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Abstract
Research suggest that in autism spectrum disorder (ASD) a disturbance in the coordinated interactions of neurons within 
local networks gives rise to abnormal patterns of brainwave activity in the gamma bandwidth. Low frequency transcranial 
magnetic stimulation (TMS) over the dorsolateral prefrontal cortex (DLPFC) has been proven to normalize gamma oscilla-
tion abnormalities, executive functions, and repetitive behaviors in high functioning ASD individuals. In this study, gamma 
frequency oscillations in response to a visual classification task (Kanizsa figures) were analyzed and compared in 19 ASD 
(ADI-R diagnosed, 14.2 ± 3.61 years old, 5 girls) and 19 (14.8 ± 3.67 years old, 5 girls) age/gender matched neurotypical 
individuals. The ASD group was treated with low frequency TMS (1.0 Hz, 90% motor threshold, 18 weekly sessions) target-
ing the DLPFC. In autistic subjects, as compared to neurotypicals, significant differences in event-related gamma oscillations 
were evident in amplitude (higher) pre-TMS. In addition, recordings after TMS treatment in our autistic subjects revealed 
a significant reduction in the time period to reach peak amplitude and an increase in the decay phase (settling time). The 
use of a novel metric for gamma oscillations. i.e., envelope analysis, and measurements of its ringing decay allowed us to 
characterize the impedance of the originating neuronal circuit. The ringing decay or dampening of gamma oscillations is 
dependent on the inhibitory tone generated by networks of interneurons. The results suggest that the ringing decay of gamma 
oscillations may provide a biomarker reflective of the excitatory/inhibitory balance of the cortex and a putative outcome 
measure for interventions in autism.
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Introduction

Neurodevelopmental disorders are the result of impairments 
in the orderly sequence of events that coordinate the growth 
and development of the central nervous system. In autism 
spectrum disorder (ASD), a group of neurodevelopmental 

conditions have been nosologically grouped together based 
on commonalities in observable behavioral characteristics 
that include difficulties with social communication and 
interactions, and restricted patterns of interests and activi-
ties (APA, 2013). Multiple lines of evidence suggest that 
the underlying developmental disorder in ASD involves 
abnormalities in the fundamental processes that govern neu-
ronal migration. The presence of neuronal heterotopias, the 
accumulation of neurons at the gray white matter junction, 
and morphometric findings indicative of a minicolumnopa-
thy are all suggestive of a defect during corticogenesis that 
impairs the synchronization between the streams of radially 
and tangentially migrating neuroblasts (Bailey et al., 1998; 
Casanova, 2007, 2014; Casanova, El-Baz, et al., 2013a; Hut-
sler & Casanova, 2016; Wegiel et al., 2010). These migra-
tory streams guide neuroblasts to their appropriate place in 
the cortical plate where they will coordinate their activi-
ties and establish functional dyads of pyramidal cells and 
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interneurons (Marin-Padilla, 2011; Wong et al., 2018). In 
this regard, faulty neuronal migration results in an excita-
tory/inhibitory imbalance capable of explaining some of the 
core cognitive, sensory and neurological symptoms of the 
condition, including the increased prevalence of seizures 
(Casanova et al., 2003).

Several lines of evidence suggest that the cortical excita-
tory/inhibitory imbalance observed in ASD is the result 
of an inhibitory deficit. In vivo magnetic resonance spec-
troscopy (MRS) studies show a direct correlation between 
reduced gamma aminobutyric acid (GABA) levels and clini-
cal features that help define the ASD phenotype (e.g., social 
cognition, motor stereotypies) (Cochran et al., 2015; Gaetz 
et al., 2014). Postmortem studies, sampling both the cerebral 
cortex and cerebellum, have shown a reduction of GABA(A) 
receptors in ASD individuals as compared to controls (Dick-
inson et al., 2016; Fatemi et al., 2009). Immunocytochemical 
studies have further characterized the inhibitory deficit as 
one due to a reduction in the number of neurons that express 
the calcium-binding protein parvalbumin (PV) (Hashemi 
et al., 2018).

PV-positive neurons normally drive experience-depend-
ent circuit refinement and information processing during 
sensory perception, motor behavior, and memory forma-
tion (Hensch, 2005; Kann et al., 2014). Their numbers are 
reduced in the prefrontal cortex of numerous psychiatric 
conditions (e.g., schizophrenia, Alzheimer disease, bipolar 
disorder) (Berridge, 2013; Ferguson & Gao, 2018). Research 
studies have consistently revealed a reduced number of PV 
positive cells in animal models of ASD. These findings are 
of clinical relevance as the aforementioned pathological 
deficits have been found to correlate with behavioral abnor-
malities characteristic of the ASD phenotype (Gogolla et al., 
2009; Saunders et al., 2013; Wöhr et al., 2015). Indeed, 
pharmacological interventions that rescue parvalbumin-
immunoreactive neurons ameliorate deficits in prepulse 
inhibition (an operational measure of sensorimotor gating), 
relieve the reduction in phase-locked gamma oscillations, 
and ameliorate social behavioral deficits that are character-
istic of a significant number of patients within the autism 
spectrum (Nakamura et al., 2015).

GABAergic PV-positive cells, comprising approximately 
40% of all interneurons, provide primarily for perisomatic 
“basket” inhibition. Synchronization of neurons is achieved 
much more effectively by perisomatic inhibitory postsyn-
aptic potentials than by dendritic excitatory postsynaptic 
potentials (Lytton & Sejnowski, 1991). Indeed, PV interneu-
rons are capable of generating action potentials at high fre-
quencies thus helping to coordinate the actions of neural net-
work activities by rhythmic (“clockwork”) inhibition (Kann 
et al., 2014). This clockwork activity by PV-positive neurons 
shows its strongest coupling to the gamma oscillation cycle 
(Klausberger & Somogyi, 2008; Tukker et al., 2007; see also 

Tremblay et al., 2016). The bandwidth of these oscillations 
has been variously described as between 30 and 90 Hz. In 
schizophrenia, loss of PV-positive interneurons is believed 
to underlie reported abnormalities of gamma oscillations and 
related symptoms of executive dysfunction (e.g., conceptu-
alization, cognitive flexibility, planning) (Curley & Lewis, 
2012; Dienel & Lewis, 2019; Gonzalez-Burgos & Lewis, 
2008; Gonzalez-Burgos et al., 2015; Lewis et al., 2012). 
Given the above information, it is unsurprising that ASD 
researchers have gone as far as to propose the use of gamma-
band based metrics as a possible mean for subtyping clinical 
populations and as severity dependent measure of treatment 
outcome (Rojas & Wilson, 2014).

Inhibitory interneurons acting as GABA-gated pacemak-
ers are critically involved in gamma oscillations (Grothe & 
Klump, 2000; Rossignol, 2011; Whittington et al., 2000). 
These oscillations can be induced by tasks involving the 
top-down integration of features, as for example, visual 
cognitive tasks using Kanizsa illusory features (Kanizsa, 
1976). Our group has used oddball task paradigms of tar-
get classification and discrimination, requiring a response 
to target Kanizsa squares among nontarget Kanizsa trian-
gles and other non-Kanizsa distractor figures, to examine 
gamma-band EEG activity (vide infra). The gamma wave-
forms elicited by this task exhibit a characteristic dampening 
after peak amplitude in which the outer envelope of succes-
sive peaks traces a decay curve that persists until baseline. 
In a variety of physical systems, the characteristics which 
determine dampening of sinusoidal oscillations are intrinsic 
properties of the object related to its impedance (i.e., the 
effective resistance of a circuit) (Brewer, 2012; Dobbs, 2001; 
Silver & Tiedemann, 1978; Trickey et al., 1977). In the 
brain, interneurons delay the firing of neuronal assemblies 
in ways that can either prevent or facilitate the transition of 
oscillatory patterns (Lin et al., 2019). After resonance, the 
ringing decay may therefore serve to monitoring the imped-
ance provided by inhibitory neurons on gamma oscillations.

Transcranial magnetic stimulation (TMS) over the dor-
solateral prefrontal cortex has been used to normalize 
gamma oscillations and enhance cognitive performance in 
schizophrenia (Farzan et al., 2012). These effects appear to 
be selective for oscillations in the gamma bandwidth (Barr 
et al., 2009) and are probably mediated by cortical changes 
that increase the levels of GABA (Feng et al., 2019). In ani-
mal models of ASD, TMS leads to normalization of social 
behavior deficits (Selimbeyoglu et al., 2017). In humans, 
the first clinical trial using TMS in ASD was reported by 
Sokhadze and associates (Sokhadze et al., 2009; for reviews 
of TMS studies in autism see Casanova et al., 2015, 2019; 
Cole et al., 2019; Oberman et al., 2016). Given the nature 
of the inhibitory deficits, the researchers decided on using 
low frequency TMS (0.5 Hz; trying to build inhibition) over 
the dorsolateral prefrontal cortex (DLPFC) in their inceptive 
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experimental design. Thirteen patients (ADOS and ADI-R 
diagnosed) and an equal number of neurotypicals (wait list 
controls) participated in the study. Gamma power and behav-
ioral screening were used as outcome measures. Results 
showed that at baseline, the gamma power was higher and 
of shorter latency in the ASD group as compared to controls. 
After treatment, the active group showed a wider difference 
in gamma power when comparing target and non-target 
stimuli for all recording sites. The findings for gamma oscil-
lations were subsequently reproduced in studies using dif-
ferent populations of patients and number of TMS sessions 
(Baruth, Casanova, et al., 2010a, Baruth, Sokhadze, et al., 
2010b; 2011; Casanova et al., 2012; Sokhadze et al., 2014).

The research findings linking gamma oscillations to the 
pathology of ASD led us to consider performing a spectral 
time analysis of gamma oscillations in ASD both before 
and after a series of TMS sessions. To this effect we intro-
duced envelope analysis as a novel metric for characterizing 
gamma oscillations in ASD. We believed that the informa-
tion derived from demodulating the EEG waveform, along 
with quantitative features of the ringing decay of gamma 
oscillations, could provide a biomarker closely tied to the 
neuropathology (inhibitory deficit) of the autistic disorder.

Methods

Subjects

Participants with ASD were recruited through referrals from 
several pediatric clinics. All patients (N = 19 mean age, 
14.4 ± 3.61 years old, 5 females) were diagnosed according 
to the Diagnostic and Statistical Manual of Mental Disor-
ders (DSM-IVTR) and/or DSM-5 (APA, 2013). Diagnosis 
of autism was further ascertained with the Autism Diag-
nostic Interview-Revised (ADI-R) (LeCouteur et al., 2003). 
A developmental pediatrician evaluated the patients, ascer-
tained them to be in good health, had normal hearing, and 
were willing to participate in lab testing. Patients were 
excluded if they had a history of seizures, impairment of 
vision, genetic disorders, and/or brain abnormalities based 
on neuroimaging studies. Exclusionary criteria for this group 
were as follows: (a) current diagnosis of any Axis I psy-
chiatric disorder, such as psychosis, bipolar disorder, and 
schizophrenia; (b) current psychiatric symptoms requiring 
medication other than those for ADHD; (c) severe medical, 
cognitive or psychiatric impairments that would preclude 
from cooperation with the study protocol; and (d) inability to 
read, write, or speak English. The EEG test procedures also 
required the following exclusionary criteria: (1) impaired, 
non-correctable vision or hearing; (2) significant neurologi-
cal disorder (epilepsy, encephalitis) or head injury. Enrolled 
subjects were high-functioning children or adolescents 

with a full-scale Intelligence Quotient (IQ) of more than 
80 according to evaluations using the Wechsler Intelligence 
Scale for Children, Fourth Edition (WISC-IV, [Wechsler, 
2003]) or the Wechsler Abbreviated Scale of Intelligence 
(WASI, [Wechsler, 1999]). Children with an ASD diagno-
sis who were on stimulant medication were included in this 
study only if they were taken off medication on the day of 
the lab visit for testing.

Typically developing children (i.e., control subjects, 
CNT group, N = 19, 14.8 ± 3.67 years old, 5 females) were 
recruited through advertisements in the local media. All 
control participants were free of neurological or significant 
medical disorders, had normal hearing and vision, and were 
free of psychiatric, learning, or developmental disorders 
based on self- and parental reports. Subjects were screened 
for a history of psychiatric or neurological diagnosis using 
the Structured Clinical Interview for DSM-IV, Research ver-
sion, Non-Patient Edition (SCID-NP, First et al., 2002). Par-
ticipants within the control and ASD groups were matched 
by age, full scale IQ, and socioeconomic status (based on 
parental level of education and annual household income) 
of their family.

The study was conducted in accordance with relevant 
national regulations and institutional policies and complied 
with the Helsinki declaration. The protocol of the study 
including informed consent and assent forms that were 
reviewed and received approval of our university’s IRB. 
Children and their family representatives (either parents or 
legal guardians) received detailed information about the spe-
cifics of this research study, including its purpose, respon-
sibilities, reimbursement rate, risk vs. benefits evaluation, 
etc. The participants were reimbursed only for oddball tests 
($25 for each procedure) and did not receive any reimburse-
ment for the TMS treatment. Investigators provided consent 
and assent forms to all families who expressed interest in 
participation in this treatment research study, allowed them 
to review the documents and answered all questions. If the 
child and family member agreed to take part in this study 
and confirmed their commitment, both child and parent were 
requested to sign and date the consent and assent forms and 
then received a copy co-signed by the study investigator.

Event‑Related Gamma Oscillations Recording

The dense-array (128 channel) electroencephalogram (EEG) 
was recorded with an Electrical Geodesics Inc. Netstation 
system (EGI-Philips, Eugene, Oregon). Experimental con-
trol (e.g., stimulus presentation, reaction time) was executed 
using E-prime software (Psychological Software Tools 
[PST], Inc., Pittsburg, PA). Visual stimuli were presented 
on a monitor located in front of the subject, while motor 
responses were recorded with a 4-button keypad (PST’s 
Serial Box). EEG was recorded with 512 Hz sampling rate, 
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analog Notch (60 Hz, IIR, 5th order) filter and analog band-
pass elliptical filters set at 0.1 to 100 Hz range. Electrodes 
impedance was kept under 40 KΩ. According to the Electri-
cal Geodesics (2003) impedances < 50 KΩs are sufficient.

for recording quality EEG data (note: Ferree et al. (2001) 
have suggested that modern high input impedance amplifiers 
and accurate digital filters for power noise provide excellent 
EEG signals in conjunction with above scalp impedances). 
Raw EEG recordings were segmented off-line spanning 
200 ms pre-stimulus baseline and 800 ms epoch post-stim-
ulus. EEG data was screened for artifacts and all trials that 
had eye blinks, gross movements and other artifacts were 
removed using Netstation artifact rejection tools (Luu et al., 
2001; Srinivasan et al., 1998). Other details of our experi-
mental procedure and EEG data acquisition, pre-processing 
and analysis can be found in our prior studies using the same 
methodology (Baruth et al., Baruth, Casanova, et al., 2010, 
Baruth, Sokhadze, et al., 2010; Casanova et al., 2012, 2014; 
Sokhadze et al., 2014, 2016). In our gamma oscillation 
analysis, stimulus-locked dependent EEG variables for the 
frontal (F3, F4, F7, F8) and parietal (P3, P4) sites-of-interest 
were referenced to vertex (Cz) and nasion as a ground or 
common reference point.

EEG Analysis Description

An equiripple bandpass FIR filter with a passband ripple 
of 1 dB and stopband attenuation of 60 dB was used to 
extract the gamma wave frequency components within the 
frequency range from 35 to 45 Hz. EEG signal was sampled 
at a rate of 500 samples/second.

Zero crossings were defined at the time location where 
the sign of the gamma wave changed from the positive to the 
negative and vice versa. Zero crossings were classified into 
two types: upward zero crossings and downward zero cross-
ings. An upward zero crossing was found when the gamma 
wave changes from a negative to a positive value while a 
downward zero crossing was located where the gamma 
wave changed from a positive to a negative value. Both 
upward zero crossing ( Zupward ) and downward zero crossing 
( Zdownward) were defined as follows:

where G(n) is the gamma wave time sample located at n.
A peak amplitude was defined as the maximum value of 

the set of values within the time interval defined between an 
upward zero crossing and a downward zero crossings. Peaks 
( P(n) ) were represented using the following mathematical 
equation:
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The major peak (PM) of the burst of gamma waves was 
defined as the maximum value of all the peaks ( P(n) ) 
located within the corresponding time frame.

where n
1
 and n

2
 are time location of the starting and end-

ing peaks of the gamma waves.
Latencies were defined as the time difference between the 

major peak time location and the time location of the lowest 
peak values at the beginning and at the end of the gamma 
wave time intervals (i.e., n

1
 and n

2
 respectively).

Slopes were calculated between the major peak and the 
time location of the lowest peak values mentioned above. A 
positive slope ( S+ ) was defined between the lowest peak at 
the beginning of the gamma wave time interval ( n

1
 ) and the 

major peak while a negative slope ( S− ) was defined between 
the major peak and the lowest peak at the end of the gamma 
wave time interval ( n

2
).

Amplitude of the gamma oscillation peaks (within 
100–300 ms window post-stimulus) and differences of the 
latencies of ascending and descending slopes of gamma 
were used as main outcomes in the study. One more vari-
able of interest was positive–minus–negative slope latency 
difference.

Transcranial Magnetic Stimulation

For repetitive TMS administration we used a Magstim Rapid 
device (Magstim Co., Sheffield, UK) with a 70-mm wing-
span figure-eight coil. To identify resting motor threshold 
(MT) for each hemisphere the output of the magnetic stimu-
lator was increased by 5% steps until a 50 μV deflection of 
the electromyogram (EMG) or a visible twitch in the First 
Dorsal Interosseous (FDI) muscle was detected in at least 
2 or 3 trials of TMS delivered over the contralateral motor 
cortex. The electromyogram was recorded with a portable 
C-2  J&J Engineering Inc. physiological monitor using 
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USE-3 software and Physiodata applications (J&J Engineer-
ing, Inc., Poulsbo, WA).

The rTMS was administered on a weekly basis with the 
following stimulation parameters: 1.0 Hz frequency, 90% 
MT, 180 pulses per session with 9 trains of 20 pulses each 
with 20–30 s intervals between the trains. The initial six 
weekly rTMS session were administered over the left DLPC, 
followed by 6 sessions targeting the right DLPC, and an 
additional 6 treatments done bilaterally (over the left and 
right DLPFC). The procedure for stimulation placed the 
TMS coil 5 cm anterior, and in a parasagittal plane, to the 
site of maximal FDI response as judged by the FDI EMG 
response. A swimming cap was used to ensure better posi-
tioning of the TMS coil. Positioning of the TMS coil fol-
lowed recommendations that take into consideration ana-
tomical landmarks (Mir-Moghtadaei et al., 2015; Pommier 
et al., 2017) that could be approximately described as the 
scalp region used for F3 and F4 EEG electrode placements 
in the 10–20 International System.

Selection of 90% of the MT was based on data from prior 
studies where low frequency rTMS was used for the stimula-
tion of DLPFC in various neurological and psychiatric dis-
orders (Daskalakis et al., 2002; Gershon et al., 2003; Loo & 
Mitchell, 2005; Pascual-Leone et al., 2000; Wassermann & 
Lisanby, 2001; Wassermann & Zimmermann, 2012). Fur-
thermore, we decided to have the stimulation power below 
MT as a safety precaution meant to lower the probability 
of seizure risk in this study population. The decision to use 
low frequency (1 Hz) was based on the finding that at this 
frequency range rTMS exerts an inhibitory influence on the 
stimulated cortex (Maeda et al., 2000).

Behavioral and Social Functioning Evaluation

Social and behavioral functioning was evaluated using 
caregiver (parent or guardian) reports. Participant in each 
group were evaluated before TMS course and within a week 
following treatment. Aberrant Behavior Checklist (ABC, 
Aman & Singh, 1994) is a rating scale to assess Irritabil-
ity, Lethargy/Social Withdrawal, Stereotypy, Hyperactivity, 
and Inappropriate Speech based on parent/caregiver report. 
Repetitive Behavior Scale—Revised (RBS-R, Bodfish et al., 
1999) is a caregiver completed rating scale to assess stereo-
typed, self-injurious, compulsive, ritualistic, sameness, and 
restricted range.

Statistical Analysis

Repeated measure ANOVA and paired sample t-test 
(2-tailed) were the primary models for statistical analyses 
of subject-averaged amplitude and ascending and descend-
ing slope latencies of gamma oscillations. Dependent stim-
ulus-locked gamma variables were amplitude and latency of 

differences of positive and negative slopes of gamma oscil-
lations at pre-determined frontal and parietal EEG sites (F3, 
F4, F7, F8 and P3, P4). The within-participant factors in the 
ASD group were the following: Stimulus (Target Kanizsa, 
Non-target Kanizsa, Standard non-Kanizsa), Hemisphere 
(Left, Right), and Time Point (Baseline, Post-TMS treat-
ment). The between-subject factor was Group (ASD vs. 
CNT). Histograms with distribution curves were obtained 
for each dependent variable to determine normality of distri-
bution and appropriateness of data for ANOVA and post-hoc 
t-tests. For normality analysis we used the Shapiro–Wilk 
test. All dependent variables in the study had normal dis-
tribution. Greenhouse–Geisser (GG) corrected p-values 
were employed where appropriate in all ANOVAs. For the 
estimation of the effect size  we used a Partial Eta Squared 
(ηp

2) measure (Richardson, 2011). Behavioral data (reaction 
time, accuracy) and parental behavioral rating scores were 
analyzed using paired sample 2-tailed t-test. IBM SPSS 26 
and Sigma Stat 9.1 statistical software were used for data 
analysis.

Results

Peak Amplitude

Autism (ASD) vs. Control (CNT) Group Comparisons

Amplitude of evoked gamma oscillation peaks showed Stim-
ulus (target Kanizsa, non-target Kanizsa, non-Kanizsa stand-
ard) x Group (ASD, CNT) interaction at the frontal sites 
(e.g., at F7 and F8 sites,  F2,38 = 4.49, p = 0.014, ηp

2 = 0.106). 
In particular, at these EEG sites peak amplitude of responses 
to targets was lower as compared to both non-target stimuli 
in the ASD group, while in the CNT group amplitude to 
targets (TRG) was higher as compared to non-target Kanizsa 
(NTG) stimuli. Post-hoc t-test showed higher amplitude to 
TRG, NTG and non-Kanizsa standards (NOK) stimuli in the 
ASD group at all frontal sites of interest (F3, F4, F7, F8) but 
not at the parietal sites (P3, P4). The results of group differ-
ences at the frontal sites are depicted in Table 1 and Fig. 1.

TMS Treatment Effects on Evoked Peak Amplitude

Repeated measures analysis did not show any Stimu-
lus × Treatment (pre-, post-TMS) interactions. At the fron-
tal sites 2-tailed paired t-test showed statistical increase 
in response to targets (F3, by 1.79 ± 3.51 μV, t(18) = 2.29, 
p = 0.034; F4, by 1.30 ± 2.76 μV, t(18) = 2.16, p = 0.044; F7, 
1.55 ± 2.89 μV, t(18) = 2.34, p = 0.031). TMS resulted in an 
increase to non-target stimuli only at one right frontal site 
(F4, 1.34 ± 2.51 μV, t(18) = 2.39, p = 0.029). Responses to 
the non-Kanizsa stimuli were not changed post-TMS except, 
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again, only at the F4 site (1.44 ± 2.69 μV, t(18) = 2.39, 
p = 0.027, Fig. 2).

Positive–Minus–Negative Slope Latency Difference

Autism (ASD) vs. Control (CNT) Group

Difference between positive and negative slope latencies 
was compared between the ASD and CNT groups, and in 
the ASD group post-TMS treatment. Comparison of slope 
differences for the target and non-target Kanizsa stimuli 
revealed Stimulus (TRG, NTG) x Group (ASD, CNT) 
interaction (F3, F4,  F2,38 = 4.17, p = 0.048, ηp

2 = 0.099), 
where the CNT group had larger difference for non-tar-
get stimuli. T-test did not yield any group differences in 
response to TRG stimuli but revealed statistical differences 
in response to both NTG and NOK stimuli at the fron-
tal sites. For instance, at the F4 site difference for NTG 
stimuli was shorter in the ASD group by 8.23 ± 0.61 ms, 

t(18) = 3.37, p = 0.003, and at the F7 in response to NOK 
stimuli it was shorter by 9.35 ± 16.29 ms, t(18) = 2.51, 
p = 0.022.

TMS Effects on Positive–Minus–Negative Slope Latency 
Differences

There were no Stimulus × Treatment (pre-, post-TMS) inter-
actions found for this slope latency difference measure. The 
effects of TMS treatment on differences between positive 
and negative slope latencies were significantly decreased at 
practically all EEG sites. For example, difference became 
shorter at F3 site in response to TRG by 12.8 ms (t = 6.50, 
p < 001), to NTG by 7.3 ms (t = 2.16, p = 0.016), and to NOK 
stimuli by 10.8 ms (t = 4.33, < 0.001). Results of the paired 
sample t-test for TRG, NTG and NOK stimuli at F3, F4, F7, 
F8, and P3, P4 EEG sites are summarized in the Table 2.

Behavioral Responses (Reaction Time and Accuracy)

Reaction Time (RT) and Accuracy

Differences between the ASD and CNT groups at the 
baseline were statistically significant only for total error 
percentage (7.89 ± 7.91% in ASD vs 0.62 ± 0.71 in CNT, 
t(18) = 4.12, p = 0.001). The course of rTMS did not affect 
RT but resulted in a decrease of the total error rate (from 
7.89 ± 7.91% down to 2.80 ± 3.04% post-TMS, t(18) = 2.30, 
p = 0.033).

Behavioral Evaluations Post‑TMS

As expected, based on our prior studies, the ABC and 
RBS-R parental behavioral checklists rating changes 
showed statistically significant improvements in several 
domains. Irritability subscale of the ABC rating decreased 
(mean − 2.79 ± 4.89, t(18) = − 2.84, p = 0.023), and Leth-
argy/Social Withdrawal subscale showed a significant score 
reduction (mean decrease − 1.79 ± 3.20, t(18) = − 2.43, 
p = 0.026). Hyperactivity score of the ABC also showed 
reduction (− 3.94 ± 7.14, t(18) = − 2.40, p = 0.027).

We found a significant decrease in stereotypic, repeti-
tive, and restricted behavior patterns following 18 sessions 
of rTMS as measured by the RBS-R. Stereotypic Behav-
ior subscale showed a significant decrease (− 1.52 ± 1.50, 
t(18) = − 4.42, p = 0.001) and Ritualistic/Sameness Behav-
ior Subscale scores showed a decrease (−  1.57 ± 2.41, 
t(18) = − 2.85, p = 0.011). Compulsive Behavior Subscale 
also demonstrated a significant decrease (− 1.42 ± 2.51, 
t(18) = − 2.47, p = 0.023).

Table 1  T test of target Kanizsa (TRG), non-target Kanizsa (NTG) 
and on-Kanizsa (NOK) peak amplitude group differences at frontal 
sites

EEG electroencephalogram, ASD autism spectrum disorder, TRG  tar-
get, NTG non- target, NOK non-Kanizsa standard
*p < 0.05; **p < 0.05; ***p < 0.001

EEG sites ASD CNT Difference t(18) Signifi-
cance

TRG (IV) 2.54 ± 1.03 1.61 ± 0.61 0.92 ± 1.17 3.34 0.004**
 F3
 F4 2.56 ± 0.93 1.85 ± 0.85 0.71 ± 1.67 2.59 0.019*
 F7 3.01 ± 1.06 2.15 ± 0.98 0.87 ± 1.46 2.58 0.018”
 F8 3.47 ± 0.65 2.26 ± 0.89 1.22 ± 1.20 4.40 0.000***
 P3 2.41 ± 0.98 1.69 ± 0.97 0.73 ± 1.72 1.79 0.091
 P4 2.11 ± 0.84 1.67 ± 84 0.44 ± 1.12 1.68 0.111

NTG 
(IV)

 F3 2.66 ± 1.07 1.61 ± 0.48 1.05 ± 1.01 4.53 0.000***
 F4 2.61 ± 1.11 1.70 ± 0.53 0.91 ± 1.12 3.54 0.002**
 F7 3.33 ± 1.29 2.06 ± 0.64 1.26 ± 1.37 4.01 0.001**
 F8 3.50 ± 1.34 2.05 ± 0.53 1.45 ± 1.34 4.72 0.000***
 P3 2.35 ± 0.99 1.74 ± 0.77 0.61 ± 1.33 1.97 0.061
 P4 2.24 ± 0.90 1.69 ± 0.60 0.55 ± 1.29 1.87 0.078

NOK 
(IV)

 F3 2.70 ± 1.39 1.67 ± 0.69 1.03 ± 1.30 3.47 0.003**
 F4 2.42 ± 0.94 1.85 ± 0.83 0.57 ± 1.21 2.01 0.061
 F7 2.93 ± 1.09 2.21 ± 1.05 0.73 ± 1.44 2.20 0.041*
 F8 3.38 ± 0.96 2.30 ± 0.97 1.08 ± 1.26 3.74 0.002**
 P3 2.43 ± 1.13 1.73 ± 0.95 1.70 ± 1.62 1.88 0.077
 P4 2.32 ± 1.02 1.78 ± 0.92 0.53 ± 1.42 1.60 0.129
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Fig. 1  Event-related 40  Hz-centered gamma oscillations in response 
to standard non-Kanizsa, non-target Kanizsa and target Kanizsa stim-
uli in visual oddball task with illusory figures in children with ASD 
and in neurotypical children (N = 19/per group). Children in the ASD 

group showed higher amplitude of the gamma oscillations in response 
to all three type of stimuli. Neurotypical children had higher ampli-
tude of response to target rather than task-irrelevant stimuli. Grand 
average for the left frontal sites (F3, F7)

Fig. 2  Effects of rTMS on event-related gamma oscillations in 19 
children with ASD in response to standard non-Kanizsa, non-target 
Kanizsa and target Kanizsa figures. Magnetic stimulation therapy 

resulted in decreased responses to both non-target stimuli, more pro-
nounce for non-Kanizsa standards at the right frontal sites (F4, F8)
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Discussion

Some of our results reproduce prior findings regarding 
gamma oscillation abnormalities in autism. The reported 
increased amplitude and shortened latency of event-related 
gamma oscillations at baseline have been interpreted as a 
consequence of a reduced “signal to noise” ratio resulting 
from decreased inhibition during cortical processing (Brown 
et al., 2005; Casanova et al., 2012). Evoked gamma-band 
activity (latency of around 100 ms after stimulus) is thought 
to represent the early stage of sensory processing within the 
same cortical area while the induced component (latency of 
around 250 ms after stimulus) is thought to represent pro-
cessing among networks of different cortical regions (Casa-
nova, Baruth, et al., 2013). Excessive (higher amplitude) 
but unsynchronized gamma activity is possibly related to a 
reduction in the ability to focus attention on relevant stim-
uli. According to some researchers, in autism, uninhibited 
gamma activity suggests that none of the circuits of the brain 
comes to dominance as many of them are active simultane-
ously (Brown et al., 2005).

In autism, evidence of diminished stimulus discrimina-
tion is derived from augmented potentials to irrelevant visual 
stimuli that occur at early stages of visual processing (Casa-
nova et al., 2012). Baseline evoked gamma activity in our 
autism group was not discriminative of stimulus type for 

the Kanizsa task employed. This is in contrast to record-
ings of significant differences between target and non-target 
stimuli in our neurotypical controls. Following TMS, autistic 
individuals displayed diminished amplitude to both distract-
ers and standard stimuli, and a significant improvement in 
discriminating between relevant and irrelevant visual stimuli 
(Baruth, Casanova, et al., 2010a, Baruth, Sokhadze, et al., 
2010b). Performance on visual oddball task post-TMS 
improved and resulted in lower error rate. Parental question-
naires showed improvements in several measures of aberrant 
behavior and repetitive and stereotype behaviors. Post-TMS 
treatment improvements in behavior point at the potential 
therapeutic utility and clinical relevance of neuromodulation 
in children with ASD.

In addition to the normal metrics of event-related 
gamma potentials, our study is the first to quantitate the 
envelope and settling time of gamma oscillations. Meas-
urements of the ringing decay were significantly differ-
ent when comparing autistics and neurotypical controls. 
In autism, baseline levels of gamma oscillations showed 
a shortened period of ringing decay. Short ringing times 
implies a system with lower sensitivity (Silver & Tiede-
mann, 1978); one that makes synchronization and inte-
gration of information among different neuronal networks 
imprecise or inefficient. The inhibitory deficit evidenced 
in neuropathological studies of ASD thus translates into 

Table 2  TMS effects at 
positive–minus–negative slope 
latencies

TRG  target, NTG non-target, NOK non-Kanizsa standard
*p < 0.05; **p < 0.05; ***p < 0.001

Measure Pre-/baseline Post-TMS Difference change t(18) Significance

TRG (ms)
 F3 19.27 ± 6.76 6.58 ± 7.78 12.68 ± 8.93 6.50 0.000***
 F4 14.83 ± 9.31 5.51 ± 8.78 8.68 ± 2.70 3.22 0.004**
 F7 14.89 ± 11.33 7.20 ± 9.15 7.69 ± 14.25 2.47 0.022*
 F8 16.62 ± 9.37 10.51 ± 10.32 6.11 ± 14.08 1.99 0.061
 P3 17.17 ± 9.22 8.89 ± 6.02 8.28 ± 11.70 3.24 0.004**
 P4 12.74 ± 9.00 7.67 ± 9.01 5.07 ± 12.22 1.90 0.072

NTG (ms)
 F3 14.81 ± 9.95 7.47 ± 9.25 7.34 ± 12.85 2.62 0.016*
 F4 12.84 ± 10.42 8.22 ± 9.35 4.62 ± 13.76 1.54 0.139
 F7 21.25 ± 9.01 7.51 ± 10.05 13.74 ± 13.43 4.69 0.000***
 F8 16.08 ± 8.47 7.87 ± 7.57 8.21 ± 11.91 3.16 0.005**
 P3 18.52 ± 10.78 6.03 ± 10.38 12.49 ± 16.31 3.51 0.002**
 P4 14.60 ± 9.33 10.99 ± 8.54 3.61 ± 10.36 1.60 0.126

NOK (ms)
 F3 16.37 ± 7.67 5.54 ± 8.16 10.83 ± 11.44 4.34 0.000***
 F4 13.23 ± 7.50 6.23 ± 6.52 7.00 ± 8.75 3.66 0.002**
 F7 14.40 ± 10.17 6.50 ± 8.95 7.90 ± 13.55 2.67 0.015*
 F8 12.91 ± 5.82 9.43 ± 9.36 3.48 ± 11.84 1.35 0.193
 P3 14.58 ± 12.45 9.43 ± 7.68 5.16 ± 14.32 1.65 0.115
 P4 13.75 ± 8.68 6.74 ± 8.63 7.01 ± 12.73 2.52 0.020*
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a low sensitivity system seemingly overwhelmed by the 
background level of noise. In a previous study, modeling 
such a system gave rise to stochastic resonance; a phenom-
enon where a neural network embedded in a noisy back-
ground acquired, counterintuitively, enhanced sensitivity 
(Casanova et al., 2014). The phenomenon serves to explain 
the autistic emphasis for sameness (i.e., an adaptation to an 
optimal noise level) and the sensory peculiarities (hypo- 
and hypersensitivity) characteristic of the condition.

In modeling the activity of excitable membranes, reso-
nance is achieved by the combined action of inductive and 
capacitive reactance (Gutfreund et al., 1995). These are 
intrinsic properties of passive elements within the membrane 
that serve to oppose the flow of current. The interaction of 
capacitance and inductance allows the membrane to act as 
an electrical resonator, one that preferentially oscillates at 
the circuit’s resonant frequency. In biological systems, a 
resonant peak in the frequency domain implies a dampened 
oscillation in the time domain (Gutfreund et al., 1995). Some 
systems may have multiple, distinct resonance frequen-
cies. The greatest response or amplitude is achieved for the 
least amount of dampening. Following an excitatory phase, 
wherein the system is stimulated into resonance, a free ring-
ing decay ensues which provides a measure of impedance 
(Brewer, 2012). For brainwave forms, interneurons provide 
the resistive element necessary to elicit gamma oscillations. 
Detailed computational models of cortical circuitry have 
shown how downregulation of PV cells disinhibit networks 
and alter gamma oscillations in response to stimulation 
(Volman et al., 2011). Indeed, optogenetically inhibiting the 
action of PV cells suppresses gamma oscillations in vivo 
while activating these interneurons generates gamma oscil-
lations (Sohal et al., 2009). In the end, excitation and inhibi-
tion of appropriate power alternate in order to establish the 
cyclic behavior of brainwave oscillations (Buzsáki & Wang, 
2012). During this cyclic behavior excitation and amplifica-
tion mark the time period to peak amplitude while inhibition 
characterizes the settling pace of the ensuing decay curve.

In any circuit, impedance is a complex function depend-
ent on frequency. In neural circuits, there is a decline in 
impedance with increasing frequency wherein an oscilla-
tory input current produces a smaller voltage response as the 
frequency rises (Hutcheon & Yarom, 2000). It may be that 
in autism, a system already taxed by an inhibitory deficit, 
abnormalities will become apparent at higher frequencies. 
In regard to brainwaves, the highest frequencies and largest 
bandwidth belongs to gamma oscillations. This makes event-
related gamma activity an ideal scenario to study the excit-
atory/inhibitory balance of the cerebral cortex in autism, 
specially so when considering the strong coupling of PV 
interneurons to frequencies in this bandwidth (Klausberger 
& Somogyi, 2008; Tukker et al., 2007; see also Tremblay 
et al., 2016).

Our study showed a normalization of time to peak 
amplitude and ringing decay of our autistic subjects after 
TMS therapy. The applied inductive pulses increased the 
sensitivity of evoked gamma activity (Du et  al., 2013). 
By convention, repetitive TMS with a frequency less than 
1 Hz is considered low frequency stimulation (Kozel et al., 
2019; Klomjau et al., 2015). Previous studies by our group 
in ASD subjects using 1 Hz TMS stimulation reported sig-
nificant changes in gamma oscillations. The latter experience 
along with the guiding hypothesis of an excitatory/inhibi-
tory imbalance in ASD guided us to the use low frequency 
(1 Hz) TMS in this study. Models on long-term potentia-
tion suggest that low frequency TMS is typically inhibitory 
while faster stimulation (≥ 5 Hz) is excitatory (Kozel et al., 
2019; Pell et al., 2011; Wassermann et al., 1998). The dif-
ference in threshold may be due to the orientation selectivity 
of anatomical elements within the cerebral cortex and their 
sensitivity to magnetic stimulation (Fox et al., 2004). Lower 
frequencies stimulation may preferentially induce currents 
along longitudinally oriented elements traversing the flux 
lines of the magnetic field; that is, along axons rather than 
across the same (Fox et al., 2004). When higher frequencies 
are used (≥ 5 Hz) in a targeted cortical area, all neurons, 
regardless of their geometrical orientation, are stimulated. 
Since pyramidal cells comprise 70 to 90% of all neurons 
in the cerebral cortex the end result is that TMS becomes 
excitatory at higher stimulation frequencies. The geometrical 
disposition of interneurons and their projections within cor-
tical minicolumns makes them especially susceptible to low 
frequency TMS stimulation. Indeed, Mountcastle who first 
described the functional nature of minicolumns described 
the arrangement of interneurons as one providing a strong 
vertical flow of inhibition (Mountcastle, 1998).

As one of the limitations of our study should be con-
sidered relying on “5 cm rule” for positioning TMS coil 
rather than using more advanced navigation systems such as 
BeamF3 (Beam et al., 2009; Mir-Moghtadaei et al., 2015) 
or Brainsight device (Rogue Research, Canada). TMS has 
effects in disparate areas linked to the stimulation site. We 
have discussed in previous publications the selection of the 
DLPFC for our studies based on its widespread connectiv-
ity. In effect, the DLPFC is interconnected with every other 
cortical region thus allowing its neural circuitry to engender 
integrated responses as required by higher cognitive func-
tions. In this regard, we were hoping that by stimulating the 
DLPFC in ASD, downstream effects in areas connected to 
the DLPFC would become patent and benefit the patient. 
Unfortunately, we cannot speculate on these downstream 
effects in the present study. The topographical screening 
done with select electrodes placements was meant to exam-
ine the elicited gamma oscillations rather than to examine 
the widespread effect of TMS stimulation.
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Electrophysiological studies of oscillatory activities 
in several frequency bands found significant modulation 
and interaction of oscillations in various frequency bands 
(Hyafil et al., 2015; Jensen & Colgin, 2007). Recently 
more interest was focused on coupling of certain slow and 
high frequency activities. In particular, it was shown that 
the power of gamma oscillations (30–80 Hz) is modulated 
by the phase of theta oscillations (5–8 Hz) (Jensen & Col-
gin, 2007). Given that the theta-gamma coupling might 
be especially important in individuals with autism where 
gamma activity is often is reported to be aberrant (An 
et al., 2018; Uzunova et al., 2016; Rojas & Wilson, 2014) 
and theta activity found to be excessive at the frontal sites. 
Our study investigated effects of rTMS only on sub-band 
of gamma oscillations without analysis of changes in theta 
oscillations and this is yet another limitation to mention. In 
the future theta-gamma coupling should be considered as 
an important factor affecting TMS-based neuromodulation 
effects in children with ASD.

In summary, this is the first study on the metrics of 
ringing decay of gamma oscillations in ASD. Salient dif-
ferences were noted at baseline and normalized by low 
frequency (inhibitory) TMS therapy. At present we did 
not include the individual analysis of induced gamma band 
activity as these oscillations, in contrast to evoked gamma 
oscillations, are not phase-locked to the stimulus. Induced 
gamma oscillations are strongly jittering making it diffi-
cult to extract accurate measurements in the time domain. 
A weakness of any TMS study is the localization of the 
anatomical site for stimulation. None of the available tech-
niques used to identify the DLPFC have been validated by 
cytoarchitectonics. It would be useful, in this regard, to 
compare our results by using other localization method, 
including neuronavigation. We also hope to expand on the 
findings in future studies specially in regard to the longitu-
dinal benefit of the TMS intervention, the role of gamma 
asymmetries, possible behavioral correlates for both the 
excitatory phase and ringing decay, and their influence on 
some systemic manifestations of ASD presently regarded 
as comorbidities.
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