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Semantic cognition is central to communication
and our understanding of the world. It is usually
well preserved in healthy aging. However, seman-
tic control processes, which guide semantic access
and retrieval, decline with age. The present study
explored the potential of intermittent theta burst
stimulation (iTBS) to enhance semantic cognition in
healthy middle-aged to older adults. Using an in-
dividualized stimulation approach, we applied iTBS
to the pre-supplementary motor area (pre-SMA) and
assessed task-specific effects on semantic judg-
ments in functional neuroimaging. We found in-
creased activation after effective relative to sham
stimulation only for the semantic task in visual and
dorsal attention networks. Further, iTBS increased
functional connectivity in domain-general executive
networks. Notably, stimulation-induced changes in
activation and connectivity related differently to be-
havior: While increased activation of the parietal
dorsal attention network was linked to poorer se-
mantic performance, its enhanced coupling with
the pre-SMA was associated with more efficient se-
mantic processing. Our findings indicate differ-
ential effects of iTBS on activity and connectivity.
We show that iTBS modulates networks in a task-
dependent manner and generates remote network
effects. Stimulating the pre-SMA was linked to more
efficient but not better performance, indicating a
role in domain-general semantic control processes
distinct to domain-specific semantic control.

TMS | TBS | fMRI | Semantic cognition | Language
Correspondence: Sandra Martin martin@cbs. mpg. de

Word count:

Abstract: 199 words
Main text: 4993 words

Introduction

Aging is accompanied by a myriad of cognitive changes.
While the decline of executive functions, such as
working memory, attention, and inhibitory control, and
episodic memory are hallmarks of cognitive aging (Hed-
den and Gabrieli, 2004), functions that rely on the ac-
quired knowledge about the world (semantic memory),

such as language and creativity, usually remain well
preserved and are affected by more subtle changes
in healthy aging, for example increasing word retrieval
problems (Henderson and Wright, 2016; Verhaeghen,
2003; Burke and Shafto, 2004). Moreover, increasing
age has been associated with difficulties in language
comprehension on the sentence and discourse level
when processing becomes cognitively demanding, for
instance through length, complexity, or ambiguity (Goral
et al., 2011; Kemper et al., 2004; Obler et al., 1991). In
light of the intact semantic knowledge system in healthy
older adults, these changes have been attributed to de-
clining cognitive control functions, which contribute to
successful semantic processing when, for example, am-
biguities need to be resolved or irrelevant information
needs to be inhibited (DeDe and Knilans, 2016). In line
with this notion, a recent study demonstrated an age-
related decline of semantic selection processes, such
as inhibiting irrelevant semantic associations, but not
semantic representation and retrieval abilities (Hoffman,
2018). Notably, semantic selection was strongly corre-
lated with non-semantic executive functions, underlining
the role of domain-general cognitive control in semantic
processing.

On the neural level, semantic cognition activates a
mainly left-lateralized, widespread neural network in
young adults, including frontal, temporal, and parietal
regions (Binder et al., 2009; Jackson, 2021; Noonan
et al., 2013). This network is thought to consist of dis-
tinct, yet interacting elements: a subnetwork for seman-
tic representation and a subnetwork for semantic con-
trol (Lambon Ralph et al., 2017). Importantly, semantic
control might be multidimensional as well, consisting of
domain-specific semantic control, which subserves pro-
cesses such as the controlled retrieval of less salient
conceptual features, and domain-general control, which
supports general selection and inhibition mechanisms
(Hoffman, 2018). This notion is supported by the obser-
vation that brain regions that are active in tasks with high
semantic control demands partially overlap with areas
of the multiple-demand network (MDN), which refers to
a set of frontoparietal brain regions involved in top-down
cognitive control across domains (Duncan, 2010; Fe-
dorenko et al., 2013).
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In the aging brain, semantic cognition is characterized
by a shift of the functional network architecture, which is
reflected by increased activity of the MDN (for a review,
see Hoffman and Morcom, 2018) and greater functional
connectivity between domain-general networks such as
the default mode network (DMN) and dorsal and ventral
attention networks during semantic processing (Mar-
tin et al., 2022). This shift has also been described
as reduced specialization of “core” processing areas of
a task and increased neural dedifferentiation (Grady,
2012; Park et al., 2004). The behavioral relevance
of these neural changes remains a point of debate.
While the best preservation of cognitive functions has
been associated with a youth-like pattern (Cabeza et al.,
2018; Grady, 2012; Spreng et al., 2010), some changes
might represent unsuccessful or attempted compensa-
tion (Hoffman and Morcom, 2018) whereas other reor-
ganization processes have been linked to preserved,
albeit less efficient semantic processing (Martin et al.,
2022).

Non-invasive brain stimulation (NIBS) techniques are
recognized as a promising approach to counteract age-
related cognitive decline and to promote successful ag-
ing. Similar to the use of NIBS to boost neuropsycho-
logical rehabilitation after disruption of function due to
stroke, these techniques might have the potential to
support preservation of cognitive functions in patholog-
ical but also healthy aging through modulation of corti-
cal excitability and the enhancement of neuroplasticity
(Hartwigsen, 2018, 2015; Siebner et al., 2009). While
there are some first promising results from different
cognitive domains (for reviews, see Booth et al., 2022;
Goldthorpe et al., 2020; Hsu et al., 2015), particularly
when NIBS is coupled with training interventions, vari-
ability remains high and some studies find no benefi-
cial effect of stimulation (e.g., Antonenko et al., 2022).
Further insight into the potential of NIBS in aging can
be gained by investigating the effect of stimulation on
neural activity and functional connectivity. Neuroimag-
ing results can help interpreting behavioral effects and
might even be observed in the absence of a stimulation-
induced behavioral change (Abellaneda-Pérez et al.,
2022). In the domain of semantic cognition, only a few
studies explored the effect of electrical stimulation at the
neural level. These studies associated improved per-
formance with a reduction of age-related upregulation
in activity (Holland et al., 2011; Meinzer et al., 2013)
and increases in functional connectivity between task-
relevant regions of interest in the prefrontal cortex (Hol-
land et al., 2016). So far, no study explored the potential
of transcranial magnetic stimulation (TMS) to modulate
age-related changes in semantic cognition on the be-
havioral and neural level.

Some studies investigated the potential of patterned
repetitive transcranial magnetic stimulation to enhance
performance in different cognitive tasks in healthy young
brains (for a review, see Demeter, 2016). These stud-
ies report improved task performance after intermit-
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tent theta burst stimulation (iTBS; Huang et al., 2005).
Fewer studies explored the modulatory effects of TBS
on cognition in aging brains (Debarnot et al., 2015;
Legon et al., 2016; Vidal-Pifeiro et al., 2014; Hermiller
et al., 2022). The results of these studies are hetero-
geneous, and only one study found improved mem-
ory performance after iTBS (Debarnot et al., 2015),
whereas others revealed changes in task-related activ-
ity and connectivity only (Vidal-Pifieiro et al., 2014) or
non-specific effects of inhibitory stimulation (Hermiller
et al., 2022). A better understanding of the modulatory
effects of TBS at the neural level may help to increase
the efficiency of network stimulation in aging brains.
Moreover, such network approaches may be more pow-
erful than conventional modulatory applications that tar-
get specific brain regions within specialized networks
(e.g., Hartwigsen and Volz, 2021).

The goal of the present study was to explore the po-
tential of iTBS to enhance semantic cognition in healthy
middle-aged to older adults. We applied effective and
sham iTBS to the pre-supplementary motor area (pre-
SMA) and subsequently assessed the effect of stimu-
lation using task-based functional magnetic resonance
imaging (fMRI). The pre-SMA was selected as tar-
get area since it has been associated with the se-
mantic control network and the domain-general MDN
(Fedorenko et al., 2013; Jackson, 2021) emphasizing
its role in mediating cognitive control across domains.
Moreover, the pre-SMA contributes more to seman-
tic processing in older relative to young adults (Martin
et al., 2022) and represents a hub region in task-related
functional networks of older adults, facilitating integra-
tive processing (Martin et al., 2022). Using a seman-
tic judgment task with varying cognitive demands and
a tone judgment task as non-verbal control task, we hy-
pothesized that iTBS might show stronger effects on the
more demanding semantic condition. Further, compar-
ing the effects of the tone with the semantic judgment
task, allowed us disentangling task-specific effects of
iTBS from general effects on control processes. Finally,
we aimed to elucidate how stimulation-induced changes
in task-related activity and functional connectivity relate
to behavioral modulation.

Results

We implemented a single-blind, cross-over study design
with three task-based functional magnetic resonance
imaging (fMRI) sessions per participant (14 female; M
= 61.6, SD = 7.64, range: 45-74 years; Figure 1A).
During each session, participants completed a seman-
tic judgment task and a tone judgment task (Figure 1B
& C). Using the fMRI data from the first session, we ap-
plied an individualized stimulation approach where the
stimulation coordinates of each participant were based
on activation patterns within a pre-defined mask of the
pre-supplementary motor area (pre-SMA; Ruan et al.,
2018). During the second and third session, partici-
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Figure 1. Experimental Design. (A) Participants completed three sessions: a baseline fMRI session and two iTBS + fMRI
sessions with effective and sham stimulation. (B) Per fMRI session, two task runs were completed. Blocks of the semantic
judgment and the tone judgment task were interspersed with rest blocks. (C) Example trials for the semantic and the tone
judgment task are shown. Participants heard a short phrase or a sequence of two tones. At the offset of the auditory stimulus,
a picture of an object or an arrow appeared. Participants indicated via button press whether auditory and visual stimuli matched.
RMT: resting motor threshold, WPM: word-picture matching, FPM: feature-picture matching.

pants then received once effective and once sham iTBS
over the pre-SMA prior to fMRI (Figure 1A).

Behavioral results

We were interested in potential effects of iTBS on be-
havioral performance (Figure 2A and B). To this end,
we fitted mixed-effects models for accuracy and reac-
tion time data of the in-scanner tasks of word-picture,
feature-picture, and tone-picture matching. For accu-
racy, the three-way interaction between session, con-
dition, and congruency was not significant (2= 7.83,
p = 0.099). However, we detected a significant inter-
action between condition and congruency (z?= 53.15,
p < 0.001) and session and condition (z%= 21.8, p <
0.001; Figure 2C). Post-hoc tests showed that incongru-
ent items had higher accuracy in all conditions. How-
ever, the difference between congruent and incongru-
ent items was only significant for word-picture match-
ing (WPM; OR = 0.38, p < 0.001) and feature-picture
matching (FPM; OR = 0.31, p < 0.001). For session
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and condition, post-hoc tests showed a significant dif-
ference in accuracy only for the tone judgment task,
such that participants performed generally better after
the baseline session (active iTBS > baseline: OR =
0.41, p < 0.001; sham iTBS > baseline: OR = 0.57, p
= 0.002). Moreover, we found main effects of condition
(22=279.34, p < 0.001) and congruency (z%=77.32, p <
0.001) but not of session (2= 2.79, p = 0.25). Post-hoc
tests revealed generally better performance for word-
picture than feature-picture matching (OR = 5.77, p <
0.001) and the tone-picture matching condition (OR =
3.55, p < 0.001; Figure 2C). For congruency, accuracy
was higher for incongruent than congruent items (OR =
0.5, p < 0.001).

For reaction time, results showed a significant interac-
tion of session with condition (2= 44.4, p < 0.001; Fig-
ure 2D). Post-hoc tests revealed that reaction times im-
proved for all three conditions after the baseline ses-
sion (all p < 0.01). However, there was no difference
in reaction time between effective and sham iTBS ses-
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Figure 2. Behavioral results. (A) Results for accuracy and reaction time for each condition at each session. Boxplots show
median and 1.5 x interquartile ranges. Half-violin plots display distribution and dotted lines show changes of mean values across

sessions. (B) Individual data for effect of stimulation sessions on accuracy and reaction time for each condition. (C) and (D)
display significant results of mixed-effects regression for accuracy and reaction time. Cong: congruent items, Incong: incongruent

items.
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sions. Results also showed a significant interaction
between condition and congruency (z?= 306.53, p <
0.001). Post-hoc comparisons revealed that for FPM,
incongruent items were faster (p = 0.034), while for
tone-picture matching, congruent items were faster (p
< 0.001). Further, we found a significant effect of age
on reaction time with reaction times generally increas-
ing with age (z%= 9.4, p = 0.002). Full results of both
models are shown in Table S4.

Univariate functional MRI data
The effect of conditions at baseline

For the semantic judgment task, we found a large left-
lateralized fronto-temporo-parieto-occipital network with
additional activation in the right hemisphere (Figure
3A; Table S5). An additional cluster spanned the pre-
SMA. The control task of tone judgment revealed a bi-
lateral network with clusters in frontal, temporal, pari-
etal, and occipital regions (Figure 3A; Table S5). We
were interested in the difference in brain activation be-
tween the semantic judgment and the tone judgment
task. The contrast semantic judgment > tone judg-
ment activated a mainly left-lateralized fronto-temporal
network for semantic processing encompassing left in-
ferior frontal gyrus, left anterior, middle, and superior
temporal gyri, and bilateral fusiform gyri (Figure 3B;
Table S5). Further, precuneus, superior frontal gyrus,
and frontal pole were activated. The opposite contrast,
tone judgment > semantic judgment, activated a mainly
right-lateralized network including the right frontal pole,
middle frontal gyrus, precuneus, and the right angular
gyrus. Moreover, we found small clusters in left supe-
rior frontal gyrus and left inferior frontal lobe (Figure 3B;
Table S5).

We also investigated the effect of semantic process-
ing demand by comparing both conditions within the
semantic judgment task with each other. For WPM,
stronger activation in bilateral superior temporal gyri
was detected when compared with FPM (Table S5).
For the opposite contrast, FPM > WPM, results showed
stronger activity in a left-lateralized network including in-
ferior frontal gyrus, middle temporal gyrus, inferior pari-
etal lobe, and superior frontal gyrus with supplementary
motor area.

iTBS increases task-specific activity for semantic judg-
ments in distributed networks

To explore the effect of iTBS and potential interactions
with conditions, we contrasted effective and sham stim-
ulation sessions. Results only revealed stronger acti-
vation after effective compared with sham sessions and
only for the semantic judgment task. For semantic judg-
ment > rest, we found stronger activation in the right
posterior angular gyrus, superior temporal gyrus, mid-
dle occipital gyrus, and a cluster in left superior pari-
etal lobe (SPL) and bilateral cuneus (Figure 4A; Table
1). This was mirrored by effects for the individual con-
ditions of semantic judgment, WPM and FPM. For both
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conditions, a cluster spanning left SPL and right cuneus
was found (Table 1). Further, for FPM, an additional
cluster in right angular gyrus as well as occipital and
fusiform gyrus was detected. For the contrast semantic
judgment > tone judgment, results showed a significant
cluster in bilateral lingual gyri and left middle occipital
gyrus (Figure 4B; Table 1).

Increased activity after iTBS is associated with poorer se-
mantic performance

We correlated the difference in percent signal change
(PSC; effective > sham iTBS) for the stimulation site
pre-SMA and for cluster peaks that showed an effect
of stimulation (n = 6; Table 1) with the difference in be-
havior. For the pre-SMA, we found that accuracy for the
tone judgment task was negatively correlated with PSC
(r =-0.36, p = 0.05) such that smaller PSC for effective
relative to sham iTBS was associated with higher ac-
curacy during the effective relative to the sham session
(Figure 4C). Further, results showed a negative corre-
lation for accuracy of the semantic judgment task with
a cluster in left dorsal SPL (r = -0.37, p = 0.047; Fig-
ure 4D) which had shown stronger activity for semantic
judgment > rest after effective relative to sham iTBS. We
found that less PSC for effective compared with sham
iTBS was associated with higher accuracy for effective
relative to sham iTBS. This effect was further specified
through the FPM condition which showed the same pat-
tern for the cluster in left ventral SPL (r = -0.37, p =
0.044; Figure 4E). We did not detect any significant cor-
relations for reaction time.

The effect of iTBS on subject-specific functional regions
of interest (ROIs) for language processing

We extracted PSC for effective and sham iTBS sessions
in the 25 subject-specific functional ROIs that were de-
fined using a group-constrained subject-specific parcel-
lation approach. We were interested in an effect of iTBS
on PSC of the different conditions. To this end, we fit-
ted linear mixed-effects models with predictors for ses-
sion and PSC. We did not find any significant interaction
between functional ROIs and session. Supplementary
Figures S4-6 show the individual PSC values for both
stimulation sessions for each ROI.

Effects of iTBS on functional connectivity (general-
ized PPIs)

Based on the activation patterns from the comparison
of effective and sham iTBS, we conducted generalized
psychophysiological interaction (gPPI) analyses for the
significant cluster peaks. We asked whether and how
effective iTBS generates changes in functional connec-
tivity for these task-specific regions. Moreover, we were
interested in a relationship between stimulation-induced
changes in functional connectivity and behavior and as-
sessed such associations for the PPI connectivity be-
tween the pre-SMA and significant cluster peaks from
univariate results.
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A Semantic judgment > rest

Tone judgment > rest

B Semantic judgment > tone judgement

59

Tone judgment > semantic judgment

Figure 3. Univariate activation results for experimental conditions during baseline session. (A) shows results for each
experimental task against rest (implicit baseline) while (B) displays the results when both tasks are contrasted ahainst each other.
Results are FWE-corrected at peak level p < 0.05 with a minimal cluster size k = 10 voxels.

iTBS reduces task-specific connectivity for parietal areas
during semantic processing

One-sample t-tests for the difference in functional con-
nectivity between effective and sham stimulation re-
vealed significant changes for three seed regions: the
left dorsal and ventral SPL and the right cuneus. For
all regions, we found reduced whole-brain connectivity
after effective relative to sham iTBS for the contrast se-
mantic judgment > tone judgment (Figure 5A; Table S6).
The dorsal SPL showed reduced coupling with a clus-
ter in the left middle frontal gyrus and frontal pole after
effective stimulation. For the seed in the more ventral
left SPL, we found a similar cluster in the frontal pole,
which also extended into the anterior cingulate gyrus.
Moreover, the ventral left SPL was negatively coupled
with a cluster in the right superior frontal gyrus and
pre-SMA, a region in the anterior left SPL, and the left
precentral gyrus and superior frontal gyrus. The right
cuneus showed greater decoupling with a cluster in the
right frontal pole and middle frontal gyrus. To further
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explore the interaction effect, we investigated the dif-
ference between effective and sham stimulation for the
contrasts semantic judgment > rest and tone judgment
> rest for the seed regions. Results showed that signifi-
cant whole-brain decoupling for the cuneus was mainly
driven by increased coupling of these regions during the
tone judgment task (Figure S7). In the ventral SPL,
a cluster in the left frontal pole was related to greater
decoupling in the semantic and greater coupling in the
control task after effective iTBS, thus dissociating both
tasks (Figure S7).

Areas of decreased coupling belong to domain-general
networks

We were interested in the representative networks of
these stimulation-induced changes in functional con-
nectivity. To this end, we plotted binary maps of the
significant gPPI results together with a common seven-
networks parcellation based on intrinsic functional con-
nectivity (Yeo et al., 2011). Figure 5B shows the overlap
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Figure 4. Effect of stimulation on brain activation. After effective stimulation, stronger activation was found for (A) semantic
judgment > rest and for (B) semantic judgment > tone judgment. We then extracted percent signal change (PSC) for significant
clusters and correlated the difference in PSC between effective and sham sessions with the difference in behavior between
effective and sham sessions. (C) For A of accuracy of tone judgment, a negative correlation with the difference in PSC in our
stimulation site pre-SMA was detected. (D) and (E): For A of accuracy of semantic judgment, and more specifically the FPM
condition, a negative correlation with the difference in PSC in the left superior parietal lobe (SPL) was detected. fMRI results are
thresholded at p < 0.05 at peak level and FWE-corrected at p < 0.05 at cluster level.

Table 1. Significant clusters for effective > sham iTBS

Anatomical structure Hemisphere k t X y z
Word-picture matching >Rest
Cuneus R 1387 3.87 9.52 -68.78 21.50
Superior parietal lobe L 3.78 -22.82 -71.26 54.50
Superior occipital gyrus R 359 2196 -83.70 18.75
Feature-picture matching >Rest
Angular gyrus, posterior division R 672 411 5430 -63.80 18.75
Middle occipital cortex R 3.94 4435 -83.70 7.75
Fusiform gyrus R 3.36 29.42 -68.78 -6.00
Superior parietal lobe L 763 3.45 -2282 -71.26 46.25
Cuneus L 343 -7.90 -86.19 40.75
Cuneus R 3.32 7.03 -86.19 29.75
Semantic judgment >Rest
Middle occipital gyrus R 726 4.03 4435 -81.22 7.75
Angular gyrus, posterior division R 3.64 5430 -63.80 18.75
Superior temporal gyrus R 3.49 5430 -28.97 5.00
Superior parietal lobe L 959 3.86 -22.82 -71.26 54.50
Middle occipital gyrus L 3.53 -25.31 -81.22 32.50
Superior parietal lobe L 3.50 -22.82 -71.26 46.25
Semantic judgment >Tone judgment
Lingual gyrus L 1083 4.04 -17.85 -68.78 225
Middle occipital gyrus L 3.78 -17.85 -91.17 18.75
Lingual gyrus 3.55 12.01 -71.26 225

Note. Results are thresholded at p < 0.05 at peak level and FWE-corrected at p < 0.05 at cluster level.
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of the clusters that showed reduced coupling with the
respective networks. Clusters in the frontal pole were
associated with the DMN and in the middle frontal gyrus
with the fronto-parietal control network. Furthermore,
decoupled clusters from the ventral SPL were mainly
linked to the ventral attention network, and in pre-central
gyrus to the sensorimotor network.

Decreased coupling after iTBS is associated with slower
semantic performance under effortful conditions

The change in functional connectivity between pre-SMA
and left ventral SPL was associated with a change in be-
havior after effective stimulation (Figure 6). More specif-
ically, a negative correlation (r = -0.49, p = 0.006) indi-
cated that reactions for the FPM condition were slower
the more those two regions were decoupled after effec-
tive iTBS.

Discussion

In light of global population aging and the associated
increase in age-related diseases, new interventions are
needed to counteract cognitive decline and promote
successful aging. NIBS is increasingly recognized
as a promising tool to boost cognitive functions in
older adults. However, to design effective treatment
protocols, a better understanding of the neural mech-
anisms of NIBS is mandatory. In particular, it remains
unclear whether NIBS-induced improvements may be
underpinned by decreases or increases in task-related
activity and connectivity, or both. Here, we explored
the effect of effective relative to sham iTBS over the
pre-SMA on the behavioral and neural level during
a semantic judgment task and a non-verbal control
task. In the absence of direct stimulation-induced
changes at the behavioral level, we found significant
modulation of task-related activity and connectivity.
These changes differed in their functional relevance
at the behavioral level. Our main results were as
follows: iTBS led to higher activation during semantic
processing at remote regions in posterior areas (pos-
terior temporal cortex, parietal, and occipital lobe).
In contrast, functional connectivity results revealed
reduced whole-brain connectivity of these upregulated
areas during semantic processing, but increased
connectivity for the tone judgment task. Strikingly,
TMS-induced changes on activation and functional
connectivity had differential effects on behavior. While
upregulated regions were associated with poorer
semantic performance, increasing connectivity between
the stimulation site and a cluster in the dorsal attention
network was linked to faster performance in the most
demanding semantic condition. Overall, our findings
indicate disparate effects of iTBS on activation and
connectivity. Further, we show that iTBS modulates
networks in a task-dependent manner and generates
effects at regions remote to the stimulation site. Finally,
our results shed new light on the role of the pre-SMA
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in domain-general and semantic control processes,
indicating that the pre-SMA supports executive aspects
of semantic control.

Higher-order cognitive networks for semantic judgment
and tone judgment that overlap in the pre-SMA

Our task paradigm revealed two widespread functional
networks for semantic judgment and non-verbal tone
judgment, which overlapped in sensory-motor systems
for auditory, visual and motoric processing. We de-
lineated specific networks by contrasting both tasks
with each other. Semantic processing activated a left-
lateralized fronto-temporal network, which aligns well
with previous investigations and meta-analyses on se-
mantic cognition (Binder et al., 2009; Jackson, 2021;
Lambon Ralph et al., 2017). Notably, the network con-
tained core areas of semantic representation, such as
the bilateral temporal poles, but also semantic control,
including the left inferior frontal gyrus and posterior mid-
dle temporal gyrus. Moreover, in contrast to the tone
judgment task, semantic processing activated bilateral
middle and posterior fusiform gyri. While the anterior
fusiform gyrus (anterior temporal lobe) has been rec-
ognized as a key area of semantic processing (Chiou
et al.,, 2018; Lambon Ralph et al., 2017; Mion et al.,
2010), less work has focused on the role of the middle
and posterior fusiform gyrus in semantic cognition. Al-
though famous for the recognition of faces (Kanwisher
et al.,, 1997), objects in general (Grill-Spector, 2003),
and visual words (Dehaene and Cohen, 2011), a recent
investigation on the spatiotemporal dynamics of seman-
tic processing linked the middle fusiform gyrus to lexi-
cal semantics, thus suggesting a role behind early vi-
sual processes (Forseth et al., 2018). This notion aligns
with our results which showed pronounced bilateral ac-
tivation of this region compared with the tone judgment
task.

Contrasting both conditions of semantic judgment,
WPM and FPM, with each other, confirmed the in-
tended modulation of cognitive demand: While WPM
showed relative greater activation in left language per-
ception areas, which points to a focus on phonological
and lexical processing during this task, FPM activated
core regions of semantic but also domain-general
control, indicating increased task demand. The tone
judgment task, on the other hand, activated a fronto-
parietal network, which was based on regions of the
frontoparietal control and the dorsal attention network.
Notably, all the activated regions during tone judgment
also fell within the MDN, confirming the non-verbal,
high executive demand of this task.

iTBS does not produce direct behavioral changes at the
group level

Although univariate fMRI results from the baseline
session demonstrated the contribution of the pre-SMA
to the semantic judgment and the non-verbal tone


https://doi.org/10.1101/2022.10.21.513185
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.21.513185; this version posted October 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

A Effective iTBS < sham iTBS

Left dorsal SPL
- p
[ 4

C&vﬂ\/’/%“

M PPI Seed

B Left dorsal SPL
R ﬁ A
%

'

]

7.
Q:Z/;J

Default mode
B PPI connectivity IMPPI Seed

FC networks: " Control

Left ventralSPL
£ » e

GZoess

2ANET 146

Left ventral SPL

s

Dorsal attention I Limbic

Right Cuneus

S

)

Cniss

Right Cuneus
¥

,, P
&

/\\ ad‘

Ventral attention Sensorimotor Visual

Figure 5. Functional connectivity results for cluster peaks that showed stronger activation after effective iTBS. (A) Three
seeds showed stronger decoupling after effective relative to sham stimulation for the contrast semantic judgment > tone judgment.
(B) Binary PPI activation maps plotted onto a seven-networks functional connectivity parcellation (Yeo et al., 2011). fMRI results
are thresholded at p < 0.01 at peak level and FWE-corrected at p < 0.05 at cluster level.

judgment task, applying effective iTBS to the pre-SMA
did not produce behavioral changes relative to the
sham session. This result was unexpected. However,
we are not the first study to observe stimulation-induced
effects on the neural but not behavioral level in healthy
older adults (Vidal-Pifieiro et al., 2014). The lack
of a behavioral effect might be due to a number of
reasons. First, in contrast to most studies, we included
a separate baseline session, during which participants
practiced and performed the tasks. This led to a notable
improvement across all conditions, most strongly in the
unfamiliar tone judgment task. Hence, familiarity with
the paradigm after the baseline session might have
aggravated the chance of observing a stimulation effect.
This factor should be considered in future studies as
well. Second, the effect of offline stimulation might
not have been strong enough to induce behavioral
changes. Although we took great care to minimize the
time between end of stimulation and begin of task-
based fMRI, this might have impeded the observation
of a behavioral effect. Third, the applied tasks might
have been too easy for our group of participants to
observe a facilitatory effect of iTBS. This is the first
study to use TBS in healthy aging in the domain of
semantic cognition. While previous work successfully
applied anodal transcranial direct current stimulation
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to the left inferior frontal gyrus and motor cortex to
enhance semantic word retrieval in healthy older adults
(Holland et al., 2011; Meinzer et al., 2013, 2014), the
facilitatory stimulation of an executive control hub that
contributes to semantic control processes might not
have been critical when task performance is already
high. Nonetheless, though unintended, the absence of
a stimulation effect on cognition allowed us to interpret
alterations on the neural level without the confounds
of behavioral changes that might make them harder to
interpret otherwise (Blankenburg et al., 2010; Feredoes
et al.,, 2011). Moreover, the behavioral relevance of
these changes was demonstrated in the significant
correlations between activity or connectivity increases
and behavioral modulation.

iTBS over the pre-SMA increases activity in a
widespread network of visual processing and cognitive
control

Effective iTBS generated greater activity than sham
iTBS in posterior regions but not at the stimulation site.
This finding was surprising but is in line with the increas-
ingly reported observation that TBS produces remote
effects on activation in neural networks (Cardenas-
Morales et al., 2011; Halko et al., 2014; Vidal-Pifeiro
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changes in functional connectivity and behavior. Reduced
coupling of pre-SMA and left ventral SPL after effective iTBS
was associated with slower reaction times (RT) during the
feature-picture matching (FPM) condition.

et al.,, 2014). Notably, stimulation-induced changes in
the BOLD signal were task-specific. Specifically, we
found that activity only changed when participants were
performing the semantic judgment task but not at rest or
during the tone judgment task. For semantic judgments
compared with the control task, increased activation
was observed in the occipital cortex, including bilateral
lingual gyri and medial occipital lobe, which indicates
a specific role of these regions in the semantic but
not the tone judgment task. This notion is supported
by emerging evidence from healthy but also patient
studies that the occipital cortex, particularly the lingual
gyrus, supports language-related and verbal memory
tasks (Amedi et al., 2004; Heath et al., 2012; Kim et al.,
2011; Palejwala et al., 2021). Thus, the increased
activation of these regions mediated by the pre-SMA
might suggest a top-down control on visual processing
regions in a task-specific manner. Moreover, comparing
the semantic judgment task to rest revealed greater
activation of clusters in left superior and right inferior
parietal lobes apart from clusters in the occipital lobe
after effective stimulation. These results were mainly
driven by the FPM condition. All cluster peaks fell
within the dorsal attention network, which illustrates
a functional connection with focused attention, which
is likely semantic-specific (Cristescu et al., 2006; Kim
et al., 2011; Mahon and Caramazza, 2010).

iTBS decreases functional connectivity within cognitive
control networks during semantic processing

We gained further insight into the role of the upregu-
lated regions through functional connectivity analyses.
Results showed reduced whole-brain functional con-
nectivity for semantic judgments in dorsal and ventral
SPL and the right cuneus after effective iTBS. The
seeds in the left SPL showed strongest decoupling with
a large prefrontal cluster in the left ventral attention
network, while the cuneus was negatively coupled
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with a prefrontal cluster in the right control network.
Moreover, we found reduced connectivity of the ventral
SPL with our stimulation site, the pre-SMA, the parietal
dorsal attention network, and a cluster in the frontal
pole associated with the DMN. Notably, apart from the
cluster in the DMN, all cluster peaks fell within regions
of the MDN. Moreover, the majority of significant clus-
ters were driven by increased connectivity for the tone
judgment task. This finding demonstrates the potential
of iTBS to generate task-specific changes in functional
network coupling, which is line with previous reports
(Halko et al., 2014; Singh et al., 2020; Vidal-Pifeiro
et al., 2014). Further, it suggests a TMS-induced
modulation of whole-brain functional connectivity in
response to executive and attention demands and
supports the notion of the pre-SMA as an organizing
hub in the MDN, coordinating the interaction of different
cognitive control regions (Camilleri et al., 2018).

iTBS-induced changes in activation and functional con-
nectivity relate differently to behavior

Relating TMS-induced changes on activation and func-
tional connectivity with the cognitive performance al-
lowed us to explore the behavioral relevance of these
network changes (Figure 7). While it might seem sur-
prising that the increased activation of the parietal dor-
sal attention network was linked to poorer accuracy in
the semantic judgment task, this finding corroborates
the notion that the most efficient task processing is
associated with little or no additional functional activa-
tion apart from task-specific core regions. This is a
common observation in neurocognitive aging, where in-
creased activation and reduced deactivation of domain-
general regions have been associated with neural ineffi-
ciency, leading to poorer performance across a range of
cognitive domains (Cabeza et al., 2018; Spreng et al.,
2010). Moreover, better and more efficient behav-
ioral performance due to training-induced activation de-
creases has been reported in healthy participants (Abel
et al., 2012; Horner and Henson, 2008) as well as post-
stroke chronic aphasia (Abel et al., 2015; Richter et al.,
2008). In our study, task performance was high and re-
mained unchanged after iTBS, indicating a stimulation-
induced upregulation of remote cognitive control re-
gions that were not necessary for efficient task process-
ing. Though speculative, a different pattern might have
emerged through the perturbation of a domain-specific
node in the semantic network. A recent study from our
group found a partially compensatory upregulation of
MDN regions when the domain-specific semantic net-
work was disrupted (Hartwigsen et al., 2017).

Notably, increasing functional connectivity between our
stimulation site and the upregulated cluster in the pari-
etal dorsal attention network after iTBS was associ-
ated with faster reaction times in the most demanding
semantic condition. This result strengthens the idea
of a task-specific coupling of cognitive control regions
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Facilitatory stimulation of a domain-general hub
in semantic cognition
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Figure 7. Facilitatory stimulation of a hub of the domain-
general multiple-demand network enhanced coupling with
other cognitive control networks distal to the stimulation site.
This was linked to poorer performance but increased effi-
ciency during semantic processing in a group of middle-aged
to older adults.

that have been linked to executive components of se-
mantic processing (Kim et al., 2011; Mahon and Cara-
mazza, 2010) and language processing in general (Ger-
anmayeh et al., 2014; Sliwinska et al., 2017). Here, we
demonstrate that such coupling can enhance the pro-
cessing efficiency when cognitive demands are high but
not the cognitive process per se in form of improved ac-
curacy.

In conclusion, our results agree with the proposal of
an adaptive recruitment of domain-general resources
to support language processing, which, however, are
less efficient than the specialized domain-specific
network (Hartwigsen, 2018). Moreover, we add a new
perspective to the role of the MDN in semantic cogni-
tion: Our findings indicate that the pre-SMA supports
semantic-specific processes through the upregulation
of and coupling with cognitive control regions that have
been linked to semantic cognition. Importantly, the
pre-SMA did not upregulate or couple with regions of
the domain-specific network of semantic control, such
as the left inferior frontal gyrus and posterior middle
temporal gyrus. Together with our findings of a positive
effect of pre-SMA stimulation on task efficiency but
not accuracy, we propose a multidimensionality of
semantic control on the neural level beyond the inferior
prefrontal cortex (Badre et al., 2005; Nagel et al,
2008), consisting of a fronto-temporal domain-specific
and a fronto-parietal domain-general semantic control
network. Stimulating the pre-SMA with facilitatory TMS
modulated domain-general semantic control but had no
effect on domain-specific control regions.

Limitations and outlook

It should be noted that we did not find an effect of stim-
ulation on the subject-specific functional ROls for lan-
guage processing. Though unexpected, this aligns with
our other results, indicating a modulation of domain-
general and not language-specific regions through iTBS
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over the pre-SMA. A future comparison of modulation
of domain-general and domain-specific semantic con-
trol hubs could help to fully explore the contribution of
both control systems to semantic cognition. Moreover,
we cannot rule out the possibility that our results are
limited to the aging brain. Although we tested a rela-
tively wide range from middle to older age, future stud-
ies should consider a group of young participants for
comparison.

Materials and Methods

Participants

A total of 30 healthy middle-aged to older adults (14 fe-
male; M = 61.6, SD = 7.64, range: 45—74 years) par-
ticipated in the experiment. Inclusion criteria were na-
tive German speaker, right-handedness, normal hear-
ing, normal or corrected-to-normal vision, no history
of neurological or psychiatric conditions, and no con-
traindication to magnetic resonance imaging or rTMS.
Participants were also screened for cognitive impair-
ments using the Mini-Mental State Examination (Fol-
stein et al., 1975; all > 26/30 points). Written informed
consent was obtained from each participant prior to the
experiment. The study was approved by the local ethics
committee of the University of Leipzig and conducted in
accordance with the Declaration of Helsinki.

Experimental Design

Figure 1 displays the experimental procedure. The
study employed a single-blind, cross-over design with
three sessions per participant (Figure 1A). Sessions
were separated by at least one week (mean inter-
session interval: 28.4 days; SD: 51.2) to prevent carry-
over effects of TMS. During the first session, partic-
ipants completed a short training of the experimen-
tal task followed by two runs of a language local-
izer task and two runs of the experimental task. The
second and third session each began with a short
practice of the task, after which participants were ad-
ministered effective or sham iTBS over the pre-SMA.
Participants then completed two runs of the experi-
mental task. The TMS laboratory was situated close
to the MR unit which enabled us to transfer partici-
pants rapidly to the MR scanner after stimulation (mean
time end of stimulation until beginning of functional
scan: 6.6 min). To avoid any interference of move-
ment with the stimulation effect, participants were trans-
ferred in an MR-compatible wheelchair. During func-
tional MRI, all stimuli were presented using the soft-
ware Presentation (version 18.0, Neurobehavioral Sys-
tems, Berkeley, USA, www.neurobs.com). Visual stimuli
were back-projected onto a mirror mounted on the head
coil. Auditory stimuli were played via MR-compatible
in-ear headphones (Sensimetrics, Gloucester, USA,
http://www.sens.com/). At the beginning of each fMRI
session, participants performed a short volume test in
the scanner with one intact passage of the language
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localizer and background scanner noise to make sure
they could understand the stimuli well.

Language Localizer

The language localizer task was adapted from (Scott
et al.,, 2016). In this task, participants listen to
intact and acoustically degraded passages from Al-
ice in Wonderland. Materials for the degraded pas-
sages as well as the experimental structure were
provided by Evelina Fedorenko (https://evlab.
mit.edu/alice). The intact passages were taken
from the freely available German translation of Alice
in Wonderland (https://www.projekt-gutenberg.
org/carroll/alice/alice.html) and were recorded
by a professional native German female speaker in a
soundproof room. Recordings were then cut using
Praat software (version 6.0.56, https://www.praat.
org) and normalized using Audacity software (version
2.3.2, https://www.audacityteam.org/). In total, 24
intact and 24 acoustically degraded passages were pre-
pared. The language localizer task is constructed as a
block design. Each run consists of six intact and six
degraded passages interspersed with four fixation peri-
ods. Listening passages are each 18 s long and fixation
periods 12 s long, thus resulting in a total length of 4.4
min per run and 8.8 min of the whole task. Participants
were instructed to lie still and quietly listen to the pas-
sages. At the beginning, participants performed a short
volume test in the scanner with one intact trial and back-
ground scanner noise to make sure that they could hear
the stimuli well.

Experimental Paradigm

Two tasks were implemented in the fMRI experiment in
a mixed design: a semantic judgment task with varying
cognitive demand and a non-verbal control task (Fig-
ure 1B). In both tasks, participants were required to de-
cide whether an auditory stimulus matches with a pre-
sented image via yes/no-button press using the index
and middle finger of their left hand. Since the exper-
iment was planned to be also implemented in people
with post-stroke aphasia, the left hand was used in all
participants to avoid potential confounds through hemi-
paresis in the aphasia group. Further, this allowed us
to shift motor activity related to the button press to the
right hemisphere. The order of buttons was counter-
balanced across participants. Tasks were presented in
mini-blocks of four trials per task and blocks were sepa-
rated by rest intervals of 3.75 s (2/3 of all intervals) or 16
s (1/3 of all intervals). Individual trials were 3.5 s long in-
cluding presentation of the auditory stimulus, the object
picture, and button press by the participant. Trials within
blocks were interspersed with jittered inter-stimulus in-
tervals between 2.5 and 7 s. Each run included 88 stim-
uli with 32 items per condition of the semantic judgment
task and 24 items of the control task resulting in a total
length of 13.8 min per run. Participants completed two
runs per session.
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Semantic judgment task

The semantic judgment task consisted of a word-picture
matching (WPM) and a feature-picture matching (FPM)
condition, thus varying with respect to the semantic de-
mand of an item (Figure 1C). During both conditions,
participants listened to a short phrase (e.g., “Is a ba-
nana” or “Is sour”) followed by a picture of an object
at the offset of the auditory stimulus. They were then
asked to judge if the auditory phrase and the presented
object match. Stimuli were chosen from eight cate-
gories (four living: birds, fruits, mammals, and vegeta-
bles; four non-living: clothes, furniture, tools, and vehi-
cles) according to German norm data for semantic typ-
icality (Schrdder et al., 2012). From each category, 12
members were selected, 2/3 of them representing typi-
cal and 1/3 representing atypical items of the respective
category. Hence, in total, 96 stimuli were developed.
For each item, a feature from available concept prop-
erty norms (Devereux et al., 2014) was chosen so that
within every category, items could be paired up with re-
gard to their grammatical gender and their feature. In
this way, we made sure that every object was introduced
with the appropriate gender through the indefinite article
both in the congruent and incongruent condition in the
auditory stimulus in the WPM condition (“Is a banana”
or “Is a lemon”), thus precluding any syntactic clues on
accuracy. In German, the indefinite article can take two
forms: feminine “eine” and masculine and neutral “ein”.
Accordingly, items with male and neutral gender could
be paired up together and items with female gender
were paired up separately. Further, the arrangement in
pairs allowed us to balance the occurrence and to con-
trol the semantic value of the features. That is, every
feature property was once used as congruent and as in-
congruent. Since item pairs were within categories, we
assured that both congruent and incongruent features
were semantically associated with the items. Through
this approach, we aimed at avoiding any response bias
which could be introduced when an incongruent fea-
ture has a bigger semantic distance than the congruent
feature from the target item. All auditory stimuli were
recorded through the same professional native German
female speaker as in the language localizer. Record-
ings were processed in the same way: They were cut
using Praat and normalized via Audacity software.

Across categories, items were balanced for lexical fre-
quency of words and lexical frequency of features using
the dlexDB database (Heister et al., 2011). There was
no significant difference between frequencies of words
(M = 10.27, SD = 23.65) and features (M = 13.63,
SD = 23.50), £(185) = 0.98, p = .331). Additionally,
items were also balanced across categories for length
in phonemes, length in syllables, and length in seconds
of the audio files of words and features respectively. In
comparison, audio files of words (M = 1.24 s, SD =
0.13) were longer than those of features (M = 1.16 s,
SD = 0.18), #(176) = 3.81, p < .001). We dealt with
this difference in the length of audio files by designing

12


https://evlab.mit.edu/alice
https://evlab.mit.edu/alice
https://www.projekt-gutenberg.org/carroll/alice/alice.html
https://www.projekt-gutenberg.org/carroll/alice/alice.html
https://www.praat.org
https://www.praat.org
https://www.audacityteam.org/
https://doi.org/10.1101/2022.10.21.513185
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.21.513185; this version posted October 21, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

the paradigm in a way that pictures of objects only ap-
peared at the offset of each auditory stimulus, thus not
depending the decision-making process on the length
of the audio files. Pictures for stimulus items were taken
from the freely available Bank of Standardized stimuli
(Brodeur et al.,, 2014, 2010) and the colored picture
set by Moreno-Martinez and Montoro (2012) or bought
through a license of MPI CBS on Shutterstock. Objects
were presented on a white background and all pictures
were cropped to a size of 720 x 540 pixels. Stimuli of
the semantic judgment task were investigated in a pilot
experiment (n = 50) beforehand to confirm the intended
modulation in task demand and to validate name and
feature agreement for each item. Stimuli for the final set
were only chosen if they showed at least 80% agree-
ment for the word-picture and the feature-picture match-
ing conditions.

We developed six individual stimuli lists per participant
(three sessions with two runs each) such that every
item appeared once in every condition across runs and
sessions. Conditions and congruency were balanced
across runs with pairs of congruent and incongruent
stimuli never occurring in the same run. Across partici-
pants and runs, accuracy and congruency of individual
items were pseudorandomized. After balancing proce-
dures, stimuli lists were randomized.

Tone judgment task

The non-verbal control task consisted of sinewave tones
at different frequencies (300—825 Hz), which were pre-
sented in a sequence of two tones (Figure 1C). Tones
in a sequence always had a difference in frequency of
250 Hz. Individual tones were generated using a pure
tone generator in Matlab with the following parameters:
sampling frequency of 16000 Hz, duration of 450 ms,
and fade-in and fade-out duration of 10 ms each. Af-
terwards, tones were paired up using Audacity software
so that each tone once appeared first and once second
in a sequence. An inter-tone interval of 300 ms was in-
cluded in each sequence. Thus, each tone sequence
had a length of 1200 ms which equaled the average
length of all verbal stimuli. In the control task, partici-
pants heard a tone sequence and were asked to match
this with a picture of an arrow pointing diagonally up-
wards or downwards which appeared at the offset of the
auditory stimulus. Like in the semantic judgment task,
participants had to indicate their choice via button press.
Through this process, we aimed at keeping the task as
similar as possible to the semantic judgment task but
without any verbal processing involved.

Magnetic Resonance Imaging

MRI data were collected at a 3T Siemens Magnetom
Skyra scanner (Siemens, Erlangen, Germany) with a
32-channel head coil. For functional scans, a gradient-
echo echo-planar imaging multiband sequence (Fein-
berg et al., 2010) was used with the following parame-
ters: TR: 2000 ms, TE: 22 ms, flip angle: 80°, voxel size:
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2.48 x 2.48 x 2.75 mm with a 0.25 mm interslice gap,
FOV: 204 mm, multiband acceleration factor: 3, number
of slices per volume: 60 axial slices with interleaved or-
der covering the whole brain. For the language localizer
task, 266 volumes were acquired. For the experimental
task, a total of 842 volumes per session were acquired.
For distortion correction, field maps (pepolar images)
were obtained at the end of each session (TR: 8000 ms,
TE: 50 ms). Additionally, a high-resolution, T1-weighted
3D volume was obtained from the in-house database if
available and not older than two years or was acquired
after the functional scans on the first session using an
MPRAGE sequence (176 slices, whole-brain coverage,
TR: 2300 ms, TE: 2.98 ms, voxel size: 1 x 1 x 1 mm,
matrix size: 256 x 240 mm, flip angle: 9°).

Intermittent Theta Burst Stimulation

During the second and third session, participants re-
ceived once effective and once sham rTMS prior to fMRI
(Figure 1A). Session order was counterbalanced across
participants. rTMS was delivered using the iTBS stimu-
lation protocol which consists of bursts of three pulses
at 50 Hz given every 200 ms in two second trains, re-
peated every ten seconds over 190 seconds for a total
of 600 pulses (Huang et al., 2005). We chose to use
TBS since its high-frequency protocols have been re-
ported to induce longer lasting after-effects with a dura-
tion of up to one hour (Chung et al., 2016). We used
stereotactic neuronavigation (TMS Navigator, Localite,
Bonn, Germany) based on coregistered individual T1-
weighted images to precisely navigate the coil over the
target area and maintain its location and orientation
throughout the experiment.

iTBS was applied over the pre-SMA. We used an indi-
vidualized stimulation approach where the stimulation
coordinates of each participant were based on activa-
tion patterns within a pre-defined ROI for the experi-
mental task during the first session. To this end, fMRI
data from the first session were preprocessed using fM-
RIPrep 20.2.3 and analyzed using SPM12. A ROl mask
of the pre-SMA based on a freely available probabilistic
cytoarchitectonic map (Ruan et al., 2018) was created,
thresholded at greater 0.3, and binarized. Activation
in individuals’ subject space for the contrast semantic
judgment > rest was then inclusively masked using the
resampled pre-SMA ROI. Significant clusters were iden-
tified after FWE-correction on peak level at p < 0.05.
The global peak of the strongest cluster within the pre-
SMA ROl was identified as the stimulation target in each
participant. Figure S1 displays the individual stimula-
tion sites within the mask. Figure S2 shows the location
of individual stimulation sites with respect to two cog-
nitive networks of interest: general semantic cognition
(Jackson, 2021) and the multiple-demand network (Fe-
dorenko et al., 2013).

iTBS was applied via a MagPro X100 stimulator
(MagVenture, Farum, Denmark) equipped with a pas-
sively cooled MCFB65 figure-of-eight coil. For sham
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stimulation, we used the corresponding placebo caoil
(MCF-P-B65), which features the same mechanical out-
line and acoustic noise as the effective coil but provides
an effective field reduction of ~80%. During stimulation,
the handle of the coil was pointed in a posterior direction
(Allen et al., 2018; Taylor et al., 2007; Willacker et al.,
2020). Stimulation intensity was set to 90% of individual
resting motor threshold (RMT), which was determined
during the second session. RMT was defined as the
lowest stimulation intensity producing at least five motor
evoked potentials of > 50 pV in the relaxed first dorsal
interosseous muscle when single-pulse TMS was ap-
plied to the right motor cortex ten times. The overall
application of TMS pulses per sessions was well within
safety limits and the whole procedure was in accor-
dance with the current safety guidelines (Rossi et al.,
2009).

Data Analyses
Behavioral data

Accuracy and reaction time data of each session were
analyzed using mixed-effects models with a logistic re-
gression for accuracy data due to their binary nature
and a linear regression for log-transformed reaction time
data. We only analyzed reaction times for correct re-
sponses. Contrast coding was done via sum coding
where the intercept represents the grand mean across
conditions and the model coefficients represent the dif-
ference between the mean of the respective condition
and the grand mean. Based on the research ques-
tions of this study, session (i.e., baseline, effective or
sham stimulation) and condition (WPM, FPM or tone
judgment) along with their interaction term were always
entered as fixed effects. Next, we used stepwise model
selection to determine the best-fitting model based on
the Akaike Information Criterion (AIC), where a model
was considered meaningfully more informative if it de-
creased the AIC by at least two points (Burnham and
Anderson, 2004). The AIC reduces overfitting by con-
sidering model complexity and simultaneously penaliz-
ing models with more parameters. First, the optimal
random effects structure was assessed; next, which fac-
tors of congruency, stimulation order, age, and task op-
timized the models; and finally, interaction terms were
evaluated. Table S1 displays the model selection pro-
cedure for accuracy data. The optimal model included
fixed effects for session, condition, congruency, and age
as well as a three-way interaction for session, condi-
tion, and congruency, and a random intercept for par-
ticipants (Equation 1). Table S2 displays the model se-
lection procedure for reaction time data. Here, the opti-
mal model included fixed effects for session, condition,
congruency, and age, and interactions between condi-
tion and congruency and session and condition. As ran-
dom effects, the model included by-participant random
intercepts and by-participant random slopes for session
as well as random intercepts for auditory stimuli (Equa-
tion 2). P-values were obtained by likelihood ratio tests
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of the full model with the effect in question against the
model without the effect in question. Statistical mod-
els were performed with R (version 4.1.0; Team, 2021)
and the packages Ime4 (Bates et al., 2015) for mixed
models and bblme (Bolker and Team, 2022) for model
comparisons. Plots and result tables were generated
using the packages sjPlot (Lidecke, 2021) and ggef-
fects (LUdecke, 2018).

Accuracy = Bo + B1Session + PoCondition+
BsCongruency + B4 Age+
BsSession x Condition+

BeSession x Congruency+ (1)
BrCondition x Congruency+
BsSession x Condition x Congruency+
(1|Subject) +¢

log(Reaction time) = By + 1. Session+
B2Condition + B3Congruency + By Age+

BsCondition x Congruency+ @

BeSession x Condition+
(1+ Session|Subject)+
(1+|Auditory stimulus)+¢

Preprocessing of MRI data

Preprocessing of MRI data was performed using fM-
RIPrep 20.2.3 (Esteban et al., 2019) which is based on
Nipype 1.6.1 (Gorgolewski et al., 2011). Preprocessing
steps of functional images included slice-time correc-
tion, realignment, distortion correction, co-registration
of the T1-weighted and functional EPI images, and
normalization. Anatomical images were skull-stripped,
segmented, and normalized to standard space. Images
were normalized to the MNI152NLin6Asym template. A
detailed description of the preprocessing steps is in-
cluded in Supplementary Materials. After preprocess-
ing, functional data were smoothed with an isotropic 5
mm FWHM Gaussian kernel, and analyzed in SPM12
(Wellcome Trust Centre for Neuroimaging) in Matlab
(version R2021a; The MathWorks Inc., Natick, MA).

Whole-brain analyses

Functional MRI data were modelled using the two-step
procedure. At the first level, data were entered into in-
dividual general linear models (GLM) for each session
and participant. For the localizer, the GLM included box-
car regressors convolved with the canonical hemody-
namic response function (HRF) for the task blocks of
the intact and degraded listening passages. Individual
thresholded (gray matter probability > 0.2) gray matter
masks were used as explicit masks. For the experimen-
tal task, regressors for the three conditions and a sepa-
rate regressor for error trials were included in the GLM.
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Individual trials were modelled as stick functions con-
volved with the canonical HRF. To account for condition-
and trial-specific differences in reaction time, the du-
ration of a trial was defined as the length of the audi-
tory stimulus plus the reaction time. For all tasks, mod-
els included regressors of no interest: six motion pa-
rameters and individual regressors for strong volume-
to-volume movement as indicated by values of frame-
wise displacement > 0.7. Further, temporal and spa-
tial derivatives were modelled for each condition, and
a high-pass filter (cutoff 128 s) was applied to remove
low-frequency noise. Contrast images were generated
by estimating contrasts for each condition against rest
and direct contrasts between conditions.

For the experimental task, contrast images were then
entered intro group-level random effects models. For
the first session, one-sample t-tests were computed to
define group activations for the different conditions. To
assess differences in activation between effective and
sham iTBS, contrast images from the sham session
were subtracted from contrast images from the effective
session, and the difference images were then submitted
to random effects models and session effects were es-
timated using one-sample t-tests. For all second-level
analyses, a gray matter mask was applied, which re-
stricted statistical tests to voxels with a gray matter prob-
ability > 0.3 (SPM12 tissue probability map). Results
were thresholded at p < 0.05 at peak level and cor-
rected at cluster level for the family-wise error (FWE)
rate at p < 0.05. Anatomical locations were identified
with the Harvard-Oxford cortical structural atlases dis-
tributed with FSL (https://fsl.fmrib.ox.ac.uk).

To assess the relationship between differences in acti-
vation and differences in behavior due to iTBS, we ex-
tracted PSC for our a-priori defined stimulation site of
pre-SMA and for clusters showing a significant effect of
stimulation (n = 6; see Table 1) using the MarsBar tool-
box (version 0.45; Brett et al., 2002). For the pre-SMA,
PSC was extracted for a cluster centered at each indi-
vidual stimulation site and containing the 10% strongest
activated voxels for the contrast semantic judgment >
rest, which was identical to the contrast used for the
definition of the stimulation site. Data were then en-
tered into correlation analyses where the difference in
PSC for a certain condition was correlated with the dif-
ference in accuracy and reaction time between effective
and sham sessions.

Analysis of subject-specific functional regions of interest

Data from the language localizer task were analyzed
employing the group-constrained subject-specific ap-
proach (Julian et al., 2012). This method allows the
identification of individual functional regions of interest
(fROIs) sensitive to language processing (Fedorenko
et al., 2010), which were then used to characterize re-
sponse profiles in the independent data set of the ex-
perimental task. The definition of fROIs followed the
procedure described by (Fedorenko et al., 2010) and
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was done using the spm_ss toolbox (Nieto-Castanoén
and Fedorenko, 2012): First, individual activation maps
for our contrast of interest of the localizer task (intact
> acoustically degraded speech) were thresholded at
a voxel-wise false discovery rate (FDR) of g < 0.05 at
whole-brain level (Genovese et al., 2002) and then over-
laid on top of each other. The resulting probabilistic
overlap map displayed how many participants showed
activation at each voxel. Next, the overlap map was
smoothed (5 mm), thresholded at 3 participants (10%;
cf. Fedorenko et al., 2010), and parcellated using a
watershed algorithm (Meyer, 1991). The watershed al-
gorithm resulted in 37 fROIs. Third, only those ROls
from the parcellation were retained where at least 60%
of participants had any supra-threshold voxels (cf. Fe-
dorenko et al., 2010; Julian et al., 2012). This led to
a final sample of 25 parcels (Figure S3). To confirm
that these parcels were indeed relevant to language
processing, independent of the task, we entered them
in a random-effects group-level analysis using the ex-
perimental task data. Results were calculated for the
contrast language (i.e., WPM + FPM) > rest and FDR-
corrected at g < 0.05. Results showed that all 25 parcels
were significantly stronger activated for the language
task (Table S3). Finally, subject-specific fROIs were
defined as the 10% most active voxels in each partic-
ipant for the localizer contrast intact > degraded speech
within each parcel. Since we were interested in the
potential effect of iTBS on differences in activation in
the language-specific fROIls, we extracted PSC for each
fROI and condition for the experimental task using the
MarsBar toolbox (version 0.45; Brett et al., 2002). The
data were then entered into a linear model with predic-
tors for stimulation type (effective or sham) and fROI
and their interaction term. Post-hoc comparisons were
applied using the package emmeans (Lenth, 2020).

Functional connectivity analysis

We were interested in potential changes in functional
connectivity induced by iTBS. To this end, we con-
ducted psychophysiological interaction (PPI) analyses
using the gPPI toolbox (McLaren et al., 2012). Seed re-
gions were defined for significant global cluster peaks
for the contrast of effective and sham session (n = 6,
cf. Table 1) and for our stimulation site, bilateral pre-
SMA. Binary, resampled masks were created for each
seed by building a spherical ROI with a radius of 10 mm
in MarsBar. Next, for each participant, individual ROIs
were created by extracting the 10% most active voxels
in each seed mask of a given contrast image. For the
seed masks of pre-SMA, we used the contrast seman-
tic judgment task (i.e., WPM + FPM) > rest, which was
the same contrast used to define individual stimulation
coordinates.

For the gPPI, individual regression models were set up
for each ROI and session containing the deconvolved
time series of the first eigenvariate of the BOLD sig-
nal from the respective ROI as the physiological vari-
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able, regressors for the three task conditions and er-
rors as the psychological variable, and the interaction
of both variables as the PPl term. Models were ad-
justed for an omnibus F-test of all task regressors. Sub-
sequently, first-level GLMs were calculated. We were
specifically interested in potential differences between
effective and sham iTBS sessions for the contrast se-
mantic judgment > tone judgment. To this end, contrast
images from the sham session were subtracted from
contrast images from the effective session and the dif-
ference images were submitted to random-effects mod-
els for group analysis. Significant clusters were deter-
mined via one-sample t-tests. A gray matter mask was
applied as described for the univariate analyses. Re-
sults were thresholded at p <0.01 at peak level and
FWE-corrected p <0.05 at cluster level.

We also explored a relationship between stimulation-
induced changes in functional connectivity and behav-
ior. To this end, we extracted pre-SMA-to-ROI PPI con-
nectivity for effective and sham sessions for the contrast
semantic judgment > tone judgment where ROI refers to
the six seed regions described above. We then corre-
lated the difference between effective and sham con-
nectivity for each pre-SMA-ROI pair with the difference
between effective and sham in accuracy and reaction
time.

Data Availability

All behavioral data as well as extracted beta weights
generated or analyzed during this study have been
deposited in a public repository on Gitlab https:
//gitlab.gwdg.de/mdn-in-aging-and-aphasia/
mdn_aph. This repository also holds all self-written
analysis code used for this project. Unthresh-
olded statistical group maps for fMRI and gPPI
results are made publicly available on NeuroVault:
https://neurovault.org/collections/13064/.
Raw and single subject neuroimaging data are pro-
tected under the General Data Protection Regulation
(EU) and can only be made available from the authors
upon reasonable request.
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