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Transcranial Magnetic Stimulation in Autism Spectrum Disorder:
Challenges, Promise, and Roadmap for Future Research
Lindsay M. Oberman, Peter G. Enticott, Manuel F. Casanova, Alexander Rotenberg,
Alvaro Pascual-Leone, James T. McCracken, and the TMS in ASD Consensus Group†
Autism Spectrum Disorder (ASD) is a behaviorally defined complex neurodevelopmental syndrome characterized by
impairments in social communication, by the presence of restricted and repetitive behaviors, interests and activities, and
by abnormalities in sensory reactivity. Transcranial magnetic stimulation (TMS) is a promising, emerging tool for the
study and potential treatment of ASD. Recent studies suggest that TMS measures provide rapid and noninvasive pathophysiological ASD biomarkers. Furthermore, repetitive TMS (rTMS) may represent a novel treatment strategy for reducing
some of the core and associated ASD symptoms. However, the available literature on the TMS use in ASD is preliminary,
composed of studies with methodological limitations. Thus, off-label clinical rTMS use for therapeutic interventions in
ASD without an investigational device exemption and outside of an IRB approved research trial is premature pending further, adequately powered and controlled trials. Leaders in this field have gathered annually for a two-day conference (prior
to the 2014 and 2015 International Meeting for Autism Research, IMFAR) to share recent progress, promote collaboration
across laboratories, and establish consensus on protocols. Here we review the literature in the use of TMS in ASD in the
context of the unique challenges required for the study and exploration of treatment strategies in this population. We also
suggest future directions for this field of investigations. While its true potential in ASD has yet to be delineated, TMS represents an innovative research tool and a novel, possibly transformative approach to the treatment of neurodevelopmental
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Introduction
Autism Spectrum Disorder (ASD) is a behaviorally
defined complex neurodevelopmental syndrome. Core

ASD symptoms include impairments in social communication, restricted and repetitive behaviors, interests
and activities [American Psychiatric Association, 2013].
The diagnosis of ASD is based on observations and
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assessments of behavior using Diagnostic and Statistical
Manual of Mental Disorders (DSM) ) or International
Classification of Diseases (ICD) criteria, however, postmortem, genetic and neuroimaging data indicate that
the behavioral ASD phenotype is the product of atypical brain development [Ameis & Catani, 2015]. Despite
many years of research, our understanding of this atypical neurodevelopment is limited. The brain networks
responsible for the high-level skills that are impaired as
part of the core ASD features are complex and require
efficient integration of multiple, distributed brain
regions. Thus, ASD pathophysiology likely is not limited to dysfunction of a single brain region, but rather a
breakdown in the functioning and integration of longrange neural circuits.
Over the past quarter century, neuroscience techniques have been developed and applied to ASD to study
brain structure and function. Additionally, clinical trials
of therapeutic inteventions aimed at modulating brain
functioning have also been evaluated. In this article, we
will discuss one neuroscientific technique, namely transcranial magnetic stimulation (TMS) that has been used
both to study the neural mechanisms of ASD as well as
to therapeutically target the predicted dysfunction.
TMS is a method for noninvasive focal brain stimulation, where localized intracranial electrical currents, large
enough to depolarize a small population of neurons, are
generated by rapidly changing extracranial magnetic
fields [Wagner, Valero-Cabre, & Pascual-Leone, 2007].
TMS can be applied in single pulses, pairs of pulses, or
repeated trains of pulses (rTMS). Following standardized
guidelines and procedures, human studies with adults
and children have demonstrated TMS procedures to be
safe and well tolerated[Croarkin, Wall, & Lee, 2011; Garvey & Gilbert, 2004; Hong et al., 2015; Rajapakse & Kirton, 2013; Rossi, Hallett, Rossini, Pascual-Leone, & Safety
of T.M.S. Consensus Group, 2009].
When single pulse TMS is applied in primary motor
cortex (M1) at suprathreshold intensities, it activates
corticospinal outputs, producing a twitch in a peripheral muscle (a motor evoked potential (MEP)), which
can be used as an index of corticospinal excitability
[Barker, Jalinous, & Freeston, 1985]. Early TMS studies
discovered that the evoked responses are primarily
reflective of functioning of intracortical circuits (rather
than the corticospinal projection neurons themselves)
[Day et al., 1989]. Thus, protocols to probe intracortical
inhibitory and facilitatory processes using paired pulse
stimulation protocols have also been developed [Claus,
Weis, Jahnke, Plewe, & Brunholzl, 1992; Kujirai et al.,
1993; Valls-Sole, Pascual-Leone, Wassermann, & Hallett,
1992; Ziemann, 1999]. Finally, trains of repeated TMS
pulses (rTMS) at various stimulation frequencies and
patterns can induce a lasting modification of activity in
the targeted brain region, which can outlast the effects
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of the stimulation itself. The aftereffects of rTMS are
thought to relate to activity-dependent changes in the
effectiveness of synaptic connections between cortical
neurons, reflecting cortical plasticity mechanisms [Fitzgerald, Fountain, & Daskalakis, 2006; Hoogendam,
Ramakers, & Di Lazzaro 2010; Thickbroom, 2007; Ziemann, et al., 2008]. Single and paired pulse TMS protocols are exclusively used for investigational purposes,
while rTMS protocols can be used both in investigational and therapeutic applications.
Given the current data emphasizing circuit-level dysfunction as well as aberrant synaptic plasticity and excitation/inhibition ratio in ASD (see [Ameis & Catani,
2015; Casanova, Buxhoeveden, & Gomez, 2003; Oberman, Rotenberg, & Pascual-Leone, 2014; Rubenstein &
Merzenich, 2003] for reviews) and the capacity of TMS
to both investigate and modulate cortical excitability
and plasticity [see Huang, Edwards, Rounis, Bhatia, &
Rothwell, 2005; Huerta & Volpe, 2009; Thickbroom,
2007; Ziemann, 2004], the potential for TMS in the
field of autism research is beginning to be explored in a
number of laboratories world-wide.
The inaugural “Transcranial Magnetic Stimulation
(TMS) Therapy for Autism Consensus Conference” was
held in May of 2014 with a second conference held in
May of 2015. The purpose of these conferences was to
gather TMS and autism researchers and clinicians to
share recent progress in the field, promote collaboration
across laboratories and disciplines, and establish consensus on TMS parameters that may be useful for the
study of pathophysiology and the potential treatment
of ASD. This article benefitted from the combined
expertise and discussions of those present at these conferences. This is an evolving area of research with great
promise, but also many open questions that have yet to
be explored. In this article, we review the current data
related to the use of TMS both as an investigational and
a therapeutic tool, discuss the challenges inherent in
this type of research, and propose a roadmap for future
research in this area.

Published Reports of TMS in ASD
TMS as an Investigative Tool
Different TMS paradigms have been developed to probe
cortical excitability, inhibitory control, and plasticity
respectively, and have been used to explore the neurophysiology of ASD, generally among individuals without intellectual disability (findings summarized in
Table 1).
Single pulse TMS. In ASD, single pulse TMS has been
used to probe baseline levels of corticospinal excitability and modulation of corticospinal excitability in
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ASD

ASD

ASD

Enticott et al. [2013],
Neuropharmacology

Oberman et al. [2014], Frontiers
in Human Neuroscience

Oberman et al., [2014], Medical
Hypotheses

n/a

n/a

Minio-Paluello et al. [2009], Biological Psychiatry

Duration

Theoret et al. [2005], Current
Biology

Paper

ASD

Enticott et al. [2013], Frontiers
in Human Neuroscience

None

AS

n/a

n/a

Trains

None

None

None

None

None

15

None

ASD (7 HFA, 6
AS, 2 PDD- NOS)

ASD

25

None

ASD (11 HFA,
14 AS)

Enticott et al. [2012], Biological
Psychiatry

5

None

AS

35

19

36

32

34

72

264

36

12

26

25

1

1

Sessions

M/F

M

M/F

M/F

M/F

M/F

36

26

M/F

M/F

M/F

M

18

16.67

41

28

Age Range: M/F
23–58

Mean age
(years) Gender

Pulses
Delivered

35 (cTBS),
of which
9 also iTBS

16

None

AS

10

n (ASD)

Minio-Paluello et al. [2009], Biological Psychiatry
Oberman et al. [2010], Frontiers
in Synaptic Neuroscience
Enticott et al. [2010], Developmental Medicine and Child
Neurology
Jung et al. [2012], Developmental Medicine and Child
Neurology
Oberman et al. [2012], European
Journal of Neuroscience

None

Intellectual
Disability

ASD

Diagnosis
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Theoret et al. [2005], Current
Biology

Paper

Table 1.

L M1

R M1 (PAS)

L and R M1

L M1

L M1

L M1

Site

None

None

Blinding

L M1

L M1

Online

Online

Assessment
Times

citalopram, atomoxetine,
buspirone, sertraline,
methylphenidate, risperidone,
guanfacine
–

SSRI, atypical antipsychotic,
L M1
benzodiazapine,
antidepressant
SSRI, atypical antipsychotic,
L M1
benzodiazapine,
antidepressant
fluoxetine, citalopram, sertraline, L and R M1
lorazepam, olanzapine,
venlafaxine, risperidone,
mirtazapine, quetiapine

–

clomipramine, risperidone, quetiapine, venlafaxine, flouxetine, valproate
None

–

–

–

Medication

Reported Effects

80% AMT

80% AMT

Not Indicated

Not Indicated

Side
Effects

Single Pulse5115% and
130% RMT; 115% and
130% AMT; Paired
Pulse590% RMT and 120%
RMT

120% RMT

120% RMT

Lowest intensity producing average 1 mV motor-evoked
potential
80% AMT

Single Pulse5115% RMT; Paired
Pulse590% and 115% RMT

80% AMT

120% RMT

Single Pulse590%, 100%,
105%, 110%, 115%, 120%,
130%, 140%, 150%, 160%
RMT; Paired Pulse 5 80%
and 120% RMT

Intensity

No group difference in RMT or response
to ppTMS. Impaired corticospinal facilitation in response to finger movements viewed from the egocetnric
point of view in the ASD group.
No modulation of corticospinal excitability in response to the observation of
painful stimuli affecting another individual in the Asperger’s Group.

TBS

TBS

Single Pulse and Paired
Pulse (2, 15 and 100
msec ISI)

Single Pulse

Single Pulse

Single Pulse and Paired
Pulse (2 and 15 msec
ISI)
PAS, Single Pulse and
Paired Pulse (2 and 3
msec ISI)
TBS

TBS

Single Pulse

Single Pulse and Paired
Pulse (1, 2, 3, 6, 9,
12, 15 msec ISI)

Frequency
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1 train of 40 s

1 train of 40 s

n/a

n/a

n/a

iTBS: 20 3 2 s,
10 s ISI; cTBS
1 train of 40 s

600

600

170

50

1

1

1

1

1

1 or 2

600

50

1

1

2 (1 cTBS,
1 iTBS)

Sessions

200

120

600

Pulses
Delivered

Data analysis
(patient group)

Data analysis
(patient group)

None

None

None

Data analysis
(patient group)

None

None

None

Blinding

Before, 5, 10, 20, 30,
40, 50, 60, 75, 90,
105, 120 min after
cTBS

Before, 5, 10, 20, 30,
40, 50, 60, 75, 90,
105, 120 min after
cTBS

Online

Online

Online

Before, 5, 10, 20, 30,
40, 50, 60, 75, 90,
105, 120 min after
cTBS

Before, after, 30 min
after, 60 min after
PAS

Online

Before, 5, 10, 20, 30,
40, 50, 60, 75, 90,
105, 120min after
cTBS

Assessment
Times

No group difference in degree of
corticospinal excitability in response to
observation of single static hand
stimuli. Impaired corticospinal
facilitaiton in response to single hand
transitive hand actions in the ASD
group.
No group difference in degree of
corticospinal excitability in response
to single static hand stimuli or two
person interactive hands.
No group difference in RMT.
Heterogeneous response to paired
pulse TMS in the ASD group.
Positive linear relationship between age
and duration of modulation of TBS
after effects in children and
adolescents with ASD. A subgroup of
the ASD participants showed
paradoxical facilitation.
Longer lasting inhibition (suppressed
MEP) and greater degree of inhibition
(area under the curve) following TBS
in ASD. Age did not significantly
contribute to the model.

Longer lasting facilitation
(enhanced MEP) following iTBS in
ASD Longer lasting inhibition
(suppressed MEP) following TBS in
ASD

Reduced intracortical inhibition in the
HFA group as compared to the AS or
control group
No LTP-like MEP facilitation in ASD
(group difference significant at 60
min). No group difference in response
to ppTMS.

Longer lasting facilitation
(enhanced MEP) following iTBS in
ASD Longer lasting inhibition
(suppressed MEP) following cTBS
in ASD No effect the following day
using opposite protocol for ASD
(suggesting enhanced
metaplasticity)

Reported Effects

None

mild headache,
mild fatigue.

Not Indicated

Not Indicated

Not Indicated

None

–

Not Indicated

None

Side
Effects

All studies used TMS-evoked MEP amplitude as outcome measures. All Studies used Figure of 8 coils. ASD, Autism Spectrum Disorder; HFA, High Functioning Autism; PDD-NOS, Pervasive Developmental Disorder, Not Otherwise Specified; AS, Asperger’s Syndrome; M1, Primary Motor Cortex; Fo8, Figure of 8 coil; ISI, Interstimulus Interval; ppTMS, Paired Pulse TMS; rTMS, Repetitive Transcranial Magnetic Stimulation; PAS, Paired Associative Stimulation; iTBS, Intermittant Theta Burst Stimulation; cTBS, Continuous Theta Burst Stimulation; RMT, Resting Motor Threshold; AMT, Active
Motor Threshold; MEP, Motor Evoked Potential; LTP, Long Term Potentiation; SSRI, Selective Serotonin Reuptake Inhibitor.

40 s cTBS

Oberman et al., [2014], Medical
Hypotheses

n/a

Enticott et al. [2013],
Neuropharmacology
40 s cTBS

n/a

Enticott et al. [2013], Frontiers
in Human Neuroscience

Oberman et al. [2014], Frontiers
in Human Neuroscience

n/a

Enticott et al. [2012], Biological
Psychiatry

190 s (iTBS),
40 s (cTBS)

n/a

13.3 min (PAS)

Oberman et al. [2012], European
Journal of Neuroscience

n/a

n/a

Enticott et al. [2010], Developmental Medicine and Child
Neurology
Jung et al. [2012], Developmental Medicine and Child
Neurology

iTBS: 20 3 2 s,
10 s ISI; cTBS
1 train of 47 s

Trains

190 s (iTBS),
47 s (cTBS)

Duration

Oberman et al. [2010], Frontiers
in Synaptic Neuroscience

Paper

Table 1. Continued

response to visually presented stimuli. Six independent
studies have shown no difference in either motor
threshold (the lowest intensity of stimulation required
to induce a MEP) or size of MEP in response to a suprathreshold pulse of TMS between individuals with ASD
and neurotypical individuals [Enticott, Kennedy,
Rinehart, Bradshaw, et al., 2013; Enticott, Kennedy,
Rinehart, Tonge, et al., 2013; Enticott, Rinehart, Tonge,
Bradshaw, & Fitzgerald, 2010; Minio-Paluello, BaronCohen, Avenanti, Walsh, & Aglioti, 2009; Oberman
et al., 2012; Theoret et al., 2005]. These published data
suggest that baseline M1 excitability is not affected in
ASD.
Several other studies [Enticott, Kennedy, Rinehart,
Bradshaw, et al., 2013; Enticott, Kennedy, et al., 2012;
Minio-Paluello et al., 2009; Theoret et al., 2005]
assessed modulation of M1 excitability in individuals
with ASD as measured by single pulse TMS during the
observation of another person’s actions. In neurotypical
individuals the observation of another person’s actions
results in a simultaneous activation of the observer’s
sensorimotor system. This phenomenon is referred to as
interpersonal motor resonance (IMR) and is considered
a putative index of mirror neuron system activity
[Uithol, van Rooij, Bekkering, & Haselager, 2011]. Studies evaluating IMR in individuals with ASD have
reported mixed results that appear to be dependent on
the properties of the stimuli such as the presentation
from egocentric or allocentric perspectives, transitive
versus intransitive actions, or the social or emotional
content of the stimulus. These findings suggest that the
aberrant IMR responses may be a result of differences in
visual processing or attention to certain stimuli, but
typical responses to other stimuli in ASD [Enticott, Kennedy, Rinehart, Bradshaw, et al., 2013].
Paired Pulse TMS. In the conventional paired pulse
TMS protocol, two consecutive magnetic pulses are
applied through the same TMS coil in rapid succession
over primary motor cortex at various interpulse intervals. The outcome measure is the degree of effect of the
first pulse “conditioning stimulus” (CS) on the second
pulse “test stimulus” (TS) [Claus et al., 1992; Kujirai
et al., 1993; Valls-Sole et al., 1992; Ziemann, 1999].
When the interpulse interval between a subthreshold
CS and suprathreshold TS is 1–6 msec, the resulting
MEP suppression is thought to reflect GABAA receptor
mediated short-interval intracortical inhibition (SICI)
[Kujirai et al., 1993; Ziemann et al., 2015]. When the
interpulse interval is increased to 10–25 msec, the net
result is facilitatory, making this paired pulse paradigm
a putative index of intracortical facilitation (ICF), which
is thought to be mediated by a combination of receptor
types including n-methyl-d-aspartate (NMDA) glutamate
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receptors [Ziemann, Tergau, Wischer, Hildebrandt, &
Paulus, 1998], GABAA receptors [Inghilleri, Berardelli,
Marchetti, & Manfredi, 1996; Mohammadi, et al., 2006;
Ziemann, Lonnecker, Steinhoff, & Paulus, 1996], and
noradrenaline (NA) receptors [Boroojerdi, Battaglia,
Muellbacher, & Cohen, 2001; Gilbert et al., 2006; Herwig, Brauer, Connemann, Spitzer, & Schonfeldt-Lecuona,
2002; Kirschner et al., 2003; Moll, Heinrich, & Rothenberger, 2003; Plewnia, Bartels, Cohen, & Gerloff, 2001;
Plewnia et al., 2002]. Two suprathreshold pulses delivered at an interpulse interval of 50–200 msec is used to
evaluate GABA mediated long interval intracortical inhibition (LICI) [McDonnell, Orekhov, & Ziemann, 2006;
Pierantozzi et al., 2004; Valls-Sole et al., 1992; Werhahn,
Kunesch, Noachtar, Benecke, & Classen, 1999; Hsieh
et al., 2012].
A number of studies have been conducted using these
paradigms to probe intracortical inhibition and facilitation in ASD. Two studies report no significant difference in response to the SICI paradigm between ASD
and neurotypical individuals [Jung et al., 2013; Theoret
et al., 2005]. Three studies employed the ICF paradigm
and found no significant difference between ASD and
neurotypical controls [Enticott, Kennedy, Rinehart,
Tonge, et al., 2013; Enticott et al., 2010; Theoret et al.,
2005]. Three studies have reported mixed results with
some ASD individuals showing impaired intracortical
inhibition and others showing typical responses [Enticott, Kennedy, Rinehart, Tonge, et al., 2013; Enticott
et al., 2010; Oberman et al., 2010]. Thus, abnormal
intracortical inhibition may be present in a subgroup,
but this alteration of cortical physiology does not
appear to be consistently demonstrable in all individuals with ASD.
rTMS. The effects of single and paired pulses are short
lasting (on the order of milliseconds), however, when
pulses are applied in repeated trains, such as in the case
of rTMS, there is the potential to affect cortical excitability for several minutes following a single session, or
several days to months following a series of daily sessions. Thus, rTMS can be used to provide a measure of
cortical plasticity (the degree to which the excitability
of the cortex changes following these rTMS trains)
[Pascual-Leone et al., 2011]. Depending on the parameters of stimulation, focal cortical excitability can be
either facilitated or suppressed [Pascual-Leone, VallsSole, Wassermann, & Hallett, 1994]. The degree and
direction of the effect of rTMS, both at the level of the
brain and behavior, depends on factors such as location
of stimulation, intensity of stimulation, frequency of
stimulation, number of sessions, and frequency of sessions, as well as individual symptom pathophysiology
[Rotenberg, Horvath, & Pascual-Leone, 2014]. Some
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protocols appear to induce suppression or facilitation
through Hebbian mechanisms of long-term depression
(LTD) and long-term potentiation (LTP) across populations of neurons [Ahmed & Wieraszko, 2006; CardenasMorales, Gron, & Kammer, 2011; Thickbroom, 2007].
While others may induce these changes by modulating
activity in GABAergic interneurons [Funke & Benali,
2010; Trippe, Mix, Aydin-Abidin, Funke, & Benali,
2009]. The prominent role of inhibitory interneurons in
rTMS-induced modulation of cortical excitation is of
importance in autism as the GABAergic system has
repeatedly been implicated in this disorder.
One rTMS protocol developed specifically to probe
NMDA dependent Hebbian plasticity mechanisms is
refererred to as Paired associated stimulation (PAS)
[Stefan, Kunesch, Cohen, Benecke, & Classen, 2000;
Ziemann, 2004] This protocol involves applying pairs of
electrical median nerve stimulation combined with single pulses of TMS to primary motor cortex repeatedly
for 90 pairings with 20 sec between the pairings (for
approximately 30 min). In neurotypical individuals,
when the peripheral median nerve stimulation and
TMS stimulation are timed such that the afferent signal
coming from the peripheral nerve stimulation to the
motor cortex arrives at the same time as the TMS pulse
is applied over the primary motor cortex (25 msec
interstimulus interval), an LTP-like facilitation of cortical excitability, lasting up to an hour after the end of
the protocol, is induced [Classen et al., 2004]. Jung
et al. [2013] recently published a study reporting abnormally reduced LTP-like facilitation of MEPs following
the PAS paradigm in individuals with ASD, suggesting
an impairment in Hebbian plasticity mechanisms.
Another common rTMS paradigm, theta burst stimulation (TBS), has been developed to investigate nonHebbian plasticity mediated by changes in GABAergic tone
[Benali et al., 2011; Stagg et al., 2009]. TBS involves
application of 3 bursts of 50-Hz rTMS repeated every
200 msec either continuously (cTBS) for a total of 40
sec or intermittently (iTBS) (every 8 sec) for about 3
min [Huang, Edwards, Rounis, Bhatia, & Rothwell,
2005; Huang, Rothwell, Edwards, & Chen, 2008]. When
applied to the motor cortex, cTBS and iTBS tend to
result in lasting suppression or facilitation, respectively,
of cortical excitability for approximately 20–40 min in
neurotypical individuals [Huang et al., 2005]. Oberman
and coworkers recently published a series of studies
where high functioning adults with ASD showed an
increased duration of response to the TBS paradigm
[Oberman et al., 2012; Oberman et al., 2010; Oberman
& Pascual-Leone, 2014]. The authors interpreted this
increased duration to represent hyperplasticity (seemingly counter to the impaired plasticity response
reported by Jung et al. [2013]). An additional study
where TBS was applied to children with ASD demon-
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strated an increase in the duration of response across
childhood and revealed a subgroup of children who
showed paradoxical facilitation to the typically suppressive cTBS paradigm [Oberman, Rotenberg, et al., 2014].
The authors suggested that their findings may reflect
abnormalities in GABAergic inhibitory control in those
individuals who showed paradoxical facilitation.
Although both PAS and TBS paradigms suggest abnormalities in cortical plasticity in ASD, initial studies have
yielded conflicting findings, with PAS showing impaired
and TBS showing enhanced plasticity. These differences
may reflect the small sample sizes of the studies, etiologic heterogeneity of the population, or paradigmatic
differences (Hebbian vs. non-Hebbian mechanisms) and
highlight the need for larger-scale studies that include
phenotypic and if possible genotypic characterization
of the samples [Enticott & Oberman, 2013].
Summary of TMS as an Investigational Tool in
ASD. In summary, the findings from the above mentioned literature using TMS as an investigational device
partially support the theories suggesting excitation/
inhibition imbalance and aberrant plasticity mechanisms in ASD. However, what the studies above reveal
most clearly is the variability of the findings. Other
than no abnormality in baseline corticospinal excitability, all other indexes of response to TMS vary both
within and across studies. One should note that the
sample sizes in the studies are relatively small (ranging
from 5 to 36) and represent a small subgroup of the
overall ASD population. Specifically, (1) the aforementioned studies either did not document or did not
exclude individuals on psychoactive medications; (2) all
studies excluded individuals with intellectual disability;
and, (3) all studies excluded individuals with a history
of seizures or abnormal electroencephaolography (EEG)
findings.
A number of unanswered questions related to the use
of TMS as an investigative device in ASD remain—Are
aberrant physiological findings causal or a consequence
of ASD pathology? What is the impact of age or development on these measures? Are the effects consistent
across the spectrum (verbal and nonverbal, with and
without comorbidities or intellectual disability)? And
what underlying mechanisms are driving the observed
heterogeneity in the population? Future research efforts
should acquire larger, well-powered samples and
attempt to stratify or enrich ASD samples according to
clinical, genetic, or neurocognitive attributes. Additionally, researchers should strive to adopt consistent experimental procedures including standardized pulse
sequences, outcome measures, and side-effect monitoring. There is intrasubject and intersubject variability in
response to rTMS even when the parameters are kept
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constant, the variability of effects will be even larger
when publications vary on other experimental procedures. Despite the limitations of the studies to date,
results suggest that TMS-measures of brain physiology
may have the potential to serve as biomarkers to guide
the search for ASD subtypes.
TMS as a Therapeutic Intervention
rTMS has been studied as a therapeutic intervention for
a number of neurological and psychiatric conditions
[Kobayashi & Pascual-Leone, 2003]. These include
medication-refractory major depressive disorder [Gaynes
et al., 2014] where two different TMS devices are
cleared by the Food and Drug Administration, stroke
rehabilitation [Pinter & Brainin, 2013], chronic pain
[Galhardoni et al., 2015] Parkinson’s disease [Kimura
et al., 2011], Alzheimer’s disease [Freitas, MondragonLlorca, & Pascual-Leone, 2011], and epilepsy [Sun et al.,
2012].
A number of recent studies [Baruth et al., 2010;
Casanova et al., 2012; Casanova et al., 2014; Enticott
et al., 2014; Enticott, Rinehart, Tonge, Bradshaw, &
Fitzgerald, 2012; Fecteau, Agosta, Oberman, & PascualLeone, 2011; Panerai et al., 2013; Sokhadze et al., 2010;
Sokhadze et al., 2012; Sokhadze et al., 2009; Sokhadze,
El-Baz, Sears, Opris, & Casanova, 2014; Sokhadze, ElBaz, Tasman, et al., 2014] and case reports [Cristancho,
Akkineni, Constantino, Carter, & O’Reardon, 2014;
Enticott, Kennedy, Zangen, & Fitzgerald, 2011; Niederhofer, 2012] have reported on the efficacy of both
high and low frequency rTMS protocols in ASD (findings summarized in Table 2). A variety of brain regions
and symptom domains have been targeted including:
dorsal lateral prefrontal cortex (DLPFC) to improve irritability, repetitive behaviors, and executive functioning,
supplementary and primary motor cortices to improve
motor behavior, medial prefrontal cortex to improve
mentalizing, and premotor cortex to improve speech
production and eye-hand coordination. Of importance
to note, it is unlikely that therapeutic TMS would
reverse multiple aspects of the ASD phenotype, rather,
it may improve specific core or associated symptoms
related to an alteration in the functioning of a specific
cortical region or circuit.
Low Frequency Stimulation. The earliest and
majority of the published studies on therapeutic use of
rTMS in ASD have been conducted by Manuel Casanova
and et al. [2003], who have employed low-frequency,
subthreshold rTMS to dorsolateral prefrontal cortex
(DLPFC) (left or sequential bilateral) to suppress excitability in ASD. This paradigm was chosen to address the
hypothesized cortical inhibition deficits resulting from
suspected minicolumnar abnormalities in individuals
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with ASD. Statistically significant improvements in irritability and repetitive behaviors [Baruth et al., 2010;
Casanova et al., 2012; Casanova et al., 2014; Sokhadze,
El-Baz, Sears, et al., 2014; Sokhadze, El-Baz, Tasman,
et al., 2014], normalization of (EEG) components
related to target detection and error monitoring [Baruth
et al., 2010; Casanova et al., 2012; Sokhadze et al.,
2009, 2010, 2012; Sokhadze, El-Baz, Sears, et al., 2014]
and enhanced autonomic balance [Casanova et al.,
2014] have been reported following this protocol. These
results have been further corroborated and improved
on in a pilot trial using EEG neurofeedback in combination with rTMS [Sokhadze, El-Baz, Tasman, et al., 2014].
Though the effect sizes were large in these studies
(d50.7–1.2), the trial designs were all open-label (with a
waitlist control group), thus results may be confounded
by placebo effects or adaptation to the environment
and protocol.
Additional studies have applied low-frequency rTMS
to other regions of prefrontal cortex to modulate functioning of different cortical circuits. Fecteau et al. [Fecteau et al., 2011] discovered that 1 Hz rTMS to
individuals with ASD enhanced object naming when
applied to left pars triangularis, but reduced object
naming when applied to left pars opercularis. Enticott
et al. [2012] reported changes in movement-related EEG
cortical potentials (MRCPs) that are involved in preparation and execution of movements. Following a single
session of 1 Hz rTMS to supplementary motor area and
M1 (relative to M1 sham) ASD participants showed
increases in these components, indicating increased
activity in supplementary motor cortex during movement preparation. There were, however, no observable
changes in motor behavior.
High Frequency Stimulation. Other investigators
have employed high-frequency rTMS protocols in an
attempt to enhance excitability within presumably
underactive cortical regions and associated networks in
ASD. Enticott et al. [2014] applied either active or sham
high-frequency (5 Hz) rTMS to bilateral medial prefrontal cortex among adults with ASD in a double-blind
randomized sham-controlled trial. This study was
designed to have an excitatory effect on networks
devoted to mentalizing, which have shown reduced
activation in ASD in neuroimaging studies [Di Martino
et al., 2009]. The authors reported a significant
improvement in the Social Relatedness Subscale of the
Ritvo Autism Asperger Diagnostic Scale (RAADS) with a
medium effect size, but no effect on other behavioral
scales including the Autism Spectrum Quotient (AQ),
Interpersonal Reactivity Index (IRI), or experimental
measures of mentalizing (reading the mind in the eyes
test and animations mentalizing test). In another trial,
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None

None
None

Autism

AS
AS

None

ASD

Autism,
Depression

None

Not reported

ASD (4
HFA, 24 AS)

ASD

None

Autism

None

Severe to
profound

ASD (36
HFA, 4 AS)

ASD

None

Autism

Niederhofer [2012], Clinical Neuropsychiatry
(Single case study with placebo)
Sokhadze et al. [2012], Applied Psychophysiology
and Biofeedback (RCT with waitlist control)
Panerai et al. [2013], Autism ((i) Crossover trial
with sham; (ii) RCT with sham; (iii) crossover
trial with shamiv) RCT (TMS, EHItraining,
TMS 1 EHItraining))
Enticott et al. [2014], Brain Stimulation
(RCT with sham control)
Cristancho et al. [2014], Journal of ECT
(Single case study)

Casanova et al. [2014], Frontiers in Human
Neuroscience (Proof of feasibility study,
no control)
Sokhadze et al. [2014a], Frontiers in
Systems Neuroscience (RCL with
waitlist control)
Sokhadze et al. [2014b], Appl Psychophysiol
Biofeedback (Clinical trial with waitlist
control)

Not reported

ASD (6
HFA, 5 AS)

Enticott et al. [2012], Brain Stimulation
(Crossover trial with sham control)
None

None

2

ASD

ASD

None

Autism

Sokhadze et al. [2009], Journal of
Autism and Developmental Disorders
(RCT with waitlist control)
Baruth et al. [2010], Journal of
Neurotherapy (RCT with waitlist control)
Sokhadze et al. [2010], Applied
Psychophysiology and Biofeedback
(Clinical trial with no control)
Enticott et al. [2011], Journal of ECT
(Single case study)
Fecteau et al. [2011], European Journal
of Neuroscience (Crossover trial with
sham control)

Casanova et al. [2012], Translational
Neuroscience (RCT with waitlist control)

Intellectual
Disability

Diagnosis

Paper

Table 2. Published Reports of Therapeutic Use of TMS in ASD

42

27

18

14.5

14.5

13

15

(i)14
(ii)13
(iii)16
(iv) 13
33

(i) 9
(ii) 17
(iii) 4
(iv) 13
28 (15active,
13sham)
1

14

42

18

13

37

20

40 (20 rTMS,
20waitlist)

1

11

45 (25 rTMS,
20waitlist)

10

1

16

14

25 (16rTMS,
9waitlist)
13

17

Mean age
(years)

13 (8rTMS,
5waitlist)

n (ASD)

M/F

M/F

M/F

M

M/F

M

M/F

F

M/F

M/F

M/F

F

M/F

M/F

M

Gender

–

–

olanzapine,
fluoxetine,
guanfacine,
clonazepam
–

Yes (39%)

–

–

None

-

-

None

None

–

–

–

Medication

L & R dlPFC (5cm anterior to M1)

L & R dlPFC (5cm anterior to M1)

L & R dlPFC (5cm anterior to M1)

L & R dlPFC (5cm anterior to M1)
(i) left and right PrMC
(2.5 cm anterior to
M1)
(ii), (iii), iv) left PrMC
dmPFC (7cm anterior to
M1)
(i) R DLPFC
(6cm anterior to M1),
(ii) L DLPFC
(6cm anterior to M1)

Bilateral dmPFC (7cm
anterior to M1)
L & R pars opercularis, L
& R par triangularis
(MRIneuronaviga
tion), sham (central
lobe midline)
L & R dlPFC (5cm anterior to M1)
SMA (15%of nasion to
inion anterior to Cz),
L M1,
Sham (M1)
M1

L & R dlPFC (5cm anterior to M1)
L dlPFC (5cm anterior to
M1)

L dlPFC (5cm anterior to
M1)

Site

Fo8

Fo8

Fo8

Fo8

H-coil

Fo8

Fo8

–

Fo8

Fo8

Fo8

H-coil

Fo8

Fo8

Fo8

Coil

1 Hz

1 Hz

5 Hz

1 Hz

(i)8 Hz, 1 Hz
(ii)8 Hz,
1 Hz (iii),
(iv) 8 Hz
5 Hz

1 Hz

1 Hz

1 Hz

1 Hz

1 Hz

5 Hz

0.5 Hz

1 Hz

0.5 Hz

Frequency

90% RMT

90% RMT

90% RMT

0% RMT

100% RMT

90% RMT

90% RMT

–

100% RMT

90% RMT

70% of
stimulator
output

100% RMT

90% RMT

90% RMT

90% RMT

Intensity

10 min

10 min

10 min

Variable
(between
5 to 25 min)

15 min

8 Hz 30min,
1 Hz
15 min;

10 min

1 hr

15 min

10 min

30 min

15 min

10 min

10 min

10 min

Duration
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150

15 3 10 sec,
20–30 s ISI

Baruth et al. [2010],
Journal of
Neurotherapy

1500

1800

15 3 10 sec,
20–30 sec ISI

30 3 10 sec,
20 sec ISI

1

Sokhadze et al. [2010],
Applied Psychophysiology and
Biofeedback

Enticott et al. [2011],
Journal of ECT

Fecteau et al. [2011],
European Journal of
Neuroscience

150

150

15 3 10 sec,
20–30 sec ISI

Sokhadze et al. [2009],
Journal of Autism and
Developmental
Disorders

Pulses
Delivered

Trains

Paper

Table 2. Continued

1 per site

10

6

12 (6 L, 6 R)

6

Sessions

Double

Double

None

None

None

Blinding

Response latency on Boston
Naming Test

IRI, AQ, RAADS

Before and two
weeks after treatment course

EEG Gamma power Accuracy,
RT (Kanizsa), Abberant
Behavior Checklist (ABC),
Social Responsiveness
Scale (SRS) (Caregiverreport),
Repetitive Behavior ScaleRevised (RBS-R)
EEG event-related potentials
(visual oddball) Accuracy,
RT (Kanizsa) Abberant
Behavior Checklist (ABC)
Social Responsiveness
Scale (SRS) (Caregiverreport) Repetitive Behavior
Scale-Revised (RBS-R)

Before, after, and
one-month after
treatment course
Before and after TMS

Before and two
weeks after treatment course

Before and two
weeks after treatment course

Assessment Times

EEG Gamma power Accuracy,
RT (Kanizsa), Abberant
Behavior Checklist (ABC),
Social Responsiveness
Scale (SRS) (Caregiverreport),
Repetitive Behavior ScaleRevised (RBS-R)

Measures

Reduced error rate
Increased frontal EEG P50 amplitude
to targets
Increased frontal EEG P50 latency to
targets
Decreased frontal EEG N200 latency
to novel distractors
Decreased parieto-occipital EEG P50
to novel distractor
Increased centro-parietal EEG P50 to
targets and decreased to standard
distractor
Centro-parietal EEG P3b amplitude
increase to targets and decrease to
standard distractors
Centro-parietal EEG P200 increased
latency to targets
Reduced repetitive behaviors (RBSR)
Reduction on all measures Anecdotal
reports of improvement from
patient and relatives
Increased response latency after L
pars opercularis
Decreased response latency after L
pars triangularis

Decreased frontal EEG P3a amplitude
to non-targets following TMS
Decreased centro-parietal latency
EEG P3b to nontarget and nonKanizsa following TMS
Decrease in gamma power for nontarget and non-Kanizsa following
TMS
Reduced repetitive behavior (RBS-R)
following TMS
Increased EEG gamma power to targets, decrease to nontargets
Reduced repetitive behavior (RBS-R)
Reduced irritability (ABC)

Reported Effects

Many reported,
including: Sleepy,
Trouble concentrating, Improved
mood, Headache,
Dizziness

None

–

Itching sensation at
nose (5)
Mild headache (1)

–

Side Effects
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900

1

1

Enticott et al. [2012],
Brain Stimulation

Niederhofer [2012], Clinical Neuropsychiatry

900

8 Hz 30 3 3.6 sec,
56.4 sec ISI

30 3 10 sec,
20 sec ISI

(i) 15 3 10 sec,
10–30 sec
ISI (week 1), 30 3
10 sec, 10–30 sec
ISI (week 2),
(ii) 30–60 3 10 sec,
10–15 sec ISI

Enticott et al. [2014],
Brain Stimulation

Cristancho et al. [2014],
Journal of ECT
(ii) 300–600

(i) 150–300,

1500

150

15 3 10 sec,
20–30 sec ISI

Sokhadze et al. [2012],
Applied Psychophysiology and
Biofeedback
Panerai et al. [2013],
Autism

1200

150

15 3 10 sec,
20–30 sec ISI

Casanova et al. [2012],
Translational
Neuroscience

Pulses
Delivered

Trains

Paper

Table 2. Continued

(i) 10, (ii) 26

10

i) 3;
ii) 10;
iii) 5 active,
5 sham,
5 active,
5 sham;iv) 10

12 (6 L, 6 R)

5

1 per site

12 (6 L, 6 R)

Sessions

None

Double

Double

None

Single

Single

None

Blinding

Before, after, and
one-month after
treatment course

Interpersonal Reactivity
Index (IRI)
Autism Spectrum Quotient
(AQ)
Ritvo Autism-Aspergers Diagnostic Scale (RAADS)
Reading the Mind in the
Eyes Test (RMET)
Mentalizing
Animations Task
Mental status examination

Before and after
treatment course

Before and after
treatment course

Before and after
treatment course

Anecdotal reports of improve mood,
eye contact, interpersonal communication, verbal expression, focus,
activity

Reduced social relatedness (RAADS)
Reduced personal distress (IRI)

(i), (ii), (iii) improved eye-hand
coordination score following lPrMC
HF TMSiv) Improved eye-hand
coordination score following combined TMS 1 EHI training compared
to each technique alone

ABC Irritability: Active 40 to 33,
Sham 39 to 35, ABC Sterotypy:
Active 18 to 12, Sham 16 to 15
Reduced omission error rates
Increased EEG ERN amplitude
Reduced EEG ERN latency

SMA: increased early EEG component
PMC: increased EEG negative slope

Before and after TMS

Before and after
treatment course

–

Reduced error rate Increased frontal
EEG N200 to targets
Reduced frontal EEG N200 latency
Increased frontal RHEEG P300 to
targets
Increased parietal EEG N200 to targets, Reduced repetitive behavior
(RBS) Reduced irritability (ABC)

Before and two
weeks after treatment course

Mild headaches, jaw
twiching, transient dizziness

1. “lightheadedness”
2. facial discomfort
during rTMS

–

–

–

–

Side Effects

Reported Effects

Assessment Times

(i), (ii), (iii), (iv) Psychoeducational ProfileRevised (PEP-R) eye-hand
coordination;

EEG event-related potentials
(ERPs) RT
Accuracy (Kanizsa)

EEG event-related potentials
(ERP) Accuracy, RT
(Kanizsa), Abberant
Behavior Checklist (ABC),
Social Responsiveness
Scale (SRS) (Caregiverreport), Repetitive Behavior Scale - Revised (RBSR)
EEG movement-related cortical potentials Motor
response time
Abberant Behavior Checklist
(ABC)

Measures
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180

18

18

18

Sessions

None

None

None

Blinding

Aberrant Behavior Checklist,
Repetitive Behavior ScaleRevised, EEG Gamma
power, Theta/Beta ratio,
RT and Accuracy, Posterror RT, EEG event
related potentials (ERPs)

Aberrant Behavior Checklist,
restricted Behavior Pattern, Time- domain measures of HRV (R-R interval,
SDNN, RMSSD, pNN50),
Frequency –domain measures of HRV (LV and HF of
HRV, LF/HF ratio index),
SCL
Aberrant Behavior Checklist
(ABC), Repetitive Behavior Scale (RBS-R), EEG
event related potentials
(ERPs), RT and post-error
RT

Measures
Increase in R-R interval, SDNN, and
HF power. Significant decrease in
the LF/HF ratio and SCL. Significant improvements in RBS-R and
ABC rating scores.

Decreased irritability and hyperactivity on the Aberrant Behavior
Checklist (ABC), and decreased
stereotypic behaviors on the
Repetitive Behavior Scale (RBS-R).
Decreased amplitude and prolonged latency in the frontal and
fronto-central N100, N200, and
P300 (P3a) ERPs to non-targets.
Increased amplitude of P2d (P2a
to targets minus P2a to non-targets) and centro-parietal P100
and P300 (P3b) to targets.
Decrease in latency and increase
in negativity of ERN during commission errors.
Integrated TMS-NFB treatment
enhanced the process of target
recognition. Significant improvements in RBS-R and ABC rating
scores. Improvement in both early
and later stage ERP indices.

Before and 2 weeks
after treatment

Before and after

Before and after

Reported Effects

Assessment Times

None

None

None

Side Effects

ASD, Autism Spectrum Disorder; HFA, High Functioning Autism; AS, Asperger’s Syndrome; M1, Primary Motor Cortex; dlPFC, Dorsolateral Prefrontal Cortex; dmPFC, Dorsomedial Prefrontal Cortex; Fo8,
Figure of 8 coil; ISI, Interstimulus Interval; rTMS, Repetitive Transcranial Magnetic Stimulation; RMT, Resting Motor Threshold.

9 3 20 sec,
20–30 sec ISI

180

9 3 20 sec,
20–30 sec ISI

Sokhadze et al. [2014a],
Frontiers in Systems
Neuroscience

Sokhadze et al. [2014b],
Appl Psychophysiol
Biofeedback

160

8 3 10 sec,
20 sec ISI

Casanova et al. [2014],
Frontiers in Human
Neuroscience

Pulses
Delivered

Trains

Paper
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Panerai et al. [2013] applied high frequency (8 Hz)
rTMS to left premotor cortex in children with ASD with
intellectual disability. The authors report significant
improvements in eye-hand coordination that were
accentuated when paired with behavioral eye-hand
integration training. Notably, this is the only study in
the published literature that included participants with
intellectual disability.
Summary of TMS as a Therapeutic Intervention
in ASD. Although an emerging literature, the aforementioned trials collectively provide preliminary support for further exploration of the potential efficacy of
rTMS for ASD. However, no study published thus far
has followed strict clinical trial protocols (e.g., randomization, identification of clear and objective primary
endpoints, double-blinding with appropriate sham conditions, sufficient power, etc.), thus the generalizability
to clinical settings is unclear.
A publication [Lefaucheur et al., 2014] recently established guidelines for evaluating the therapeutic efficacy
of rTMS in a number of indications. Four classes of
studies were described: A Class I study is an adequately
data-supported, prospective, randomized, placebocontrolled clinical trial with masked outcome assessment in a representative population (n  25 patients
receiving active treatment) and includes (a) randomization concealment; (b) clearly defined primary outcomes; (c) clearly defined exclusion/inclusion criteria;
(d) adequate accounting for dropouts and crossovers
with numbers sufficiently low to have minimal potential for bias, and (e) relevant baseline characteristics
substantially equivalent among treatment groups or
appropriate statistical adjustment for differences. A
Class II study is a randomized, placebo-controlled trial
performed with a smaller sample size (n < 25) or that
lacks at least one of the criteria listed above. Class III
studies include all other controlled trials. Class IV studies are uncontrolled studies, case series, and case
reports. There have been 15 studies and case reports
published assessing rTMS as a therapeutic intervention
in ASD, however, most would be characterized as Class
III or IV. Thus, therapeutic use of rTMS in ASD would
likely be classified as Level C: “possibly effective”
according to these guidelines [Lefaucheur et al., 2014].
As with the use of TMS as an investigational tool,
there remain several gaps in knowledge with regard to
the use of TMS for ASD treatment—What is an
adequate “dose”? What are optimal stimulus parameters
and application sites? What are the clinical targets that
TMS may be considered for? On what basis should participants be selected? Are there predictors of treatment
response? There are currently a small number (N 5 4) of
recently completed or ongoing clinical trials using

INSAR

rTMS as an intervention for multiple symptom targets
in ASD, three of which are using a randomized, doubleblind, sham-controlled approach (e.g., ClinicalTrials.gov
ID: NCT02311751, NCT01388179, and NCT00808782).
It is the consensus of the authors that off-label clinical
use of rTMS for therapeutic interventions in ASD without an investigational device exemption and outside of
an IRB approved research trial is currently premature
pending further, properly powered and well-controlled
trials.

Development of a Roadmap for the Use of TMS
in ASD Research
As with any investigational or therapeutic device, application of TMS poses both practical and ethical challenges that need to be addressed (see Table 3 for a
summary of challenges and recommendations). Among
challenges to consider when determining the research
utility and clinical efficacy of TMS in any population
are: (1) establishment of experimental guidelines that
should be kept uniform across studies, and how to
ensure adherence to such guidelines and (2) study
design, analysis, and measurement strategies to ensure
treatment and assessment blinding. This second challenge is necessary to protect against placebo effects,
thus yielding valid and reliable data across studies.
These more general challenges apply across clinical
populations and have been specifically addressed in
recent white papers [Brunoni & Fregni, 2011; Canadian
Agency for Drugs and Technologies in Health, 2014;
Klein et al., 2015; Lefaucheur et al., 2014; Nielson,
McKnight, Patel, Kalnin, & Mysiw, 2015]. The TMS in
ASD literature would greatly benefit from applying the
knowledge that has been gleaned by TMS researchers
working in other clinical applications to future studies.
For ASD there are additional challenges to manage
including: (1) the known behavioral, functional, and
neurological heterogeneity of the population and (2)
safety, tolerability and ethical concerns related to
potentially increased risk of side effects, tolerability of
these procedures, as well as developmental considerations related to applying TMS to children.
Experimental Guidelines, Oversight, and Regulatory
Concerns
A decade ago, there were only a handful of widely used
TMS protocols and a small number of laboratories and
clinics using this technology. However, the field has
grown exponentially leading to alternative experimental and clinical paradigms being introduced into the literature and a growing number of researchers and
clinicians utilizing this technology. This growth has
produced a rich, yet discordant literature. Given the
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Table 3. A summary of the challenges and recommendations for TMS research in ASD
Challenges
Experimental Guidelines, Oversight and Regulatory
Concerns

Study Design and Placebo Effect Concerns

Heterogeneity

Safety, Tolerability, and Ethical Concerns

Recommendations
Consensus should be achieved on consistent paradigms to be utilized across studies
Data should be made available to others in the field to enable metaanalysis of results across
studies and across centers.
Studies should be conducted by a trained expert, and involve institutional and governmental
oversight and regulation
Researchers should adhere to gold-standard clinical trial designs including:
 Use of double blind, sham-controlled designs
 Use of objective primary outcome measures (behavioral or biological)
 Obtainment of data on a sample large enough to achieve adequate power to test the
hypothesis
 Development of hypotheses based on current understanding of pathophysiology
Rigorous behavioral phenotyping of participants by reliable clinicians using standardized
measures should be employed
Samples should be stratified based on objective measures
Medication, medical history, and risk-benefit ratio should be assessed to determine the safety
of the TMS protocol.
Feasibility and tolerability of TMS procedures in younger and lower-functioning individuals
should be established.
A broad range of side effects and behavioral/cognitive outcomes should be consistently
assessed.
Side effects and behavioral/cognitive outcomes should be assessed both immediately following
the TMS session and at periodic intervals to evaluate long-term effects that may not be evident immediately following the TMS administration.

ASD, Autism Spectrum Disorder; TMS, Transcranial Magnetic Stimulation.

known variability in effect that can be seen with even
small changes to TMS parameters (location of stimulation, coil orientation, interpulse interval, etc.), studies
must begin to utilize consistent paradigms to eliminate
this potential source of variability across studies.
From a regulatory standpoint, there is also a safety
concern with the growth of the field both in numbers
and in novel paradigms whose safety profile (especially
in clinical populations) has not been fully established.
Previously, TMS was only available in labs or clinics
affiliated with hospitals. However, access to these
devices has recently become more widespread and TMS
is being applied in doctor’s offices and even by patients
themselves in the home (e.g., Spring TMS, eNeura Inc.,
Baltimore, MD). Compared to drugs, brain stimulation
is often perceived as a deceivingly simple and a more
specific way to modify brain activity. Indeed, another
brain stimulation technology (direct current stimulation) has already gained popularity in the “do-it
yourself,” “DIY” movement resulting in a number of
researchers and clinicians voicing ethical concerns (Fitz
& Reiner, 2015). However, the most recent TMS safety
guidelines [Rossi et al., 2009] dictate that the principal
investigator on any TMS protocol “should be an expert
in TMS with knowledge about principles, physiology
and potential side effects of the technique” and
“appropriate emergency medical attention for possible
TMS complications should be planned for. A licensed
physician that is intimately familiar with the study pro-
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tocol, the risks of TMS, the treatment of any of its possible complications and side effects, and the condition
of any patients undergoing TMS, should be involved in
the design and conduct of study protocols.” Thus, consistent with these guidelines, any application of TMS in
ASD should involve oversight and regulation at institutional and/or federal levels and be conducted by a
trained expert to ensure safe and ethical applications of
this technology.
Study Design and Placebo Effect Concerns
The studies that have been published thus far using TMS
in ASD had a number of limitations. First, there has
been little effort to reduce the biological or clinical heterogeneity of the samples. The inclusion criteria for
most studies have simply been either a clinical diagnosis
of ASD or at best a “high-functioning” sample (based
largely on IQ score). This is especially concerning given
the small sample sizes of many of the studies. This sampling method has likely contributed to the null or conflicting findings both in research and clinical use.
Second, these studies have not been designed using strict
clinical trial designs with clear and objective primary
clinical endpoints. The clinical outcome measures that
have been utilized are often subjective self- or observerbased reports. Self or observer-based reports are often
highly influenced by placebo effects, which threaten to
mask or undermine assessment of change [King et al.,
2001]. Furthermore, when physiological outcome
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measures have been evaluated, the relationship between
the physiological outcome measures (e.g., ERPs) and the
clinical outcome measures has not been clearly established. The lack of blinding or true sham control conditions employed in the majority of extant studies further
compounds these concerns. This is likely a result of the
limited availability of “true sham” TMS coils and the
small sample sizes employed by the studies thus far.
While some management of expectancy bias can be
achieved through the use of blinded, independent raters,
further efforts are needed to identify additional objective
outcome measures, whether behavioral or biological.
Ideally, such study endpoints should be grounded by
other information which demonstrates their association
to the targeted pathophysiology being studied.
Heterogeneity
One ubiquitous challenge in autism research is the considerable heterogeneity both in the severity and quality
of the core and comorbid symptoms in ASD. This is a
challenge for all researchers aiming to study and treat
individuals with ASD. Two individuals could meet DSM
or ICD criteria for ASD but present with vastly different
behavioral phenotypes as well as variable psychiatric and
medical challenges. Subjects diagnosed with ASD share
core symptoms in the areas of social communication as
well as restricted, repetitive, and stereotyped patterns of
behavior, interests and activities [American Psychiatric
Associaiton, 2013] that can be evaluated using DSM or
ICD criteria. However, the severity of ASD symptoms, the
presence of comorbid symptoms (including intellectual
disability, epilepsy, sleep disturbance, gastrointestinal
conditions, and others), and the underlying cause and
pathophysiology differs markedly across individuals on
the “spectrum” of ASD. With regard to behavior alone,
individuals with ASD are well known to suffer from common comorbid psychiatric symptoms, including anxiety,
attention deficits, hyperactivity, depression, and irritability. These co-occurring psychiatric symptoms lead to a
widespread use of psychotropic medication in ASD, a
phenomenon that can likely generate confounding
effects in both basic physiological research and clinical
TMS studies.
Though TMS studies thus far have largely limited
enrollment to high functioning, verbal individuals,
future applications of TMS both as investigational
probes of physiology and as potential therapeutic interventions need to carefully evaluate subject selection,
and seek to identify more homogeneous subject populations to avoid the possible masking of TMS effects due
to intrinsic subject differences. In future studies, rigorous behavioral phenotyping by research reliable assessors using standardized measures to assess both ASD
symptoms (such as the Autism Diagnostic Observation
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Scheduled (ADOS) and Autism Diagnostic InterviewRevised (ADI-R)) as well as other comorbid behavioral
and psychiatric symptoms (such as Aberrant Behavior
Checklist (ABC), and Vineland Adaptive Behavior
Scales, Second Edition (VABS-II), etc.) would allow for
improved sample characterization, stratification, and
enrichment and less variability in baseline and outcome
measures. Researchers using rTMS are also encouraged
to stratify their sample based on objective brain-based
measures. Recently, a number of such putative brainbased measures that significantly correlate with ASD
behavioral measures have been evaluated including proton magnetic resonance spectroscopy [Baruth, Wall,
Patterson, & Port, 2013], EEG [Wang et al., 2013], and
resting state functional magnetic resonance imaging
(rsfMRI) [Plitt, Barnes, & Martin, 2015].
Furthermore, in keeping with modern clinical trial
design, studies must declare clearly formulated, primary
hypotheses to be tested, which are grounded on wellarticulated understanding of pathophysiology, with an
effort to identify mechanisms of change, if benefits are
found. For example, if the aims of a therapeutic trial
are to enhance self-regulation and behavioral control
(e.g., reduce hyperactivity), a reasonable approach
would be that individuals with prominent deficits in
behavioral control would exhibit insufficient cortical
inhibitory control in a defined neural network, based
on TMS, perhaps combined with other neuroimaging or
neurocognitive measures. The hypothesis to be tested
would be that active rTMS aimed at increasing inhibitory control in that network would be associated with
greater improvement in clinical measures of behavioral
inhibition versus sham treatment. Moreover, the true
test of proof-of-principle would require demonstration
that the specific behavioral effects are indeed related to
changes in network inhibition.
Safety, Tolerability, and Ethical Concerns
As noted above, TMS is considered quite safe, even in
pediatric populations, if applied within current safety
guidelines [Garvey & Gilbert, 2004; Rajapakse & Kirton,
2013]. TMS does, however, pose some risk for adverse
side effects [Rossi et al., 2009]. Thus, factors including
medications and medical history need to be assessed
and the risk–benefit ratio of the procedure should be
carefully considered before the patients undergo TMS.
The most serious possible TMS-related adverse event is
induction of a seizure. To date, 16 cases of rTMS
induced seizures have been reported out of tens of
thousands of individuals who have received rTMS 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], however, the risk varies
based on factors including interpulse interval, intensity
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of stimulation, and risk factors in the participants. For
example, no seizures have been reported during single
or paired-pulse TMS paradigms in neurologically
healthy individuals. TMS can also cause transient or
long-lasting changes in cognition or mood. These
effects are often the desired effects of the stimulation,
however, one must keep in mind that any given TMS
protocol may have varying effects in both degree and
direction in any given individual, especially when that
individual has a preexisting neuropsychiatric disorder.
A gap in the preliminary studies of TMS in ASD (as well
as other conditions), is the lack of a systematic effort to
identify, track, and report adverse events in study publications. As a result, it is possible that even though TMS
appears to show a large safety margin, the risk of overall adverse event burden from TMS may be underestimated, especially in a vulnerable population as in
individuals with ASD.
There are currently no identified ASD-specific risk factors for TMS-induced adverse effects. Individuals with
ASD may, however, may present added concern regarding relative risk of seizure due to the frequent prescribing of psychotropic medications in individuals with
ASD [Murray et al., 2014] and the increased prevalence
of epilepsy in the population [Spence & Schneider,
2009]. Though relatively few patients with ASD have
participated in TMS protocols (<500), no seizures have
been reported in any individual with ASD and the frequency and quality of side-effects reported thus far
approximates that seen in the general population
[Oberman, Rotenberg, & Pascual-Leone, 2015].
There are also concerns regarding the tolerability of
TMS across the autism spectrum. With the exception of
a single study [Panerai et al., 2013] all other studies
have excluded individuals with intellectual disability.
Individuals with ASD often display hyperreactivity to
sensory input (1) and comorbid hyperactivity, anxiety
and impulsive behavior. The feasibility and tolerability
of these procedures in these individuals, especially
those protocols that require long or repeated sessions
has yet to be fully established. Some individuals may
require additional aids including a “mock” stimulator
(similar to what is used in MRI studies), or other interventions to reduce the stress of the procedure (weighted
blanket, soothing music, electronic device, etc.) to
increase tolerability.
In addition to safety and tolerability concerns, there
are also ethical concerns that have been voiced when
considering the application of rTMS in a clinical population, particularly a vulnerable population such as
ASD, and especially so when considering exposure in
children. One ethical concern is whether modulation in
excitability in one direction for one brain region may
result in a compensatory modulation in another area in
the opposite direction. Under this model, any improve-
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ment in behavior in one domain may be matched with
a relative decrement in skills in another domain (see
[Brem, Fried, Horvath, Robertson, & Pascual-Leone,
2014] for a review of this argument). There is also
potential for symptom worsening in the target domain
as the pathophysiology underlying the behavioral phenotype of ASD is likely a result of a complex balance
within and across multiple brain regions and networks.
Thus, it is important to systematically and broadly
assess a range of behavioral and cognitive outcomes
and side-effects of the stimulation. Also, both investigational and therapeutic studies should have data safety
monitoring boards to monitor side effects and adverse
events and clear stopping rules in the event of a serious
or unexpected adverse event.
Another ethical concern relates to the application of
rTMS in a pediatric brain that is still undergoing development. It is increasingly being recognized that the
brain of a child is not simply a smaller version of an
adult brain and that therapeutic interventions such as
rTMS may have distinct, unpredictable, and potentially
long-lasting effects on neurodevelopment [George
et al., 2007]. These effects may be the target of the
treatment or may be an unexpected side-effect. A recent
meta-analysis [Rajapakse & 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.”
However, there is some evidence suggesting that the
effects of stimulation change across development [Geinisman, deToledo-Morrell, & Morrell, 1994; Oberman,
Pascual-Leone, & Rotenberg, 2014] and few studies
involve long-term follow up to evaluate effects of stimulation weeks or months after the final session. Follow
up assessments of pediatric subjects well beyond the
end of TMS exposure may be able to track how stimulation paradigms interact with the moving target of
developmental neural plasticity.

Conclusion
Though all of the scientific and practical limitations
have yet to be fully addressed, the application of TMS
in autism research and treatment holds significant
promise as both an investigational and therapeutic
tool. Though the existing literature has some limitations, the concerns and challenges raised here are all
addressable in future studies and many are certainly
not unique to this population or this intervention.
Through collaboration across disciplines and across
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labs, researchers and clinicians can begin to develop
valid and reliable uses of TMS to both study the pathophysiology and develop novel treatments for ASD. This
type of collaborative effort is underway through the
establishment of the “TMS in ASD Consensus Group.”
This group of researchers, clinicians, regulatory affairs
officers, and community partners meets annually prior
to the International Meeting for Autism Research
(IMFAR) and convenes periodically throughout the year
through teleconference to facilitate ongoing discussion,
establish consensus on investigative and therapeutic
protocols and encourage collaboration across centers.
Using the “Fast-Fail Drug Trials” and “Research
Domain Criteria” initiatives put forward by the NIMH,
rTMS trials can begin to quickly identify protocols that
reliably modulate a specific brain circuit and in turn
measurably alter a clearly defined and objective behavioral endpoint. As highlighted above, attention will need
to be paid to guidelines previously established for the use
of TMS in other clinical populations, but also take into
consideration the specific concerns related to ASD.
Namely, how these protocols approach the issues inherent in studying younger, developing populations to evaluate the safety and ethics of applying these protocols
across the age-span. These trials, especially in such a clinically and physiologically heterogeneous population, will
require large samples of individuals (hundreds) across the
age-span and across levels of functioning to test the validity and reliability of these measures. Further, it would be
advisable to attempt to stratify the sample based on reliable, objective biomarkers to match treatment to individual differences in underlying biology. While its true
potential in ASD has yet to be delineated, TMS represents
an innovative research tool and a novel, possibly transformative approach to the treatment of neurodevelopmental disorders.
Acknowledgments
The content is solely the responsibility of the authors
and does not necessarily represent the official views of
Clearly Present Foundation, Autism Speaks, or Neuronetics, Inc. We acknowledge Dr. Margaret C Grabb for
their helpful contributions to the discussion.

References
Ahmed, Z., & Wieraszko, A. (2006). Modulation of learning
and hippocampal, neuronal plasticity by repetitive transcranial magnetic stimulation (rTMS). Bioelectromagnetics,
27(4), 288–294. doi:10.1002/bem.20211
Ameis, S.H., & Catani, M. (2015). Altered white matter connectivity as a neural substrate for social impairment in Autism
Spectrum Disorder. Cortex, 62, 158–181. doi:10.1016/
j.cortex.2014.10.014

INSAR

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental disorders (5th ed.) Arlington: American Psychiatric Publishing.
Barker, A.T., Jalinous, R., & Freeston, I.L. (1985). Non-invasive
magnetic stimulation of human motor cortex. Lancet,
1(8437), 1106–1107. Retrieved from http://www.ncbi.nlm.
nih.gov/pubmed/2860322
Baruth, J.M., Casanova, M.F., El-Baz, A., Horrell, T., Mathai,
G., Sears, L., & Sokhadze, E.M. (2010). Low-frequency repetitive transcranial magnetic stimulation (rTMS) modulates
evoked-gamma frequency oscillations in autism spectrum
disorder (ASD). Journal of Neurotherapy, 14(3), 179–194.
doi:10.1080/10874208.2010.501500
Baruth, J.M., Wall, C.A., Patterson, M.C., & Port, J.D. (2013). Proton magnetic resonance spectroscopy as a probe into the
pathophysiology of autism spectrum disorders (ASD): a review.
Autism Research, 6(2), 119–133. doi:10.1002/aur.1273
Benali, A., Trippe, J., Weiler, E., Mix, A., Petrasch-Parwez, E.,
Girzalsky, W., . . . Funke, K. (2011). Theta-burst transcranial
magnetic stimulation alters cortical inhibition. Journal of
Neuroscience, 31(4), 1193–1203. doi:10.1523/JNEUROSCI.
1379-10.2011
Boroojerdi, B., Battaglia, F., Muellbacher, W., & Cohen, L.G.
(2001). Mechanisms influencing stimulus-response properties of the human corticospinal system. Clinical Neurophysiology, 112(5), 931–937. Retrieved from http://www.
ncbi.nlm.nih.gov/pubmed/11336911
Brem, A.K., Fried, P.J., Horvath, J.C., Robertson, E.M., &
Pascual-Leone, A. (2014). Is neuroenhancement by noninvasive brain stimulation a net zero-sum proposition? Neuroimage, 85(Part 3), 1058–1068. doi:10.1016/j.neuroimage.
2013.07.038
Brunoni, A.R., & Fregni, F. (2011). Clinical trial design in noninvasive brain stimulation psychiatric research. International Journal of Methods Psychiatriatry Research, 20(2),
e19–e30. doi:10.1002/mpr.338
Canadian Agency for Drugs and Technologies in Health.
(2014). Transcranial magnetic stimulation for the treatment
of adults with PTSD, GAD, or depression: A review of clinical effectiveness and guidelines. Ottawa, ON: Canadian
Agency for Drugs and Technologies in Health.
Cardenas-Morales, L., Gron, G., & Kammer, T. (2011). Exploring
the after-effects of theta burst magnetic stimulation on the
human motor cortex: a functional imaging study. Human
Brain Mapping, 32(11), 1948–1960. doi:10.1002/hbm.21160
Casanova, M.F., Baruth, J.M., El-Baz, A., Tasman, A., Sears, L.,
& Sokhadze, E. (2012). Repetitive transcranial magnetic
stimulation (rTMS) modulates event-related potential (ERP)
indices of attention in autism. Translational Neuroscience,
3(2), 170–180. doi:10.2478/s13380-012-0022-0
Casanova, M.F., Buxhoeveden, D., & Gomez, J. (2003). Disruption in the inhibitory architecture of the cell minicolumn:
implications for autism. Neuroscientist, 9(6), 496–507. doi:
10.1177/1073858403253552
Casanova, M.F., Hensley, M.K., Sokhadze, E.M., El-Baz, A.S.,
Wang, Y., Li, X., & Sears, L. (2014). Effects of weekly lowfrequency rTMS on autonomic measures in children with
autism spectrum disorder. Frontiers Human Neuroscience,
8, 851. doi:10.3389/fnhum.2014.00851

Oberman et al./TMS in ASD

199

Classen, J., Wolters, A., Stefan, K., Wycislo, M., Sandbrink, F.,
Schmidt, A., & Kunesch, E. (2004). Paired associative
stimulation. Supplements of Clinical Neurophysiology, 57,
563–569. Retrieved from http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?cmd5Retrieve&db5PubMed&dopt5Citation&list_
uids516106657
Claus, D., Weis, M., Jahnke, U., Plewe, A., & Brunholzl, C.
(1992). Corticospinal conduction studied with magnetic
double stimulation in the intact human. Journal of Neurology Science, 111(2), 180–188. Retrieved from http://www.
ncbi.nlm.nih.gov/pubmed/1431984
Cristancho, P., Akkineni, K., Constantino, J.N., Carter, A.R., &
O’Reardon, J.P. (2014). Transcranial magnetic stimulation
in a 15-year-old patient with autism and comorbid depression. Journal of ECT, 30(4), e46–e47. doi:10.1097/YCT.
0000000000000156
Croarkin, P.E., Wall, C.A., & Lee, J. (2011). Applications of
transcranial magnetic stimulation (TMS) in child and adolescent psychiatry. International of Review Psychiatry,
23(5), 445–453. doi:10.3109/09540261.2011.623688
Day, B.L., Dressler, D., Maertens de Noordhout, A., Marsden,
C.D., Nakashima, K., Rothwell, J.C., & Thompson, P.D.
(1989). Electric and magnetic stimulation of human motor
cortex: surface EMG and single motor unit responses. Journal of Physiology, 412, 449–473. Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/2489409
Di Martino, A., Ross, K., Uddin, L.Q., Sklar, A.B., Castellanos,
F.X., & Milham, M.P. (2009). Functional brain correlates of
social and nonsocial processes in autism spectrum disorders: an activation likelihood estimation meta-analysis.
Biology Psychiatry, 65(1), 63–74. doi:10.1016/j.biopsych.
2008.09.022
Enticott, P.G., Fitzgibbon, B.M., Kennedy, H.A., Arnold, S.L.,
Elliot, D., Peachey, A., . . . Fitzgerald, P.B. (2014). A doubleblind, randomized trial of deep repetitive transcranial magnetic stimulation (rTMS) for autism spectrum disorder. Brain
Stimulation, 7(2), 206–211. doi:10.1016/j.brs.2013. 10.004
Enticott, P.G., Kennedy, H.A., Rinehart, N.J., Bradshaw, J.L.,
Tonge, B.J., Daskalakis, Z.J., & Fitzgerald, P.B. (2013). Interpersonal motor resonance in autism spectrum disorder: evidence against a global “mirror system” deficit. Frontiers in
Human Neuroscience, 7, 218. doi:10.3389/fnhum.2013.
00218
Enticott, P.G., Kennedy, H.A., Rinehart, N.J., Tonge, B.J.,
Bradshaw, J.L., & Fitzgerald, P.B. (2013). GABAergic activity
in autism spectrum disorders: an investigation of cortical
inhibition via transcranial magnetic stimulation. Neuropharmacology, 68, 202–209. doi:10.1016/j.neuropharm.
2012.06.017
Enticott, P.G., Kennedy, H.A., Rinehart, N.J., Tonge, B.J.,
Bradshaw, J.L., Taffe, J.R., . . . Fitzgerald, P.B. (2012). Mirror
neuron activity associated with social impairments but not
age in autism spectrum disorder. Biology Psychiatry, 71(5),
427–433. doi:10.1016/j.biopsych.2011.09.001
Enticott, P.G., Kennedy, H.A., Zangen, A., & Fitzgerald, P.B.
(2011). Deep repetitive transcranial magnetic stimulation
associated with improved social functioning in a young
woman with an autism spectrum disorder. Journal of ECT,
27(1), 41–43. doi:10.1097/YCT.0b013e3181f07948

200

Enticott, P.G., & Oberman, L.M. (2013). Synaptic plasticity and
non-invasive brain stimulation in autism spectrum disorders. Developmental Medicine & Child Neurology, 55(1),
13–14. doi:10.1111/dmcn.12042
Enticott, P.G., Rinehart, N.J., Tonge, B.J., Bradshaw, J.L., &
Fitzgerald, P.B. (2010). A preliminary transcranial magnetic
stimulation study of cortical inhibition and excitability in
high-functioning autism and Asperger disorder. Developmental Medicine & Child Neurology, 52(8), e179–e183. doi:
10.1111/j.1469-8749.2010.03665.x
Enticott, P.G., Rinehart, N.J., Tonge, B.J., Bradshaw, J.L., &
Fitzgerald, P.B. (2012). Repetitive transcranial magnetic
stimulation (rTMS) improves movement-related cortical
potentials in autism spectrum disorders. Brain Stimulation,
5(1), 30–37. doi:10.1016/j.brs.2011.02.001
Fecteau, S., Agosta, S., Oberman, L., & Pascual-Leone, A.
(2011). Brain stimulation over Broca’s area differentially
modulates naming skills in neurotypical adults and individuals with Asperger’s syndrome. European Journal of Neuroscience, 34(1), 158–164. doi:10.1111/j.1460-9568.2011.
07726.x
Fitz, N.S., & Reiner, P.B. (2015). The challenge of crafting policy for do-it-yourself brain stimulation. Journal of Medical
Ethics, 41(5), 410–412. doi:10.1136/medethics-2013-101458
Fitzgerald, P.B., Fountain, S., Daskalakis, Z.J. (2006). A comprehensive review of the effects of rTMS on motor cortical
excitability and inhibition. Clinical Neurophysiology: Official Journal of the International Federation of Clinical Neurophysiology, 117, 2584–2596.
Freitas, C., Mondragon-Llorca, H., & Pascual-Leone, A. (2011).
Noninvasive brain stimulation in Alzheimer’s disease: systematic review and perspectives for the future. Experimental Gerontology, 46(8), 611–627. doi:10.1016/j.exger.2011.04.001
Funke, K., & Benali, A. (2010). Cortical cellular actions of transcranial magnetic stimulation. Restorative Neurology and
Neuroscience, 28(4), 399–417. doi:10.3233/RNN-2010-0566
Galhardoni, R., Correia, G.S., Araujo, H., Yeng, L.T.,
Fernandes, D.T., Kaziyama, H.H., . . . de Andrade, D.C.
(2015). Repetitive transcranial magnetic stimulation in
chronic pain: a review of the literature. Archives of Physical
Medicine Rehabilitation, 96(4 Suppl), S156–S172. doi:
10.1016/j.apmr.2014.11.010
Garvey, M.A., & Gilbert, D.L. (2004). Transcranial magnetic
stimulation in children. European Journal of Paediatric
Neurology, 8(1), 7–19. doi:10.1016/j.ejpn.2003.11.002
Gaynes, B.N., Lloyd, S.W., Lux, L., Gartlehner, G., Hansen, R.A.,
Brode, S., . . . Lohr, K.N. (2014). Repetitive transcranial magnetic stimulation for treatment-resistant depression: a systematic review and meta-analysis. Journal of Clinical Psychiatry,
75(5), 477–489; quiz 489. doi:10.4088/JCP. 13r08815
Geinisman, Y., deToledo-Morrell, L., & Morrell, F. (1994).
Comparison of structural synaptic modifications induced
by long-term potentiation in the hippocampal dentate
gyrus of young adult and aged rats. Annals of New York
Academy of Sciences, 747, 452–466. Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/7847690
George, M.S., Bohning, D.E., Lorberbaum, J.P., Najas, Z.,
Anderson, B., Borckardt, J.J., . . . Rastogi, K. (2007). Overview of transcranial magnetic stimulation: history, mechanisms, physics, and safety. In M.S. George & R.H. Belmaker

Oberman et al./TMS in ASD

INSAR

(Eds.), Transcranial magnetic stimulation in clinical psychiatry. Washington, DC: American Psychiatric Publ.
Gilbert, D.L., Ridel, K.R., Sallee, F.R., Zhang, J., Lipps, T.D., &
Wassermann, E.M. (2006). Comparison of the inhibitory
and excitatory effects of ADHD medications methylphenidate and atomoxetine on motor cortex. Neuropsychopharmacology, 31(2), 442–449. doi:10.1038/sj.npp.1300806
Herwig, U., Brauer, K., Connemann, B., Spitzer, M., &
Schonfeldt-Lecuona, C. (2002). Intracortical excitability is
modulated by a norepinephrine-reuptake inhibitor as measured with paired-pulse transcranial magnetic stimulation.
Psychopharmacology (Berl), 164(2), 228–232. doi:10.1007/
s00213-002-1206-z
Hong, Y.H., Wu, S.W., Pedapati, E.V., Horn, P.S., Huddleston,
D.A., Laue, C.S., & Gilbert, D.L. (2015). Safety and tolerability of theta burst stimulation vs. single and paired pulse
transcranial magnetic stimulation: a comparative study of
165 pediatric subjects. Frontiers in Human Neuroscience, 9,
29. doi:10.3389/fnhum.2015.00029
Hsieh, T.H., Dhamne, S.C., Chen, J.J., Pascual-Leone, A.,
Jensen, F.E., & Rotenberg, A. (2012). A new measure of cortical inhibition by mechanomyography and paired-pulse
transcranial magnetic stimulation in unanesthetized rats.
Journal of Neurophysiology, 107(3), 966–972. doi:10.1152/
jn.00690.2011
Huang, Y.Z., Edwards, M.J., Rounis, E., Bhatia, K.P., & Rothwell,
J.C. (2005). Theta burst stimulation of the human motor cortex. Neuron, 45(2), 201–206. doi:10.1016/j.neuron.2004.12.
033
Huang, Y.Z., Rothwell, J.C., Edwards, M.J., & Chen, R.S.
(2008). Effect of physiological activity on an NMDAdependent form of cortical plasticity in human. Cereb Cortex, 18(3), 563–570. doi:10.1093/cercor/bhm087
Huerta, P.T., & Volpe, B.T. (2009). Transcranial magnetic stimulation, synaptic plasticity and network oscillations. Journal
of NeuroEngineering and Rehabilitation, 6(1, article 7) doi:
10.1186/1743-0003-6-7.
Inghilleri, M., Berardelli, A., Marchetti, P., & Manfredi, M. (1996).
Effects of diazepam, baclofen and thiopental on the silent
period evoked by transcranial magnetic stimulation in
humans. Experimental Brain Research, 109(3), 467–472.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/881
7277
Jung, N.H., Janzarik, W.G., Delvendahl, I., Munchau, A., Biscaldi,
M., Mainberger, F., . . . Mall, V. (2013). Impaired induction of
long-term potentiation-like plasticity in patients with highfunctioning autism and Asperger syndrome. Developmental
Medical Child and Neurology, 55(1), 83–89. doi:10.1111/
dmcn.12012
Kimura, H., Kurimura, M., Kurokawa, K., Nagaoka, U., Arawaka,
S., Wada, M., . . . Kato, T. (2011). A comprehensive study of
repetitive transcranial magnetic stimulation in Parkinson’s
disease. ISRN Neurology, 2011, 845453. doi:10.5402/2011/
845453
King, B.H., Wright, D.M., Handen, B.L., Sikich, L., Zimmerman,
A.W., McMahon, W., . . . Cook, E.H., Jr. (2001). Double-blind,
placebo-controlled study of amantadine hydrochloride in the
treatment of children with autistic disorder. Journal of American Academy of Child Adolescence Psychiatry, 40(6), 658–
665. doi:10.1097/00004583-200106000-00010

INSAR

Kirschner, J., Moll, G.H., Fietzek, U.M., Heinrich, H., Mall, V.,
Berweck, S., . . . Rothenberger, A. (2003). Methylphenidate
enhances both intracortical inhibition and facilitation in
healthy adults. Pharmacopsychiatry, 36(2), 79–82. doi:
10.1055/s-2003-39049
Klein, M.M., Treister, R., Raij, T., Pascual-Leone, A., Park, L.,
Nurmikko, T., . . . Oaklander, A.L. (2015). Transcranial magnetic stimulation (TMS) of the brain: guidelines for pain treatment research. Pain, 156(9):1601–1614. doi:10.1097/j.pain.
0000000000000210
Kobayashi, M., & Pascual-Leone, A. (2003). Transcranial magnetic stimulation in neurology. Lancet Neurology, 2(3),
145–156. Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/12849236
Kujirai, T., Caramia, M.D., Rothwell, J.C., Day, B.L.,
Thompson, P.D., Ferbert, A., . . . Marsden, C.D. (1993). Corticocortical inhibition in human motor cortex. Journal of
Physiology, 471, 501–519. Retrieved from http://www.ncbi.
nlm.nih.gov/pubmed/8120818
Lefaucheur, J.P., Andre-Obadia, N., Antal, A., Ayache, S.S.,
Baeken, C., Benninger, D.H., . . . Garcia-Larrea, L. (2014).
Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS). Clinical Neurophysiology, 125(11), 2150–2206. doi:10.1016/j.clinph.
2014.05.021
McDonnell, M.N., Orekhov, Y., & Ziemann, U. (2006). The
role of GABA(B) receptors in intracortical inhibition in the
human motor cortex. Experimental Brain Research, 173(1),
86–93. doi:10.1007/s00221-006-0365-2
Minio-Paluello, I., Baron-Cohen, S., Avenanti, A., Walsh, V., &
Aglioti, S.M. (2009). Absence of embodied empathy during
pain observation in Asperger syndrome. Biology Psychiatry,
65(1), 55–62. doi:10.1016/j.biopsych.2008.08.006
Mohammadi, B., Krampfl, K., Petri, S., Bogdanova, D., Kossev,
A., Bufler, J., & Dengler, R. (2006). Selective and nonselective benzodiazepine agonists have different effects on
motor cortex excitability. Muscle Nerve, 33(6), 778–784.
doi:10.1002/mus.20531
Moll, G.H., Heinrich, H., & Rothenberger, A. (2003). Methylphenidate and intracortical excitability: opposite effects in
healthy subjects and attention-deficit hyperactivity disorder.
Acta Psychiatrica Scandinavica, 107(1), 69–72. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/125 58545
Murray, M.L., Hsia, Y., Glaser, K., Simonoff, E., Murphy, D.G.,
Asherson, P.J., . . . Wong, I.C. (2014). Pharmacological treatments prescribed to people with autism spectrum disorder
(ASD) in primary health care. Psychopharmacology (Berl),
231(6), 1011–1021. doi:10.1007/s00213-013-3140-7
Niederhofer, H. (2012). Effectiveness of the repetitive transcranial magnetic stimulation (rTMS) of 1 Hz for autism. Clinical Neuropsychiatry, 9(2), 107.
Nielson, D.M., McKnight, C.A., Patel, R.N., Kalnin, A.J., &
Mysiw, W.J. (2015). Preliminary guidelines for safe and
effective use of repetitive transcranial magnetic stimulation
in moderate to severe traumatic brain injury. Archives of
Physical Medica and Rehabilitation, 96(4 Suppl), S138–
S144. doi:10.1016/j.apmr.2014.09.010
Oberman, L., Eldaief, M., Fecteau, S., Ifert-Miller, F., Tormos,
J.M., & Pascual-Leone, A. (2012). Abnormal modulation of
corticospinal excitability in adults with Asperger’s

Oberman et al./TMS in ASD

201

syndrome. European Journal of Neuroscience, 36(6), 2782–
2788. doi:10.1111/j.1460-9568.2012.08172.x
Oberman, L., Ifert-Miller, F., Najib, U., Bashir, S., Woollacott,
I., Gonzalez-Heydrich, J., . . . Pascual-Leone, A. (2010).
Transcranial magnetic stimulation provides means to assess
cortical plasticity and excitability in humans with fragile x
syndrome and autism spectrum disorder. Frontiers Synaptic
Neuroscience, 2, 26. doi:10.3389/fnsyn.2010.00026
Oberman, L., & Pascual-Leone, A. (2014). Hyperplasticity in
Autism Spectrum Disorder confers protection from Alzheimer’s disease. Medical Hypotheses, 83(3), 337–342. doi:
10.1016/j.mehy.2014.06.008
Oberman, L., Pascual-Leone, A., & Rotenberg, A. (2014). Modulation of corticospinal excitability by transcranial magnetic
stimulation in children and adolescents with autism spectrum disorder. Frontiers Human Neuroscience, 8, 627. doi:
10.3389/fnhum.2014.00627
Oberman, L., Rotenberg, A., & Pascual-Leone, A. (2014).
Altered brain plasticity as the proximal cause of autism
spectrum disorders. In J. Tracy, B. Hampstead, & K. Sathian,
(Eds.), Plasticity of cognition in neurologic disorders. New
York: Oxford University Press.
Oberman, L., Rotenberg, A., & Pascual-Leone, A. (2015). Use of
transcranial magnetic stimulation in autism spectrum disorders. Journal of Autism Development Disorder, 45(2), 524–
536. doi:10.1007/s10803-013-1960-2
Panerai, S., Tasca, D., Lanuzza, B., Trubia, G., Ferri, R., Musso,
S., . . . Elia, M. (2013). Effects of repetitive transcranial magnetic stimulation in performing eye-hand integration tasks:
four preliminary studies with children showing lowfunctioning autism. Autism, 18(6), 638–650. doi:10.1177/
1362361313495717
Pascual-Leone, A., Freitas, C., Oberman, L., Horvath, J.C.,
Halko, M., Eldaief, M., . . . Rotenberg, A. (2011). Characterizing brain cortical plasticity and network dynamics across
the age-span in health and disease with TMS-EEG and TMSfMRI. Brain Topography, 24(3–4), 302–315. doi:10.1007/
s10548-011-0196-8
Pascual-Leone, A., Valls-Sole, J., Wassermann, E.M., & Hallett,
M. (1994). Responses to rapid-rate transcranial magnetic
stimulation of the human motor cortex. Brain, 117(Part 4),
847–858. Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/7922470
Pierantozzi, M., Marciani, M.G., Palmieri, M.G., Brusa, L.,
Galati, S., Caramia, M.D., . . . Stanzione, P. (2004). Effect of
Vigabatrin on motor responses to transcranial magnetic
stimulation: an effective tool to investigate in vivo GABAergic cortical inhibition in humans. Brain Research, 1028(1),
1–8. doi:10.1016/j.brainres.2004.06.009
Pinter, M.M., & Brainin, M. (2013). Role of repetitive transcranial magnetic stimulation in stroke rehabilitation. Frontiers
in Neurology Neuroscience, 32, 112–121. doi:10.1159/
000346433
Plewnia, C., Bartels, M., Cohen, L., & Gerloff, C. (2001). Noradrenergic modulation of human cortex excitability by the
presynaptic alpha(2)-antagonist yohimbine. Neuroscience
Letter, 307(1), 41–44. Retrieved from http://www.ncbi.nlm.
nih.gov/pubmed/11516570
Plewnia, C., Hoppe, J., Hiemke, C., Bartels, M., Cohen, L.G., &
Gerloff, C. (2002). Enhancement of human cortico-

202

motoneuronal excitability by the selective norepinephrine
reuptake inhibitor reboxetine. Neuroscience Letter, 330(3),
231–234. Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/12270635
Plitt, M., Barnes, K.A., & Martin, A. (2015). Functional connectivity classification of autism identifies highly predictive
brain features but falls short of biomarker standards. Neuroimage Clinics, 7, 359–366. doi:10.1016/j.nicl.2014.12.013
Rajapakse, T., & Kirton, A. (2013). Non-invasive brain stimulation in children: applications and future directions. Translational Neuroscience, 4(2), 217–223. doi:10.2478/s13380013-0116-3
Rossi, S., Hallett, M., Rossini, P.M., Pascual-Leone, A., & Safety
of T.M.S. Consensus Group. (2009). Safety, ethical considerations, and application guidelines for the use of transcranial
magnetic stimulation in clinical practice and research. Clinical Neurophysiology, 120(12), 2008–2039. doi:10.1016/
j.clinph.2009.08.016
Rotenberg, A., Horvath, J.C., & Pascual-Leone, A. (Eds.) (2014).
Transcranial magnetic stimulation. New York: Humana Press.
Rubenstein, J.L., & Merzenich, M.M. (2003). Model of autism:
increased ratio of excitation/inhibition in key neural systems. Genes Brain Behaviour, 2(5), 255–267. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/14606691
Sokhadze, E.M., Baruth, J., Tasman, A., Mansoor, M.,
Ramaswamy, R., Sears, L., . . . Casanova, M.F. (2010). Lowfrequency repetitive transcranial magnetic stimulation
(rTMS) affects event-related potential measures of novelty
processing in autism. Applied Psychophysiology Biofeedback, 35(2), 147–161. doi:10.1007/s10484-009-9121-2
Sokhadze, E.M., Baruth, J.M., Sears, L., Sokhadze, G.E., El-Baz,
A.S., & Casanova, M.F. (2012). Prefrontal neuromodulation
using rTMS improves error monitoring and correction function in autism. Applied Psychophysiology Biofeedback,
37(2), 91–102. doi:10.1007/s10484-012-9182-5
Sokhadze, E.M., El-Baz, A., Baruth, J., Mathai, G., Sears, L., &
Casanova, M.F. (2009). Effects of low frequency repetitive
transcranial magnetic stimulation (rTMS) on gamma frequency oscillations and event-related potentials during processing of illusory figures in autism. Journal of Autism
Development Disorder, 39(4), 619–634. doi:10.1007/s10803008-0662-7
Sokhadze, E.M., El-Baz, A.S., Sears, L.L., Opris, I., & Casanova,
M.F. (2014). rTMS neuromodulation improves electrocortical functional measures of information processing and
behavioral responses in autism. Frontiers Systems Neuroscience, 8, 134. doi:10.3389/fnsys.2014.00134
Sokhadze, E.M., El-Baz, A.S., Tasman, A., Sears, L.L., Wang, Y.,
Lamina, E.V., & Casanova, M.F. (2014). Neuromodulation
integrating rTMS and neurofeedback for the treatment of
autism spectrum disorder: an exploratory study. Applied
Psychophysiology Biofeedback, 39(3–4), 237–257. doi:
10.1007/s10484-014-9264-7
Spence, S.J., & Schneider, M.T. (2009). The role of epilepsy and epileptiform EEGs in autism spectrum disorders. Pediatric
Research, 65(6), 599–606. doi:10.1203/PDR.0b013e31819e
7168
Stagg, C.J., Wylezinska, M., Matthews, P.M., Johansen-Berg, H.,
Jezzard, P., Rothwell, J.C., & Bestmann, S. (2009). Neurochemical effects of theta burst stimulation as assessed by

Oberman et al./TMS in ASD

INSAR

magnetic resonance spectroscopy. Journal of Neurophysiology, 101(6), 2872–2877. doi:10.1152/jn.91060.2008
Stefan, K., Kunesch, E., Cohen, L.G., Benecke, R., & Classen, J.
(2000). Induction of plasticity in the human motor cortex
by paired associative stimulation. Brain, 123(Part 3), 572–
584. Retrieved from http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?cmd5Retrieve&db5PubMed&dopt5Citation&
list_uids510686179
Sun, W., Mao, W., Meng, X., Wang, D., Qiao, L., Tao, W., . . .
Wang, Y. (2012). Low-frequency repetitive transcranial
magnetic stimulation for the treatment of refractory partial
epilepsy: a controlled clinical study. Epilepsia, 53(10),
1782–1789. doi:10.1111/j.1528-1167.2012.03626.x
Theoret, H., Halligan, E., Kobayashi, M., Fregni, F., TagerFlusberg, H., & Pascual-Leone, A. (2005). Impaired motor
facilitation during action observation in individuals with
autism spectrum disorder. Current Biology, 15(3), R84–R85.
doi:10.1016/j.cub.2005.01.022
Thickbroom, G.W. (2007). Transcranial magnetic stimulation
and synaptic plasticity: experimental framework and
human models. Experimental Brain Research, 180(4), 583–
593. doi:10.1007/s00221-007-0991-3
Trippe, J., Mix, A., Aydin-Abidin, S., Funke, K., & Benali, A.
(2009). Theta burst and conventional low-frequency rTMS
differentially affect GABAergic neurotransmission in the rat
cortex. Experimental Brain Research, 199(3–4), 411–421.
doi:10.1007/s00221-009-1961-8
Uithol, S., van Rooij, I., Bekkering, H., & Haselager, P. (2011).
Understanding motor resonance. Society of Neuroscience,
6(4), 388–397. doi:10.1080/17470919.2011.559129
Valls-Sole, J., Pascual-Leone, A., Wassermann, E.M., & Hallett,
M. (1992). Human motor evoked responses to paired transcranial magnetic stimuli. Electroencephalography Clinical
Neurophysiology, 85(6), 355–364. Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/1282453
Wagner, T., Valero-Cabre, A., & Pascual-Leone, A. (2007).
Noninvasive human brain stimulation. Annu Rev Biomed
Eng, 9, 527–565. doi: 10.1146/annurev.bioeng.9.061206.
133100.

INSAR

Wang, J., Barstein, J., Ethridge, L.E., Mosconi, M.W., Takarae,
Y., & Sweeney, J.A. (2013). Resting state EEG abnormalities
in autism spectrum disorders. Journal of Neurodevelopment
Disorder, 5(1), 24. doi:10.1186/1866-1955-5-24
Werhahn, K.J., Kunesch, E., Noachtar, S., Benecke, R., &
Classen, J. (1999). Differential effects on motorcortical
inhibition induced by blockade of GABA uptake in
humans. Journal of Physiology, 517(Part 2), 591–597.
Retrieved
from
http://www.ncbi.nlm.nih.gov/pubmed/
10332104
Ziemann, U. (1999). Intracortical inhibition and facilitation in the
conventional paired TMS paradigm. Electroencephalography
Clinical Neurophysiology Supplement, 51, 127–136. Retrieved
from http://www.ncbi.nlm.nih.gov/pubmed/10590943
Ziemann, U. (2004). TMS induced plasticity in human
cortex. Review of Neuroscience, 15(4), 253–266. Retrieved
from http://www.ncbi.nlm.nih.gov/entrez/query.fcgi? cmd5
Retrieve&db5PubMed&dopt5Citation&list_uids515526550
Ziemann, U., Lonnecker, S., Steinhoff, B.J., & Paulus, W.
(1996). The effect of lorazepam on the motor cortical excitability in man. Experimental Brain Research, 109(1), 127–
135. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
8740215
Ziemann, U., Paulus, W., Nitsche, M.A., Pascual-Leone, A.,
Byblow, W.D., Berardelli, A., Siebner, H.R., Classen, J.,
Cohen, L.G., & Rothwell, J.C. (2008). Consensus: motor
cortex plasticity protocols. Brain Stimul, 1, 164–182. doi:
10.1016/j.brs.2008.06.006
Ziemann, U., Reis, J., Schwenkreis, P., Rosanova, M., Strafella, A.,
Badawy, R., & Muller-Dahlhaus, F. (2015). TMS and drugs revisited 2014. Clinical Neurophysiology, 126(10), 1847–1868. doi:
10.1016/j.clinph.2014.08.028
Ziemann, U., Tergau, F., Wischer, S., Hildebrandt, J., &
Paulus, W. (1998). Pharmacological control of facilitatory
I-wave interaction in the human motor cortex. A paired
transcranial magnetic stimulation study. Electroencephalography Clinical Neurophysiology, 109(4), 321–330.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
9751295

Oberman et al./TMS in ASD

203

