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Background: Epileptic spasms (ES) is a severe seizure type and lack of ageate
methods for controlling of clinical attacks. Previous stuigs have indicated that cathodal
transcranial direct current stimulation (tDCS) reduces $mure frequency for patients
with epilepsy. ES are proposed to have a focal cortical origi We hypothesized that
patients with ES exhibit hyperactive network hubs in the paetal lobe, and that cathodal
tDCS targeting the bilateral parietal region can reduce saire frequency in patients with
pharmacoresistant ES.

Materials and Methods:  The present study consisted of three basic phases: (a) a
pre-treatment monitoring period for 14 days; (b) a consecuve 14-day treatment period
during which patients were treated with 1 or 2 mA cathode tDCSor 40 min once per
day; (c) and a follow-up period for at least 28 days. During # rst 20 min of treatment,
the cathode was placed over the right parietal lobe (P4) witthe reference electrode over
the contralateral supra-orbital area. In the second 20 mirthe cathode was placed over
the left parietal lobe (P3), with the reference electrode ev the contralateral supra-orbital
area. All patients received active tDCS treatment, and sompatients underwent more
than one treatment block. Patients maintained a seizure dig throughout the study.
Antiepileptic drug therapy remained unchanged throughouthe study. K-related samples
Friedman tests and two-related samples tests were used to aalyze data from all patients.

Results: Seven patients with pharmacoresistant ES were included, oiving a total

of eighteen 14-day blocks of tDCS treatment. We observed a ghi cant difference in

seizure frequency at the second monthg D 0.028, unadjusted), as well as a trend toward
decreased seizure frequency at the fourth monthp( D 0.068, unadjusted) of the rst

follow-up, relative to baseline. Three of seven patients 249%) exhibited sustained seizure
reduction, while one (14.3%) experienced a short-term redztion in seizure frequency
following cathodal tDCS treatment. Treatment was well tolated in all patients.

Conclusions: Repeated tDCS with the cathode placed over the bilateral p&etal region
is safe and may be effective for reducing seizure frequency a subgroup of patients with
pharmacoresistant ES.

Keywords: tDCS, epileptic spasms, seizures, epilepsy, infan tile spasms, EEG
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INTRODUCTION not completely understood, they may involve changes in caleium
dependent synaptic plasticit ), as well as non-synaptic e ects

Epileptic spasms (ES) typically manifest as sudden exion 7).
extension or mixed extension- exion of predominantly proxain Anodal tDCS generally increases cortical excitability, levhi
and truncal muscles and are usually more sustained thapathodal tDCS generally decreases cortical excitabilily Thus,
myoclonic movements but not as sustained as tonic seizujes ( several studies have explored the therapeutic e ect of cathoda
ES constitute the largest single epilepsy subgroup in thatitéa tDCS among patients with epilepsy. Fregni et al. rst reported
period (). Most cases of ES occur within the rst year [i.e.,that a single session of cathodal tDCS could reduce interictal
infantile spasms (IS)]. West syndrome, as a highly recodnizespileptic discharges (IEDs), with a trend toward decreasing
subgroup of IS, is characterized by typical ES seizuresndist sejzure frequency, in patients with malformations corticdl
electroencephalography (EEG) patterns of hypsarrhythmia, angevelopment {9). Auvichayapat et al. reported similar results
psychomotor delay/arresB]. ES can also appear after the rst among patients with childhood epilepsg@). Yook et al. 21)
year [i.e., late-onset epileptic spasms (LOES)]. While LOEgnd San-Juan et al2®) rst reported the antiepileptic e cacy
account for a small number of ES cases, research has gradu@lfyrepeated tDCS in a few case studies. Tekturk et al. and San-
revealed that it is a distinct condition with heterogeneity juan et al. demonstrated that three or ve consecutive sessibn
Patients with LOES seldom exhibit the classic EEG pattern @fathodal tDCS applied over the temporal region reduced seizure
hypsarrhythmia and often present with psychomotor regressiofrequency among patients with mesial temporal lobe epilepsy
and seizures resistant to antiepileptic drugs (AED$) ( (23 24). Researchers have suggested that tDCS can modulate

Adrenocorticotropic hormone (ACTH) and vigabatrin are the activity of epileptogenic network&d). Indeed, one previous
recommended for patients with IS5) However, the side study reported that ve consecutive sessions of cathodal tDCS
eects of ACTH treatment have been well documentedgyer the primary motor cortex reduces seizure frequency and
including irritability, cushingoid features, hypertensioand |EDs in patients with Lennox—Gastaut syndrome (LG (
hypokalemia §). Furthermore, the need for intramuscular (IM)  To date, no studies have evaluated the e ect of cathodal
administration of ACTH has restricted usage of the drugtDCS among patients with ES. We hypothesized that patients
Although vigabatrin has been approved by the Food angyith ES exhibit hyperactive network hubs in the parietal regio
Drug Administration (FDA), it carries a black-box warning and that cathodal tDCS over the bilateral parietal regions ca
for potentially permanent visual impairment7). As the decrease hyperactivity in these areas, potentially allowdng f
responder rate for spasm cessation ranges from 29 to 768izure control.
after vigabatrin, corticosteroids, or ACTH therapy)( it is
important to identify alternative treatments for patients tivi
pharmacoresistant ES. MATERIALS AND METHODS

According to the new operational classi cation of seizure . .

Participant Recruitment

types issued by the International League Against EpilepsyE)lL.A - . . .
ES onset can be classied as focal, generalized, or unknovﬁ{Udy participants were recruited from epilepsy center of Cépita

(8. Although the underlying pathogenesis of ES is not fullyMedical University Xuanwu Hospital, China, if they ful lled the

understood, some neuroimaging studies have indicated Hat following incllusion. criteria: (a) presence of epileptic spasms,
is associated with focal cortical changés (n addition, focal con rmed by ictal V|deo-'EEG, (b).fallure of more than two 'FS
line AEDs to control seizures. Since some patients experience

cortical involvement and propagation shown in ictal invasive h f sei ideo-EEG d lassi
EEG, and favorable outcomes following removal of epilept'urgenmc_’re than one type o Seizure, vigeo- was use to classify
seizure types in accordance with 2017 ILAE crite@a (

lesions were reported in patients with 0. These ndings
o P B510 . Exclusion criteria were as follows: (a) diagnosis of LGS,

support the notion that ES may have a focal cortical origin. . i ) o2 ;
Magnetoencephalography (MEG) studies have recorded ict ﬁychogenlc seizures, —or - major psych_lat_rlc-neurologlcal
symptoms of ES, and the ictal equivalent current dipoles we isorders other t_han eplle_psy; or (b) drug gddlctlon_, pregnanc
reported to be clustered in the parietal regidri{12). Functional skull o.lefect.s, or implantation of other electrical medpan;es.
magnetic resonance imaging (fMRI) studies have revealed that Wiitten mformed'consent for the.s'tudy and pub[lcat|on ,Of
regional homogeneity (ReHo) values in the left precuneus anatudy d:_;\ta was obtained from all participants and their gu@mdl
right superior frontal gyrus are associated with epilepsy tiora befo_re !nclu'smn. The study conformed to the D_eclaratlon_ of
in patients with IS (3). Therefore, we hypothesized that patientsHeIS,'nk" This st[udy was approved by .the Iocql ethI.CS committe
with ES exhibit hyperactive network hubs in the bilateral ptai (Ethlc_s Committee of Capital Medical University Xuanwu
regions. Hospital).

Transcranial direct current stimulation (tDCS) is a pairdes
non-invasive brain stimulation technique that has beenetyd EXperimental Design
utilized in recent years 1¢4). Cortical excitability can be All patientsreceived active tDCS treatment. Each treatrbkrak
modulated by low-intensity brain polarization. The primary consisted of 14 consecutive days of cathodal tDCS treatment
e ect of tDCS is a polarity-dependent shift of the resting celland all patients underwent at least one treatment block. The
membrane potential toward depolarization or hyperpolarizatio study consisted of three basic phases: (a) a 14-day pre-te@atm
(15. While the mechanisms underlying the e ects of tDCS aremonitoring period; (b) a 14-consecutive-day treatment period
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FIGURE 1 | The illustration of electrode montage and estimated eledt eld for tDCS. The gray line indicated the cable feeding théDCS electrodes. Together,(A,B)
illustrate the montage for cathode-P4 and anode-left suprerbital. (A) (Left) the illustration of cathode on P4 on a model head. (Rig) the estimated electric eld in the
brain from the lateral view(B) (Left) the estimated electric eld in the brain from the lated view. (Right) the illustration of anode on left supra-oital area on a model
head. (C,D) lllustrated together the montage of cathode-P3 and anode- ght supra-orbital.

(c) and a follow-up period of at least 28 days. No changes werdusters in all patients, caregivers were asked to recordyeve

made to AED treatment throughout the study. episode in each cluster.
Mean seizure frequency was calculated for dierent time
tDCS periods. Seizure reduction was calculated using the follgwin

Cathodal tDCS was applied using a saline-soaked pair of surfaE:%rmma:

sponge electrodes (20 é’}nanq delivered through a specially - sejzyre frequency of baselineseizure frequency of certain period

designed, constant-current stimulator (Yunshen tech, @i seizure frequency of baseline 100%
Patients received 40 min of stimulation per day during each

treatment session. In the rst 20min, the cathodal elecetod L . .
was placed over P4 (in accordance with the in,[emation‘,jdb\nover50%reduct|(?r_1|nselzurefrequencyComparedtohaaesell
standardized 10-20 system for electrode placement), with \was de_n(_ed ?saﬁos_ltlve respor]:se to(tjDC_S trea;ment\./ 20. N
constant current of 1 or 2 mA. The reference electrode wasplac Statlst!ca analysis was performed using SPSS V. 20. Non-
over the left supra-orbital area. In the second 20 min, thecdal parametric Wilcoxon signed-rank tests were used due to the

electrode was placed over P3, while the reference electrade V§ma||| sample S'Zfe' K-related szmplﬁs Fr:jedr_nan rt]ests were used to
placed over the right supra-orbital area. analyze seizure frequency at baseline, during the treatizuedt

The electric eld distribution in the brainFigure 1 was follow-up periods. Two-related samples tests were used for an

estimated using SIMNIBS 2.1.1 softwas)( The estimation exploratory analysi§, in which seizure frequency in the mmtt.
was generated based on the template head model included "de follow-up pen_ods was separately compared to_ selzure
the software package, and the conductivity values for di eren/feduency at baselingz < 0.05 (two-tailed) were considered
biological tissue were as follows: SIMNIBS default vakesdp statistically signi cant.

(s D 0.465 S/m), bone (® 0.010 S/m), cerebrospinal uid

(sD 1.654 S/m), gray matter (8 0.275 S/m), and white matter RESULTS

(sD 0.126 S/m)£6). Case Descriptions

Patient 1
Outcome Measures and Statistical Analysis Patient 1 was a 2-year-old girl with a history of perinatal
Seizure frequency as recorded by the patients' caregivess wa/poglycemia and a 1.5-year history of ES. No other types
regarded as the main outcome measure. Since ES appearedfrseizure were noted. MRI revealed bilateral parietal-o@ipit
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FIGURE 2 | The EEG, MRI, and seizure frequency for Patient {A) Interictal EEG for Patient 1 showed IEDs on bilateral parietatcipital regions (blue circle)(B) Ictal
ES EEG for Patient 1 showed generalized high-voltage slow was (blue arrow) followed by a diffuse electro-decrement i superimposed fast activity.(C,D) MRI
scan showed bilateral parietal-occipital region encephamalacia (white arrow)(C) Flair MRI;(D) T2 MRI. (E) Seizure frequency of ES for Patient 1. The patient was
seizure free for three months. BS, baseline; ES, epileptiggasm; FIM1-F1M4, the rst to the fourth month of the follow-up IEDs, interictal discharges; L, left; T1,
treatment 1.

encephalomalacia. Interictal scalp EEG revealed sharpswaveatient 2

mainly over the bilateral parietal—occipital regiofsgure 2 Patient 2 was a 3-year-old girl with a 6-month history of ES. MRI

Video-EEG captured 40 episodes of ES, which presented essealed no evidence of lesions. Scalp EEG revealed shdrp an

blinking accompanied by rapid jittering throughout the body, slow wave complexes mainly over the bilateral parietal-oedipit

with ictal EEG showing generalized high-voltage slow wavgsosterior temporal regionEigure 3. Two types of seizure were

followed by a di use electro-decrement with superimposed fastaptured by ictal video-EEG: (a) 77 episodes of ES, which

activity Figure 2[i.e., typical ictal EEG pattern for E8)]. presented as nodding accompanied by rapid lifting of the upper
Mean seizure frequency during the baseline period was 35.%tnhbs, with a typical ictal EEG pattern for BSgure 3, (b) one
23.95 times per day, in spite of taking clonazepam, sodiurapisode of ES followed by a tonic seizure, which presented as

valproate, lamotrigine, and topiramate. She underwent opelol sudden nodding, lifting, and sti ening of the upper limbs for

of tDCS treatment at 1 mA. A current intensity of 1 mA was usedseveral seconds, with EEG showing a spike rhythm following a

due to her age, however all other tDCS parameters remained thgPical ES patterfrigure 3

same as mentioned above. During the treatment period and the Mean seizure frequency at baseline was 100.338.44

rst month of follow-up, mean seizure frequency was 44.23 times per day. She was taking sodium valproate, clonazepam,

22.36 and 55.33 35.56 times per day, respectively. She remaine@piramate, lamotrigine, and levetiracetam. The patient

seizure free throughout the next 3 months of follow-up. MeanUnderwent three blocks of tDCS treatment at 2mA. Mean

seizure frequency for Patient 1, who was classi ed as a pesiti S€izure frequency during the rst, second, and third montifs
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FIGURE 3 | The EEG, MRI and seizure frequency for Patient 2A) Interictal EEG for Patient 2 showed sharp and slow wave comples mainly on bilateral
parietal-occipital-posterior temporal regions (blue aite). (B) Ictal ES EEG for Patient 2 showed typical ictal EEG pattern of35blue arrow marks the high amplitude
slow wave).(C) Ictal ES -TS EEG for Patient 2 showed a constant spike rhythm flowing typical ES pattern (blue arrow indicated the slow wee; double sided blue
arrow indicated the time course of the spike rhythm)(D,E) MRI ( air) scan showed no evidence of lesion(F) Seizure frequency of ES for Patient 2. The patient had
more than 50% seizure reduction for 12 months. BS, baselineS, epileptic spasm; ES-TS, ES followed by a tonic seizure;1M1-F1M4, the rst to the fourth month
of the rst follow-up; F2M1-F2M4, the rst to the fourth month of the second follow-up; F3M1-F3M4, the rst to the fourth mont of the third follow-up; IEDs, interictal
discharges; L, left; T1, treatment 1; T2, treatment 2; T3, #atment 3.

times per day, respectiveRigure 3. As Patient 2 experienced a times per day. During the rst 19 days of the second follow-up,
more than 50% reduction in seizure frequency for 12 monthsseizure frequency was 9.115.49 times per day. Beginning the

she was de ned as a positive responder. 20th day of the second follow-up, he remained seizure-free fo
6 months. Thus, he was identi ed as a positive responder. Mean
Patient 3 seizure frequency for Patient 3 is showrFigure 4

Patient 3 was a 7-year-old boy with a 3-year history of ES.

MRI revealed no evidence of lesions. Scalp EEG reveal®dtient 4

sharp waves mainly over the bilateral parietal-occipitaltgrar  Patient 4 was a 3-year-old girl with a 1-year history of
temporal regiongrigure 4. Two types of seizure were capturedES. MRI revealed enlargement of the right temporal horn
by ictal video-EEG: (a) 14 episodes of ES, which presented afthe lateral ventricle. Scalp EEG revealed sharp and wave
nodding, blinking, deviation of the right corner of the mdyt complexes mainly over the posterior temporal—parietal regions,
accompanied by rapid lifting of the upper limbs, with a typicalwith higher amplitude on the left side electrodésgure 5.

ictal EEG pattern for ESigure 4; (b) one episode of ES followed One type of seizure was captured by ictal video-EEG: 146
by a tonic seizure, which presented as sudden nodding, diftin episodes of ES, which presented as nodding and lifting of the
and stiening of the upper limbs for several seconds, withbilateral upper limbs, with typical ictal EEG patterns for ES
EEG showing a spike rhythm following a typical ES patterrFigure 5.

Figure 4. Mean seizure frequency at baseline was 4.2861 times per
Mean seizure frequency at baseline was 9.45.30 times day. She was taking sodium valproate, nitrazepam, levetiace
per day. He was taking sodium valproate, clonazepam, amghd topiramate. The patient underwent one block of tDCS
topiramate. The patient underwent six blocks of tDCS treatmentreatment at 2mA. Her seizure frequency began to decrease
at 2 mA. Seizure frequency at the rst follow-up was 7.68.38  during the second month of the follow-up period and reached
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FIGURE 4 | The EEG, MRI, and seizure frequency for Patient 8A) Interictal EEG for Patient 3 showed sharp waves mainly on bikral parietal-occipital-posterior
temporal regions (blue circle)(B) Ictal ES EEG for Patient 3 showed typical ictal EEG pattern ofS5blue arrow marks the high amplitude slow wave)C) Ictal ES-TS
EEG for Patient 3 showed a constant spike rhythm following pical ES pattern (blue arrow indicated slow wave; double s&H blue arrow indicated the time course of
spike rhythm).(D,E) MRI scan showed no evidence of lesion(D), air MRI; (E), T1 MRI. (F). Seizure frequency of ES for Patient 3. The patient was seirifree since
the 20th day of second follow-up for 6 months. BS, baseline; B, epileptic spasm; ES-TS, ES followed by a tonic seizure; Fthe rst follow-up; F2a, the rst 19 days
of the second follow-up; F2b, the remain 9 days of the seconddllow-up; F3, the third follow-up; F4, the fourth follow-up F5, the fth follow-up; F6, the sixth
follow-up; IEDs, interictal discharges; L, left; T1, treatent 1; T2, treatment 2; T3, treatment 3; T4, treatment 4; T5,reatment 5; T6, treatment 6.

a 76.64% reduction by the third montrigure 5 Thus, she was Figure 6 Mean seizure frequency for atypical absence seizures at
identi ed as a positive responder. baseline was 0.10 0.32 times per day. Mean seizure frequency
for atypical absence seizures during the rst, second, andi th
Patient 5 months of follow-up was 0.16 0.40, 0.08 0.27, 0.05 0.22
Patient 5 was a 9-year-old girl with a 7-year history of ESHimes per day, respectivelyigure 6. As Patient 5 underwent
MRI revealed pachygyria in the cortex. Scalp EEG reveald@ree tDCS blocks without achieving a 50% reduction in seizu
spike and wave complexes mainly over the bilateral centraffféquency, she was notidenti ed as a positive responder.
parietal—posterior temporal region&igure 6. Two types of
seizure were captured by ictal video-EEG: (a) 15 episodes Batient 6
ES, which presented as nodding and exion of the trunk, withAt the time of enrollment, Patient 6 was a 15-year-old boy who
typical ictal EEG patterns for ES; (b) four episodes of atypicdlad been experiencing ES and focal motor seizures since the
absence seizures, which presented as loss of awarenedsE@ith age of 1 year. He underwent left frontal lobectomy at the age
showing generalized high-amplitude (1.5Hz) sharp and slowf 14, although no signi cant changes in seizure frequeneyew
wave complexeBigure 6. observed following surgery. MRI revealed post-operative changes
Mean seizure frequency for ES at baseline was 15.600 in the left frontal lobe and abnormal signals in the posteriorin
times per day. She was taking sodium valproate, clonazepauof,the bilateral ventricles. Scalp EEG revealed sharp waxers
and lamotrigine. The patient underwent three blocks of tDCShe right frontal and left temporal regiong-{gure 7). Two types
treatment at 2mA. Mean seizure frequency for ES during thef seizure were captured by ictal video-EEG: (a) 71 episodes of
rst, second, and third months of follow-up was 15.7635.91, ES, which presented as nodding toward the left or right side
38.39 59.57, and 21.02 49.78 times per day, respectivelyaccompanied by blinking, with typical ictal EEG patterns for

Frontiers in Neurology | www.frontiersin.org 6 February 2019 | Volume 10 | Article 50


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Yang et al.

tDCS for Epileptic Spasms

ECG-Ref axerJWﬂJvlﬁJ

Cc

Fp1-F3 A
Fp2-F4 Fp2-A2
F3-C3 F3-A1
F4-C4
4-A
c3-P3 T
Y C3-A1
P3.01 cez
P4-02 P3-A1
Fp1-F7 P4-A2
Fp2-F8
F7-T3 P
F8-T4 92A2
— F7-A1
T4-T6 F8-A2
T5-01 T3-A1
T6-02
T4-A2
TS-A1
T6-A2
~ EMG1-EMGZS. "
MG1-EMGZ
EMG1-EMGZS, EMG3-EMGLS.
EMG3-EMGS
MGS-EMGES, PC’ -
EMGS-EMGES, i
EMG7-EMGES

ES frequency for Patient 4

-
o
1

U
1

ES frequency (times per day)

o
I

FIGURE 5 | The EEG, MRI and seizure frequency for Patient 4A) Interictal EEG for Patient 4 showed IEDs on posterior temporgparietal regions with higher
amplitude on left side (blue circle)(B) Ictal ES EEG for Patient 4 showed typical ictal EEG pattern ofS5(blue arrow marks the high amplitude slow wave)C,D) MRI
( air) scan showed enlargement of the right temporal horn ofiteral ventricle (white arrow)(E). Seizure frequency of ES for Patient 4. The seizure frequepceduction
reached 76.64% at the third month of follow-up. BS, baselineES, epileptic spasm; FIM1-F1M3, the rst to the third month d the rst follow-up; IEDs, interictal
discharges; L, left; T1, treatment 1.

ES; (b) one episode of focal motor seizures, which presented Ratient 7
dystonia and clonus of the left upper limb followed by trunk Patient 7 was a 25-year-old woman with an 8-year history of ES.
sti ness, with simultaneous EEG showing low-amplitude fastMRI revealed no evidence of lesions at the time of enroliment.
activity over the right frontal-temporal regiorfrigure 7). She had a history of IS at the age of 5 months, at which
Mean seizure frequency for ES at baseline was 39.6ine MRI revealed subdural e usion. Following drill drainage,
19.06 times per day. He was taking sodium valproateshe remained seizure-free until the age of 17 years. Scalp EE
zonisamide, and lamotrigine. The patient underwent two kkc revealed sharp waves and complexes mainly over the bilateral
of tDCS treatment at 2mA. Mean ES frequency was 29.18ontal-temporal regions=igure 8 Two types of seizure were
20.39 and 69.23 38.83 times per day during the rst captured by ictal video-EEG: (a) seven episodes of ES, which
and second follow-up, respectiveligure 7. No focal motor presented as slight nodding, with typical ictal EEG patterms fo
seizures were observed during the 14-day baseline perioHS; (b) one episode of ES followed by a tonic seizure, which
Mean focal motor seizure frequency was 2.00 times per 2&resented as sudden, slight nodding and sti ness of the neck fo
days during both the rst and second follow-uBigure 7. As  several seconds, with EEG showing spike rhythms following a
Patient 6 underwent two tDCS blocks without achieving a 50%ypical ES patteririgure 8.
reduction in seizure frequency, he was not identi ed as a i Mean seizure frequency at baseline was 18.¥05 times per
responder. day. She was taking sodium valproate, clonazepam, zonisamide,
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FIGURE 6 | The EEG, MRI and seizure frequency for Patient §A) Interictal EEG for Patient 5 showed IEDs on bilateral centrahrietal-posterior temporal regions
(blue arrow).(B) Ictal ES EEG for Patient 5 showed typical ictal EEG pattern ofSEblue arrow indicated two ictal ES episodes)C) Ictal atypical absence seizure EEG
for Patient 5 showed synchronous high amplitude 1.5Hz shar@nd wave complexes (the double sided blue arrow indicated #time course of sharp and wave
complex rhythm).(D) MRI (T1) scan showed pachygyria in the cortex (white arrow(g) Seizure frequency of ES for Patient 5(F) Seizure frequency of AAS for Patient
5. AAS, atypical absence seizure; BS, baseline; ES, epileptspasm; FIM1-F1M4, the rst to the fourth month of the rst follow-up; F2M1-F2M3, the rst to the third
month of the second follow-up; F3M1-F3M3, the rst to the thid month of the third follow-up; IEDs, interictal dischargest., left; T1, treatment 1; T2, treatment 2; T3,
treatment 3.

and lamotrigine. The patient underwent two blocks of tDCSthe treatment period. In Patients 2 and 3, seizure frequency
treatment at 2 mA. Mean seizure frequency was 14.8120 and continued to decrease as the number of treatment blocks
12.15 4.00times per day during the rst and second follow-up,increased.

respectivelyFigure 8 As Patient 7 underwent two tDCS blocks o )

without achieving a 50% reduction in seizure frequency,she  Statistical Analysis

not identi ed as a positive responder. Only the rst treatment and the rst follow-up were completed
by all seven patients, so only data from these periods were
Summary of Cases included for statistical analysis. Thus, there were six tomts

Seven patients were included, undergoing a total of 18 tDCicluded: baseline (B$y D 7), treatment 1 (T1n D 7), the
treatment blocks (14 days each). Two patients underwent onlyst month of follow-up (FIM1, n D 7), the second month
one treatment block, two underwent two blocks, two undertvenof follow-up (F1IM2,n D 6), the third month of follow-up
three blocks, and one underwent six blocks. In all patientgF1M3, n D 5), and the fourth month of follow-up (F1M4,
tDCS was well tolerated without severe side e ects, although D 4). K-related samples Friedman tests revealed no signi cant
some patients reported experiencing an itching sensatiomduri di erences in seizure frequency among these six time points
the treatment period. Three patients (42.9%) (Patients 1-3p D 0.128). In an exploratory analysis, we then separately
experienced long-lasting decreases in seizure frequertdle w compared seizure frequency at the ve time points (T1-F1M4)
one patient (14.3%, Patient 4) experiencing a short-term degre with seizure frequency at baseline using two-related samples
in seizure frequency, following cathodal tDCS treatmerdt, atests. We observed a signi cant di erence in seizure frequyen
shown in Table 1 Among all patients who responded well to at the second month (F1M2p D 0.028, unadjusted) of the
tDCS, seizure reduction occurred during follow-up ratheath follow-up period, when compared with the baseline. We also
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FIGURE 7 | The EEG, MRI and seizure frequency for Patient §A) Interictal EEG for Patient 6 showed IEDs on right frontal andftaemporal electrodes (blue circles).
(B) Ictal focal motor seizure EEG for Patient 6 showed low amplitle of fast rhythm on the right frontal-temporal electrodesthe blue arrow indicated the onset of
symptoms. (C) Ictal ES EEG for Patient 6 showed typical ictal EEG pattern ofS5blue arrow indicated the high amplitude slow wave)D) MRI (T2) showed
post-operative change in left frontal lobe (white arrow)E) Seizure frequency of ES for Patient 6(F) Seizure frequency of FS for Patient 6. BS, baseline; ES, egpjitic
spasm; FIM1-F1M2, the rst to the second month of the rst follow-up; F2M1-F2M2, the rst to the second month of the second folow-up; FMS, focal motor
seizure; IEDs, interictal discharges; L, left; T1, treatmerd; T2, treatment 2.

observed a trend toward seizure reduction at the fourth niont treatment for all patients. And among the seven included pesie
(F1M4,p D 0.068, unadjusted) of the follow-up period, whenwith ES, four experienceda50% reduction in seizure frequency.
compared with the baselineFigure 9. P-values were not This e ect lasted for 3 months in Patient 1, 12 months in Patien
adjusted in the exploratory analysiz/ 28). Relative to baseline, 2, 6 months in Patient 3, and 1 month in Patient 4, in uenced by
mean reductions in seizure frequency at T1, FIM1, F1M2he number of treatment blocks patient received.

F1M3, and F1IM4 were 33.71, 12.14, 40.13, 57.14, and 46.51%,

respectively. Potential Hubs in the Epileptic Network of
ES
DISCUSSION The pathophysiology of ES remains to be fully elucidated.

While the earliest studies suggested that brainstem dysfumct
In the present preliminary study, we evaluated the e cacy ofcan trigger ESZ9), more recent studies indicate that ES may
tDCS in the treatment of pharmacoresistant ES. A signi canthave a focal origin. Some studies have reported that ES can
reduction in seizure frequency at the second monthD(0.028, be triggered by focal seizureS8(J. In accordance with this
unadjusted), as well as a trend toward reduction in seizureesult, Patient 6 of the present study had co-occurring motor
frequency at the fourth month g D 0.068, unadjusted) of seizures. Some neuroimaging studies have also reported$iat E
the follow-up was revealed following the rst block of tDCS associated with focal cortical changes. In one study thaeveed
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FIGURE 8 | The EEG, MRI and seizure frequency for Patient TA) Interictal EEG for Patient 7 showed IEDs on bilateral front&démporal regions (blue circles)(B) Ictal
ES EEG for Patient 7 showed typical ictal EEG pattern of ES (& arrow indicated the high amplitude slow wave)(C) Ictal ES-TS EEG for Patient 7 showed a constant|
spike rhythm following typical ES pattern (blue arrow indated high amplitude slow wave; double sided blue arrow indited the time course of spike rhythm)(D,E)
MRI ( air) showed no lesion(F) Seizure frequency of ES for Patient 7. BS, baseline; ES, egjitic spasm; ES-TS, ES followed by a tonic seizure; FIM1-F1# the rst
to the fourth month of the rst follow-up; F2M1, the rst month of the second follow-up; IEDs, interictal discharges; L, leffT1, treatment 1; T2, treatment 2.

TABLE 1 | Summary for all cases.

Case G A Du MRI IEDs B mA ST Re
1 F 2Y 1Y6Mo bi PO bi P-O 1 1 ES 100% Yes
encephalomalacia

2 F 3y 6Mo no lesion bi P-O-pT 3 2 ES 98.72% Yes
ES-TS 1.28%

3 M Y 3Y no lesion bi P-O-pT 6 2 ES 93.33% Yes
ES-TS 6.67%

4 F 3y 1y enlargement of the L pT-P 1 2 ES 100% Yes

right temporal horn of
lateral ventricle

5 F QY 1A% pachygyria bi C-P-pT 3 2 ES 78.95% No
AAS 21.05% -
6 M 15Y 14Y post-operative change R Fo,L T 2 2 ES 98.61% No
inleft F
FMS 1.39% -
7 F 25Y 8Y no lesion bi Fo-T 2 2 ES 87.50% No

ES-TS 12.5%

A. age; AAS, atypical absence seizure; bi, bilateral; C, central lob®u, Disease duration; ES, epileptic spasms; ES-TS, ES followed by tonic seieuf, female; Fo, frontal lobe; FMS,
focal motor seizure; G, gender; IEDs, interictal discharges; L, teM, male; Mo, month; O, occipital lobe; P, parietal lobe; pT, posterior temporal lobe; Right; Re, whether was a positive
responder; ST, seizure types; T, temporal lobe; TB, treatment blocks; Year-old.
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study Table 1 In our study, IEDs were located posteriorly in
four patients (Patients 1-4), and anteriorly in three (Patsb—7)
patients, consistent with the nding that focal EEG abnoritias

may be located anteriorly in some cases and posteriorly in ether
for patients with ES 4). Moreover, patients with posteriorly
located IEDs (Patients 1-4) exhibited good responses to tDCS
treatment, while those with anteriorly located IEDs did not
(Patients 5-7).

Characteristics of Good Responders

Good responders exhibited some common characteristics with
regard to IEDs location, seizure types, age at tDCS treataraht
disease duration prior to tDCS treatment. All good responders
had IEDs mainly over the posterior regions, overlapping with
the site of the cathodal electrode. In previous studies, EEG
abnormalities were used to determine the placement of the
FIGURE 9 | The mean seizure frequency of ES for all patients. In the cathode electrode, e ectively controlling IEDs or seizuies
exploratory analysis, we observed a signi cant reduction irseizure frequency patients with malformations cortical of developmerit9( 31),

at the second month of the rst follow-up period (F1IM2,p D 0.028, d patient ith f | i ith di tiologi idic]
unadjusted, n D 6), as well as a trend toward decreased seizure frequency at and patients wi ocal epliepsy wi Iverse etiologies g

the fourth month (F1M4,p D 0.068, unadjusted, n D 4) of the rst follow-up generalized brain atrophy2() and hippocampal sclerosi€4).
period. Relative to baseline, mean reductions in seizuresiquency at T1, The cathodal electrode was placed over the most active IED
F1M1, F1IM2, F1M3, and F1M4 were 33.71,12.14, 40.13, 57.14, and area, which was de ned as the zone with the highest discharge

46.51%, respectively."Signi cant difference in seizure frequency,( D 0.028,

unadjusted).NarginaIly signi cant difference in seizure frequency(D 0.068, amp“tUde and/or frequency in these studies. ThUS, Patients l
unadjusted). BS, baseline; ES, epileptic spasm; FIM1-F1M4he rst to the 4 may have responded well to our treatment que to substantial
fourth month of the rst follow-up; T1, treatment 1. overlap between tDCS targets and the active IED area. In

contrast, the active IED area was located more anteriorhoin-
responders (Patients 5-7), relatively farther from the sft¢the
data from 80 patients with ES who underwent operations¢athodal electrode.
96.3% of patients exhibited MRI abnormalities, and 61.3% were Seizure types were also similar in good responders (Patients
classi ed as Engel class 9)( In our study, three of 7 patients 1-4), who experienced either ES only or ES followed by tonic
had MRI abnormalities. The rate of patients exhibiting MRISeizures. In contrast, atypical absence seizures and faatak m
abnormalities is lower in our study, because our patientsewerseizures were observed in Patients 5 and 6, respectively.eDi e
not all surgical patients. Another study reported that, am@&g Seizure types may di er greatly with regard to symptoms, ictal
surgical patients with ES, 92% exhibited lateralizing/iatad EEG patterns, and mechanisms of cortical activity. Ronzano
ndings on positron emission tomography (PET) scarzy, et al. reported that the occurrence of ES as the rst seizure,
Complete resection of the seizure onset zone (SOZp6 well as  at epilepsy onset, is signi cantly associated with a cryptagen
lesions on MRI with EEG concordancgd, have been reported €tiology, whereas onset with other types of seizures is iassdc
to be associated with favorable surgical outcomes. Thediags ~ With a symptomatic etiology4). Epileptic networks may di er
suggest the involvement of cortex in ES. between patients with ES only (good responders in our study)
We hypothesized that the bilateral parietal regions represergnd those with multiple seizure types (non-responders in our
hubs in a hyperactive epileptic network in patients with ES. Thusstudy). Taken together, our limited data suggest that tD@s c
in accordance with previous ndings, we selected P3 and P4 &¢ e ective in patients with ES, but not in patients with multiple
treatment targets. A similar strategy has been adopted inSDCseizure types.
treatment for patients with LGS. Auvichayapat et al. reported We also observed di erences in age at tDCS treatment and
that tDCS targeting the primary motor cortex is e ective for disease duration prior to tDCS treatment between responders
controlling seizures in patients with LG®5). This nding is  and non-responders. Age in the responder group ranged from
consistent with our results, suggesting that modulating ptisé 2 years to 7 years, while that in the non-responder group
network hubs through tDCS can aid in the treatment of epilepsyranged from 9 to 25 years. Thus, non-responders were older
In one study, the authors analyzed both generalized ES (amgcti than responders. One recent study estimated the di erence in
all four extremities) and focal ES (involving the legs only)electric eldsinduced by tDCS between children and adud.(
recorded by MEG, reporting that both types of ES originatedUnder the same stimulation parameters (e.g., current intgnsi
from the same region (right parietal region) but with di erent and electrode position), electric eld strength in the targe
cortical spread patternsL(). Another study also recorded ictal cortex were signi cantly greater in children than in adults.
MEG signals in patients with ES, and the ictal equivalent arre Furthermore, children exhibited reduced skull thicknessew
dipoles were reported to be scattered in the right parietalmegi compared with adults32). The skull is much less conductive
(12). IEDs were distributed locally in all cases of the presenthan other types of tissue, reducing the transmission of enirr
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generated by tDCS3Q). The relatively thinner skulls of children et al. used 1 mA for patients ranging from 6 to 15 years old,
may allow more current to reach the corte®Z, which may reporting a single adverse event (i.e., erythematous raskerund
in part explain the better response of younger patients in outhe reference electrode) in the active tDCS group, whichlveso
study. For the responder group, the disease duration priowithin 2h (20). In another study, Auvichayapat et al. used 2-
to tDCS treatment ranged from 6 months to 3 years, whilemA stimulation for 22 pediatric patients ranging from 3 to 9
that for the non-responder group ranged from 7 years toyears old 25). In these studies, the youngest patient with epilepsy
14 years. The non-responder group had a relatively longevho underwent 2-mA tDCS was 3 years old. Based on these
duration of disease prior to tDCS treatment. An acceleratinditerature, Patient 1 in our study underwent 1-mA tDCS, and
pattern in disease course has been revealed for a subgroupsbfe remained seizure-free for 3 months. All patients in oudgt
patients with epilepsy34). Thus, the activity within epileptic tolerated the treatment well, in accordance with the ndings
network may di er for patients with epilepsy, with regard to of these previous studies. Nonetheless, further research is
short or long disease duration. This might also in part explairrequired to determine the most appropriate current intensity f
the di erence in patients' response to tDCS treatment in ourtDCS.

study.

Repeated Treatment and Current Intensity CONCLUSION
Patient 1 was seizure-free for 3 months after one 14-daykblocA|th0ugh our study is limited due to its small sample size

of cathodal tDCS treatment. Patient 3 was also seizure-freg,y |ack of a sham control group, four of the seven included
after two 14-day blocks of tDCS treatment, and this e eCtyatients exhibited gradual improvement, and antiepileptic esect
lasted for 6 months with repeated treatment blocks. Seizurgqniinyed to increase with repeated tDCS treatment. Ourltesu
frequency continued to decrease as the number of treatmemt yicate that tDCS is a promising therapeutic method for

blocks increased in Patients 2 and 3, suggesting that thet € ef,e (reatment of pharmacoresistant ES and further studies are
of tDCS may be cumulative. Auvichayapat et al. and San-Jug{} ranted in the future.

et al. reported that 5 days of tDCS can reduce seizure frequenc
for 1 month (25 and 2 months 23), respectively. In addition,
Tekturk et af. 5r)epor'[ed that onﬁ/3)3 da)F/)s of t[;/CS can reducéAUTHoR CONTRIBUTIONS
seizure frequency for up to 1 month®. Since our research
adopted a longer duration of treatment (14-day block), our.
ndings regarding the therapeutic e ect of tDCS are consisten
with those of previous studies. However, di erent tDCS sejtin
may yield non-linear e ects 5. And the optimal number
of treatment blocks/sessions for controlling epilepsy remmai FUNDING
unknown due to a dearth of relevant research. To the best of
our knowledge, the present study is the rst to adopt a 14_da);l'his study was supported by Beijing Municipal Administration
treatment protocol in patients with epilepsy. The e ects of long-Of Hospitals Clinical Medicine Development of Special Funding,
term tDCS (e.g., 2-3 weeks) have been extensively studied (|Arant number: XM201401), Beijing Municipal Education
patients with chronic pain and depressioh4. Further studies Commission (Grant number: TJSH20161002502), Beijing
are required to determine the e ects of long-term/repeate €® Municipal Science & Technology Commission (Grant number:
in pa“ents W|th ep"epsy’ as We” as the approprlate number (;161100002616001) and National Natural SCience Foundatio
sessions, treatment blocks, and the time course of the wbder Of China (Grant number:81801283).
e ects.

In the present study, we utilized 1-mA constant current ACKNOWLEDGMENTS
stimulation for Patient 1 due to her young age (2-year-old),
while 2-mA stimulation was used in all other cases. Auvieipag ~ We thank Kun Yang for his advice in statistics.

DY and YL: patient collection and follow-up. QD, ZZ, XiZ,
XuZ, and TL: tDCS treatment. LL, LZ, and ZH: ictal symptom
classi cation and EEG analysis. YW: study design.
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