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ARTICLE INFO ABSTRACT

Keywords: Background: Transcranial magnetic stimulation (TMS) is a widely used technique for the noninvasive assessment
Transcranial magnetic stimulation and manipulation of brain activity and behavior. Although extensively used for research and clinical purposes,
Reliability recent studies have questioned the reliability of TMS findings because of the high inter-individual variability that

Personalized interventions has been observed.

Objective: In this study, we compared the efficacy and reliability of different targeting scenarios on the TMS-
evoked response.

Methods: 24 subjects underwent a single pulse stimulation protocol over two parietal nodes belonging to the
Dorsal Attention (DAN) and Default Mode (DMN) Networks respectively. Across visits, the stimulated target for
both networks was chosen either based on group-derived networks’ maps or personalized network topography
based on individual anatomy and functional profile. All stimulation visits were conducted twice, one month apart,
during concomitant electroencephalography recording.

Results: At the network level, we did not observe significant differences in the TMS-evoked response between
targeting conditions. However, reliable patterns of activity were observed— for both networks tested— following
the individualized targeting approach. When the same analyses were carried out at the electrode space level,
evidence of reliable patterns was observed following the individualized stimulation of the DAN, but not of the
DMN.

Conclusions: Our findings suggest that individualization of stimulation sites might ensure reliability of the evoked
TMS-response across visits. Furthermore, individualized stimulation sites appear to be of foremost importance in
highly variable, high order task-positive networks, such as the DAN.

Dorsal attention network
Default Mode Network

1. Introduction invasive brain stimulation (NiBS) approaches, especially transcranial
magnetic stimulation (TMS) (Hallett, 2000). TMS relies on the laws of

In recent years, growing interest has been directed toward the un- electromagnetism, whereby when an electric current travels through a
derstanding of the tight link between neural processes and human be- coil of wires, a strong magnetic field is generated, capable of inducing
havior. In the past, this has largely been accomplished thanks to neu- a perpendicular, secondary electrical field in an underneath medium
roimaging and electrophysiological studies, which however suffer from (Hallett, 2000). When applied to the brain, this principle has hence
the major shortcoming of being able to show correlation, but not causal- been used to induce externally caused neural discharges. Furthermore,
ity, between neural events and behavioral outcomes. One possible ap- because our brain is a plastic system, TMS can be employed to favor
proach for the study of cause/effect relationships is represented by non- mechanisms resembling those of long-term potentiation or depression
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(Huerta and Volpe, 2009). Since TMS represents a safe and nonin-
vasive approach, several stimulation devices and protocols have re-
ceived the Food and Drug Administration (FDA) approval for the treat-
ment of medication-resistant Depression (Connolly et al., 2012), Mi-
graine (Schwedt and Vargas, 2015), Obsessive Compulsive Disorder
(Stultz et al., 2020) and smoking cessation (Young et al., 2021). How-
ever, beyond that, most other TMS protocols have only reached a level
B evidence (probable efficacy) for the treatment of specific symptoms
in other pathologies, such as stroke, fibromyalgia, multiple sclerosis,
Parkinson’s disease and posttraumatic stress disorder (Lefaucheur et al.,
2020). A major concern to TMS applications is the consistency and
replicability of its findings due to the high inter-subject variability
(Lopez-Alonso et al., 2014; Nettekoven et al., 2015; Terranova et al.,
2019; Belardinelli et al., 2019; Corp et al., 2021; Valero-Cabré et al.,
2017). Apart from dosing and stimulation parameters, another impor-
tant source of variability is the selection of the stimulation sites, which in
most studies is chosen based on approximate anatomical landmarks (e.g.
based on the 10-20 electroencephalography-EEG system, or the “5 cm
rule” for the selection of dorsolateral prefrontal areas). Indeed, most
TMS studies use anatomical coordinates derived from common brain
templates to determine stimulation spots in non-motor regions with an
implicit assumption that a given anatomical region in the cortex is part
of the same network or involved in the same brain function across indi-
viduals. Considering the extensive variability in individual brain mor-
phology especially within higher order associative/heteromodal cortices
(Doucet et al., 2019) further transformation of these average brain co-
ordinates into individual MRI space makes it hardly possible to target
functionally identical cortical nodes across subjects and most probably
contributes to variability in TMS evoked brain responses derived from
non-motor brain regions (Ozdemir et al., 2021). This results in poor
consistency of the stimulated areas across study participants, which
can be largely overcome by means of more personalized approaches,
for example relying on the combination of TMS and neuroimaging
data for individual target selection. In the past years, this has been a
hot topic across research groups, proving how individualized, network-
based approaches might enhance the efficacy of circuit-based interven-
tions (Nestor and Blumberger, 2020), both in healthy young partici-
pants (Ozdemir et al., 2020), as well as in pathological population,
such as patients suffering from Depression (Cash et al., 2020; Moreno-
Ortega et al., 2020; Siddiqi et al., 2020). Furthermore, recent evidence
points in the direction of brain functional patterns to represent unique
signature of the individual brain (Finn et al., 2015), and so the evoked
responses to TMS to be highly individual-specific (Ozdemir et al., 2021).
Although greater consistency in stimulation targets might not be di-
rectly linked to greater therapeutic efficacy, consistency across TMS
studies might be achieved via individualized target selection by tak-
ing into account the underlying, highly variable, brain structural and
functional pathways reported to affect neuronal response propagation
patterns to TMS (Momi et al., 2021). Indeed, previous studies have
reported the reliability of the induced responses following individual-
ized, neuronavigated, TMS applied to dorsolateral prefrontal or motor
areas (Lioumis et al., 2009). Similarly, the strongest behavioral effect
sizes have been reported in studies employing personalized TMS tar-
geting based on functional magnetic resonance imaging (fMRI) con-
nectivity, compared to studies employing targeting based on structural,
population-derived coordinates or EEG electrodes positions (Sack et al.,
2009). Differently from prior studies (see for example (Ozdemir et al.,
2020; Lioumis et al., 2009)), here we aimed at assessing the efficacy and
reproducibility of the induced response across different scales (network
and electrode level) comparing different degrees of personalized stim-
ulation. To address this, we compared the amount of induced activity
and test-retest reliability to a single pulse TMS protocol targeting ei-
ther i) group-derived, generic stimulation targets (g) or ii) personalized
sites based on the individual functional neuroimaging data (i). In partic-
ular, group-based versus individualized targeting was assessed on two
resting state networks: the Dorsal Attention (DAN) and Default Mode
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(DMN) Networks. The efficacy of the different stimulation protocols was
measured in terms of the induced activity recorded in the surrounding
electrodes, as well as in spatially defined network maps. Furthermore,
the reliability across visits of such measures was also compared. We
chose the right superior parietal gyrus (SPG) and the right angular gyrus
(ANG) as targeting points for the stimulation of the DAN and DMN re-
spectively. The definitions of such targets on the cortex was achieved
either via a group-derived (atlas-based) network maps morphed on the
individual anatomy (for the g condition), or by means of data-driven
seed-to-voxel analyses (for the i condition). As a result, different net-
work maps were employed to individuate the stimulation target and for
the subsequent analysis of the TMS-EEG response. We hypothesized that
stimulation of functionally individualized network nodes would result
in better network engagement (i.e., efficacy of stimulation in activating
the targeted network); as well as higher reliability of such measure. In-
deed, TMS coil placement is usually based on either anatomical target
or based on group-derived functional network maps. However, this lat-
ter approach can inadvertently target different functional networks, due
to the fact that networks’ spatial distribution is highly variable across
subjects, yet reliable within (Oathes et al., 2021), such as that differ-
ent networks may occupy the same anatomical location across subjects
(Gordon et al., 2017; Lynch et al., 2022). On the other hand, more pre-
cise targeting can be achieved when considering the individual func-
tional connectivity profile (Lynch et al., 2022). Indeed, recent literature
suggests that, if our aim is to stimulate an individual brain area, stim-
ulation targets based on the individual functional connectivity to that
area increase our chances of reliably target it (Oathes et al., 2021). Our
rationale was hence that the readout of the induced activity in a network
following its individualized targeting should be a more solid estimate,
especially across visits, of its true state of activation, compared to what
measured from a general parcellation scheme following stimulation of
a general target. Hence, individualized stimulation based on functional
connectivity should allow us to more reliably target the desired individ-
ual network across visits (Oathes et al., 2021)

Finally, because individualized targeting inevitably brings the need
to address the cost/benefits ratio, we further compared the efficacy and
reliability of two different degrees of personalization in a small sub-
sample of our participants. This was achieved by assessing whether in-
dividualization based on identifying network topographies/maps using
independent component analyses (ICA) approach for each subject would
further enhance stimulation efficacy and reliability. This check is neces-
sary to determine if individualized protocols, that are necessarily more
expensive and time consuming, are worth in face of simpler and more
straightforward approaches.

2. Methods
2.1. Participants

Based on prior published work (Lioumis et al., 2009; Sack et al.,
2009; Kerwin et al., 2018), a sample size of 24 healthy participants (16
males, age = 29.67 + 10.6 years, range 19-49 years old) was employed
in this study. Written informed consent was obtained from each partic-
ipant prior to volunteering. The study was approved by the Beth Israel
Deaconess Medical Center Review Board and conducted in line with the
Declaration of Helsinki.

2.2. Neuroimaging data acquisition and preprocessing

All subjects underwent the acquisition of structural and functional
magnetic resonance imaging (rs-fMRI) data for the identification of the
individual resting state networks to stimulate. On a 3T GE Healthcare
scanner, T1-weighted anatomical data (repetition time (TR)= 6.9 ms,
echo time (TE)= 2.9 ms, voxel-size= 0.937 x 0.937 x 1 mm?, flip an-
gle (FA)= 15 deg., field of view (FOV)= 240 mm, number of volumes=
166, duration= 7.2 min), and T2* rs-fMRI data (TR= 3.196 ms,
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TE= 25 ms, voxel size= 1.87 x 1.87 x 2.5 mm?, FA= 90 deg., FOV=
240 mm, duration= three runs lasting 5 min each) were acquired. Rs-
fMRI data were then preprocessed by means of FMRIPREP (v1.2). In
more detail, anatomical data underwent spatial normalization, brain
extraction and tissue segmentation into white matter, gray matter and
cerebrospinal fluid components. Functional scans were slice-timing and
motion corrected; furthermore, functional timeseries were bandpass fil-
tered (0.008-0.08) and underwent the regression of physiological noise
by means of CompCor. Resting state functional networks were then iden-
tified based on the Yeo’s seven networks parcellation (Yeo et al., 2011).
A detailed description on how individualized functional networks were
derived is available in the Supplementary Materials, as well as in a re-
cent work by some of the authors (Ozdemir et al., 2020).

2.3. TMS protocol and network targets identification

Following neuroimaging data acquisition, participants underwent
a single pulse TMS protocol (MagPro X-100 stimulator by MagVen-
ture A/S) consisting of 120 monophasic posterior-to-anterior waveform
pulses (per condition, per visit, tot=480 pulses) at an intensity of 120%
of the individual resting motor threshold (RMT). RMT was defined as the
smallest machine output intensity capable of inducing a Motor Evoked
Potential (MEP) of at least 50 uV peak-to-peak amplitude in 5/10 tri-
als. MEPs were recorded by means of Ag-AgCl surface electrodes placed
on the first dorsal interosseous (FDI) and abductor pollicis brevis (APB)
muscles of the right hand, with the ground electrode placed on the right
ulnar styloid process. Individual RMT are reported in table S1 in the Sup-
plementary Materials. TMS pulses were delivered on the participants’
scalp via neuronavigation of the individual T1w image (imported in the
Brainsight TMS frameless neuronavigation system), which was coreg-
istered to digitalized landmarks for online monitoring of the head and
coil position. During the entire TMS session, concomitant EEG record-
ing was performed via a TMS-compatible amplifier (actiCHamp system,
Brain Products GmbH). A 64 channels cap was used, labeled according

A Target Engagement

Group-based

. Individualized

Confidence Map 1

Yeo Parcellation

Iteration .-

K &

Preprocessing Pipeline

Neurolmage 264 (2022) 119714

to the 10-20 EEG system. EEG data were referenced to Fpl, sampled
at 1000 Hz and their position on the scalp coregistered to the individ-
ual MRI by means of Brainsight TMS frameless neuronavigation system.
Electrode FPz was used as ground. The recorded TMS-EEG data were
preprocessed via a home-based script running in Matlab 2017b (Math-
Works Inc.), relaying on EEGLAB (Delorme and Makeig, 2004) functions
and TESA Toolbox for artifact removal (Rogasch et al., 2017). Briefly,
EEG preprocessing steps included baseline correction considering the
500 ms precedent to the pulse, removal of noisy channels and epochs
(of 1500 ms each) based on visual inspection, voltage (>100 uV), kur-
tosis (>3) and joint probability (single channel-based threshold >3.5
SD). The TMS artifact was removed by means of zero-padding (-2 ms
to 14 ms time window) and a fast ICA (fICA) inspection. Before that,
data were reduced into 60 components by means of principal compo-
nent analysis (PCA) to minimize the risk of overfitting. EEG data were
then interpolated around the zero-padding time window, band pass fil-
tered (1-100 Hz), notch filtered (57-63 Hz) and referenced to global av-
erage. A second round of PCA and fICA were performed to remove addi-
tional sources of noise (eye movements, muscle, cardiac and electrodes
noise, auditory evoked potentials). Finally, data were low pass filtered
(<50 Hz) and signal from missing channels eventually interpolated. Ad-
ditional information on the TMS-EEG recording parameters, preprocess-
ing, as well as few exemplificative plots of the induced activity can be
found in the Supplementary Materials and in a prior publication by some
of the authors (Ozdemir et al., 2020). The right SPG and the right ANG
gyri were chosen as stimulation sites for the targeting of the DAN and
the DMN network respectively (Fig. 1A, B). For our group-based ap-
proach, the confidence maps from a sample of 1000 healthy individuals
(Yeo et al., 2011) were morphed via Freesurfer spherical registration
into the individual anatomy and the point of maximum confidence cho-
sen as target (Fig. 1A). For our individualized approach, the site of stim-
ulation was instead chosen by means of a seed-based approach, which
was iteratively performed starting from each node of the network of in-
terest, until the SPG and ANG could be identified respectively (Fig. 1A)
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Fig. 1. Methodological Workflow and Measures of Interest. A. Group-based stimulation targets were defined based on the confidence map derived from 1000
participants (Yeo et al., 2011), which were then morphed to the individual anatomy. Alternatively, individualized stimulation targets were derived by means of
an iterative seed-based approach. B. Efficacy and test-retest reliability were assessed following network-targeting of the DAN and DMN. Interindividual differences
based on target selection for the group vs individualized approach are shown. C. Individual neuroanatomy was used for both target selection and neuronavigation
purposes during concomitant TMS-EEG. All visits were repeated 1 month apart. D. The efficacy and reliability of the stimulation was assessed in terms of the induced
activity at the source level. Furthermore, the amount of induced activity and its reliability was also assessed at the electrode level, looking at the average response

in the electrodes surrounding the stimulation site.
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(see Supplementary Materials for more details on the procedure). Fur-
thermore, a small subsample of our participants (n = 10) underwent a
third stimulation condition, where the stimulation target was identified
on entirely data-driven network maps. In this case, ICA was performed
over the 3 runs of rs-fMRI and the local maxima of the SPG and ANG
were identified by one of the experimenters. The order of stimulation
between targeting conditions (g i, ica) and targeted networks (DAN,
DMN) was randomized. All stimulation visits were then repeated after
one month. Notably, the stimulation site was identified based on the
individual rs-fMRI at baseline and it was then targeted across the test-
retest visits. Prior literature studies have highlighted that the individual
intrinsic connectivity profile, especially at rest, is reliable and consis-
tent across separate visits and days (Cash et al., 2020; Finn et al., 2015;
Fox et al., 2013). Furthermore, clinical practice often limits the possi-
bility to have more than one scanning acquisition, such as that the few
TMS studies relying on fMRI-derived stimulation sites have also identi-
fied the stimulation hotspot based on a single MRI session (for a review
see (Cash et al., 2020)). Despite the promising results of such studies
on individualized targeting over sham or general targeting conditions,
there is not yet evidence of the replicability of the underlying evoked
response by the stimulation, which we aim to address in this study.

2.4. Network and electrode-level analyses

In our first set of analyses, we compared the efficacy and the reliabil-
ity of the induced changes in source-level activity following stimulation
of either the DAN or DMN network. In order to do so, TMS induced ac-
tivity was reconstructed at the source level by means of the Brainstorm
toolbox (Tadel et al., 2011). Anatomical data and TMS-EEG recordings
of each participant were imported to allow source reconstruction to
be carried out on the individual brain. The inverse problem was ap-
proached using the minimum norm estimation, where a measure of the
induced current at each vertex is computed in the form of current density
mabp. In this regard, dipoles are built perpendicular to the imported corti-
cal surface of the individual, based on the notion that pyramidal neurons
are organized in columns normal to the outer cerebral layer (Tadel et al.,
2011). Baseline recordings (500 ms) prior to pulse delivery were used
as noise covariate to normalize the data in form of z-score. Further-
more, the scalp-to-cortex distance and the induced normalized electric
field were computed by means of SimNIBS v3.2.6 (www.simnibs.org)
to control for the possibility that differences in the induced activity be-
tween stimulation conditions were not due to differences in the amount
of stimulation reaching the brain (see Supplementary Materials).

To measure the induced effect in the resting state networks, EEG ac-
tivity was extracted from six scouts, defined as regions of interest, or
set of dipoles, on the individual cortical surface. Each scout was specific
to the type of stimulation performed and represented the network map
used to identify the stimulation target in each condition. In more de-
tails: in the group-based condition, each scout represented the DAN and
DMN resting state networks of the Yeo parcellation (Yeo et al., 2011); in
the individualized condition, DAN and DMN maps were reconstructed
based on an iterative seed based approach; finally, in the ica stimula-
tion condition, DAN and DMN maps were entirely data-driven from ICA
analysis of the individual fMRI. All timeseries were corrected based on
the individual baseline and transformed into z-scores.

Secondarily, we also checked for the efficacy and reliability of the
induced response at the electrode level. In this case, we identified the
six electrodes closer to the stimulation site based on their Euclidian dis-
tance. Their activity was averaged to obtain a single time series, which
was further normalized in respect to the baseline activity, consisting of
the 500 ms before pulse delivery. According to the 10-20 EEG system,
the electrodes closer to the DAN stimulation sites corresponded to CP2,
P2, Pz, CP4, P4, PO4 and those closer to the DMN stimulation site cor-
responded to CP6, P6, C6, CP4, P4 and PO4.

To determine the efficacy and reliability of stimulation, we computed
the amount of induced activity as the area under the curve (AUC) in
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the whole 500 ms post pulse, as well as across ten consecutive, non-
overlapping, temporal windows, consisting of 50 ms each, from the time
of the pulse to 500 ms post pulse. This allowed us to determine if a sig-
nificant effect was present on a sufficiently large temporal window after
the pulse, as well as to characterize where, in terms of smaller windows
after the pulse, the induced activity was maximum and most reliable.
Within-group, paired sample t-tests were run to compare the induced
activity to baseline. Within subject two-way repeated measures Analy-
sis of Variance (rm-ANOVA) were run to test if there was any difference
in the AUC between stimulations conditions, visits and their interaction.
A significant threshold was set at « = 0.05 to reject the null hypothesis.
To control for the risk of multiple comparisons, Bonferroni correction
was applied to the paired sample t-tests; whereas the Tukey-Kramer test
was applied to the rm-ANOVA models.

To determine the reliability of the induced TMS response following
the group-based versus individualized stimulation conditions, we ran
intra class correlation (ICC) in Matlab 2017b (MathWorks Inc.). First,
for each stimulation condition (g, i and ica for the DAN and DMN stim-
ulation), the AUC in the time window following the pulse at V1 and
V2 were computed. To measure the degree of absolute agreement be-
tween the measures, ICC was computed based on a one-way random
effects model of type 1-1 (McGraw and Wong, 1996; Koo and Li, 2016)
with the significant threshold set at p<0.05. To correct for multiple com-
parisons and thus the risk of incurring into false positive findings, the
obtained AUC values were randomly shuffled 1000 times and their re-
liability, assessed with ICC in each iteration, compared with the ICC
values obtained from the real V1 and V2 correlation. As such, we gener-
ated a null distribution of ICCs based on the permutation analyses and
we re-compute the significance of original ICC (p-values) by calculat-
ing the probability of its magnitude (r values) in the null distribution.
Finally, an ICC value (r values) in the original analyses is considered
to survive permutation, and thus significant, only if the magnitude of
a given original ICC is above 95% of all magnitudes derived from per-
mutation tests. In other words, we were interested in assessing if the
magnitude of the correlation between V1 and V2 for each condition
(g i, ica) was higher than correlations occurring by chance, as tested
via the random shuffling among their measurements over 1000 times.
The same analyses were run both in the i) 500 ms time window fol-
lowing the pulse, as well as in ii) non-overlapping windows, obtained
by diving the 500 ms in ten separate smaller windows of 50 ms each.
Compared to other correlational approaches, ICC has the advantage of
operating on data organized in groups, rather than as paired observa-
tions, whereby the data are scaled based on a pooled mean and standard
deviation, thus making it the desirable statistical approach for the study
of reproducibility and consistency of the same measurements across
observations.

3. Results
3.1. Efficacy of stimulation at the network level

Paired sample t-tests were run to compare the mean difference be-
tween the baseline and the induced activity across conditions and visits.
At both V1 and V2, stimulation of the DAN resulted in a significant dif-
ference from baseline for both for the g (V1: ty5= —6.41, p<0.0001,
Hedges’ g = 1.36; V2: t(p= —8.18, p<0.0001, Hedges’ g = 2.06) and
i (V1: to)= —5.02, p<0.0001, Hedges’ g = 1.18; V2: t(9;)= —4.89,
p<0.0001, Hedges’ g = 1.28) stimulation conditions. Following stimu-
lation of the DMN, significant difference from baseline was observed
across visits for the g (V1: tp;;= —6.76, p<0.0001, Hedges’ g = 1.77;
V2: tp1)= —7.3, p<0.0001, Hedges’ g = 1.76) and i (V1: t53= —6.95,
p<0.0001, Hedges’ g = 1.41; V2: f= —7.39, p<0.0001, Hedges’
g = 1.63) conditions.

All the results survived Bonferroni correction (0.05/8; a = 0.0062).
Fig. 2 reports the bar charts for stimulation visits and conditions, high-
lighting the results surviving the Bonferroni correction.
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Fig. 2. Induced source activity compared to baseline. A. Following stimulation of the DAN, a significant difference from baseline was observed for both the group-
based and the individualized condition. Both stimulation scenarios were capable of inducing significantly higher activity (AUC in the 500 ms post pulse) compared
to baseline at both test and retest visits. B. Similarly for the DMN condition, a significant difference from baseline was observed following both the group-based and
the individualized stimulation. Significant difference from baseline was observed across visits. All significant comparisons survived the Bonferroni correction (***
p<0.0001). Bars represent standard deviations from the mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Next, we compared the AUC following the stimulation of group-
based versus individualized targeting. Although for both networks a
slightly higher activity was observed following the i stimulation com-
pared to the g stimulation condition, within subject two-way rmANOVA
revealed no differences across stimulation conditions and visits for ei-
ther the DAN (F(; 5;y- 2.97, p = 0.1, Hedges’ g V1= 0.4, Hedges’ g V2=
0.52) or the DMN (F (4 97y=1.24, p = 0.28, Hedges’ g V1= 0.28, Hedges’ g
V2= 0.13) (Fig. 3). Similarly, when the induced activity was analyzed in
ten separate non-overlapping windows, no significant results emerged
when comparing between stimulation conditions.

3.2. Reliability of the evoked response at the network level

The reliability of the two stimulation conditions was assessed by
means of ICC over 1000 permutations, comparing the AUC in the whole
window (500 ms) post pulse across visits, as well as by means of con-
secutive, non-overlapping windows of 50 ms each. In other words, we
were interested in assessing if the magnitude of the correlation between
V1 and V2 for each condition (g and i) was higher than correlations
occurring by chance, as tested via the random shuffling among their
measurements over 1000 times.

For the DAN network (Fig. 4A), the induced activity following the g
stimulation condition in the 500 ms post pulse was not observed to be
reliable (ICC=0.51, p.,,=0.06). Analyses on the single time windows
resulted in a significant intra class reliability only in the 200-250 ms
time-window post pulse (ICC= 0.67, p.,.= 0.04). Significant ICC values
were also observed in the first 50 ms post pulse (ICC= 0.47, p = 0.01),
as well as in the 50-100 ms (ICC= 0.35, p = 0.048), 100-150 ms (ICC=
0.58, p = 0.001) and 400-450 ms (ICC= 0.39, p = 0.03) time-windows,
which however did not survive the permutation correction.

On the other hand, high reliability was observed in the entire 500 ms
post pulse for the i stimulation condition (ICC=0.83, p..;=0. 004). Anal-
ysis of the single time-windows revealed a significant pattern at 50—
100 ms (ICC= 0.50, porr= 0.04), 100-150 ms (ICC= 0.79, p o= 0.03),
150-200 ms: (ICC= 0.5, peory= 0.04), 250-300 ms (ICC= 0.86, Peorr=

0.02), 300-350 ms (ICC= 0.56, p.,= 0.01) and 450-500 ms (ICC=
0.77, Peorr= 0.04). In the 350-400 ms (ICC= 0.35, p = 0.045) and 400-
450 ms (ICC= 0.38, p = 0.03) time-windows, ICC values did not survive
the permutation correction.

Similarly for the DMN network (Fig. 4B), the g condition resulted
in poor reliability of the response in the whole 500 ms post pulse
(ICC=-0.13, p.,r=0.7). At the level of the single time-windows, a signif-
icant ICC value was observed only at 150-200 ms (ICC= 0.46, p = 0.01),
which however did not survive the permutation correction.

On the other end, reliability across visits was observed following
the i stimulation condition (ICC=0.57, p.,=0.03). At the single time-
windows level, high reliability was observed at 250-300 ms (ICC= 0.78,
Peorr= 0.02) and at 300-350 ms post pulse (ICC= 0.54, p.,= 0.044). In
addition, significant ICC values for the i condition were also observed
in the first 50 ms post pulse (ICC=0.51, p = 0.005), which however did
not survive the permutation correction.

3.3. Efficacy of stimulation at the electrode level

Paired sample t-tests were run to compare the mean difference be-
tween the baseline versus the induced activity across conditions and
visits. For the DAN condition, a significant difference from baseline was
observed across visits for both the g (V1: t;,= —6.7, p<0.000, Hedges’
g = 1.39; V2: t5;)= —5.98, p<0.0001, Hedges’ g = 0.84) and i (V1:
te1y= —6.27, p<0.0001, Hedges’ g = 1.54; V2: t51)= —7.75, p<0.0001,
Hedges’ g = 1.8) stimulations (Fig. 5A). For the DMN condition, a sig-
nificant difference was observed across visits for both the g (V1: t;)=
-5.54, p<0.0001, Hedges’ g = 1.22; V2: t(57,= —6.86, p<0.0001, Hedges’
g = 1.44) and i stimulations (V1: t,= —6.98, p<0.0001, Hedges’
g = 1.16; V2: t(55= —4.78, p<0.0001, Hedges’ g = 1.04) (Fig. 5B). All
contrasts survived the Bonferroni correction (0.05/8; a = 0.0062).

For each network and time-window, a two-way rmANOVA was run
to test if there was any difference in the AUC between stimulations con-
ditions, visits and their interaction.
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Fig. 4. Reliability of the evoked response following group-derived or individualized stimulation. A. For the DAN, higher reliability across visits was observed
following the i stimulation condition, compared to the g stimulation condition. Significant reliability was observed throughout the entire 500 ms post pulse, as
well as in the 50-100 ms, 100-150 ms, 150-200 ms, 250-300 ms, 300-350 ms and 450-500 ms time windows. B. Similarly for the DMN condition, evidence of
reliability across visits was observed following the i stimulation. Significant reliability was observed across all the 500 ms post pulse and specifically at 250-300 ms
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legend, the reader is referred to the web version of this article.)

For the DAN network (Fig. 6A), no significant effect across stimula- slightly higher mean difference activity (Mdiff) at V2 compared to V1
tion conditions, visits and their interaction was observed on the whole (300-350 ms: Mdiff= 4.3e-06, p = 0.047; 350-400 ms: Mdiff= 5.7e-06,
500 ms post pulse period (Hedges’g V1= 0.03, Hedges’g V2= —0.14). p =0.035).

When analyses were re-run on the single time-windows, a significant In the DMN condition (Fig. 6B), a significant effect across stimu-
effect of visit was observed at 300-350 ms (F(; 51y=4.42, p = 0.047) and lation conditions was observed on the whole 500 ms post pulse time
350-400 ms (F(; 51)=5.08, p = 0.035). Post hoc comparison revealed a window(F(; 51,=5.45, p = 0.03, Hedges’g V1= 0.06, Hedges’g V2= 0.54).
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Post hoc analyses revealed a significant greater effect following the i,
compared to the g, condition (Mdiff=2.45e-5, p = 0.03). When analy-
ses were run considering the single time-windows, a significant effect
of stimulation was observed at 150-200 ms post pulse (F 51y=4.49,
p = 0.045). Post hoc comparison revealed a greater induced activity by
the i, compared to the g, condition (Mdiff= 5.5e-06, p = 0.045). At 250-
300 ms, a significant effect of stimulation (F(; 91,=7.70, p = 0.01) and
a significant interaction stimulationXvisit interaction (F( 21y=13.76,
p = 0.001) were observed. The post hoc analyses revealed greater in-
duced activity following the i, compared to the g, stimulation (Mdiff=
4.5e-06, p = 0.01), which was however present at V2 (Mdiff= 9.4e-06,
p = 0.001), but not at V1 (Mdiff= —3.3e-07, p = 0.84).

The yellow shaded area represented the first 500 ms post pulse where
the analyses were conducted. The gray shaded area represents the sin-
gle time-windows where a significant difference in the activity was ob-
served between the i and the g stimulation conditions.

3.4. Reliability of the evoked response at the electrode level

Reliability of the induced activity changes was assessed by means of
ICC over 1000 permutations, comparing the AUC on the whole 500 ms
post pulse, as well as in each single time window. For the DAN condi-
tion (Fig. 7A), the reliability of the evoked response following the g con-
ditions was observed not to reach the significant threshold (ICC=0.46,
Peorr=0.1). At the level of the single time-windows, significant reliability
was observed in the first 50 ms post pulse (ICC= 0.53, p.,=0.041) and
at 100-150 ms (ICC= 0.59,p,.=0.03). Significant ICC values were also
observed at 150-200 ms (ICC= 0.44, p = 0.02) and 250-300 ms (ICC=
0.51, p = 0.005) post pulse, which however did not survive the permu-
tation correction. On the other hand, following the i stimulation condi-
tion, reliability in the response was observed (ICC=0.58, p.,,=0.03).
At the level of the single time-windows, high-to-moderate reliability
was observed in the 250-300 ms (ICC= 0.77,p.,;;=0.008), 300-350 ms
(ICC= 0.68, Peory= 0.03) and 350-400 ms (ICC= 0.73, p o= 0.02) time-
windows post pulse.

For the DMN condition (Fig. 7B), reliability in the response across
visits was observed for the g stimulation (ICC=0.56, p.,,=0.03). At the
level of the single time-windows, moderate reliability was observed at
100-150 ms (ICC= 0.62, p.or= 0.047) and 150-200 ms (ICC= 0.65,

Peorr=0.03) post pulse. Significant ICC values following the g stimula-
tion were also observed in the 50-100 ms (ICC= 0.36, p = 0.04), 250-
300 ms (ICC= 0.40, p = 0.03) and 350-400 ms (ICC= 0.49, p = 0.008)
time-windows, which however did not survive the permutation correc-
tion. For the i condition, the correlation between visits did not reach
the significance threshold (ICC=0.26, p..,=0.2). For the single time-
windows, reliability was observed at 100-150 ms (ICC= 0.56, p.qr=
0.04). Significant ICC values following the i stimulation were also ob-
served at 150-200 ms (ICC= 0.55, p = 0.003) and 250-300 ms (ICC=
0.45, p = 0.01) post pulse, which however did not survive the permuta-
tion correction.

3.5. ICA-guided approach

On a small subsample of our participants, an even more personal-
ized approach based on the individual ICA network maps was tested.
We were interested in addressing if increased efficacy and reliability
were proportional to increased individualization, that is, if substantial
differences were present between our i and ica approach.

At the network level, paired sample t-tests revealed a significant dif-
ference from baseline following the ica stimulation of the DAN (V1:
tgy= —3.57, p = 0.007, Hedges’ g = 1.53; V2: tgy= —4.18, p = 0.003,
Hedges’ g = 1.2). However, no significant difference from baseline was
observed following the ica stimulation of the DMN at V1 (t;)= —1.98,
p = 0.09, Hedges’ g = 0.86), whereas it was present at V2 (t)= -3,
p = 0.02, Hedges’ g = 1.33). In this case, only the difference observed at
V2 for the DAN stimulation survived the Bonferroni correction (0.05/8;
a = 0.0062). When the efficacy of the ica stimulation was compared to
that of the i stimulation, no significant differences were observed for
the DAN condition (Hedges’g V1= 0.46, Hedges’ g V2= 0.11) (Fig. 8A).
For the DMN, no significant difference in the induced activity was ob-
served between the ica and i conditions (Hedges’ g V1= 0.44, Hedges’ g
V2= 0.01). On the other hand, a significant effect of visit was observed
at 200-250 ms, (F(;,6=6.63, p = 0.04). Post hoc analyses revealed a
higher AUC at V2 compared to V1 (Mdiff= 9.5, p = 0.04). However, no
significant difference was observed between i and ica stimulation con-
ditions (Fig. 8B).

As for the test-retest reliability, the evoked response in the 500 ms
following stimulation of the DAN did not result in a significant corre-
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lation (ICC=0.5, p.or=0.2) (Fig. 8C). At the level of the single time-
windows, a significant ICC was observed at 50-100 ms (ICC=0.77,
p = 0.004) and 400-450 ms post pulse (ICC= 0.68, p = 0.01). How-
ever, none of the results survived permutation correction. Similarly for
the DMN condition (Fig. 8D), the evoked response in the 500 ms post
pulse did not result in a significant correlation (ICC=0.57, p.o=0.4). At
the level of the single time-windows, a significant ICC was observed in
the first 50 ms post pulse (ICC= 0.71, p = 0.01), and in the 200-250 ms
(ICC= 0.64, p = 0.03), 300-350 ms (ICC= 0.81, p = 0.004) and 350-
400 ms (ICC= 0.71, p = 0.02) time-windows post pulse. However, none
of the results survived permutation correction.

When the same analyses were conducted at the electrode level, a
significant difference from baseline was observed across visits follow-
ing the ica stimulation of both the DAN (V1: tg= —3.48, p = 0.008,
Hedges’ g = 1.06; V2: tg)= —2.46, p = 0.04, Hedges’ g = 1.17) and the
DMN (V1: tg= —2.57, p = 0.04, Hedges’ g = 1.03; V2: 4= —4.68,
p = 0.003, Hedges’ g = 1.7). However, none of the results survived the
Bonferroni correction (0.05/8; a = 0.0062). To compare the efficacy of
ica and i stimulation conditions, two-way rmANOVAs were run on the
10 participants who underwent both conditions. For the DAN, no differ-
ence between the i and ica approaches was observed (Fig. 9A), neither
on the whole 500 ms post pulse (Hedges’ g V1= 0.24, Hedges’ g V2=
0.3), nor on the single time-windows. For the DMN, no significant ef-
fect was observed on the whole 500 ms post pulse (Hedges’ g V1= 0.09,
Hedges’ g V2= 0.62). On the other hand, a significant effect of stimula-
tion was observed between 100 ms and 150 ms post pulse (F(; ¢,=6.27,
p = 0.046) (Fig. 9B). Post hoc analyses revealed a greater induced activ-
ity of the i, compared to the ica, stimulation (Mdiff=7.7e-06, p = 0.046).
In terms of reliability, the ica stimulation of the DAN resulted in a non-
significant correlation across visits (ICC=—0.23, p..;=0.6). At the sin-
gle time-windows level, significant ICC values were observed only at
450-500 ms post pulse (ICC= 0.61, p = 0.03), which however did not
survive the permutation correction (Fig. 9C). For the DMN condition,

no reliability across visits was instead observed (ICC=-0.01, p.,;=0.5)
(Fig. 9D).

4. Discussion

The present study aimed at comparing the efficacy and test-retest
reliability of the induced TMS response following a single pulse pro-
tocol relaying either on i) group-based, generalized target definition
or on ii) functionally individualized stimulation sites. To address this
query, two networks that are typically functionally anticorrelated were
stimulated, respectively the DAN, which is involved in the top-down
selection of attentional stimuli and hence represents task-positive man-
ifestations (Corbetta and Shulman, 2002), and the DMN, which repre-
sents instead the most well-known task-negative resting state network
(Raichle, 2015). At the source level, our results have shown no signifi-
cant difference in the amount of induced activity in either the DAN, or
the DMN, following the two different targeting procedures. As for the
reliability of the evoked response across visits, we observed reliable pat-
terns only after individualized stimulation approaches. For the analyses
conducted at the network level, interpretation of findings needs to be
considered because network maps were used to define the stimulation
point as well as masks for the readout of the stimulation. Indeed, our
main goal was to compare two TMS hot spots of a given brain network
with the assumption that individualized targeting approach will better
hit the intended network and thus may lead to more reproducible acti-
vation patterns across multiple sessions. Accordingly, please note that,
we measured TMS evoked responses at the network level using indi-
vidualized network maps as our regions of interest. We hypothesized
that compared to group based approaches, individualized TMS target-
ing may better engage the stimulated networks (similar to larger and
reproducible MEPs from the motor hot spot) and result in improved re-
producibility within and between individuals. Since in this study the
network maps were defined based on different approaches, the readout
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for both the group-based and the individualized conditions were specific
to each of the stimulation conditions, to ensure that the output signal
was measured in the most advantageous scenario for each stimulation
approach. The use of networks to inform target selection in TMS stud-
ies is not new; rather it has gained a lot of interest in several clinical
applications, based on the notion that different network alteration pro-
files can be appreciated across neurological disorders (Sale et al., 2015;
Pini et al., 2018). As a result, several studies have tried to employ TMS
to restore healthy network balance (Menardi et al., 2022; Fox et al.,
2014), by informing the target selection based on the brain networks
maps, which are in turn used as reference for monitoring of the efficacy
of the stimulation treatment (Pievani et al., 2016).

When the same analyses were repeated at the electrode level, that
is, in the six electrodes surrounding the stimulation site, results were
mixed. When the DAN was targeted, reliable response patterns were ob-
served following its individualized stimulation; opposite for the DMN,
whereby reliable patterns emerged following its group-based targeting.
Indeed, although the individualized approach resulted in a greater in-
duced activity following the stimulation of the DMN, this was observed
to be not reliable. In face of this findings, we might conclude that per-
sonalization of the stimulation site based on the individual functional
topography might not bring substantial differences in the efficacy of
the stimulation, as measured based on the quantitative amount of net-
work engagement, but it might have an effect on the reliability of the
measured response. In particular, reliability after individualized stim-
ulation protocols was mostly observed at the whole network level, as
measured via source analyses, for both the DAN and DMN; and at the
electrode space level for the DAN. Notably, the reliability of the TMS
evoked potentials (TEPs) has been previously reported in the literature
(Lioumis et al., 2009; Kerwin et al., 2018), including recent studies by
some of the authors (Ozdemir et al., 2021; Ozdemir et al., 2020). How-
ever, differently from these prior studies, we looked at the replicabil-

10

ity of the induced amount of activity (AUC), rather than at the TEPs
waveforms and peaks distribution, showing reliable patterns after the
individualized stimulation of the DAN.

A possible interpretation of the different susceptibility of the DAN
and DMN to individualized approaches might be imputable to their
stability and inter-subject variability as networks. In particular, task-
positive functional networks appear to display higher inter-individual
variability (Doucet et al., 2019). In a recent study, more than 10 h of
resting state and task-fMRI were analyzed to derive high-fidelity individ-
ual functional connectomes for the study of the variability of bran net-
works, proving the DAN to be one of the networks showing the highest
inter-subject difference in its topology (Gordon et al., 2017). As pointed
out by the authors, a possible source of interindividual differences in the
DAN topography is its embedding of middle temporal regions (Fox et al.,
2006), which are among the most variable structures of the human brain
(Van Essen et al., 2012). In line with this, other task-positive networks
have also been proven highly variable, especially in regard of the high
subject-specificity of fronto-parietal regions, which play the strongest
role in the individual brain fingerprinting (Finn et al., 2015). Indeed,
the variability of high order networks appears to be mostly imputable
to their embedding of associative regions, which tend to participate to
multiple resting state networks, thus increasing their spatial variabil-
ity (Doucet et al., 2019; Yeo et al., 2014). On the other hand, baseline
activity during resting state has been reported generally stable across
individuals, as the brain networks with the highest percentage of BOLD
signal have been reported to show the least variation (Damoiseaux et al.,
2006). This has been reported even in longitudinal studies with older
age populations (Beason-Held et al., 2009). Interestingly, the consis-
tency and reliability of the DMN has also been assessed across pro-
cessing methodologies, for example via effective connectivity analysis
(Almgren et al., 2018). In addition, substantial overlap between its spa-
tial distribution has also been observed across neuroimaging modalities,
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for example via both resting state functional data and arterial spin label-
ing (Jann et al., 2015). The fact that the DAN is a more variable neural
network compared to the DMN might explain why the individualization
of stimulation paradigm is particularly relevant for its reliable targeting,
as shown in the present study.

The knowledge that different brain networks might have different
susceptibility to the individualization of their targeting is of great im-
portance. In particular, it might guide future efforts in determining when
personalized interventions are the most desirable option. However, the
use of personalized protocols necessarily increases the cost and feasibil-
ity of their application, such as that the higher the required degree of
personalization, the more demanding the paradigm becomes. For this
reason, in a small subsample of participants, we compared two different
degrees of individualized solutions to determine if increased personal-
ization would result in differences in the efficacy / reliability of the
TMS-response, or if a plateau is instead achieved. In the first individual-
ized approach, the seed region was iteratively determined, allowing to
move from atlas-based regions (as used in the group-based approach) to
individual, data-driven, networks’ seeds. In the second, even more per-
sonalized approach, networks definition was entirely data driven from
individualized ICA-derived network maps over three fMRI runs. Inter-
estingly, for both networks tested, we did not observe significant differ-
ences in either the amount of induced activity post-pulse, or the relia-
bility across visits of such response. Although highly preliminary, due
to the limited number of participants tested in these sub-analyses, our
results suggest that a first level of individualization might be sufficient
in reaching satisfactory reliability estimates, while limiting the burden
of more advanced solutions. Still, based on our findings, the option of
personalized interventions might be particularly relevant in protocols
aiming at targeting highly variable cortical networks, and less instead
for those proven to be more stable across individuals. For example, al-
though not directly tested in this study, based on prior literature find-
ings we can estimate that other highly stable networks, such as the Vi-
sual and the Sensorimotor networks, would also not substantially benefit
from personalized stimulation approaches, as they show highly consis-
tent anatomic morphology and highly coherent functional connectivity
patterns (Doucet et al., 2019).

The present study only deals with the reliability of the EEG response
evoked by a single TMS pulse. Nevertheless, we might argue that single-
pulse results demonstrating increased reliability of TMS-evoked activity
over time with individualized targeting might suggest that repetitive
protocols (rTMS) sessions applied to the individualized target might
also more reliably activate a consistent network, and thus be more
likely to achieve a modulatory effect. However, this is a hypothesis that
clearly needs validation. Although reliability does not necessarily trans-
late into greater efficacy, it has been previously pointed out that re-
producible TMS-EEG responses are not only valuable in understanding
cortical excitability itself, but also in tracking more precisely the phys-
iological effects of repeated pulse delivery on the brain (Lioumis et al.,
2009). The personalization of rTMS protocols is indeed becoming a pri-
ority in current research studies as an approach aimed at increasing the
number of treatment responders (Schoisswohl et al., 2021; Cash et al.,
2021; Cocchi and Zalesky, 2018). Prior investigations have observed the
strongest behavioral effect sizes in studies employing personalized TMS
targeting based on fMRI connectivity, compared to studies employing
targeting based on structural, population-derived coordinates or EEG
electrodes positions (Sack et al., 2009). Similarly, power analyses re-
vealed the need of the least amount of participants to observe behavioral
changes in fMRI guided TMS compared to all other targeting method-
ologies (Sack et al., 2009).

In this direction, future studies should further address the extent and
validity of these findings, possibly considering more advanced person-
alized techniques, as well as their reliability over several months. In-
deed, we cannot exclude that more sophisticated personalized stimula-
tion models would increase the efficacy and reliability of TMS-induced
activity, which we were not able to test in the present investigation. An
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example of an additional level of complexity that future studies should
address is the tailoring of stimulation considering the individual under-
lying brain state. Indeed, the identification of the stimulation site based
on the individual functional connectome is highly subjective to the brain
state happening when it is first computed, which might not reflect the
same brain state at the time of stimulation. One possible solution could
be that of employing the same priming method, for example through
the execution of a given cognitive task, at the time of neuroimaging
data acquisition and at the following stimulation visit to try maintain
consistency of the brain state occurring across visits. However, because
this additional setting requirement would further stress the cost / ben-
efits ratio, additional care should be paid in defining a trade-off be-
tween efficiency and practicality of such interventions. Still, the core
of these approaches remains that of looking into individual specifics
while avoiding to treat the acquired data in a group-generalized fashion,
which necessarily limits their quality, detail and ultimate usefulness,
overall failing to report unique connectivity ensembles (Gordon et al.,
2017; Laumann et al., 2015). Furthermore, since our results show high
sensitivity to the individualization of the stimulation target for reliable
DAN engagement, future studies might employ TMS protocols for net-
work parcellation purposes at the single subject level, which prior stud-
ies have pointed out as a crucial step in the tailoring of personalized
medicine approaches (Wang et al., 2015). Finally, the present study was
conducted on young, healthy individuals with normal brain patterns. It
is therefore hard to generalize the present findings to older adults or pa-
tients with various brain diseases in whom pathology and/or age may
be associated with alteration of functional networks and higher inter-
subject variability. It is noteworthy though that in such scenarios, the
personalization of interventions would be of even greater importance
(Ginsburg and Phillips, 2018; Hampel et al., 2019).

5. Conclusions

Reliability of TMS protocols is highly debated. However, test-retest
reproducibility might be improved by the individualization of stimula-
tion sites based on the participant’s functional connectivity profile. No-
tably, individualized protocols yield different success rates depending
on the network stimulated: personalized sites are of greater importance
for networks that show high inter-subject variability (e.g., the DAN), but
might be less relevant for relatively stable and consistent networks (e.g.,
the DMN).
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