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ARTICLE INFO ABSTRACT
Keywords: Following the published behavioral and cognitive results of this single-blind parallel sham-controlled random-
Autism ized clinical trial, the current study aimed to explore the impact of intermittent theta burst stimulation (iTBS), a

Theta burst stimulation

° on . variant of excitatory transcranial magnetic stimulation, over the bilateral posterior superior temporal sulci
Transcranial magnetic stimulation

. ) (pSTS) on white matter macro/microstructure in intellectually able children and adolescents with autism. Par-
Posterior superior temporal sulcus .. . . . . . . |
. . ticipants were randomized and blindly received active or sham iTBS for 4 weeks (the single-blind sham-
Randomized controlled trial . . . o
Diffusion MRI controlled phase). Then, all participants continued to receive active iTBS for another 4 weeks (the open-label
phase). The clinical results were published elsewhere. Here, we present diffusion magnetic resonance imaging
data on potential changes in white matter measures after iTBS. Twenty-two participants in Active-Active group
and 27 participants in Sham-Active group underwent multi-shell high angular resolution diffusion imaging (64-
direction for b = 2000 & 1000 s/mm?, respectively) at baseline, week 4, and week 8. With longitudinal fixel-
based analysis, we found no white matter changes following iTBS from baseline to week 4 (a null treatment
by time interaction and a null within-group paired comparison in the Active-Active group), nor from baseline to
week 8 (null within-group paired comparisons in both Active-Active and Sham-Active groups). As for the brain-
symptoms relationship, we did not find baseline white matter metrics associated with symptom changes at week
4 in either group. Our results raise the question of what the minimal cumulative stimulation dose required to
induce the white matter plasticity is.

1. Introduction Although most people with ASD suffer from long-term enduring distress
and poor general outcomes (Lai et al. 2014), there has been no effective

Autism spectrum disorder (ASD) is a neurodevelopmental disorder biological intervention for the core autistic symptoms (Lord et al. 2022).
characterized by social communication deficits and repetitive/restricted Repetitive transcranial magnetic stimulation (rTMS) is a non-
behaviors and affects 1-2 % of children worldwide (Lord et al. 2018). invasive brain stimulation technique that stimulates the cortex via
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relatively focused electromagnetic pulses at a typical frequency (Klomjai
etal. 2015). For the past three decades, rTMS has been applied to several
psychiatric disorders and has demonstrated therapeutic efficacy in re-
fractory major depressive disorder (Blumberger et al. 2018) and obses-
sive—compulsive disorder (Carmi et al. 2019). Theta burst stimulation
(TBS) is a modified rTMS protocol where pulses are applied and deliv-
ered in a burst-firing pattern (3 pulses at 50 Hz) with a 200 ms inter-
burst interval (Huang et al. 2005). TBS has a comparable therapeutic
effect to conventional rTMS in treating depression (Blumberger et al.
2022; Blumberger et al. 2018) but with the advantages of a shorter
stimulation duration and intensity (Huang et al. 2005; Schwippel et al.
2019). Moreover, Stanford Accelerated Intelligent Neuromodulation
Therapy (SAINT) demonstrated that the accelerated and high-dose
intermittent TBS (iTBS) protocol was well tolerated, safe and effective
in people with treatment-resistant depression (Cole et al. 2020).

The application of r-TMS/TBS in ASD has been investigated over the
past 15 years. Although an earlier meta-analysis has shown a positive
therapeutic effect of dorsolateral prefrontal rTMS/TBS on repetitive
behaviors in ASD, its impacts on social communication deficits remain
inconsistent (Barahona-Correa et al. 2018). The posterior superior
temporal sulcus (pSTS) is a brain region important in computing the
dynamic aspects of the theory of mind and social perception (Pitcher and
Ungerleider 2021; Yang et al. 2015). The pSTS is also considered one of
the key nodes within the default-mode network (Power et al. 2011),
which essentially corresponds to the social brain network that is altered
in ASD (Padmanabhan et al. 2017). The morphology of the caudal
branches of the pSTS is associated with social cognitive function in ASD
(Hotier et al. 2017). Therefore, the expert consensus suggests that the
pSTS could be a potential target of rTMS in ASD (Cole et al. 2019).
However, whether unilateral or bilateral pSTS should be the stimulation
target remains inconclusive. Earlier studies demonstrated altered neural
correlates of right pSTS in ASD as compared to typically developing
controls, including cortical thickness (Shih et al., 2011) and hypo-
activation in functional MRI during biological perception (against the
scrambled motion control condition) (Freitag et al. 2008; Kaiser et al.
2010). A large-scale meta-analysis review confirmed the integral role of
right pSTS in three social information processing networks, including
social perception, action observation, and theory of mind (Yang et al.
2015). However, several studies also showed the essential role of left
pSTS in ASD. For example, the left pSTS activation could predict the
changes in emotion recognition in adults with ASD receiving virtual
reality social cognition training (Yang et al. 2017). Another study on
neurotypical populations found that children tend to recruit bilateral
pSTS, but adults would show right-lateralized pSTS activation during
the facial processing task (Hildesheim et al. 2020). Further complicating
the issue, Sliwinska and Pitcher (2018) found that the level of pSTS
activation and the extent of TMS effects varied across individuals. Some
participants showed greater activation in the right pSTS, but others in
the left pSTS. Sliwinska et al. (2020) further demonstrated causal
functional connectivity between the left and the right pSTS during facial
expression recognition following the dual-site TMS manipulation. Taken
together, to maximize the impact of iTBS, we decided to target the
bilateral pSTS herein.

Regarding the direction of stimulation, an earlier study found that
applying inhibitory TMS over the right pSTS could lead to transient
disruption in the behaviors of orienting toward the eyes (Saitovitch et al.
2016). Moreover, an inhibitory TMS protocol (i.e., continuous TBS)
delivered to the right pSTS would interfere with functional connectivity
between the amygdala and right pSTS, disrupting facial processing
function (Pitcher et al. 2017). On the contrary, based on the hypothesis
that the excitatory protocol (i.e., iTBS) over the bilateral pSTS might
enhance their function, resulting in decreasing social communication
deficits in youth and adults with ASD (Afzali et al. 2021; Niet al., 2021a;
Ni et al. 2017; Ni et al., 2021b), our pilot study found that compulsive
behaviors significantly decreased and social awareness increased
marginally after one session of iTBS over the pSTS in adults with ASD (Ni
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et al. 2017). Although our 4-week randomized blind controlled trial did
not support the therapeutic impacts of iTBS over the pSTS on clinical
symptoms and social cognitive function, the exploratory analyses of the
data from a 4-week open-label intervention following the first part of the
4-week blind trial found that there may exist sizeable inter-individual
variability in therapeutic efficacy, which might be moderated by more
cumulative iTBS sessions (8 weeks > 4 weeks), baseline full-scale in-
telligence quotient, baseline autistic severity and concurrent use of
psychotropic medications (Ni et al., 2021a; Ni et al., 2021b). Moreover,
individuals with higher full-scale intelligence quotient, better social
cognitive performance, and less comorbid with attention-deficit hyper-
activity disorder were prone to be therapeutic responders of iTBS over
the pSTS (Ni et al., 2021a). Neurophysiologically, baseline MRI metrics
may link to the therapeutic effect of rTMS/TBS in clinical populations
such as depression and posttraumatic stress disorder (Barredo et al.
2019; Ge et al. 2020; Philip et al. 2019). Nonetheless, whether brain
metrics could be linked to individual responses in autistic populations
has not been tested.

Dysregulated activity-dependent synaptic plasticity is believed to be
essential pathophysiology of ASD (Bourgeron 2015). Notably, the ther-
apeutic effect of rTMS/TBS may be contributed by long-term potentia-
tion in neurons (Heynen and Bear 2001; Hoogendam et al. 2010) and
synaptic plasticity (Yang and Calakos 2013). The outcomes of these
mechanisms may become ’visible,” as shown in brain magnetic reso-
nance imaging (MRI) studies (Allendorfer et al. 2012; Godfrey et al.
2022; Ueda et al. 2021; Zheng et al. 2020). However, the impacts of
these types of brain stimulation on brain structures and function in ASD
remain unclear. Only one recent study based on magnetic resonance
spectroscopy (MRS) found local glutamate changes in the active versus
sham rTMS on the left dorsolateral prefrontal cortex (DLPFC) in
emerging adults with ASD (Moxon-Emre et al. 2021).

The current study was an exploratory investigation based on the
diffusion magnetic resonance imaging (dMRI) data collected in our
earlier clinical trial (Ni et al., 2021a) and aimed to investigate the im-
pacts of iTBS of bilateral pSTS on white matter macro/microstructure in
intellectually able children and adolescents with ASD. We tested the
hypothesis that local white matter tracts connecting the pSTS to other
brain regions are affected following 4-week iTBS compared to sham
intervention (the blind phase). White matter fiber macro/microstructure
was quantified using a novel fixel-based analysis (FBA) framework
(Raffelt et al., 2017; Tournier et al., 2019) on high-quality dMRI data. In
FBA, quantitative metrics are given to each fiber population within an
MRI voxel, the so-called ’fixel.” The fiber-specific measures of FBA can
quantify the differences or alterations in local microstructural fiber
density and macroscopic fiber-bundle cross-section on a fixel-wise basis.
This characteristic allows the FBA to analyze individual fiber-specific
properties even in voxels containing multiple fiber populations (i.e.,
crossing fibers), thereby providing better sensitivity and interpretability
than conventional voxel-based analysis (Mito et al. 2018; Raffelt et al.
2017). The study objectives were: (i) To test for a putative white matter
change between active and sham iTBS in ASD over a 4-week blinded
iTBS course; (ii) to investigate whether longer iTBS interventions (8
weeks vs 4 weeks) would affect levels of white matter changes (if there
were any); (iii) to explore differences in baseline white matter macro/
microstructure between responders and non-responders; and (iv) to
assess if MRI features could link to the changes of social communication
deficits after iTBS from baseline to week 4 (the blind phase) for active
and sham groups, respectively.

2. Methods
2.1. Study design
The dMRI data were collected from a randomized, parallel, single-

blind, and sham-controlled trial investigating the impacts of iTBS over
the bilateral pSTS on symptoms and brain in children and adolescents
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with ASD at a tertiary medical center/university hospital in Taiwan (Ni
et al., 2021a). Participants were enrolled between August 2016 and July
2019. Seventy-eight participants completing the baseline assessments
were randomized to Active-Active (n = 40) or Sham-Active groups (n =
38). In phase 1 (baseline to week 4), participants received active or sham
iTBS over the pSTS twice per week for 4 continuous weeks. In phase 2
(week 5 to week 8), all participants received active iTBS over the pSTS
twice per week for 4 successive weeks (Fig. 1). Participants and their
caregivers were blind to the allocation of the active and sham conditions
in Phase 1. The stimulation frequency of the present study design was
decided based on the recruitment feasibility, considering Taiwan’s
overwhelming education system and tight exam schedules (Chen et al.
2015). Details and results of the clinical trials were reported elsewhere
(Ni et al., 2021a).

The current study was approved by the Research Ethics Committee at
this university hospital (104-9413A) and registered with ClinicalTrials.
gov (NCT03621189). The purposes and procedures of the study were
explained face-to-face to the participants and their parents. Informed
consent was obtained from all individual participants and their parents
in the study. All studies procedures adhere to the institutional research
committee’s tenets and the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

2.2. Participants

Participants aged 8-17 years with ASD were recruited from this
university hospital’s child and adolescent psychiatry outpatient clinic.
The diagnosis of ASD was corroborated using the Autism Diagnosis
Objective Schedule (Lord et al. 2000). We excluded participants with a
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full-scale intelligence quotient < 70 based on the Wechsler Intelligence
Scale for Children-3rd (Wechsler 1991) or Wechsler Adult Intelligence
Scale-3rd (Wechsler 1997) (a cutoff at 16 years), any prior history of
major neurological (especially epilepsy) or medical illness, or major
psychiatric disorder such as mood and anxiety disorders, schizophrenia
and substance misuse. Participants with co-occurring attention-deficit
hyperactivity disorder were included and assessed by two board-
certified child psychiatrists (H.-C.N., H.-Y.L.). All psychotropic medi-
cations were continued without change during the trial. All participants
had been naive to any non-invasive brain stimulation treatment.

The autistic symptoms were estimated by the parent-rated social
responsiveness scale (SRS) (Constantino JN, 2005) and the repetitive
behavior scale-revised (Bodfish and Lewis, 1999).

2.3. Intervention

The biphasic pulses for TBS were generated with the Magstim Super
Rapid? system (Magstim Company, Oxford, UK) and applied with the 70-
mm figure-of-eight coil. The coil was placed on the individual’s pSTS,
which was transformed from MNI coordinates (+50, —55, 10; as defined
by a meta-analysis on the role of pSTS during social cognition (Van
Overwalle and Baetens 2009)) to the individual’s baseline T1 weighted
structural imaging using the Navigated Brain Stimulation system (Nex-
stim®, Helsinki, Finland). Specifically, the individual’s T1-weighted
structural image was first spatially normalized with SPM12 (https
://www.fil.ion.ucl.ac.uk/spm/) to get the transformation matrix. Then
we used an inverse transformation matrix, which could accept the
normalized coordinates at the input and output the corresponding co-
ordinates in the individual’s native structure image. We marked the

Screened for eligibility prior trial (n=83)

Excluded (n=5)

Not ASD (n=3)
Unable to commit (n=1)

Baseline assessment and
Randomization(n=78)

Academic reason (n=1)

—

Screened
Enroliment
Allocation
Allocated to Active (n=40)
Received allocated intervention (n=40)
MRI T1 and dMRI completed (n=35)
could not complete dMRI (n=5)
Pass T1/dMRI QC (n=33)
Phase 1 (single-blinded) l

Complete 4-week active protocol (n=39)
Dropout due to a cold (n=1)

MRI T1 and dMRI completed (n=30)

Pass T1/dMRI QC (n=29)

Phase 2 (unblinded) l,

Complete 4-week active protocol (n=38)
Dropout due to anxiety (n=1)

MRI data-T1 and dMRI completed (n=33)

Pass T1/dMRI QC (n=32)

Allocated to Sham (n=38)

Received allocated intervention (n=35)
Dropout for traffic (n=1), personal reason (n=1),
brain tumor (n=1)

MRI T1 and dMRI complete (n=32)
could not complete dMRI (n=5)

Pass T1/dMRI QC (n=32)

v

Complete 4-week sham protocol (n=33)

Dropout for academic reason (n=1), anxiety (n=1)
MRI data-T1 and dMRI completed (n=32)
Pass T1/dMRI QC (n=32)

7

Complete 4-week active protocol (n=33)
Discontinued intervention (n=0)

MRI data-T1 and dMRI completed (n=30)

Passing T1/dMRI QC (n=30)

Final

Analysis I Pass T1/dMRI QC at 3 time points (n=22) |

I Pass T1/dMRI QC at 3 time points (n=27) l

Fig. 1. Flow diagram.
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output coordinates on the native structural image in the Navigated Brain
Stimulation system for further stimulation. The coil was oriented
approximately 45° to the transverse plane of the head, with the coil
handle pointing posteriorly and upwardly. This degree was decided to
prevent the stimulation from being blocked by the ears.

The iTBS protocol adopted in the present study is as follows (Huang
et al. 2005). For each iTBS session, we first delivered two iTBS courses
over the left pSTS with a 3-minute break. Five minutes later, we repeated
two additional iTBS courses over the right pSTS. For each iTBS course,
the TBS train was delivered every 10 seconds 20 times to have 600 total
pulses. That is, we delivered 1200 pulses over each hemisphere per
session.

Active motor threshold (AMT) was determined based on standard
methods. The active stimulation intervention used an intensity of 80 %
AMT (Handwerker et al. 2020; Ni et al. 2021a). Given the unavailability
of a bona fide sham coil at the time of this trial, we came up with an
alternatives sham condition as used in a similar context (when a sham
coil is not available) in previous trials across major psychiatric disorders
(Lefaucheur et al. 2020; Ni et al. 2021a). Specifically, to avoid any
stimulation effect on participants, the sham intervention was delivered
with 60 % AMT with the coil tilted one-wing 90° off the head (Lisanby
et al. 2001) because an earlier study demonstrated that a single theta
burst with intensity lower than 70 % AMT had no effect on motor evoked
potentials (Huang et al. 2009). No participants assigned to the active or
sham group in Phase 1 actively disclosed or guessed that he/she/they
may receive the active or sham stimulation. Notably, the scalp-to-cortex
distance differs between the motor cortex and pSTS. This difference may
also vary between individuals, likely resulting in inappropriate and
heterogenous dosing of TBS/TMS. Therefore, following the completion
of the stimulation intervention, we conducted a post-hoc and explor-
atory analysis using the SimNIBS toolbox v3.2 (Saturnino et al. 2019),
which allowed us to estimate the individual normalized electric fields
induced by TBS (with the individual intensity determined by AMT) over
the bilateral pSTS via electric field calculations/modeling. The ratio
between normalized induced electric fields of pSTS (the average of both
hemispheres) and motor cortex (First Dorsal Interosseous) was calcu-
lated for each participant. We also computed a metric to illustrate the
total individual cumulative dose of TBS that includes the duration (4 vs
8 weeks) and the ratio of electric fields. This summarized metric was
used as a covariate for statistical analyses. The exemplary stimulation
model is illustrated in Fig. 2. The resultant electric field metrics are
provided in Supplementary Table 1; the parameter details of the Sim-
NIBS are described in its footnote.

normg

0 0.163  0.327 049 0.654 0.817 0.981 1.14 1.31 1.47 1.63
E— e —
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2.4. MRI scans

Each participant underwent an MRI scan at baseline (t;), week 4 (t),
and week 8 (t3). MRI data were acquired on a 3 Tesla Siemens Tim Trio
scanner with a 12-channel head coil. Anatomical T1-weighted images
were collected using the three-dimensional MPRAGE sequence, with
160 sagittal slices scanned at repetition time (TR) = 2000 ms, echo time
(TE) = 2.63 ms, inversion time = 900 ms, flip angle = 9°, matrix size =
224 x 256, in-plane resolution = 1.0 mm, and slice thickness = 1.0 mm.
Diffusion-weighted images were collected using a single-shot spin-echo
diffusion-weighted echo-planar imaging sequence with the following
parameters: 2.3-mm isotropic voxel, TR/TE = 8300/100 ms, matrix size
= 96 x 96, two b-values of 1000 and 2000 s/mm? and each with 64
diffusion gradient directions. Two b = 0 volumes with opposite phase
encoding polarity were acquired to correct image distortion during
preprocessing.

2.5. Longitudinal fixel-based analysis (FBA)

The analysis of dMRI data was performed mainly using MRtrix3
(Tournier et al. 2019), with the recommended steps and default pa-
rameters (https://www.mrtrix.org/) unless specified otherwise.

A. Preprocessing of dMRI data.

Preprocessing procedures for dMRI data included denoising (Veraart
et al. 2016), Gibbs ringing removal (Kellner et al. 2016), corrections for
image distortions induced by eddy currents and susceptibility effects,
inter-volume motion artifacts (Andersson et al. 2018; Andersson et al.
2017; Andersson and Sotiropoulos 2016), bias field (Tustison et al.
2010), and upsampling. Output quality was performed with the quality
control tool from FSL (Bastiani et al. 2019), including visual inspection.
We assessed the percentage of total outliers (indicating image volumes
with excessive signal loss) in each participant’s dMRI data and excluded
those with artifacts or in-scan motion (based on the average root-mean-
square displacements between image volumes, relative root-mean-
square, >1mm). Twenty-two children in the Active-Active group and
27 in the Sham-Active met the data quality inclusion criteria across three
time points. Despite the identical study, the sample sizes of our earlier
clinical paper (Active-Active n = 40, Sham-Active n = 35) and the
current study (Active-Active n = 22, Sham-Active n = 27) were different
because of dMRI data quality. Nonetheless, all demographic data,
symptoms, and symptom changes were comparable between the
included and excluded participants, regardless of the grouping assign-
ment (Supplementary Table 2). Hence, only their data were employed in

normgE
0 0.166  0.332  0.498  0.664 0.83 0.996 1.16 1.33 1.49 1.66
L e ———

Fig. 2. Model of the normalized electric field (normE) induced by iTBS over the bilateral posterior superior temporal sulci in a given participant. The coordinates of
bilateral posterior superior temporal sulci were translated from MNI (+50, —55, 10) to the native space of this exemplary participant. Models were computed using
SimNIBS 3.2 (Saturnino et al. 2019) based on the study’s protocol and default parameters in SimNIBS 3.2.
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the longitudinal FBA below.

B. Longitudinal fixel template & metrics.

Fiber orientation distributions (FODs) were reconstructed based on
constrained spherical deconvolution (Tournier et al. 2007; Tournier
et al. 2008). For each preprocessed dMRI data at the baseline t;, tissue
response functions were first estimated for white matter, gray matter,
and cerebrospinal fluid using an unsupervised algorithm (Dhollander
etal. 2019). For each data at each time point, the multi-shell multi-tissue
constrained spherical deconvolution was then adopted to compute FODs
of white matter and tissue compartments of gray matter, and cerebro-
spinal fluid via per-tissue averaged response functions (Jeurissen et al.
2014), followed by intensity normalization to correct for compartmental
inhomogeneities (Dhollander et al., 2021).

To enable fixel-wise analysis across three time points, this study
extended the design of longitudinal FBA proposed by Genc et al. (2018)
as follows:

e Group longitudinal fixel template — For each participant in either the
Active-Active or Sham-Active group, rigid registration was first
performed to align the FOD images between t; and t3, followed by the
transformations of the FODs at both time points to the participant’s
own mid-way space. The FODs at t; were then registered to the
transformed FODs at the mid-way space also via rigid registration.
This yielded the FODs of all three time points aligned in an in-
dividual’s common mid-way space, which were averaged to create
intra-participant mean FODs. These per-participant mean FOD im-
ages were employed to construct an inter-participant group repre-
sentative FOD template for the longitudinal data (via MRtrix3’s
population_template command) (Raffelt et al. 2017), followed by the
segmentation of template FODs (Smith et al. 2013) to produce the
group template fixels.

Longitudinal fixel metrics — First, a FOD-guided registration was con-
ducted between an individual’s FODs of each time point and the
group template FODs to identify the corresponding fixels between
individuals and the template (Raffelt et al. 2011). Next, the standard
fixel-wise metrics were computed for each participant at each time
point, including fiber density (FD), fiber-bundle cross-section (FC),
and combined measurement of FD and FC (FDC). FD measured the
intra-axonal volume per fixel; FC measured the macroscopic/volu-
metric change of an entire local fiber bundle for a fixel; FDC quan-
tified the overall 'connectivity’ through microscopic density and
macroscopic cross-section of a fixel (see (Raffelt et al. 2017) for more
details). All participants’ fixel-wise measurements were mapped
onto the corresponding template fixels. Finally, two additional
metrics were calculated to quantify longitudinal changes from the
baseline t; to a selected time point ¢ (t; or t3 in this study) as follows:

AFDqeuat = FD; — FDy (€Y)

AFDrclarive = AFDacmal/FD!] (2)

Egs. (1) and (2) were FD’s actual and relative (percentage change)
differences, respectively. This exact computation was applied to FC and
FDC metrics, only that FC was log-transformed before those longitudinal
measures.

e Supplementary analysis — The different cumulative doses in each
group may bias the results of comparisons at each time point.
Therefore, we implemented additional analyses using the original
longitudinal FBA approach (Genc et al. 2018), which created group
longitudinal fixel templates based on the intra-participant mean
FODs between t; and t; and between t; and t3 respectively. These two
templates were separately used to generate the aforementioned
longitudinal fixel metrics for the statistical analyses on t;/t; and t;/t3
comparisons, as explained below.
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2.6. Statistics

Independent t-test and chi-square test were used to evaluate all the
demographic data. The Wilcoxon test was used for root-mean-square
displacements and total outliers, and ANOVA was used for intracranial
volume.

For the statistical inferences of whole-brain fixel-wise longitudinal
metrics, the general linear model incorporating the connectivity-based
fixel enhancement approach (Raffelt et al. 2015) was used. To enable
connectivity-based fixel enhancement, a whole-brain tractogram was
generated on the FOD template, post-processed with spherical-
deconvolution informed filtering of tractograms (Smith et al. 2013),
and then used to compute fixel-to-fixel connectivity for fixel data
smoothing and enhanced statistics (Raffelt et al. 2015). To investigate
the effects of iTBS, four main types of analysis below were conducted via
modifying the design matrix in a general linear model:

e Between-group comparisons (for the phase 1 blind trial) — We assessed
the Treatment x Time effect: whether there were differences in
longitudinal fixel measures between treatment types from t; to to.

e Within-group pairwise comparisons — We assessed the longitudinal fixel
metrics (e.g., AFDgctq1) for each treatment type, from t; to t, or from
t to t3.

e Brain-symptom relationships — The autistic symptom of social
communication was indicated based on the Social Responsiveness
Scale (SRS) scores:

ASRS,iaive = (SRS, — SRS1) /SRS ®3)

where ASRS;elative denotes the relative alteration of SRS from the base-
line ¢; to a time point t; SRS,; and SRS; denote the score at t; and at a time
point t, respectively. We assessed the dependency of symptom changes
on the baseline condition of white matter structure by testing whether
ASRS elative Varied with the standard FBA metrics at t;. We tested the
relationship between the baseline white matter metrics and symptom
changes from baseline to week 4 in the Active and Sham groups,
respectively.

e Responders vs non-responders — Within the Active-Active group and
Sham-Active group, we assessed whether responders and non-
responders differed in the standard FBA metrics at t;. As per our
previous study (Ni et al., 2021a), there were 6 participants in the
Active-Active group and 3 participants in the Sham-Active group,
defined as the responder based on Reliable Change Index (Jacobson
and Truax 1991) > 1.64 calculated using the SRS total scores (Sup-
plementary Tables 3 and 4).

Each general linear model controlled for age, in-scanner head motion
(quantified by relative root-mean-square; averaged when two time
points were selected), and the cumulative dose metric (considering both
the ratio between the normalized induced electric fields of the pSTS and
motor cortex and treatment duration; Supplementary Table 1). The log
of intracranial volume was included as an additional covariate in the
statistical models on FC and FDC (Smith et al. 2019). The statistical
significance was defined by a family-wise error-corrected P-value (Pryg)
< 0.05 based on non-parametric tests of 20,000 permutations to provide
a more precise estimate of the error within each test. We also carried out
a Supplementary statistical inference based on Ppyg set at 0.01
(considering five lines of analysis) to quench the concern that the cur-
rent results may be type I errors introduced by multiple tests.

3. Results
3.1. Demographic data

After the quality control of dMRI data and the attrition, there were
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22 participants in the Active-Active group and 27 participants in the
Sham-Active group. In the final analysis, all participants had three time
points of dMRI data with acceptable quality (Fig. 1). The demographic
data, including age, sex, intelligence, clinical severity, psychiatric co-
morbidity, and concurrent medication use, was comparable between
Active-Active and Sham-Active groups (Table 1). The simulation of in-
dividual normalized induced electric fields of TBS ranged 63-98 % of
pSTS relative to the motor cortex (Supplementary Table). There was no
significant difference in the pSTS/motor ratio of normalized induced
electric fields between two groups (Table 1).

3.2. White matter macro/microstructural metrics before and after iTBS

3.2.1. Between-group comparisons (for the phase 1 blind trial)

There were no significant baseline white matter differences between
the two treatment groups, and we did not find a significant Treatment x
Time interaction from baseline to week 4. The supplementary analysis
based on the t;/t; group longitudinal fixel template yielded an identical
null result.

3.2.2. Within-group pairwise comparisons

We did not identify any significant white matter changes based on
pairwise comparisons within both groups over 4 weeks or 8 weeks.
These null findings were replicated in the supplementary analyses based
on the t;/t, and t;/t3 group longitudinal fixel templates, respectively.

3.2.3. Brain-symptom relationships
From baseline to week 4, we did not find any significant association
of baseline white matter FBA metrics and symptom changes in either

Table 1
Demographics and baseline characteristics of participants with autism spectrum
disorder of the adequate diffusion MRI data quality across baseline, week 4, and
week 8.

Active- Sham-Active P
Active (n=27) value
(n=22)

Age (years), mean (S.D.) 13.0 (3.2) 12.9 (2.8) 0.939

Male, n (%) 18 (82) 23 (85) 0.751

RMS;; (mm), mean (S.D.) 0.316 0.331 0.976
(0.163) (0.220)

Total outliers,; (%), mean (S.D.) 0.98 (0.86) 1.07 (0.83) 0.482

RMS,, (mm), mean (S.D.) 0.326 0.226 0.164
(0.261) (0.062)

Total outliers;, (%), mean (S.D.) 0.92 (0.73) 0.70 (0.40) 0.340

RMS,3 (mm), mean (S.D.) 0.334 0.238 0.090
(0.212) (0.107)

Total outliers;s (%), mean (S.D.) 1.01 (0.79) 0.85 (0.87) 0.433

ICVy (cm3), mean (S.D.) 1440.1 1409.4 0.396
(144.1) (106.5)

pSTS/motor proportion of NormE (%), 78.6 (7.7) 76.5 (11.3) 0.447

mean (S.D.)

Intelligence quotient (IQ), mean (S.D.)

Full intelligence 91.1 (18.2) 88.1 (14.3) 0.519

Verbal Comprehension index 90.2 (19.0) 90.1 (17.2) 0.976

Perceptual Reasoning Index 101.9 (22.3) 90.4 (22.8) 0.083

Working Memory Index 93.8 (19.3) 89.1 (15.8) 0.360

Processing Speed Index 82.8 (16.0) 85.4 (23.8) 0.659

Social Responsiveness Scale, mean (S.D.) 105.8 (22.9) 99.0 (20.5) 0.278

Repetitive Behavior Scale-Revised, mean 34.4 (20.0) 32.7 (20.7) 0.770

(S.D.)

Comorbidity with ADHD, n (%) 13 (59) 9 (33) 0.071

Medication, n (%)

Methylphenidate 8 (36) 5(19) 0.159

Atomoxetine 1(5) 14) 0.882

Antipsychotics 1) 3(11) 0.404

Acronyms: S.D. - standard deviation, RMS - relative Root-Mean-Square

framewise displacement during diffusion MRIL; pSTS - posterior superior tem-
poral sulcus; NormE - normalized induced electric field; ICV — Intra-Cranial
Volume.
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group. Because the trial was not blind from week 5 to week 8 and there
was no complete control group de facto during this period, we did not
explore either group’s brain-symptom relationship from baseline to
week 8.

3.2.4. Responders vs non-responders

Responders and non-responders within the Active-Active group and
Sham-Active group did not differ in white matter macro/microstructure
(Ppwg > 0.05), demographic data, or the pSTS/motor ratio of normalized
induced electric fields at baseline (Supplementary Tables 3 and 4).

4. Discussion

This study explored targeted changes of white matter macro/
microstructure following 4-week iTBS over the bilateral pSTS in intel-
lectually able children and adolescents with ASD. In line with the clin-
ical results of this trial (Ni et al. 2021a), the current iTBS protocol was
insufficient to induce significant changes in white matter macro/
microstructure in children and adolescents with ASD. The baseline white
matter FBA metrics were not associated with symptom changes at the
end of the blind trial (week 4; Phase 1) in both groups.

Against our hypothesis, we did not find significant macro/micro-
structural changes in white matter after 4 or 8 weeks of iTBS. This result
was inconsistent with previous work suggesting that rTMS could induce
white matter and structural brain changes. For example, Peng et al.
(2012) demonstrated that the left middle frontal gyrus FA increased
after 4 weeks of rTMS (20 sessions) over the left DLPFC in people with
depression. Tateishi et al. (2019) reported that the right superior frontal
gyrus FA increased after 6 weeks of rTMS (30 sessions) over the left
DLPFC in people with depression. Voineskos et al. (2021) demonstrated
increased gray matter cortical thickness in the right DLPFC but no white
matter microstructural changes after 4 weeks of rTMS (20 sessions) over
the bilateral DLPFC in people with schizophrenia. The lack of iTBS effect
on white matter reported herein may be partly driven by the greater
heterogeneity in ASD (Ameis et al. 2020; Ni et al. 2021a; Ni et al.
2021b).

In addition to the preceding explanation framework based on the
heterogeneity, the following four postulations may further explain the
present null result of iTBS-induced white matter changes. Firstly, in line
with what has been found in depressive disorder (Lefaucheur et al.
2020), two iTBS sessions per week (despite involving four standard TBS
stimulations) may be inadequate to induce clinically-meaningful white
matter changes. This hypothesis is indirectly supported by two rTMS
trials in adults with ASD, reporting that five sessions of rTMS per week
were sufficient to improve social communication (Enticott et al. 2014)
and depression symptoms (Gwynette et al. 2020). A second explanation
for the reported null finding may be related to the influence of the
spaced TBS (Goldsworthy et al. 2012). Yu et al. (2020) indicated that the
interval between each iTBS session might produce different after-effects.
Namely, continuous iTBS 1800 (600 x 3) on the primary motor cortex
(M1) without intervals surprisingly reduced cortical excitability, while
iTBS 1800 (600 x 3) on M1 with a 30-minute interval enhanced more
cortical excitability than those with a 10-minute interval. Our study
applied iTBS 1200 (600 x 2) on the bilateral pSTS with a 3-minute in-
terval. Although the appropriate interval between two iTBS blocks re-
mains unknown, a short interval adopted in our study might reduce the
iTBS-induced excitability and long-term potentiation, leading to fewer
synaptic changes and the subsequent null change in white matter
macro/microstructure following rTMS. Third, we could not exclude the
possibility that the current null findings could be partly attributed to
insufficient stimulation dosing. Here, we used the active motor
threshold to guide the stimulation intensity over the pSTS. Although this
is common practice, it is important to note that the cytoarchitectural
properties are unique in the motor cortex from the temporal cortex
(Palomero-Gallagher and Zilles 2019). The scalp-to-cortex distance be-
tween M1 and the pSTS might differ among participants, likely resulting
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in the suboptimal and heterogenous dosing of TBS. Notably, the nu-
merical modeling (Saturnino et al. 2019) revealed that the present TBS
intensity could only induce 63-98 % of the normalized electric field at
the pSTS relative to that was induced in the motor cortex using the same
absolute stimulation intensity. This discrepancy between the desired
and induced stimulation effects remains elusive. However, when
investigating the participants who received the intended dose (pSTS/
motor proportion of NormE > 90 %, n = 6) in our study, only one
participant responded to iTBS. In addition, there were no significant
differences in pSTS/motor proportion of NormE between iTBS re-
sponders and non-responders in either Active-Active or Sham-Active
group. Whether the conventional AMT approach could consistently
induce an effective change in the electric field, which leads to mean-
ingful synaptic plasticity, across different stimulation sites warrants
systemic investigations in the future, especially in clinical studies.
Lastly, we attempted to target a sulcus (pSTS) and localized the region
based on the coordinates defined in a meta-analysis (Van Overwalle and
Baetens 2009). Nonetheless, based on the previous electric field
modeling reports, TMS likely activates primarily gyral/lip regions in the
targeted cortex (Siebner et al. 2022). This neurophysiological peculiar-
ity may further compromise the desired and achieved intensity
discrepancy.

In addition, this study has some other limitations and caveats that
need to be considered while interpreting the results. First, the sample
size in the final analysis is relatively small, which may be underpowered
to result in type I/II errors. Nonetheless, the within-person and inter-
ventional approach adopted in the current study generally has more
favorable statistical power than observation designs in the common
brain-wide association study (Marek et al. 2022). Second, our study
utilized a study-based FOD template. We acknowledge that using a
population-matched FOD template may help reduce the inter-subject
variability and thus improve the accuracy of the statistical analysis
(Yang et al. 2020). However, the evaluation of this approach, such as
harmonizing and addressing the discrepancies associated with the dMRI
acquisition schemes, remains an ongoing challenge in the field (Pinto
et al. 2020) and is beyond the scope of this study. Third, given the un-
availability of a bona fide sham coil, to avoid any possible active effect
on participants during the sham condition, we adjusted both the tilt of
the coil and the intensity of the stimulation in our sham group. None-
theless, this approach might alter both the somatosensory and auditory
perception since peripheral co-activation might also contribute to TMS
effects. Fourth, although participants and parents were blind to the
allocation in Phase 1, the SRS might not be sensitive enough to detect
subtle changes before and after TBS. More sensitive and objective
outcome measurements should be developed and adopted in the future
(Cole et al. 2019).

In conclusion, given the small sample size and unique clinical trial
design, our finding of null multi-iTBS effect on white matter macro/
microstructure in autistic children and adolescents features the issues of
the selection of optimal dose (i.e., stimulation intensity) and protocols
(e.g., spaced TBS and treatment duration). The development of
personalized neuromodulation approaches, as implemented in studies of
depression (Cash et al. 2021), should be warranted.
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