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A B S T R A C T   

The left temporo-parietal cortex (TPC) is crucial for phonological decoding, i.e., for learning and retaining sound- 
letter mappings, and appears hypoactive in dyslexia. Here, we tested the causal contribution of this area for 
reading in typical readers with transcranial magnetic stimulation (TMS) and explored the reading network’s 
response with fMRI. By investigating the underlying neural correlates of stimulation-induced modulations of the 
reading network, we can help improve targeted interventions for individuals with dyslexia. 28 typical adult 
readers overtly read simple and complex words and pseudowords during fMRI after effective and sham TMS over 
the left TPC. To explore differences in functional activation and effective connectivity within the reading 
network, we performed univariate and multivariate analyses, as well as dynamic causal modeling. While TMS- 
induced effects on reading performance and brain activation showed large individual variability, multivariate 
analyses revealed a shift in activation in the left inferior frontal cortex for pseudoword reading after effective 
TMS. Furthermore, TMS increased effective connectivity from the left ventral occipito-temporal cortex to the left 
TPC. In the absence of effects on reading performance, the observed changes in task-related activity and the 
increase in functional coupling between the two core reading nodes suggest successful short-term compensatory 
reorganization in the reading network following TMS-induced disruption. This study is the first to explore 
neurophysiological changes induced by TMS to a core reading node in typical readers while performing an overt 
reading task. We provide evidence for remote stimulation effects and emphasize the relevance of functional 
interactions in the reading network.   

1. Introduction 

The ability to process written language is crucial for everyday life, 
work, and interpersonal communication and can thus be seen as a core 
feature of human communication. However, fluent reading requires 
years of instruction and practice, and is based upon multiple, hierar-
chically organized processes, including orthographic recognition, 
orthographic-phonological mapping, and semantic access (Xia et al., 
2018). In adults, known words are usually directly accessed as whole 
forms in the mental lexicon (so-called sight word reading), while 
meaningless pseudowords require phonological decoding, i.e., 
grapheme-phoneme conversion (Coltheart et al., 2001; Ehri, 2005). At 

the neural level, coordinating these various processes relies largely upon 
three brain regions that are classically associated with language pro-
cessing: (i) the left inferior frontal gyrus (IFG), (ii) the left 
temporo-parietal cortex (TPC) and (iii) the left ventral occipito-temporal 
cortex (vOTC) (Pugh et al., 2001; Rueckl et al., 2015). While the left IFG 
is engaged in processes of attention and language (e.g., phonological 
output resolution; Taylor et al., 2013), the left TPC is responsible for the 
transformation of orthographic elements into associated phonological 
codes (Linkersdörfer et al., 2012). Evidence for the crucial role of the left 
TPC also comes from dyslexia research, showing that this region is 
significantly hypoactive in individuals with dyslexia across all age 
groups (Richlan et al., 2011; Turker, 2018). The last region, the left 
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vOTC, gradually develops sensitivity to print (Chyl et al., 2021) and 
optimizes linguistic processing for quick access to familiar words (Gagl 
et al., 2020). It also contains the so-called visual word form area, which 
develops during reading acquisition (Dehaene & Cohen, 2011). 

Although non-invasive brain stimulation (NIBS) studies have 
proliferated over the past decades, few studies have applied NIBS to 
specifically modulate reading processing (Turker & Hartwigsen, 2021). 
Existing NIBS studies with typical readers provide first evidence that the 
left IFG contributes to phonological and semantic reading-related pro-
cesses (e.g., Devlin et al., 2003; Gough et al., 2005; Hartwigsen, 
Baumgaertner, et al., 2010; Hartwigsen, Price, et al., 2010), while the 
left vOTC is critical for word and pseudoword processing (Duncan et al., 
2010; Pattamadilok et al., 2015). Moreover, the left TPC was found to be 
important for phonological processes related to reading, in line with its 
expected role as grapheme-phoneme-conversion center (Costanzo et al., 
2012a; Liederman et al., 2003). 

Likewise, NIBS studies with atypical readers also suggest that single- 
and multiple-session interventions targeting the left and right TPC can 
improve reading performance in children and adults with dyslexia 
(Costanzo et al., 2013, 2019; Lazzaro et al., 2021; see review by Turker 
& Hartwigsen, 2022). However, existing NIBS studies did not combine 
stimulation with neuroimaging, leaving the underlying neural correlates 
of stimulation-induced modulations of the reading network unclear. The 

observed behavioural modulations most likely stem from (1) an in- or 
decrease in functional brain activation in the targeted area (Miniussi 
et al., 2013), (2) up- and down-regulations of tightly connected brain 
regions or regions within the same network (Sale et al., 2015), and (3) 
changes in functional connectivity between network nodes (e.g., suc-
cessful reading relies upon functional connectivity within the reading 
network; Schurz et al., 2015; van der Mark et al., 2011). Such 
compensatory short-term mechanisms occur after disruption of an area 
and may be correlated with changes in behavioural performance 
(Hartwigsen et al., 2013; Hartwigsen, Henseler, et al., 2017). 

In the present study, we investigated if inhibition of the left TPC 
impacts word and pseudoword processing in typical adult readers to 
shed light on the causal role of this area for different reading processes, 
and explored the reading network’s response to perturbation in terms of 
functional activation and connectivity. We hypothesized that an inhi-
bition of the left TPC would lead to (1) increased reading times (speech 
onsets) and decreased accuracy for simple and complex pseudowords, 
(2) an up-regulation of the left IFG, vOTC and the contralateral right TPC 
and (3) higher functional coupling with the disrupted region. To test 
these hypotheses, we applied offline effective and sham repetitive 
transcranial magnetic stimulation (rTMS) to the left TPC of healthy 
adults with no dyslexia history who then performed an overt reading 
task during functional MRI (see Fig. 1). We believe that this approach 

Fig. 1. Experimental design. (A) The TMS-target in the left TPC was chosen based on previous meta-analyses (MNI coordinates: x/y//z= -49/-44/21) and is displayed 
on the averaged functional activation map for the contrast [all trials > rest] of the sham session in the present study. (B) Electrical field simulations show both the 
mean induced electrical field (V/m) and the standard deviation across participants during left TPC stimulation. (C) In the first session, behavioural assessment took 
place. In the second session, we collected structural scans for neuronavigation during sessions 2 and 3, in which effective and sham continuous theta burst stimulation 
(cTBS) at 90% of the resting motor threshold (rMT) was applied over the target region. (D) During fMRI, subjects overtly read visually presented simple and complex 
words and pseudowords in mini-blocks (five items per block) displayed for 2.5 seconds in the scanner (200 trials per scanning session spread over the four conditions; 
total duration: ~25 minutes). We jittered the inter-stimulus interval (2.5–4 seconds) and rest during mini-blocks (7–12 seconds). 
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can help us advance our knowledge on reading and help explore the 
potential of neuromodulatory interventions for individuals with reading 
impairments. 

2. Materials and methods 

2.1. Participants 

Participants were young, healthy, right-handed adults (N = 28; 13 
females; range: 18–40 years, Mage = 25 ± 4) with no prior history of 
psychiatric, neurological, hearing, or developmental disorders. All par-
ticipants had nonverbal intelligence scores within the normal range or 
above (nonverbal IQ: ≥ 91; CFT 20-R; Weiß, 2019). Sample size was 
determined based on comparable previous TMS studies (e.g., Kuhnke 
et al., 2020) and sensitivity analyses were performed to confirm the 
chosen sample size was sensitive enough to detect the expected effect 
sizes (see Section 2.4.2). Participants were either recruited via the par-
ticipants database of the Max Planck Institute for Human Cognitive and 
Brain Sciences Leipzig (MPI CBS), or flyers, posters, and social media. 
Participation in all sessions was required for the respective participant’s 
data to be included in the study sample. Prior to participation, written 
informed consent was obtained from each subject. The study was per-
formed according to the guidelines of the Declaration of Helsinki and 
approved by the local ethics committee of the University of Leipzig. 

2.2. Experimental design 

The present offline TMS-fMRI study comprised a behavioural testing 
session, a structural MRI session and two sessions of TMS (effective and 
sham stimulation) followed by fMRI. During the separate behavioural 
testing session, we assessed nonverbal intelligence, working memory, 
reading and spelling for a later comparison of these skills with a group of 
individuals with dyslexia. Please note that the present analyses comprise 
only the study with the healthy, typical adult readers. The TMS-fMRI 
sessions were separated by at least 7 days to prevent carry-over effects 
of TMS, and session order (sham or effective) was counterbalanced 
across participants with a few exceptions. The study employed a 2×2×2 
within-subject design with the factors TMS (effective stimulation, sham 
stimulation), stimulus type (words, pseudowords) and complexity 
(simple stimuli consisting of two syllables and 4–6 letters, complex 
stimuli consisting of three to four syllables and 10-14 letters) (for details 
of the experimental procedure, stimulation site and fMRI design, see 
Fig. 1). 

2.2.1. Behavioural testing 
Since the present study was part of a larger project which further 

aimed to compare individuals with and without dyslexia, the present 
group of typical readers underwent a 3-hour behavioural testing session 
that included various measures of reading (word, nonword and text 
reading) (Moll & Landerl, 2010; Schneider et al., 2017), spelling (Ker-
sting & Althoff, 2003) and general cognitive testing [e.g., working 
memory (Wechsler, 2008)]. To rule out arithmetic difficulties (i.e., 
dyscalculia), attention deficits (e.g., attention deficits hyperactivity 
disorder) and low intelligence in the present sample, we further assessed 
arithmetic competence, continuous attention and nonverbal IQ (Holzer 
et al., 2017; Knye et al., 2003; Weiß, 2019). For the present sample, no 
subject had to be excluded and none met the criteria for reading and 
spelling difficulties, which were set at 1.5 standard deviations below the 
group mean in at least 50% of administered reading and spelling tests. 

2.2.2. Stimuli 
We used an event-related mini-block design that used 400 stimuli 

altogether (200 simple and complex words; 200 simple and complex 
pseudowords). In each session, participants overtly read a random 
compilation of 100 words (50 simple, 50 complex) and 100 pseudo-
words (50 simple, 50 complex) in mini-blocks of 5 stimuli in the scanner. 

Note that no stimulus was repeated across sessions to avoid learning 
effects. The 200 simple word stimuli consisted of two syllables and 4–6 
letters and were the same as used in Schuster et al. (2015). As complex 
words, we chose the first 100 most frequent 4-syllabic words (10–14 
letters) from the dlex database (http://www.dlexdb.de/). We first 
excluded compound words and plurals but due to the small number of 
available complex words we had to include several 3-syllabic words and 
plurals with 10–14 letters. Pseudowords were then designed using 
Wuggy (http://crr.ugent.be/programs-data/wuggy) based on the simple 
and complex word lists. To make sure none of the observed effects were 
due to differences in orthographic neighbourhood or lexical frequency 
of items, we included orthographic neighborhood (orthographic Lev-
enshtein distance 20) and lexical frequency for all items (set at 0 for all 
pseudowords) as covariates in statistical analyses. 

2.2.3. Functional neuroimaging 
Functional MRI data were collected on a 3T Siemens Magnetom 

Skyra scanner (Siemens, Erlangen, Germany) with a 32-channel head 
coil. Blood oxygenation level-dependent (BOLD) images were acquired 
with a single-echo BOLD EPI sequence (repetition time [TR]: 2 s, echo 
time [TE]: 22 ms; flip angle: 80◦; field of view [FoV]: 204 mm; voxel 
size: 2.5 × 2.5 × 2.5 mm; bandwidth: 1794 Hz/Px; phase encoding di-
rection: A/P; multiband acceleration factor: 3). B0 field maps were ac-
quired for susceptibility distortion correction using a spin-echo EPI 
sequence (TR: 8000 ms; TE:50 ms; flip angle: 90◦; bandwidth: 1794 Hz/ 
Px; other parameters identical to functional sequence). 

During fMRI, stimuli were presented for 2.5 seconds. We jittered the 
between-stimulus-interval (2.5–4 s), as well as the between-mini-block- 
interval (7–12 s; see Fig. 1). Subjects were instructed to read out all 
stimuli as fast and correctly as they could with as little head movement 
as possible. Subjects’ in-scanner responses were recorded and manually 
preprocessed with Audacity (Audacity Team, 2021) to remove scanner 
noise. Speech on- and offsets were determined with Praat (Boersma & 
Weening, 2021) by four independent raters, two analyzing each audio-
file in 50% of cases. We computed an interrater reliability >0.85, sug-
gesting high reliability among raters. For the following analyses, we 
averaged speech onsets across raters if they were rated by more than one 
person. Accuracy for all trials was checked by a third person. 

2.3. Transcranial magnetic stimulation (TMS) 

To investigate the causal role of the left TPC for phonological pro-
cessing, we applied offline continuous theta burst stimulation (cTBS). 
cTBS applies bursts of 3 stimuli at 50 Hz repeated at intervals of 200 ms 
(5 Hz) for 40 seconds (total: 600 pulses) (Huang et al., 2005). Biphasic 
TMS pulses were applied via a MagPro X100 stimulator (MagVenture, 
Farum, Denmark) equipped with a passively cooled MCF-B65 figur-
e-of-eight coil. Offline protocols can induce adaptive changes in brain 
activity and connectivity that outlast the stimulation for up to 60 mi-
nutes (Siebner & Rothwell, 2003). Participants underwent one effective 
and one sham (placebo) session. The sham condition mirrored the 
effective condition in terms of basic set-up and procedure, but a placebo 
coil (MCF-P-B65) was used, which features the same mechanical outline 
and acoustic noise as the effective coil but reduces the magnetic field 
strength by ~80%. Intensity of the stimulation was set at 90% of the 
individual resting motor threshold (rMT). The protocol for assessing the 
resting motor threshold was conducted in accordance with a standard-
ized procedure (Schutter & van Honk, 2006). 

The MNI coordinates for the left TPC (x = -49, y = -44, z = 21) were 
calculated from three meta-analyses on reading impairments (Maisog 
et al., 2008; Richlan et al., 2009, 2011). To precisely target these co-
ordinates in each individual participant, they were transformed from 
MNI to subject space using the SPM12 software (Wellcome Trust Center 
for Neuroimaging, University College London, UK). We then used ste-
reotactic neuronavigation (TMS Navigator, Localite GmbH, Sankt 
Augustin, Germany) to navigate the coil over the target area and 
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maintain its location throughout stimulation. For neuronavigation, 
participants’ heads were co-registered onto their T1-weighted MR image 
before the stimulation sessions. T1 scans had been obtained beforehand 
with a 3T MRI scanner (Siemens, Erlangen, Germany) using an MPRAGE 
sequence (176 slices in sagittal orientation; repetition time: 2.3 s; echo 
time: 2.98 ms; field of view: 256 mm; voxel size: 1×1×1 mm; no slice 
gap; flip angle: 9◦; phase encoding direction: A/P). 

2.4. Data analysis 

2.4.1. Data and code availability 
All data and code is available at the following OSF registry: osf.io/ 

fpgcy (Turker & Kuhnke, 2023). 

2.4.2. Behavioural analyses 
Behavioural data from in-scanner performance of one participant 

were not usable due to technical problems with the speech recording 
software, leaving a total of 27 subjects for behavioural analyses. Speech 
onsets and response accuracy of each trial were analysed with general-
ised linear mixed models (GLMM) using glmmTMB 1.1.2.3 (Brooks 
et al., 2017) in R 4.0.5 (R Core Team, 2022). To circumvent the need to 
transform reaction times to satisfy normality assumptions, reading times 
were modelled using a Gamma distribution with the identity link 
function (Lo & Andrews, 2015). The accuracy of each trial (correct 
versus incorrect) was modelled as a binary response using a binomial 
distribution and logit link function. All models included as fixed effects 
the four-way interaction between TMS (effective vs. sham), stimulus 
type (word vs. pseudoword), complexity (simple vs. complex) and ses-
sion (effective in first vs. effective in second session) and all lower order 
terms. A maximal random effects structure was used for all models with 
subject as the grouping variable to avoid inflated Type I errors (Barr 
et al., 2013). The resulting GLMM for speech onsets included random 
intercepts and random slopes for the interaction between TMS, stimulus 
type and complexity, as well as all lower order terms. Likewise, random 
intercepts and random slopes for TMS and complexity were included in 
the GLMM for response accuracy. For each item, orthographic neigh-
bourhood (OLD20) and lexical frequency (lexfreq) were calculated and 
added as covariates in the models. The significance of each variable was 
assessed using the Wald test, and marginal effects were calculated using 
a step-down simple effects analysis. 

Earlier TMS studies that aimed to modulate reading performance had 
reported strong TMS effects with Cohen’s d ranging from -0.37 to 1.96 
based on repeated measures ANOVAs with ten subjects (Costanzo et al., 
2012b, 2013). Similarly, work from our own group revealed strong TMS 
effects after left TPC stimulation in a group of 26 subjects (Cohen’s d =
0.63) (Kuhnke, Beaupain, et al., 2020). We used G-power to perform a 
sensitivity calculation, which reveals the smallest effect that could have 
been detected with high probability given our sample size. The sensi-
tivity analysis showed that assuming α = 0.05, we had 80% power to 
detect effect sizes larger than 0.55 (Cohen’s dz) for two-tailed t-tests and 
larger than 0.46 (Cohen’s d) for repeated measures ANOVAs (Faul et al., 
2007). 

2.4.3. fMRI analysis 
Preprocessing was performed using fMRIprep (version 20.2.1; Este-

ban et al. 2019) and univariate analyses were performed using the two- 
level approach in SPM12. A multivariate pattern analysis (MVPA) was 
performed with The Decoding Toolbox (Hebart et al., 2015), and effective 
connectivity within the reading network was measured with Dynamic 
Causal Modeling (DCM) (Friston et al., 2003). 

2.4.3.1. Univariate analyses. We performed a whole-brain random-ef-
fects group analysis based on the general linear model (GLM), using the 
two-level approach in SPM12. First, individual participant data were 
modeled separately. The participant-level GLM included regressors for 

the four experimental conditions (simple words, complex words, simple 
pseudowords, complex pseudowords), modeling trials as box car func-
tions (2.5 seconds duration) convolved with the canonical hemody-
namic response function (HRF). Only correct trials with given responses 
(incorrect trials were trials without response or with completely wrong 
words/ pseudowords) were analyzed, error trials were modeled in a 
separate regressor-of-no-interest. To control for movement artifacts, we 
included the motion parameters from realignment into the subject-level 
GLM. To further improve motion confound regression, we also added the 
motion parameters’ temporal derivatives, quadratic terms, and temporal 
derivatives of the quadratic terms. Therefore, nuisance regressors 
included 24 motion regressors (i.e., the 6 base motion parameters + 6 
temporal derivatives of the motion parameters + 12 quadratic terms of 
the motion parameters and their temporal derivatives) (Friston et al., 
1996; Satterthwaite et al., 2013). Moreover, we performed “motion 
scrubbing” to remove individual time points with strong 
volume-to-volume movement from the analysis (Power et al., 2012) . To 
this end, we computed framewise displacement (FD) as a measure of 
excessive volume-to-volume movement and added individual regressors 
for volumes that exceeded a threshold of FD > 0.9, as proposed for 
task-based fMRI data (Siegel et al., 2014). Finally, we included the top 
10 aCompCor regressors explaining the most variance in physiological 
noise (Behzadi et al., 2007). The data were subjected to an AR(1) 
auto-correlation model to account for temporal auto-correlations, and 
high-pass filtered (cutoff 128 s) to remove low-frequency noise. 

Contrast images for each participant were computed at the first level. 
At the second level, these contrast images were submitted to one-sample 
or paired t-tests (to test for interactions). For all second-level analyses, a 
gray matter mask was applied, restricting statistical tests to voxels with a 
gray matter probability > 0.1 (MNI152NLin2009cAsym gray matter 
template in fMRIprep). All activation maps were thresholded at a voxel- 
wise p < .001 and a cluster-wise p < .05 FWE-corrected. 

2.4.3.2. Multivariate analysis. As univariate analyses are insensitive to 
information represented in fine-grained, multi-voxel activation patterns 
(Haxby et al., 2014), we additionally performed a multivariate pattern 
analysis (MVPA) using The Decoding Toolbox (version 3.999F; Hebart 
et al., 2015) implemented in Matlab (version 2021a). Our MVPA aimed 
to test whether effective TMS over left TPC, as compared to sham TMS, 
modulated activity patterns in the stimulated or other, remote brain 
regions. We employed a searchlight MVPA, moving a spherical 
region-of-interest (or “searchlight”) of 5 mm radius through the entire 
brain (Kriegeskorte et al., 2006). At each searchlight location, a 
machine-learning classifier (an L2-norm support vector machine; C=1) 
aimed to decode between effective and sham TMS, separately for words 
and pseudowords. We used leave-one-participant-out cross validation 
(CV), training on the activation patterns from n-1 participants and 
testing on the left-out participant (yielding 28 CV-folds). For statistical 
inference, we performed a permutation test across the 
accuracy-minus-chance maps of the different CV-folds (using SnPM13 by 
Nichols, 2023; as proposed by Wang et al., 2021), thresholded at a 
voxel-wise p < .001 and a cluster-wise p < .05 FWE-corrected (as in our 
univariate analyses). Activity patterns comprised beta estimates for each 
mini-block of every participant. 

2.4.3.3. Dynamic causal modeling (DCM). We performed DCM (Friston 
et al., 2003) to investigate TMS-induced changes in effective connec-
tivity (i.e., directed causal influences) between the core nodes of the 
reading network. DCM estimates a model of effective connectivity be-
tween brain regions to predict a neuroimaging time series. A DCM 
consists of three types of parameters: 1) “intrinsic” (i.e., 
condition-independent) directed connections between brain regions, 2) 
“modulatory inputs” that change connection strengths during a certain 
experimental manipulation, and 3) “driving inputs” that drive activity in 
the network. The goal of DCM is to optimize a tradeoff between model fit 
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(of the predicted to observed time series) and complexity (i.e., deviation 
of model parameters from their prior expectations), measured by the 
model evidence (Kahan & Foltynie, 2013; Zeidman, Jafarian, Corbin, 
et al., 2019). 

We performed a two-level analysis using Parametric Empirical Bayes 
(PEB) and Bayesian Model Reduction (BMR)—the current gold standard 
(Friston et al., 2016). At the first level, a “full model” was specified and 
estimated for each participant. Regions included in the model were the 
left TPC (the stimulated region), left vOTC, and left IFG. The three re-
gions were defined functionally in each individual participant as the top 
10% most activated voxels for [all sham trials > rest] within 20 mm 
spheres around the MNI peak coordinates in a meta-analysis of reading 
in adults (Martin et al., 2016): left TPC = -49/-44/21; left IFG =
-52/20/18; left vOTC = -42/-68/-22. All regions were restricted to the 
cerebral gray matter. The first eigenvariate of the BOLD time series of 
each region was extracted and adjusted for effects-of-interest (all 
experimental conditions) using our participant-level GLM (see Univari-
ate analyses). DCM inputs were mean-centered, so that the intrinsic 
connections reflected the mean connectivity across experimental con-
ditions (Zeidman, Jafarian, Corbin, et al., 2019). 

At the second level, DCM parameters of individual participants were 
entered into a GLM—the PEB model—that decomposed interindividual 
variability in connection strengths into group effects and random effects. 
BMR then compared the full model against numerous reduced models 
that had certain parameters “switched off” (i.e., prior mean and variance 
set to 0) (Friston et al., 2016). Finally, we computed the Bayesian model 
average (BMA), the average of parameter values across models weighted 
by each model’s posterior probability (Pp) (Penny et al., 2007). This 
approach is preferred over exclusively assessing the parameters of the 
“best” model as it accommodates uncertainty about the true underlying 
model (Friston et al., 2016). The BMA was thresholded to only retain 
parameters with a Pp > 99%. For each modulatory input, we calculated 
the resulting connectivity value (in Hz) using formula 3 in Zeidman, 
Jafarian, Seghier, et al. (2019). Finally, to determine whether one 
experimental condition modulated a certain connection more strongly 

than another, we directly compared different parameters on the same 
connection using Bayesian contrasts (cf. Kuhnke et al., 2021). 

3. Results 

3.1. Functional activation results 

Neuroimaging results of the sham session showed that word and 
pseudoword reading engaged distributed but also overlapping areas, 
including the target site in the left TPC (see Figure S1 for details of both 
conditions > rest). Yet, the direct comparison of both conditions 
revealed distinct activation patterns for pseudowords and words, espe-
cially within the left TPC. Overall, words showed a greater recruitment 
of regions of the default mode network (Smallwood et al., 2021), e.g., 
the bilateral angular gyri, middle temporal gyri, middle frontal cortices, 
and bilateral medial prefrontal and posteromedial cortices (Fig. 2A). 
Pseudowords, in contrast, activated classical reading areas, such as the 
bilateral vOTC and portions of the inferior parietal lobe and IFG more 
strongly (Fig. 2B). Whereas the left TPC activation for words covered 
mainly the angular gyrus, pseudowords recruited more posterior regions 
in the supramarginal gyrus (SMG), extending to the superior parietal 
lobe (SPL). 

In terms of cerebellar engagement, we found robust word- and 
pseudoword-specific patterns of activation in the present study. Pseu-
doword reading when compared to word reading involved a large 
cluster spreading across lobules VIIIa / VIIb / VI and crus II in the right 
cerebellum, and a small cluster occupying specifically portions of lob-
ules VIIIa / VIIIb in the left cerebellum. Word reading, in contrast, 
recruited primarily crus I and II in the left and right cerebellum. 

To test for stimulus-specific recruitment in the left TPC region, we 
investigated activation magnitude in five designated ROIs that had been 
differentially engaged in the word vs. pseudoword contrasts (see Fig. 2). We 
included left angular gyrus (AG), left pSTG, left posterior SMG (pSMG), left 
anterior SMG (aSMG) and left SPL based on the Harvard-Oxford atlas in FSL 
(Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; Makris 

Fig. 2. Cortical and cerebellar findings for the univariate contrasts for word vs. pseudoword reading during the sham (i.e., placebo) session. All results are corrected at p <
.001 voxel-level and FWE-cluster-corrected at p < .05. (A) Brain areas displaying higher activation for words than pseudowords (red). Sagittal slices (x = ± 10 / ± 30 
/ ± 58) were chosen to display all significant clusters for words: bilateral subcallosal, bilateral AG, bilateral aMTG, bilateral precuneus / cingulate, left insula / 
central opercular cortex. (B) Regions displaying higher activation for pseudowords than words (blue). Sagittal slices (x = ± 6 / ± 28 / ± 50) further display all 
significant clusters: bilateral cingulate, bilateral cerebellum, bilateral insula /fronto-orbital cortex, bilateral lateral occipital cortex and left precentral gyrus to IFG. 
(C) Cerebellar activation for words > pseudowords (red) and pseudowords > words (blue), shown on a smoothed reconstruction (top) and a cerebellar flatmap. 
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et al., 2006). Repeated measures ANOVAs revealed main effects for stimulus 
type in left AG (F(27,1) = 61.5, p < .001, Cohen’s d = 1.53), left aSMG (F(27, 

1) = 21.9, p < .001, Cohen’s d = 1.22), left pSTG (F(27,1) = 6.3, p = .02, 
Cohen’s d = 0.63) and left SPL (F(27,1) = 42.2, p < .001, Cohen’s d = 1.37). 
Whereas left AG showed significantly less activation in the form of deacti-
vation for pseudowords, the other three regions showed higher activation 
for pseudowords than words (Fig. 3). In addition to stimulus-type-effects, 
we also found significant complexity effects for left AG (F(27,1) = 28.4, p 
< .001, Cohen’s d = 0.84), left pSTG (F(27,1) = 12.2, p = .002, Cohen’s d =
0.77) and left SPL (F(27,1) = 5.6, p = .03, Cohen’s d = 0.46). The interaction 
between word type and complexity was further significant for left AG (F(27, 

1) = 4.9, p = .04, Cohen’s d = 0.35), with significant differences between 
simple words and simple pseudowords (t = 4.2, p < .001, Cohen’s d = 0.67), 
simple words and complex pseudowords (t = 9.4, p < .001, Cohen’s d =
1.49), simple and complex pseudowords (t = 5.32, p < .001, Cohen’s d =
0.82) and complex words and pseudowords (t = 7.22, p < .001, Cohen’s d 
= 1.15) as revealed by post hoc-tests (Holm-corrected). 

Regarding functional activation for complexity, we found higher 
activation for complex stimuli in the bilateral motor cortices, the bilat-
eral STG and areas within the posterior parietal cortex and occipital 
lobes (Fig. 4A). The same areas were more engaged during pseudoword 

as compared to word processing, suggesting that pseudoword activation 
patterns resembled complex item patterns due to higher cognitive de-
mand. Likewise, simple items displayed a more word-like activation 
(Fig. 4B). As mentioned before, ROI analyses revealed effects for 
complexity in left AG (F(27,1) = 28.4, p < .001, Cohen’s d = 0.84), left 
pSTG (F(27,1) = 12.2, p = .002, Cohen’s d = 0.77) and left SPL (F(27,1) =

5.6, p = .03, Cohen’s d = 0.46), suggesting that the left SPL and left pSTG 
are specifically recruited during more complex reading tasks. 

3.2. TMS effects on reading performance 

We found that regardless of TMS condition, participants showed 
significantly longer speech onset times for pseudowords as compared to 
words (z = 7.39, p < .001) and for complex as compared to simple 
stimuli (z = 3.072, p = .002). Also, the interaction between the two was 
significant (z = 7.744, p < .001). Post-hoc tests revealed that all com-
parisons were significant: simple vs. complex words (t =-3.737, p =
.0002), simple vs. complex pseudowords (t = -11.612, p < .0001), simple 
words vs. simple pseudowords (t = -8.820, p < .0001) and complex 
words vs. complex pseudowords (t = -17.478, p <0.0001) (see Tables S1- 
S3 for details). Regarding reading times, we also found significant main 

Fig. 3. Activation magnitude for the four conditions in subregions of the left TPC. Based on clusters derived from the Harvard-Oxford atlas, we compared activation 
magnitude in each participant in five designated ROIs (left AG, left pSTG, left pSMG, left aSMG and left SPL) during the four respective conditions: simple word, 
complex word, simple pseudoword and complex pseudoword reading. Repeated measures ANOVAs for each ROI were computed and significant main effects of 
stimulus type (i.e., significant differences in recruitment during word and pseudoword reading) are explicitly marked in the respective plots (*** p < .001, ** p < .01, 
* p < .05). Only left AG showed higher word-specific recruitment, whereas left aSMG, left pSTG and left SPL showed stronger recruitment during pseudoword 
reading. Apart from marked word type effects, main effects of complexity were also significant in left AG, left pSTG and left SPL. In contrast to left AG, the other two 
regions showed higher activation for complex stimuli. 
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effects for complexity (z = 5.800, p < .001) and stimulus type (z = 2.027, 
p = .043). The pseudoword-complexity interaction was also significant 
(z = 11.02, p < .001), revealing again significant differences for simple 
vs. complex words (t = -5.922, p < .0001), simple vs. complex pseudo-
words (t = -16.197, p < .0001), simple words vs. simple pseudowords (t 
= -2.515, p = .0119) and complex words vs. complex pseudowords (t =

-18.115, p < .0001) (see Tables S4 and S5). Likewise, we found a main 
effect for stimulus type (z = -3.196, p = .001) and a significant 
complexity-by-pseudoword interaction (z = -3.392, p < .001) for 
reading accuracy. Post-hoc tests revealed significant differences in ac-
curacy for simple vs. complex pseudowords (t = 3.998, p = .0001) and 
for complex words vs. complex pseudowords (t = 6.919, p <0.0001). 

Fig. 4. Cortical and cerebellar findings for the processing of simple and complex stimuli. (A) Complex > simple stimuli (averaged across stimulus types), (B) simple >
complex stimuli (averaged across stimulus types). We display results for the cerebral cortex and the cerebellum during the sham (i.e., placebo) condition, corrected at 
p < .001 voxel-level and FWE-cluster-corrected at p < .05. Please note that no significant cluster in the cerebellum was found for (B), which is why no cerebellar 
flatmap for this contrast is shown. 

Fig. 5. Individual differences in TMS response on the behavioural level. Figures A, B and C show non-significant findings of TMS on speech onsets, accuracy and reading 
times (across all stimuli). We suggest that a lack of group-level findings stems from large individual variability across subjects and differential effects of TMS on 
reading performance. 
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Differences between simple and complex words and simple words and 
pseudowords were not significant (see details in Tables S6 and S7). 

Regarding TMS effects, we found no main effect of TMS on speech 
onsets (z = 0.718, p = .473, n.s.), reading times (z = 1.133, p = .257, n. 
s.) or accuracy (z = 0.001, p = .999, n.s.). There was only a weak 
interaction for TMS, complexity, stimulus type and session for speech 
onsets (z = 2.07, p = .04), with post-hoc tests showing that when 
effective TMS was performed in the second session, subjects had 
increased speech onsets for complex words (t = 2.083, p = .037) 
(Table S2). We did not find any TMS effects on reading times and ac-
curacy (all p > .05; see Fig. 5), most likely due to large variability in TMS 
responses, with some individuals getting better, some worse on an in-
dividual level. 

3.3. TMS effects on functional activation 

Regarding TMS effects on brain function, univariate whole-brain 
analyses showed no significant differences in brain activation between 
effective and sham TMS on the group-level. To better understand this 
lack of group-level findings, we performed an exploratory subject- 
specific analysis with individual subject maps thresholded at p<.001 
(uncorrected) (Fig. 6). Supporting our observation of large inter- 
individual variability in behavioural response to TMS, participants 
also showed large differences in univariate brain activation involving 
up- or down-regulation of the bilateral motor cortices and occipital lobes 
following effective TMS. In other words, the same regions showed up- or 
down-regulation following TMS in different subjects. 

Since univariate analyses are insensitive to fine-grained differences 
in multi-voxel activity patterns (Mur et al., 2009), we additionally 
performed MVPA decoding to investigate the effect of TMS on functional 

activation patterns. To this end, we moved a 5-mm “searchlight” 
through the entire brain, training a machine-learning classifier to 
distinguish effective vs. sham TMS based on the local activity patterns of 
n-1 subjects, and testing the classifier on the remaining subject (i.e., 
leave-one-subject-out cross-validation). We found significant 
above-chance decoding (>50%) selectively for pseudowords and selec-
tively in a cluster covering portions of the left IFG (pars triangularis), 
extending to the inferior frontal sulcus (peak: x, y, z = -42 30 20) (Fig. 7) 
(see a discussion on the role of the IFG regions for pseudowords in 
Turker and Hartwigsen (2021)). No effects were observed for word 
reading. 

3.4. TMS-induced effects on effective connectivity 

We used DCM to explore TMS-induced changes in effective connec-
tivity within the reading network, including the three core reading 
areas: left IFG, left TPC and left vOTC (Fig. 8). We found strong inter- 
regional connectivity, and pseudowords drove all three regions more 
strongly than words (Bayesian contrasts for TPC: Pp = 0.999; IFG: Pp =
1.0; vOTC: Pp = 1.0). Crucially, effective connectivity from the left vOTC 
to the left TPC was significantly increased by effective TMS over the left 
TPC across both reading conditions (modulation: 0.699; result: 0.464 
Hz). This modulation was stronger for effective than for sham TMS 
(modulation: 0.349; result: 0.113 Hz; Bayesian contrast between effec-
tive and sham TMS: Pp = 1.0). 

4. Discussion 

Here, we tested how perturbation of the left TPC with TMS prior to 
functional neuroimaging affects network activity, task-related 

Fig. 6. Subject-specific up- or down-regulation of functional activation for effective vs. sham TMS. Overlap of subject-specific activation maps for effective vs. sham 
stimulation (p<.001 uncorrected at the voxel level, thresholded at 2 subjects; color indicates number of subjects showing activation increase/decrease in the same 
voxel). The upper panel shows up-regulation, i.e., higher activation after effective when compared to sham stimulation. The lower panel shows down-regulation, i.e., 
lower activity after effective than sham TMS. 
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connectivity, and performance during word and pseudoword reading in 
typical adult readers. Our main findings were as follows. First, left TPC 
subregions and the cerebellum are differentially recruited for word and 
pseudoword reading and the processing of complex stimuli. Second, 
TMS-induced effects on reading performance and brain activation 
showed strong variability across subjects without any clear pattern at 
the behavioural or neural level when using standard univariate analyses. 
However, multivariate analyses revealed a shift in activation in the left 
inferior frontal cortex for pseudoword reading following TMS-induced 
disruption. Furthermore, we found increased effective connectivity 
from the left vOTC to the targeted left TPC after TMS. The observed 
changes in task-related activity and the increase in functional coupling 
between two core reading nodes suggest successful short-term 

compensatory reorganization in the reading network following TMS- 
induced disruption. These changes may have prevented behavioural 
disruption. 

4.1. Left TPC regions are differentially engaged during word and 
pseudoword reading 

We first explored differences in task-related activity during word and 
pseudoword reading at baseline (i.e., after sham TMS). Whereas left AG 
was more engaged during word reading, three other subregions within 
the left TPC showed a strong preference for pseudowords. Earlier 
reading studies found largely overlapping activation patterns for words 
and pseudowords (e.g., Danelli et al., 2013), which stands in contrast to 

Fig. 7. Results for between-subject searchlight MVPA showing TMS-induced differences in activation during pseudoword reading. Following effective stimulation of the left 
TPC as compared to sham stimulation, we found a shift in functional activation patterns in the left IFG (pars triangularis) / inferior frontal sulcus selectively for 
pseudoword reading. The marked area showed above-chance decoding accuracy (>50%) for effective vs. sham stimulation. We report non-parametric t-values as 
provided by the SnPM toolbox (Nichols, 2023). 

Fig. 8. Dynamic causal modeling results. Left side: The "full" DCM model that served as starting point for Bayesian model reduction. Black arrows represent intrinsic 
connections, colored arrows denote driving inputs, and coloured dots represent modulators. Right side: The resulting Bayesian Model Average thresholded at 99% 
parameter probability. Driving inputs and between-region functional coupling are in Hz. Modulators in- or decrease connections in an additive manner. *: Signif-
icantly stronger modulation than other parameters (Pp > 0.99). 
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our findings. Since sight word reading is an automatized, higher-order 
cognitive task that relies upon lexical retrieval and semantic access 
(Numssen et al., 2021), it is expected that word reading recruits the left 
AG (see summaries by Davis, 2016; Seghier, 2023). We provide evidence 
for this by directly linking left AG activation to word reading, with 
deactivation of that region during pseudoword reading (Kuhnke et al., 
2022; Kuhnke, Kiefer, et al., 2020). Based on our results, we suggest a 
functional specialization of the left TPC, with left aSMG, left pSTG and 
left SPL showing significantly stronger engagement during pseudoword 
when compared to word reading. Our findings corroborate earlier 
findings by Oberhuber et al. (2016), who found the most superior 
portion of SMG (aSMG extending to the left SPL in our ROIs) to be active 
during visual pseudoword tasks, which they attributed to a cognitive 
cluster of executive processing. Moreover, they linked word processing 
to a dorsal portion of the SMG, which corresponds more closely to the 
pSMG / AG region in the Harvard-Oxford atlas as chosen in our study. 
While the left SPL might not be a classical reading region, its role for 
letter processing and attentional demands was recently confirmed in 
NIBS studies (Turker & Hartwigsen, 2021). We suggest that its contri-
bution to pseudoword reading in our current study might stem from 
increased attentional demand and phoneme-grapheme conversion dur-
ing the pseudoword reading process. 

4.2. Longer and more complex items show increased activation in left 
pSTG and left SPL 

We also looked at the effects of complexity (i.e., by comparing simple 
and complex items). Whereas left AG showed a negative effect for 
complexity, with stronger deactivation for more complex stimuli across 
both words and pseudowords, left pSTG and left SPL showed stronger 
engagement during the reading of complex items. This is particularly 
interesting since it might reflect higher articulatory demands and more 
demanding access to the phonological lexicon in the case of left STG 
(Peramunage et al., 2011). In the case of left SPL, in contrast, the 
increased activation for complex stimuli could be interpreted as higher 
attentional and visual demand (Valdois et al., 2019), which is in line 
with its pseudoword-specific recruitment. 

4.3. The role of the cerebellum for word, pseudoword and complexity 
processing in typical readers 

In the direct contrast between conditions (pseudowords vs. words), 
we found that words showed significantly stronger engagement of crus I 
and II in both hemispheres, whereas pseudowords also recruited bilat-
eral crus II, lobules VI, VIIIa and VIIIb. These findings are partially in 
line with a recent large-scale meta-analysis linking these regions within 
the cerebellum to language and more specifically to semantic and 
phonological processing (Turker et al., 2023). Additionally, that 
meta-analysis found that specifically lobule VI was more engaged in 
overt tasks. A meta-analysis focussing on the role of the cerebellum 
suggested that motor activation might be reflected in lobule VIIIa / VIIIb 
activation, whereas other studies linked lobules VIIb and VIIIa to 
load-dependent activity in visual working memory (Brissenden et al., 
2021). Our current study provides evidence for a link to visual working 
memory since complex stimuli, that are more demanding in terms of 
visual processes and working memory, showed the highest activation 
peak across all clusters in the right cerebellum lobule VIIIa. Smaller 
clusters for complex stimuli were situated in the left cerebellum VIIb and 
VIIIa. Stoodley & Schmahmann (2009) had found that cerebellar acti-
vation for cognitive processes (e.g., language, working memory) 
involved the posterior but not the anterior lobes of the cerebellum, 
which we cannot corroborate in our current study, where anterior lobes 
(crus I and II) also showed task-specific engagement. Similarly, Kuhnke, 
Kiefer, et al. (2020) found task-specific multimodal effects in right crus I 
/ II during conceptual-semantic tasks on written words. 

4.4. Inhibition of left TPC does not significantly affect reading 
performance 

One of the main aims of the present study was to explore whether the 
left TPC, a critical region for acquiring and establishing sound-letter 
mappings, is causally involved in reading processing in adult readers. 
Electrical field simulations (see Fig. 1) showed that we successfully 
stimulated the targeted area across participants, with strongest stimu-
lation effects at the intersection of left aSMG, left pSMG and left pSTG. 
Two of these areas showed pseudoword-specific recruitment during the 
task, emphasizing their relevance for pseudoword reading. Only two 
studies have investigated the effects of TMS of the left TPC on reading. 
The first study reported higher pseudoword accuracy after left inferior 
parietal lobe stimulation, and lower text reading accuracy after left 
pSTG stimulation (Costanzo et al., 2012a). We believe that the differ-
ences to our study could stem from a more precise neuronavigation in 
the present study, which may have resulted in targeting a different 
(sub-)region, more complex / longer stimuli, a larger sample size and 
differences in stimulation parameters (cTBS instead of high frequency 
rTMS). Moreover, while facilitatory TMS effects on task performance are 
often interpreted as causal evidence for the contribution targeted areas, 
such effects could also reflect the inhibition of task-irrelevant areas that 
compete for resources (Bergmann & Hartwigsen, 2021; Luber & 
Lisanby, 2014). In a language mapping study by Hauck and colleagues 
(Hauck et al., 2015a, 2015b), several regions were targeted but no 
strong effect of TMS on the TPC for pseudoword reading could be 
observed. We reason that the absence of a strong behavioural TMS effect 
in our study may be explained by the observed short-term plasticity at 
the network level after stimulation, which may have compensated for 
the disruption and helped to maintain task performance at a relatively 
high level (see 4.5 below for discussion). Moreover, we found large in-
dividual variability, with some individuals showing a disruption, others 
showing improvements after TMS-induced disruption of left TPC. 

4.5. Large individual variability in the neural response to TMS 

Our investigation of individual differences in functional activation 
differences induced by TMS suggests large individual variability even 
within the same brain regions. It is striking that up- and down-regulation 
of task-related activity affected largely overlapping areas. In other 
words, some individuals responded with more and others with less 
activation in the bilateral motor areas, portions of the STG, and occipital 
areas in response to effective TMS. These analyses showed that neural 
responses to TMS differed considerably between individuals, which 
might explain the lack of group-level differences on the neural and 
behavioural level. Whereas the investigation of inter-individual vari-
ability in behavioural response to TMS has gained momentum in the past 
years (Corp et al., 2021; López-Alonso et al., 2014), variability in 
neurophysiological response has not been studied to our knowledge. 

4.6. Multivariate analyses reveal a TMS-induced modulation of the left 
IFG 

Our univariate analyses did not reveal any group-level differences in 
functional activation on the voxel level. In contrast, MVPA indicated 
that effective TMS over the left TPC altered fine-grained multi-voxel 
activity patterns for pseudoword reading in an inferior frontal cluster. 
The involvement of an anterior portion of left IFG including the inferior 
frontal sulcus is surprising given that previous studies relate left BA 44 to 
grapheme-phoneme conversion, and left BA 45 rather to explicit lexical 
search (Heim et al., 2005). However, theories hold that the larger IFG 
region is also crucial for phonological output resolution and rhyming 
during (MacSweeney et al., 2009; Taylor et al., 2013) as well as atten-
tion and working memory (Corbetta & Shulman, 2002; Tops & Boksem, 
2011). With pseudowords having a higher decoding demand and thus 
requiring more processing effort, it is likely that differences in response 
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patterns of the left IFG at least partially stem from higher demands on 
attention, executive functions, and cognitive control. Considering the 
overlap of our cluster with the inferior frontal sulcus, this explanation 
seems plausible. Alternatively, the stronger contribution of left IFG to 
pseudoword reading after disruption of the left TPC might also reflect a 
shift in balance towards another key node for reading, and thus reflect 
phonological processes per se. This explanation would be in line with 
previous TMS studies showing flexible redistribution between homolo-
gous areas (e.g., Hartwigsen et al., 2013; Jung & Lambon Ralph, 2016) 
or remote regions from the same specialized subnetwork (Hallam et al., 
2016) during different language tasks (Hartwigsen, 2016). Thus, a 
stronger contribution of the left IFG likely reflects compensatory at-
tempts in the network which helped to maintain task processing at a 
high level and may have prevented decreases in task accuracy. While the 
absence of a TMS-induced modulation of task-related activation in the 
stimulated area may be surprising, previous work demonstrated 
compensatory reorganization in distributed networks after inhibitory 
TMS for language and other cognitive tasks (Hartwigsen, Bzdok, et al., 
2017; Hartwigsen & Volz, 2021). Such remote stimulation effects (e.g., 
Herz et al., 2014) in connected areas in the absence of a modulatory 
effect at the stimulation site are thus not completely surprising (Farcy 
et al., 2022). We note that the two alternative explanations (increased 
task demands during pseudoword reading vs. redistribution within the 
phonological network) are not mutually exclusive, and both mecha-
nisms may have contributed to the observed changes in left IFG activity. 

4.7. TMS increases task-specific functional coupling in the reading 
network 

The results of our DCM analysis including the three core reading 
nodes as defined by the literature suggest that a disruption of the left 
TPC resulted in a stronger facilitatory drive from the left vOTC to the left 
TPC. This, in turn, suggests a TMS-induced up-regulation in the form of a 
compensatory mechanism. This is particularly interesting since the left 
vOTC plays a key role in orthographic processing and is vital for reading 
words and pseudowords (Jobard et al., 2003; Turker & Hartwigsen, 
2021). A functional engagement of this region for pseudoword pro-
cessing could also be confirmed in the univariate analyses of this study. 
The observed increase in the facilitatory influence of the left vOTC on 
the left TPC during pseudoword processing after TMS could be inter-
preted as short-term adaptation or compensation. As such, functional 
connectivity between these two areas is most likely vital for successful 
and efficient decoding, so that a disruption of the left TPC requires an 
up-regulation of functional coupling to compensate for the increased 
demand posed by the task. This highlights the importance of considering 
within-network interactions when exploring TMS-induced effects on the 
neural level, especially in the absence of a modulatory effect in the 
stimulated area. When considering TMS-induced changes on 
task-related activity and connectivity, it is important to bear in mind 
that TMS is not “lesioning” an area and unlikely to completely “silence” 
processing in the targeted region. Consequently, a shift in the balance 
between different nodes in the respective network with a stronger 
contribution of another area may help to maintain processing at a 
relatively high level despite disruption (see Hartwigsen, 2018). 

4.8. TMS-induced changes in functional activation and connectivity 
suggest compensation within the reading network to sustain reading 

The present study is the first study that mapped TMS-induced 
behavioural changes on reading performance on the neural level with 
fMRI. Earlier research on language skills suggests that TMS leads to 
plastic after-effects, such as large-scale changes on the network level 
affecting both local and remote activity within targeted networks, as 
well as interactions between other involved networks (Hartwigsen & 
Volz, 2021). As such, the perturbed brain can flexibly redistribute and 
functionally reorganize its computational capacities to compensate for 

the disruption of an area or network. The present study adds first evi-
dence for compensatory mechanisms within the typical reading network 
in terms of functional brain activation. 

Based on our results we suggest that the TPC is crucial for pseudo-
word processing. However, the reading network in typical adult readers 
is flexible enough to adapt to the disruption by increasing functional 
coupling between the left vOTC and the left TPC, and at the same time 
shifting functional activation in the left IFG. Based on our lack of 
behavioural findings, we assume that the reading network is well 
equipped to accommodate the induced disruption. Nevertheless, we 
initially expected inhibitory TMS effects at the stimulation site and in 
the reading network. The absence of any direct stimulation effects in the 
TPC was surprising. However, it is not uncommon that studies find no 
effects under the coil or stronger stimulation in remote areas (Bergmann 
et al., 2016; Bergmann & Hartwigsen, 2021). Of note, it is currently 
unclear whether such remote effects are caused by local synaptic plas-
ticity in the target site, subsequently affecting remote activity via 
changes in functional connectivity or via synaptic plasticity in the 
remote site itself induced by spread of activity during the stimulation. 
Even in the presence of local effects at the stimulation site, some com-
bined TMS-fMRI studies reported that the behavioural relevance of these 
effects was linked to remote effects (Hartwigsen, Bzdok, et al., 2017; 
Herz et al., 2014). Since the strongest remote effects in our study were 
found in the left IFG, we may speculate that targeting this area may be 
more promising to modulate underlying network activity and poten-
tially also behavior. 

4.9. Insight into the reading network(s) through neurostimulation 

With respect to the contribution of our data to theoretical reading 
models, our study can be explained under the framework of two reading 
models, one being the connectionist framework of reading (Seidenberg, 
2005), the other the dual-cascaded model of reading (DRC; Coltheart, 
2006; Coltheart et al., 2001). Due to the lack of high temporal resolution 
with fMRI, our findings cannot provide evidence for a hierarchical or-
ganization of the reading network. However, we believe that they sup-
port a constant interaction between reading areas, in line with 
connectionist accounts. Furthermore, our findings highlight that 
decoding recruits the left TPC, which is in line with earlier assumptions 
that unfamiliar word and pseudoword reading rely upon a dorsal 
reading stream, including recruitment of the vOTC, the left TPC and the 
left IFG (backed by structural connectivity research, e.g., Cummine 
et al., 2015). Since we did not observe any effects on word processing, 
words might recruit a different route that does not require the left TPC or 
might be too automatized and robustly presented in the semantic lexicon 
as to respond to a TMS-induced disruption in the left TPC. 

5. Conclusion 

By combining rTMS with fMRI, we found that a disruption of the left 
TPC in healthy readers led to (1) a change in functional activity patterns 
in the left IFG, and (2) an increase of functional coupling between the 
left vOTC and the left TPC. Due to the lack of a behavioural effect of 
TMS, we interpret these two neurophysiological effects as compensatory 
mechanisms to sustain reading. Even though we only used a single 
session intervention in this study, we could still see immediate effects on 
the neural levels. This study is thus the first to report adaptive plasticity 
within the reading network in response to perturbation. The present 
findings can guide future studies and suggest new perspectives con-
cerning the treatment of reading disorders, e.g., by designing multiple- 
session interventions for individuals with reading impairments. Over-
all, our study advances future experimental and translational applica-
tions of TMS in health and disease. 
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