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Abstract

Background: In youth and young adults with autism spectrum disorder (ASD), executive
function (EF) deficits may be a promising treatment target with potential impact on everyday
functioning.

Objective: To conduct a pilot randomized, double-blind, parallel, controlled trial evaluating
repetitive transcranial magnetic stimulation (rTMS) for EF deficits in ASD.

Method: In Toronto, Ontario (November 2014 to June 2017), a 20-session, 4-week course of 20
Hz rTMS targeting dorsolateral prefrontal cortex (DLPFC) (90%RMT) was compared to sham
stimulation in 16—35 year-olds with ASD (28 male/12 female), without intellectual disability,
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who had impaired everyday EF performance (n = 20 active/n = 20 sham). Outcome measures
evaluated protocol feasibility and clinical effects of active vs. sham rTMS on EF performance. The
moderating effect of baseline functioning was explored.

Results: Of eligible participants, 95% were enrolled and 95% of randomized participants
completed the protocol. Adverse events across treatment arms were mild-to-moderate. There was
no significant difference between active vs. sham rTMS on EF performance. Baseline adaptive
functioning moderated the effect of rTMS, such that participants with lower baseline functioning
experienced significant EF improvement in the active vs. sham group.

Conclusions: Our pilot RCT demonstrated the feasibility and acceptability of using high
frequency rTMS targeting DLPFC in youth and young adults with autism. No evidence for
efficacy of active versus sham rTMS on EF performance was found. However, we found promising
preliminary evidence of EF performance improvement following active versus sham rTMS in
participants with ASD with more severe adaptive functioning deficits. Future work could focus on
examining efficacy of rTMS in this higher-need population.

Clinical trial registration: Repetitive Transcranial Magnetic Stimulation (rTMS) for Executive
Function Deficits in Autism Spectrum Disorder and Effects on Brain Structure: A Pilot Study;
https://clinicaltrials.gov/ct2/show/NCT02311751?term=ameis&rank=1; NCT02311751. The trial
was funded by: an American Academy of Child and Adolescent Psychiatry (AACAP) Pilot
Research Award, the Innovation Fund from the Alternate Funding Plan of the Academic Health
Sciences Centres of Ontario, and an Ontario Mental Health Foundation (OMHF) Project A Grant
and New Investigator Fellowship.
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Introduction

Autism spectrum disorder (ASD) affects 1—2% of the population worldwide [1]. The
majority of individuals diagnosed with ASD, including those without intellectual disability
(ID), feature prominent functional impairment and require substantial support [2—4].
Evidence-based treatment options are particularly lacking for 13-30 year-olds with ASD
where no intervention has been shown to improve long-term outcomes [5]. The
heterogeneity that is inherent to ASD and the absence of consistent biological markers are
key challenges for treatment innovation [6].

Executive functions (EF) are high-order cognitive functions necessary for shifting flexibly
from one focus to another (set-shifting), controlling/regulating behavior (response
inhibition), and maintaining and manipulating information over a short period of time
(working memory) [7]. A recent meta-analysis characterized the presence and stability
across development of impaired EF performance (with a moderate effect size) in ASD
versus age and 1Q-matched control groups across multiple domains (e.g., planning, working
memory, mental flexibility) [8]. As EF performance is a strong predictor of adaptive
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(everyday) functioning and mental health in ASD [9,10], interventions that target EF deficits
could have a clinically meaningful impact on functional outcomes.

Repetitive transcranial magnetic stimulation (rTMS) involves stimulation of the superficial
cortex by a train of magnetic field pulses at typical frequencies between 1 and 20Hz [11].
Based on favorable safety and efficacy, high frequency rTMS to left dorsolateral prefrontal
cortex (DLPFC) is an approved treatment for depression [12]. Improvement on secondary
neuropsychological outcomes in efficacy studies for depression has sparked interest in
developing TMS interventions for cognition [13]. A meta-analysis examining studies that
included adults with depression, schizophrenia, Alzheimer’s dementia or unimpaired
controls, indicated that protocols using repeated sessions of high frequency rTMS to DLPFC
were most promising for improvement of EF outcomes [13]. Preliminary RCTs (n = 17—36)
exploring rTMS effects on specific domains have shown improved verbal memory recall
[14], facial affect recognition [15] and working memory [16] in participants with chronic
schizophrenia following active rTMS to DLPFC versus sham stimulation with large effect
sizes reported [15,16].

Several smaller studies provide preliminary support for the feasibility and acceptability of
rTMS as an intervention for individuals with ASD [17]. Two open-label studies (n = 40 and
54, respectively) showed improved performance on a selective attention task following 12—
18 weeks of once-weekly, 1 Hz rTMS delivered at 90% resting motor threshold (RMT),
stimulating left-only or bilateral DLPFC in 9—21 year-olds with ASD without 1D,
compared to a waitlist control group [18,19]. Only one controlled study of daily rTMS
sessions has been published in ASD [20]. That RCT showed a reduction in self-reported
social relating symptoms measured on the Ritvo Autism-Asperger Diagnostic Scale in adults
with ASD that received two weeks of weekday 5 Hz rTMS at 90% RMT to bilateral
dorsomedial prefrontal cortex versus sham stimulation (n = 28). No study that we are aware
of has examined whether rTMS can enhance EF in persons with ASD [20].

The fronto-parietal network (comprised of DLPFC, and parietal cortex along the
intraparietal sulcus) is hypothesized to support engagement and flexible integration of
distributed brain networks, supporting high-order cognitive ability, including EF [21]. A
number of neuroimaging studies have found evidence of altered functional MRI-measured
DLPFC activation or altered distributed frontoparietal network connectivity during spatial
working memory (SWM) performance in children [22] or adults with ASD versus controls
[23-25]. Children and adults with ASD commonly have impaired SWM performance [26]
and these deficits have been linked to adaptive functioning [27]. Hence, the DLPFC may be
a promising biological target for modifying SWM performance in autism through
augmentation of local activation or frontoparietal connectivity with the potential for impact
on everyday functioning.

In this pilot RCT, we administered the same high frequency rTMS protocol targeting
bilateral DLPFC demonstrated to be safe, feasibly implemented and shown to improve
working memory deficits in individuals with chronic schizophrenia [16], in a group of
autistic youth and young adults. Individuals with ASD are often treated with medications
similar to those used in schizophrenia (e.g., antipsychotics, antidepressants) and similar
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cognitive and functional impairments have been found across young adults with either
primary clinical diagnosis [28]. Parameters selected (i.e., intensity, frequency, duration) were
also based on previously published data demonstrating neurophysiological changes to the
cortex in control participants [29,30] and in line with intensity used in previously published
rTMS trials in ASD. Our primary objectives were to: (i) investigate the feasibility and
acceptability of conducting a future definitive trial of rTMS for EF deficits in ASD based on
recruitment, retention, adverse events, and (ii) examine for preliminary evidence of efficacy
of rTMS on EF performance. Given the heterogeneity inherent to ASD, we anticipated that
certain variables might influence efficacy of rTMS. Exploratory sub-group analyses were
conducted to examine the moderating effects of baseline adaptive functioning and gender.

Methods and materials

Design: A randomized, blinded, parallel, sham-controlled design, comparing active versus
sham rTMS administered 5 days/week for 4 weeks was conducted at the Centre for
Addiction and Mental Health (CAMH, Toronto, Canada). Clinical and cognitive assessments
and MRI scanning were completed in clinical trial participants within one week of the first
and following the last rTMS session. Clinical and cognitive assessments were repeated 4
weeks following the last rTMS session. The study was approved by the CAMH research
ethics board (protocol reference #119—2013), and registered with Clinicaltrials.gov
(NCT02311751) [6].

Participants: Study participants were recruited from clinics at CAMH (a large academic
mental health hospital), local community clinics, and through local and online
advertisement. Participants were initially screened over telephone. An eligibility visit was
subsequently scheduled with research staff and a study clinician. No study data were
acquired until participants signed informed consent. The MacArthur Competence
Assessment Tool for Clinical Research (MacCAT-CR) was used to ensure all participants
were competent to consent to study participation [31]. Inclusion criteria were: 16—35 years
of age, DSM-IV autistic disorder, Asperger’s disorder or pervasive developmental disorder-
not otherwise specified or DSM-5 autism spectrum disorder, based on prior clinical
assessment and corroborated by assessment using the Autism Diagnostic Observation
Schedule-2 (ADOS-2), Module 4 (administered by SHA) [32]. Further inclusion was based
on 1Q =70 on the General Abilities Index of the Wechsler Adult Intelligence Scale-Fourth
Edition (WAIS-1V) [33], and the presence of clinically significant EF impairment [T
score>65 on any subscale of the Behavioral Rating Inventory for Executive Function
(BRIEF)-Self Report (SR) Version or BRIEF-Adult (self report version for participants >18
years] with informant input where available [34]. All psychotropic medications were
continued during the trial (i.e., no medications were held at any point during trial
participation). No changes were allowed within 4 weeks of randomization to treatment end.
Exclusion criteria included: any prior history of seizures (including febrile seizures),
pregnant or potential for pregnancy, taking benzodiazepines (=2 mg lorazepam equivalent)
or anticonvulsants, history of major medical or neurological illness. See (6) for full
inclusion/exclusion details.
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Intervention: A B65-type figure-of-eight coil connected to a MagPro x100 stimulator
(Magventure Inc.) was used. Resting motor threshold (RMT) was determined by a physician
not involved in the current study and was blind to treatment assignment [35]. RMT was
determined according to standard methods and was not repeated during the treatment course.
Active treatment was delivered at 90%RMT intensity. Stimulation was administered at 20
Hz with 25 stimulation trains of 30 stimuli each with a 30-s inter-train interval at equivalent
stimulation parameters (750 pulses/hemisphere = 1500 pulses total/session). Stimulation was
administered every session starting with either left or right DLPFC, based on random
sequence assignment, followed by immediate subsequent stimulation to the contralateral
hemisphere. Left/right hemisphere sequence was fixed across sessions. 7arget localization: a
T1 anatomical MRI (Sagital BRAVO, TR = 6.736 ms, TE = 3 ms, flip angle = 8, voxel size
0.9 mm isotropic) on a 3 T GE MR750 (General Electric, Milwaukee, WI) research-
dedicated scanner at CAMH with fiducial markers in place for later co-registration was
acquired. Individualized neuronavigation using ascension MINIBIRD/MRIcro/MRIreg to
target the predetermined stimulation site, BA9 and superior section BA46, [x,y,z = =50, 30,
36 mm (left), +50, 30, 36 mm (right), MNI coordinates] was applied to each participant’s
baseline T1-weighted MRI following registration with a standard template [36]. See
supplement for additional description of methods used for DLPFC target localization. Sham
rTMS consisted of a single-wing tilt position using the same parameters and site to produce
tactile and auditory stimulation with minimal direct brain effects.

Outcomes: A priorithresholds for feasibility and acceptability, were based on: (i) ability
to enroll 60% of eligible participants who were approached, (ii) ability to retain 80% of
randomized participants, (iii) completion of the full rTMS protocol in 80% of those that
began the trial, (iv) the absence of severe or serious adverse events. Preliminary efficacy was
examined by comparing clinical effects of rTMS on The Cambridge Neuropsychological
Test Automated Battery (CANTAB) SWM total errors and BRIEF Metacognition Index
(BRIEF-MCI) score between active and sham groups. The main outcome measure of interest
was change in CANTAB SWM total errors (pre-to-post rTMS score differences).
Exploratory subgroup analyses were performed examining whether baseline adaptive
function or gender moderated change in EF performance in the active vs. sham groups.

Clinical and cognitive assessments

Administered at baseline only: the Vineland Adaptive Behavior Scale-11 (VABS-II)
[37], a standardized measure of daily functioning elicited from self-report (with informant/
parent input when available) provided a composite score of overall functioning (Adaptive
Behavior Composite) and standard scores for Communication, Daily Living and
Socialization domains. The Mini International Neuropsychiatric Interview (MINI) (=18
years) or MINI for Children and Adolescents (MINI-KID) (<18 years) was used to assess
for the presence of co-occurring psychiatric disorders [38]. The Keel Transcranial Magnetic
Stimulation Adult Safety Screen was used at baseline to identify potential safety problems
related to TMS [39].

Administered at baseline, post-rTMS, & one-month follow-up: The BRIEF-SR or
BRIEF-A provided an ecologically sensitive measure of EF performance in everyday
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(school/home/work) environments. The scale yields eight subscale scores, behavioral
regulation and metacognition indices and an overall executive composite score. The BRIEF-
MCI is computed using working memory, plan/organize, organization of materials, and
monitor subscale scores. BRIEF T scores >65 on any subscale are indicative of clinically
significant EF impairment [34]. The CANTAB SWM task (www.cambridgecognition.com)
is a self-ordered search task where participants search for tokens hidden inside colored
squares and must remember which boxes have already been searched. The number of items
to be searched increases from 2 to 8, reflecting increased working memory load.
Performance measures include the number of search strategies used in 6- and 8-box trials
and the total number of errors in 4-, 6-, and 8-box trials.

Adverse event assessment: A semi-structured interview was administered following
each treatment session and recorded in a treatment log by the rTMS technician. The
standardized interview included the open-ended query for any adverse event or physical
discomfort experienced. A standardized adverse event assessment form was completed if
adverse events or physical discomfort were reported. Using this form, detailed descriptions
of the adverse events experienced were recorded, including rating the event as mild (no
impairment), moderate (Some impairment or need for intervention to prevent impairment),
severe (evidence of impairment and need for intervention) or serious (need for
hospitalization or major threat to health/well-being). See supplement for treatment log and
adverse event form.

Sample size: The effect size of the mean change difference in working memory
performance between active and sham groups from the prior schizophrenia study was
Cohen’s d = 0.9 (16). A similar effect size on open-label studies finding improved selective
attention (n = 25, 38) in autism following rTMS has been shown [18,19]. These studies were
used to guide sample size estimation for the current study. Based on guidance for pilot
sample planning, our study was powered (90% power and two-sided 5% significance) to
detect a moderate (0.5)-to-large (0.8) standardized effect of treatment [40].

Randomization & Blinding: For participant allocation, a computer-generated
randomization list with 1:1 allocation based on a permuted block method with a random
number generator was used. A research assistant (independent of recruitment) concealed the
allocation sequence using sealed, opaque envelopes. After consent, eligibility determination
and baseline assessment completion, the corresponding envelope for a given participant ID
was given to the technician prior to the first rTMS session. The rTMS technician was aware
of group assignment, but technicians were not involved in allocation or clinical/cognitive
assessments. Study investigators, clinical/cognitive raters and participants remained blind to
treatment condition until the last participant completed the full rTMS protocol. An
independent research statistician completed all statistical analysis following trial completion.
Clinical trial participants were asked whether they believed they received active stimulation
following the first and last rTMS session to evaluate participant blinding.

Analysis: Demographic and clinical variables at baseline were compared between active (n
= 20) and sham (n = 20) groups using nonparametric Mann-Whitney U tests for continuous
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variables and Fisher’s Exact tests for categorical variables. A Fisher’s exact test was used to
examine differences between groups in adverse events using an intent-to-treat (ITT)
approach. A Poisson regression was used to examine the rate of adverse events per visit,
where the outcome was the number of adverse events, and number of visits was included as
an exposure variable. An ITT approach with last observation carried forward (LOCF) for
missing data was used to explore clinical effects of rTMS. Linear mixed-effect regression
models to examine the predictive effects of treatment-group, time, and treatment-by-time
interaction on [: SWM total errors and [] BRIEF-MCI scores, including baseline, post-
rTMS, and one-month follow-up time-points in the model, were used. Subjects were treated
as random effects. Baseline 1Q and baseline performance score on the outcome measure of
interest were entered as covariates. Within this linear model, effect sizes and 95%
confidence intervals were calculated for the mean change difference in CANTAB spatial
working memory scores (i.e., pre/post-score differences) between groups (i.e., primary
outcome measure of interest) and for change in BRIEF MCI scores.

Exploratory Subgroup Analyses: To explore whether baseline VABS-I1 Adaptive
Behavior Composite score or gender moderated rTMS effects, two additional regression
models (as described above) were run examining the three-way interaction effects of
treatment-by-time-by-adaptive functioning and treatment-by-time-by-gender on EF outcome
measures. Cohen’s f2 was used to determine clinical effect of between group differences, as
appropriate within a multiple regression model with continuous independent and dependent
variables [41]. Cohen’s f220.02, f2=0.15, f2=0.35 represent small, medium and large effect
sizes, respectively [41].

All analyses were conducted using the MIXED Procedure from SAS/STAT 14.1 software,
Version 9.4 of SAS System. Graphs were created using ggplot2 [42] in R software (https://
www.R-project.org/).

Feasibility and Acceptability:

Participant enrollment took place between November 2014 and June 2017 (when trial
recruitment target reached). See CONSORT flow diagram (Fig. 1). Ninety-five percent of
eligible participants were enrolled. Two participants allocated to active treatment (5%)
dropped out after 1—2 rTMS sessions. Thirty-eight participants remained in the trial until
treatment end (95% retention). See Table 1 and Supplementary Table 1 for participant
demographic and clinical characteristics at baseline. In the final sample, a larger number of
females were enrolled in the study than expected based on the updated prevalence literature
(i.e., male-to-female ratio in our ASD sample = 2.3:1 versus 3.3:1 expected ratio) [43]. See
Supplementary Table 2 for baseline clinical/cognitive characteristics by gender. While mean
standard score on the VABS-II Adaptive Behavior Composite was more than two standard
deviations below mean IQ score across the sample, within-subject scores ranged
considerably (score range = 43—104, categorized as low to adequate functioning). A total of
9/40 (~23%) clinical trial participants had clinically significant attention-deficit/
hyperactivity disorder (ADHD), which was defined as being treated with a stimulant
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medication at the time of trial participation. EF deficits are prominent in individuals with
ADHD [44,45] and may be more pronounced in individuals with ASD and comorbid
ADHD. A descriptive comparison in the current sample indicated that EF performance
overlapped across trial participants with ASD plus ADHD compared to all other trial
participants, without clear indication of a distinction between groups (see Supplementary
Fig. 2). Treatment groups did not differ on any demographic or clinical features. No
between-group difference was found for RMT expressed as percentage of maximum
stimulator output [Active: left DLPFC = 31—67% (mean = 48.5 + 8.6), right DLPFC = 32
—68% (mean = 49.2 + 8.8); Sham: left DLPFC = 34—76%, mean = 53.8 + 11.8, right
DLPFC = 38—70% (mean = 51.8 £+ 10.1)] or for percentage of participants believing they
had received active rTMS (active = 84%, sham = 80%), indicating integrity of the blind was
upheld. Safety: A total of 8/20 (0.4) and 5/20 (0.25) participants in the active and sham
groups, respectively, experienced any adverse event across treatment sessions (risk
difference = 0.15; effect size, calculated as relative risk of adverse event in sham/active
group = 0.63). Adverse events experienced across groups included: headache, pain, nausea,
nose bleed, congestion, laceration. The rate of adverse events in the active group was 1.37
times the rate in the sham group (rate: active = 7%, sham = ~2.6%, p-value = 0.24; p = 0.9,
after exclusion of one participant that reported 15 adverse events, see Supplementary Fig. 3
& Supplementary Table 3). All adverse events were rated as mild or moderate (confined to
the need for acetaminophen or ibuprofen following stimulation to resolve headache/localized
pain). See Table 2 for total number, odds of adverse event by type/group, and number
needed to harm.

Preliminary Efficacy:

No significant treatment-by-time interaction effect for either SWM total errors (F, g7 = 0.04,
p = 0.97) or BRIEF-MCI score (F; 68 = 0.47, p = 0.63) was found (Figs. 2 and 3). Reduction
in SWM total errors from baseline to follow-up visit was 17% in the active group and 13%
in the sham group. Between-group mean change difference for SWM total errors (tp 67 =
0.24, p = 0.8. effect size = 0.04, 95%CI = -5.8-7.3) and BRIEF-MCI (t; 63 = 0.96, p = 0.3,
effect size = 0.28, 95%CI = —2.7-7.7) from baseline to endpoint are detailed in Table 3. A
significant main effect of time was found for SWM total errors (F; 67 = 5.17, p = 0.008) and
BRIEF-MCI score (F, 68 = 28.4, p < 0.0001), indicating that mean group performance
improved across participants over the trial period. Main effects for baseline SWM total
errors (Fp 67 = 283.2, p < 0.0001) and BRIEF-MCI scores (F; gg = 105, p < 0.0001) were
also found, indicating that baseline score predicted outcome score. No clear pattern of
differential response was seen in the participant subgroup with ASD plus ADHD (see
Supplementary Fig. 4).

Exploratory Subgroup Analyses:

A significant three-way interaction between treatment group, time and VABS-11 Adaptive
Behavior Composite score was found for SWM total errors (F2,64 = 3.15, p = 0.049,
Cohen’s f2 = 0.06, Fig. 4), driven by a significant decrease in SWM total errors in ASD
participants with lower baseline adaptive functioning following active but not sham
stimulation. A significant interaction effect between treatment group, time and gender on
BRIEF-MCI score (F2,64 = 3.59, p = 0.03, Cohen’s f2 = 0.07) and trend-level interaction
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between these variables on SWM total errors (F2,63 = 2.75, p = 0.07, Cohen’s f2 = 0.05)
was also found, driven by greater reductions in BRIEF-MCI-measured deficits and SWM
total errors in females following active versus sham treatment (see Fig. 5).

Discussion

The current pilot trial is the first to examine the feasibility, acceptability and clinical effects
of rTMS for EF deficits in an autism sample. Our pilot study demonstrated good feasibility
and acceptability of a 20-session course of 20 Hz rTMS to DLPFC applied to youth and
young adults with ASD. We did not find preliminary evidence for efficacy for active vs.
sham rTMS in relation to improving EF performance across the sample. A small effect
(effect size = 0.28) favoring active compared to sham rTMS on BRIEF-MCI score is
potentially clinically relevant. We were powered to detect a moderate to large effect size,
somewhat limiting our ability to detect significant effects of this size. Our exploratory
analyses implied that baseline adaptive functioning and gender possibly moderated effects of
rTMS treatment on EF performance outcomes. Such exploration of clinical effects in our
pilot RCT enables evaluation of a number of aspects of our clinical trial design for planning
future efficacy studies.

In relation to our aim to determine feasibility and acceptability of our protocol targeting EF
deficits, we completed our pilot RCT in 2.5 years with outcomes exceeding a priori
thresholds for determining favorable feasibility/acceptability of the implemented protocol.
As far as we are aware, only one published double-blind pilot RCT examining rTMS effects
in ASD is available [20]. Adverse events in that trial were mild and transient. In our trial, no
drop-out was due to adverse events and events experienced were transient, with mild-to-
moderate severity. These results are consistent with safety findings from over 40 clinical
trials and 15 meta-analyses examining rTMS as a treatment intervention for a variety of
patient populations [46], the majority of these testing high-frequency rTMS to DLPFC to
modulate cortical excitability [47]. Therefore, one of the key findings from the current pilot
trial is that repeated sessions of high-frequency rTMS to DLPFC in youth and young adults
with ASD has a similar, favorable safety profile as in other psychiatric populations.

In relation to our examination for preliminary efficacy of rTMS for EF deficits in autism, no
effect of rTMS on CANTAB SWM performance was seen. Of note, our ability to detect
differences in performance following active versus sham stimulation was diminished by
improved EF performance found over time across the trial sample. Similar practice/learning
effects have been found on prior small positive rTMS studies for cognitive deficits in
schizophrenia [14,15]. A small effect favoring active over sham rTMS on mean change in
BRIEF-MCI was found. Although additional research is needed to define a minimum
clinically important difference (MCID) on the BRIEF, given that the BRIEF measures EF
performance in everyday settings, any change could be clinically meaningful [48].
Evaluation of the 95% confidence interval for the effects estimate of rTMS on BRIEF-MCI
in the current study indicates that possible mean change difference may range from a two-
point worsening to a seven-point improvement between active versus sham rTMS in
individuals with ASD. Given the confidence interval found, it is not evident that an
adequately powered large-scale trial using the same protocol would detect a clinically
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meaningful difference between groups favoring active treatment on the BRIEF [49].
Nonetheless, the upper limit of the confidence interval suggests that further development of
rTMS targeting EF deficits in ASD is warranted.

Here, we used the same stimulation protocol as the prior positive pilot RCT that found a
large effect of active over sham rTMS on working memory in persons with schizophrenia
[16]. An important difference between the prior trial in schizophrenia and the current study
is that baseline cognitive deficit on a neuropsychological battery was incorporated as part of
the previous trial’s entry criterion. Variable EF impairment and ceiling effects in our ASD
sample, in addition to the presence of practice effects, may all contribute to a diminished
ability to detect rTMS effects on EF performance. Although large-scale clinical trials of
direct effects of rTMS on cognition have yet to be published, one larger study (n =77
active/79 sham) failed to find significant active over sham rTMS to DLPFC effects on
secondary EF outcomes in persons with schizophrenia and prominent negative symptoms
[50]. In that study, practice effects across groups were postulated as one factor contributing
to the lack of active-sham group difference on EF performance. Interestingly, age, duration
and severity of illness also ranged broadly in the larger-scale rTMS study in schizophrenia
(50), while participant samples may have been more severely impaired overall (i.e. older
age, longer duration of illness, inpatients only) in prior smaller studies finding positive
rTMS effects on cognitive outcomes [14-16,51].

Although clinically significant functional impairment in social, occupational or other
important areas is part of the diagnostic criteria for ASD, severity of functional impairment
varies widely across the autism spectrum [52]. As in the general ASD literature [4,53], a
significant gap between 1Q and baseline adaptive functioning was found in our sample, but
baseline functional ability ranged from low to adequate. We anticipated that individuals with
greater baseline functional impairment may exhibit more impaired EF performance and
might respond more to active rTMS, relative to participants with higher baseline functioning.
Indeed, baseline adaptive functioning may have influenced the clinical effect of rTMS in our
sample, as our exploratory analysis revealed a small favorable effect of rTMS on EF
performance in participants with lower baseline adaptive functioning. It may be that when
functional impairment is more pronounced, there is more room for improvement, pointing to
features of an ASD subgroup where the beneficial effect of active rTMS on EF performance
may be stronger and perhaps more clinically meaningful. Adaptive functioning has recently
been linked to white matter microstructure in children and youth with ASD, where lower
functioning predicted reduced fractional anisotropy-ENREF_[34] [54]. This relationship
extended to a number of major white matter tracts, including the corpus callosum,
connecting homologous DLPFC regions. Functional connectivity of the frontoparietal
control network (including the DLPFC) was also found to predict change in adaptive
functioning over time in a sample of young people with ASD of similar age and functional
level as those in our study [55]. Although speculative, more pronounced alterations at the
brain level, involving the DLPFC, may contribute to both EF and general functional
impairments.

Interpretation of the influence of gender on clinical effects of rTMS in our study is limited
by the small subset of our sample that was female (n = 6/group). Baseline adaptive
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functioning did not differ between males and females in our sample. However, interpreting
the improved effect in females compared to males is complicated by numerically worse
baseline EF performance in ASD females compared to males that may have reduced ceiling
effects overall, revealing stronger clinical effects of active over sham treatment in a more
impaired sample, regardless of gender. Nevertheless, the behavioral presentation of ASD and
related cognitive (including EF) characteristics differ in part in females vs. males [56,57]
and etiological or neurobiological alterations may vary by sex [58], implying the need for
future intervention research to consider sex/gender-stratified approaches. A prior study in
schizophrenia also found improved rTMS response on cognitive outcomes in females versus
males, though worse baseline performance in females complicated interpretation of this
effect as well [59].

Additional considerations for future efficacy study planning include evaluation of: different
EF outcome measures that may be less susceptible to practice effects [60], whether the
current trial was under-dosed in terms of the intensity and number of pulses per session for
targeting cognitive outcomes and the use of an active/sham coil for improved blinding of
treatment allocation. Our pilot trial was not powered to determine efficacy and findings from
our moderator analyses would not survive stringent multiple comparison correction.
Moderator analyses are presented as exploratory to help guide refinement of the approach
used for future research. Future research in this area should account for the common
presence of co-occurring ADHD in ASD [61] and treatment with medications with the
potential to influence EF abilities.

In conclusion, the current pilot, double-blind RCT demonstrates for the first time that
repeated sessions of high frequency rTMS is feasible and well tolerated in youth and young
adults with ASD and a rigorous clinical trial design can be implemented to study the effects
of rTMS in this population. The favorable profile of rTMS highlights the clear opportunity
to harness this biological tool for developing targeted treatments that may improve clinical
symptoms and functioning in people with ASD. However, the clinical and biological
heterogeneity of ASD continues to be a challenge to be overcome. Our findings suggest that
any further development of rTMS intervention research in ASD will benefit from careful
consideration of which regions of the brain should be targeted, using what stimulation
parameters and dosing, for what indication, and in which well-defined clinical subgroup.
Our results indicate that a future efficacy trial of rTMS to DLPFC on EF deficits in ASD is
warranted in the subgroup of individuals without ID that feature prominent impairment in
EF ability and adaptive functioning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sham Active

Spatial Working Memory

Fig. 2.

Ct?ange in spatial working memory performance in active and sham rTMS groups. across
baseline (Pre: n = 20 active, n = 20 sham), post rTMS (Post: n = 18 active, n = 20 sham) and
one-month follow-up (F-Up: n = 17 active, n = 17 sham) time-points.

Spatial working memory = total number of errors on the spatial working memory test from
the Cambridge Neuropsychological Test Automated Battery (CANTAB).
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Fig. 3.

Ct?ange in BRIEF Metacognition Index in active and sham rTMS groupsacross baseline
(Pre: n = 20 active, n = 20 sham), post rTMS (Post: n = 18 active, n = 20 sham) and one-
month follow-up (F-Up: n = 17 active, n = 17 sham) time-points.

Metacognition Index = Behavioral Rating Inventory for Executive Function Metacognition
Index (higher scores denote more real-world executive function impairment).
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Fig. 4.

M%derating effect of baseline adaptive functioning on change in spatial working memory
performance following rTMS across baseline (Pre: n = 20 active, n = 20 sham), post rTMS
(Post: n = 18 active, n = 20 sham) and one-month follow-up (F-Up: n = 17 active, n = 17
sham) time-points.

The significant group-by-time-by-VABS-II (Vineland Adaptive Behavior Scale-11) adaptive
composite score is presented in participants following a median split to depict differences in
response in participants with low versus high baseline adaptive functioning. Error bars
indicate the 95%CI for mean spatial working memory score (in the original scale of the
outcome) at a given time point.
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Fig. 5.

M%derating effect of gender on change in spatial working memory performance following
rTMS across baseline (Pre: n = 20 active, n = 20 sham), post rTMS (Post: n = 18 active, n =
20 sham) and one-month follow-up (F-Up: n = 17 active, n = 17 sham) time-points.

Spatial working memory = total number of errors on the spatial working memory test from
the Cambridge Neuropsychological Test Automated Battery (CANTAB). Error bars indicate
the 95%CI for mean spatial working memory score (in the original scale of the outcome) at
a given time point.
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Total events by type presented per case reported and number needed to harm. NNH = number needed to harm,
calculated for events that were more likely to occur with active compared to sham rTMS as: 1/Absolute Risk

Increase (Absolute Risk Increase = Active rTMS event rate — Sham rTMS event rate).

Adverse Event

Sham Active

% n %

NNH

Headache

Pain at application site
Neck pain

Nose bleed

Nausea

Laceration
Congestion

Other

20%
5%
5%

4
1
1

5% 0 0%
1 5%
0 0%
1 5%
1

5%

20

20

20
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