2016;86:544—51.
doi:10.1212/WNL.0000000000002358.

LiR,JiG-J, Yu Y, YuY, Ding M-P, Tang Y-L, et al. Epileptic Discharge Related
Functional Connectivity Within and Between Networks in Benign Epilepsy with
Centrotemporal Spikes. Int J Neural Syst 2017;27:1750018.
doi:10.1142/S0129065717500186.

Xiao F, LiL, An D, Lei D, Tang Y, Yang T, et al. Altered attention networks in benign
childhood epilepsy with centrotemporal spikes (BECTS): A resting-state fMRI study.



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

Epilepsy Behav 2015;45:234—41. doi:10.1016/j.yebeh.2015.01.016.

Besseling RMH, Jansen JFA, Overvliet GM, Van Der Kruijs SIM, Vles JSH, Ebus SCM,
et al. Reduced functional integration of the sensorimotor and language network in
rolandic epilepsy. Neurolmage Clin 2013;2:239-46. doi:10.1016/j.nicl.2013.01.004.
Bortoletto M, Veniero D, Thut G, Miniussi C. The contribution of TMS-EEG coregistration
in the exploration of the human cortical connectome. Neurosci Biobehav Rev
2015;49:114-24. doi:10.1016/j.neubiorev.2014.12.014.

Adebimpe A, Aarabi A, Bourel-Ponchel E, Mahmoudzadeh M, Wallois F. EEG resting
state analysis of cortical sources in patients with benign epilepsy with centrotemporal
spikes. Neurolmage Clin 2015;9:275-82. doi:10.1016/j.nicl.2015.08.014.

Adebimpe A, Aarabi A, Bourel-Ponchel E, Mahmoudzadeh M, Wallois F. EEG Resting
State Functional Connectivity Analysis in Children with Benign Epilepsy with
Centrotemporal Spikes. Front Neurosci 2016;10:143. doi:10.3389/fnins.2016.00143.
Clemens B, Puskas S, Spisak T, Lajtos |, Opposits G, Besenyei M, et al. Increased
resting-state EEG functional connectivity in benign childhood epilepsy with centro-
temporal spikes. Seizure 2016;35:50-5. doi:10.1016/j.seizure.2016.01.001.

Adebimpe A, Aarabi A, Bourel-Ponchel E, Mahmoudzadeh M, Wallois F. Functional Brain
Dysfunction in Patients with Benign Childhood Epilepsy as Revealed by Graph Theory.
PLoS One 2015;10:e0139228. doi:10.1371/journal.pone.0139228.

Vinck M, Oostenveld R, van Wingerden M, Battaglia F, Pennartz CMA. An improved
index of phase-synchronization for electrophysiological data in the presence of volume-
conduction, noise and sample-size bias. Neuroimage 2011;55:1548-65.
doi:10.1016/j.neuroimage.2011.01.055.

Oberman LM, Pascual-Leone A, Rotenberg A. Modulation of corticospinal excitability by
transcranial magnetic stimulation in children and adolescents with autism spectrum
disorder. Front Hum Neurosci 2014;8:627. doi:10.3389/fnhum.2014.00627.
Pascual-Leone A, Freitas C, Oberman L, Horvath JC, Halko M, Eldaief M, et al. Plasticiy
as an Intrinsic Property of Human Brain. Brain Topogr 2011;24:302-15.
doi:10.1007/s10548-011-0196-8.Characterizing.

Seynaeve L, Devroye A, Dupont P, Van Paesschen W. Randomized crossover sham-
controlled clinical trial of targeted low-frequency transcranial magnetic stimulation
comparing a figure-8 and a round coil to treat refractory neocortical epilepsy. Epilepsia
2016;57:141-50. doi:10.1111/epi.13247.

Gilbert DL, Garvey MA, Bansal AS, Lipps T, Zhang J, Wassermann EM. Should
transcranial magnetic stimulation research in children be considered minimal risk? Clin
Neurophysiol 2004;115:1730-9. doi:10.1016/j.clinph.2003.10.037.

Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Avanzini G, Bestmann S, et al. Safety,
ethical considerations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clin Neurophysiol 2009;120:2008-39.
doi:10.1016/j.clinph.2009.08.016.

Krishnan C, Santos L, Peterson MD, Ehinger M. Safety of Noninvasive Brain Stimulation
in Children and Adolescents. Brain Stimul 2015;8:76—87. doi:10.1016/j.brs.2014.10.012.
Allen CH, Kluger BM, Buard |. Safety of Transcranial Magnetic Stimulation in Children: A
Systematic Review of the Literature. Pediatr Neurol 2017;68:3—-17.
doi:10.1016/j.pediatrneurol.2016.12.009.

Hong YH, Wu SW, Pedapati E V., Horn PS, Huddleston DA, Laue CS, et al. Safety and
tolerability of theta burst stimulation vs. single and paired pulse transcranial magnetic
stimulation: a comparative study of 165 pediatric subjects. Front Hum Neurosci
2015;9:29. doi:10.3389/fnhum.2015.00029.

Bae EH, Schrader LM, Machii K, Alonso-Alonso M, Riviello JJ, Pascual-Leone A, et al.
Safety and tolerability of repetitive transcranial magnetic stimulation in patients with
epilepsy: a review of the literature. Epilepsy Behav 2007;10:521-8.
doi:10.1016/j.yebeh.2007.03.004.

Other Rationale






