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Noninvasive brain stimulation (including Tran-
scranial Magnetic Stimulation (TMS) and Tran-
scranial Current Brain Stimulation (TCS)) can be 
used both experimentally and therapeutically. In 
the experimental domain TMS can be applied in 
single pulses to depolarize a small population of 
neurons in a targeted brain region. This protocol 
can be used, for example, to map cortical motor 
outputs, study central motor conduction time, 
or evaluate the cortical silent period (a measure 
of intracortical inhibition) all of which are rel-
evant to neurodevelopment. TMS can also be 
applied in pairs of pulses (paired pulse stimula-
tion, ppTMS) where two pulses are presented in 
rapid succession to study intracortical inhibition 
and facilitation. Trains of repeated TMS (rTMS) 
pulses can be applied at various stimulation fre-
quencies and patterns to modulate local cortical 
excitability beyond the duration of the stimula-

tion itself. Depending on the parameters of stimulation the excitability can be either facilitated 
or suppressed. TCS (including Transcranial Direct Current Stimulation (tDCS), alternating 
current (tACS), and random noise current stimulation (tRNS) also have the potential to mod-
ulate cortical excitability and have also been used to study and modulate cortical activity in 
healthy and patient populations. The after-effects of rTMS and TCS are thought to be related to 
changes in efficacy (in either the positive or negative direction) of synaptic connections of the 
neurons being stimulated, thus these techniques have been used to study and modulate cortical 
plasticity mechanisms in a number of populations. Recently, researchers have begun to apply 
these techniques to the study of neurodevelopmental mechanisms as well as the pathophysiology 
and development of novel treatments for neurodevelopmental disorders. Though there is much 
promise, caution is warranted given the vulnerability of pediatric and clinical populations and 
the potential that these techniques have to modify circuit development in a cortex that is in a 
very dynamic state. 
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This Research Topic hopes to provide an opportunity to share ideas across areas (human and 
animal researchers, clinicians and basic scientists). We are particularly interested in papers that 
address issues of choosing a protocol (intensity, frequency, location, coil geometry etc.), popula-
tions where noninvasive brain stimulation may have direct impact on diagnostics and treatment, 
as well as the safety and ethics of applying these techniques in pediatric populations. As many 
may not be aware of the potential and limitations of noninvasive brain stimulation and its use 
for research and treatment in this area, this Research Topic promises to have broad appeal. 
Submissions for all Frontiers article types are encouraged.
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Noninvasive brain stimulation (NIBS) techniques including transcranial magnetic stimulation
(TMS) and transcranial direct current stimulation (tDCS) are emerging as neuroscientific
techniques that can be used as in vivo probes of brain function as well as therapeutic tools in a
number of psychiatric and neurological disorders. Though much of the research and applications
with these techniques have been applied to adult psychiatry and neurology, recent years have seen
a number of researchers applying these tools to study brain development in typically developing
children as well as those with neurodevelopmental and child psychiatric and neurological disorders.
Clinical trials and case series designs have also been used to develop novel therapeutic interventions
using these NIBS techniques in pediatric clinical populations and researchers are forming working
groups dedicated to the application of NIBS to specific neurodevelopmental disorders (e.g., Autism
Spectrum Disorder, Oberman et al., 2014a).

The papers in this research topic highlight the excitement in the field and the promise of
these techniques both for the understanding of neurodevelopment (Pedapati et al., 2015) and
neuropathology of neurodevelopmental disorders (Croarkin et al., 2014; Oberman et al., 2014b)
as well as novel treatment development for neurodevelopmental disorders (Casanova et al., 2014;
Gillick et al., 2014). This excitement and promise, however, is appropriately tempered by other
papers in this research topic that highlight the unknown risks and potential ethical concerns related
to applying these techniques in pediatric populations (Davis, 2014; Maslen et al., 2014).

A recent metaanalysis (Rajapakse and Kirton, 2013) reviewed the studies to date involving
all rTMS protocols in children (approximately 1000 children have been studied across all
rTMS protocols to date) and concluded “Its minimal risk, excellent tolerability and increasingly
sophisticated ability to interrogate neurophysiology and plasticity make it an enviable technology
for use in pediatric research with future extension into therapeutic trials.” This was supported by
a paper in this topic highlighting the safety and tolerability of a specific paradigm, Theta Burst
stimulation (Hong et al., 2015).

The most serious possible TMS-related adverse event is induction of a seizure. To date, 16 cases
of TMS-induced seizures have been reported out of tens of thousands of examined subjects over the
past 25 years. Overall the risk of seizure is considered to be less than 0.01% across all patients and
all paradigms (Rossi et al., 2009). The risk of overall adverse event burden from TMS, however, may
be underestimated due to the lack of systematic identification, tracking, and reporting of adverse
events in study publications. Thus, the safety, tolerability, and efficacy have not been characterized
sufficiently to justify off-label clinical use of NIBS, especially in pediatric populations. At this point,
use of these technologies either for investigational or clinical use should be under the context of an
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investigational device exemption (IDE) or IRB approved research
trial. Unfortunately, there have been instances of “do-it-yourself ”
brain stimulation devices entering the marketplace, raising the
possibility that these techniques will be applied to individuals
with neurodevelopmental disorders without an evidence-base,
regulatory oversight, or appropriate expertise.

Despite the therapeutic promise of repetitive TMS for
neurodevelopmental disorders, translation to “treatment-
based” protocols poses a number of important challenges and
complexities. For instance, there are various considerations in
selecting pulse sequences (e.g., frequency, intensity), regions of
stimulation, and coil type, each combination of which is likely
to have different efficacy and side-effect profiles. While TMS has
been the primary technique employed in neurodevelopment thus
far, electrical stimulation techniques (e.g., tDCS, transcranial
alternating current stimulation [tACS]) have very different
mechanisms of action and risk profiles (e.g., seizure induction
is not generally indicated in tDCS/tACS). Brain stimulation
protocols can also have differing effects across participants,
and these effects might be exacerbated when considering the
heterogeneity of neurodevelopmental disorders such as autism
spectrum disorder (ASD).

Another important factor to consider in trialing therapeutic
interventions is the optimal age of intervention. It might be
argued that the greatest effects will be seen if NIBS is applied
early in development, when the brain is considered more plastic.
As noted, however, there are important ethical and feasibility
concerns around NIBS in children. At present, a relatively
small number of typically developing children and children with
neurodevelopmental disorder have undergone NIBS. Single pulse

TMS has been applied to study development of corticospinal
projections in neonates within hours of birth (Eyre et al., 2001),
however, repetitive (rTMS) has been limited to older children
and adolescents. Thus, any interaction between repetitive brain
stimulation and neurodevelopment is currently unknown. This is
particularly important in the context of developmental disorders
where in most cases the developmental neuropathology has yet
to be fully elucidated.

In conclusion, there is an obvious need for further research
in this area. Specifically, studies focusing on developmental
trajectories and how the effects of NIBS change across childhood
would be extremely useful. The use of NIBS in children is a
burgeoning field whose full potential has yet to be realized. The
papers in this research topic speak to both the promise and the
challenges that researchers and clinicians face when applying
NIBS techniques to study typical development, developmental
pathophysiology, and as potential nonpharmacological, brain-
based treatments for neurodevelopmental disorders.
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Background: Although single- and paired-pulse (sp/pp) transcranial magnetic stimulation
(TMS) studies are considered minimal risk in adults and children, the safety profile for
theta-burst TMS (TBS) is unknown.

Objective: In this comparative analysis, we explored the rate, severity, and specific
symptoms of TMS-related adverse effects (AEs) between sp/ppTMS and TBS in subjects
between ages 6 and 18 years.

Method: Data from 165 participants from 2009 to 2014 were analyzed. Assessment of
AEs was performed based on baseline and post-TMS administration of a symptom-based
questionnaire that rated AEs on a 5-level ordinal scale (minimal, mild, moderate, marked,
severe). AE rates and severity were compared using Chi Square or Fisher’s Exact Test
depending on data characteristics.

Result: Overall, no seizures or severe-rated AEs were reported by 165 pediatric
participants. The rate of AE in all TBS sessions was 10.5% (n = 76, 95% CI: 4.7–19.7%),
whereas the rate of AE in all sp/ppTMS sessions was 12.4% (n = 89, 95% CI: 6.3–21.0%).
There was no statistical difference in AE rates between TBS and sp/ppTMS (p = 0.71). In
all sp/ppTMS and TBS sessions, 20 subjects reported a total of 35 AEs, among these 31
(∼88.6%) were rated as “minimal” or “mild”. There was no difference in the severity of
AE between TBS and sp/ppTMS (p = 1.0). Only one of 76 TBS participants reported an AE
rated as more than minimal/mild.

Conclusion: Our comparative analysis showed that TBS appears to be as safe as
sp/ppTMS in terms of AE rate and severity. This report supports further investigation of
TBS in children.

Keywords: children, youth, transcranial magnetic stimulation, repetitive transcranial magnetic stimulation, theta
burst stimulation, safety

INTRODUCTION
Transcranial magnetic stimulation (TMS) is a non-invasive form
of brain stimulation that has been increasingly used to develop
physiological biomarkers and in therapeutic applications of
neurological and psychiatric conditions across a wide range of
subjects. Currently, consensus guidelines have suggested that
single- and paired-pulse TMS (sp/ppTMS) may be considered
as minimal risk in children (Gilbert et al., 2004; Rossi et al.,
2009). In contrast, repetitive TMS (rTMS) which may include
rapid trains of TMS pulses do not have clear guidelines for
use in the pediatric population and carry a potential risk
of epileptogenesis (Oberman and Pascual-Leone, 2009). Theta
Burst Stimulation (TBS), a type of rTMS, can induce effects
on cortical excitability that outlast the stimulation period

(Huang et al., 2005). Although TBS and conventional rTMS
have been shown to elicit comparable cortical neurophysiologic
changes (Zafar et al., 2008; Di Lazzaro et al., 2011), the TBS
procedure has two advantages: (1) shorter stimulation duration;
and (2) lower stimulation intensity. These features decrease
the likelihood of discomfort from TMS pulses, thus making
TBS a potentially ideal rTMS protocol to use in pediatric
studies.

Several systematic reviews have suggested that TBS is relatively
well-tolerated in the adult population including two recent
studies that have estimated an approximately 5% rate of adverse
events of adults undergoing TBS, which are primarily mild
(Oberman et al., 2011; Maizey et al., 2013). To our knowledge,
only one serious adverse event (AE), seizure, was reported in

Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 29 | 7

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/editorialboard
http://www.frontiersin.org/Human_Neuroscience/about
http://www.frontiersin.org/Journal/10.3389/fnhum.2015.00029/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2015.00029/abstract
http://www.frontiersin.org/Journal/10.3389/fnhum.2015.00029/abstract
http://community.frontiersin.org/people/u/205882
http://community.frontiersin.org/people/u/201089
http://community.frontiersin.org/people/u/192721
http://community.frontiersin.org/people/u/201810
http://community.frontiersin.org/people/u/203801
mailto:steve.wu@cchmc.org
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Hong et al. Pediatric TMS safety

a healthy adult male during continuous TBS performed at
100% of resting motor threshold (RMT; Oberman and Pascual-
Leone, 2009). In children, we recently reported a total AE
rate of 11.6% in 40 children undergoing TBS (Wu et al.,
2012).

Future applications of TBS in children as a biomarker or as
a therapeutic modality are contingent on a clearer estimate of
potential risks of adverse events including sharing sensitive safety
data between laboratories (Rossi et al., 2009). In the present
report, we compare AE rates between TBS and sp/ppTMS in a
cohort of youth over a five year period in a TMS lab within a
large stand-alone children’s hospital. We additionally explored
the incidence of adverse events across protocol parameters and
examined predictors of adverse events.

MATERIALS AND METHODS
PARTICIPANTS
Data from 165 unique participants (69 females, 96 males)
between ages 6–18 years were analyzed from Institutional
Review Board (IRB)-approved protocols which were active
in our TMS Lab between 2009 and 2014. Subjects with
epilepsy, hearing problems, serious medical condition(s), or
implanted medical device(s) were excluded from participation.
Recruitment occurred through sub-specialty clinics, hospital
wide emails, and from the community. Safety data for TBS
was drawn from two studies: (1) TBS technique optimization
and biomarker studies which involved healthy and Tourette
Syndrome (TS) youths; and (2) a sham-controlled continuous
TBS study in TS (Wu et al., 2014). Sp/ppTMS safety data was
summarized from studies involving youth with attention deficit
hyperactivity disorder (ADHD) and typically developed controls.
For the sp/ppTMS studies, ADHD subjects on non-stimulant
medications (e.g., atomoxetine) were excluded and those on
stimulants were instructed to hold the medication for at least
24 h prior to participation. None of the typically developed
controls were on any neuropsychiatric medications at the time
of participation. All parent(s)/guardian(s) gave written informed
consent for the studies.

TRANSCRANIAL MAGNETIC STIMULATION
Sp/ppTMS was performed with a Magstim 200/Bistim stimulator
and a 70 mm figure-8 coil (Magstim Co., Wales, UK). Surface
electromyography (EMG) leads were placed over the dominant
first dorsal interosseous (FDI) muscle. The coil was placed over
the dominant primary motor cortex at the optimal site for
obtaining a motor-evoked potential (MEP). RMT and active
motor thresholds, cortical silent period, and single and paired
pulse amplitudes and ratios were quantified using standard
methods, requiring approximately 200 TMS pulses (Rossini
et al., 1994; Mills and Nithi, 1997). In paired pulse TMS
studies, the intensities of the conditioning and test pulses were
predetermined and set at 60% and 120% of RMT respectively.
TBS was performed with Magstim SuperRapid2 (Magstim Co.,
Wales, UK). TBS stimulation intensities ranged from 60–90%
RMT. Three pulses were administered at 30 to 50 Hz pulse
frequency, 5 Hz burst frequency, with a total number of
pulses of either 300 or 600 (Huang et al., 2005). TBS was

preceded and followed by spTMS used for post-TBS MEP
measurement. This required approximately 200 spTMS pulses.
Nine participants received both intermittent and continuous TBS
(iTBS, cTBS). TBS administration for the sham controlled trial
(Wu et al., 2014) did not involve post TBS assessment of MEP
amplitudes.

ASSESSMENT OF ADVERSE EVENTS
A sixteen-question review of systems (ROS) questionnaire was
administered to rate the subjective symptom (headache, scalp
pain, arm/hand pain, other pain(s), numbness/tingling, other
sensation(s), weakness, loss of dexterity, vision/hearing change(s),
ear ringing, nausea/vomiting, appetite loss, rash, skin change(s)
or any other symptom(s)) on a scale of 0 to 5 (none, minimal,
mild, moderate, marked, severe) prior to any TMS application. At
the end of the study after the entire TMS session, this ROS was
repeated to detect any AE. The presence of an AE was defined as
a positive increase in any of the ROS criteria compared to pre-
TMS. The rate of AE was defined as the ratio of sessions with
adverse events divided by total sessions. In the Tourette Syndrome
study (Wu et al., 2014), patients received two consecutive days
of real or sham TBS. Only day 1 AEs were used for data
analysis.

STATISTICAL ANALYSIS
T-test or Wilcoxon Mann Whitney test was used to compare
demographics depending on data distribution. Comparison of
AE rates were analyzed using either Chi Square or Fisher’s
Exact Test depending on whether any cell of the 2 × 2
table has a count <5. All types of TBS were combined
into one group. TS, ADHD, and other motor disorder
were considered “affected”. Logistic regression analyses were
used to estimate effects of additional predictors. Analyses
including power calculations were performed using SAS v9.3
(Cary, NC).

RESULTS
DEMOGRAPHICS
Demographics and clinical data are shown in Table 1. Among 76
children receiving TBS, 68% were typically developing healthy
controls, 25% had a diagnosis of TS, or 7% had other motor
disorders. Among 89 participants receiving sp/ppTMS, 21%
participants were healthy controls, and 79% participants were
affected with ADHD. Of the 24 TBS participants with either TS or
other motor disorders, 15 of them were taking neuropsychiatric
medications at the time of the TMS session. Collectively, these
medications included amitriptyline, atomoxetine, baclofen,
citalopram, clonidine, dexmethylphenidate, escitalopram,
guanfacine, melatonin, methylphenidate, pimozide, quetiapine,
risperidone and sertraline.

ADVERSE EVENT RATES
AE rates are shown in Table 2. All participants completed
sp/ppTMS or TBS sessions without seizures and there were no
serious adverse events. There was no statistical difference in AE
rates between sp/ppTMS and TBS sessions (p = 0.71). There was
no difference in frequency of AE between sham and real TBS in
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Table 1 | All participant characteristics and adverse events.

Participant characteristics TBS protocols (n = 76) Sp/ppTMS protocols (n = 89) p-value

Age, mean (SD) 12.3 (2.9) 10.3 (2.5) <0.0001
Sex (% male) 57.9% 58.4% 0.63
Diagnosis (% control) 68.4% 21.3% <0.0001
% Sessions with adverse events (95% CI) 10.5% (4.7–19.7%) 12.4% (6.3–21.0%) 0.71

CI = confidence interval, SD = standard deviation, TBS = Theta Burst Stimulation, Sp/ppTMS = single and paired pulse transcranial magnetic stimulation.

the clinical trial. The AE rates were not statistically significant (p
= 1.0) between cTBS-only (12.5%, n = 8) and iTBS-only sessions
(11.9%; n = 59).

SEVERITY AND SPECIFIC SYMPTOMS
In TBS sessions, no “marked” or “severe” symptoms were
reported. Of thirteen post-TBS AEs, twelve (92.3%) were rated
“minimal’ or “mild” with one described as “moderate”. There
were twenty-two post-sp/ppTMS AEs: twenty (90.9%) were rated
“minimal” or “mild” and two were “moderate” or “marked”.
Proportions of minimal/mild AEs did not differ between TBS
and sp/ppTMS (p = 1.0). Specific symptoms were comparable
(Table 2).

ADVERSE EVENT RATES: HEALTHY VS. AFFECTED CHILDREN
Healthy control participants reported AEs in 11.5% of TBS vs.
5.3% of sp/ppTMS sessions (p = 0.67) (Table 3). Children with
neurological diagnoses reported AEs in 8.3% of TBS vs. 14.3% of
sp/ppTMS sessions (p = 0.72).

ADVERSE EVENT RATES: SHAM VS. ACTIVE TBS
In a small sample of participants who received either active or
sham cTBS (Wu et al., 2014), no difference was detected between
sham vs. active TBS (p = 1.0).

Table 2 | Percentages of participants experiencing specific adverse
events.

Symptom TBS (n = 76) Sp/ppTMS (n = 89)

Headache 6.6% 6.7%
Scalp pain – 4.5%
Arm/hand/other pain 2.6%∗ 2.2%
Numbness/tingling 2.6% 5.6%
Other sensations 2.6% 1.1%∗∗

Weakness 1.3% –
Ringing in ears – 1.1%∗

Nausea/vomiting – 1.1%
Other 1.3% 1.1%

All adverse events were rated minimal to mild except: *one subject each rated

“moderate”; **one subject rated “marked”. “Other sensations**” referred to

chest pain that was present at baseline due to one subject having an upper

respiratory infection at the time of the visit. The “ringing in ears*” and “other

sensations**” ratings were from the same individual within one sp/ppTMS

session. TBS = Theta Burst Stimulation, Sp/ppTMS = single and paired pulse

transcranial magnetic stimulation.

PREDICTORS OF AEs
No predictors of the odds of an AE were identified after data
relating to all participants (Age, Sex, Diagnosis, RMT, mode of
TMS) were entered into a backward logistic regression analysis.

DISCUSSION
In this brief report, we found no greater rate of adverse events
of TBS compared to sp/ppTMS in a large cohort of pediatric
subjects. The majority of AEs reported were classified minimal
or mild with no severe or serious AE such as seizure. Headache
was the most commonly reported specific AE in both groups.
These findings represent the largest published sample analyzed
to address an important gap in the safety literature regarding
youth who have underwent TBS and contribute to other safety
studies of TBS (Oberman et al., 2011; Wu et al., 2012; Maizey
et al., 2013). The findings of this study are reassuring with
regards of continued judicious use of similar TBS methods in
youth.

The purpose of comparing TBS-induced AE rates to that
of sp/ppTMS is because single and paired-pulse stimulations
have been suggested to be “minimal risk” in children (Gilbert
et al., 2004). The most recent international TMS Consensus
Group “cautiously conclude that single-pulse and paired-pulse
TMS in pediatrics is safe for children two years and older
(Rossi et al., 2009)”. However, not all local IRB or ethics
boards may agree with this statement. In the Code of Federal
Regulations Section 46.102 of the United States of America,
Minimal Risk means that the “probability and magnitude of
harm or discomfort anticipated in the research are not greater
in and of themselves than those ordinarily encountered in
daily life or during the performance of routine physical or
psychological examination or tests”. According to this definition,
sp/ppTMS may be considered as Minimal Risk for the following
reasons. First, children have rated the sp/ppTMS experience
more enjoyable than several common life events (long car
ride, throwing up, go to dentist, shot at the doctor’s) (Garvey
et al., 2001). Second, like other medical tests commonly used in
pediatric patients (e.g., brain MRI, computer tomography, nerve
conduction study and EMG), TMS delivers “energy” into the
human body. Contrarily, one can certainly argue that healthy
children would not otherwise receive any of these medical tests
and therefore TMS participation might constitute greater than
minimal risk. Ultimately when working with the IRB/ethics board
in developing any pediatric TMS (sp/pp or rTMS) study, it
is critical to concisely present the TMS technology, scientific
background/rationale, screening procedure (Rossi et al., 2011)
and safety monitoring (Rossi et al., 2009; Krishnan et al., 2015)
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Table 3 | Healthy control participant characteristics and adverse events.

Participant characteristics TBS protocols (n = 52) Sp/ppTMS protocols (n = 19) p-value

Age, mean (SD) 12.6 (2.8) 12.1 (3.2) 0.44
Sex (% male) 51.9% 47.4% 0.79
% Sessions with adverse events (95% CI) 11.5% (4.4–23.4%) 5.3% (0.13–26.0%) 0.67

CI = confidence interval, SD = standard deviation, TBS = Theta Burst Stimulation, Sp/ppTMS = single and paired pulse transcranial magnetic stimulation.

for the proposed study. As more pediatric TMS safety data
emerges, it may become easier for investigators and IRB/ethical
boards to objectively decide whether the proposed study is safe to
proceed.

The two primary limitations of the study are sample size, and
the timing of AE assessments after both sp/ppTMS and TBS in
TBS protocols. Verifying small differences in rates of AEs may
not be feasible without much larger samples. Using our data,
we estimate approximately 4,400 children would be needed per a
group to have an 80% power to detect this ∼2% difference using
an alpha of 0.05. AE assessments at the end of the session captured
added spTMS plus TBS effects as participants also received spTMS
for TBS sessions. Our finding of comparable AE rates thus
suggests that the majority of AEs in TBS sessions occurred may be
due to spTMS. This is further supported by findings in the sham-
controlled study (Wu et al., 2014) which, consistent with the adult
data (Maizey et al., 2013), were equivalent in the true and sham
TBS arms. While the AE rates may also have been influenced by
differences in age and case mix, the negative regression analysis
suggests these effects were, at most, small. Another significant
limitation is that we pooled the safety data from several studies
over a five year period. Therefore, this analysis represents a
heterogeneous group, including typically developing youth as well
as affected pediatric population across different TMS protocols.
Only one of our studies in this time period employed a sham TBS
stimulation, therefore, we analyzed the data separately. Although
we did not detect a difference in the sham vs. active TBS AE
rates, this analysis is limited by the small sample size (n = 10)
(Wu et al., 2014). Due to the same issue of small sample size,
another concern that cannot be fully addressed in this report
is the effect(s) of concurrent neuropsychiatric medication(s) on
TBS safety. At the time of TBS sessions, fifteen participants
were actively taking neuropsychiatric medications, some of which
are known to lower seizure threshold (Pisani et al., 2002) and
change cortical excitability (Ziemann et al., 2014). Given that
some children were on medications that can potentially lower
seizure threshold, it is encouraging that no one developed any
TBS-induced seizures. Finally, the epilepsy exclusionary criterion
is a limiting factor. Although available data suggests that seizure
induction during rTMS for epilepsy patients is relatively low,
most of the data are from adult populations (Bae et al., 2007).
As TMS is increasingly used in epilepsy research, the risk of
seizure provocation by various forms of rTMS, including TBS,
in children with epilepsy is a knowledge gap that needs to be
addressed.

TBS and other forms of rTMS hold promise for future
pediatric neurophysiologic studies (Oberman et al., 2010, 2014;
Damji et al., 2013) and clinical trials (Kirton et al., 2008; Wu et al.,
2014). With comprehensive ongoing safety monitoring, published

frequencies, and subthreshold intensities, further investigation of
TBS within previously reported parameters in children appears to
confer no greater risk than single and paired-pulse TMS.
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Fourteen healthy children (13.8 ± 2.2 years, range 10–16; M:F = 5:9) received 30 Hz
intermittent theta burst transcranial magnetic stimulation (iTBS) with a stimulation
intensity of 70% of resting motor threshold (RMT) with a total of 300 (iTBS300) pulses.
All volunteers were free of neurologic, psychiatric and serious medical illnesses, not
taking any neuropsychiatric medications, and did not have any contraindications to
transcranial magnetic stimulation. Changes in the mean amplitudes of motor-evoked
potentials from baseline following iTBS were expressed as a ratio and assessed from
1 to 10 min (BLOCK1) and 1–30 min (BLOCK2) using repeated-measures analysis of
variance. All 14 subjects completed iTBS300 over the dominant primary motor cortex
(M1) without any clinically reported adverse events. ITBS300 produced significant M1
facilitation [F(5, 65) = 3.165, p = 0.01] at BLOCK1 and trend level M1 facilitation at BLOCK2
[F(10, 129) = 1.69, p = 0.089]. Although iTBS300 (stimulation duration of 92 s at 70%
RMT) delivered over M1 in typically developed children was well-tolerated and produced
on average significant facilitatory changes in cortical excitability, the post-iTBS300
neurophysiologic response was variable in our small sample. ITBS300-induced changes
may represent a potential neuroplastic biomarker in healthy children and those with
neuro-genetic or neuro-psychiatric disorders. However, a larger sample size is needed to
address safety and concerns of response variability.

Keywords: repetitive transcranial magnetic stimulation, theta burst stimulation, long-term potentiation, pediatric,

neuroplasticity

INTRODUCTION
Neuroplasticity broadly describes the ability of the nervous sys-
tem to reorganize in response to intrinsic or environmental
demands and underlies the conceptual framework of learn-
ing, memory and development (Lamprecht and LeDoux, 2004;
Pascual-Leone et al., 2005). Though genetic and early environ-
mental factors dictate the potential scope of brain development,
neuroplastic processes play a critical role following birth to con-
figure and optimize neural circuits, including the maturation of
complex sensory, cognitive and regulatory functions throughout
life (Tau and Peterson, 2009). Moreover, there is evidence that,
for a broad group of neurodevelopmental disorders, abnormali-
ties in the mechanisms of neuroplasticity, including maladaptive
plasticity (Johnston, 2004), may best explain the fundamental
pathophysiology of these disorders, including Fragile X Syndrome
(Huber et al., 2002), Neurofibramatosis-1 (Costa et al., 2002),
Gilles de la Tourette’s syndrome (Wu and Gilbert, 2012), and
autism spectrum disorders (Markram and Markram, 2010).

Despite relevance of aberrant neuroplasticity in animal mod-
els of multiple neurodevelopmental disorders, little is known
of the role of long-term potentiation (LTP) and the relation-
ship with behavioral plasticity in the typical developing human

cortex (Martin et al., 2000). LTP describes the long-lasting mod-
ification of neuronal connections, including changes in synaptic
efficacy, which is commonly cited as the cellular basis of learning
and memory (Brown et al., 1988). LTP been studied extensively
in mammalian hippocampus including hippocampal slices from
humans undergoing temporal lobe surgery (Brown et al., 1988;
Beck et al., 2000). Though investigation of cellular LTP in chil-
dren have obviously been limited, electrophysiological studies of
neonate and juvenile animals have shed light on the purpose and
mechanisms of LTP during development. Developmental age in
rodents has been associated with varying susceptibility and effi-
cacy of induced-LTP in hippocampal slices (Harris et al., 1992;
Swartzwelder et al., 1995; Leinekugel et al., 2002; Cao and Harris,
2012). In young rats, periods of susceptibility to LTP in the visual
cortex coincides with developmental critical periods which can be
prolonged by rearing animals in darkness (Kirkwood et al., 1995).

Transcranial magnetic stimulation (TMS) under certain stim-
ulation parameters can lead to changes in corticospinal and cor-
ticocortical excitability that outlast the stimulation period, thus
representing a surrogate marker of cellular LTP and LTD from
the intact human cortex (Pascual-Leone et al., 1994). These phe-
nomena share a remarkable similarity to cellular measurements
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of LTP or LTD, including the loss of TMS-induced LTP- and
LTD-like effects after N-methyl-D-aspartate receptor blockade
(Stefan et al., 2002; Wolters et al., 2003; Huang et al., 2007) and
methods of physiological induction, either through tetanic stimu-
lation, such as theta burst stimulation (TBS) (Pascual-Leone et al.,
1994; Huang and Rothwell, 2004; Huang et al., 2005) or through
associative methods, such as paired associative stimulation (PAS)
(Stefan et al., 2000). Though details regarding individual synaptic
connections are at best speculative, TMS techniques can grossly
quantify the final output of a specific region of the neocortex and
test hypotheses regarding the configuration of established neural
networks.

Here we report the effect of a modified 30 Hz intermittent
TBS (iTBS) protocol, previously reported to generate primary
motor (M1) cortical facilitation in adults (Wu et al., 2012a) and
now optimized for the pediatric population, on M1 excitability of
typically-developing children/adolescents. Despite several pedi-
atric repetitive TMS (rTMS) studies (Kirton et al., 2008; Oberman
et al., 2010, 2014; Wu and Gilbert, 2012; Gillick et al., 2014; Wu
et al., 2014), there is limited data on the effect of rTMS and
TBS on the developing cortex. In addition, the reported inter-
individual variability to iTBS potentially limits the use of the
technique as a diagnostic or prognostic tool (Hamada et al., 2013;
Lopez-Alonso et al., 2014). The overall goal of this work was to
establish a safe biomarker of pediatric neuronal plasticity using
iTBS. Such a marker would provide an additional tool to explore
the cortical physiology of suspected neuroplastic abnormalities
across a host of pediatric illnesses of the central nervous sys-
tem. In addition, we systematically discuss the rationale for the
modification of TBS parameters based on safety concerns and
feasibility for use in children. The present study, to our knowl-
edge, represents the first published cohort of healthy children who
have undergone iTBS. We hypothesized that 30 Hz iTBS to M1 in
healthy children would elicit a brief physiological facilitation of
motor-evoked potential (MEP) amplitudes following stimulation.

MATERIALS AND METHODS
Parents of pediatric patients gave written informed consent and
child participants gave written informed assent for the study,
which were approved by the Cincinnati Children’s Hospital
Medical Center Institutional Review Board. Participants were
reimbursed for time and travel.

PARTICIPANTS
Healthy children ages 8–17 were recruited through advertising fly-
ers and email through the local institution and community. All
volunteers were free of neurologic, psychiatric and serious med-
ical illnesses, were not taking any neuropsychiatric medications,
and did not have any contraindications to TMS (Rossi et al.,
2011). Handedness was either determined through Physical And
Neurological Examination for Soft Signs (Denckla, 1985) or the
Edinburgh Handedness Inventory (Oldfield, 1971).

SINGLE PULSE TRANSCRANIAL MAGNETIC STIMULATION (spTMS)
A monophasic Magstim 200 stimulator connected to a figure-8,
70 mm coil (Magstim Ltd., Whitland, UK) was used to determine
resting motor threshold (RMT) and obtain MEPs measured by

surface electromyography (EMG) in the first dorsal interosseous
(FDI) muscle of the dominant hand. A second set of EMG leads
was placed on dominant extensor carpi radialis for monitoring
during iTBS. Participants were seated comfortably with both arms
fully supported on a pillow. Full muscle relaxation was moni-
tored visually and by EMG. The figure-8 coil (handle pointing
posteriorly at 45◦) was placed tangentially to the scalp over the
dominant M1 at the optimal site for obtaining maximal peak-to-
peak amplitude of MEPs from the dominant FDI using standard
methods (Mills and Nithi, 1997). This “hot spot” was marked
with a wax pencil for consistent placement of the figure-8 coils
during application of spTMS and rTMS. We opted not to employ
neuronavigation as (1) TBS of the motor cortex has been rou-
tinely performed with a non-technical approach (Huang et al.,
2005) and (2) to maximize the potential feasibility of the pro-
tocol for widespread biomarker use. TMS pulses separated by
6 s (±5%; generated by Signal software version 2.15; Cambridge
Electronic Design Limited, Cambridge, UK) were administered
at intensities of 1.2∗baseline RMT to obtain MEP amplitudes at
11 time points: 20 pulses (114 s) at baseline (T0), and 10 pulses
(54 s) at 1 (T1), 3 (T2), 5 (T3), 7 (T4), 10 (T5), 12.5 (T6),
15 (T7), 17.5 (T8), 20 (T9), and 30 (T10) min following iTBS.
Surface EMG signals were amplified and filtered (100/1000 Hz;
Coulbourn Instruments, Allentown, PA) before being digitized
at 2 kHz and stored for analysis, using Signal software and a
Micro1401 interface (Cambridge Electronic Design, Cambridge,
UK). Each surface EMG tracing was reviewed offline and tagged
for removal if it contained muscle movements prior to the TMS
pulse (∼1% of all tracings). Due to technical difficulties, there was
missing data for the T8 time point for one subject.

MEASUREMENT OF RESTING MOTOR THRESHOLD
RMT was defined for each Magstim stimulator separately as the
minimal intensity of stimulation to the dominant M1 to induce
MEPs in at least 3 out of 6 consecutive trials following determina-
tion of the optimal site (Conforto et al., 2004). Stimulation began
well above threshold intensity, usually 75% of maximal stimu-
lator output) and decreased until RMT was identified within a
1% increment. Due to the influence of phasic and tonic finger
movements on TBS outcome (Gentner et al., 2008; Huang et al.,
2008; Iezzi et al., 2008), we chose not to measure active motor
threshold and instead used RMT as a reference for stimulation
intensity.

INTERMITTENT THETA BURST STIMULATION
ITBS was performed using a biphasic 115V version of Magstim
SuperRapid2Plus1 (Magstim Ltd., Whitland, UK) connected to a
figure-8, 70 mm coil applied to the M1 “hot spot” as designated
above. We did not use additional hearing protection as in labora-
tory measurement of mean (less than 57.9 dB) and peak decibel
levels (less than 69.1 dB) of single pulse TMS and iTBS fell within
well-established hearing safety standards and consistent with pre-
vious reports (Dhamne et al., 2014). The use of Magstim 200
in addition to the SuperRapid2Plus1 allowed for the measure-
ment of RMT in children who generally have higher thresholds
(Garvey et al., 2003). All iTBS sessions were performed in the
afternoon. Subjects received iTBS300 (Figure 1), which consisted
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FIGURE 1 | Pulse pattern for iTBS300. Three TMS pulses per burst were
given at 30 Hz. A burst was delivered every 200 ms so that 10 bursts were
given in a 2-s train. Ten trains were given every 10 s for a total of 300
magnetic pulses per iTBS300.

of bursts of 3 magnetic pulses at 30 Hz repeating every 200 ms
for 2 s (one train) with trains repeated every 10 s apart for total
of 300 pulses (92 s) at a stimulation intensity of 70%∗RMT. Full
muscle relaxation and generation of evoked potentials by iTBS
was monitored visually and by continuous EMG throughout the
iTBS stimulation period.

Thirty Hz iTBS was used, rather than the more typical 50 Hz,
as this allows for higher stimulation intensities (i.e., 30 Hz TBS
can be delivered at up to 89% power vs. only 57% for 50 Hz
TBS with Magstim SuperRapid2Plus1). Moreover, 30 Hz TBS has
been shown to produce the expected LTP- and LTD-like changes
in M1 (Goldsworthy et al., 2012; Wu and Gilbert, 2012). Higher
stimulation intensity is often necessary for TBS research in chil-
dren as they have higher motor thresholds (Garvey et al., 2003).
The 70%∗RMT intensity was chosen to balance safety (the only
case of TBS-induced seizure occurred at 100%∗RMT) (Oberman
and Pascual-Leone, 2009) and efficacy (i.e., we expected higher
facilitatory changes in M1 excitability with higher stimulation
intensity). Before and immediately after the 30-min time point, a
structured diagnostic interview with detailed 16-question review
of systems [headache, scalp pain, arm/hand pain, other pain(s),
numbness/tingling, other sensation(s), weakness, loss of dex-
terity, vision/hearing change(s), ear ringing, nausea/vomiting,
appetite loss, rash, skin change(s) or any other symptom(s)] was
conducted to rate any potential adverse events on an ordinal scale
(none, minimal, mild, moderate, marked, or severe) (Wu et al.,
2012b).

STATISTICAL ANALYSIS
Descriptive statistics were applied to demographic and baseline
physiological measures. Mean MEP fold change was normal-
ized to be expressed as a ratio of average post-TBS/pre-TBS
MEP peak-to-peak amplitudes for each time point. Since the
iTBS300 protocol has half the total pulses compared to the
original description, we anticipated a shorter duration of iTBS
effect on cortical excitability (Huang et al., 2005). Therefore, two
repeated measures analysis of variance (RM-ANOVA) were per-
formed, analyzing MEP-fold change by a within-subject factor
for 10 min—BLOCK1 (6 levels: T0; T1; T2; T3; T4; T5)—and for
30 min—BLOCK2 (11 levels: T0; T1; T2; T3; T4; T5; T6; T7; T8;
T9; T10). We tested the hypotheses that the modified iTBS proto-
col would produce facilitation of mean MEP fold-change across
BLOCK1 and BLOCK2. All analyses were performed in SAS (SAS
Institute Inc., Cary, NC, USA) with a two-tailed p < 0.05 con-
sidered significant. To determine whether age had an effect on
the post-iTBS300 change, it was included as a covariate in the
RM-ANOVA.

In addition to RM-ANOVA, which has been used in most prior
published TBS studies, we performed a secondary linear mixed
model (LMM) analysis which has several potential advantages.
This analysis incorporates intrasubject correlations, accounts well
for missing observations, and, by using raw MEPs, accounts
for inter-individual variability in the baseline MEP amplitudes
(Huang et al., 2005; Wu et al., 2012a; Dhamne et al., 2014). This
is a special case of a linear mixed model (LMM) with the added
component of a within subject covariance structure to account
for the repeated measures over time. We used an unstructured
covariance model in which the correlation between any two val-
ues within subject is estimated from the data (West et al., 2006).
Our a priori hypothesis expected the adjusted mean amplitudes at
each post-TBS time point differed from baseline. For each com-
parison, the resultant p-value were corrected for a False Discovery
Rate (FDR) to account for the multiple testing (Benjamini and
Hochberg, 1995); with 5 and 10 contrasts, respectively, for the two
blocks.

RESULTS
DEMOGRAPHICS AND SAFETY
Fourteen healthy children (13.8 ± 2.2 years, range 10–16; M:F =
5:9) completed the study (Table 1). Thirteen subjects were right-
handed. No adverse events were reported or identified by struc-
tured diagnostic interviews and no seizure occurred.

iTBS 300
Average RMT was 50.7 ± 9.7% of Magstim200 maximal out-
put and 63.7 ± 13.6% of SuperRapid2Plus1 maximal output. The
“hot-spot” scalp location was identical for both machines. Mean
iTBS stimulation intensity was 44.6 ± 9.5% (range: 31–62%) of
SuperRapid2Plus1 maximal output.

The mean MEP fold changes for each time point and RM-
ANOVA and LMM results following iTBS are summarized in
Table 1. One-Way RM-ANOVA revealed a significant facilitation
during BLOCK1 (1–10 min) and trend level facilitation during
BLOCK2 (1–30 min) (Figure 2). For LMM, the main effect Time
was statistically significant for both blocks. For BLOCK1, after
adjusting for multiple comparisons, the MEP-amplitudes at 3 min
were significantly larger than baseline (FDR adjusted p = 0.021).
For BLOCK2, after adjusting for multiple comparisons, the MEP
amplitudes at 3 min were significantly larger than baseline (FDR
adjusted p = 0.042). Adding age as a covariate did not have a
significant effect in either analysis (not shown).

DISCUSSION
In the present study, we demonstrated that a 300 pulse, inter-
mittent theta burst stimulation (iTBS) protocol delivered at
sub-motor threshold intensity resulted in facilitation of M1 corti-
cal excitability in healthy children. Nearly all prior studies have
been performed in adults (Oberman et al., 2011; Wu et al.,
2012a). In place of the originally described 50 Hz bursts (Huang
et al., 2005), we used 30 Hz TBS to create a frequency/intensity
paradigm that was compatible with the mechanical parameters
of the SuperRapid2Plus1 device for use in pediatric research (Wu
et al., 2012a). Using the commonly employed method of anal-
ysis (repeated-measures ANOVA) in rTMS studies, the iTBS300
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Table 1 | Effect of modified iTBS300 on M1 as measured by MEP-fold change from baseline over time in healthy children (n = 14, 13.8 ± 2.2

years).

Minutes after iTBS300 1 3 5 7 10 12.5 15 17.5 20 30

Mean MEP fold change 1.40 1.45 1.30 1.20 1.13 1.23 1.32 1.51 1.55 1.25

SD 0.36 0.45 0.51 0.47 0.47 0.67 0.59 1.08 0.98 0.56

SEM 0.10 0.12 0.14 0.12 0.12 0.18 0.16 0.30 0.26 0.15

N 14 14 14 14 14 14 14 13 14 14

RM-ANOVA BLOCK1, F(5, 65) = 3.17, p = 0.01*

BLOCK2, F(10, 129) = 1.69, p = 0.089

LMM BLOCK1, F(5, 13) = 4.72, p = 0.01*

BLOCK2, F(10, 13) = 6.28, p = 0.002*

BLOCK1, analysis of 1–10 min; BLOCK2, analysis of 1–30 min. SD, standard deviation; SEM, standard error of the mean; n, number of observations; MEP, Motor-

Evoked Potentials; iTBS, intermittent Theta Burst Stimulation; M1, primary motor cortex; RM-ANOVA, repeated measures analysis of variance; LMM, Linear Mixed

Model; *indicates statistical significance.

FIGURE 2 | M1 excitability changes after 30 Hz iTBS (300 pulses, 70%

of RMT) in healthy children (n = 14, mean age = 13.8 ± 2.2 years old)

from 1 to 30 min. (Top) Box (25th–75th) and Whiskers (5th–95th)
percentiles with line at median and cross at mean. Mean MEP-fold change
of each subject is overlaid as gray circles. (Bottom) Mean line plot of
MEP-fold changes with error bars representing standard error of means.
MEP, Motor-Evoked Potentials; RMT, resting motor threshold; iTBS,
intermittent Theta Burst Stimulation; M1, primary motor cortex; * denotes
statistically significant increase compared to baseline in post-hoc analysis
after correcting for multiple comparison.

protocol demonstrated a statistically significant M1 facilitation
from 1 to 10 min. However, there was significant variability in M1
response. Post-hoc analysis using an alternative analytical tech-
nique (LMM) and correcting for multiple comparisons showed
that this facilitatory effect on M1 was primarily seen at the 3-min
time point following iTBS300. Even with these limitations, the
main conclusion of this study is that we were able to safely deliver
iTBS to typically developing children with statistically significant
facilitatory changes in M1 excitability thus lending support for
further judicious use of iTBS to understand neuroplasticity in the
developing cortex in children with developmental disorders.

iTBS-INDUCED FACILITATION IN M1 EXCITABILITY
To our knowledge, this is the first report of iTBS induced M1 neu-
rophysiologic changes in healthy children. These results demon-
strate similar magnitude of facilitation as we found in adults
using 30 Hz iTBS with 600 pulses at 90% of RMT (Wu et al.,
2012a). A brief, non-invasive method of inducing LTP- and LTD-
like changes in cortical excitability holds tremendous potential
to advance the study of neurodevelopmental processes (Morris
et al., 2014). The optimization and validation of these techniques
can also provide insight into the neural mechanisms of learning
and rehabilitation (Johnston, 2009) and bridge decades of electro-
physiological research from in vivo and in vitro models of central
nervous system disease with clinically recognized motor, cogni-
tive, or emotional impairments in humans (Freitas et al., 2011;
Castren et al., 2012). To date, the most commonly used TMS
techniques to induce cortical excitability changes are paired asso-
ciative stimulation (PAS), rTMS, or TBS (Stefan et al., 2000; Di
Lazzaro et al., 2011). In sensitive populations, rTMS and PAS may
be limited by the discomfort of prolonged periods of stimulation
above motor threshold.

Virtually all other TBS studies of M1 plasticity in adults have
been performed using 50 Hz stimulation with relatively lower
stimulation intensities (Huang et al., 2005; Cardenas-Morales
et al., 2010; Hoogendam et al., 2010). Although there are sev-
eral similarities in our results, including the time course and
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maximal changes in MEP amplitudes (Huang et al., 2005; Wu
et al., 2012a; Cardenas-Morales et al., 2014), comparing effects in
adults vs. children and 50 Hz vs. 30 Hz iTBS will require further
study.

Of interest and relevance to future studies, we also con-
firmed the statistical significance of the facilitation effect over
10 min (BLOCK1) using a linear mixed model (LMM) analy-
sis. Using LMM, the BLOCK2 time effect was also statistically
significant, whereas for the more commonly used RM-ANOVA
found significance at the trend level. A repeated-measures LMM
has several advantages over a traditional multivariate approach
where there is no ability to model the correlation between obser-
vations on the same subject (Krueger and Tian, 2004). An LMM
allows the incorporation of intrasubject correlations and since
each observation is considered individually (including continu-
ous or categorical covariates at a particular time) this model can
also account for missing observations without list-wise deletion.
We created an LMM model that used an unstructured covari-
ance for the raw MEP amplitudes that closely fit our data. By
using the raw MEPs, we were able to maintain the variability
of individual subjects baseline, which is lost when looking at a
MEP-fold change and transforming the baseline to 1. This may
account for the discrepancy between the multivariate approach
and the LMM results for BLOCK2. Post-hoc testing against this
baseline in both time blocks, including a stringent correction
for multiple comparisons, found a significant contrast at 3 min.
Thus, both performed analyses support a statistically signifi-
cant facilitating effect on cortical excitability within the first
10 min.

VARIABILITY IN iTBS-INDUCED FACILITATION IN M1 EXCITABILITY
One significant concern about TBS induced plasticity is the vari-
ability of the magnitude and direction of the MEP response
(Player et al., 2012; Hamada et al., 2013; Hinder et al., 2014). In
adults, several factors have been identified to contribute to this
variability including age, gender, time of day, genetic background,
and attention (Cardenas-Morales et al., 2010; Hoogendam et al.,
2010; Ridding and Ziemann, 2010). Furthermore, intrinsic mech-
anisms such as inter-individual differences in the recruitment of
interneuron networks by TMS may play a larger role than previ-
ously realized (Hamada et al., 2013). Although covariate analysis
of our data did not find an effect of age, this and other fac-
tors should be analyzed in future, larger studies. Over a 30 min
time course BLOCK2, as has also been reported after conven-
tional TBS (Huang et al., 2005), we observed a second “peak”
(see Table 1 and Figure 2). In cellular models, LTP has come
to be recognized as a phenomenon that represents a series of
phases, including early and late, that can be more precisely cate-
gorized based on molecular mechanisms and order of persistence
(Raymond, 2007).

METAPLASTICITY
The concept of the previous brain activity affecting synaptic
response is termed metaplasticity. Several studies have shown that
tonic or phasic finger movements before TBS can change the
expected outcome of the tetanic stimulation (Gentner et al., 2008;
Huang et al., 2008; Iezzi et al., 2008). Prior brain stimulation may

also “prime” TBS response (Todd and Ridding, 2010), such as
prolonging the duration of the stimulation (i.e., more pulses). In
addition, extending the number of pulses seems to influence the
results. One study found that facilitation and inhibition could be
reversed simply by doubling the TBS pulses delivered from 600 to
1200 (iTBS1200) (Gamboa et al., 2010), while another reported
that 1800 pulses of iTBS resulted in significantly higher facilita-
tion of MEP-amplitudes than iTBS600 or iTBS1200 (Nettekoven
et al., 2014). Given concerns for feasibility in pediatric popula-
tions, we were interested to study iTBS with fewer pulses. The
iTBS300 protocol presented in this study produced an increase
in M1 excitability in most pediatric subjects. So far, there has
been one iTBS150 study that showed no significant M1 changes in
adults (Huang et al., 2008). Future studies in children could eval-
uate iTBS150 to determine if this is sufficient to modulate cortical
excitability.

It is possible that the 0.17 Hz test pulses used prior to (base-
line) and after iTBS may themselves induce metaplastic effects as
was suggested by a recent study of PAS-induced LTP and LTD
(Delvendahl et al., 2010). However, the 0.1 Hz rTMS precon-
dition in this study abolished PAS-induced neuroplastic effects
whereas we observed statistically significant increase in M1 exci-
tation in our study. Furthermore, very low frequency rTMS (0.1
and 0.2 Hz) have not been shown to exert direct effect on MEP
amplitudes (Chen et al., 1997; Delvendahl et al., 2010; Furukawa
et al., 2010). This could create a trade-off between using more
frequent TMS to capture the temporal characteristics of induced
cortical excitability vs. less frequent TMS to avoid inducing meta-
plastic effects. Future sham controlled TBS studies (Davis et al.,
2013), or perhaps studies outside of motor cortex with different
outputs, may clarify this.

SAFETY
A key finding of this study is that iTBS was delivered safely and
without any reported clinical adverse effects in all 14 children
who participated in this study. This is an important finding as
there is limited data on the use of TBS in the pediatric population
(Oberman et al., 2010, 2014; Wu et al., 2014; Hong et al., 2015). A
small number of these participants reported mild adverse events
after TBS: fatigue, headache/scalp pain, arm/hand pain, pares-
thesia, weakness, nausea, tinnitus, abdominal pain and dry eyes.
We recently compared the adverse event rates between TBS and
single-/paired-pulse TMS sessions in 165 children and found no
significant difference (Hong et al., 2015). In the present study,
systematic review of systems following iTBS found no significant
adverse effects. There are a few possible explanations for this.
First, the iTBS protocol contained only 300 pulses rather than
the originally described 600 pulses. Thus, this 92-s TBS stimu-
lation duration may have a lower probably of causing adverse
effects. Second, based on a systematic review of >1000 adults who
received >4500 TBS sessions, a crude risk of 1.1% was identi-
fied for mild adverse events (Oberman et al., 2011). Furthermore,
another safety report of various forms of TMS/rTMS in 113 adults
showed that TBS sessions were associated with less adverse events
(Maizey et al., 2013). These adult safety data may also explain
why we did not detect any adverse events in our small pediatric
sample.
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LIMITATIONS
The results of this study are vulnerable to a type II error given the
small sample size. Thus, we could not adequately examine factors
that might lead to variability in iTBS300 response. Generalization
of our findings may be limited by the predominance of females in
our cohort, as gender difference may be a determinant of TMS-
induced plasticity (Ridding and Ziemann, 2010).

In addition, further work needs to be done to extend these
types of assessments to younger children. Although we attempted
to recruit younger children for the study, several participants’
motor thresholds were too high to proceed with TBS. The
youngest subject in our cohort was 9 years old but his RMT
was relatively low for his age (54% on Magstim200, 68% on
SuperRapid2Plus1) which allowed us to complete the iTBS pro-
tocol. In rodent models, the maturation of the cortex with
advancing developmental age influences the conditions necessary
to induce LTP-effects (Meredith et al., 2003). Such an analysis lies
outside the scope of the present study, however, with a larger sam-
ple with younger age groups may allow the quantification of such
effects in the future. In addition, repeated sessions could be used
to evaluate the extent of intra-individual variability, for example,
related to time of day, stress, fatigue, or hormonal fluctuations in
females.

CONCLUSION
This is the first report of iTBS- induced M1 neurophysiologic
effects in healthy children. All participants safely completed the
iTBS300 session which involved just 92 s of bursts of subthresh-
old TMS pulses without any serious adverse events. We were
able to show statistically significant increase in M1 excitability
in the first 10 min after iTBS300. Future pediatric TBS studies
to acquire normative data are needed. We speculate the demon-
strated physiological effects of this protocol to M1 could also
be further investigated in non-motor regions for neuromodu-
lation or for repeated applications in clinical trials. This data
supports further, judicious use of iTBS as a technique for studying
brain development, neuropsychiatric and neuro-developmental
disorders.
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The Centers for Disease Control and
Prevention currently estimate the preva-
lence of Autism Spectrum Disorder (ASD)
in the U.S. at 1:68 children (Baio, 2014).
Despite decades of research across mul-
tiple levels of analysis, we currently lack
a reliable biomarker that may facilitate
diagnosis, illuminate pathophysiology,
or guide treatment. The development
of novel treatment strategies for ASD
will require efforts for better clinical
characterization, identification of more
homogeneous subgroups for studies,
and improved understanding of under-
lying pathophysiology. There is growing
support for early intensive interven-
tions in this population (Reichow, 2012).
Pharmacological treatments have been
shown to be effective in treating some
of the common secondary and comorbid
features of ASD (Hampson et al., 2012),
but there is currently no pharmacotherapy
conclusively shown to improve the core
symptoms (Oberman, 2012).

Recently a number of investigators have
begun to explore the use of transcra-
nial magnetic stimulation (TMS) as a
tool to characterize ASD pathophysiol-
ogy, and to test its therapeutic potential.
TMS is a safe and well-tolerated method
for non-invasive focal cortical stimulation

where small intracranial electrical cur-
rents are generated by a rapidly fluctuating
extracranial magnetic field. In an effort to
share recent progress in the use of TMS in
ASD, promote collaboration across labora-
tories, and establish consensus on param-
eters that may be useful for the study of
pathophysiology and the potential treat-
ment of ASD, leading experts in the
field gathered in Atlanta, GA on May
13th and 14th 2014 for the “Transcranial
Magnetic Stimulation (TMS) Therapy
for Autism Consensus Conference” orga-
nized and supported by the Clearly
Present Foundation with additional sup-
port from Neuronetics, Inc. and Autism
Speaks.

Alvaro Pascual-Leone began the confer-
ence by discussing the basic mechanisms
and safety of TMS in clinical populations.
TMS can be applied in single pulses to
investigate corticospinal excitability, pairs
of pulses to study intracortical inhibi-
tion and facilitation, and repeated trains
of TMS (rTMS) to both to study and
therapeutically modulate excitability and
plasticity in a number of neurologi-
cal and psychiatric conditions (Kobayashi
and Pascual-Leone, 2003). The effects of
rTMS can be expected to differ consid-
erably by virtue of varying parameters of

stimulation and knowledge of underlying
symptom pathophysiology. TMS is consid-
ered quite safe if applied within current
safety guidelines; however, it does pose
some risk for adverse side-effects (Rossi
et al., 2009). Though relatively few patients
with ASD have participated in TMS pro-
tocols, the frequency and quality of side-
effects shown thus far approximates that
seen in the general population (Oberman
et al., 2013). As with any other condition,
factors including medications and medical
history need to be assessed when deter-
mining risk for an individual. There are
currently no identified ASD-specific risk
factors for TMS-induced adverse effects.
Even though ASD can be associated with
an increased risk for seizures, in TMS
studies to date, there is no evidence of
increased epileptogenic risk in ASD when
safety guidelines and recommendations
are followed.

Manuel Casanova then provided a tar-
geted review of the literature on the patho-
physiology of ASD. Postmortem studies
have shown evidence of abnormalities of
neuronal migration in the brains of indi-
viduals with ASD (Bailey et al., 1998),
which include displaced neurons manifest-
ing as focal cortical dysplasias in a major-
ity of individuals with ASD (Casanova
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et al., 2013). Morphometric analysis of
cells within the malformed cortex has sug-
gested a reduced number of interneurons
(Casanova et al., 2013). This is consistent
with previous reports of abnormalities in
ASD within the peripheral cortical mini-
column neuropil space, the compartment
where most inhibitory cells are located
(Casanova et al., 2002). Both EEG and
vibrotactile studies corroborate a deficit
of cortical lateral inhibition (Keita et al.,
2011; Puts et al., 2014). He proposed that
this deficit could account for the seizures
and sensory abnormalities often reported
in ASD.

Lindsay Oberman discussed the use
of TMS as an investigative device to
study cortical excitability and plasticity in
ASD. These studies show that a num-
ber of basic mechanisms and circuits are
atypical while other measures appear to
be normal (see Oberman et al., 2013).
Specifically, motor thresholds and base-
line motor-cortical excitability measures
appear to be normal. There is hetero-
geneity in the response to paired-pulse
paradigms with impaired inhibition in
some individuals, typical response in oth-
ers, and paradoxical facilitation in another
subgroup. Studies exploring corticospinal
plasticity mechanisms, using two differ-
ent rTMS protocols [theta burst stimula-
tion (TBS) and paired associative stimu-
lation (PAS)], have shown abnormalities.
However, the direction of the abnormal-
ity is unclear with TBS studies showing
enhanced response (Oberman et al., 2012)
and PAS showing reduced response (Jung
et al., 2013). There are a number of open
questions related to the use of TMS as
an investigative device in ASD includ-
ing developmental effects, effects related
to intellectual disability and functioning,
and what underlying mechanisms are driv-
ing the observed heterogeneity in the
population.

Peter Enticott discussed the efficacy
of rTMS as a therapeutic intervention
in ASD. A number of studies using
low-frequency rTMS in an effort to
enhance cortical inhibitory tone in dor-
solateral prefrontal cortex have resulted
in improvements in EEG indices of
attention, information processing, and
error monitoring as well as behavioral
improvements in repetitive behaviors
and irritability (Sokhadze et al., 2014).

Low-frequency stimulation to left pars
triangularis resulted in improved object
naming in a single session study (Fecteau
et al., 2011). High-frequency stimula-
tion, designed to enhance excitability, has
suggested improvements in self-reported
social relating and social anxiety follow-
ing medial prefrontal cortex stimulation
(Enticott et al., 2014) and significant
improvements in eye-hand coordina-
tion following premotor stimulation
(Panerai et al., 2013). Although an emerg-
ing literature, these studies collectively
provide support for the potential effi-
cacy of rTMS in ASD (Oberman et al.,
2013). However, the small study samples,
lack of blind assessments, and limited
use of control or comparison conditions
limit the interpretation of these early
investigations.

James McCracken concluded the con-
ference by discussing key factors to con-
sider when designing clinical trials for
ASD. These factors included identification
of valid and reliable endpoints, incorpora-
tion of blind assessments, need for cred-
ible control conditions, establishment of
effective stimulation parameters, need to
relate changes in electrophysiologic end-
points to functional change, and identi-
fication of biomarkers that can be used
to reduce the heterogeneity of the sam-
ple and stratify participants to treatment
strategies that are best matched to their
underlying pathophysiology. To this end,
those present discussed the utility of devel-
oping functional imaging and TMS indices
as potential standardized biomarkers and
the need for larger, multisite trials to
establish validity of these measures across
development and levels of functioning
and reliability of these measures across
centers.

At the conclusion of the conference,
there was enthusiasm for the potential use
of TMS in ASD. Further work is nec-
essary to achieve consensus on the key
factors discussed by Dr. McCracken, but
the expertise and commitment is present
in the research and clinical community
to work toward the end goal of design-
ing and implementing large-scale, double
blind, multisite clinical trials of rTMS for
ASD in the near future. Those present
committed to collaborate across labora-
tories to establish mutually agreed upon
protocols and to meet again within 1 year.
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The developmental pathophysiology of autism spectrum disorders (ASD) is currently
not fully understood. However, multiple lines of evidence suggest that the behavioral
phenotype may result from dysfunctional inhibitory control over excitatory synaptic
plasticity. Consistent with this claim, previous studies indicate that adults with Asperger’s
Syndrome show an abnormally extended modulation of corticospinal excitability following
a train of repetitive transcranial magnetic stimulation (rTMS). As ASD is a developmental
disorder, the current study aimed to explore the effect of development on the duration of
modulation of corticospinal excitability in children and adolescents with ASD. Additionally,
as the application of rTMS to the understanding and treatment of pediatric neurological and
psychiatric disorders is an emerging field, this study further sought to provide evidence for
the safety and tolerability of rTMS in children and adolescents with ASD. Corticospinal
excitability was measured by applying single pulses of TMS to the primary motor cortex
both before and following a 40 s train of continuous theta burst stimulation. 19 high-
functioning males ages 9–18 with ASD participated in this study. Results from this study
reveal a positive linear relationship between age and duration of modulation of rTMS after-
effects. Specifically we found that the older participants had a longer lasting response.
Furthermore, though the specific protocol employed typically suppresses corticospinal
excitability in adults, more than one third of our sample had a paradoxical facilitatory
response to the stimulation. Results support the safety and tolerability of rTMS in pediatric
clinical populations. Data also support published theories implicating aberrant plasticity and
GABAergic dysfunction in this population.

Keywords: autism spectrum disorders, transcranial magnetic stimulation, development, plasticity, GABA, theta

burst stimulation

INTRODUCTION
Autism spectrum disorder (ASD) is diagnosed clinically, based
on the key symptoms including qualitative impairments in social
communication and the presence of restricted and repetitive
behaviors (APA, 2013). However, the variability of the clinical
phenotype of ASD is quite large and symptoms can manifest over
a range of ages in childhood. Thus, ASD diagnosis can be challeng-
ing and is often not made until 3–5 years of age. For this reason, a
physiologic ASD biomarker is highly desirable.

Several lines of evidence suggest that an impairment of
GABAergic transmission may be critical in the pathophysiology of
ASD (see Coghlan et al., 2012 for a review). GABA plays a key role
in regulating neuronal excitability via feedback and feed-forward
inhibition (Sutor and Luhmann, 1995; Petroff, 2002; Madsen et al.,
2008; Huang, 2009). While in the mature brain GABA acts as
an inhibitory neurotransmitter, during the embryonic and the
perinatal period, GABA is excitatory (Cherubini et al., 1991). It

is hypothesized that at least some forms of autism result from
an imbalance between excitation and inhibition in local circuits
involved in sensory, mnemonic, social, and emotional processes
(Rubenstein and Merzenich, 2003; Markram and Markram, 2010).
Ben-Ari et al. (2012), for instance, suggest that a dysfunction in the
shift of GABA from excitation to inhibition may contribute to this
imbalance.

Empirical support for the role of aberrant GABA signaling in
the pathophysiology of ASD comes from both human and animal
model research. A recent study conducted by Tyzio et al. (2014)
found that GABA had excitatory action in two animal models of
ASD [rats exposed to valproate in utero (VPA) and mice carrying
the fragile X mutation (FRX)]. Furthermore, maternal pretreat-
ment with bumetanide, forcing the shift of GABA in the offspring
from excitatory to inhibitory, resulted in the restoration of
typical electrophysiological and behavioral phenotypes in affected
animals (Tyzio et al., 2014).
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Human studies have found reduced GABA receptor expression
(Fatemi et al., 2009a,b, 2010) as well as a 50% reduction in enzymes
that synthesize GABA [glutamic acid decarboxylase (GAD) 65 and
67; Fatemi et al., 2002; Yip et al., 2007] in individuals with ASD.
Furthermore, a recent study (Gaetz et al., 2014) identified signif-
icant reduction in the GABA MRS signal in the motor cortex of
patients with ASD,and a marginally significant (p = 0.054) positive
correlation between the GABA signal and age. Among the many
roles of GABAergic circuits during development, one is lateral
inhibition across neighboring minicolumns in the cortex. Consis-
tent with an impairment in GABAergic transmission, postmortem
studies have found a reduction in the horizontal spacing between
minicolumns (Casanova et al., 2002). These abnormalities in the
GABA system may directly contribute to altered anatomical and
functional connectivity, and suggest a mechanism underlying the
neurological and behavioral phenotype of ASD (Blatt, 2011).

In addition to and perhaps as a consequence of excita-
tion/inhibition imbalance, recent studies in both human and
animal models implicate synaptic plasticity mechanisms in the
pathophysiology of ASD (see Oberman et al., in press). While most
synaptic plasticity data in ASD are derived from in vitro rodent
brain slice models, direct measures of circuit level plasticity in
humans can be obtained by transcranial magnetic stimulation
(TMS) paradigms (Ziemann, 2004; Huang et al., 2005; Thick-
broom, 2007; Huerta and Volpe, 2009). In TMS, the cortex is
stimulated focally by small intracranial electrical currents that are
generated by a powerful and fluctuating extracranial magnetic field
(Barker et al., 1985; Kobayashi and Pascual-Leone, 2003; Hallett,
2007). A number of experimental TMS measures of brain plasticity
have been introduced, and provide the only noninvasive capacity
to measure human phenomena that closely resemble long-term
potentiation (LTP) and long-term depression (LTD). TMS is safe
and well-tolerated, even in pediatric populations, if appropri-
ately guidelines and recommendations are followed (Garvey and
Gilbert, 2004; Rajapakse and Kirton, 2013).

Single-pulse TMS combined with EMG, EEG, fMRI, or other
brain imaging methods can be used to quantify cortical reactivity
before and following a given intervention (Pascual-Leone et al.,
2011) providing an index of brain plasticity in response to said
intervention. Recently, patterned bursting protocols have been
developed that mimic paradigms used to assess synaptic plas-
ticity in animal models (Huang et al., 2005, 2008). Specifically,
theta burst stimulation (TBS) involves application of three bursts
of 50-Hz rTMS repeated every 200 ms either continuously for
a total of 40 s or intermittently (every 8 s) for about 3 min.
When applied to the motor cortex, continuous TBS (cTBS) and
intermittent TBS (iTBS) result in depression and potentiation of
cortical reactivity as indexed through suppression and facilitation
of motor evoked potentials (MEPs), respectively (Huang et al.,
2005). Results from animal and human studies indicate that TBS
modulatory effects on cortical reactivity reflect synaptic plasticity
mechanisms (Cardenas-Morales et al., 2011). Specifically, and rel-
evant to the present experiment, published data suggest that cTBS
leads to enhancement of GABAergic inhibition (Stagg et al., 2009;
Benali et al., 2011).

Notably, compared to other rTMS protocols, TBS has the
advantage of lower stimulation intensities and shorter durations

than conventional protocols making this protocol more suitable
for use in clinical and pediatric populations. The safety and toler-
ability of this protocol has recently been evaluated and shown to
be safe in healthy children and in children with Tourette Syndrome
(Wu et al., 2012).

In a recent study (Oberman et al., 2012) we used the cTBS
paradigm in 20 adults with Asperger’s syndrome (high functioning
ASD), and found them to show greater and longer-lasting suppres-
sion of cortical reactivity in the motor cortex following cTBS as
compared to age-, gender-, and IQ-matched controls. The latency
to return to baseline following TBS was on average between 80 and
90 min in the ASD group compared to 25–30 min in the controls.
This finding was confirmed in a separate cohort of 15 individuals
(Oberman et al., 2012). Interestingly, and consistent with other
studies, there was no significant group difference in measures of
basic excitability as assessed by resting and active motor threshold
(Theoret et al., 2005; Oberman et al., 2012; Enticott et al., 2013)
or response to single pulse TMS (Oberman et al., 2012). Thus,
the excessive modulation of excitability in response to stimulation
(a putative measure of plasticity) is not primarily attributable to
differences in baseline excitability.

In the current study, we extended our age range to include data
from 19 children and adolescents with high-functioning ASD (HF
ASD) to explore the effect of development on the response to the
cTBS paradigm. As the application of rTMS to the understanding
and treatment of pediatric neurological and psychiatric disorders
is an emerging field (Frye et al., 2008; Croarkin et al., 2011), this
study additionally aimed to provide evidence for the safety and
tolerability of TBS in HF children and adolescents with ASD.

MATERIALS AND METHODS
PARTICIPANTS
We studied 19 males with HF ASD, age 9–18 years (See Table 1
for demographic characteristics of the sample). All participants
gave informed consent or assent, which was also obtained from
a parent or guardian to participate in the study. The study was
reviewed and approved by the institutional review board at Boston
Children’s Hospital. Participants were recruited through local
community advertisement. All participants had IQ > 80 based
on the Weschler Abbreviated Scale of Intelligence (WASI). All
met DSM-IV-TR criteria for Autism, Asperger’s Syndrome or
PDD-NOS, and met criteria for ASD on the Autism Diagnos-
tic Observation Schedule, Module 4 (ADOS). Some participants
also had comorbid symptoms including inattention, anxiety, irri-
tability, and obsessive-compulsive behaviors (See Table 1). All
participants were given a comprehensive neurological exam by
a board-certified pediatric neurologist (Alexander Rotenberg) to
confirm normal gross motor and fine motor function. Lastly, all
participants were screened following published recommendations
(Rossi et al., 2009) to ensure that they did not have any condition
that would put them at greater risk of an adverse event related to
TMS (e.g., a personal or immediate family history of epilepsy).

STIMULATION AND RECORDING
To evaluate modulation of corticospinal excitability (a putative
index of cortical plasticity mechanisms) and specifically GABAer-
gic inhibition, cTBS was applied to the primary motor cortex. The
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Table 1 | Sample characteristics.

Participant

number

Age IQ ADOS Score Comorbid

symptoms

Neuroactive medications Response

to cTBS

1 11 100 13 Anxiety Citalopram Suppression

2 9 94 7 None None Facilitation

3 12 86 10 Anxiety, Inattention Citalopram, atomoxetine Suppression

4 9 87 9 Anxiety ADHD None Suppression

5 14 115 8 Anxiety, ADHD Citalopram, atomoxetine Facilitation

6 14 99 9 None None Facilitation

7 10 106 12 None None Suppression

8 9 88 7 None None Facilitation

9 10 89 10 ADHD Buspirone Suppression

10 11 93 9 Obsessive-Compulsive

Behaviors, Anxiety

Sertraline, citalopram Facilitation

11 11 115 7 ADHD Methylphenidate Suppression

12 13 129 9 Inattention Atomoxetine Suppression

13 14 115 8 ADHD Atomoxetine Suppression

14 10 102 7 Irritability Risperidone Suppression

15 11 103 14 Inattention Guanfacine, methylphenidate Facilitation

16 13 102 7 ADHD Methylphenidate Facilitation

17 18 121 12 None None Suppression

18 18 83 13 None None Suppression

19 17 81 13 None None Suppression

AVERAGE 12.26 100.42 9.58

cTBS paradigm used in the current study was identical to that
described by Huang et al. (2005) and applied in previous stud-
ies in our laboratory (Oberman et al., 2010, 2012). The protocol
consisted of three pulses of 50 Hz stimulation repeated at 200-
ms intervals for 40 s (for a total of 600 pulses) at an intensity of
80% of active motor threshold (AMT). Corticospinal excitability
was assessed prior to and following cTBS by measuring peak-to-
peak amplitude of MEPs induced in the contralateral first dorsal
interosseus (FDI) muscle in response to single-pulse TMS. These
single pulses were applied at a rate of approximately 0.1 Hz (a
random jitter of ±1 s was introduced to avoid any train effects).
Three batches of 10 MEPs were recorded prior to cTBS and used
as a baseline. Beginning at 5 min following cTBS, batches of 10
MEPs were measured at periodic intervals (5, 10, 15, 20, 30, 40,
50, 60, 70, 80, 90, 105, and 120 min) until the MEPs returned to
baseline levels to track changes in MEP amplitude over time. The
participant was asked to remain relaxed during the entire study.
Muscle activity was monitored throughout the session with EMG
surface electrodes. TMS was only applied when the EMG signal
indicated that the participant’s FDI muscle was in a relaxed state.
Any trials where the participant voluntarily contracted the mus-
cle within 1000 ms of the TMS pulse were not included in the
analysis.

To measure TMS induced MEPs, EMG surface electrodes
were placed in a belly tendon montage over the FDI muscle

of participants’ right hands. Raw signals were amplified and
bandpass-filtered between 20 and 2000 Hz. EMG signals were
sampled at a rate of 5000 Hz. All stimulation (single-pulse TMS
and TBS) was delivered using a hand-held 70 mm figure-of-
eight coil attached to a Magstim Super Rapid stimulator (The
MagStim Company Ltd., Whitland, UK). The coil was placed tan-
gentially to the scalp with the handle pointing posteriorly. All
stimulation was applied over the hand area of the left motor cor-
tex and individually localized for each participant based on the
optimal position for eliciting MEPs in the right FDI. The stimu-
lation intensity for baseline and post-TBS single pulses was set at
120% of each individual’s resting motor threshold (RMT) while
the TBS itself was delivered at 80% of AMT. RMT and AMT
were defined following recommendation from the International
Federation of Clinical Neurophysiology. RMT was defined as the
minimum single-pulse TMS intensity required to induce an MEP
in the contralateral FDI of >50 μV peak-to-peak amplitude on
more than five out of ten consecutive trials while the target mus-
cle was at rest. AMT was defined as the minimum single-pulse
TMS intensity required to induce an MEP in the contralateral FDI
of >200 μV peak-to-peak amplitude on more than five out of
ten consecutive trials while the target muscle was held at approx-
imately 20% of the maximal contraction. To precisely target the
stimulation site (primary motor cortex) and keep the brain target
constant throughout the stimulation session, we used a frameless
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stereotactic neuronavigation system (Brainsight, Rogue Research
Inc., Montreal, QC, Canada).

DATA ANALYSIS
Data were analyzed using MatLab version 8.1 and SPSS version
22. Data analysis followed the methods described and applied in
previous studies in our laboratory (Oberman et al., 2010, 2012).
Average MEP amplitude values were calculated at baseline prior to
TBS and starting five minutes after TBS and continuing until the
average amplitude returned to within the 95% confidence inter-
val of the baseline amplitude and did not return to outside that
interval on subsequent time-point measures. MEP amplitudes
were standardized, forming a ratio of MEP amplitudes follow-
ing TBS relative to average baseline MEP amplitude for each
individual.

Cubic spline interpolation was used to create smooth curves
through the data points. Spline interpolation is a piecewise con-
tinuous function defined by third-degree polynomials in the
intervals of a limited range of known data points (in this case,
the time-points at which MEP data were collected with batches
of 10 single TMS pulses). The use of spline interpolation on
TMS data has been validated (Borghetti et al., 2008) and used
in previous studies to evaluate degree and duration of modu-
lation of MEP amplitudes following cTBS (Freitas et al., 2011).
As an index of the duration of the TBS-induced modulation
of cortico-spinal excitability, we defined, for each participant,
the time-point (“time to baseline”) at which post-cTBS MEP
amplitude returned to the average MEP amplitude at base-
line, i.e., the time-point at which the spline crossed the MEP
threshold.

A natural log transformation was applied to the data prior
to analysis as tests of normality indicated that the data was sig-
nificantly different than normal. A Pearson product-moment
correlation coefficient was calculated to assess the degree of
relationship between age and duration of response to cTBS.

SIDE EFFECT MONITORING
Immediately following the TMS session a side effects questionnaire
was completed by the experimenter. Participants were asked to
report whether they experienced any of the following side effects:
headache, neck pain, scalp pain or irritation, difficulty hearing,
thinking or concentrating, change in mood, or any other change or
side effect they experienced. The experimenter also noted whether
the participant experienced a syncopal event or seizure. The par-
ticipant also received a call the day after the TMS session and was
once again asked to report whether they experienced any of the
above side effects or to report any other side effect they experi-
enced after they left the hospital. If the participant reported any
side effect either immediately following the stimulation or the
following day, its severity and duration were documented.

RESULTS
TMS SAFETY AND TOLERABILITY
All participants tolerated TBS and single-pulse stimulation with-
out serious adverse event. One participant had a mild headache
after stimulation that was alleviated with a single acetaminophen

dose. Two participants had mild fatigue after the session that
resolved the following day. No other adverse events were reported.

AGE-DEPENDENT RESPONSE TO cTBS
A Pearson product-moment correlation coefficient was calculated
to test the hypothesis that a linear relationship existed between age
and duration of response to cTBS. As described above, response to
the cTBS protocol was defined as duration of effect as defined
by the number of minutes following cTBS before the partici-
pant returned to baseline excitability levels (“time-to-baseline”;
M = 46.3 min, SD = 29.3 min). The results of the analysis
indicated that there was a significant positive linear relationship
between age and duration of response [r(17) = 0.660, p < 0.01;
Figure 1].

In addition to the planned analyses, it was noted that unlike our
previous study that included only adult participants, a third of the
participants (7 out of 19; ages 9, 11, 13, and 14) had a paradoxical
facilitation in response to the cTBS protocol (Figure 2). Addi-
tional analyses were conducted excluding the seven participants
who facilitated and the significant positive correlation between
age and duration of response remained [r(10) = 0.62, p < 0.05]
with a Mean duration of 49.2 min (SD = 33.8 min). The sub-
group of participants who displayed the paradoxical facilitation
response was not predicted by comorbid symptoms or medication
(χ2 = 0.091, p = 0.76).

DISCUSSION
As the application of rTMS protocols to children increases, it is
critical to evaluate the safety and tolerability of this procedure
in these vulnerable populations. In the current study, all par-
ticipants tolerated the stimulation and reported only minor
discomforts that resolved quickly following the procedures. These
findings add to the literature suggesting that rTMS is safe and
well tolerated in children and in individuals with ASD (Garvey
and Gilbert, 2004; Frye et al., 2008; Croarkin et al., 2011; Wu
et al., 2012; Oberman et al., 2013; Rajapakse and Kirton, 2013).
Systematic monitoring and documentation of side effects is

FIGURE 1 | Correlation between age and the natural log transformed

“time to baseline” for each individual following cTBS. Graph shows a
significant positive relationship between duration of modulation and age.
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FIGURE 2 | Degree of maximal suppression or facilitation following

cTBS. Values falling above zero indicate paradoxical facilitation in response
to the typically suppressive cTBS protocol. Seven out of 20 participants in
this study, ages 9, 11, 13, and 14 showed this paradoxical facilitation.

critical moving forward to ensure that both participants and
investigators have an accurate sense of both the range and
frequency of side effects of rTMS in clinical and pediatric
populations.

Our findings are also the first step toward the study of the
developmental regulation of the cTBS effect and reveal a posi-
tive linear relationship between age and duration of modulation
of cTBS. Specifically we found that the older participants had a
longer lasting response. On the surface this may appear counter
intuitive if we consider that response to TBS has been used
by our group and others to indicate degree of plasticity. One
would imagine that younger children have a greater, not lesser,
capacity for plasticity (Huttenlocher, 2002). However, cTBS is
thought to model LTD-like plasticity (Huang et al., 2008) and is
related to GABAergic inhibitory tone. Thus, perhaps LTD-like
plasticity or GABAergic inhibition increases over development,
especially during adolescence (Selemon, 2013). As we did not
perform iTBS, we cannot speak to the development of LTP-like
plasticity in this sample, however, it would be important to eval-
uate this process as well. Additionally, the current study did not
include a sham control condition or any other rTMS protocol,
thus it is unclear whether the results are specific to the cTBS
paradigm.

Recently, the molecular mechanisms underlying the changes
in cortical excitability induced by cTBS have been studied using
MRS (Stagg et al., 2009). The findings reveal that the effects of
cTBS are mediated by changes in the local activity of inhibitory
interneuronal cortical pathways (as measured by changes in
cortical GABA concentration in the primary sensorimotor cor-
tex; Stagg et al., 2009). Consistent with the idea that younger
children have less inhibitory tone, studies using paired pulse
measures of intracortical inhibition have found that children dis-
play decreased levels of suppression as compared to adolescents
or adults (Walther et al., 2009). This study further claimed that
reduced GABA mediated intracortical inhibition may facilitate

excitatory (LTP-like) cortical plasticity and motor learning in
children. Thus, the current results, although obtained from
individuals with ASD, provide further evidence of increasing
capacity for LTD-like suppression of cortical excitability across
childhood.

Additionally, the finding that over one third of our sam-
ple had a paradoxical facilitatory response to cTBS supports
the notion of GABAergic dysfunction in ASD. During typical
development, GABA currents shift from excitatory to inhibitory
through a maturation of chloride transport mechanisms and an
age-dependent reduction of intracellular chloride concentration
[(Cl−i; Ben-Ari et al., 2007)]. However, a recent study finds that
two ASD animal models (rodent valproate and fragile X mod-
els) show excitatory GABA activity well beyond the age where
wild-type animals’ GABA activity has shifted to inhibition (Tyzio
et al., 2014). In these animals administration of a GABA agonist
(isoguvacine) led to an increase in spike frequency in neurons
recorded from hippocampal slices as compared to a decrease in
wild-type animals. Additionally, the in utero administration of
bumetanide, a chloride importer antagonist that reduces intracel-
lular chloride accumulation thereby promoting the shift of GABA
from excitation to inhibition, resulted in the restoration of typ-
ical electrophysiological and behavioral phenotypes in affected
offspring (Tyzio et al., 2014). These preclinical data support the
hypothesis that a dysfunction in this shift may contribute to
the pathophysiology of ASD (Ben-Ari et al., 2012). Ben-Ari and
colleagues have proposed that this dysfunction may be a result
of increased intracellular ([Cl−]i) concentrations in individu-
als with ASD. This is further supported by a study reporting
paradoxical increases in hyperactivity in six out of seven and
aggression in seven out of seven children with ASD who were
treated with diazepam (Marrosu et al., 1987). Furthermore, in
a recent clinical trial where bumetanide, was given to children
with ASD results showed improvement in ASD symptoms as
measured by the Childhood Autism Rating Scale (CARS) and
the Repetitive and Restricted Behavior Scale (RRB) as well as
a reduction in aberrant behavior as measured by the Aber-
rant Behavior Checklist (ABC; Lemonnier and Ben-Ari, 2010).
Our findings suggest that one could do an analogous study
in humans to explore whether bumetanide would normalize
the cTBS modulation in those with a paradoxical facilitation
and if this normalization corresponded to improved behavioral
symptoms.

We recently suggested that the neurological and behavioral ASD
phenotypes are associated with altered brain plasticity that can be
measured noninvasively by TMS (Oberman et al., in press). As
our data showing age-dependence of the cTBS response suggest,
the timing of plastic brain changes may be important for opti-
mal development of cortical circuitry. As ASD is a developmental
disorder it would be critical to evaluate the developmental tra-
jectory of abnormalities in a putative mechanism underlying the
phenotype.

As the current study did not include healthy control partici-
pants or females, it is not clear whether the observed develop-
mental trajectory shown by these males with ASD is similar to
what may be obtained in neurotypical individuals or females with
ASD. It is possible that variables such as head size or myelination
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could have led to the observed correlation with age. However,
as reviewed above, multiple lines of evidence point toward aber-
rant GABAergic transmission in ASD. Thus, it will be important
to evaluate these measures in a healthy developing population
and female ASD population to compare the typical developmental
trajectory to that shown in males with ASD. Additionally, follow-
up translational studies, analogous to what has been done in
animal models, directly testing the relationship between GABA
receptor expression [measured by [11C] FMZ PET (Maziere et al.,
1984)] or concentration [measured by MRS (Mescher et al., 1998)]
and measures of cortical reactivity in humans with ASD are
needed.

In the current study, we focused on primary motor cortex in the
left hemisphere. Thus, it is unclear whether other cortical regions
would show similar developmental trajectories or whether there
would be a laterality effect in these individuals. The left primary
motor cortex was chosen in this study for two reasons. First, MEPs
are the standard index used to quantify the effect of TBS proto-
cols. Other indices of cortical excitability outside the motor cortex
(e.g., based on electroencephalographic measures) have not yet
been well validated for this application. We chose the left hemi-
sphere as it is typically the dominant hemisphere for both right-
and left-handed individuals. Second, although motor abnormali-
ties are not considered core symptoms of ASD, many studies have
reported motor deficits in individuals with ASD, including alter-
ations in motor milestone development (Teitelbaum et al., 1998),
clumsiness, motor incoordination, disturbances in reach-to-grasp
movement (Miyahara et al., 1997; Ghaziuddin and Butler, 1998;
Mari et al., 2003), deficits in gross and fine motor movement
(Noterdaeme et al., 2002), and impaired postural control (Kohen-
Raz et al., 1992; Minshew et al., 2004). It has also been suggested
that these motor deficits may underlie the core deficits in ASD
(Mostofsky and Ewen, 2011).

Our results support the safety and tolerability of TBS in
the pediatric ASD populations. As we continue to enhance our
understanding of the relationship between the response to cTBS
with GABAergic inhibition and GABAergic dysfunction with
ASD pathophysiology we suggest that cTBS may be a practical
biomarker of GABAergic dysfunction in this population.
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The term autism spectrum disorder (ASD) describes a range of conditions characterized
by impairments in social interactions, communication, and by restricted and repetitive
behaviors. Autism spectrum disorder may also present with symptoms suggestive
of autonomic nervous system (ANS) dysfunction. The objective of this study was
to determine the effect of 18 sessions of low frequency (LF) repetitive transcranial
magnetic stimulation (rTMS) on autonomic function in children with ASD by recording
electrocardiogram (ECG) and electrodermal activity (EDA) pre- post- and during each
rTMS session. The autonomic measures of interest in this study were R-R cardiointervals
in EKG (R-R), time and frequency domain measures of heart rate variability (HRV)
and skin conductance level (SCL). Heart rate variability measures such as R-R
intervals, standard deviation of cardiac intervals, pNN50 (percentage of cardiointervals
>50 ms different from preceding interval), power of high frequency (HF) and LF
components of HRV spectrum, LF/HF ratio, were then derived from the recorded
EKG. We expected that the course of 18 weekly inhibitory LF rTMS applied to the
dorsolateral prefrontal cortex (DLPFC) would enhance autonomic balance by facilitating
frontal inhibition of limbic activity thus resulting in decreased overall heart rate (HR),
increased HRV (in a form of increased HF power), decreased LF power (resulting
in decreased LF/HF ratio), and decreased SCL. Behavioral evaluations post-18 TMS
showed decreased irritability, hyperactivity, stereotype behavior and compulsive behavior
ratings while autonomic measures indicated a significant increase in cardiac interval
variability and a decrease of tonic SCL. The results suggest that 18 sessions of
LF rTMS in ASD results in increased cardiac vagal control and reduced sympathetic
arousal.

Keywords: autism spectrum disorder, TMS, autonomic nervous system, electrocardiogram, skin conductance

INTRODUCTION
Autism spectrum disorder (ASD) is characterized by difficul-
ties in social interactions communication, and restricted and
repetitive patterns of behaviors. In 2014, it was estimated by
the Centers for Disease Control and Prevention (CDC) that
ASD affects approximately 1 in 68 children (CDC’s Morbidity
and Mortality Weekly Report, 2014). In addition to affecting
neural development, it is also thought that ASD can mani-
fest itself in abnormalities of autonomic nervous system (ANS)
activity. Recent research suggests that some autistic individu-
als manifest an over-activation of the sympathetic branch of
the ANS on a background of parasympathetic activity deficits
(Ming et al., 2011). This bias creates an autonomic imbal-
ance evidenced by a faster heart rate (HR) of little variability
and increased tonic electrodermal activity (EDA; Zahn et al.,
1987).

AUTONOMIC DYSFUNCTIONS IN AUTISM
Heart rate variability
Several types of autonomic dysfunctions have been reported
in autism, including increased basal sympathetic tone (Hirstein
et al., 2001), as well as reduced baseline parasympathetic activity
in association with increased baseline sympathetic tone (Toichi
et al., 1999; Julu et al., 2001; Porges, 2001; Toichi and Kamio, 2003;
Ming et al., 2004, 2005, 2011). Heart rate variability (HRV) mea-
sures are widely used in psychopathology research (Cohen et al.,
2000; Thayer and Friedman, 2002) for assessment of phasic and
tonic cardiac autonomic control (Berntson et al., 1997). Reduced
HRV, specifically the attenuated power of high frequency (HF)
component of the HRV (also called “respiratory sinus arrhyth-
mia” [RSA]), is an indicator of limited psychophysiological flex-
ibility (Berntson et al., 1997, 2008; Eckberg, 1997; Friedman and
Thayer, 1998; Stein and Kleiger, 1999; Cohen et al., 2000). Several
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studies have shown that typical children show more HRV than
autistic children (Hutt et al., 1975; Althaus et al., 1999; Jenkins
et al., 2002), and that autistic children have unusually small
deceleratory HR responses to stimuli (Palkovitz and Wiesenfeld,
1980; Coronoa et al., 1998; Porges, 2001). A recently published
paper by Ming et al. (2011) reported evidence of reduced baseline
parasympathetic activity and increased sympathetic tone in chil-
dren with ASD. Another study by Bal et al. (2010) used RSA as a
measure of cardiac vagal tone and compared RSA values between
children with and without ASD. The study found that children
with ASD had significantly lower RSA values and faster HR than
those without ASD, which suggests decreased vagal cardiac reg-
ulation in autism. The clinical implications of chronic increased
sympathetic activity and decreased vagal tone are poor control of
HR and a tendency for tachycardia (Berntson et al., 1997, 2008).
Therefore, analysis of the HRV, in particular the HF component
of HRV along with other measures of heart beat variability
(e.g., standard deviation of R-R intervals in electrocardiogram
(ECG)) associated with parasympathetic activity, may provide
important information regarding autonomic dysfunctions in
autism.

Poor control of HR and vulnerability to tachycardia is an
important consequence of chronic increased sympathetic activity
and decreased vagal tone (Berntson et al., 1997, 2008; Coronoa
et al., 1998; Friedman and Thayer, 1998). The baseline sympa-
thetic over-arousal found in autism may reflect a condition of
disinhibition, resulting from compromised baseline parasympa-
thetic tone. Reduced fronto-limbic connectivity and poor pre-
frontal tonic inhibitory control over the limbic system (Loveland
et al., 2008) might be one of the reasons for excessive exci-
tation by the sympathetic branch of the ANS in ASD. Appli-
cation of inhibitory rTMS to frontal cortex aimed at reducing
the high cortical excitation/inhibition (E/I) ratio could be an
effective technique for restoring normative fronto-limbic tonic
inhibition, and for improving sympatho-vagal cardiac balance in
autism.

Electrodermal activity
Studies of the ANS in autism have demonstrated several mani-
festations of abnormal sympathetic functions (Ming et al., 2004,
2005, 2011). Skin conductance response (SCR) studies in autistic
children have shown a lack of the normal habituation in the
magnitudes of SCR to the same stimulus over time (Udupa et al.,
2007). Palkovitz and Wiesenfeld (1980) did not find differences
in electrodermal reactivity to auditory stimulation compared
to controls, but reported that the autistic group had a higher
baseline skin conductance level (SCL). In addition, it has been
reported that children with autism have a blunted autonomic
arousal as indexed by SCL and SCR to visual or auditory social
stimuli (Zahn et al., 1987; Hirstein et al., 2001; Ming et al.,
2004, 2005, 2011). Angus (1970) found that children with ASD
displayed more fluctuations in SCL compared to controls. Skin
conductance response studies in autistic children have shown a
lack of the normal SCR habituation to the same stimulus over
time (Toichi and Kamio, 2003). Abnormal autonomic activity
in during rest and during responses to stimulation in ASD was
recently reported also in other studies (Benevides and Lane,

2013; Eilam-Stock et al., 2014). Furthermore, several of our own
pilot studies also support excessive but less differentiated SCR
to affective sounds, visual, and audio-visual stimuli in various
affective stimulation tests (Sokhadze et al., 2012c; Dombroski
et al., 2013) and positive changes following several experimen-
tal treatment approaches (Hensley et al., 2012, 2013; Sokhadze
et al., 2012b; Dombroski et al., 2013). Since SCL is controlled
solely by the sympathetic inputs (Williams et al., 2004; Boucsein,
2012), the above-mentioned effects are indicative of high sym-
pathetic tone and low selectivity of sympathetic responses in
autism.

NEUROMODULATION APPROACHES IN TREATMENT OF AUTISM
Recently there has been considerable interest on the effects of
repetitive transcranial magnetic stimulation (rTMS) on cortical
excitability. Biophysical foundations underlying TMS effects are
reviewed in Wagner et al. (2009), while results of investigation of
connectivity of the cortical structures during TMS using positron
emission tomography (PET) was reported by Paus et al. (1997).
Transcranial magnetic stimulation operates based on Faraday’s
law of electromagnetic induction, which describes the process
by which a changing magnetic field induces the flow of electric
current in a nearby conductor, one preferentially standing at 90%
to the magnetic field. Studies have indicated that low-frequency or
“slow” rTMS (<1 Hz) increases inhibition of stimulated cortex,
whereas high-frequency rTMS (>5 Hz) increases excitability of
stimulated cortex. It has been proposed that the effect of slow
rTMS arises from increases in the activation of inhibitory circuits
(Pascual-Leone et al., 2000). We theorize that contrary to other
inhibitory cells (i.e., basket and chandelier), whose projections
keep no constant anatomical relation to the surface of the cortex,
the geometrically exact orientation of double-bouquet cells and
their location at the periphery of the minicolumn (the so-called
inhibitory surround) makes them an appropriate candidate for
induction by a magnetic field applied tangentially to the cortex.
Over a course of treatment, slow rTMS may selectively depo-
tentiate enhanced synaptic weights associated with pathological
conditions, and, in the case of ASD, may lower the ratio of cortical
excitation to cortical inhibition. Safety of TMS application in
children were reviewed in several reports (Quintana, 2005; Garvey
and Mall, 2008).

Transcranial magnetic stimulation has already shown to be an
effective neuromodulatory tool capable of altering ANS functions.
In a paper by Udupa et al. (2007) researchers compared rTMS
with antidepressant therapy to address the autonomic imbalance
associated with depression. The authors found that rTMS not only
produced antidepressant effects, but also “corrected” the auto-
nomic balance. The researchers used HRV measures as evidence
that rTMS did in fact reduce the sympathetic-to-parasympathetic
ratio thus improving the sympatho-vagal balance. In our previous
studies slow rTMS was shown to improve both evoked EEG
gamma activity and error processing in individuals with ASD.
Baruth et al. (2010a) compared evoked gamma activity in the early
stages of visual processing between individuals with ASD and
neurotypicals using Kanizsa illusory figures in a visual oddball
task. In autistic individuals, evoked gamma activity was not dis-
criminative of stimulus type, whereas control subjects displayed
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early gamma-power differences between target and non-target
stimuli (for a review of gamma activity see Casanova et al.,
2013). Individuals with ASD underwent 12 sessions of rTMS
and repeated the Kanizsa test. Results showed improvement in
discriminatory gamma activity between target and non-target
stimuli, as well as improvement in responses on behavioral ques-
tionnaires. In a study by Sokhadze et al. (2012a) TMS was used to
improve error processing in children with ASD, as measured by
event-related potentials (ERP) associated with response to errors,
such as error-related negativity (ERN). Post-TMS results showed
significant differences in the response-locked ERPs such as ERN,
as well as behavioral response monitoring measures indicative of
improved error monitoring and correction function (Sokhadze
et al., 2012a). In another pilot study we reported minute-by-
minute changes of HR, HRV indices, and SCL during 12 session
of rTMS in children with autism (Hensley et al., 2012, 2013). In
particular, we noted a decrease in the LF component of HRV and
a decrease of SCL during 10 min of rTMS session indicative of
decreased sympathetic activity.

The dorsolateral prefrontal cortex (DLPFC) was selected
as a target for stimulation in our rTMS studies based on
the topographical analysis of minicolumnar morphometry in
cortices varying in cytoarchitectural differentiation: paralimbic,
high-order (heteromodal) association, modality specific
(unimodal) association, and idiotypic areas (Casanova et al.,
2006). Neuroanatomical studies indicated that minicolumnar
abnormalities in autism occur in a gradient that parallels
connectivity; high-order association areas exhibiting salient
abnormalities while idiotypic areas apparently being sparred. In
addition, several of our recent publications have demonstrated
positive behavioral, clinical and electrophysiological functional
outcomes of rTMS when stimulating the DLPFC in children with
autism (Sokhadze et al., 2009a,b, 2010a,b, 2012a; Baruth et al.,
2010a,b, 2011; Casanova et al., 2012).

It is doubtful whether a pervasive neurodevelopmental dis-
order such as ASD could be explained in terms of pathology
within a single brain area, i.e., DLPC. However, “normalizing”
an area like the DLPFC whose physiology depends on distributed
networks may provide beneficial cascading effects at secondary
sites (Walsh and Pascual-Leone, 2003). Due to the anatomical and
functional connectivity of the DLPC, we expected the TMS-based
intervention not to be limited to the site of magnetic stimulation
but rather to generalize to other cortical and subcortical areas.
In effect results of our pilot studies (Sokhadze et al., 2009a,b,
2010a, 2012a) have shown changes of ERP and induced elec-
troencephalographic (EEG) gamma oscillations not only in the
frontal lobe but also in distal cortical areas (parietal, parieto-
occipital, etc.). Effects of rTMS over DLPFC are possibly extended
to paralimbic and limbic structures as well and may manifest
themselves in ANS activity changes.

We hypothesized that rTMS stimulation applied bilaterally to
the DLPFC would improve autonomic measures, more specifi-
cally, it was predicted that it would lower sympathetic arousal
and normalize autonomic balance. Heart rate variability and SCL
measurements were used to track changes in autonomic balance
caused by rTMS. We chose to use HRV and SCL as indicators
of the effectiveness of rTMS treatment because they are largely

controlled by the ANS. The first measure, HRV, allowed us to
observe differences in cardiac autonomic control, while the sec-
ond measure, SCL, is controlled solely by sympathetic inputs and
is therefore an excellent indicator of sympathetic nervous system
activity. The expected outcomes were an increase in average R-
R intervals in ECG, an increase in standard deviation of R-R
intervals, an increase in the HF component of HRV, a decrease in
the LF component of HRV, a decrease in the LF/HF ratio, increase
in pNN50, as well as a decrease of SCL. We also predicted that
the proposed intervention would provide for improvements in
irritability, hyperactivity and repetitive behavior rating scales on
the Aberrant Behavior Checklist (ABC; Aman and Singh, 1994)
and Repetitive Behavior Scale (RBS; Bodfish et al., 1999). This is a
proof of concept study aimed at defining the putative existence of
positive effects as well as the effect size of our TMS intervention
in a population of ASD individuals. It is hoped that the study will
establish the potential to pursue future trials of adequate sample
size using a sham control population. In this regard the present
study does not constitute a clinical trial.

METHODS
SUBJECTS
In this study, we investigated the activity of the ANS during rTMS
treatment in 18 children with ASD (14 boys and 4 girls, mean
age 13.1 years, SD = 2.2). Participants with ASD were recruited
through the University of Louisville Weisskopf Child Evaluation
Center (WCEC). Diagnosis was made according to the DSM-IV-
TR and further ascertained with the Autism Diagnostic Interview-
Revised (ADI-R; Le Couteur et al., 2003) by Dr. Sears, who
also did pre- and post-TMS clinical evaluations. All participants
were high-functioning children with ASD and with full-scale IQs
>80 assessed using the Wechsler Intelligence Scale for Children,
Fourth Edition (WISC-IV; Wechsler, 2004). Participating subjects
and their parents (or legal guardians) were provided with all
information regarding the study, and the consent and assent
forms approved by the IRB were reviewed and signed. Sixteen
ASD subjects out of 18 enrolled in the study completed all 18
sessions of rTMS. Two subjects (both boys) completed only 14
sessions and dropped out of study due to family circumstances.
Therefore, our retention rate in the study was 88.8%. Two subjects
(one boy, one girl) were excluded from data analysis because they
were active junior track-and-field athletes (long distance runners)
and their cardiac activity was affected by the changes in their
intense physical exercise regimen.

The study complied with all relevant national regulations
and institutional policies and has been approved by the local
Institutional Review Board (IRB). Participating subjects and their
parents (or legal guardians) were provided with full information
about the study including the purpose, requirements, responsi-
bilities, reimbursement, risks, benefits, alternatives, and role of
the local IRB. The consent and assent forms approved by the
IRB were reviewed and explained to all subjects who expressed
interest to participate. All questions were answered before consent
signature was requested. If the individual agreed to participate,
both she/he and parent/guardian signed and dated the consent or
assent form and received a copy countersigned by the investigator
who obtained consent.
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LOW FREQUENCY REPETITIVE TMS PROCEDURE
A trained electrophysiologist delivered rTMS using a Magstim
Rapid 220 system (Magstim Co, Whitland, UK). Patients were
seated in a leather chair and fitted with a swimming head cap.
Motor threshold (MT) was determined in the following man-
ner: mild supra-threshold stimulations was administered over
the left motor cortex to determine the optimal area for stim-
ulation of the abductor pollicis brevis (APB) muscle. The out-
put of the machine was increased by 7% each time until the
least amount of machine power that induces a 50 µV deflec-
tion or a visible twitch is identified in four out of five trials
over the cortical area controlling the contralateral APB. Surface
electrodes were attached over the APB and first dorsal interossi
(FDI) areas. Electromyographic (EMG) responses (motor evoked
potentials) were recorded using the C2 J&J Engineering Inc.
(Poulsbo, WA) physiological data acquisition system interfaced
with Magstim TMS device. Similar procedure was applied to
determine MT for the right hemisphere. The TMS treatment
course was administered once per week for 18 weeks over the
DLPFC (six over the left, six over right, and six equally over
the both left and right hemispheres). The site for stimulation
was placed 5 cm anterior to, and in a parasagital plane to the
site of maximal APB stimulation. The figure-eight coil, with
a 70-mm wing diameter was kept flat over the scalp. Stim-
ulation was performed at 0.5 Hz and 90% of resting MT,
with a total of 160 pulses/per day (session had 8 trains by 20
pulses, with a 20-s interval between the trains, for additional
procedure detail see Casanova et al., 2012; Sokhadze et al.,
2012a).

AUTONOMIC MONITORING PROCEDURE
Physiological monitoring
For 3–5 min before rTMS, during ∼10–12 min rTMS session,
and immediately after the completion of the TMS for another
3–5 min the subjects had their physiological activity monitored
and recorded. Therefore, all autonomic measures were recorded
during each rTMS session in every participant for several minutes
preceding TMS administration, then during TMS procedure, and
also for several minutes after TMS session. For data analysis in this
particular study were included only data during administration
of TMS. We used approximately 10 min long period to calculate
HRV variability measures (RR intervals, SDRR, LF and HF of
HRV) derived from an artifact free ECG recording and mean
SCL. In our other pilot studies (Hensley et al., 2012, 2013)
in addition to analysis of mean values of autonomic measures
it was analyzed as well minute-by-minute values of HR and
SCL.

The monitoring of ANS activity was conducted using
C2 J&J Engineering Inc. (Poulsbo, WA) device with spe-
cialist USE-3 software application. The procedure of auto-
nomic monitoring includes presentation of HRV measures in
a form of cascading HRV spectrum, individual HRV com-
ponents and SCL (both tonic and phasic changes) with
visual and auditory feedback for experimenter. All phys-
iological measures were analyzed both on- and off-line.
Schematic presentation of the procedure is depicted at the
Figure 1.

FIGURE 1 | Procedure of physiological monitoring during rTMS
session. In the statistical analysis we used only autonomic data recorded
during rTMS (approximately 10 min).

Measurement of the ANS dependent variables
Electrocardiogram, electromyogram (EMG), pneumogram
(PNG), and EDA were acquired (1024 Hz sampling rate
for EMG and ECG, 128 Hz for PNG and EDA) by a C-2
J&J Engineering Inc. physiological monitoring system with
USE-3 software (Physiodata, Poulsbo, WA). Three Ag/AgCl
electrodes (El-503, Biopac Systems, Inc., CA) were attached
for measurement of Lead II ECG, 3 Ag/AgCl electrodes
(EL-501 from Biopac) for EMG recording from the right
hand, and PNG was recorded with a strain gauge transducer.
Electrodermal activity was recorded by Ag/AgCl electrodes
(EL-507 by Biopac with Unibase isotonic gel) attached to
the distal phalanx of index and middle fingers to measure
SCL.

Cardiovascular activity. Average R-R intervals in ECG (R-R),
standard deviation of all normal R-R (NN) intervals (SDNN),
Square root of the mean of the squares of successive NN interval
differences (or the average change in interval between beats)—
RMSSD, the percentage of intervals >50 ms different from pre-
ceding interval (pNN50); frequency domain HRV measures such
as power of HF, LF, very low frequency (VLF) components,
and the ratio of the LF over the HF (LF/HF ratio is used as
an indirect autonomic balance index) of HRV are calculated
as time domain and frequency domain cardiac activity mea-
sures (Kleiger et al., 2005). Artifact-corrected at least 5 min
long recording epochs were analyzed with Fast Fourier Trans-
formation (FFT) to assess HRV. Integrals of the spectrum in
0.04–0.15 Hz (LF of HRV) and 0.15–0.40 Hz (HF of HRV)
bands were measured (in ms2). All HRV data was analyzed
off-line using Kubios HRV software v. 2.0 (University of Kuo-
pio, Finland). Heart rate variability interpretation was follow-
ing concepts: (1) The HF component of HRV is often referred
to as RSA and is assumed to be the non-invasive index of
parasympathetic influences on the heart (Berntson et al., 1997;
Sohn et al., 2001); (2) the LF component of HRV has been
linked to sympathetic nervous system activity and sympatho-
vagal balance by numerous studies (Pagani et al., 1986; Malliani
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et al., 1994). Other studies have shown that the LF variability
is rather a reflection of both sympathetic and vagal influences
related to baroreflex mechanisms (Berntson et al., 1997). It is
thought that changes in blood pressure amplitude may cause a
vagally-mediated baroreflex responses as well as changes in LF
variability.

Respiratory activity. Respiration rate on per minute basis and
peak respiration frequency were calculated. These measures were
used to control HF peak in HRV related to respiratory frequencies
in HRV and were not used as dependent measures.

Electrodermal activity. Skin conductance level (in µS) and
amplitude of the SCR, defined as fluctuation with more than
0.02 µS increment (Boucsein, 2012), NS.SCR—number of non-
specific SCR (per min) were calculated, but only SCL was used
as dependent variable in this study. The main reason of excluding
NS.SCR measure from analysis was related to the consideration
that some of the SCR might reflect auditory stimulation response
to clicks produced by the TMS coil and could be considered as
non-specific SCRs.

BEHAVIORAL OUTCOMES
For the evaluation of social and behavioral functioning we
utilized caregiver reports and clinician ratings of improve-
ment. Every participant was evaluated before TMS course
and within 2 weeks following TMS treatment. Aberrant
Behavior Checklist (Aman and Singh, 1994; Aman, 2004)
is a clinician administered rating scale to assess Irritabil-
ity, Lethargy/Social Withdrawal, Stereotypy, Hyperactivity, and
Inappropriate Speech based on parent/caregiver report. Social
Responsiveness Scale (SRS).Repetitive Behavior Scale-Revised
(RBS-R, Bodfish et al., 1999) is a caregiver completed rat-
ing scale assessing stereotyped, self-injurious, compulsive,
ritualistic, sameness, and restricted range (Bodfish et al.,
1999).

STATISTICAL ANALYSIS
The primary statistical analyses included linear regression
estimation of each autonomic dependent variable over 18 sessions
of rTMS course, paired sample t-test of mean values of dependent
ANS variables at the first and last session of the rTMS course,
and paired sample t-test of pre-TMS and post-TMS behavioral
measures. For each dependent autonomic variable analyzed using
t-test, normality of distribution was analyzed to ensure appropri-
ateness for the test, and 95% confidence intervals (95% CI) were
included in outcome.

RESULTS
AUTONOMIC ACTIVITY MEASURES
Time-domain measures of HRV (R-R intervals, SDNN, RMSSD,
pNN50)
Cardiointervals in ECG (R-R intervals) showed a statistically
significant linear regression over 18 sessions of rTMS (R = 0.661,
R2 = 0.437, y = 2.69x + 684.5 ms, t = 3.52, p = 0.003, observed
power = 0.868 at α = 0.05, Figure 2A). T-test showed that
R-R intervals increased statistically from the first to the last

rTMS session (from 684.7 ± 90.9 ms to 723.8 ± 96.5 ms, mean
increase being 39.08 ± 53.6 ms, 95% CI from 70.04 to 8.13 ms,
t(13) = 2.72, p = 0.017). Standard Deviations of R-R intervals
showed statistically significant linear increase over 18 sessions of
rTMS (R = 0.645, R2 = 0.417, y = 2.09x + 52.2 ms, t = 3.38,
p = 0.004, observed power = 0.844 at α = 0.05, Figure 2B) and
t-test showed that SDNN increased statistically from the first
to the last rTMS session (from 60.6 ± 20.4 ms to 99.7 ± 74.7
ms, mean increase being 39.09 ± 66.7 ms, 95% CI from 77.6 to
0.53 ms, t(13) = 2.19, p = 0.047). Increase of the RMSSD was
only marginally linear (R = 0.473, R2 = 0.224, y = 1.48x + 52.8,
t = 2.15, p = 0.047, observed power = 0.512 at α = 0.05, i.e., below
the desired power of 0.800). Changes in pNN50 both across 18
sessions and between the first and last session of rTMS did not
reach significance level (both>0.05).

Frequency-domain measures of HRV (LF and HF of HRV, LF/HF ratio
index)
Power of HF component of HRV showed a strong statistically
significant linear increase (R = 0.788, R2 = 0.621, y = 68.6x + 671.9
ms2, t(18) = 5.12, p < 0.001, observed power = 0.985 at α = 0.05
Figure 3A), t-test did show statistical increase (by 1249 ± 1556
ms2, 95% CI from 2147 to 350 ms, t(13) = 3.00, p = 0.01). The
Power of LF component of HRV showed a tendency towards
linear regression but was not statistically significant (R = 0.247,
y = −15.23x + 1775.4 ms2, t = −1.02, p = 0.323, observed power
= 0.163 at α = 0.05, not significant, well below the desired power
of 0.800. Figure 4A), t-test also did not show statistical difference
(p > 0.05). The LF/HF ratio index (linear regression shown
at Figure 3B) did show statistically significant linear decrease,
R = 0.691, R2 = 0.478 y = −0.28x + 1.619, t = −3.83, observed
power = 0.913 at α = 0.05) and also decreased significantly from
the first to last rTMS session (by 0.48 ± 0.81, 95% CI from 7.64
to 2.89, t(13) = 2.23, p = 0.044).

Skin conductance level
Skin conductance level showed statistically significant liner
regression over 18 sessions of rTMS (R = 0.681, R2 = 0.464,
y = −17x + 8.65, t = −3.71, p > 0.002, observed power = 0.948
at α = 0.05, Figure 4B), and t-test yielded statistically significant
decrease from the first to the last rTMS session (from 10.22 ± 4.53
to 5.84 ± 3.41 µS, mean decrease −4.37 ± 5.65 µS, t(13) = 2.89,
p = 0.013).

BEHAVIORAL EVALUATIONS POST- TMS
The ABC and RBS behavioral checklists showed significant
improvements in several areas. We found a significant decrease
in stereotype repetitive and restricted behavior patterns follow-
ing 18 sessions of bilateral rTMS as measured by the RBS-
R (Bodfish et al., 1999) when analyzed using a paired sample
Student’s t-test. Total RBS-R score decreased from 25.4 ± 14.0
to 19.8 ± 10.9, with the mean decrease being −5.44 ± 6.49,
t(13) = 3.55, p = 0.002. Changes in individual subscale rating
scores are shown in Figure 5, where Stereotypic Behavior Subscale
shows significant decrease (from 5.94 ± 4.30 to 4.76 ± 3.84,
mean change −1.17 ± 1.59, t(13) = 3.05, p = 0.008) and Rit-
ualistic/Sameness Behavior Subscale scores show a significant
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FIGURE 2 | (A) Scattergram of linear regression of R-R intervals in
ECG across 18 sessions of rTMS in 14 children with ASD. The mean
values of R-R intervals show linear increase over the rTMS course.

(B) Scattergram of linear regression of standard deviations of R-R
intervals (SDNN) across 18 sessions of rTMS course shows linear
increase.

FIGURE 3 | (A) Scattergram of linear regression of HF component of
HRV across 18 sessions of rTMS in 14 children with ASD. The mean
values of HF component of HRV show linear increase over the rTMS

course. (B) Scattergram of linear regression of LF/HF ratio (cardiac
autonomic balance index) across 18 sessions of rTMS course shows
linear decrease.

decrease (−1.35 ± 2.02, t(13) = 2.52, p = 0.022). We also found
a significant reduction in Irritability subscale as measured by
the ABC (from 10.53 ± 6.86 to 7.95 ± 5.56, mean change
−2.57 ± 5.17, t(13) = 2.17, p = 0.044). Lethargy subscale of the
ABC showed a similar score reduction (−2.55 ± 4.32, t(13) = 2.50,
p = 0.023) while Hyperactivity showed an even greater reduction
(from 13.53 ± 10.91 to 10.37 ± 9.36, −3.15 ± 6.08, t(13) = 2.27,
p = 0.035). Changes of individual subscale rating scores are
depicted at the Figure 6.

OVERVIEW OF RESULTS
Results of the HRV analysis show several measures with
significant differences between pre- and post-TMS therapy.

Table 1 below shows the t-test results for RR interval, SDNN,
HF component of HRV, LF/HF ratio, and SCL. Table 1
shows that there was a significant increase in the R-R inter-
val from pre- to post-TMS treatment. This result can also
be interpreted as a decrease in HR since the R-R inter-
val is the time between successive heartbeats. The t-test
also reveals significant increases in SDNN and HF power,
as well as significant decreases in the LF/HF ratio and
SCL.

Regression analysis was completed to observe trends
during the entire 18 session TMS course. Table 2 shows the
results of regression analysis. Regression analysis shows that
the trend in each measure was significant for all analyzed,
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FIGURE 4 | (A) Scattergram of linear regression of LF component of HRV
across 18 sessions of rTMS in 14 children with ASD. The mean values of LF
show tendency to decrease over the rTMS course but the trend was not

reaching significance level. (B) Scattergram of linear regression of skin
conductance level (SCL) across 18 sessions of rTMS course shows significant
linear decrease.

FIGURE 5 | Changes of Repetitive Behavior Scale (RBS-R) scores
post-TMS as compared to baseline levels in children with ASD (N =
14). Stereotype Behavior, Ritualistic Behavior and Total RBS scores
decreased significantly.

expect for LF power. Although there was a negative trend
for LF power observed over the 18 sessions of TMS, it
did not reach significance. NN50 (count of R-R intervals
differing by >50 ms from the preceding interval) does
show a significant positive trend; however, because the
length of each physiological recording session was not
uniform, regression analysis results of NN50 are not a
reliable reflection of this measure. pNN50, the percent
of RR intervals differing by >50 ms from the preceding
interval, did not show a significant positive trend. Figures 2–
4 show the regression analysis for individual measures.
Behavioral questionnaires also demonstrated significant
improvements both for the ABC and RBS rating scales
(Figures 5, 6).

FIGURE 6 | Changes of Aberrant Behavior Checklist (ABC) scores
post-TMS as compared to baseline levels in children with ASD
(N = 14). Irritability, Lethargy, and Hyperactivity rating scores decreased
significantly post-TMS.

DISCUSSION
All novel studies involving neuromodulation techniques in
children should proceed with caution. Transcranial magnetic
stimulation is a non-invasive intervention, which could be a
potential strategy for early intervention for autism; however,
the dose, duration, and type of rTMS stimulation for such
intervention in children as well as effects on vital functions
need to be carefully investigated and documented. This need
requires proof of concept studies when testing the feasibility
of using rTMS in order to modulate autonomic activity in
ASD.
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Table 1 | Regression equations and statistics of linear regression of autonomic dependent variables over the 18 session long rTMS course in 14
children with ASD.

Measure Units t p-value R R2 Regression equation Power at α = 0.05

RR ms 3.52 0.003 0.661 0.437 y = 2.696x + 684.57 0.868
SDNN ms 3.38 0.004 0.645 0.417 y = 2.098x + 52.28 0.844
RMSSD ms2 2.15 0.047 0.473 0.224 y = 1.480x + 52.80 0.512
LF power ms2

−1.02 0.323 0.247 0.061 y = −15.23x + 1775.4 0.163
HF power ms2 5.12 <0.001 0.788 0.621 y = 68.65x + 671.9 0.985
LF/HF ratio N/A −3.83 0.001 0.691 0.478 y = −0.028x + 1.619 0.913
SCL µS −3.71 0.002 0.681 0.464 y = −0.17x + 8.65 0.948

Table 2 | Changes of dependent variables of autonomic activity from
the first to the last session of rTMS treatment course in 14 children
with ASD.

Pairs Paired differences

Units Mean Std. 95% CI t df p-
Dev. value

Lower Upper

RR post-pre ms 39.08 53.61 70.04 8.13 2.73 13 0.017
SDRR post-pre ms 39.09 66.78 77.65 0.54 2.19 13 0.047
HF post-pre ms2 1249.3 1556.1 2147.8 350.8 3.00 13 0.010
LF/HF post-pre N/A −0.48 0.81 −0.01 −0.95 −2.23 13 0.044
SCL post-pre µS −4.37 5.65 −1.11 −7.64 −2.89 13 0.013

Results of our study indicate that HRV and EDA are nonin-
vasive and effective ways of gathering information about ANS
functioning during rTMS therapy in autism. Accelerated HR in
association with lower HRV indexed by high LF/HF ratio and
low SDNN along with high electrodermal activity (SCL) found
in children with ASD at the pre-treatment stage are indicators
of excessive sympathetic and reduced parasympathetic activation
in ASD resulting in limited psychophysiological flexibility and
behavioral rigidity. We investigated changes in autonomic activity
during 18 rTMS sessions in the same children with ASD. Our
hypothesis was that children with ASD would show improved
HRV measures (decreased overall HR indexed by longer R-R
intervals, increased STDRR, higher pNN50 index, increased HF
power, decreased LF power, decreased LF/HF ratio, increased
pNN50) and lower SCL measures. Our results showed that,
except for a reduction in LF power and pNN50, all depen-
dent HRV variables changed in the predicted way, as indexed
by statistically significant liner regression coefficients over TMS
sessions and statistically significant pre- vs. post-TMS changes
(first vs. last TMS session). The LF power decrease showed
a trend towards decrease but it did not reach significance
level.

Time-domain HRV results showed that the most significant
changes from TMS treatment were an increase in R-R cardioin-
terval length and a higher standard deviation of R-R intervals.
Frequency-domain HRV results showed increase of HF power
in HRV, and decreased LF/HF ratio. Electrodermal activity also
showed a decrease in the form of lower tonic SCL. The increased
standard deviation in cardiointervals along with higher power of
HF of HRV and decreased LF/HF ratio are promising because this

suggests more prominent parasympathetic activity and more flex-
ibility in HR overall. Significant change was also observed in mean
R-R interval lengths, which means a lower HR. Outcomes within
the frequency-domain of HRV showed increased HF component
of HRV, which is also of importance as it suggests enhancement
of the parasympathetic tone. As we did not observe a statistical
change in the LF component, it can be inferred that restoration
of autonomic balance was achieved mainly through an increased
HF component of HRV, which correlates to parasympathetic
(vagus) cardiac neural control. However, while the change in the
LF component was not significant, we did observe a decrease in
SCL over the 18 sessions. This result suggests a withdrawal of
sympathetic tone as SCL is controlled by sympathetic inputs. It
should be noted that cardiac sympathetic influences are predomi-
nantly mediated through beta-adrenergic drives, while peripheral
sympathetic control of sweat glands is exerted through alpha-
adrenergic drives.

The question remains as to how does prefrontal rTMS affect
autonomic functions? Only a few papers have looked at the
effects of rTMS on the autonomic system, despite the fact that
many frontal cortical areas are directly implicated in ANS control
(Filippi et al., 2000; Czéh et al., 2002). It has been reported (Ben-
Shachar et al., 1997) that there might be neurohumoral changes
after treatment with rTMS. A hypothesis was also proposed
suggesting that anxiolytic effects of rTMS may act through nor-
malization of the hypothalamic-pituitary-adrenocortical (HPA)
axis (Holsboer, 2000). Chronic rTMS-induced changes in stress-
related corticotropin and corticosterone levels have been found in
animal models (Keck et al., 2000; Hedges et al., 2002) providing
support for the suggestion that rTMS, directed at the prefrontal
lobe, may attenuate the activity of the HPA system.

Low frequency rTMS can influence autonomic balance when
using HRV (Yoshida et al., 2001). Udupa et al. (2007) reported
that HRV measures indicated that rTMS produced a signifi-
cant reduction in the cardiac sympathetic/vagal ratio, suggest-
ing improvements in the sympatho-vagal cardiac balance. Lower
post-TMS sympathetic activity was reported in one additional
study (Jenkins et al., 2002). It is possible that rTMS effects
are mediated through fronto-limbic connections. The limbic
system is a complex network of structures central to anxi-
ety and mood regulation (Mayberg, 2003; Seminowicz et al.,
2004). Originally rTMS was investigated as a potential antide-
pressant therapeutic device under the assumption that magnetic
stimulation of the prefrontal cortex (PFC) would engage the
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connected limbic regions involved in mood and anxiety regu-
lation (George et al., 1999). The hypothesis is consistent with
the PFC rTMS modulating the function of fronto-limbic cir-
cuits.

Another important question is how TMS affects cortical E/I
balance. Several studies have outlined a disruption in the ratio
between cortical excitation and inhibition in ASD (Casanova
et al., 2002; Rubenstein and Merzenich, 2003; Casanova, 2006;
Yizhar et al., 2011). One possible explanation for an increase
in cortical excitation to inhibition in ASD is the recent finding
of abnormalities in cortical minicolumns (Casanova et al., 2002;
Casanova, 2005). Double-bouquet cells in the peripheral neuropil
space of minicolumns impose a strong vertically directed stream
of inhibition (Mountcastle, 2003) surrounding the minicolum-
nar core. In ASD our preliminary studies indicate that cortical
minicolumns are reduced in size and increased in number, espe-
cially within the prefrontal cortex (Casanova et al., 2002, 2006;
Casanova, 2005, 2006). Disturbances in the ratio of cortical exci-
tation to inhibition may lead to an increase in cortical “noise” that
may influence functional cortical connectivity and may hinder the
“binding” of associated cortical areas. It has been proposed that
the effect of “slow” rTMS arises from increases in the activation of
inhibitory circuits. We theorize that contrary to other inhibitory
cells (i.e., basket and chandelier), whose projections keep no
constant relation to the surface of the cortex, the geometrically
exact orientation of double-bouquet cells and their location at the
periphery of the minicolumn makes them an appropriate candi-
date for induction by a magnetic field applied parallel to cortex.
Over a course of treatment rTMS may selectively lower the ratio
of cortical excitation to cortical inhibition. Low frequency rTMS
over DLPFC may therefore lead to improvement in frontal func-
tions, including fronto-limbic function. We have already reported
positive effects of rTMS in autism as expressed in improved ERP
and evoked and induced gamma frequency oscillations during
performance on visual oddball task (Sokhadze et al., 2009a,b,
2010a,b, 2012a; Baruth et al., 2010a,b; Casanova et al., 2012). The
main finding was improved target discrimination and attenuated
responses to non-target items, indicative of better differentiation
of targets vs. non-targets and improved early stage filtering of
task-irrelevant stimuli.

By convention, rTMS in 0.3–1 Hz frequency range is referred
to as “slow,” whereas “fast” rTMS refers to stimulation greater
than 5 Hz. Hoffman and Cavus (2002) in their review of slow
rTMS studies proposed long-term depression and long-term
depotentiation as models for understanding the mechanism of
slow rTMS. Neocortical long-term depression and changes in
the cortical excitability induced by slow rTMS appear to accu-
mulate in an additive fashion as the number of stimulations is
increased over many days. Studies of both slow rTMS and long-
term depression suggest additive efficacy when higher numbers
of spaced, daily stimulations are administered. The reversal, or
depotentiation, of previously enhanced synaptic transmission due
to long-term potentiation may be the most relevant model for
slow rTMS when used as a therapeutic tool. Our study used rela-
tively high number of slow rTMS sessions (18 sessions on weekly
rate). The mechanism of low-frequency TMS involves increasing
inhibition of the stimulated cortex. For this study the stimulated

region was the DLPFC, which is linked to the tonic inhibitory
control of the ANS activity. The findings of our study indicate
that TMS applied to the DLPFC was successful in the positive
modulation of the autonomic balance in ASD through activation
of the parasympathetic tone and withdrawal of sympathetic tone.

Some potential implications of TMS based neuromodula-
tion could be considered in the context of other stimulation
approaches and comorbidities proper to ASD. Excessive sympa-
thetic arousal is often associated with anxiety. For children with
ASD, especially during adolescence, anxiety is one of the most
common presenting problems in clinical settings. Several research
groups have reported that over 55% of sampled children with
ASD meet criteria for at least one anxiety disorder (de Bruin
et al., 2007; McPheeters et al., 2011). Anxiety disorder, as in
social phobia, may be related to reduced functional connectivity
between the frontal lobes and the limbic system (Hahn et al.,
2011). Development of new neuromodulation methods aimed at
regulating the effect of the frontal lobe on autonomic functions
may thus provide a potential therapeutic intervention in ASD.
Some potential implications of TMS based neuromodulation in
autism could be considered also in the context of other stimu-
lation approaches, for instance Vagal Nerve Stimulation (VNS)
applications in ASD (Levy et al., 2010). Future studies of adequate
sample size and sham controls are needed to explore the use of
rTMS as a novel treatment for improving autonomic balance in
ASD.
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Objectives: The objective of this post-hoc exploratory analysis was to examine the
relationship between age and measures of cortical excitability and inhibition.

Methods: Forty-six participants (24 with major depressive disorder and 22 healthy
controls) completed MT, SICI, ICF, and CSP testing in a cross-sectional protocol. Of these
46 participants, 33 completed LICI testing. Multiple linear robust regression and Spearman
partial correlation coefficient were used to examine the relationship between age and the
TMS measures.

Results: In the overall sample of 46 participants, age had a significant negative relationship
with motor threshold (MT) in both the right (rs = −0.49, adjusted p = 0.007; β = −0.08,
adjusted p = 0.001) and left (rs = −0.42, adjusted p = 0.029; β = −0.05, adjusted
p = 0.004) hemispheres. This significant negative relationship of age with MT was also
observed in the sample of depressed youth in both the right (rs = −0.70, adjusted
p = 0.002; β = −0.09, adjusted p = 0.001) and left (rs = −0.54, adjusted p = 0.034;
β = −0.05, adjusted p = 0.017) hemispheres, but not in healthy controls. In the sample of
the 33 participants who completed LICI testing, age had a significant negative relationship
with LICI (200 ms interval) in both the right (rs = −0.48, adjusted p = 0.05; β = −0.24,
adjusted p = 0.007) and left (rs = −0.64, adjusted p = 0.002; β = −0.23, adjusted
p = 0.001) hemispheres. This negative relationship between age and LICI (200 ms interval)
was also observed in depressed youth in both the right (rs = −0.76, adjusted p = 0.034;
β = −0.35, adjusted p = 0.004) and left (rs = −0.92, adjusted p = 0.002; β = −0.25,
adjusted p = 0.001) hemispheres.

Conclusion: These findings suggest that younger children have higher MTs. This is more
pronounced in depressed youth than healthy controls. LICI inhibition may also increase
with age in youth.

Keywords: adolescents, depression, neurodevelopment, CSP, ICF, SICI, LICI, TMS

INTRODUCTION
Transcranial magnetic stimulation (TMS) measures of cortical
excitability and inhibition have shown initial promise as biomark-
ers and for the study of neurophysiology in youth with attention
deficit hyperactivity disorder (Gilbert et al., 2011), neurodevelop-
mental disorders (Garvey et al., 2001, 2003; Garvey and Gilbert,
2004; Enticott et al., 2013; Oberman et al., 2013) and mood disor-
ders (Croarkin et al., 2013, 2014). These TMS paradigms involve
quantifying the effects of brief TMS pulses on the motor cortex
through the measurement of a motor evoked potential (MEP)
with surface electromyography (EMG) applied to hand muscles
such as the abductor pollicis brevis (APB) (Levin et al., 2014). The
amplitude of a MEP reflects the excitatory/inhibitory balance of
cortical pyramidal cells. Based on prior work, these measures have

good reliability and validity (Farzan et al., 2010). Notably, many
of these measures are indirect indices gamma-aminobutyric acid
(GABA) and glutamate receptor mediated neurotransmission
(Radhu et al., 2013).

Two measures of cortical excitability are the motor thresh-
old (MT) which is a single pulse TMS measure and intracor-
tical facilitation (ICF) which is a paired-pulse TMS measure.
Prior human pharmacologic studies indicate that the MT is
at least partially dependent on voltage-gated sodium channels
while ICF is an indirect measure of glutamatergic N-methyl-D-
aspartate (NMDA) mediated neurotransmission (Ziemann et al.,
1996a,b, 1998). The MT is operationally defined as the stimu-
lus intensity which produces a reliable MEP with a stimulation
intensity of at least 50 microvolts in 5 out of 10 trials. During
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ICF measures, a subthreshold condition stimulation (set to 80%
of resting MT) precedes a suprathreshold test stimulation with
interstimulus intervals of 10–20 ms. The conditioned MEP is
compared to the MEP produced by a suprathreshold test stim-
ulus to examine the degree of change in amplitude. Higher ratios
reflect increased cortical facilitation. Measures of cortical inhibi-
tion include short-interval intracortical inhibition (SICI) (Kujirai
et al., 1993), long-interval cortical inhibition (LICI) (Daskalakis
et al., 2008; Farzan et al., 2010), and the cortical silent period
(CSP) (Garvey and Mall, 2008). Prior research suggests that SICI
is a measure of GABAA receptor mediated neurotransmission
(Kujirai et al., 1993; Paulus et al., 2008), while LICI and CSP
index GABAB receptor mediated neurotransmission (Connors
et al., 1988; Kujirai et al., 1993; McDonnell et al., 2006). For
SICI measures, a subthreshold conditioning stimulation (set to
80% of resting MT) precedes a suprathreshold test stimulation
with interstimulus intervals of 1–5 ms. The conditioned MEP is
compared to the MEP produced by a suprathreshold test stim-
ulus to examine the degree of change in amplitude. Lower SICI
ratios reflect increased cortical inhibition. During LICI mea-
surements, suprathreshold conditioning and suprathreshold test
stimulations are applied to the motor cortex with 50–200 ms
interstimulus intervals (Kujirai et al., 1993; Garvey and Mall,
2008). The conditioned MEP is compared to the MEP produced
by a suprathreshold test stimulus to examine the degree of change
in amplitude. Lower LICI ratios reflect increased cortical inhibi-
tion. During CSP testing the participant contracts the muscle of
interest submaximally while a suprathreshold, single-pulse stim-
ulation is administered to the motor cortex. The resultant period
of EMG silence corresponds to the amount of cortical inhibi-
tion (Farzan et al., 2013). Contralateral silent period measures
are typically collected in psychiatric research, although it is pos-
sible to collect ipsilateral silent period data as well (Garvey and
Gilbert, 2004). Both CSP measures reflect the function of cortical
inhibitory interneurons and the corpus callosum (Müller et al.,
1997; Garvey et al., 2003).

These neurophysiologic indices have potential for classify-
ing psychiatric illnesses and guiding pharmacologic treatments
(Ziemann, 2004; Paulus et al., 2008). Research regarding the
developmental courses of cortical excitability and inhibition mea-
sures in adulthood is emerging (McGinley et al., 2010; Fling and
Seidler, 2012; Heise et al., 2013; Levin et al., 2014; Liguz-Lecznar
et al., 2014), but remarkably little is known about the early trajec-
tory of each measure in health and disease (Moll et al., 1999; Mall
et al., 2004; Garvey, 2008). Although there is a paucity of research,
it is generally accepted that MT measures are higher in children
than in adults (Garvey and Gilbert, 2004; Garvey, 2008). At some
point in adolescence, MT values fall to adult levels (Garvey and
Gilbert, 2004). Some TMS studies suggest that the CSP dura-
tions increase with age while other studies others do not (Moll
et al., 1999; Garvey et al., 2003). Research regarding early age-
related differences in SICI and ICF is also inconclusive (Moll et al.,
1999; Garvey et al., 2003; Mall et al., 2004; Gilbert et al., 2011).
Further, there are few published reports examining LICI measures
in children and adolescents (Croarkin et al., 2014). An enhanced
understanding of developmental changes in these neurophysio-
logic measures would have great utility. This knowledge would

advance understanding of neurodevelopment, the ontogeny of
GABA and glutamate neurotransmission, and inform neurophys-
iologic study protocols (Paulus et al., 2008; Radhu et al., 2013).
The aim of this exploratory study was to examine the current
suppositions regarding developmental changes in motor cortex
excitability and inhibition in early life. In particular, we exam-
ined the association of age with cortical inhibition (SICI, LICI,
and CSP) and excitability (MT, ICF).

METHODS
STUDY DESIGN AND OVERVIEW
This was a cross-sectional study of depressed youth and healthy
controls. All participants had a clinical evaluation and TMS test-
ing. Cortical inhibition (SICI, CSP) and excitability (MT and
ICF) were collected during a single session. A subgroup of this
cohort completed LICI testing during the same testing session.
Study design details have been previously published (Croarkin
et al., 2013, 2014). All study procedures were approved by the
local institutional review board prior to the enrollment of sub-
jects. Below is a brief description of relevant design aspects of this
study.

STUDY PARTICIPANTS
This study involved the 46 male and female, children and ado-
lescents, aged 9–17 years from our parent study (Croarkin et al.,
2013, 2014). In particular, 24 participants had major depres-
sive disorder (MDD) and 22 participants were healthy controls.
Of the 46 youth in our parent study (Croarkin et al., 2013,
2014), 33 of these participants (14 with MDD and 19 healthy
controls) completed the LICI testing protocol. This sample was
recruited from a pediatric mood disorders clinic and local adver-
tising. After obtaining written assent from youth and informed
consent from legal guardians, participants, and families were
evaluated by a board-certified child and adolescent psychia-
trist (P.E.C.). This included a clinical history, psychiatric history,
medical history, mental status exam, neurological exam, phys-
ical exam, urine pregnancy test for females who had reached
menarche, and a semi-structured interview with Schedule for
Affective Disorders and Schizophrenia, Present and Lifetime
Version (K-SADS-PL) (Kaufman et al., 1997). Depression severity
was assessed with the Children’s Depression Rating Scale, Revised
(CDRS-R) (Poznanski et al., 1983). The Oldfield’s Edinburgh
Handedness Inventory (Oldfield, 1971) was completed to con-
firm handedness. The TMS Adult Safety Screen (Keel et al., 2001)
was used to confirm safety for single- and paired-pulse TMS
testing. Depressed patients and healthy controls were not taking
psychotropic medications or receiving psychotherapy prior to the
TMS testing session.

A personal or family history of seizure disorders was
exclusionary. A prior history of neurosurgery was exclu-
sionary. Exclusionary psychiatric disorders in depressed
participants included autism spectrum disorders, bipolar
disorder, conduct disorder, eating disorders, mental retardation,
obsessive-compulsive disorder, posttraumatic stress disorder,
schizophrenia, substance use disorders, and tic disorders.
Screening for mental retardation involved a detailed review
of records and questions regarding academic performance. If
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below-average cognitive ability was considered, formal intellec-
tual screening was completed with the Kaufman Brief Intelligence
Test-2 (Kaufman and Kaufman, 2004). This encompassed verbal
knowledge, matrices, and riddles. Youth with an estimated IQ
less than 80 were not enrolled. Healthy control participants were
in excellent health and did not meet present or past diagnostic
criteria for any psychiatric illness based on the evaluation and the
K-SADS-PL interview.

PROCEDURES AND MEASURES
TMS testing
Cortical excitability and inhibition TMS testing was performed as
described in prior literature (Kujirai et al., 1993; Ziemann, 2004;
Paulus et al., 2008). Participants were seated and wore a swim cap
during the procedures. Participants and study team wore earplugs
during the testing. Stimulations were delivered with a Magstim
200 magnetic simulator (Magstim Co Ltd.) with a figure-of-eight
coil (each loop is 70 mm in diameter). MEP data were collected
with surface EMG recordings of the APB muscle. Audio feed-
back was examined to assess muscle relaxation of the participant.
Single and paired-pulse TMS was delivered to the hand area of
the contralateral motor cortex with the coil placed tangentially
on the scalp at a 45◦ from the midline. The motor cortex testing
site was ascertained after moving the coil in 1-cm increments to
locate the site producing maximal MEP. The location was marked
for reliable testing throughout the session. The resting MT was
established as the stimulation intensity producing a MEP greater
than 50 μV in 5 of 10 TMS pulses with a relaxed muscle. The
suprathreshold test stimulus was obtained but adjusting stimula-
tion intensity to produce a mean MEP 0.5–1.5 mV peak-to-peak
in amplitude in the dominant hand muscle. The conditioning
stimulus was set to 80% of the participants resting MT. For SICI
and ICF measures, the conditioning and test stimuli were deliv-
ered to the test site at interstimulus intervals of 2, 4, 10, 15,
20 ms in a random, counterbalanced fashion. Each interstimu-
lus interval was tested 12 times and results were averaged. The
left hemisphere was stimulated first in all subjects. For LICI test-
ing, test stimulus intensity was adjusted to reliably produce MEP
0.5–1.5 mV peak-to-peak in amplitude in the dominant hand
muscle. For LICI testing the conditioning and test stimuli were
both delivered at this suprathreshold intensity with interstimulus
intervals of 100, 150, and 200 ms in a random, counterbalanced
fashion. Each interstimulus interval was tested 10 times and
results were averaged. The MEP data from these paired-pulse
TMS measures was expressed as the percentage of the mean MEP
elicited with the test (unconditioned pulse). For CSP testing, the
participant submaximally (20%) contracted the APB with con-
tralateral single-pulse stimulations at 140% of the participants
resting MT. Ten trials were performed and averaged to deter-
mine the durations of the silent period. The TMS testing was
performed bilaterally for this study providing data from both
hemispheres.

Dependent variables
The outcomes were TMS measures of cortical inhibition (SICI,
LICI, CSP) and excitability (MT, ICF). The TMS measures were
log transformed to obtain a more normal distribution (because of
skewness).

Independent variable and covariates
The primary independent variable was patient age in years. Sex
and CDRS-R total score were included as covariates in the models
to bolster precision in the evaluation of the relationship between
age and each measure of cortical inhibitory or excitatory func-
tioning. Some (Cuypers et al., 2014) but not all (Wasserman,
2002) studies suggest that sex may contribute to variation in
TMS MEP measures. Although, it is not well understood, depres-
sion severity (CDRS-R) may also impact TMS MEP measures
(Croarkin et al., 2013).

STATISTICAL ANALYSIS
This was an exploratory study with the aim of investigating the
impact of age on measures of cortical inhibition and excitability in
youth. Analyses were performed on the entire sample and then on
subgroups of healthy and depressed youth. The rationale for this
approach was to maximize limited data and with the realization
that the impact of depression or depression severity on these neu-
rophysiological measures is not definitively known. Demographic
and clinical characteristics for the overall sample of patients and
for depressed youth and healthy controls were described using the
sample mean and standard deviation for continuous variables and
the frequency and percentage for categorical variables. Multiple
linear robust regression (with MM estimation) and the Spearman
partial correlation coefficient (rs) were used to examine the rela-
tionship between age and TMS measures of cortical inhibition
(SICI, LICI, CSP) and excitability (MT, ICF) in the overall sample,
while adjusting for sex and CDRS-R total score, and then separately
in depressed youth and healthy controls, while adjusting for sex.
The estimated slope from the regression model indicates the mean
change in each TMS measure per one-year increase in age, while
the sample correlation coefficient indicates not only direction, but
also strength of the linear relationship between age and each TMS
measure. The Spearman partial correlation coefficient can also be
interpreted as the effect size estimator in evaluating the magnitude
of the relationship between age and each TMS measure.

Regression coefficients found to have statistical significance for
each of the two groups in the abovementioned regression analysis,
were then tested in subsequent (post-hoc) regression models (sim-
ilar to that described above) by evaluating the interaction effect of
group (Healthy Controls vs. MDD Patients) with age on the TMS
measure. Comparing the regression parameters (slopes) between
groups was used to assess if the mean change in the TMS mea-
sure per one-year increase in age was different between healthy
controls and MDD patients.

All statistical analyses were performed using SAS software,
version 9.3 (SAS Institute, Inc., Cary, NC, USA). The level of
significance for all tests was set at α = 0.05 (two-tailed). We
implemented the False Discovery Rate procedure (Benjamini and
Hochberg, 1995) to control false-positives over the sets of multi-
ple tests associated with the correlation coefficient and regression
coefficient for the groups of participants (e.g., overall sample,
depressed youth, and healthy controls).

RESULTS
PARTICIPANT CHARACTERISTICS
Twenty-four, medication-naïve participants (14 female) with
MDD completed MT, SICI, ICF, and CSP testing. Demographics
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of the sample are also characterized our prior publication. In
comparing participants with MDD and healthy controls, there
were no statistically significant differences in age, sex, or handed-
ness (Croarkin et al., 2013). These participants were 9–17 years
of age, with a mean [SD] age of 13.8 [2.1] years. The mean
[SD] CDRS-R total score of the MDD youth was 58.9 [8.5] and
the mean [SD] episode duration was 10.9 [9.7] months. Eight
participants with MDD had comorbid anxiety disorders, four
had comorbid attention-deficit/hyperactivity disorder, one had
comorbid oppositional defiant disorder, and one had comorbid
Type I diabetes mellitus. Two MDD participants were left handed.
Twenty-two healthy controls (11 female) completed MT, SICI,
ICF, and CSP testing. These participants were 9–17 years of age,
with a mean [SD] age of 13.7 [2.2] years. The mean [SD] CDRS-R
total score of the healthy controls was 19.6 [1.6]. Two healthy con-
trols were left handed. Of the 46 adolescents in the current study,
23 (50%) were Caucasian, 13 (28.2%) were African American, 4
(8.7%) were Hispanic, and 13 (28.2%) had a family history of
mood disorder. Family history of mood disorder occurred in 13
of the 24 depressed adolescents (54.2%) and in 0 of the 22 healthy
controls. Fourteen patients with MDD (8 female), with a mean
[SD] age of 14.0 [2.1] years, completed LICI testing. The mean
[SD] CDRS-R total score of these 14 MDD LICI youth was 59.0
[9.6]. Nineteen healthy controls (11 female) with a mean [SD] age
of 13.9 [2.2] years completed LICI testing. The mean [SD] CDRS-
R total score of these 19 healthy control LICI youth was 19.6 [1.7].
Two of these healthy controls who completed LICI testing were
left handed.

AGE AND TMS MEASURES OF CORTICAL INHIBITION AND
EXCITABILITY
In the overall sample of 46 youth, the Spearman partial
correlations and the multiple linear robust regression, while
adjusting for sex and CDRS-R total, revealed a significant neg-
ative linear relationship between age and MT in both the
right (rs = −0.49, raw p = 0.0007, FDR-adjusted p = 0.007;
β = −0.08, 95% CI = −0.12 to −0.05, raw p = 0.0001, FDR-
adjusted p = 0.001) and left (rs = −0.42, raw p = 0.004, FDR-
adjusted p = 0.029; β = −0.05, 95% CI = −0.09 to −0.02, raw
p = 0.0007, FDR-adjusted p = 0.004) hemispheres. This signif-
icant negative relationship of age with MT, while adjusting
for sex, was also observed in the sample of depressed youth
in both the right (rs = −0.70, raw p = 0.0002, FDR-adjusted
p = 0.002; β = −0.09, 95% CI = −0.13 to −0.05, raw p =
0.0001, FDR-adjusted p = 0.001) and left (rs = −0.54, raw p =
0.007, FDR-adjusted p = 0.034; β = −0.05, 95% CI = −0.09
to −0.02, raw p = 0.003, FDR-adjusted p = 0.017) hemispheres,
but not in healthy controls. Note that lower MT values reflect
increased excitability. We also present scatterplots of the log
transformed MT values (left and right hemispheres) against
age, with a fitted regression line and 95% confidence limits,
by depressed youth and healthy controls (Figures 1, 2). We
note that the post-hoc results of the interaction of group with
age indicated that the slope of the regression of MT on age
was similar for both healthy controls and MDD patients in
both the left (p = 0.61; Figure 1) and right (p = 0.28; Figure 2)
hemispheres.

FIGURE 1 | Scatterplots of the log transformed MT values (left

hemisphere) against age, with a fitted regression line and 95%

confidence limits, by healthy controls and MDD patients. Note: The

interaction of group with age indicated that the slope of the regression of
motor threshold on age was similar for both healthy controls and MDD
patients in the left hemisphere (p = 0.61).

Frontiers in Human Neuroscience www.frontiersin.org September 2014 | Volume 8 | Article 669 | 45

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Croarkin et al. Cortical inhibition and age

FIGURE 2 | Scatterplots of the log transformed MT values (right

hemisphere) against age, with a fitted regression line and 95%

confidence limits, by healthy controls and MDD patients. Note: The

interaction of group with age indicated that the slope of the regression of
motor threshold on age was similar for both healthy controls and MDD
patients in the right hemisphere (p = 0.28).

Moreover, in the sample of the 33 participants who com-
pleted LICI testing, while adjusting for sex and CDRS-R total,
age had a significant negative relationship with LICI (200 ms
interval) in both the right (rs = −0.48, raw p = 0.01, FDR-
adjusted p = 0.056; β = −0.24, 95% CI = −0.39 to −0.09,
raw p = 0.001, FDR-adjusted p = 0.007) and left (rs = −0.64,
raw p = 0.0001, FDR-adjusted p = 0.002; β = −0.23, 95%
CI = −0.32 to −0.14, raw p = 0.0001, FDR-adjusted p = 0.001)
hemispheres. This negative relationship between age and LICI
(200 ms interval), while adjusting for sex, was also observed
in depressed participants (Supplementary Table 5) in both
the right (rs = −0.76, raw p = 0.006, FDR-adjusted p = 0.034;
β = −0.35, 95% CI = −0.55 to −0.15, raw p = 0.0007, FDR-
adjusted p = 0.004) and left (rs = −0.92, raw p = 0.0001, FDR-
adjusted p = 0.002; β = −0.25, 95% CI = −0.34 to −0.16, raw
p = 0.0001, FDR-adjusted p = 0.001) hemispheres and in healthy
controls (Supplementary Table 6), but only in the left hemisphere
(rs = −0.45, raw p = 0.05, FDR-adjusted p = 0.877; β = −0.19,
95% CI = −0.36 to −0.02, raw p = 0.02, FDR-adjusted p =
0.478). Note that lower LICI values reflect increased inhibition.
Scatterplots of the log transformed LICI (200 ms interval) values
(left and right hemispheres) against age, with a fitted regression
line and 95% confidence limits, by depressed youth and healthy
controls are presented in Figures 3, 4. We note that the post-hoc
results of the interaction of group with age indicated that the
slope of the regression of LICI-200 ms on age was similar for
both healthy controls and MDD patients in the left hemisphere
(p = 0.14; Figure 3), but significantly different in the right hemi-
sphere (p = 0.049; Figure 4). A difference in slopes here (in the

right hemisphere) can be interpreted as differences in the mean
change in LICI-200 ms per 1-year increase in age between healthy
controls and MDD patients. There were no significant relation-
ships of age with SICI, CSP, or ICF. The correlation and regression
results are presented in Tables 1–6 which are available in the
Supplementary Material. Note that nontransformed data of these
TMS measures from this cohort have been published previously
(Croarkin et al., 2013).

DISCUSSION
This exploratory study builds on prior work examining the
early developmental course of cortical inhibition and excitabil-
ity measures. It is unique in examining these electrophysiological
findings in the context of MDD. As expected, the findings sug-
gest that younger children have high MTs which decrease with
age. Of note, this was statistically significant in the depressed
participant group, but not in the healthy control group. The cur-
rent, developmental MT findings are congruent with prior work
(Eyre et al., 1991). Garvey et al. demonstrated that bilateral MT
measurements decreased with age and in three subjects with a
mean age of 7.6 years (SD 0.5, range 7–7.8) the MT was unob-
tainable with maximum output of the stimulator (Garvey et al.,
2003). Gilbert and colleagues also reported statistically signifi-
cant, negative correlations between age and MT measures from
the left hemisphere in 98 (49 with attention-deficit/hyperactivity
disorder and 49 healthy control subjects) child participants who
were 8–12 years of age (Gilbert et al., 2011). Moll and colleagues
reported similar findings in 40 healthy control subjects who were
8–16 years of age (Moll et al., 1999). The present study is the first
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FIGURE 3 | Scatterplots of the log transformed LICI (200 ms interval)

values (left hemisphere) against age, with a fitted regression line and

95% confidence limits, by healthy controls and MDD patients. Note: The

interaction of group with age indicated that the slope of the regression of
LICI-200 ms on age was similar for both healthy controls and MDD patients in
the left hemisphere (p = 0.14).

FIGURE 4 | Scatterplots of the log transformed LICI (200 ms interval)

values (right hemisphere) against age, with a fitted regression line and

95% confidence limits, by healthy controls and MDD patients. Note: The

interaction of group with age indicated that the slope of the regression of
LICI-200 ms on age was significantly different for healthy controls vs. MDD
patients in the right hemisphere (p = 0.049).
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to note this pattern in a group of depressed and healthy control
subject. This finding warrants further consideration and study.
Perhaps, healthy control youth subjects reach an adult MT earlier,
while depressed youth have a more delayed course. It is possible
that differences in scalp to cortex distances could play a role in
these age differences. Recent work demonstrates that brain-scalp
differences are lower in young children and increase throughout
childhood (Beauchamp et al., 2011). Based on this anatomical
finding alone, it might be inferred that lower TMS current would
be sufficient to induce motor activity in younger children and
that younger children would have lower MTs. As this does not
appear to be the case, age related differences are more likely due
to neurodevelopmental changes.

The present CSP, SICI, and ICF findings are inconclusive.
Similarly, findings from two prior studies also found no statis-
tically significant relationships between age and CSP measures
(Garvey et al., 2003; Gilbert et al., 2011). However, Moll and
colleagues reported a correlation with age and CSP in healthy con-
trols which suggests that cortical inhibition and GABAB mediated
neurotransmission is potentiated with age (Moll et al., 1999). It is
often noted that CSP measures have large interindividual variabil-
ity in children and adolescents (Garvey and Mall, 2008). Further,
hemispheric differences are also apparent (Garvey, 2008; Garvey
and Mall, 2008; Croarkin et al., 2013). In general, our findings and
two prior studies suggest that there are no SICI or ICF age depen-
dent relationships in youth (Garvey et al., 2003; Gilbert et al.,
2011). However, Mall and colleagues examined SICI in 50 healthy
participants aged 6–34 years. In this case, children and adolescents
had less SICI as compared to adults, which suggests that corti-
cal inhibition and GABAA mediated neurotransmission develops
throughout childhood (Mall et al., 2004). This effort did involve
stimulation with a round rather than a figure-of-eight coil but
otherwise its methodology was congruent with negative studies.

The current findings suggest that LICI inhibition increases
with age youth. In particular, LICI (200 ms interval) had a sta-
tistically significant negative relationship with age in depressed
youth, but not in healthy control participants. It is important
to acknowledge the lack of a relationship may be attributable
to low power, given the high degree of variability in the mea-
sure in general. Lower LICI ratios signify greater inhibition and
increased GABAB mediated neurotransmission (Connors et al.,
1988; McDonnell et al., 2006; Daskalakis et al., 2008). Prior
work postulates that deficits in GABAA and GABAB mediated
neurotransmission play a role in the pathophysiology of MDD
(Bajbouj et al., 2006; Levinson et al., 2010; Croarkin et al., 2011).
However, GABAB receptors are widely distributed throughout
the brain presynaptically and postsynaptically with complex and
diverse functioning (Benarroch, 2012). In some instances, facili-
tated GABA activity likely contributes to neuropsychiatric disease
mechanisms. Heightened thalamic postsynaptic GABAB activity
is thought to play a central role in the pathophysiology of petit
mal seizures (Blumenfeld and McCormick, 2000; McCormick and
Contreras, 2001). Other work suggests that that aberrant interplay
between GABA and NMDA receptors is necessary for the genesis
of hippocampal seizures (Bradford, 1995; Katsumori et al., 1998).
Enhanced GABAB development in childhood could represent a
vulnerability to or a consequence of mood disorders. Our findings

are unique in that there are no other known published reports
examining potential relationships of age with LICI measures in
child and adolescent samples.

Longitudinal studies of cortical inhibition and excitability dur-
ing childhood are warranted. The GABAergic and glutamatergic
neurotransmitter systems have a complex and poorly understood
maturation with which widely influences central nervous sys-
tem development and functioning. For example, in prenatal and
early infantile life GABA serves as an excitatory neurotransmit-
ter and this is mediated primarily by the structure and fuction
of GABA receptors (Ben-Ari et al., 1994; Leinekugel et al., 1999;
Rakhade and Jensen, 2009). It is thought that density of GABAA

receptors decreases from childhood to adulthood (Chugani et al.,
2001) and that the subunit composition of GABAA receptors
varies substantially during development (Duncan et al., 2010).
Lower cortical inhibition early in life may reflect increased plas-
ticity and optimum conditions for learning and development
(Mall et al., 2004). Safe, noninvasive, in vivo measures afforded by
TMS offer an important tool to probe the development of these
neurotransmitter systems (Dayan et al., 2013).

LIMITATIONS
These discussion points and findings must be placed in the con-
text of the limitations of the study. This was a post-hoc exploratory
study, which was based on a small, age-restricted, sample. The
parent study (Croarkin et al., 2013, 2014) from which the cur-
rent findings are based was not designed to specifically address
the question of age effects on TMS measures of cortical inhi-
bition and excitability. Like previous studies that examined the
effects of age on TMS measures, the current study design was
cross-sectional. A longitudinal study would provide more insight
into the pattern of findings regarding the impact of development
over the lifespan. It is also unknown if alterations in cortical inhi-
bition and excitability measures are deficiencies related to the
burden of psychiatric illnesses or markers of risk. Moreover, a
cross-sectional approach is limited as it has been demonstrated
that TMS measures have wide inter-individual variability (Kiers
et al., 1993; Cuypers et al., 2014). The present findings may relate
to the ontogeny of GABA and glutamate neurotransmission or
could be a result of developmental changes in anatomy, such as
skull bone shape and thickness.

CONCLUSIONS
These findings provide additional information regarding the
potential impact of age on TMS measures of cortical excitabil-
ity and inhibition. Findings suggest that younger children have
higher MTs which decrease with age and that this is more pro-
nounced in depressed youth. These findings also suggest that LICI
inhibition may increase with age and, like MTs, this is more pro-
nounced in depressed youth. Present CSP, SICI, and ICF findings
are inconclusive and warrant further study.
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Background: Transcranial direct current stimulation (tDCS) has been investigated mainly in
adults and doses may not be appropriate in pediatric applications. In perinatal stroke where
potential applications are promising, rational adaptation of dosage for children remains
under investigation.

Objective: Construct child-specific tDCS dosing parameters through case study within a
perinatal stroke tDCS safety and feasibility trial.

Methods: 10-year-old subject with a diagnosis of presumed perinatal ischemic stroke and
hemiparesis was identified. T1 magnetic resonance imaging (MRI) scans used to derive
computerized model for current flow and electrode positions. Workflow using modeling
results and consideration of dosage in previous clinical trials was incorporated. Prior ad hoc
adult montages vs. de novo optimized montages provided distinct risk benefit analysis.
Approximating adult dose required consideration of changes in both peak brain current
flow and distribution which further tradeoff between maximizing efficacy and adding safety
factors. Electrode size, position, current intensity, compliance voltage, and duration were
controlled independently in this process.

Results: Brain electric fields modeled and compared to values previously predicted models
(Datta et al., 2011; Minhas et al., 2012). Approximating conservative brain current flow
patterns and intensities used in previous adult trials for comparable indications, the
optimal current intensity established was 0.7 mA for 10 min with a tDCS C3/C4 montage.
Specifically 0.7 mA produced comparable peak brain current intensity of an average adult
receiving 1.0 mA. Electrode size of 5 × 7 cm2 with 1.0 mA and low-voltage tDCS was
employed to maximize tolerability. Safety and feasibility confirmed with subject tolerating
the session well and no serious adverse events.

Conclusion: Rational approaches to dose customization, with steps informed by
computational modeling, may improve guidance for pediatric stroke tDCS trials.

Keywords: pediatrics, stroke, hemiparesis, modeling, transcranial direct current stimulation

INTRODUCTION
Transcranial direct current stimulation (tDCS) modulates human
cortical excitability and improved motor outcomes in adults
with and without neurologic diagnoses (Brunoni et al., 2012).
For reasons of safety, cost, portability and potential promise for
improved outcomes in children, we desired to investigate the
application of tDCS in pediatric stroke. Considering the potential
variability in dosing for the child’s brain, due to difference in brain
size and anatomy, the direct transition from adult dosing to the
safe and effective dose in a child has not yet been established.
The relationship between the dose of stimulation (defined as
the externally controlled parameters) (Peterchev et al., 2012) and
brain current flow can be complex, such that computational

models are used in dose design (Bikson et al., 2012). While for
adults there are generally adopted principles regarding directions
of effect (anodal excites, cathodal inhibits) and dosing (10–20
min, 0.5–2.0 mA), emerging evidence suggests even minor dose or
brain integrity changes can lead to opposite effects (Fritsch et al.,
2010; Fricke et al., 2011; Sohn et al., 2012; Batsikadze et al., 2013;
Hasan et al., 2013; Schabrun et al., 2013). Moreover, modeling and
imaging studies suggest limitations in the conventional effects of
anodal and cathodal stimulation (Datta et al., 2009; Antal et al.,
2012, 2014; Peña Gómez et al., 2012; Wagner et al., 2012; Rahman
et al., 2013).

In contrast to individual-specific cortical excitability testing
using TMS, subject-specific titration of dose in tDCS is rare,
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though probably equally important. When working with chil-
dren, (even when adopting a technique such as tDCS, with a
compelling safety record in adults) questions of safety gain new
importance. Subject specific factors such as differences in brain
size, water content, myelination, proximity of the brain to the
skull and other characteristics of the developing brain may alter
safety/tolerability and optimal dose (Minhas et al., 2012; Kessler
et al., 2013). A broad review of available clinical reports integrated
with computational models provides a basis to address this issue.
This report describes the methods used in consideration of a pilot
safety study applying a single-session of tDCS in a child with
hemiparesis due to perinatal stroke and more broadly presents
possible methodology for dose customization in pediatric pop-
ulations (clinicaltrials.gov NCT01636661). A child who met the
inclusion criteria for the pilot was identified, and the following
methods were employed to establish safety and feasibility of the
application of tDCS before the trial began. The description below
identifies the methods in detail, while the trial itself is reported
elsewhere (Gillick et al., in press). The study was approved by
the University of Minnesota Institutional Review Board, and the
Clinical and Translational Science Institute, Written and verbal
parental consent and child assent was obtained. Modeling analysis
of de-identified data at City College of New York of CUNY is IRB
exempt.

COMPONENTS OF TRIAL DESIGN
At this time, a standardized tDCS dose has not been estab-
lished, neither in adults or children. Understanding this, in order
to determine tDCS parameters for this subject, we reviewed
existing clinical experience and publications regarding current
parameters of tDCS dose (including current polarity and inten-
sity) from healthy adults and adults with stroke. Computational
models were used to relate brain current flow in these cases to
that in a child with stroke and resultant hemiparesis. Broadly,
the goal was to use a stimulation paradigm that (1) produced
the same brain current intensity (not necessarily same external
dose) as in the adult cortex; and (2) targeted the motor cor-
tices of the brain and the interactions between the hemispheres.
However, a detailed methodological analysis, driven by rational
trial design, and divergent approaches toward this aim must be
selected balancing tradeoffs between innovation/conservatism,
efficacy/safety, and putative non-monotonic dose response. Our
process involved seven specific steps from concept to implementa-
tion: (1) gathering of subject-specific information; (2) formulat-
ing the desired clinical outcome; (3) considering constraints that
may influence decisions; (4) defining brain current flow criterion;
(5) investigating potential montages; (6) modeling montages to
estimate brain current flow; and (7) determination of subject-
specific dose. These stages are elaborated below and summarized
in Figure 1.

SUBJECT-SPECIFIC INFORMATION
This pilot study focused on a 10-year-old child with a diagnosis
of arterial perinatal ischemic stroke. The child had a normal
perinatal history but presented in infancy with hemiparesis and
was found to have a focal infarction (Kirton, 2013). Magnetic
resonance imaging (MRI) confirmed a distal M1 segment of the

middle cerebral artery stroke with involvement of peri-Rolandic
regions of the right frontal and parietal lobes and centrum semio-
vale but sparing of the basal ganglia. Left hemiparesis was first
noted at 4 months of age. At 10 years, the child had moderate
hemiparetic cerebral palsy with a Manual Ability Classification
System Scale Score (Eliasson et al., 2006, 2007) of II—“Handles
Most Objects but with Somewhat Reduced Quality and/or Speed
of Achievement”. The lower extremity was less affected, spasticity
was minimal, and she had not received any new rehabilitation
treatments within 6 months. She was otherwise developmentally
normal, did not have epilepsy, and was not taking any neuroactive
medications. Informed consent was obtained as part of a pilot
safety and feasibility study on the application of tDCS in chil-
dren with congenital hemiparesis (ClinicalTrials.gov Identifier:
NCT01636661).

DESIRED CLINICAL OUTCOME
Emerging evidence combining animal and human studies has
defined models of developmental motor plasticity following
perinatal stroke. These models suggest that inhibition of the
non-lesioned hemisphere might enhance motor learning in the
lesioned hemisphere, possibly via effects on excessive ipsilateral
projections or disordered interhemispheric inhibition. Therefore,
while the underlying neurophysiology is likely different, the strat-
egy in adult stroke of inhibiting the non-lesioned hemisphere with
non-invasive stimulation to enhance therapy may be applicable
to children with perinatal stroke-induced hemiparesis (Hsu et al.,
2012; Marquez et al., 2013). Studies in non-invasive brain stimula-
tion and specifically in the use of repetitive transcranial magnetic
stimulation (rTMS) have recently shown promising results in
children with stroke, requiring further research to determine
further clinical merit in this population (Kirton et al., 2008, 2010;
Gillick et al., 2013).

CONSTRAINTS
DOSE
Given the volume of safety/efficacy data using a limited set of
standard montages (Nitsche and Paulus, 2000; Brunoni et al.,
2012), and because incremental changes may allow precise detec-
tion of potential adverse events, a historical approach of previous
research and modeling was deemed appropriate. To ensure safety
and to decrease the likelihood of side effects, adult protocols
have typically utilized 0.2–2.0 mA with duration of stimulus
≤30 min (Rothwell, 2012; Batsikadze et al., 2013). However, we
propose that when initiating studies in novel, potentially vulner-
able populations (such as children) and/or injured brain (such
as following stroke) approaches in adults should be re-examined
using the latest available tools and scientific data to adjust for
developmental variation in children. Furthermore, identification
of possible risks and risk mitigation were identified (Table 1).

DEVICE
We used a Soterix Limited Total Energy (LTE) 1×1 tDCS unit
which is limited to maximal current of 1.5 mA and 20 min
maximum duration of stimulation. For this specific modeling,
we first determined our current needs, and then the device
model. The LTE also has a built-in sham stimulation mode,
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FIGURE 1 | Conceptual methodology for determination of dose.
Theoretical 7-step compartmentalization of decision workflow (left
column) and implementation considerations specific to this case
study of a 10 year-old child with hemiparesis due to perinatal

stroke (right column). Incorporation of prior experience
in the dose decision process coupled with modeling allows
value-determination of subject-specific dose decisions for
implementation.

providing ramp-up and ramp-down stimulation at the beginning
and end of the placebo session. During the 30–60 s period of
time, the current is increased in order to reach the targeted dose

and then discontinued. Two additional features reinforce safety.
(1) An adaptive impedance monitoring feature provides contin-
uous visual indication of electrode quality before and during
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stimulation. If impedance increases, producing a typical high volt-
age, the device not only automatically reduces the current output
in accordance with changes in resistance but also provides an
alert; and (2) a current monitoring feature acts as an independent
current meter and provides continuous visual indication of the
instant output of the device. This component adds redundancy
to the safety of device and confirms the current setting. Pediatric
size EasyStraps were used to ensure proper contact with the skin
for each individual. Tolerability was enhanced by the RELAX fea-
ture which allows, if enhanced discomfort is expressed, transient
reduction in current without interrupting or aborting the trial.
Once comfort is re-established, the current may then again be
adjusted. The device is limited to two electrodes and used with
5 × 7 EasyPads providing further dose design constraints (i.e.,
number of electrodes, electrode size and maximum current).

CURRENT FLOW CRITERION
Transcranial direct current stimulation alters brain function by
polarizing the brain (Nitsche et al., 2008; Rothwell, 2012). Gen-
erally, brain regions exposed to higher current densities would
be more likely to be influenced and each brain region receives
various current intensity depending on the electrode montage. It
is precisely because brain current flow is not a simple function
of electrode montage (e.g., current is not restricted to only under
the electrodes) that current flow criterion is described in terms
of brain targets for neuromodulation, rather than scalp electrode
position. Moreover, the intensity of current reaching the brain for
any given applied electrode current can vary significantly depend-
ing on the montage and subject anatomy. Thus while electrode
dose is controlled at the head surface (current in mA provided
and montage), current flow criterion indicates the desired current
intensity at the brain target level (in terms of electric field in units
of V/m or A/m2).

With limited research in children, we recognized the need to
re-examine adult-based practices including the effects of relatively
high dose stimulation in adults. In deciding on desired brain
electric field intensity it is typical to reference “gold-standard”
experimentation where modulation of Transcranial Magnetic
Stimulation (TMS)-motor evoked potentials (MEPs) by tDCS was
quantified—with the strong caveat that TMS-MEP modulation
and behavioral changes are only putatively linked. The M1-
S0 montage conventionally used in these studies is shown to
produce lasting TMS-MEP changes following several minutes of
stimulation and with polarity-specific changes at intensities at
1 mA (Nitsche and Paulus, 2000)—where 1 mA corresponds to
approximately 0.3 V/m of electric field in motor regions in adults
(Datta et al., 2012).

Importantly, recent findings suggest that increasing tDCS cur-
rent intensity may change the direction of these effects (Batsikadze
et al., 2013). For example, in a study of 21 healthy adults, 2.0
mA cathodal (0.6 V/m brain electric field) tDCS for a duration
of 20 min over the motor cortex resulted in enhancement of
cortical excitability, not inhibition. An ongoing investigation of
the application of tDCS in children and adolescents ages 10–18
reports that 1 mA anodal and cathodal stimulation over the motor
cortex both produced an increase in the amplitude of the MEPs
(Moliadze et al., 2013) which may reflect the higher brain current

densities (e.g., ∼0.6 V/m) produced in children for the same total
current (see Section Modeling below).

Though non-linear (non-monotonic) TMS-MEP dose
response is observed at higher tDCS intensities, at least across
“moderate” tDCS stimulation intensities response seems
consistent, at least for healthy inactive motor cortex. A study of 14
healthy adults investigated anodal tDCS over the motor cortex for
10 min at three different intensities—0.8, 1.0 and 1.2 mA—and
found no difference in modulation of cortical excitability or
inhibition (Kidgell et al., 2013a). One can therefore speculate
that approximately 0.3 V/m for several minutes is a reasonable
approach. Changes are polarity dependent, with anode/cathode
tending to produce increased/decreased TMS-MEP amplitude,
respectively. Importantly, increasing intensity or duration does
not necessary magnify effects and the direction of changes can
reverse (e.g., 2 mA cathodal is excitatory). Our decisions were (1)
to limit total current to 2 mA or less based on skin tolerability
and to use electrodes validated for tDCS; and (2) to limit current
further as required to match electric fields corresponding to
approximately 1 mA in adult (current flow criterion).

POTENTIAL MONTAGE SELECTION
Potential Montage Selection involves a selection of candidate
montage to explore further with computational modeling. This
involves integration of prior clinical trials and modeling; (1)
with the subject specific information, desired clinical outcome,
constraints and current flow criterion (Figure 1).

For our study two candidate montages were explored
leveraging computational models to target the primary motor
cortex (M1): (1) a supraorbital montage (M1/SO); and (2)
a bihemispheric montage using the International 10/20 EEG
System designation (C3/C4). Considering the M1/SO montage,
the cathode would have been placed over the contralesional motor
cortex and anode over the ipsilesional supraorbital region with
the intent to inhibit contralesional effects upon the ipsilesional
cortex. The bihemispheric montage was considered with the
cathode placed over the contralesional cortex to down-regulate
excitability, and the anode positioned to facilitate excitation of the
ipsilesional cortex. An individualized head model was developed
based on the child’s 1 mm3 resolution T1-weighted MRI scans
obtained from a Siemens Trio Scanner with a 12-element head
coil using methods described previously (Datta et al., 2012, 2013;
Marquez et al., 2013).

RESULTS
MODELING
Consistent with previous models in adult and children, use of
two large electrodes produced diffuse current flow between and
under the electrodes (Bikson et al., 2012; Figure 2). The current
flow pattern produced in our subject was, in this sense, broadly
consistent with the typical current flow patterns produced by
the M1/SO and C3/C4 montages used in prior clinical trials.
The peak electric field produced in the regions-of-interest (under
the electrodes) as well as across the entire brain (as using two
pads typically produces peak electric field between electrodes) was
compared for this subject and adapted from prior adult and pedi-
atric models (Table 2). As noted previously, there are large (several
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FIGURE 2 | Current flow predictions during tDCS in individual
pediatric model for the M1-SO and Lateralized Temporal montages.
M1-SO- The center of anode (red) was positioned on the motor strip and
the cathode (black) was positioned over the contraletral supraorbital area.
At 0.7 mA applied current, the peak electric field was 0.23 V/m. C3-C4-
The center of anode (red) was positioned over the left temporal lobe and
the cathode (black) was positioned contralateral to the anode (M-O). At

0.7 mA applied current, the peak electric field was 0.29 V/m. EF plots in
the left, right and top views, are shown respectively (A.1a–c, B.1a–c).
Cross-sectional coronal electric field plots were taken from the center of
the anode (A.1.b1, B.1.b1). Directionality plots were also plotted. The red
corresponds to current flowing inwards, the green corresponds to a net
flow of zero, and the blue corresponds to current flowing outwards
(B.1–B.2).

fold) differences in peak electric fields even among adults (Datta
et al., 2012; Edwards et al., 2013). The peak regional and global
electric fields in our subject were comparable to those in previ-
ously modeled children, which are moderately higher than those
in previously modeled adults (though comparable to the most
sensitive adults). As modeled, application of 0.7 mA in our subject
would produce peak electric field comparable to an average adult
receiving 1.0 mA with a comparable distribution of current flow.

SUBJECT-SPECIFIC DOSE DECISION
Intensity and duration
After all prior experience, constraints, and modeling considera-
tions, it was determined that for this single-session intervention
a current intensity of 0.7 mA for 10 consecutive minutes would
be most appropriate to accomplish the primary purpose of the
pilot—establishing tDCS safety and feasibility in children. The
determination of the model for this child was based on the adult
model. Current flow models in the adult present with a wide range
of variability. For example, the potential exists for (1) paradoxical
stimulation under the cathode (Batsikadze et al., 2013); (2) typical
montages stimulating between the electrodes; and (3) access-
ing deeper structures (Dasilva et al., 2012). The low intensity

decided upon was lower than an adult equivalent of approxi-
mately 1.0 mA. The intent was to prevent “direction flipping”
of stimulation while at the same time to rely on available recent
adult safety data with a concomitant assumption of similarities in
electrophysiology in response to stimulation in the brains of both
an adults and children (Brunoni et al., 2011; Marquez et al., 2013).
Considering the child’s diagnosis of perinatal ischemic stroke, a
challenge exists in attempts to incorporate into our calculations
the lesion location and size as well as the variation in conductivity
(cortex, cerebral spinal fluid) (Datta et al., 2009; Bikson et al.,
2012). Incorporating neuromodulatory tools such as TMS as a
locator for motor hotspots may provide additional knowledge
regarding individual cortical excitability (Gillick et al., 2013).

Montage
Specific to the child with focal hemispheric lesion, a translational
goal of the application of tDCS is to improve motor outcomes
(Schlaug et al., 2008). Cathodal tDCS (M1-SO montage) has
shown significant motor improvements in stroke, and specifically
when coupled with rehabilitation (Nair et al., 2011). In children
with language disorders, application of a similar montage-inferior
frontal gyrus/contralateral SO montage was found to be safe and
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Table 1 | Possible adverse events related to transcranial direct current stimulation (tDCS) and risk mitigation.

Study procedure Anticipated risks Risk mitigation

tDCS Burn- Electrolysis Ensure proper electrode contact with skin
tDCS Stimulation in subjects with reduced sensation Assess sensation, avoid placing electrodes over areas of

decreased sensation
tDCS Stimulation over broken skin, reduced resistance Assess skin integrity, avoid placement of electrodes over

recent shaving, skin defects
tDCS Stimulation over conductive implants Screen appropriately for exclusion criteria of implants
tDCS Stimulation over a tumor which may alter metabolic

activity
Screen appropriately for exclusion criteria of neoplasm.

tDCS Threshold altering pharmacologic agent Physician review of each medical record for determination
of appropriateness for study inclusion.

tDCS Itching, Tingling, Burning Sensation in the area of the
electrodes

Ensure proper contact of surface electrodes with skin.
Maintain current dosage within low-range of researched
dosages. Ensure that electrode sponges are properly san-
itized and that saline solution is appropriately employed.

tDCS Headache Ensure that headband securing electrodes is in proper
placement, yet not to the level of impingement of scalp
area. Maintain current dosage within low range of delivery.

tDCS Pain- Neck, Scalp Ensure that electrodes are in proper contact with skin and
adjust head position as needed for comfort.

tDCS Skin Redness Ensure proper electrode position and proper level of
moisture to even stimulation across the electrode

tDCS Fatigue, Sleepiness Screen for continuous effect at follow-up visit.
tDCS Concentration or Mood changes Evaluate cognitive status through physician examination

and psychometric testing at three time points.

feasible. Although we found higher intensities within a range
of comparable safety using an M1/SO montage (Figure 2), we
decided upon a bihemispheric C3 contralesional cathodal/C4
ipsilesional anodal montage. Considering direct involvement of
both hemispheres, we decided to investigate the safety and feasi-
bility of tDCS intensity/application to the pediatric motor cor-
tex bilaterally through an in-out lateralized pattern of activity
between lesioned and non-lesioned hemispheres. This montage

has been applied in both neurologically involved (e.g., stroke) and
healthy adult populations to investigate enhancement of motor
performance (Bolognini et al., 2011; Lefebvre et al., 2012; Kidgell
et al., 2013b). We decided to maintain electrode sizes used in
conventional (adult) trials (as opposed to “child size” electrodes),
that combined with the use of low-voltage and reduced current
intensity (0.7 mA) should enhance tolerability since current den-
sity at the electrode is low minimizing skin sensation and potential

Table 2 | Electrical field (EF) ranges and peaks, in volts per meter, for each modeled head, by montage.

Montage

M1[A]–SO[C] Lateralized motor C3[A]–C4[C] Modeled sponge size

Child 1 (Normal Anatomy) EF Range (C) 0.11–0.27 0.25–0.37 5×5 sponge pads
EF Range (A) 0.14–0.30 0.26–0.44
EF Peak 0.33 0.44

Child 2 (Normal Anatomy) EF Range (C) 0.08–0.31 0.16–0.40 5×5 sponge pads
EF Range (A) 0.18–0.44 0.19–0.40
EF Peak 0.44 0.40

Child 3 Clinical Hemiparesis EF Range (C) 0.05–0.28 0.05–0.23 5×7 sponge pads
EF Range (A) 0.05–0.33 0.07–0.23
EF Peak 0.33 0.42

Adult 1 (Normal Anatomy) EF Range (C) 0.11–0.30 5×5 sponge pads
EF Range (A) 0.11–0.30
EF Peak 0.36

Adult 2 (Normal Anatomy) EF Range (C) 0.08–0.28 5×5 sponge pads
EF Range (A) 0.07–0.24
EF Peak 0.29

Adult 3 (Normal Anatomy) EF Range (C) 0.04–0.19 0.09–0.18 5×5 sponge pads
EF Range (A) 0.07–0.20 0.05–0.21
EF Peak 0.23 0.21

[A] denotes anode and [C] denotes cathode. Detailed descriptions of montages are contained in the text (Adapted from Kessler et al., 2013).
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irritation. The stimulation was expected to be well tolerated given
the total current (0.7 mA) selected to provide average adult brain
electric fields (at 1.0 mA) and use of an electrode design validated
for even higher intensities (up to 2.0 mA).

The goal of this study was to determine the intensity of stimu-
lation and location of electrodes for this tDCS session in children
with hemiparesis. After this integrative dose design consideration,
including modeling, we determined that for this single-session
intervention a current intensity of 0.7 mA in a bihemispheric
C3 contralesional cathodal/C4 ipsilesional anodal montage for
10 consecutive minutes would be within historic safety limits
based on generated brain electric fields to establish safety in
tDCS application with translated to tolerable use in children. This
bi-hemispheric montage over an M1-S0 montage was chosen to
induce neuromodulation between the two hemispheres, lesioned
and non-lesioned, with the potential to increase neuronal activity
on the lesioned hemisphere and transiently inhibit over-activity
of the nonlesioned hemisphere. The child tolerated this session
well, with a sensation reported of mild, tolerable tingling under
the electrodes within the first minute of stimulation which extin-
guished thereafter. The child reported no discomfort, nor did any
adverse events occur (Gillick et al., in press).

DISCUSSION
The montage and parameters of dose represent a modification of
historical adult methods facing the unknowns of pediatric stroke
lesions and tDCS interventions. In summary, our aim was to
design a tDCS protocol to determine an intervention applicable to
pediatric stroke as there is evidence for efficacy of this application
in adult stroke. We sought to determine this current intensity
and montage allowing us to assess the electric field generation
over the target region of M1. We used computational model-
ing and incorporation of past models to test the variation in
parameters and decided upon those which supported safety and
feasibility.

In progressing through a rational work-flow for montage selec-
tion, including assumptions about disease etiology and trade-offs
in “best” montage design which require informed judgment based
on integration across scientific and clinical tDCS literature we
described our process. First, the study design started with safety
as the primary objective. This requires a balance between mini-
mizing dose (e.g., zero risk at zero dose) with maximizing dose to
make results as relevant as possible for subsequent efficacy trials.
This balance influences all subsequent decisions. Next, based
on an assumption of asymmetric dysfunction we adopted a bi-
cephalic (“lateralized”) approach. Then, though adult trials have
used 2.0 mA, we recognized that clinical neurophysiologic studies
increase non-monotonic dose response with high (2.0 mA) catho-
dal stimulation becoming excitatory. Based on our assumption of
disease etiology and adopting a conservative approach, we elected
to approximate a 1.0 mA adult dose. We also elected a relatively
low duration. However both the intensity and duration deter-
mined were still within a range expected to produce significant
lasting changes in brain excitability. Thereafter, to approximate
electric field produced in adults, we determined it was necessary
to decide which electric fields since the distribution in the brain
is variable (e.g., electric field in target, average electric field, peak

electric field across the brain). Moreover, in doing so we assumed
no specific difference in susceptibility of the pediatric (injured)
brain from adult in regards to safety or efficacy, but erred on
approximating a “low” adult dose (intensity, duration). Finally,
with the above caveats we elected to approximate a montage found
successful in adult trials while recognizing the montage produced
diffuse electrode flow through much of the brain, including deep
brain structures. Reinforcing this approach, modeling predicted
that the pattern of current flow across our subject was comparable
to that in previous studies with adult subjects with no significant
distortion due to the presence of the lesion.

Although this method may not be ideal, i.e., an individual
representation of the optimal electric field generated at a target,
the design of the model for this child attempted to incorporate
the knowledge of tDCS modeling in adults and modify to a brain
in a child with congenital hemiparesis. The models assume that
the damaged brain regions have similar conductivity of cerebral
spinal fluid while the peri-lesional area has the conductivity
of healthy brain (Bijsterbosch et al., 2012). However, increased
precision could incorporate changes in conductivity considering
resultant gliosis or other pathologic processes that accompany
cerebral lesions (Ruohonen and Karhu, 2012; Huang et al., 2014).

True comparability among future pediatric studies can only be
established if each tDCS protocol articulates the rationale behind
its methods, as well as current intensity, electrode size, location
and stimulation duration (Nitsche et al., 2008; Batsikadze et al.,
2013). Assessment of physiologic outcomes, serial applications
and the longitudinal effects in combination with rehabilitation
should include a thorough accounting of safety and dosing
parameters.
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INTRODUCTION
Transcranial stimulation can be used to
modulate the activity of the brain. Recent
developments in our understanding of
technologies such as transcranial magnetic
or electrical stimulation have afforded rea-
sonable grounds for optimism that tech-
niques such as TMS or tDCS might be
effective treatments for neurally-mediated
disorders. Researchers have demonstrated
encouraging benefits of TMS and tDCS
in treating conditions such as tinni-
tus (Burger et al., 2011), depression
(Arul-Anandam and Loo, 2009), and
stroke (Nowak et al., 2010). Collectively
these techniques are often referred to as
“non-invasive brain stimulation” (NIBS),
although I would argue that this term is
not appropriate since in all cases energy
is being transferred across the skull (Davis
and van Koningsbruggen, 2013), and the
use of this term may be misleading to
the general public who are not aware of
the documented risks associated with these
procedures.

More recently it has been suggested
that brain stimulation be used to treat
neurological disorders in pediatric cases.
A recent review by Vicario and Nitsche
(2013a) identified a number of opportu-
nities and challenges for the use of brain
stimulation in children. Here I offer a
plea for calm and for caution. The ethical
stakes in clinical and research procedures
with children are high enough that a con-
servative approach is warranted. Many of
the ethical issues, relevant both to adult
and child participants, have been touched
on by other authors (e.g., Cohen Kadosh
et al., 2012; Krause and Cohen Kadosh,

2013); however this paper will focus on
the gaps in our knowledge that affect our
ability to assess risk in translating brain
stimulation procedures to pediatric cases.

There are a number of known risks
associated with brain stimulation. Mild
side-effects may include scalp tenderness,
headache or dizziness, which are typi-
cally associated with the mechanism of
delivery or with being immobilized in a
chair or frame, and which may be under-
reported (Brunoni et al., 2011). More seri-
ous effects may include seizure, mood
changes or induction of hyper- or hypo-
mania. However, the risk of seizure is low,
at around 0.1% of adult cases and around
0.2% of pediatric reports, although these
figures may not reflect unreported off-
label use of the techniques (Rossi et al.,
2009). These more serious symptoms are
largely associated with people who already
possess a degree of susceptibility, such as
people with a history of epilepsy (Davis
et al., 2013). Adult brain stimulation is
thought be reasonably safe when used
within defined limits (see below), however
here I wish to focus on a number of factors
that complicate the translation of TMS and
tDCS protocols to pediatric cases.

I will focus on the key unknowns in
brain stimulation research:

1. The unknown effects of stimulation;
2. The unknown side-effects of stimula-

tion;
3. The lack of clear dosing guidelines;
4. The lack of translational studies from

adults to children.

I will set out these “known unknowns”
in translating our knowledge about TMS

and tDCS effects to clinical pediatric appli-
cations, and touch on the practical and
ethical barriers to their widespread usage.

GAPS IN OUR KNOWLEDGE
THE UNKNOWN EFFECTS OF STIMULATION
It is thought that the effects of stimula-
tion on the brain involve modulating the
excitability of cortical areas near to the tCS
electrode or to the TMS coil. However,
there are considerable gaps in our knowl-
edge of how this modulation is achieved
and maintained. It is assumed that long
term depression- or potentiation-like pro-
cesses mediate a change in the resting
potential of neurons (e.g., Fritsch et al.,
2010), and it is likely that the induced
electric currents induce plastic changes in
neurotransmitter availability (Stagg et al.,
2009; Stagg and Nitsche, 2011), but the
biophysical mechanism for the induction
of these processes from electric fields is
obscure. It is not clear to what extent
white matter is involved in mediating the
effects of brain stimulation. Children are
known to show less myelination in some
brain regions than adults (Klingberg et al.,
1999; Barnea-Goraly et al., 2005), and it
is thought that non-uniformity in brain
tissue has a large role in determining the
spread of current (Shahid et al., 2013).
It is even less clear to what extent glial
cells are involved during brain stimula-
tion, although it is known that many of
the changes in brain structure that occur
during childhood and adolescence are
due to changes in glial density (Caviness
et al., 1996). These architectonic differ-
ences between child and adult brains are
likely to affect the spread of applied cur-
rent through brain tissue, making it more
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difficult to predict the electric field at, or
away from, target brain areas.

THE UNKNOWN SIDE-EFFECTS OF
STIMULATION
As well as the short-term effects of tran-
scranial stimulation, we do not yet under-
stand the effects of long-term use. It seems
likely that repeated sessions of TMS or
tCS lead to longer-lasting neural effects;
these long-duration effects are what makes
brain stimulation an attractive possibility
for clinical treatment. However, no brain
region exists in isolation, and researchers
are only now beginning to understand
the knock-on effects of modulating one
brain area on other areas in the brain. For
example, there is evidence that enhanc-
ing one aspect of cognition may be detri-
mental to other cognitive faculties, making
neuromodulation a zero-sum intervention
(Brem et al., 2014). Conversely, reduction
in activation of a brain area may induce
a paradoxical overall facilitation in func-
tion (Earp et al., 2014), through disinhi-
bition in a network or through changes in
neural noise. These notions suggest that
we should be checking more widely for
possible adverse effects of brain stimula-
tion, since the resulting effect of stimula-
tion may not be seen in the hypothesized
behavior, but in behaviors governed else-
where in a brain network. There is also the
worrying possibility that electrical stimu-
lation of the skull may induce or inhibit
bone growth, an issue of particular impor-
tance in children whose cranial bones are
not yet fused (Friedenberg et al., 1971,
1974). This latter possibility has not been
explored in human volunteers in brain
stimulation experiments.

THE LACK OF CLEAR DOSING GUIDELINES
It is currently not known how to deter-
mine the appropriate dose of stimulation
to give to an individual person to achieve
a given size of effect. At present our best
knowledge in dose-setting comes from
studies that model the electric and mag-
netic fields generated in stimulation, and
attempt to relate these fields to physical
effects on brain tissue. For example, the
current applied between two tDCS elec-
trodes placed on the scalp induces an elec-
tric field across the brain surface (Miranda
et al., 2006). Modeling this electric field
may in principle afford predictions of

the behavioral effect of specified levels
of current (e.g., Mendonca et al., 2011).
However, there are known to be consid-
erable differences in the modeled field
between individuals, depending on such
factors as fat deposits, cortical folding and
skull thickness. Importantly, one recent
modeling study suggests that the transmis-
sion of electric current to the brain is more
efficient in children than in adults, imply-
ing that clinicians should be more con-
servative in dose-setting for children than
for adults (Kessler et al., 2013). This latter
study suggested that the same electric field
magnitude at the brain surface might be
achieved with half of the applied current
in children compared to adults. However,
it is interesting to note that TMS-induced
motor potentials are generated at a higher
TMS intensity in children than older peo-
ple, possibly as a result of different levels
of inhibitory processing in the cortex (Mall
et al., 2004). While not a complete solu-
tion, developing individual MRI-derived
models for dose prediction is likely to
remain the most effective strategy for safe
delivery of brain stimulation.

THE LACK OF TRANSLATIONAL STUDIES
FROM ADULTS TO CHILDREN
It is a well-established principle that chil-
dren should not be considered as “small
adults” when testing medical interven-
tions. A recent study suggested that most
medical devices used in children are never
tested in pediatric populations before
approval (Hwang et al., 2014). I argued
above that modeling studies can inform
our ability to safely apply the correct level
of dose in individual children. However,
we are left with an ethical dilemma: how to
judge the safety of a procedure in children
without exposing children to the proce-
dure’s potential risks during testing? This
is not an uncommon problem in vul-
nerable groups. For example, in order to
be certain that a drug is safe for use in
pregnancy, it must be tested on pregnant
women (Chambers et al., 2008). In the case
of drug testing in pregnancy, this requires
that physicians monitor and report rare
adverse effects. Brain stimulation is simi-
larly associated with rare and subtle side-
effects, although in this case the patient
may not be aware of or able to report these
adverse effects. I propose that a clear sys-
tem be developed for recording adverse

effects in people with limited capacity to
report these effects.

WIDER ETHICAL CONCERNS
We have seen how incomplete knowl-
edge of the effects of brain stimulation
in adults and in children may entail risks
when applied to children, and have seen
that TMS and tCS are likely to be of use
in treating neurally-mediated disorders.
In younger patients, the most promising
treatment targets are epileptic disorders,
depression and chronic pain, where some
benefits have been shown in adults (Eldaief
et al., 2013). There is at present a small
number of publications that support the
use of brain stimulation in developmen-
tal cognitive conditions including autism
(Oberman et al., 2013; Enticott et al.,
2014), attention deficit-hyperactivity dis-
order (e.g., Bloch et al., 2010) or develop-
mental dyslexia (e.g., Costanzo et al., 2013;
Vicario and Nitsche, 2013b).

Recently researchers have suggested
that brain stimulation might enhance per-
formance, in domains such as mathemat-
ical ability (Snowball et al., 2013), sport
(Davis, 2013), moral reasoning (Young
et al., 2010) and vigilance (Nelson et al.,
2014). The possibility exists that a child
might take a dose of stimulation before
sitting an exam or a driving test. As
access to brain stimulation becomes more
widespread, in particular an internet-
based do-it-yourself movement (“DIY-
tDCS”), it is increasingly likely that people
will take the findings reported in scien-
tific reports and in the press, and attempt
to apply the same stimulation parameters
without the safeguards of the lab or clinic
(Fitz and Reiner, 2013). Researchers and
clinicians therefore have an increased duty
of caution in presenting our findings to a
wider audience.

CONCLUSION
I have so far presented a somewhat nega-
tive view of the use of brain stimulation
in younger people. In balance, I would
add that based on the published liter-
ature, amounting to around 1000 pedi-
atric cases, the protocols do not appear to
expose patients to significantly enhanced
risk of serious adverse effects. Adverse
reactions have occurred, although gener-
ally these have been in patients who have
an increased risk, such as in a case of rTMS
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leading to a seizure in a patient with ele-
vated blood alcohol levels (Chiramberro
et al., 2013). Sessions of TMS and tDCS
are reasonably well tolerated in studies
that have reported subjective experience.
Rajpakse and Kirton (2013) and Krause
and Cohen Kadosh (2013) give compre-
hensive recent overviews of brain stimula-
tion studies in children. When used with
care, brain stimulation in children appears
to be safe and well tolerated, at least over
the range of expected effects that occur
following stimulation.

I therefore hope to offer a positive
conclusion. Transcranial stimulation will
almost certainly play a large role in future
treatment options for neurological disor-
ders in children, including the develop-
mental cognitive disorders listed above, for
which there is some theoretical justifica-
tion for optimism. Many of the disorders
discussed here are disorders of plasticity;
the hope is that maladapted communica-
tion between or within brain areas might
be adjusted through the use of externally-
applied stimulation. Certainly in adults
TMS and tDCS are likely to be associated
with fewer and less unpleasant side-effects
than the neuroactive drugs that they are
intended to replace, and brain stimulation
is thought to be safe when used within
known safety parameters (e.g., Green et al.,
1997; Bikson et al., 2009; Rossi et al., 2009;
Davis et al., 2013).

It is clear that a large amount still
remains to be done in establishing safe
use of brain stimulation for children. The
major practical problems that remain are:
safe dosing of stimulation for individ-
ual children; developing a framework for
establishing informed consent in children
and their guardians; and an efficient sys-
tem for monitoring and reporting adverse
effects during and following brain stimula-
tion in minors. Researchers and clinicians
should also be conscious that children
and parents are increasingly technologi-
cally aware, and that headline-grabbing
news related to brain stimulation could
lead people to self-administer stimulation;
this is already occurring, as a brief search
of internet forums will reveal.

Brain stimulation is a powerful tool,
and it is our duty to ensure that it is
used responsibly in people who are most
vulnerable. With scientific and practical
developments, we can be confident that

brain stimulation offers an opportunity to
help those who have most to benefit.
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Davis (2014) called for “extreme caution” in the use of non-invasive brain stimulation (NIBS)
to treat neurological disorders in children, due to gaps in scientific knowledge. We are
sympathetic to his position. However, we must also address the ethical implications of
applying this technology to minors. Compensatory trade-offs associated with NIBS present
a challenge to its use in children, insofar as these trade-offs have the effect of limiting
the child’s future options. The distinction between treatment and enhancement has some
normative force here. As the intervention moves away from being a treatment toward
being an enhancement—and thus toward a more uncertain weighing of the benefits, risks,
and costs—considerations of the child’s best interests (as judged by the parents) diminish,
and the need to protect the child’s (future) autonomy looms larger. NIBS for enhancement
involving trade-offs should therefore be delayed, if possible, until the child reaches a
state of maturity and can make an informed, personal decision. NIBS for treatment, by
contrast, is permissible insofar as it can be shown to be at least as safe and effective
as currently approved treatments, which are themselves justified on a best interests
standard.

Keywords: brain stimulation, pediatric ethics, cogntive enhancement, functional trade-offs, autonomy

Davis (2014) has called for “extreme caution” in the use
of non-invasive brain stimulation (NIBS) methods to treat
neurological disorders in children. His focus is on transcra-
nial magnetic stimulation (TMS) and transcranial direct cur-
rent stimulation (tDCS), which, respectively, involve passing
either an electro-magnetic field or a small direct current
through the skull in order to modulate neuronal activ-
ity. To justify his position, Davis calls attention to four
major issues, framed as “known unknowns” in the current
literature:

(1) unknown effects of brain stimulation, and unknown mecha-
nisms for producing those effects;

(2) unknown side-effects of stimulation (both short- and long-
term);

(3) a lack of clear dosing guidelines; and
(4) a lack of translational studies from adults to children.

As Davis rightly points out, “children [cannot] be considered
as ‘small adults’ when testing medical interventions” (p. 2). This
is especially the case for interventions into the central nervous
system, since a child’s developing brain may respond differently
to stimulation compared to that of an adult. Indeed, research
shows that the brain continues to develop even after the age of
majority (Sowell et al., 2003). Nevertheless, Davis balances his
plea for caution with longer-term optimism. He argues that—
when used with care—brain stimulation in children does appear
to be safe and well-tolerated, and may even turn out to be
“associated with fewer and less unpleasant side-effects than the

neuroactive drugs [such stimulation is] intended to replace”
(p. 3).1

We are sympathetic with Davis’ argument (Cohen Kadosh
et al., 2012). Put simply, caution and sustained clinical scrutiny
are required, both for research into the effects of pediatric
brain stimulation and for the application of such technology.
Yet while further empirical studies into appropriate dosing, side-
effects, and so on should allow for brain stimulation in children
to be made generally safer (as well as more effective thera-
peutically), we must also address the gaps in our understand-
ing of the ethical implications of applying this technology to
minors.

In this article, we aim to contribute to such an understanding.
To frame our discussion, we draw a distinction between the use
of NIBS (but see Davis and van Koningsbruggen, 2013)2 as a
form of treatment for a recognized neurological disorder, and its

1Consistent with this perspective, a recent review concluded that there is at
least preliminary evidence of a therapeutic potential for TMS and/or tDCS in
children with conditions such as depression and autism spectrum disorder;
however, it should be noted that many of the studies included in this review
did not have adequate control groups, and should therefore be interpreted
with care (Vicario and Nitsche, 2013).
2They argue that the term “non-invasive” “is inappropriate and perhaps
oxymoronic, as it obscures both the possibility of side-effects from the
stimulation, and the longer-term effects (both adverse and desirable) that
may result from brain stimulation. [Moreover, the] tendency for the effects of
[such stimulation] to spread from the target brain area to neighboring areas
is in itself contrary to the definition of non-invasiveness” (p. 1). Indeed, this
ability for (intended) effects of brain stimulation to have potentially adverse
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use as a form of enhancement in healthy children. Although we
have argued in previous work that the treatment/enhancement
distinction tends to break down in the case of adults (see Earp
et al., 2014), in the case of children, we suggest, it has greater
normative force. This is because, we argue, the relative weights
of (parental judgements of) beneficence vs. respect for autonomy
shift as the decision pertains more to “enhancement” than to
“treatment”.3,4

The tension between these two factors arises because some
interventions may involve compensatory trade-offs or functional
losses, such as potential cognitive costs in the case of brain
stimulation. When these trade-offs have the effect of limiting the
child’s future options, they pose a threat to his or her (future)
autonomy. Whilst choosing to “treat” a child will sometimes be
in his or her best interests even if it precipitates cognitive trade-
offs, interventions intended to “enhance” may not be justified in
this way. In the absence of a clear pathology, we suggest, greater
relative weight should be placed on the child’s (future) autonomy,
at least in part because the certainty with which the parents can
determine what would be in his or her best interests is likely to be
significantly reduced.

Given this, we argue that brain stimulation for “enhance-
ment”—insofar as it involves a more controversial weighting of
benefits vs. risks and costs—should be delayed until the child
has reached a state of maturity. In this way, she can make an
informed, personal decision about the proposed intervention.
Brain stimulation for “treatment”, by contrast, is permissible
insofar it can be shown to be at least as safe and effective as
currently approved treatments (which are themselves justified on
a best interests standard).

THE PERMISSIBILITY OF TREATING NEUROLOGICAL
DISORDERS IN CHILDREN
To begin our discussion, we ask, what makes pediatric “treatment”
permissible in general? By “treatment” we intend to call to mind
such interventions as surgery to correct a heart defect, or the
administration of antibiotics to address an infection. In these
cases, a disease or deformity is present that threatens the child’s
well-being, and the treatment is the best available means (or
a good-enough means) to mitigate that threat. Thus, although
(a) the child cannot strictly consent to the intervention, (b) the

ramifications for other brain areas (and/or functions) is a key component of
our ethical analysis.
3We do not suggest, of course, that there is a clear-cut, universally agreed-upon
distinction between treatment and enhancement (see Maslen et al., 2014).
Instead, we envision a sliding scale from interventions that are intended simply
to sharpen a certain cognitive skill in a healthy child (“enhancement”) to those
intended to relieve a child of pain or another burden that significantly affects
his or her ability to pursue the normal range of activities that children pursue
(“treatment”).
4Throughout this paper we invoke three overlapping considerations: the
child’s “developing autonomy” (her learning to be self-governing), the child’s
“future autonomy” (her prospects for pursuing the life plans that she will come
to value as an adult) and the child’s “self-determination” (the freedom for her
actions to be “up to her”). All three are relevant and closely related in our
discussion. However, we use the term “future autonomy” more prominently,
as this denotes best the concern with preserving options for the child to
evaluate herself, once she has sufficient capacity to make such assessments.

intervention may carry considerable risk, and (c) it may involve
even a gross intrusion into the child’s bodily sphere, it is never-
theless considered to be morally permissible. Such an intervention
is permissible because, and insofar as, it is in the child’s best
interests—all things considered (see Hope et al., 2008).

We can extend this reasoning to the case of brain stimulation.
If a child is experiencing significant psychological and/or physical
burdens due to a neurological disorder, the benefits of treatment
with stimulation might very well be in the child’s best interests
in the sense just described. In fact, this could turn out to be the
case even if some significant negative side-effects were generated,
so long as the overall costs to the child (including the cost to
autonomy) were outweighed by the benefits of performing the
stimulation before an age of consent. On these grounds, it could
be considered permissible, assuming that it were shown to be at
least as safe and effective as other, more established treatment
paradigms.5

ENHANCEMENT AND THE CHILD’S INTEREST IN AUTONOMY
What about the case of “enhancement”? Ethicists are divided
on the question of whether parental enhancement choices are
in the child’s best interests and this is often framed in terms
of a consideration of the child’s interest in (future) autonomy,
or self-determination. Some have argued that the enhancement
of a child might lead her to feel unfree to pursue her own
life-projects due to the fact that decisions about her traits and
capacities have been chosen for her. In developing this argument,
Habermas (2003, p. 50) has argued that, in the case of genetic
enhancement (i.e., selecting for specific traits, such as intelli-
gence), the parents’ choices represent intentions and expectations
relating to their child’s life. Such expectations, he suggests, lead
to the stifling of the child’s freedom to develop in his or her own
way.

Others have argued that enhancement technologies would
not undermine autonomy, insofar as they increase the options
available in an individual’s choice set. For example, Bostrom
(2005) claims that an enhanced child might “enjoy significantly
more choice and autonomy in her life, if the modifications were
such as to expand her basic capability set. Being healthy, smarter,
having a wide range of talents, or possessing greater powers
of self-control are blessings that tend to open more life paths
than they block” (p. 212). Such an analysis tends to assume
that enhancement has the overall effect of increasing objective
opportunities, even if a child might experience her freedom as
being constrained by parental expectations. However, as we will
now discuss, in the case of brain stimulation, the assumption
of “more choice” may sometimes be mistaken. The arguments

5However, note that the permissibility of parents’ choosing the intervention
would depend in part on what specific “negative side effects” might be
incurred by the stimulation, as well as the magnitude of the risk. As we discuss
later on, one high-risk side-effect of some kinds of brain stimulation is the
diminishment of a non-targeted cognitive capacity. In this case, the persistence
of symptoms due to the neurological condition would have to be worse—
that is, more contrary to the child’s interests—than the cognitive trade-offs
incurred by the stimulation (alongside any other negative side-effects and
costs) for the stimulation to be considered permissible on the best interests
test.
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we make in what follows are about objective, not subjective,
curtailment(s) of freedom.

BRAIN STIMULATION AND COGNITIVE TRADE-OFFS
While early research into brain stimulation in healthy adults has
focused on its potential to enhance cognitive functions, the cog-
nitive costs that might be associated with such enhancement have
largely been neglected. However, as Davis points out, no brain
region exists in isolation. Indeed, there is evidence that enhancing
one aspect of cognition may be detrimental to other cognitive
faculties, making neuromodulation “a zero-sum proposition”
(Brem et al., 2014; but see Luber, 2014). For example, it has been
shown that enhancing cognitive performance on one task can be
associated with poorer performance on a different cognitive task
(Iuculano and Cohen Kadosh, 2013; Sarkar et al., in press).

It must be acknowledged that the evidence for such
enhancement tradeoffs has thus far been obtained only from
well-controlled laboratory experiments that have poor ecological
validity. However, this preliminary evidence should alert us to
the possibility of similar trade-offs that might occur in more
ecologically valid settings. Laboratory experiments can help to
demonstrate what would be theoretically expected, based on the
cognitive function that is targeted and the brain regions that
are stimulated. Crucially, such experiments suggest that it is
theoretically likely that enhancement of one domain of cognition
will sometimes come at the cost of impairment in another. Thus,
any decision to enhance could be also a decision to impair. When
this is coupled with the emerging probability of long lasting
effects on the brain (see Snowball et al., 2013), a situation arises
in which parents might inadvertently or even knowingly limit (at
least some) future options for their children when they choose to
enhance particular capacities at the expense of others.

For example, imagine a parent who has aspirations for her
child to be the star of the school’s quiz team. The parent encour-
ages the child to memorize facts whilst her brain is stimulated to
enhance long-term memory. However, as a result, the child’s visu-
ospatial working memory is impaired and her ability to quickly
solve mental arithmetic problems suffers (see de Jongh et al., 2008
for a review of such trade offs with respect to pharmacological
enhancements). Although the child performs well on general
knowledge tests, she performs less well in mental arithmetic:
mathematics-related pursuits are, to a certain degree, limited as
a result of the intervention.

In this example, by choosing to enhance the child’s long-term
memory and, correspondingly, the ease with which activities
employing this particular cognitive capacity can be pursued,
the parent is also choosing to impair a different capacity,
making the pursuit of activities involving visuospatial working
memory more difficult. It is our contention that making these
opportunity-limiting choices on behalf of the child may not be
permissible. This is the case even if opportunities associated with
the enhanced cognitive domain are increased. Parents cannot
know what the child will grow up to value and so should not
restrict opportunities based on what they want their child to
pursue. Whilst there are many decisions that parents can make
in the best interests of their child, which cognitive capacities are
more valuable, we contend, is usually not one.

This argument applies most strongly to cases in which
there is (roughly) a one-to-one trade-off. However, if a given
enhancement intervention substantially increased function in one
domain, while only slightly reducing function in another (as
judged by a reasonable observer), then the decision would turn
more heavily on considerations of what would be in the best
interests of the child, overall. Such valuations are hard to make,
and are likely to be highly subjective in many cases. The more
subjective they are (that is, the less clear an “objective” observer
would be about the relative weights to assign to the enhanced
vs. diminished capacities), the more the decision about inter-
vening should be left to the individual who must live with the
consequences.

AT WHAT AGE CAN CHILDREN DECIDE TO BE “ENHANCED”?
Let us summarize our argument so far. First, when “enhance-
ment” interventions involve a functional trade-off, the agent
whose relevant capacities will be altered should usually be the one
to make a decision about whether the intervention is desirable,
all-things-considered. However, young children are unlikely to
know which capacities they will value later in life, since their
self-knowledge and ability to make and pursue long-term goals
is yet to develop. Therefore, there is a problem in terms of a
child’s capacity to consent—that is, to fully understand what
an intervention involves and what the material consequences
will be. Moreover, there is a problem in terms of the child’s
limited insight into what she will value over time. At what
point, then, can children make meaningful decisions regarding
self-enhancement, taking into consideration the apparent risk of
cognitive trade-offs?

To begin with, we should point out that a child’s inability to
provide informed consent does not make pediatric interventions
impermissible per se. As we have already suggested, when it comes
to treatment, at least, parents (or legal guardians) can legiti-
mately make decisions in the best interests of the child. Similarly,
when an intervention is carried out for purposes of medical
research, a child’s lack of capacity to consent is not necessarily
prohibitive either. In these cases, clinicians or researchers must
seek (and obtain) the child’s assent to participate in the study
(as well meet all other ethical requirements, see Caldwell et al.,
2004).6

For minor interventions, then—such as venipuncture for
the purposes of a study—a child’s assent may be all that is
needed. This is because the risks that are associated with such a

6What is assent? Although there are several different theories of assent, at its
most basic, it involves agreement to or acceptance of the intervention. It is
often argued that the requirements for assent are less cognitively demanding
than for consent (see John et al., 2008; Waligora et al., 2014), such that
individuals whose capacities to make informed judgments are still developing
may nevertheless be able to meet them. In relation to assent for pediatric
research, for example, Roth-Cline and Nelson suggest that the child should
“understand why he or she is being asked to participate and what will be his
or her experience if he or she decides to participate” (Roth-Cline and Nelson,
2013, p. 296). Precise age ranges vary, but a child’s assent is thought to be
(ethically) obtainable by approximately age five or six, depending upon the
specific intervention being proposed (including its risk profile, etc.), and also
adjusting for the child’s individual stage of development.
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procedure are either immediate and transitory (e.g., pain, stress,
or discomfort) or rare (e.g., hemorrhage or infection), assum-
ing that the intervention is properly performed. By contrast,
the effects of brain stimulation for “enhancement” may have
consequences that reach far into the child’s future. Therefore,
in order to evaluate the reasons one might have for refusing
such an “enhancement” (such as a desire to leave one’s cognitive
functions intact), one must be capable of meaningful temporal
self-projection. Yet such projection is usually not possible for very
young children.7

It may be possible, however, for older children and/or ado-
lescents. Accordingly, some scholars have suggested that genuine
consent may be possible before an age of legal majority (typically
18), at least for certain kinds of “medical” interventions (see,
e.g., Levy et al., 2003). For simple procedures with minimal risks,
children as young as 10 may be capable of giving age-appropriate
consent. As the risks increase, however, and as the need for tem-
poral projection becomes more central to the decision-making
process, a higher threshold for consent is required. In the case of
“enhancement” decisions involving potential trade-offs, such as
the impairment of a cognitive capacity, the threshold should be
higher still.

This is for two reasons: first, as we have discussed, a child’s
brain is still developing, and in numerous ways that are not yet
understood. Indeed, even adolescent and adult brains continue
to develop. Nevertheless, and second, adolescents (and adults)
have much greater insight—compared to very young children—
into their own future values. It is this forward-looking capacity,
we contend, that is especially important when making decisions
about how to weigh the relative value of different cognitive
functions; and younger children seem to lack this capacity. There-
fore, in the case of pediatric enhancement involving long-term
cognitive tradeoffs, we suggest that consent may be (ethically)
obtainable by later adolescence, perhaps around the age of 16, but
usually not earlier than this.

PARENTS’ TRADITIONAL INFLUENCE ON CHILDREN’S SKILL
DEVELOPMENT
A first response to our argument might be to point out that
parents already make many (relatively unproblematic) decisions
when, for example, they allow their children to take part in certain
extra-curricular activities but not others. A parent might encour-
age her child to go to drama club instead of French lessons or to
practice football rather than sing. However, there are important
differences between these decisions and the sorts of cognitive
trade-offs under discussion.8

7Therefore, a simple understanding of the immediate experience of the
intervention would not be sufficient to make the enhancement intervention
morally permissible. Indeed, the acceptance that is characteristic of child assent
must be supplemented with a strong, considered preference in cases in which
long-term trade-offs are under consideration.
8There will, of course, be examples of “hyperparenting” (see Sandel, 2009),
which may in fact be as problematic as electing opportunity-limiting
interventions involving direct intervention into a child’s brain—and for simi-
lar reasons. This will be the case particularly when the child is made to spend
a considerable amount of time developing a certain skill despite her sustained
dissent. Whilst parents should encourage children to try different activities,

First, developing a skill through participation in an extra-
curricular activity does not directly impair the skills that would
have been developed had a different activity been selected: prac-
ticing music, for example, does not directly impair the ability
to speak French. The significance of this disanalogy with cog-
nitive trade-offs will depend upon two things. First, the extent
to which the failure to develop a capacity is comparable (in
an opportunity-limiting sense) to directly impairing it: if, later
in life, non-developed skills can more easily be developed than
impaired skills, then the child retains more options. Second, the
permanency of the impairment will be highly relevant: tempo-
rary enhancement may only result in temporary impairment. If
impairment to a capacity subsides, or is compensated for, then it
becomes equivalent to a non-developed capacity and the (moral)
distance between traditional intervention and neuro-intervention
decreases.

Thus, neuroscientific evidence regarding the permanency—
and extent—of cognitive costs associated with brain stimulation
will be essential to determining the permissibility of parental
“enhancement” decisions. It will also be crucial to know how
these effects differ between one-off vs. repeated interventions,
as well as whether the sought-after benefit can be achieved later
in life, when the (future) adult can decide for himself or herself.
Such knowledge is currently lacking. Accordingly, we highlight
the need for careful consideration of these variables, and conclude
that “enhancements” involving significant long-term cognitive
tradeoffs should be delayed until the individual to be affected can
express a considered preference (i.e., adolescence).

CONCLUSION
Whilst adults are in a position to decide whether effect X is
valuable enough (to them) to justify incurring impairment Y,
children do not yet have the capacity or the life experience to
make such trade-off decisions. They do not know what they
will value when they grow up and nor do their parents. Whilst
an intervention that improves X may count as an enhancement
for the individual who does not care much about Y, another
individual, valuing Y over X, will view the very same outcome
as an impairment. In such cases—that is, cases in which the very
status of an intervention’s being an (overall) enhancement vs. an
impairment is controversial—the weight of considerations should
shift toward delaying the intervention until the individual who
will actually be affected by it has sufficient capacity to decide.
The more permanent and substantial the trade-off, the more this
argument has force.

The gaps Davis identifies in the literature on brain stimulation
suggest that we do not currently have enough evidence to
properly assess the magnitude and permanency of any trade-offs
and, consequently, that the caution he recommends is indeed
warranted. However, we have suggested that even when science

and sometimes override dissent when a child is less-than-enthusiastic on
a particular occasion, a child’s long-term resistance to an extra-curricular
activity renders parental force morally questionable at best, and morally
impermissible at worst. This is due to the failure of such parental pressure to
nurture the child’s developing autonomy and its prevention of the child’s pur-
suit of alternative extra-curricular options, which may become increasingly
difficult to master as time goes on.
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can tell us about the effects of brain stimulation in more detail,
the permissibility of parental decision-making may remain
limited in some cases in which the aim is only to “enhance” an
intact cognitive capacity. In contrast, the treatment of atypical
cognitive abilities using brain stimulation will be permissible
insofar as the stimulation is (at least) as safe and effective as
existing treatments in providing an overall benefit to the child.
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