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Abstract

Introduction: Repetitive transcranial magnetic stimulation (frTMS) is a promising therapeutic technique, and is
believed to accomplish its effect by influencing the stimulated and remotely connected areas. However, respon-
siveness to rTMS shows high interindividual variability, and this intersubject variability is particularly high in
older adults. It remains unclear whether baseline resting-state functional connectivity (rsFC) contributes to
this variability in older adults. The aims of this study are to (1) examine rTMS effects over the primary
motor cortex (M1) in older adults, and (2) identify baseline network properties that may contribute to the inter-
individual variability.

Methods: We tested response to intermittent theta burst stimulation (iTBS), an effective rTMS protocol, over M1
by using both electromyography and resting-state functional magnetic resonance imaging in older adults. Out-
come measures included motor-evoked potential (MEP) elicited by single-pulse transcranial magnetic stimula-
tion and rsFC before and after an iTBS session.

Results: iTBS significantly increased MEP amplitudes and rsFC between the stimulation site, sensorimotor cor-
tex, and supplementary motor area (SMA) in older adults. iTBS-induced changes in MEP amplitude were pos-
itively correlated with increases in interhemispheric rsFC after iTBS. Furthermore, older adults with lower
baseline interhemispheric rsFC between sensorimotor cortex and SMA exhibited stronger MEP response after
iTBS.

Discussion: Findings of the study suggest that different levels of interhemispheric communication during resting
state might contribute to the response heterogeneity to iTBS in older adults. Interhemispheric rsFC may have
great potential serving as a useful marker for predicting iTBS responsiveness in older adults. ClinicalTrials.gov
ID: 1707654427

Keywords: functional connectivity; interindividual variability; older adults; theta burst stimulation; transcranial
magnetic stimulation (TMS)

Impact Statement

Factors contributing to interindividual variability of the responsive to repetitive transcranial magnetic stimulation (rTMS) in
older adults remain poorly understood. In this study, we examined the effects of rTMS over the primary motor cortex in older
adults, and found that response to rTMS is associated with prestimulation interhemispheric connectivity in the sensorimotor
and premotor areas. Findings of the study have great potential to be translated into a connectivity-based strategy for identi-
fication of responders for rTMS in older adults.
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Introduction

TRANSCRANIAL MAGNETIC STIMULATION (TMS) is a non-
invasive brain stimulation technique that has been used
to measure neurophysiological properties of the human
motor cortex and descending corticospinal system in vivo.
TMS works by discharging a short but powerful electric cur-
rent through a wire coil that is carefully placed on the surface
of the scalp, and this produces a rapidly alternating magnetic
field. The magnetic field strength is no stronger than what is
used in standard magnetic resonance imaging (MRI; 1-2
Tesla), but as explained by Faraday’s Law, this magnetic
flux can induce a secondary electric current in superficial
cortical tissue (Ueno et al., 1988). With the sufficient out-
ward current, TMS pulses can directly depolarize neurons
that are at a depth of 2-3 cm underneath the skull (Deng
et al., 2013), and the resultant action potentials will propa-
gate to distal regions through functionally and/or structurally
connected circuitry (Chou et al., 2015).

TMS is a versatile tool, which has been used to investigate
neurophysiology of the motor system, quantify integrity of
brain circuitries, and induce changes in cortical excitability.
Single-pulse TMS, for example, can be applied to the pri-
mary motor cortex (M1), whereby action potentials propa-
gate synchronously down the corticospinal tract to elicit a
motor response in the peripheral muscles that correspond
with the stimulated brain region. This synchronized myo-
genic response can be measured with electromyography
(EMG) and is referred to as the motor-evoked potential
(MEP). Beyond single-pulse TMS, technical advances
have enabled the delivery of so-called repetitive TMS
(rTMS), whereby stimuli are discharged in repetitive trains
at specific frequencies.

Distinct from single-pulse TMS, rTMS is known to modu-
late cortical excitability with its effect lasting up to 60 min
(Gersner et al., 2011; Wischnewski and Schutter, 2015).
Moreover, TMS can be leveraged to probe neural plasticity
(or changes in cortical excitability) in M1 by interleaving
single-pulse TMS-induced MEP measures with an rTMS
paradigm, whereby the rTMS-induced change in MEPs is in-
dicative of transient neural reorganization that resembles
long-term potentiation (LTP) or long-term depression (LTD).

In this study, we aim to investigate the transient neural re-
organization in response to rTMS and explore individual var-
iability in older adults. The transient neural reorganization in
older adults would be measured using both EMG and resting-
state functional magnetic resonance imaging (rs-fMRI).
Although previous studies in younger adults have reported
that facilitatory rTMS protocols (i.e., high frequency, intermit-
tent theta burst stimulation [iTBS], etc.) applied over M1 tend
to enhance cortical excitability (Hoogendam et al., 2010; Pell
etal., 2011), and that the enhancement of cortical excitability
is associated with a stronger coupling of resting-state func-
tional connectivity (rsFC) between the stimulation site and re-
mote brain regions (Chou et al., 2015; Lee et al., 2018; Min
et al., 2016; Moisa et al., 2009; Nettekoven et al., 2015; Tik
et al., 2017), there is considerable heterogeneity in responses
to rTMS (Guerra et al., 2020; Hinder et al., 2014).

For example, in the study conducted by Hamada et al.
(2013), only 25% of healthy younger participants demon-
strated the expected response in cortical excitability to both
facilitatory and inhibitory rTMS. A few studies have ex-
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plored potential factors (e.g., brain state, genetics, age, cir-
cadian cycle, or TMS parameters) that may modulate
responsiveness to rTMS (Hamada et al., 2013; Tecchio et al.,
2008; Todd et al., 2010). One potentially important but under-
investigated factor is the prestimulation brain state with re-
spect to large-scale brain networks that can be measured by
rs-fMRI. This functional architecture of the brain can be
characterized as a dynamic interactive network system by
examining temporal correlations in the blood oxygen
level-dependent (BOLD) signals of interconnected brain re-
gions with rs-fMRI. These temporal correlations enable
both the investigation of rTMS effects on a network
level, and how prestimulation network characteristics may
moderate responsiveness to subsequent rTMS.

Previous studies in healthy younger adults reported that
participants with lower levels of baseline fMRI BOLD sig-
nals showed stronger facilitation effects after facilitatory
rTMS (Cardenas-Morales et al., 2014). In another study in
younger adults (Hordacre et al., 2017), weaker MI-
frontocentral network connectivity was associated with
greater response to inhibitory rTMS. The association
between prestimulation network connectivity and rTMS-
induced therapeutic effects has also been reported in depres-
sion (Salomons et al., 2014). While these findings are
relatively consistent, the heterogeneity of rTMS response
has been mostly studied in healthy younger adults and pa-
tients with depression, with scarce investigation into this var-
iability among older adults.

Here, we employ a special type of rTMS protocol, iTBS
(Huang et al., 2005), to investigate interindividual variability
in older adults by examining the contribution of baseline
rsFC to the iTBS effects. Examining the degree to which
the rsFC modulates iTBS effects is particularly relevant in
older adults because age-related reorganization of functional
brain networks has been indicated by many studies (Barkhof
etal., 2014; Sala-Llonch et al., 2015), and this age-related re-
organization or adaptation may lead to individual variability
in network functioning and response to brain stimulation
(Goh, 2011; Jockwitz and Caspers, 2021; Tang et al., 2019).

There is considerable evidence showing that aging is asso-
ciated with a number of physiological modifications, includ-
ing impairment in dendritic morphology and loss of synaptic
cellular connectivity (Godde et al., 2002; Tang et al., 2019).
Aging is also related to a decrease in excitability of in-
hibitory circuits within M1, which can result in alterations
in interhemispheric inhibition (Peinemann et al., 2001).
Although age-related increase in recruitment of brain regions
has been reported in older adults (Cabeza, 2002), the role this
increased recruitment plays in brain function remains an ob-
ject of debate.

The increased activation could be either beneficial as a
compensatory mechanism or detrimental (Bernard and Seid-
ler, 2012; Crosson et al., 2015; Langan et al., 2010; Madden
et al., 1999; McGregor et al., 2011). The aim of the study is
to investigate the impact of baseline brain state as measured
by rsFC on the iTBS effects in older adults. Given that pre-
vious studies have found that baseline rsFC of motor network
was associated with response to rTMS in younger adults
(Minkova et al., 2019; Nettekoven et al., 2015; Volz et al.,
2013), we hypothesize that rsFC of motor network before
iTBS would moderate neuroplastic responses to iTBS in
older adults.
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Methods
Participants

Nineteen right-handed healthy older adults (11 women
and 8 men) aged 63-74 (69.4+3.1) years participated in
our study. Individuals with contraindications to TMS or
MRI were excluded. No participants enrolled in this study
reported taking medications for neurological or psychiatric
diseases. The research protocol was approved by the Univer-
sity Institutional Review Board (IRB), and each participant
provided written informed consent before their participation.
Data from three participants were excluded from the final
analysis because their MEP data were identified as outliers
(see Results section).

Experimental design

Each participant attended two experimental sessions, each
taking ~3h to complete. In the first session, we measured
cognitive function using National Alzheimer’s Coordinating
Center Uniform Data Set (UDS) Neuropsychological Battery
Version 3 for each participant. This battery assessed different
cognitive domains, including episodic memory, processing
speed, executive function, language, constructional ability,
and visuoconstructional skills (Weintraub et al., 2018). In
the second session, participants underwent both MRI and
TMS. First, pre-iTBS MRI data were acquired, including
structural T1 MRI used to precisely localize the stimulation
site for each participant and resting-state fMRI for estimation
of baseline functional connectivity.

Second, single-pulse TMS was applied to the left primary
motor cortex (M1) hotspot for right abductor pollicis brevis
(APB) thumb muscle to assess the baseline cortical excitabil-
ity. Third, after 5-10 min break, iTBS was applied to the
motor hotspot to modulate cortical excitability. Fourth, we
obtained post-iTBS single-pulse TMS outcome measures.
Finally, post-iTBS resting-state fMRI data were acquired.
Figure 1 shows the overview of the experimental procedure.
Specific methods are described in the following subsections.

TMS protocols

TMS was delivered through a MagPro x100 system (Mag-
Venture Ltd.) with a CB60 figure-of-eight coil for single-
pulse TMS and a Cool-B65 A/P coil for iTBS. TMS caoils,
landmarks on the participant’s head, and structural T1 MRI

Session 1

scan were coregistered using an infrared-based frameless
three-dimensional (3D) neuronavigation system for brain re-
construction (Localite). In the 3D brain model, an anatomical
“hand knob”’ within the left M1 was identified visually.
Single-pulse TMS was performed around the ‘‘hand knob”
to determine the optimal stimulation site (i.e., hotspot) for
each participant based on the MEPs of the right APB
thumb muscle. The hotspot and coil orientation were
recorded for subsequent single-pulse TMS and iTBS ses-
sions.

Single-pulse TMS. The single-TMS session consisted of
measuring active motor threshold (aMT) and active input—
output (alO) curve. Single biphasic pulse TMS was delivered
to the previously determined ‘“‘hotspot’ located in the left
MI to generate MEPs of the right APB thumb muscle using
surface EMG. EMG signals were acquired through Spike
2.0 software and analog-to-digital converter. These signals
were then amplified by 5000-folds with a bandpass filter be-
tween 30 and 1000Hz and a line filter (60 Hz notch). aMT
was measured while participants were instructed to gently ac-
tivate the right APB thumb muscle.

To sustain a consistent tonic activation level throughout
the measurement, participants were instructed to match
their real-time EMG signal to a target level corresponding
to 20% of their maximum muscular activation through visual
feedback displayed on a monitor. aMT refers to the minimal
TMS intensity that is required to elicit motor output and was
measured using a freeware program that employs maximum-
likelihood parameter estimation by sequential testing strat-
egy without the need for a priori information (TMS Motor
Threshold Assessment Tool 2.0). The same tonic activation
level was maintained during the subsequent alO curve proce-
dure. alO curve describes how MEP amplitude changes with
stimulus intensity.

MEP amplitudes were obtained by postprocessing EMG
signals using MATLAB to calculate peak-to-peak MEP am-
plitude values between 20 and 50 msec after the onset of each
TMS pulse. Sixteen different stimulus intensity levels rela-
tive to aMT were delivered using preprogrammed sequence.
Sixteen stimulus levels were 80%, 90%, 95%, ..., 150%,
155%, 165% of aMT with four repeats at each stimulus
level, yielding a total of 64 trials. The order of stimuli was
pseudorandomly shuffled with intertrial intervals that were
also pseudorandomly varied between 6 and 9 sec with 1 sec
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FIG. 1.

Experimental procedures. Each participant took part in two sessions to complete this study. During the first session,

participants underwent the UDS Neuropsychological Battery. During the second session, outcome measures including cor-
tical excitability and resting-state functional connectivity were acquired immediately before and after the iTBS. Single-pulse
TMS was applied over the left primary motor cortex to assess aMT and other cortical excitability measures. aMT, active
motor threshold; iTBS, intermittent theta burst stimulation; MRI, magnetic resonance imaging; TMS, transcranial magnetic
stimulation; UDS, Uniform Data Set.
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resolution. This method could minimize potential sequence
effect that was observed in earlier studies (Rossini et al.,
2015).

Intermittent theta burst stimulation. The iTBS protocol
comprised of 600 biphasic pulses at 80% of aMT. The stim-
uli were patterned in 3-pulse bursts at 50 Hz, which repeated
at a frequency of 5Hz, and were delivered in intermittent
trains, each train lasting 2 sec with a 6.9 sec intertrain interval
(Huang et al., 2005). The TMS coil was positioned at the
same motor hotspot identified for the single-pulse TMS
using the 3D neuronavigation system.

MRI acquisition

All brain images were acquired using MAGNETOM®
Skyra 3 Tesla MRI scanner (Siemens Medical Systems,
Erlangen, Germany) with a 32-channel receiver head coil.
Foam pads were applied to prevent head motion. The local-
izer was collected using the following parameters—
direction: inferior to superior, repetition time (TR)=8.6 msec,
echo time (TE)=4.0msec, flip angle=20, field-of-view
(FOV)=250mm, 5 slices, 7mm slice thickness.

High-resolution structural images were acquired using a
T1-weighted spoiled gradient recalled sequence (TR=2530
msec; TE=3.3msec; FOV=25.6cm; flip angle=20°; in-
plane matrix size =256x256; slice thickness =1 mm; num-
ber of slices=176). Whole-brain resting-state fMRI data
were collected using T2*-weighted echo-planar imaging
pulse sequence: FOV =240mm; TR =3000msec; TE=36
msec; flip angle =90°; in-plane acquisition matrix size =160
x 160; voxel size=1.5 mm>; and multiband factor=2; scan
time = 8 min), resulting in functional data from 39 axial slices
with isotropic voxels of 4mm®. During the resting-state
fMRI scan, participants fixated their eyes on a crosshair
with eyes open.

Outcome measures and statistical analysis

The outcome measures included cortical excitability and
rsFC. See below.

Cortical excitability. Both amplitude of MEPs and active
input—output curve (alO curve) parameters in response to
single-pulse TMS would be used to measure cortical excit-
ability. We used principal component analysis (PCA) to ex-
tract a dominant component among changes in MEPs
(AMEPs change =Post-iTBS — Pre-iTBS) across 13 TMS in-
tensities (i.e., 100-165% of aMT). PCA is a mathematical
procedure that reduces the dimensionality of a data set con-
sisting of many intercorrelated variables while retaining the
variance in the data set as much as possible. In addition to the
amplitude of MEPs, the first component score (1;AMEPs)
generated by the PCA for each individual was used for statis-
tical analysis.

For the alO curve parameters, the amplitudes of MEP
(Ayep) were used to model the alO curve as a function of
TMS intensity (s) by fitting the data to a Boltzmann equation
(Devanne et al., 1997). The Boltzmann equation [Eq. (1)] has
three free parameters: a, b, and sy. As shown in Figure 2, a
corresponds to the change in MEP amplitude across stimula-
tion intensities (i.e., maximum MEP amplitude minus mini-
mum MEP amplitude), b corresponds to the spread of the
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FIG. 2. Parameters derived from alO curve fitted by the
Boltzmann equation. a = Change in amplitude of MEP across
TMS intensities, b=the spread of the curve, sy=sensitivity
index (i.e., midpoint of the curve=TMS intensity at which
0.5a + ¢y was elicited). alO, active input—output; MEP,
motor-evoked potential.

curve, and sg is the sensitivity (i.e., midpoint of the curve=
TMS intensity at which 0.5a + ¢, was elicited). The fitting
was performed for each individual participant, and for each
alO curve acquired immediately before and after iTBS. The
fitting parameters were constrained conditionally to ensure
convergence. The bottom plateau in alO curve is the active
muscle contraction level (&), hence constrained by taking
the prestimulus peak-to-peak between —100 and 0 msec.
Apep(s) =& + % (L
14+e7

Participants from our study were self-reported healthy
older adults. The UDS Neuropsychological Battery was
used to evaluate participants’ cognitive function. As afore-
mentioned, the UDS Neuropsychological Test Battery provi-
des a comprehensive assessment of cognitive status, and has
been extensively used in cognitively normal older adults, in-
dividuals with subjective cognitive complaints, and patients
with mild cognitive impairment. This assessment focused on
domains, including attention, processing speed, executive
function, episodic memory, and language.

Tests included the Montreal Cognitive Assessment, Digit
Span (Forward and Backward), Trail Making Test (Part A
and Part B), Benson Complex Figure (Immediate and
Delayed), Category Fluency-Animals, Category Fluency-
Vegetables, and symbol search task (Weintraub et al.,
2018). Although our participants are self-reported healthy
older adults, variabilities existed in the neuropsychological
data across participants (Supplementary Table S1). There-
fore, we used the neuropsychological data as a covariate in
our analyses to control for the potential confounding factor
of cognitive disparities. The PCA was applied to the 16 neu-
ropsychological variables derived from the UDS Neuropsy-
chological Battery, and the first principal component that
accounted for most of the variance would be included as a
covariate in the analysis.

We compared the mean changes in MEPs among 13 levels
of TMS intensities (i.e., 100-165% aMT) between pre-iTBS
and post-iTBS (TIME) with a two-way repeated-measures
analysis of covariance (ANCOVA; INTENSITY x TIME),
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including the UDS Neuropsychological Battery score as a
covariate. Data normality was assessed using the Kolmogorov—
Smirnov and Shapiro—Wilk test. The homogeneity of variances
was tested using Levene’s test. Cortical excitability was also
assessed by the 1; AMEPs derived from PCA and alO curve
parameters, including a, b, and sy. The percentage changes
in alO curve parameters were computed as a ratio of post-
iTBS value divided by pre-iTBS value (e.g., Aa% =Post-
iTBS a/Pre-iTBS a) for each participant. One-sample #-test
was performed on 4; AMEPs, Aa%, Ab%, and Asy% to exam-
ine the iTBS effect on cortical excitability.

Resting-state functional connectivity. Resting-state fMRI
data were preprocessed with realignment, unwarping (sub-
ject motion estimation and motion correction), slice timing
correction, outlier detection (composite movement from
preceding image >0.5mm), simultaneous gray/white/
cerebrospinal fluid segmentation and MNI normalization
and smoothing with Gaussian kernel at 8 mm full-width-
at-half-maximum. Preprocessing procedure was performed
with the Statistical Parametric Software (SPM; Wellcome
Department of Imaging Science, Functional Imaging
Laboratory, University College London) and CONN func-
tional connectivity toolbox (Whitfield-Gabrieli and Nieto-
Castanon, 2012).

We first conducted the seed-to-voxel analysis by estimat-
ing how iTBS changed the voxel-wise functional connectiv-
ity in the whole brain using each individual’s motor hotspot
as a seed. Each participant’s hotspot (i.e., stimulation site)
was recorded using the LOCALITE system (Localite Ver-
sion 3.0.41; Polaris System), and the Talairach coordinate
was exported for analysis. The Talairach coordinate was
then converted into MNI coordinate. We created a spherical
seed with a radius of 5mm centered at the individual MNI
coordinate (averaged MNI across participants: [—36, —20,
48]) by fslmaths (Jenkinson et al., 2012). At the individual-
level analysis, the design matrix included two sessions (Pre-
iTBS and Post-iTBS) plus six motion parameters and their
temporal derivatives derived from outlier identification, seg-
mented white matter, and cerebrospinal fluid mean signal as
confounding variables.

All images were bandpass filtered (0.008-0.09 Hz). The
fMRI signal time course was averaged across all voxels
within the seed region. We computed the correlation coeffi-
cients between the averaged time course of the seed and the
time course of each voxel in the whole brain for all partici-
pants. The z-transformed Pearson correlation maps were
brought to the second-level group analysis. Contrasts from
the first level individual analysis was fed into second-level
seed-to-voxel analysis. The event time of pre-iTBS and
post-iTBS were coded into the general linear model. To ac-
count for the variance in cognitive performance present in
our sample of older adults, we added the UDS Neuropsycho-
logical Battery score as a covariate. Voxel-wise analysis re-
sult was presented at a p <0.05 false discovery rate-corrected
cluster-wise threshold, with the minimum cluster size =20
voxels and a p <0.001 uncorrected voxel-wise threshold.

We next performed the region-of-interest (ROI) analysis
to estimate the changes in interhemispheric rsFC and base-
line interhemispheric rsFC. The whole-brain functional con-
nectivity matrix was calculated across the time series using
the Fisher z-transform correlation coefficient map among

69 ROIs defined by the automated anatomical labeling
atlas (Tzourio-Mazoyer et al., 2002). We obtained the corre-
lation coefficient maps (69 x 69 regions) for rsFC before and
after iTBS.

Correlations between outcome measures. The relation-
ship between 4;AMEPs derived from PCA and changes in
rsFC after iTBS was assessed using Pearson’s partial corre-
lations including the UDS Neuropsychological Battery
score as a covariate. A partial correlation was also conducted
to assess the relationship between the baseline rsFC and
A AMEPs. In addition, we assessed correlations between
AMAMEPs and aMT, a, b, and sy. Pearson’s partial correla-
tions were computed by including the UDS Neuropsycholog-
ical Battery score as a covariate. The representativeness of the
PCA-derived first principal component score (4;AMEPs) for
the averaged changes in MEP amplitude after iTBS was ex-
amined with Pearson’s correlation. A p-value of <0.05 (two
tailed) was considered statistically significant.

Results
iTBS significantly increased MEP amplitudes

We used two-way repeated-measures ANCOVA to test
TMS intensity (13 levels: 100-165% of aMT), iTBS (2 lev-
els: pre-iTBS and post-iTBS), and their interaction effects on
MEP amplitudes while controlling for UDS Neuropsycho-
logical Battery score. MEPs data at all TMS intensity levels
are normality distributed, as indicated by p-values >0.05 fol-
lowed by the Kolmogorov—Smirnov and Shapiro—Wilk tests
of normality. Levene’s test was not significant, suggesting
homogeneity of the residual variance across all participants.
The two-way repeated-measures ANCOVA revealed a sig-
nificant main effect of intensity, F(1, 512)=209.54,
p<0.001, and a significant INTENSITY x TIME interaction
effect, F(1, 512)=120.01, p=0.0403.

Post hoc analyses of the interaction effect using pairwise
comparisons with Bonferroni corrections showed that signif-
icant increases in MEP amplitudes after iTBS were observed
at the single-pulse TMS intensities at 110% aMT (p=0.016)
and 165% aMT (p=0.015) (Table 1 and Fig. 3). We used
PCA to extract a dominant component among changes in am-
plitudes of MEPs (AMEPs change =Post-iTBS — Pre-iTBS)
across the 13 suprathreshold TMS intensity levels (i.e., 100—
165% of aMT). The first principal component score of
changes in MEP amplitudes after iTBS accounted for 37.9%
of the total variance. Instead of using 13 different TMS inten-
sities, the score of the first principal component with the most
variance explained was used to represent changes in MEP am-
plitude after iTBS. The first principal component was domi-
nated by positive loadings >0.30 for MEP changes in
response to iTBS at 110%, 105%, 155%, 120%, 145%, and
115% aMT (Supplementary Table S2). One-sample r-test
on 4, AMEPs was significantly >0, #(15)=2.593, p=0.01.

The change in MEPs due to iTBS was strongly correlated
with 1;AMEPs (r=0.760, F=21.4, p=0.0004), indicating
that greater /;AMEPs were associated with greater changes
in MEP amplitude in response to iTBS. The A;AMEP will
be used to correlate with brain functional connectivity data
in the following analysis. For the alO curve parameters
(i.e., a, b, and s), one-sample r-tests revealed that the max-
imum MEP amplitude (i.e., a in Table 1) increased
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TABLE 1. SUMMARY OF INTERMITTENT THETA BURST STIMULATION EFFECTS ON CORTICAL EXCITABILITY MEASURES

Outcome measures Baseline (Pre;rps) Difference (Post;rgs — Pre;rps) t-Score p

MEPs at 110% aMT 549 £ 380 1021178 2.489 0.016
MEPs at 165% aMT 1329+ 547 183+338 2.360 0.015
a (uv) 1417 £837 3811845 1.893 0.039
so (% MSO) 60.8t14.5 1.2+5.9 0.825 0.211
b (% MSO) 42+1.7 0.8+£2.0 1.638 0.061
A1 AMEP — 194 +299 2.593 0.010

aMT, active motor threshold; iTBS, intermittent theta burst stimulation; MEPs, motor-evoked potentials; MSO, maximum stimulator

output.

significantly after iTBS (r=1.7411, p=0.039), but the sensi-
tivity measure (so in Table 1) and the spread (b in Table 1) of
the alO curve did not show a significant iTBS effect.

iTBS significantly increased rsFC

The seed-to-voxel analysis with individual stimulation site
as a seed (i.e., hotspot within the left hemisphere responsible
for the right thumb movement) yielded significant iTBS ef-
fects on the following brain regions: bilateral precentral
gyri (M1), bilateral supplementary motor area (SMA), and
right postcentral gyrus (S1; p<0.001, family-wise error cor-
rected at the cluster level, Table 2 and Figure 4). The result
indicates that iTBS significantly increased rsFC between the
stimulation site and bilateral primary motor, bilateral premo-
tor, and right primary sensory areas.

Changes in MEP amplitudes after iTBS were associated
with interhemispheric rsFC of sensory motor cortex

Based on the findings that M1, SMA, and S1 exhibited
changes in rsFC after iTBS, we used rsFC among six ROIs
(i.e., left M1 [MNI: —39, —6, 51], right M1 [MNI: 41, -8,

Input-Output Curve (Pre-iTBS vs. Post-iTBS)
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FIG. 3. The alO curve was used to model the MEP ampli-
tudes as a function of TMS intensity (% motor threshold) by
fitting the data to a Boltzmann equation. Red line denotes the
pre-iTBS cortical excitability profile, and blue line denotes
the post-iTBS cortical excitability profile. The inset repre-
sents the Boltzmann curve fit to the alO curve of each partic-
ipant within the green zone for both pre-iTBS and post-iTBS
conditions.

52], left S1 [MNI: —42, —23, 49], right S1 [MNI: 41, —25,
53], left SMA [MNI: -5, -5, 61], and right SMA [MNI:
9, 0, 62]) to examine relationship between rsFC and changes
in MEP amplitudes.

First, we used Pearson’s partial correlations to examine the
relationship between changes in MEP amplitudes and rsFC
after iTBS with UDS Neuropsychological Battery score as
a covariate. The iTBS-induced change in MEP amplitudes
(i.e., 2;AMEPs) was positively correlated with changes in in-
terhemispheric rsFC between (1) left M1 and right M1
(r=0.658, p=0.0076), (2) left M1 and right S1 (r=0.687,
p=0.0047), and (3) left S1 and right S1 (r=0.516,
p=0.043). In other words, a greater increase in MEP ampli-
tudes was significantly associated with higher increases in in-
terhemispheric rsFC among these ROIs (Fig. SA).

Second, we examined whether baseline rsFC could be used
to account for cortical excitability response to iTBS. The
change in MEP amplitudes (i.e., /;AMEP) was significantly
correlated with the baseline interhemispheric rsFC between
(1) bilateral M1 (r=-0.576, p=0.0245), (2) left M1 and
right S1 (r=-0.558, p=0.030), and (3) left S1 and right
SMA (r=-0.638, p=0.01). Individual with lower baseline
interhemispheric rsFC within sensory motor cortex exhibited
a greater change in MEP amplitudes after iTBS (Fig. 5B).

aMT and sensitivity were associated with interhemispheric
rsFC of sensory motor cortex

Using the six ROIs (i.e., bilateral M1, S1, and SMA), we
found significant negative correlations between aMT and the
rsFC changes after iTBS in these ROI pairs: left M1-right M1
(r=-0.5929, p=0.015), left M1-right SMA (r=-0.5734,
p=0.025), and left S1-right M1 (r=—0.5708, p=0.02), left
Sl-right S1 (r=-0.6720, p=0.004), and left SMA-right
SMA (r=0.555, p=0.026), indicating that lower aMT was
associated with greater increase in interhemispheric rsFC
after iTBS (Fig. 6A).

Furthermore, significant positive correlations were found
between aMT and baseline interhemispheric rsFC in these
ROI pairs: left Ml-right M1 (r=0.5820, p=0.018), left
Ml-right S1 (r=0.5421, p=0.030), left Sl-right S1
(r=0.5252, p=0.036), left Sl-right SMA (r=0.626,
p=0.009), and left SMA-right SMA (r=0.672, p=0.006),
indicating that individuals with lower aMT featured a
lower pre-iTBS interhemispheric rsFC (Fig. 6B). However,
the relationship between MEP changes and aMT was not sta-
tistically significant (r=0.238, p=0.098).

Similarly, we found significant negative correlations be-
tween sy (i.e., a sensitivity measure derived from the alO
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TABLE 2. BRAIN REGIONS THAT EXHIBITED INCREASED RESTING-STATE FUNCTIONAL CONNECTIVITY WITH
THE STIMULATION SITE AFTER INTERMITTENT THETA BURST STIMULATION

MNI coordinate Cluster level

X Y z Side Cluster distribution Peak t-value Size Prpr-corr Pocorr
—16 —18 62 L Precentral gyrus (M1) 5.58 540 <0.000094 <0.000001
12 -20 60 R Precentral gyrus (M1) 4.88

-2 —16 66 L SMA 4.16

4 —10 72 R SMA 4.42

—-30 —18 74 R Postcentral gyrus (S1) 4.37

FDR, false discovery rate; SMA, supplementary motor area.

curve with lower sy indicating higher sensitivity) and the
rsFC changes after iTBS. Significant correlations were
found in the following ROI pairs: left MIl-right M1
(r=—-0.6374, p=0.0079), left Ml-right S1 (r=-0.507,
p=0.0447), and left S1-right M1 (r=—-0.5667, p=0.0221),
and left S1-right S1 (r=-0.5479, p=0.028), showing that
lower s, (higher sensitivity to single-pulse TMS) was associ-
ated with greater increase in interhemispheric rsFC after
iTBS.

Furthermore, significant positive correlations were found
between s, and baseline interhemispheric rsFC in these ROI
pairs: left M1-right M1 (r=0.6526, p=0.006), left M1-right
S1 (r=0.7486, p=0.0008), left Sl-right S1 (r=0.5673,
p=0.0219), left S1-right SMA (r=0.6312, p=0.0087), and
left SMA-right SMA (r=0.5927, p=0.0155), indicating
that individuals with lower s, (higher sensitivity to single-
pulse TMS) exhibited a lower pre-iTBS interhemispheric
rsFC. sy was significantly correlated with aMT (r=0.8575,
p<0.0001), but the relationship between MEP changes and
so was not statistically significant (r=0.31, p=0.0735).

Finally, to examine signs of muscle fatigue during alO
curve measurements, we calculated the mean power spectral
density of the EMG signal from the first five trials and the last
five trials of the alO curve measurements. The power spec-
trum density was extracted from the median power frequency
using the Fast Fourier transformation. As suggested from the
previous literature (Fuglevand et al., 1993; Kallenberg et al.,
2007), a significant decrease in spectral density would indi-

Left M1 stimulation - iTBS

Post-iTBS > Pre-iTBS

cate muscle fatigue. The paired #-test analysis did not show
a significant decrease in power spectral density between
the first five trials and the last five trials, #(14)=1.7769,
p=0.10, indicating that no apparent sign of fatigue was ob-
served during alO curve measurements.

Discussion

In this study, we investigated excitatory iTBS effects on
both the amplitudes of MEP and brain rsFC in older adults.
We also explored response heterogeneity to iTBS in older
adults. First, iTBS significantly increased MEP amplitudes
and rsFC between the stimulation site (i.e., M1) and primary
sensory motor cortex and SMA. The increase in MEP ampli-
tudes was significantly associated with positive changes in
rsFC after iTBS. Second, baseline interhemispheric rsFC
within the sensory motor cortex was significantly correlated
with the enhancement of MEP amplitudes.

Association between iTBS-induced changes
in MEP amplitudes and functional connectivity

Consistent with previous TMS literature in healthy youn-
ger adults (Nettekoven et al., 2015; Volz et al., 2013), we
reported positive correlations between changes in MEP am-
plitudes and rsFC among sensory motor cortex and SMA in
older adults (Fig. 5). For example, a study showed that
changes in MEP amplitudes after quadri-pulse rTMS were
correlated with changes in rsFC between the stimulated

FIG. 4. Brain regions that exhibited in-
creased resting-state functional connectivity
with the stimulation site (i.e., left primary
motor cortex or M1) after iTBS. Results are
cluster-size, FDR corrected for multiple
comparisons (Z>2.92; p<0.005) and are
overlaid on the MNI template. FDR, false
discovery rate.
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(A) Partial correlations between changes in IHFC (AIHFC) and 4;AMEPs. Resting-state functional connectivity

between the left primary motor cortex (M1) and right somatosensory cortex (S1), between left M1 and right M1, and between
left S1 and right S1 was positively correlated with changes in MEPs (i.e., A;AMEPs). The Pearson correlation coefficients (r)
and p-values are displayed. The Pearson partial correlations are computed controlling for cognitive performance measured by
the UDS Neuropsychological Battery. (B) Partial correlations between baseline IHFC and A;AMEPs in response to iTBS.
Resting-state functional connectivity between the left M1 and right M1, between left M1 and right S1, and between left
S1 and right SMA was negatively correlated with 2;AMEPs. The shaded error bands indicate 95% confidence intervals.

IHFC, interhemispheric functional connectivity; SMA, supplementary motor area.

M1 and contralateral M1 in younger adults (Watanabe et al.,
2013). Similarly, healthy younger adults who exhibited a
stronger bilateral motor connectivity among M1 and premo-
tor cortex after single-pulse TMS showed a shorter MEP la-
tency (i.e., the time between single-pulse TMS and onset of
MEPs) (Volz et al., 2015).

Previous studies have also shown that TMS over M1 in-
duced significant activation in somatosensory cortex (Denslow
etal., 2005; Jung et al., 2020). The local electromagnetic stim-
ulation and TMS coil motion could lead to tapping sensation
against the scalp. As a result, activation in the somatosensory
area due to scalp stimulation would be expected, and has been
reported to occur slightly lateral and inferior to the hand area
of the precentral gyrus (Roland et al., 1998). In addition, M1
may play a role in coordinating with somatosensory area for
somatic sensation (Naito et al., 2002). Therefore, increased
rsFC between M1 and somatosensory cortex after iTBS ob-
served in our study could be attributable to synchronization
of signals from MI, afferent/reafferent sensory feedback,
and tactile sensation over the scalp.

In addition, the correlations between changes in rsFC and
behavior have been reported in clinical populations. For exam-
ple, successful rTMS treatment for major depression measured
by the Hamilton Depression Rating Scale was associated with
increase in frontal-striatal-thalamic rsFC (Salomons et al.,
2014). Similarly, for rTMS treatment in individuals with
obsessive-compulsive disorder, changes in cortical-striatal

rsFC after stimulation of the dorsomedial prefrontal cortex cor-
respond with a larger reduction of symptoms (Beuzon et al.,
2017; Dunlop et al., 2016; Figee et al., 2013).

In addition, Ackerley et al. used iTBS targeting the ipsile-
sional M1 to examine treatment efficacy in stroke patients.
An asymmetric index was used to indicate the interhemi-
spheric balance of corticomotor functional connectivity.
They showed that better motor response was associated
with greater improvement in the symmetry of corticomotor
functional connectivity (Ackerley et al., 2016). Overall, in
agreement with previous studies in healthy younger adults
and individuals with clinical conditions, our findings suggest
that alterations in cortical excitability in response to iTBS
could be partially explained by changes in rsFC.

Baseline functional connectivity measures correlated with
the enhancement in cortical excitability

Response heterogeneity has been reported in rTMS re-
search (Bhandari et al., 2016). In this study, we examined
the relationship between baseline rsFC and the subsequent
iTBS aftereffects in older adults. We observed that baseline
interhemispheric rsFC was associated with the responsive-
ness to iTBS in older adults. Specifically, stronger baseline
interhemispheric rsFC between the sensorimotor cortex and
premotor area was associated with reduced changes in corti-
cal excitability after iTBS.
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Previous fMRI studies have suggested that older adults
tend to exhibit a greater spread of cortical activation during
motor and cognitive processing compared with younger
adults (Logan et al., 2002; Riecker et al., 2006), as well as
areduction of interhemispheric asymmetry in terms of activa-
tion (Cabeza, 2002). We speculate that stronger baseline in-
terhemispheric rsFC between the sensorimotor cortex and
premotor area during resting state might be associated with
nonselective recruitment of brain activity in older adults. Dif-
ferent levels of interhemispheric communication during rest-
ing state might contribute to the increased variability of rsFC
as well as response heterogeneity to iTBS in older adults.

These differences in baseline interhemispheric rsFC
among older adults may have significant implications for
the design of individualized TBS intervention. Older adults
with stronger interhemispheric rsFC exhibit a narrower mar-
gin of improvement in rsFC after iTBS. This may be because
the interhemispheric rsFC has been optimized as a compen-
satory mechanism in these older adults. Conversely, older
adults with relatively low baseline interhemispheric rsFC
have a greater margin for optimizing their functional brain
patterns after iTBS.

In addition, the increased interhemispheric rsFC during
resting state could be attributed to morphometric brain
changes in older adults. Corpus callosum is the largest white
matter bundle of commissural fibers between the hemispheres
and likely plays a role in preserving functional asymmetry be-
tween homologous cortical regions (Bloom and Hynd, 2005;
Roland et al., 2017; Rosen et al., 2013; Voineskos et al.,
2010). The age-related differences in cortical activation and
alteration in morphometric measurements were not reported
in our study due to the limitation of lacking a younger
group; there are reports in the literature that highlighted the
possibility of contributing to more variability in interhemi-
spheric connectivity patterns relative to younger adults.

Limitations and future directions

There were limitations that should be considered when
interpreting the findings. One limitation of this study was
the lack of a group of younger adults, as baseline rsFC in
the younger group can provide more insight on age-related
rTMS responsiveness. Second, we did not collect behavioral
response with respect to motor task performance. Questions
such as whether iTBS has an impact on motor accuracy or ac-
tivity frequency and how the motor task performance is asso-
ciated with rsFC should be addressed in future studies. Third,
a sham-controlled design with a larger sample size in future
studies would be warranted. Due to the relatively small sam-
ple size, the association between baseline interhemispheric
rsFC and iTBS response should be interpreted with caution,
and replication studies would be needed.

Fourth, participants were instructed to contract their right
APB thumb muscle during the alO curve measurements.
This voluntary muscle activity in proximity to the application
of iTBS over the primary motor cortex could modulate the af-
tereffects of iTBS. While the full mechanisms are not entirely
elucidated, this is thought to be reflective of homeostatic
metaplasticity as the voluntary contraction alters the synaptic
activation history of the targeted cortical tissue, which in turn
makes it more or less responsive to LTP/LTD-like responses
(Goldsworthy et al., 2012, 2014, 2015; Huang et al., 2008). It

LIU ET AL.

is possible that metaplasticity is influencing our findings in
ways that were not fully captured in our data set, and this is
a limitation of the study.

For future suggestions, other individual and momentary
features related to brain state and morphology as well as
gene polymorphism have been shown to moderate the rTMS
effects (Cheeran et al., 2008). Therefore, it will be essential
to incorporate these potential moderating factors such as
white matter integrity and genotype (e.g., brain-derived neuro-
trophic factor genotype) into future TMS studies. Given that
baseline interhemispheric rsFC in the sensory motor and pre-
motor regions is associated with iTBS-induced response, fu-
ture studies should leverage baseline rsFC and develop
personalized TMS protocols tailored for different individuals.

Conclusions

In summary, excitatory iTBS over the primary motor cor-
tex can enhance cortical excitability and rsFC among sensory
motor and premotor cortex in older adults. The responsive-
ness of iTBS is strongly correlated with changes in resting-
state interhemispheric functional connectivity. Furthermore,
older adults with higher baseline interhemispheric functional
connectivity among the sensorimotor cortex and premotor
regions exhibit reduced changes in cortical excitability
after iTBS. Interhemispheric rsFC has great potential serving
as a useful marker for future iTBS studies to account for
iTBS responsiveness.
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