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Abstract: Non-Invasive Brain Stimulation (NIBS) is a relatively new therapeutic approach that has
shown beneficial effects in Autism Spectrum Disorder (ASD). One question to be answered is how
enduring its neuromodulatory effect could be. Twenty-four patients with ASD (mean age: 12.2 years)
received 20 sessions of NIBS over the left dorsolateral prefrontal cortex (L-DLPFC). They were
randomized into two groups with two (G1) or three (G2) clinical evaluations before NIBS. Both
groups had a complete follow-up at six months after the intervention, with the aim of determining
the short-term outcome using the total score on the Autism Behavior Checklist, Autism Treatment
Evaluation Checklist, and the Autism Diagnostic Interview. Transcranial Direct Current Stimulation
(tDCS) was used in ASD patients aged <11 years, and repetitive Transcranial Magnetic Stimulation
(rTMS) for 11–13-year-olds. Observation points were at one, three, and six months after completing
all the sessions of NIBS. A significant reduction in the total score on the three clinical scales was
observed and maintained during the first six months after treatment, with a slight and non-significant
tendency to increase the scores in the last evaluation. Twenty sessions of NIBS over the L-DLPFC
improves autistic symptoms in ASD children, with a lasting effect of six months.

Keywords: autism; transcranial direct current stimulation; repetitive transcranial magnetic
stimulation

1. Introduction

Autism Spectrum Disorders (ASD) still pose challenges for neuroscience for many reasons; one of
these is how to apply the advances in neuroscience to understanding and treating ASD by improving
diagnosis, interventions, and treatments. To date, diagnosis is made on clinical bases in the absence
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of a true biomarker for diagnosis and a better therapeutic approach. Different pharmacological and
non-pharmacological therapies have shown positive results but are far from leading to a significant
improvement in the core symptoms of patients with ASD. A high incidence of brain anomalies had
been described by different methods in autistic patients in comparison with neurotypical patients,
including MRI techniques and anatomic studies [1–3]. One interesting feature described by Casanova
et al. was the abnormal structure in cortical mini-columns, with poor neuropil development in ASD
patients, which probably accounts for intracortical inhibitory dysfunction [1,4]. Alterations in the
GABAergic signaling pathway may characterize autistic neurobiology, which seems to not simply be
related to a decreased GABA concentration, but probably to perturbations in key components of the
GABAergic pathway beyond GABA levels, such as receptors and inhibitory neuronal density [5].

There is also some research exploring functional intracortical inhibition in motor areas of ASD
patients that reinforce these ideas; nevertheless, its functional expression in terms of modulation by
means of paired pulse stimulation protocol with TMS is really less remarkable than was expected, and
it has been demonstrated in only a fraction of the ASD population [6]. In other experiments, indirect
evidence has been described related to an aberrant plasticity based on an imbalanced excitatory and
inhibitory cortical tone as well as biased GABAergic dysfunction [7].

Casanova et al. were the first to propose the use of Non-Invasive Brain Stimulation (NIBS)
for ASD patients, based on the possibility that low-frequency repetitive TMS could somehow
improve GABAergic neurotransmission; in their case, low-frequency repetitive Transcranial Magnetic
Stimulation (rTMS) was used as a way to improve intracortical inhibition in ASD patients. They
applied one weekly session over 12 weeks in a group of 25 ASD patients and described an increase in
gamma activity in the EEG evoked by a visual processing paradigm, with changes in Event Related
Potential (ERP), improved error monitoring, and correction function in a visual recognition task after
the intervention [8,9]. There are just a few other studies providing evidence of the potential efficacy
of both rTMS and transcranial direct current stimulation (tDCS) in ASD (excluding case reports).
Unfortunately, most of the trials are limited to a low number of sessions (not more than 15 in the
best-case scenario), and it was not known how enduring the modulatory effect was [10–13].

Dorsolateral prefrontal cortex (DLPFC) is the preferred target for many other clinical conditions,
thus also in ASD based on its connections with other cortical and subcortical structures. Nevertheless,
other considerations are valid about the feasibility for the selection of other targets [1,14]. Studies in
ASD patients using low-frequency rTMS over the left DLPFC (L-DLPFC) have shown a significant
improvement in some components of event-related cortical potentials (N200 and P300) as well as a
significant reduction in response errors during cognitive tasks, repetitive behavior, and irritability [9].
Other authors using cathodal tDCS over the L-DLPFC have also reported beneficial effects for ASD in
young adults. Curiously, there is also a published work of a trial with anodal stimulation over DLPFC
reporting improvement in autistic symptomatology [10,11].

If we accept the hypothesis that an intra-cortical inhibitory dysfunction exists in ASD patients that
can contribute to several dysfunctions in the motor, sensorial, and cognitive domains, we can expect
some improvement in autistic behavior after applying brain-stimulating protocols that may potentiate
intracortical inhibition, probably increasing the amount of available endogenous GABA in neuronal
networks related to the stimulation target. In previous experiments, low-frequency rTMS and cathodal
stimulation over the left DLPFC in children with ASD were associated with an improvement in autistic
behavior one week after completing 20 sessions of transcranial stimulation [15,16]. One important
question is how lasting this effect would be; in the present study, we describe the short-term clinical
response during the first six months after treatment. We hypothesized that 20 sessions of NIBS over
the L-DLPFC are expected to have a lasting positive neuromodulatory effect in patients with ASD.
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2. Materials and Methods

2.1. Study Design

A controlled, randomized, and partial crossover trial was carried out in 24 children with ASD.
Fifteen patients received the intervention after two clinical evaluations within one month (group 1,
G1); nine patients started receiving the intervention after two months with three evaluation points at
one-month intervals (group 2, G2). We assume that according to the stimulation protocol to be used
(one daily session, up to a total of 20), it would be difficult to determine a washout period and patients
from G2 ran in parallel to patients from G1 while they were receiving the intervention.

2.2. Sample Selection and Group Distribution

Children with ASD were recruited from the ambulatory service of the International Center for
Neurological Restoration and Marfán-Borrás Hospital, from November 2015 to October 2016. Their
diagnosis was made based on DSM-V diagnostic criteria, with the consensus of a multidisciplinary
team including two Child Psychiatrists and two Neuropediatric Specialists. Only patients with a slight
or moderate grade of severity were included according to their clinical characteristics, with stability
during the last two months, and no changes in their therapeutic scheme in either pharmacologic or
non-pharmacologic interventions. Diagnosis was confirmed by the results of the Childhood Autism
Rating Scale (CARS) [17] and the Autism Diagnostic Interview, Revisited Edition (ADI-R, diagnostic
algorithm) [18].

Patients with severe autistic behavior were excluded, as well as patients with concurrent epilepsy.
Patients with unclear diagnosis or with diagnostic disagreement between neurologist and psychiatrist
opinion were also excluded. If any change was needed in their therapeutic scheme, the patient was also
excluded from the trial. We applied a simple randomization technique to assign patients to G1 (early
intervention group, after one month of follow-up) or G2 (intervention after two months of follow-up).

2.3. Clinical Evaluation

Three main clinical scales were used as outcome measurements for all patients, according to their
parent opinions: ADI-R (algorithm for current condition), the Autism Behavioral Checklist (ABC) [19],
and the Autism Treatment Evaluation Checklist (ATEC) [20]. All the scales were applied by a Child
Psychiatrist who was not involved in the intervention, and patients were evaluated at one, three,
and six months after completing the 20 sessions. The Global Clinical Impression Scale (GCIS) [21]
was also applied as a complementary, more qualitative evaluation. The Wilcoxon matched pair test
and Mann–Whitney U test were used either for intra- or between-group comparisons at the different
evaluation moments (α = 0.05).

2.4. Neurophysiological Evaluation

2.4.1. Functional Brain Connectivity

An electroencephalogram (EEG) based connectivity analysis was carried out in all the ASD
patients, but only 15 good-quality EEG recording were obtained for connectivity analysis (nine from
the tDCS group and six from the rTMS group). EEG traces taken one week before starting the
intervention and one week after finishing it were analyzed. Significant windows were selected from
the EEG trace in open eyes state (38 from each patient), because they were more often artifact-free than
the closed-eyes state.

We used a 19-electrode montage including Fp1, Fp2, F7, F8, F3, F4, C3, C4, T5, T6, T3, T4, P3, P4,
O1, O2, Fz, Cz, and Pz, from the 10/20 system. Electrode Impedance was kept below 5 kΩ. Functional
connectivity was analyzed based on the synchronization likelihood between electrodes for the five
frequency bands: δ (1–3.9 Hz), θ (4–7.9 Hz) α (8–12.9 Hz), β (13–29.9 Hz), and γ (30–35 Hz) [22].
Mathematical analysis was developed with connectivity algorithms implemented in MATLAB v.7.7



Behav. Sci. 2017, 7, 63 4 of 12

R2008b. Significant connectivity (p < 0.05) in each frequency band was represented on an X/Y
coordinate according to the 10/20 system for each brain stimulation modality independently, and the
results by group were represented over the scalp surface map.

2.4.2. Event-Related Potentials

Only in six children was it possible to carry out a passive oddball paradigm for P300 Event-Related
Potentials (ERPs) before the intervention; four of them received tDCS and two rTMS. Patients were
seated in a sound- and light-attenuated room while a paradigm was conducted consisting of 200 stimuli,
80% frequent (500 Hz) and 20% infrequent target (1000 Hz) tones, delivered through headphones
while children were watching a silent movie. In the passive version of the oddball task the subject´s
attention is usually directed away from the sequence of standard and deviant tones toward another,
moderately demanding task, usually in a different modality [23]. We proposed a version of this
paradigm considering the characteristics of the autistic children, with poor collaboration. All stimuli
(50 ms; 5 ms rise and fall time) were presented binaurally with an inter-stimulus interval of 1300 ms.

To record the auditory P300 ERPs, 19 surface electrodes (Ag/ClAg) were attached to the scalp
according to the international electrode placement 10–20 system (Fp1, Fp2, F3, F4, F7, F8, C3, C4, T3, T4,
T5, T6, P3, P4, O1, O2, Fz, Cz, Pz), with additional electrodes for EOG (lateral to the outer canthus of the
right eye and above the middle of the left eyebrow), and referenced to the linked earlobe. The electrode
impedance was kept below 5 kΩ. EEG data were off-line averaged (100 ms prior and 700 ms after
stimulus onset), and P300 latency and amplitude were quantified at Fz, Cz, and Pz. A continuous
acquisition system was employed (Medicid 5, Neuronic SA, Cuba) and EEG data were EOG-corrected
offline. The sampling rate of all channels was 200 Hz. To assure auditory system normality, Auditory
Brainstem Response was previously recorded. The stimuli were 0.1 ms alternating clicks delivered
through a headphone (DR-531B-7, Elegas Acous Co. Ltd., Tokyo, Japan). The records were obtained
using the evoked potentials measuring system Neuropack M1 (Nihon Kohden, Tokyo, Japan).

P300 ERPs were obtained before and after NIBS, and P300 latency and amplitude values from the
two evaluations were compared (from Fz electrode position; Wilcoxon matched pairs test, α < 0.05).
All measurements were of the difference wave (infrequent wave minus frequent wave) and in this
case, due to the low number of patients’ recordable P300, the analysis was performed considering all
patients as a single group.

2.5. Intervention

Patients received one daily session of NIBS, from Monday to Friday, for a total of 20 sessions.
tDCS was used in patients 10 years old or younger, and rTMS in patients 11 and older. The reason for
using tDCS in younger children instead of rTMS was that in this case a major degree of collaboration
is needed to assure effective focal stimulation over the selected target (left dorsolateral prefrontal
cortex, L-DLPFC). During the stimulation sessions patients, were comfortably seated while watching
TV cartoons of their preference or listening to music and playing with small, simple toys.

2.5.1. Transcranial Direct Current Stimulation (tDCS)

tDCS was only used in patients 10 years old or younger (Neuroconn tDCS stimulator, München,
Germany). A cathode was positioned over F3 (10/20 international EEG electrode system), and an
anode over the proximal right arm. The stimulation intensity was 1 mA, and was maintained for
20 min. Each electrode pad was humidified with a 0.9% NaCl solution.

2.5.2. Repetitive Transcranial Magnetic Stimulation (rTMS)

rTMS was used in patients older than 10 years and 11 months (MagStim Rapid2, Whitland, UK).
A butterfly coil with air cooling system (MagStim Double 70 mm Air Film Coil) was used. The center
of the coil was located over F3, back handed 45◦ from the midline, and a total of 1500 pulses were
delivered in each session, at 1 Hz of frequency and an intensity of 90% of the resting motor threshold
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(i.e., the minimum stimulation intensity required to elicit a discernible hand muscle response in at least
three of five consecutive pulses) [24]. Sessions were subdivided into four trains of 375 pulses, with a
1-min interval between each allowing for free movement of the head and neck. Most of the patients
rejected the use of earplugs, and in the best-case scenario they agreed to listen to music by wearing
headphones from their own devices.

2.6. Ethical Considerations

All the procedures followed the rules of the Declaration of Helsinki of 1975 for human research,
and the study was approved by the scientific and ethics committee from the International Center for
Neurological Restoration (CIREN37/2015). Parents gave written informed consent for their children to
be considered for inclusion in the study, and where possible children also gave their consent.

3. Results

3.1. Change in Clinical Scales One Month after the Intervention

As a global result (G1 + G2), a significant decrease in the total score was observed in ADI-R,
ABC, and ATEC scales one month after the intervention (Wilcoxon matched pair test; ABC, Z = 3.823,
p = 0.000131; ADI-R, 3.337, p = 0.000846; ATEC, Z = 3.723, p = 0.000196). Figure 1a represents the global
scores for the three main clinical scales we applied for the evaluation of autism behavior. The values are
in correspondence with qualitative changes described by their relative uniqueness in socialization and
communication domains, and with the GCIS (pre-intervention: 3.47 ± 0.6; post-intervention: 2.95 ± 0.2.
Wilcoxon pair series test: Z = 2.803, p = 0.005062). All of the patients’ autistic behavior improved
according to the scale results observed one month after the intervention. A comparison between the
change in the total score of clinical scales did not show any significant differences correlated with
the use of tDCS and rTMS (Mann–Whitney U Test, p > 0.05). Initial evaluation did not show any
differences in the total score between groups when we looked for any evidence of age-dependent
characteristics in both groups. The clinical response to NIBS was apparently independent of group age
and type of intervention (See Figure 1b).
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Figure 1. (a) Comparison of pre- intervention and one-month post-intervention scores in clinical scales;
(b) no significant differences in the clinical effect with the use of rTMS or tDCS according to the score
differences (Initial–Final) (* p < 0.05).

Figure 2 shows that no significant differences were observed between G1 and G2 in the initial
clinical scale scores before the intervention (Mann–Whitney U test, p > 0.05); but values observed in
G1 after NIBS showed a very important change when compared with the initial values (Wilcoxon;
ABC, Z = 3.823, p = 0.000132; ADI-R, Z = 3.550, p = 0.000385 ;ATEC, Z = 5.526, p = 0.000241); the
same behavior was seen in G2 after the intervention (Wilcoxon; ABC, Z = 3.295, p = 0.000982; ADI-R,
Z = 3.588, p = 0.009633; ATEC, Z = 3.179, p = 0.001474).
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Figure 2. Short-term outcome based on clinical scale scores until six months of follow-up after NIBS in
group 1 (G1) and group 2 (G2). * p < 0.05 (significant differences; comparisons between and within
each group with scale scores before and after NIBS).

3.2. Change in Clinical Scales during the First Six Months after the Intervention

Post-intervention follow-up was extended over six months. For both groups G1 and G2, NIBS
induced a significant change in clinical scale scores (See Figure 2), and both groups maintained
approximately the same values until the sixth month after NIBS, when there was a slight tendency
for the total score in ABC, ADI-R, and ATEC to increase, but their punctuation remained lower than
the observed values before treatment (See Figure 2). According to their parents’ opinion, stereotypes
intensity and variety increased in frequency and number in many patients around the sixth month,
but in clinical scales there were not any significant changes in specific domains.

Group 1 had lower values for all the scales one month after NIBS (solid lines); the same happened
with G2 patients running in parallel, but only since the fourth month and ahead of follow-up (also one
month after NIBS; dashed lines).

3.3. EEG-Based Brain Functional Connectivity Analysis

An increase in brain functional connectivity was observed after NIBS for patients who received
either tDCS or rTMS, especially for higher frequencies: α, β, and γ bands showed the greatest increase,
with a large increment in the number of 10/20 system points functionally related. The analysis of the
effect in functional connectivity showed that the group that received rTMS accounted for the most
significant changes when initial and final values were compared (see Figure 3).
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Figure 3. EEG-based analysis of brain functional connectivity. Note the positive change in all frequency
bands after the intervention, but mainly in the γ band for both tDCS and rTMS, especially in the group
that received rTMS (all electrodes’ locations are statistically significant, p < 0.05).

3.4. ERP Analysis

Recordings were possible in only six patients in the initial evaluation; thus, after the intervention,
only activity in those patients who collaborated during the task was recorded. All patients had a
normal auditory brainstem response according to the normative laboratory data, but one patient had
no ERP response. The P300 component showed a scalp distribution in the frontal and central regions,
maximal in Fz. There was a shortening of P300 latency after treatment, with statistically significant
differences with respect to the basal response (Wilcoxon matched pairs test, p = 0.043). P300 amplitude
did not show statistically significant differences after treatment, even though the average value in
the group was higher after the intervention (see Figure 4). The prolonged latency and low amplitude
may be in agreement with the abnormal connectivity of the frontal lobes seen in ASD subjects [25],
and engaged with attention circuits. The improvement of these parameters after NIBS might be a
consequence of the improvement in functional connectivity and probably correlated with positive
clinical changes in attentiveness, concentration, and speed of answering questions from a parent.
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Figure 4. Grand averaged infrequent target. Black trace: pre-intervention (Amplitude and latency at
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4. Discussion

Our results reproduce similar neuromodulatory effects to those reported previously by two
other research groups who used the same target (L-DLPFC), applying either rTMS or tDCS [9,11,26].
Casanova et al. pioneered the use of therapeutic NIBS in autism and described the effects of one
weekly low-frequency rTMS (1 Hz) during 12 weeks in 25 ASD children and adolescents. In that study
they reported a significant reduction in repetitive and restricted behavior patterns and irritability, but
no changes in social awareness or hyperactivity. They also described an increase in the amount of
gamma activity in the EEG, shortening of the P300 component of ERP, and an increase of amplitude
in the group receiving the intervention [9]. They used 150 TMS pulses per session, one session per
week, and 12 sessions in total. In our study, the number of stimuli per session and the total number of
sessions were considerably higher; this is in correspondence with recommended practical aspects for
conventional use of NIBS in other diseases such as depression, obsessive compulsive disorder, chronic
pain, etc., in order to obtain a sustained effect [27,28]. This could likely explain the significant clinical
improvement in our group, not only in the abovementioned domains, but also in social aspects and
communication. We also were able to establish that NIBS’ effects persisted into the sixth month after
completion of treatment, a result that, as far as we know, has never been reported by any other group;
this is a very important finding because it would probably indicate that patients would need a new
treatment cycle (e.g., a second cycle of NIBS) six months after the previous intervention to maintain
clinical improvement. Of course, it would also be interesting to know how the behavior of our patients
will develop over the next six months and the forthcoming years (long-term outcome).

Another interesting double-blind and randomized trial in adult ASD patients was published
by Enticott et al. using the dorsomedial prefrontal cortex as the target, and stimulating with the
HAUT coil, which makes it possible to reach deep structures in the brain [12]. They applied 10 daily
sessions of 5 Hz, 1500 pulses at resting motor threshold intensity. The clinical response was evaluated
immediately after the intervention and one month later, and they reported a significant reduction in
social relating symptoms (relative to sham participants) for both post-treatment assessments. Those in
the active condition also showed a reduction in self-oriented anxiety during difficult and emotional
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social situations from pre-treatment to one-month follow-up. They suggested the need to use extended
protocols such as those used to treat depression, and we agree that it is essential to achieving lasting
effects for both NIBS methods, rTMS or tDCS [28].

D’Urso et al. published the results of an open pilot study using cathodic tDCS over the L-DLPFC
in 10 young adults (18–25 years old) with 10 daily sessions of 1.5 mA, with evaluation two weeks after
the intervention. They reported an improvement in autistic behavior of 26.7% according to the change
observed in the clinical scale they applied; only two patients did not change their initial scale values,
while the rest of the group improved in their symptoms [11]. There are two main differences in the
tDCS protocol we applied in younger children (5–10 years old): first, again we used a higher number
of sessions and second, the stimulation intensity in our case was 1 mA. NIBS in children seems to
be as safe as in the adult population, so the same safety guidelines are indicated for its use in any
population [29,30]. It is important to mention that in the case of tDCS, there is not enough evidence
about the safety of 2 mA in young people (<18 years old), and most research has been done using
1 mA; however, there are also a few papers describing the absence of adverse effects with the use of
2 mA in pediatric patients [13].

In another interesting article, Amatachaya et al. described the effects of anodal tDCS over
L-DLPF, with improvement in autistic behavior in 20 children with ASD. They designed a randomized,
double-blind crossover and sham-controlled trial, applying 1 mA anodal tDCS over five consecutive
days, and a washout period of four weeks This result reactivates the essential research question as to
whether the clinical, biochemical, and physiological effects are polarity-dependent or not [10,31–35].

There are results from clinical trials with other diseases and physiological studies in which the
opposite effects of cathodic and anodic tDCS have been well documented [35,36]. Our results using
cathodic tDCS or low-frequency rTMS over the L-DLPFC share the same theoretical basis developed
by Casanova et al. and D’Urso et al., though we studied a low sample number (24 patients), and by
design we employed an open trial without the use of placebo stimulation. Nevertheless, the results are
reproducible in G1 and G2, with patients being their own controls from the start of the intervention.
We also had the opportunity to compare the effects of low-frequency rTMS and cathodic tDCS at the
same time, but in ASD patients of different ages and with our experimental design we demonstrated
that there are no differences, at least not in their clinical effects. Certainly, there was an important effect
achieved by increasing functional connectivity with the use of both the stimulating methods, rTMS
and tDCS, with a clear superiority of rTMS-induced changes. Of course, more research is needed to
draw well-documented conclusions. Other authors have described improvements in particular aspects
of adult ASD patients such as working memory and better syntax acquisition following single-dose
anodal tDCS over the left and right dorsolateral prefrontal cortex (first case) or exclusively over
the left dorsolateral prefrontal cortex [13,37] There were also positive changes in P300 ERP, but due
to the low number of subjects in whom it was possible to carry out the passive oddball paradigm,
we cannot make any comparison between the two different stimulating methods. Unfortunately,
sample sizes for EEG-based connectivity analysis and ERP paradigm could not include all the patients,
because, in close relationship with the complexity of the used method, when we carried out their initial
electrophysiological evaluation (before intervention), not all recordings had a high enough quality
for analysis.

5. Conclusions

Twenty sessions of NIBS over L-DLPFC improves autistic symptoms in ASD children, with a
lasting effect of six months.

Acknowledgments: The authors appreciate the contribution of all parents of and children participating in the
study. We also thank Tlalli Mota and Jim Clifford for helping with the review of the manuscript.



Behav. Sci. 2017, 7, 63 10 of 12

Author Contributions: All authors contributed substantially to the work reported. Lázaro Gómez participated
in the design of the research, NIBS sessions, analysis, and discussion of the results, and wrote the manuscript.
Belkis Vidal and Maribel Serguera participated in the diagnosis of patients and clinical evaluation of all the
scales. Hector Vera Cuesta and Carlos Maragoto Rizo contributed to the diagnosis and clinical data of patients.
Lilia Maria Morales and Sheyla Berrillo contributed to the analysis of the EEG traces and functional connectivity
calculations. Margarita Báez carried out ERP recordings and analysis. Abel Sánchez and Celia Alarcón performed
the technical work for recordings of EEG and ERP. Tairí Marín, Marlén Denis, Yaumara Cabrera, Yaima LLanez,
and Lucila Duiéguez participated in the NIBS sessions. Maria de los Angeles Robinson Agramonte participated in
the analysis and discussion of the results and review of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Casanova, M.F.; Buxhoeveden, D.P.; Switala, A.E.; Roy, E. Minicolumnar pathology in autism. Neurology
2002, 58, 428–432. [CrossRef] [PubMed]

2. Freitag, C.M.; Luders, E.; Hulst, H.E.; Narr, K.L.; Thompson, P.M.; Toga, A.W.; Krick, C.; Konrad, C. Total
brain volume and corpus callosum size in medication-naive adolescents and young adults with autism
spectrum disorder. Biol. Psychiatry 2009, 66, 316–319. [CrossRef] [PubMed]

3. Kumar, A.; Sundaram, S.K.; Sivaswamy, L.; Behen, M.E.; Makki, M.I.; Ager, J.; Janisse, J.; Chugani, H.T.;
Chugani, D.C. Alterations in frontal lobe tracts and corpus callosum in young children with autism spectrum
disorder. Cereb. Cortex 2010, 20, 2103–2113. [CrossRef] [PubMed]

4. Casanova, M.F.; El-Baz, A.; Vanbogaert, E.; Narahari, P.; Switala, A. A topographic study of minicolumnar
core width by lamina comparison between autistic subjects and controls: Possible minicolumnar disruption
due to an anatomical element in-common to multiple laminae. Brain Pathol. 2010, 20, 451–458. [CrossRef]
[PubMed]

5. Fatemi, S.H.; Reutiman, T.J.; Folsom, T.D.; Rustan, O.G.; Rooney, R.J.; Thuras, P.D. Downregulation of
GABAA receptor protein subunits alpha6, beta2, delta, epsilon, gamma2, theta, and rho2 in superior frontal
cortex of subjects with autism. J. Autism Dev. Disord. 2014, 44, 1833–1845. [CrossRef] [PubMed]

6. Enticott, P.G.; Kennedy, H.A.; Rinehart, N.J.; Tonge, B.J.; Bradshaw, J.L.; Fitzgerald, P.B. GABAergic activity
in autism spectrum disorders: An investigation of cortical inhibition via transcranial magnetic stimulation.
Neuropharmacology 2013, 68, 202–209. [CrossRef] [PubMed]

7. Oberman, L.M.; 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. [CrossRef] [PubMed]

8. Baruth, J.M.; Casanova, M.F.; El-Baz, A.; Horrell, T.; Mathai, G.; Sears, L.; Sokhadze, E. Low-frequency
repetitive transcranial magnetic stimulation (rTMS) modulates evoked-gamma frequency oscillations in
autism spectrum disorder (ASD). J. Neurother. 2010, 14, 179–194. [CrossRef] [PubMed]

9. Casanova, M.F.; Baruth, J.M.; El-Baz, A.; Tasman, A.; Sears, L.; Sokhadze, E. Repetitive transcranial magnetic
stimulation (rTMS) modulates event-related potential (ERP) indices of attention in autism. Transl. Neurosci.
2012, 3, 170–180. [CrossRef] [PubMed]

10. Amatachaya, A.; Auvichayapat, N.; Patjanasoontorn, N.; Suphakunpinyo, C.; Ngernyam, N.; Aree-uea, B.;
Keeratitanont, K.; Auvichayapat, P. Effect of anodal transcranial direct current stimulation on autism:
A randomized double-blind crossover trial. Behav. Neurol. 2014, 2014. [CrossRef] [PubMed]

11. D’Urso, G.; Bruzzese, D.; Ferrucci, R.; Priori, A.; Pascotto, A.; Galderisi, S.; Altamura, A.C.; Bravaccio, C.
Transcranial direct current stimulation for hyperactivity and noncompliance in autistic disorder. World J.
Biol. Psychiatry 2015, 16, 361–366. [CrossRef] [PubMed]

12. Enticott, P.G.; Fitzgibbon, B.M.; Kennedy, H.A.; Arnold, S.L.; Elliot, D.; Peachey, A.; Zangen, A.;
Fitzgerald, P.B. A double-blind, randomized trial of deep repetitive transcranial magnetic stimulation
(rTMS) for autism spectrum disorder. Brain Stimul. 2014, 7, 206–211. [CrossRef] [PubMed]

13. Schneider, H.D.; Hopp, J.P. The use of the Bilingual Aphasia Test for assessment and transcranial direct
current stimulation to modulate language acquisition in minimally verbal children with autism. Clin.
Linguist. Phon. 2011, 25, 640–654. [CrossRef] [PubMed]

14. Downar, J.; Daskalakis, Z.J. New targets for rTMS in depression: A review of convergent evidence.
Brain Stimul. 2013, 6, 231–240. [CrossRef] [PubMed]

http://dx.doi.org/10.1212/WNL.58.3.428
http://www.ncbi.nlm.nih.gov/pubmed/11839843
http://dx.doi.org/10.1016/j.biopsych.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19409535
http://dx.doi.org/10.1093/cercor/bhp278
http://www.ncbi.nlm.nih.gov/pubmed/20019145
http://dx.doi.org/10.1111/j.1750-3639.2009.00319.x
http://www.ncbi.nlm.nih.gov/pubmed/19725830
http://dx.doi.org/10.1007/s10803-014-2078-x
http://www.ncbi.nlm.nih.gov/pubmed/24668190
http://dx.doi.org/10.1016/j.neuropharm.2012.06.017
http://www.ncbi.nlm.nih.gov/pubmed/22727823
http://dx.doi.org/10.3389/fnhum.2014.00627
http://www.ncbi.nlm.nih.gov/pubmed/25165441
http://dx.doi.org/10.1080/10874208.2010.501500
http://www.ncbi.nlm.nih.gov/pubmed/21116441
http://dx.doi.org/10.2478/s13380-012-0022-0
http://www.ncbi.nlm.nih.gov/pubmed/24683490
http://dx.doi.org/10.1155/2014/173073
http://www.ncbi.nlm.nih.gov/pubmed/25530675
http://dx.doi.org/10.3109/15622975.2015.1014411
http://www.ncbi.nlm.nih.gov/pubmed/25800799
http://dx.doi.org/10.1016/j.brs.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24280031
http://dx.doi.org/10.3109/02699206.2011.570852
http://www.ncbi.nlm.nih.gov/pubmed/21631313
http://dx.doi.org/10.1016/j.brs.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22975030


Behav. Sci. 2017, 7, 63 11 of 12

15. Gómez, L.; Denis, M.; Marín, T.; Vidal, B.; Maragoto, C.; Vera, C.; Serguera, M.; Morales, L.; Báez, M.;
Sánchez, A.; et al. Estudio piloto sobre el efecto de la Estimulación Cerebral No Invasiva en el Trastorno del
Espectro Autista. Rev. Mex. Neurocienc. 2016, 17, 51.

16. Gómez, L.; Denis, M.; Marín, T.; Vidal, B.; Maragoto, C.; Vera, H.; Serguera, M.; Morales, L.; Báez, M.;
Sánchez, A.; et al. Non invasive brain stimulation in children with autism spectrum disorder. Brain Stimul.
2017, 10, 347. [CrossRef]

17. Schopler, E.; Reichler, R.; DeVellis, R.; Daly, K. Toward objective classification of childhood autism: Childhood
Autism Rating Scale (CARS). J. Autism Dev. Disord. 1980, 10, 91–103. [CrossRef] [PubMed]

18. Lord, C.; Rutter, M.; Le Couteur, A. Autism diagnostic interview-revised: A revised version of a diagnostic
interview for caregivers of individuals with possible pervasive developmental disorders. J. Autism
Dev. Disord. 1994, 24, 659–685. [CrossRef] [PubMed]

19. Krug, D.; Arisk, J.; Almond, P. Behavior checklist for identifying severely handicapped individuals with
high levels of autistic behavior. J. Child Psychol. Psychiatry 1980, 21, 221–229. [CrossRef] [PubMed]

20. Magiati, I.; Moss, J.; Yates, R.; Charman, T.; Howlin, P. Is the Autism Treatment Evaluation Checklist a useful
tool for monitoring progress in children with autism spectrum disorders? J. Intellect. Disabil. Res. 2011, 55,
302–312. [CrossRef] [PubMed]

21. Busner, J.; Targum, S. The clinical global impressions scale: Applying a research tool in clinical practice.
Psychiatry 2007, 4, 28–37. [PubMed]

22. Stam, J.C.; van Dijk, B.W. Synchronization likelihood: An unbiased measure of generalized synchronization
in multivariate data sets. Phys. D Nonlinear Phenom. 2002, 163, 236–251. [CrossRef]

23. Näätänen, R. The role of attention in auditory information processing as revealed by event-related potentials
and other brain measures of cognitive function. Behav. Brain Sci. 1990, 13, 201–233. [CrossRef]

24. Rossi, S.; Hallet, M.; Rossini, P.M.; Pascual-Leone, A. Safety, ethical considerations, and application guidelines
for the use of transcranial magnetic stimulation in clinical practice and research. Clin. Neurophysiol. 2009,
120, 2008–2039. [CrossRef] [PubMed]

25. Catani, M.; Dell’Acqua, F.; Budisavljevic, S.; Howells, H.; Thiebaut de Schotten, M.; Froudist-Walsh, S.;
D‘Anna, L.; Thompson, A.; Sandrone, S.; Bullmore, E.; et al. Frontal networks in adults with autism spectrum
disorder. Brain 2016, 139, 616–630. [CrossRef] [PubMed]

26. Baruth, J.M.; Wall, C.A.; Patterson, M.C.; Port, J.D. Proton magnetic resonance spectroscopy as a probe into
the pathophysiology of autism spectrum disorders (ASD): A review. Autism Res. 2013, 6, 119–133. [CrossRef]
[PubMed]

27. Lefaucheur, J.P.; Andre-Obadia, N.; Poulet, E.; Devanne, H.; Haffen, E.; Londero, A.; Cretin, B.; Leroi, A.M.;
Radtchenko, A.; Saba, G.; et al. French guidelines on the use of repetitive transcranial magnetic stimulation
(rTMS): Safety and therapeutic indications. Neurophysiol. Clin. 2011, 41, 221–295. [CrossRef] [PubMed]

28. Perera, T.; George, M.; Grammer, G.; Janicak, P.; Pascual-Leone, A.; Wirecki, T. The clinical TMS society
consensus review and treatment recommendations for TMS therapy for major depressive disorder.
Brain Stimul. 2016, 9, 336–346. [CrossRef] [PubMed]

29. Hameed, M.Q.; Dhamne, S.C.; Gersner, R.; Kaye, H.L.; Oberman, L.M.; Pascual-Leone, A.; Rotenberg, A.
Transcranial magnetic and direct current stimulation in children. Curr. Neurol. Neurosci. Rep. 2017, 17.
[CrossRef] [PubMed]

30. Krishnan, C.; Santos, L.; Peterson, M.; Ehinger, M. Safety of noninvasive brain stimulation in children and
adolescents. Brain Stimul. 2015, 8, 76–87. [CrossRef] [PubMed]

31. Jacobson, L.; Koslowsky, M.; Lavidor, M. tDCS polarity effects in motor and cognitive domains:
A meta-analytical review. Exp. Brain Res. 2012, 216, 1–10. [CrossRef] [PubMed]

32. Joos, K.; De, R.D.; Van de Heyning, P.; Vanneste, S. Polarity specific suppression effects of transcranial direct
current stimulation for tinnitus. Neural Plast. 2014, 2014. [CrossRef] [PubMed]

33. Ladeira, A.; Fregni, F.; Campanha, C.; Valasek, C.A.; De, R.D.; Brunoni, A.R.; Boggio, P.S. Polarity-dependent
transcranial direct current stimulation effects on central auditory processing. PLoS ONE 2011, 6, e25399.
[CrossRef] [PubMed]

34. Sohn, M.K.; Jee, S.J.; Kim, Y.W. Effect of transcranial direct current stimulation on postural stability and
lower extremity strength in hemiplegic stroke patients. Ann. Rehabil. Med. 2013, 37, 759–765. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.brs.2017.01.013
http://dx.doi.org/10.1007/BF02408436
http://www.ncbi.nlm.nih.gov/pubmed/6927682
http://dx.doi.org/10.1007/BF02172145
http://www.ncbi.nlm.nih.gov/pubmed/7814313
http://dx.doi.org/10.1111/j.1469-7610.1980.tb01797.x
http://www.ncbi.nlm.nih.gov/pubmed/7430288
http://dx.doi.org/10.1111/j.1365-2788.2010.01359.x
http://www.ncbi.nlm.nih.gov/pubmed/21199043
http://www.ncbi.nlm.nih.gov/pubmed/20526405
http://dx.doi.org/10.1016/S0167-2789(01)00386-4
http://dx.doi.org/10.1017/S0140525X00078407
http://dx.doi.org/10.1016/j.clinph.2009.08.016
http://www.ncbi.nlm.nih.gov/pubmed/19833552
http://dx.doi.org/10.1093/brain/awv351
http://www.ncbi.nlm.nih.gov/pubmed/26912520
http://dx.doi.org/10.1002/aur.1273
http://www.ncbi.nlm.nih.gov/pubmed/23436782
http://dx.doi.org/10.1016/j.neucli.2011.10.062
http://www.ncbi.nlm.nih.gov/pubmed/22153574
http://dx.doi.org/10.1016/j.brs.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27090022
http://dx.doi.org/10.1007/s11910-017-0719-0
http://www.ncbi.nlm.nih.gov/pubmed/28229395
http://dx.doi.org/10.1016/j.brs.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25499471
http://dx.doi.org/10.1007/s00221-011-2891-9
http://www.ncbi.nlm.nih.gov/pubmed/21989847
http://dx.doi.org/10.1155/2014/930860
http://www.ncbi.nlm.nih.gov/pubmed/24812586
http://dx.doi.org/10.1371/journal.pone.0025399
http://www.ncbi.nlm.nih.gov/pubmed/21966519
http://dx.doi.org/10.5535/arm.2013.37.6.759
http://www.ncbi.nlm.nih.gov/pubmed/24466510


Behav. Sci. 2017, 7, 63 12 of 12

35. Stagg, C.J.; Best, J.G.; Stephenson, M.C.; O’Shea, J.; Wylezinska, M.; Kincses, Z.T.; Morris, P.G.; Matthews, P.M.;
Johansen-Berg, H. Polarity-sensitive modulation of cortical neurotransmitters by transcranial stimulation.
J. Neurosci. 2009, 29, 5202–5206. [CrossRef] [PubMed]

36. D’Urso, G.; Brunoni, A.R.; Anastasia, A.; Micillo, M.; Mantovani, A. Polarity-dependent effects of transcranial
direct current stimulation in obsessive-compulsive disorder. Neurocase 2016, 22, 60–64. [CrossRef] [PubMed]

37. Van Steenburgh, J.J.; Varvaris, M.; Schretlen, J.; Vannorsdall, T.J.; Gordon, B. Balanced bifrontal
transcranial direct current stimulation enhaces working memory in adults with high-functioning autism:
A sham-controlled crossover study. Mol. Autism 2017, 8, 40. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1523/JNEUROSCI.4432-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19386916
http://dx.doi.org/10.1080/13554794.2015.1045522
http://www.ncbi.nlm.nih.gov/pubmed/25971992
http://dx.doi.org/10.1186/s13229-017-0152-x
http://www.ncbi.nlm.nih.gov/pubmed/28775825
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Sample Selection and Group Distribution 
	Clinical Evaluation 
	Neurophysiological Evaluation 
	Functional Brain Connectivity 
	Event-Related Potentials 

	Intervention 
	Transcranial Direct Current Stimulation (tDCS) 
	Repetitive Transcranial Magnetic Stimulation (rTMS) 

	Ethical Considerations 

	Results 
	Change in Clinical Scales One Month after the Intervention 
	Change in Clinical Scales during the First Six Months after the Intervention 
	EEG-Based Brain Functional Connectivity Analysis 
	ERP Analysis 

	Discussion 
	Conclusions 

