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ABSTRACT
Primary objective: Early onset epileptic encephalopathy is characterized by high daily seizure-frequency,
multifocal epileptic discharges, severe psychomotor retardation, and death at infancy. Currently, there
are no effective treatments to alleviate seizure frequency and high-voltage epileptic discharges in these
catastrophic epilepsy cases. The current study examined the safety and feasibility of High-Definition
transcranial direct current stimulation (HD-tDCS) in reducing epileptiform activity in a 30-month-old
child suffering from early onset epileptic encephalopathy. Design and Methods: HD-tDCS was adminis-
tered over 10 intervention days spanning two weeks including pre- and post-intervention video-EEG
monitoring. Results: There were no serious adverse events or side effects related to the HD-tDCS
intervention. Frequency of clinical seizures was not significantly reduced. However, interictal sharp
wave amplitudes were significantly lower during the post-intervention period versus baseline. Vital
signs and blood biochemistry remained stable throughout the entire study. Conclusions: These explora-
tory findings support the safety and feasibility of 4 × 1 HD-tDCS in early onset epileptic encephalopathy
and provide the first evidence of HD-tDCS effects on paroxysmal EEG features in electroclinical cases
under the age of 36 months. Extending HD-tDCS treatment may enhance electrographic findings and
clinical effects.
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Introduction

Epileptic encephalopathy syndromes such as Ohtahara syn-
drome (OS), present during infancy (first 3 months), can
invoke frequent continuous tonic spasms, focal motor sei-
zures, hemiconvulsions, generalized tonic-clonic seizures,
focal myoclonus, and suppression-burst pattern (SB), which
can be detected with electroencephalography (EEG) (1). This
severe electroclinical condition is often classified as “infantile
spasms with hypsarrhythmia” related to non-metabolic struc-
tural brain abnormalities and hypsarrhythmic EEG features
consisting of multifocal spikes, sharp wave activity, and high-
voltage slow wave activity (2–5). The prognosis is generally
poor since newborns with Ohtahara syndrome frequently die
during infancy and survivors invariably manifest severe psy-
chomotor impairments and remain in a persistent vegetative
state (6).

Only a few clinical case-studies support the use of specific
antiepileptic drugs to combat the persistent seizures (e.g.,
tonic spasms) in these severe electroclinical syndromes (1,6).
Importantly, it has been suggested that clinical seizures might
result from intermittent interference in descending brainstem
pathways that control spinal reflex activity; seizure severity is
correlated with changes in hypsarrhythmic EEG features that
may indicate a disconnection between the cortex and

subcortical structures (5,6). Based on age-dependent epileptic
encephalopathy etiology and prognosis, significantly reducing
the clinical seizures could have a beneficial impact on the
infant’s survival. It may also significantly alleviate autonomic
disturbances (such as respiratory distress) and is likely to
reduce progression of pathology (6,7).

Suppression of epileptiform discharges and seizure fre-
quency by application of inhibitory non-invasive neuromodu-
lation may alter disease progression and improve the clinical
outcome in these “catastrophic epilepsy” conditions (8,9).
Accordingly, transcranial direct current stimulation (tDCS)
reduced epileptic discharge frequency in adults, with no ser-
ious adverse events (10). The cathode electrode is typically
placed on the scalp over the epileptic focus with the intention
to reduce excitability (11,12). The safety aspects of tDCS are
supported by exhaustive testing across diverse clinical popula-
tions and healthy volunteers (13). Tolerability studies in
adults have in turn supported judicious clinical trials in chil-
dren; there are no reported serious adverse effects over 2,800
sessions across 500 subjects aged 6 to 18 years old (13). Often
– though not exclusively – children receive moderately lower
doses of electrical stimulation than adults (< 2 mA) as com-
putational models suggest that decreased head size results in
comparably smaller brain current density (14). In small clin-
ical trials, tDCS reduced epileptic discharge frequency in
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children ages 6 to 15 years old (9,15,16). Five consecutive days
of 2 mA of cathodal tDCS reduced seizure frequency in 4- to
9- year-old patients with LGS. In a case study, epileptic
seizures in an 11-year-old girl were reduced by 50 percent
after 2 mA of tDCS applied 5 times a week for two weeks with
the cathodal electrode over the epileptic focus (9) . To our
knowledge, tDCS has not previously been assessed in children
under 36 months old, including in any children diagnosed
with neonatal epileptic encephalopathy.

We hypothesized that tDCS applied with a cathode placed
over the brain region exhibiting consistent hypsarrhythmic
high-voltage features (e.g., robust excitatory changes in elec-
trical discharges) would attenuate subsequent paroxysmal epi-
leptiform activity and seizure frequency in children less than
36 months old. In the current case of a 30-month-old patient,
in line with our investigational attempt to significantly reduce
seizure-frequency, we suggested applying a cathodal electrode
over areas of paroxysmal ictal-related EEG discharges repeat-
edly over a period of 10 days. Importantly, in order to
increase the efficiency and specificity of our intended focal
cathodal (inhibitory) stimulation we employed a 4x1-ring
High-Definition tDCS montage (17), expected to: 1) produce
maximum intensity (18) and neuromodulation (19) at parox-
ysmal hypsarhythmic target-areas, 2) achieve optimal focality
(20), and 3) result in minimum relative intensity outside the
target area. Recent findings support a HD-tDCS 4x1-Ring
configuration as a technique for delivering focal cortical sti-
mulation in a predictable and adjustable manner by utilizing
advanced computational forward models (21). These models
can integrate baseline EEG data (22), individual anatomical
data (14,23), and head-size data (as applied in the current
investigation) in order to predict the optimal parameters for
accurate targeting of most pronounced pathological-hypsar-
hythmic cortical networks. Specifically, we tested the feasibil-
ity of HD-tDCS in reducing the pathological EEG activity as a
post-intervention decline in the frequency of seizures; reduc-
tion in number and amplitude of interictal sharp-waves (3);
and power-attenuation of hypsarhythmic fast-wave oscilla-
tions (24–30 Hz, 30–70 Hz). In order to support HD-tDCS
safety in children suffering from neonatal epileptic encephalo-
pathy less than three years of age, the clinical functional status
of the child, vital signs, and biochemistry were assessed over
the course of the study.

Materials and methods

Study overview

The study was conducted at Herzog Medical Center
Jerusalem, Israel. Approval was obtained from the Israel
Ministry of Health and from the institute’s local institutional
review board. The study was conducted in accordance with
the Declaration of Helsinki, and written informed consent was
obtained from the patient’s parents.

In general, in order to localize the area of tDCS interven-
tion, we recorded baseline video-EEG every day for 10 days
prior to intervention. Based on baseline and ongoing video-
EEG sessions during HD-tDCS intervention, we employed a
two-week HD-tDCS intervention and recorded post-

intervention video-EEG to test for significant changes in
paroxysmal pathological EEG features (4,24,25) such as inter-
ictal epileptiform discharges (e.g., sharp waves), paroxysmal
fast-wave activity (20 to 30 Hz), and most importantly, the
frequency of clinical seizures (e.g., tonic spasms, myoclonic
seizures). We preselected hypsarrhythmic sharp waves as an
outcome measure (e.g., peak amplitudes of sharp waves) since
it has been suggested that hypsarrhythmic paroxysmal slow-
wave activity is more closely related to the pathogenetic
mechanisms than epileptiform discharges in age-dependent
epileptic encephalopathy (5). Additionally, amplitudes of hyp-
sarrhythmic sharp waves are associated with weaker cortical
inhibition over the striatopallidal system.

Specifically, the baseline-monitoring period consisted of
120 minutes of daily video-EEG recordings (between 14:00
to 17:00), where epileptic discharge frequency and foci were
monitored and quantified. Following the baseline period,
verum open-label 4 × 1 HD-tDCS was administered for
20 minutes each day for 2 weeks (5-days per week), with
each day having an increased current intensity (0.1–1.0 mA).
This adaptive stimulation regime was adopted since the over-
all goal of the study was to attempt to treat seizure-related
pathological EEG activity. Video-EEG data were acquired
each day concurrently with HD-tDCS administration. On
intervention days 1, 3, 5, 6, 8 and 10, post HD-tDCS session
(immediately after the stimulation) video-EEG data were
acquired (120 minute sessions, between 14:00 to 17:00). HD-
tDCS stimulus intensity and locations were chosen based on
baseline EEG monitoring and computational finite element
model outcomes. Post HD-tDCS treatment effects were
assessed by utilizing video-EEG data (120 minutes per day,
between 14:00 to 17:00) from days, 3, 10, 17, 24, 31, and 41
after the last day (day 10) of intervention (Figure 1).

Across the entire study, seizure frequency (number of
clinical seizures across 120 minutes) and type were monitored
and noted by 2 clinical neurophysiologists, independently. All
seizures and interictal patterns were interpreted by a pediatric
neurologist (i.e., pediatric epileptologist) with extensive clin-
ical experience in neonatal epileptic syndromes.

Case

The patient we intended to treat was a 30-months-old male,
hospitalized in the Pediatric Chronic Respiratory Care
Department (Herzog Medical Center, Jerusalem) since the
age of two months. He was born after an uneventful, full
term second pregnancy with birth weight of 3,160 g through
a normal vaginal delivery, to heathy young parents with an
older healthy child. The patient was discharged and re-hospi-
talized at the age of five days due to feeding problems. Upon
admission, repeated seizures with bradycardic spells and oxy-
gen desaturation episodes appeared. The infant was treated
with Phenytoin and Phenobarbital with no apparent effect.
On EEG examinations, a burst-suppression pattern was iden-
tified and Ohtahara Syndrome was suspected. The anticon-
vulsive treatment was changed, but the convulsions continued
and were complicated by repeated aspirations, which required
respiratory treatment. His routine antiepileptic medication
included Clonazepam 1.5 mg/day, Vigabatrin 500mg/day
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and Topiramate 100mg/day. An additional work-up included
MRI scans, and amino acid levels in the blood and CSF, which
were shown to be within normal limits (WNL). Urinary
organic acid levels were also WNL and there were no positive
findings on a skin biopsy. Electrolysis of transferrin had a
slightly changed pattern. No dysmorphic features were found.
The patient was chronically ventilated through a tracheost-
omy, and fed through a PEG. General hypotonicity was
noticed with jerky movements and physical examination was
WNL. He seemed to be in a vegetative state (i.e., unresponsive
wakefulness), and demonstrated severe psychomotor retarda-
tion. At age two months, EEG during wakefulness revealed
continuous non-synchronous tracing, including periods of SB,
with frequent multifocal spikes. The clinical and electro-
graphic patterns suggested neonatal epileptic encephalopathy,
most consistent with early myoclonic epileptic encephalopa-
thy (EMEE). However, age-dependent epileptic encephalopa-
thy could not be excluded since differentiating between OS
and EMEE can be difficult, and the two may represent differ-
ent clinical manifestations of the same disease-continuum (6).

Neurological assessment and clinical monitoring

In order to support safety (and possibly efficacy) of HD-tDCS
intervention, over the course of the study a pediatric neurol-
ogist, and the child’s treating physicians, performed diagnoses
and clinical assessments, respectively, at baseline, during HD-
tDCS intervention, and for four weeks following the interven-
tion; monitoring and noting the patient’s clinical-functional
status. Figure 1 illustrates the time line, including all neuro-
logical assessments and clinical data collection. Additionally,
we measured pain intensity (employed by the daily medical

nursing team) at baseline and following all HD-tDCS inter-
vention sessions using the behavioral pain scale (BPS) for
critically ill patients (26).

Video-eeg acquisition and analysis

During this 10-day baseline monitoring period, video-EEG
was acquired from a 32-channel electrode shielded cap
(WaveGuard cap ANT-Neuro, The Netherlands) with an
online 50 Hz notch filter, band-pass 0.16 – 100 Hz, sampling
rate 512 Hz, averaged referenced, and amplified using an
ANT 32 channel amplifier (ANT, Netherlands). The same
EEG acquisition system was used for post-intervention period
video-EEG acquisition and at particular days during the inter-
vention period. During the baseline period, video-EEG was
acquired every day for 10 days (between 14:00 to 17:00) prior
to HD-tDCS intervention-period, in order to characterize the
modified-hypsarhythmic paroxysmal EEG activity (2,3,5); the
number and peak amplitudes of multi focal interictal spikes
(e.g. sharp wave peak amplitudes), frequency of clinical sei-
zures (visually analyzed using video-EEG), and the foci of
modified hypsarhythmic ictal EEG discharges (marked using
video-EEG, and seizure-related spectral analysis (noting spec-
tral power differences between 3 sec pre-seizure time-window
vs. 3 sec post-seizure time-window, with 0.25 sec offset) gen-
erating averaged spectral power head-maps of paroxysmal
delta-band activity (5), ASA Netherlands) were collected and
analyzed. Interictal discharges (e.g., number of sharp waves
and their peak amplitudes) were quantified over 120 minutes
of EEG data per day, using automated spike detection proce-
dures (ASA ANT, Netherlands); counting all the sharp waves
(70–200 ms duration) and displaying their peak amplitudes

Figure 1. Study overview detailing assessments made during the baseline, intervention, and post- intervention periods. The HD-tDCS treatment consisted of a 10-day
video-EEG and HD-tDCS stimulation protocol where stimulation intensities were increased from 0.1–1.0 mA over the course of the 10 days.
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and electrode location across all 32 electrodes. Seizures and
interictal sharp-waves spikes were visually verified using
video-EEG. Additionally, the raw EEG data (baseline versus
post-intervention) was used for the spectral analysis (across all
32 channels with averaged reference) of the first 50 minutes of
120 minutes of EEG recordings, segmented to one-second
epochs that were fast Fourier transformed (FFT) and averaged
(and normalized) to produce the mean absolute power in
delta (0.5–3.5 Hz), high beta-band (24–30 Hz) and gamma
band (30–70 Hz) per EEG session. We employed the FFT
analysis on all 32 electrodes since were interested to evaluate
the topography of spontaneously fluctuating paroxysmal EEG
delta power (5) in relevance to epileptic foci dominance. We
used SPSS 20 software (IBM, Armonk, NY) for all statistical
analyses related to seizure frequency, frequency of sharp
waves sharp-wave peak-amplitudes, and spectral power at
baseline period versus intervention/post-intervention periods.

Video-EEG data were also acquired concurrently with the
HD-tDCS intervention (see Figure 2 depicting patient with
hybrid EEG-HD-tDCS cap). These data were acquired from a
customized 32-channel electrode montage based on the 10–20
International system (WaveGuard cap and eego amplifier
ANT-Neuro, The Netherlands). The cap consisted of a com-
bination of 32-recording electrodes as well as 29- plastic,
integrated, HD electrode holders. The data sets were sampled
between 512–2000 Hz and online referenced to electrode
location CPz.

Concurrent EEG and HD-tDCS data were analyzed off-
line by performing a baseline correction between 0.5 and 30
secs after the start of data acquisition and applying a second
order Butterworth band-pass filter between 0.5 and 45 Hz.
During some concurrent EEG and HD-tDCS recordings,
EEG electrodes were removed in order to insert stimulating
electrodes. These absent electrodes were interpolated off-
line using a spherical interpolation method. During HD-
tDCS intervention, several EEG electrodes became satu-
rated; these specific electrodes were identified offline by
computing the standard deviation of each electrode during
a 31.25-second period after ramp-up was complete.

Voltages that had a standard deviation less than 0.005 µV
during the 31.25-second HD-tDCS period were marked as
saturated. A linear least squared fit was performed on each
electrode during the current ramp-up period to ameliorate
data quality during the stimulation period. The slopes from
the least squared fit were used to predict the DC voltage of
the saturated electrodes (28.13% of electrodes) at the end of
the ramp-up period. Scalp voltage topographies were com-
puted by averaging a period 5.86 seconds after the current
ramp-up period was completed. All concurrent EEG and
HD-tDCS data analysis was performed using MATLAB
(R2015b; MathWorks, Natick, MA) in concert with raw
data-reading, channel interpolation and topographic plot
functions from EEGLAB toolbox (27).

Hd-tdcs computational finite element model

Prior to the commencement of the study, a high resolution
head model was generated based on an MRI of an age
matched infant with 0.5mm3 resolution in order to predict
current flow patterns. Specifically, we used a computational
finite element model (FEM) of the head to predict the spatial
distribution of electric fields in cortex and the voltage distri-
bution over the skin for safety considerations and stimulation
efficacy. Automated segmentation was first performed using
SPM in order to segment images into six different tissues with
conductivities assigned to each: skin (0.465 S/m), skull
(0.01 S/m), air (1 x 10–15 S/m), CSF (1.65 S/m), grey matter
(0.276 S/m), white matter (0.126 S/m), electrode (5.8 x 107 S/
m), and gel (1.4 S/m). Residual segmentation errors were
corrected in ScanIP (Simpleware, Ltd., Exeter, UK) using a
combination of segmentation tools. The resulting volumetric
meshes were imported into a FEM solver (COMSOL,
Burlington, MA, USA) for FE computation. 1 mA total cur-
rent was applied at the center cathode electrodes. The 4
anodes received either symmetric 0.25 mA (Figure 3.E) or
an asymmetric distribution (Figure 3.F) to match the experi-
mental scalp DC potentials.

Figure 2. Patient photographs during HD-tDCS/video-EEG sessions. A) EEG cap placement and video-EEG set up with patient. B) Set up of HD-tDCS with concurrent
video-EEG. Stimulating electrodes were placed over selected regions related to epileptiform-hypsarhythmic EEG activity.
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Hd-tdcs intervention

HD-tDCS treatment intervention was applied according to the
4 × 1 montage (17) with a center cathode using a Soterix Medical
1 × 1 LTE [extra voltage limited (28),] stimulator and 4 × 1 HD-
tDCS montage adaptor (29,30). The cathode was positioned over
seizure related dominant areas (e.g. right temporal) and the four
anode electrodes were positioned around it in the 4 × 1 ring
configuration (see Figure 3A). Stimulation was administered
repeatedly, over a period of 10 days (20 minutes per day, current
range of 0.1 mA to 1 mA, 5 times a week for 2 weeks starting
between 12:00–13:00). Since this was an exploratory and a novel
treatment application in a young child and since safety was para-
mount, stimulation commenced with an extremely low current
intensity (0.1 mA on the first day) and gradually increased (raised
in increments of 0.1 mA per day) to a maximum of 1 mA on the
last treatment session. Additionally, since neonatal epileptic ence-
phalopathy cases are characterized bymultifocal spikes and seizure
intractability we monitored seizure-related delta power changes
and paroxysmal interictal spike topography every day, and mod-
ified the HD-tDCS montage accordingly. Although it is a non-
consistent location/dosage methodology, it fits well with our aim-
to-treat primary research goal; as ourmain objective is to establish
safety and a significant clinical impact usingHD-tDCS (to the best
of our knowledge for the first time) in “catastrophic epilepsies”
(under the age of 36 months) associated with persistent mental
deterioration accompanied with the preservation of seizures
throughout their entire life. Furthermore, 50% of neonatal epilep-
tic encephalopathy syndrome cases often die before two years of
age, which leaves a very narrow time-window for treatment inter-
ventions (1,6).

The general montage features (e.g. distance between center
and ring electrodes) were designed using high-resolution com-
putational models. As recent MRI scans of the patient were not
available, and the condition of the patient made imaging risky,
we developed a model based on an age and head-size matched
subject scan (See section on Computational Finite Element
Model) using an established workflow (17,18,31).

Results

Selected hd-tdcs montages for intervention period

Intervention Day 1: Based on the last three days of the baseline
EEG recordings (22), we identified a target electrode-location
for the placement of the center-cathode electrode over the right
motor cortex area electrode C2. This first target-montage for
treatment was based on observing maximal interictal slow-
spike wave amplitudes, sharp waves, and maximal ictal-related
paroxysmal delta absolute power changes over an area span-
ning across FC2, P8, and CP6 electrodes on the three days that
preceded intervention onset. Electrode C2 was chosen as the
first target electrode-location, representing a topographical
point in between electrodes showing maximal paroxysmal elec-
troclinical activity. Intervention Days 2–5: Daily video-EEG
monitoring after each intervention suggested a shift in the
location of the paroxysmal seizure-related activity, resulting
in a different placement of the center cathode towards right
lateral temporal or right parietal or left occipital target location.
Intervention Days 6–10: During the second week, we main-
tained the same HD-tDCS montage for days 6, 7 and 8

Figure 3. Age-matched head models before and during HD-tDCS. A) FEM MRI-derived model of an age-matched infant. The day 9–10 montage is shown where
electrode positioning is based on the 10/10 International system. Locations were used for recording EEG (grey) and stimulation (blue: cathode; red: anode). B) FEM
MRI-derived head model indicating skull and skin thickness, gray matter (pink), and cerebrospinal fluid (blue). C) Model-based prediction from FEM indicating current
flow patterns (black flux lines) along with expected scalp voltages across the head and at the anodes and cathode. D) Model-based current flow patterns (black flux
lines) and electric field across the brain. E) Model prediction of scalp topography during HD-tDCS. F) Weighted model prediction of scalp topography during HD-tDCS.
The weighted model unevenly distributed current across the 4 anodes. The stimulating sites AF8 and O2 received 90% of current whereas stimulating sites C2 and P2
received the remaining 10% of current. G) Scalp topography averaged over 5.86 sec period during HD-tDCS showing the DC voltage.
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positioning the central cathode over the right lateral temporal-
parietal electrode TP8 and on days 9 and 10 over lateral tem-
poral electrode T8. Overall, 90% of the HD-tDCS montages
used were applied over the right hemisphere (frontal-parietal
and temporal-parietal cortices).

Safety and clinical findings

Pulse rate during baseline (mean = 107 bpm, SD = ± 17.16 bpm)
was normal and remained within normal limits during interven-
tion (mean = 103.35 bpm, SD = ± 18.78 bpm) and post inter-
vention (mean = 92.5 bpm, SD = ± 15.47 bpm) periods. There
were no significant fluctuations in respiratory rate (20–23
breaths perminute), temperature (35.1–37.2°C), or blood satura-
tion (98%-100% SpO2) throughout the entire study period.
Accordingly, the intervention was considered safe and had no
negative impact on the patient’s vital signs, electrolyte levels or
blood biochemistry. Importantly, no adverse events or side
effects were observed during the study period. The skin under
the stimulating electrodes was not irritated and the patient did
not display any changes in behavior associated with pain [e.g.,
facial expressions, movement of arms, berating patterns; 31]
during or following the HD-tDCS sessions.

Neurological findings

At the initial neurologic examination – prior to intervention –
we found that the child did not achieve any developmental
milestones. He was bedridden. His spontaneous movements
were very limited and rare. He was ventilated permanently
and fed through PEG. He responded to pain stimulation by
opening his eyes or moving a limb. He did not respond to
touch, visual or auditory stimulation. He was not making any
eye contact. He had severe axial hypotonia with increased
spastic muscle tone at distal lower limbs. Range of joints
motion was limited at the hamstrings and Achilles bilaterally.
Deep tendon reflexes were not elicited. There was no clonus

and plantar response was not elicited (not flexor nor extensor
response bilaterally). Corneal reflex was elicited at the left but
not on the right eye, and pharyngeal reflexes existed but were
very weak. Pupils were narrow without response to light. On
subsequent examinations during the intervention period there
were minor changes in the neurological examination: the
plantar response was elicited and was bilaterally extensor;
and corneal reflexes were elicited bilaterally. Neurological
findings during post-intervention remained the same.
Overall there was no significant change on neurological exam-
inations and development throughout the study.

Video-eeg

A one sample Kolmogorov Smirnov test indicated that the
variable values of frequency of seizures (number of seizures
per 120 mins video-EEG sessions) were distributed nor-
mally within the baseline (Z = 0.63, p = 0.82), and post-
intervention (Z = 0.9, p = 0.38) periods. A paired samples
t test indicated that baseline seizure frequency (M = 198,
SD = 49.65) was not significantly different (t(4) = −0.61,
p = 0.57) from post-intervention seizure frequency
(M = 236, SD = 130.17). The intervention period versus
baseline period was not significantly different in seizure
frequency (t(4) = −2.63, p = .058). A non-significant reduc-
tion (t(5) = .98, p = 0.36) in the number of sharp waves was
observed at post-intervention period versus baseline period
(see Figure 4.A). Kolmogorov Smirnov tests indicated that
the peak amplitudes of sharp waves during the baseline and
post-intervention periods were not distributed normally.
Thus we performed a nonparametric related samples test
(Friedman’s two-way ANOVA) to examine significant dif-
ferences between baseline and post-intervention periods in
the peak amplitudes of hypsarrhythmic interictal sharp
waves. We compared the last three days of baseline (days
8, 9, and 10) to the first three post-intervention measure-
ments (3, 10 and 17 days intervention) and found that

Figure 4. Epileptiform interictal activity of baseline period versus post-intervention period. A) The number of sharp waves was compared at post-intervention versus
baseline. B) The last three days of baseline (days 8, 9, and 10) were compared with the first three post-intervention measurements (3, 10 and 17 days post last day of
intervention). It was found that sharp wave peak amplitudes were significantly different (Friedman’s two way analysis of variance by ranks test, p < .001) and lower at
day 17 post-intervention (rank = 2.93) versus all other days. C) Inspection of the spectral power data as a function of time suggests a trend indicating lower power
values at post-stimulation. Error bars reflect standard error. * indicates a statistically significant difference versus all other days.
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sharp wave peak amplitudes were significantly different
(p < .001) and lower at day 17 post-intervention (rank = 2.93)
versus all other days (see post-intervention day 17 mean
peak amplitudes in Figure 4.B), where baseline day 9 had
the highest rank (4.39). Pairwise comparisons indicated that
only post-intervention-days one and three were not signifi-
cantly different from each other, all the other days were
significantly different from each other (p < .01 for two
comparisons, and p < .001 for all other comparisons).To
correct for multiple comparisons we conducted post-hoc
analysis with Wilcoxon signed-rank test to examine the
difference between baseline day 9 and three post-interven-
tion days. According the post-hoc analysis baseline day 9
showed significantly higher peak sharp-wave amplitudes
than post-intervention day 17 (Z = −54.16, p < .0001),
post-intervention day 10 (Z = −31.48, p < .001), and post-
intervention day 3 (Z = −35.9, p < .001).In correspondence,
post-hoc Wilcoxon signed-rank test indicated that post-
intervention day 17 showed significantly lower spike ampli-
tudes than baseline day 8 (Z = −20.7 p < .001), and baseline
day 10 (Z = −32.22, p < .001). In order to compare the
immediate HD-tDCS effects on sharp wave peak-amplitudes
as a function of intervention day we conducted a Wilcoxon
signed-rank test comparing intervention days 3, 6, 8, and 10
to baseline day 10. Interestingly, in contrast to post-inter-
vention reduction in spike-amplitudes, all intervention days
showed significantly higher (p < .001) sharp wave ampli-
tudes immediately following stimulation versus baseline
day 10 sharp wave peak amplitudes. The highest Z scores
were obtained for intervention day 3 (Z = −21.84) and
intervention day 8 (Z = −36.73). Thus, 0.3 mA with cen-
tral-cathode over right parietal location (intervention day 3)
and 0.8 mA with central cathode over right temporal-parie-
tal location (intervention day 8 showed the greatest impact
versus Intervention day 6 (0.6 mA with cathode at right
temporal-parietal location) and 10 (1 mA with right tem-
poral location).The obtained differences in immediate sharp
wave amplitudes seems to imply that targeting right tem-
poral-parietal foci may have had a greater impact on the
underlying electrophysiological activity, starting with rela-
tively low 0.3 mA current dosage. Finally, we examined
differences in the averaged absolute power of fast-wave
oscillations in the baseline period versus post intervention
period. Kolmogorov Smirnov test indicated that the high-
beta (24–30 Hz) and gamma (30–70 Hz) band’s absolute
power values within each EEG session were normally dis-
tributed. The high-beta and gamma mean absolute power at
baseline was not significantly different from post-interven-
tion, (t(5) = 0.88, p = .41) and (t(5) = 0.71, p = .5), respec-
tively. Although the effect of time was non-significant,
inspection of the spectral power data as a function of time
indicated lower power values at post-stimulation (See
Figure 4.C). In response to recent findings suggesting that
paroxysmal fast-wave activity (independent of sharp wave
activity) is likely to precede or follow ictal slow waves in
cases of neonatal epileptic encephalopathy (4), we found a
significant correlation (Spearman’s rho = .49, p = .04)

between paroxysmal high-beta power and the number of
interictal sharp waves throughout the clinical trial.

Discussion

This was an open-label aim-to-treat case study of repeated
HD-tDCS sessions to reduce seizure frequency and patholo-
gical EEG activity in a child suffering from early onset epi-
leptic encephalopathy. To apply focal inhibitory stimulation at
the cathodal electrode and minimize excitation at the anode
(s), we used a 4 × 1 HD-tDCS montage (17,23) which was
customized to the child using modeling from an age-matched
control. tDCS, with intensities up to 2 mA is considered well
tolerated in children (13,32). The electric fields (EF) predicted
in the child’s brain at 1 mA (the highest current tested in this
study) was moderately higher (2-3x) than EF expected in
adults and older children using comparable current, but still
well below theoretical thresholds for injury (13). Tolerability,
which is related to transient skin irritation, depends on elec-
trode design and total current (13), which were comparable to
tDCS montages and currents used in prior studies (33).

By virtue of using a DC waveform as an intervention for
epileptic disorders, “cathodal” tDCS is the only neuromodulation
technique that can produce a sustained somaticmembrane hyper-
polarization (34); which in turn has been shown to have a robust
anti-seizure effect in animal models (12,35). Cathodal tDCS also
leads to a lasting reduction in cortical excitability in healthy
volunteers (19). These findings have supported ongoing human
trials for epilepsy (36). The majority of these efforts use a conven-
tional tDCSmontage with two large pads electrodes, an anode and
cathode, with the cathode placed over the target brain region to
produce neural hyperpolarization. But with this approach the
anode remains active, producing secondary excitation, and conse-
quently other brain regions between the electrodes will be stimu-
lated resulting in diffuse neuromodulation (17,37). Our use of the
4 × 1 HD-tDCS montage was based on prior work that suggested
focal and uni-directional action (21). The cortical region circum-
scribed by the ring (from the center cathode to the four outer
electrodes) is the predicted region of neural hyperpolarization (18)
that was adjusted based on time-dependent (daily) focal patholo-
gical EEG discharges using the model-free method (22).

There were no serious adverse events or side effects asso-
ciated with the intervention as evidenced by the stable level of
vital signs, electrolytes levels, and blood biochemistry.
Additionally, the neurological assessments indicated that the
overall clinical and developmental status remained the same.
In clinical populations there is a need to maintain normal
vigilance (e.g. an unrelated emergency); based on this pilot
study, we did not find evidence for increased risk as result of
the intervention. Furthermore, according to his treating phy-
sicians, the clinical impression following HD-tDCS interven-
tion indicated that the patient is apparently calmer and
displays lower-intensity seizures, which is likely to result in
less comorbid medical complications (e.g., bradycardic spells
and oxygen desaturation). Therefore, our findings support the
safety of HD-tDCS intervention in severe electroclinical syn-
drome cases under the age of three years.
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Although we did not observe a significant reduction in the
frequency of seizures in the periods during which video-EEG
was collected, we obtained a significant reduction in the peak-
amplitudes of hypsarrhythmic interictal sharp waves. Therefore,
this finding could be viewed as a significant reduction in inter-
ictal epileptiform discharges (IED). In support of this, significant
reduction in IED components are associated with significant
improvement in 74–92% of temporal lobe epilepsy patients
and diffuse temporal IEDs occur in more than 50% of the
patients (38). Although we did not achieve a significant improve-
ment in the seizure frequency or the overall clinical condition of
the child, we hypothesize that application of 1mAHD-tDCS (the
highest dose, tested only on day 10) over an extended periodmay
yield the desired alleviation in seizure frequency. Additionally,
sampling seizure frequency and sharp-wave variables frommore
time-windows within the baseline and post-intervention periods
(as opposed to sampling only from five or six days per period in
the current study) may have resulted in an observable significant
effect versus the non-significant reduction observed in seizure
frequency, as well as in sharp wave frequency and paroxysmal
fast-wave activity.

As this HD-tDCS intervention is considered a novel treat-
ment approach in a child under the age of 36 months – for
safety reasons – we applied very low current intensities in the
first week, which most likely had a nonsignificant long-term
inhibitory impact on the underlying neural substrate and on
paroxysmal IEDs. Since IEDs are likely to occur after seizures,
and are correlated with higher seizure frequency (38), it might
be beneficial to continue with longer HD-tDCS interventions,
with the highest tested safe dosage, until we reach a greater
reduction in additional IED components (e.g., number of
sharp waves), which is hypothesized to result in a more
pronounced reduction in the occurrences of clinical seizures.
Additionally, it may have been more clinically beneficial to
begin intervention at an earlier age (1 to 6 months of age) as
we may have been more successful in modifying the initial
pathological progression (associated with age-specific exogen-
ous brain insult) of the epileptic foci dominance and possibly
change the evolution of this severe electroclinical syn-
drome (1).

Generalized paroxysmal fast activity (such as high beta and
gamma frequencies), is among the most indicative paroxysmal
EEG features in infantile spasms with hypsarrhythmia (24,39).
Interestingly, the significant correlation found between high-
beta power and the number of sharp-wave spikes supports the
utilization of paroxysmal high-beta analyses in the identification
of paroxysmal EEG features (24) and epileptiform activity (4).

Conclusions

For young children and infants suffering from catastrophic
epilepsies there is an urgent need to develop and test new
interventions to suppress seizure activity, which is often
resistant to anti-epileptic medication and conventional
therapies (1,6). Without such relief, co-morbid complica-
tions sacrifice quality of life, retard neurological and phy-
sical development, present a high burden of care, and can
lead to early mortality. Given this expected poor prognosis,
our results, taking into account that HD-tDCS is

considered safe in healthy volunteers and encouraging
data from ongoing tDCS trials in various (pediatric) epi-
lepsy indications, putatively support the safety of HD-tDCS
application in very young catastrophic epilepsy cases, and
ongoing testing of the potential of tDCS treatment for
severe neonatal epileptic conditions. To fully support the
safety, and assess the potential efficacy of HD-tDCS treat-
ment in severe neonatal epileptic syndromes it would be
imperative to validate its effects on pathological EEG activ-
ity and clinical seizures in larger samples of children under
36 moths.
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