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Abstract

Background: Transcranial magnetic stimulation (TMS) is considered a promising technique to noninvasively modulate cortical ex-
citability and enhance cognitive functions. Despite the growing interest in using TMS to facilitate reading performance in learning
disabilities, the immediate TMS-induced effects on brain activity during reading and language tasks in adults with typically developed
reading skills remain to be further investigated. In the current study, we explored how a single offline session of intermittent theta burst
stimulation (iTBS) delivered to core left-hemisphere nodes of the dorsal and ventral reading network changes brain activity during a
spoken and written reading task. Methods:A total of 25 adults with typically developed reading skills participated in a sandwich design
TMS-functional magnetic resonance imaging (fMRI) study, which was comprised of a baseline fMRI picture-word identification task
that involved matching written or spoken words to picture cues, a single transcranial magnetic stimulation (TMS) session to either the
left supramarginal gyrus (SMG) or the left middle temporal gyrus (MTG), followed by a post-stimulation fMRI session. A whole-brain
analysis based on the general lineal model (GLM) was used to identify overall activated regions during the processing of spoken and
written words. To identify differences between pre-and post-stimulation fMRI sessions, a paired sample t-test was conducted for each
group separately (SMG and MTG groups).Results: Significant differences were found between pre-and post-stimulation fMRI sessions,
with higher functional activation (post> pre) for spoken words only following SMG stimulation, and for both spoken and written words
following MTG stimulation, in regions associated with the reading network and additional cognitive and executive control regions.
Conclusions: Our results showed how a single-offline TMS session can modulate brain activity at ~20 minutes post-stimulation during
spoken and written word processing. The selective contribution of the SMG stimulation for auditory (spoken) word processing provides
further evidence of the distinct role of the dorsal and ventral streams within the reading network. These findings could contribute to
the development of neuromodulatory interventions for individuals with reading and language impairments. Clinical Trial Registration:
No: NCT04041960. Registered 29 July, 2019, https://clinicaltrials.gov/study/NCT04041960?cond=NCT04041960&rank=1 .
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1. Introduction

Non-invasive brain stimulation techniques, such as
transcranial magnetic stimulation (TMS), have proven to
be effective tools to modulate motor and behavioral func-
tion in healthy and clinical populations. TMS utilizes mag-
netic fields to create electrical currents in the brain tissue
under the coil, leading to neural depolarization or hyper-
polarization and thereby triggering action potentials or in-
hibiting them [1]. Repetitive TMS (rTMS), typically ap-
plied at high (≥5 Hz) or low (<1 Hz) frequencies, has been
reported to increase or decrease cortical excitability, mim-
icking what is observed in experimental models of associa-
tive long-term plasticity (i.e., long-term potentiation, LTP,
or long-term depression, LTD) [2]. The possibility of mod-
ulating excitability in cortical areas has led to the increased

use of rTMS in basic cognitive neuroscience as well as a
therapeutic technique.

The use of rTMS has also contributed to developing a
better understanding of reading, a major language skill and
core feature of human communication, which is essential
for everyday life and cognitive development. In the reading
domain, neurostimulation protocols have been applied to
examine the neural correlates of word processing, providing
important insights into how the brain supports reading and
helping to explain neural underpinnings of developmental
dyslexia and other reading disorders [3].

Connecting printed letters to their corresponding spo-
ken sounds is a complex learning task that requires the
cooperative integration of visual and auditory language
modalities [4]. During spoken word processing, phonolog-
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ical information is integrated continuously, which serves to
facilitate the mapping of phonemes onto their visual rep-
resentations (graphemes) for efficient reading [5]. Neu-
roimaging evidence shows a left lateralized reading net-
work that supports this. This network classically com-
prises three highly interconnected major circuits: dorsal,
ventral, and anterior [6]. The dorsal (temporoparietal) cir-
cuit includes the posterior superior temporal gyrus (pSTG;
historically known as Wernicke’s area), the supramarginal
gyrus (SMG) and angular gyrus (AG), which are primar-
ily involved in phonological decoding (sound-to-lettermap-
ping). The ventral (occipitotemporal) circuit encompasses
the occipitotemporal cortex (OTC) as well as the inferior
and middle temporal gyri (ITG; MTG), and is engaged in
the processing of visual (printed) text and orthographic pat-
terns, facilitating reading fluency and automatic/sight word
recognition [7]. Both ventral and dorsal circuits connect
with the anterior circuit, centered around Broca’s area in
the inferior frontal gyrus (IFG). In addition to being en-
gaged with attention, working memory and other cognitive
domains, the left IFG is associated with naming, silent read-
ing, and speech-gestural (articulatory) recoding [8].

Several studies have applied rTMS to targeted cortical
regions of the reading network or its right hemisphere ho-
molog to specifically modulate reading-related skills (see
[9] for a systematic review). For instance, high frequency
rTMS (10 Hz) applied to the left or right SMG, has been
shown to slow responses to words but not to pseudowords
[10]. More recently, Harrington and colleagues applied
a unique form of TMS, known as intermittent theta burst
stimulation (iTBS) over the left SMG, reporting facilitation
effects (i.e., speeded reaction times) during a phonological
discrimination task but not during an orthographic aware-
ness task [11]. These findings provide further evidence that
the SMG is strongly linked to phonological aspects of word
processing. Likewise, stimulation of the MTG, a key node
with the ventral reading stream, has also been shown to
modulate automatic word recognition, as it is particularly
involved in the recognition of visual and orthographic pat-
terns. Some studies, for example, have used rTMS at 1 Hz
for 10 minutes to induce a temporary suppress functioning
of the left posterior MTG of healthy adult readers, reporting
slowed reaction times on tasks that required encoding the
meaning of the words (i.e., semantic processing) following
stimulation [12–14].

While TMS research for modulating reading behavior
has expanded over the past 10 years, only a few studies have
combined rTMS protocols with neuroimaging techniques
[15–18], paving the way to better understand the underly-
ing neural mechanisms of stimulation-induced changes dur-
ing reading and language-related tasks. Combining rTMS
with neuroimaging seems to be particularly suitable for as-
sessing the “offline” or after-effects of rTMS [19]. Indeed,
functional neuroimaging techniques are reported to be more
sensitive in capturing stimulation effects at the neural net-

work level, even when such effects may not be sufficient to
induce behavioral change [20].

A plausible explanation for the observed behavioral
changes following rTMS is that there are changes in brain
activation, either increased or decreased functional activa-
tion, in the targeted brain region and across networks con-
nected to that region [15,21]. Studies have shown that
rTMS seems to particularly impact the blood oxygen level-
dependent (BOLD) activity detected in functional mag-
netic resonance imaging (fMRI) [22–24]. This has led re-
searchers to hypothesize that rTMS could improve read-
ing performance in adults and children with reading im-
pairments by modulating their brain’s reading pathways.
Specifically, the left-hemisphere network used by skilled
readers tends to show decreased activation in poor readers
[4]. Previous neuroimaging research has shown that read-
ing improvement in dyslexia was mediated by an increase
in the activation of typically hypoactive left-hemispheres
areas (also referred to as “normalization”) and by addi-
tional activation in the right hemisphere regions, including
right IFG (as a “compensation” mechanism) [25]. In 2013,
Costanzo and collaborators [26] provided the first evidence
that high frequency rTMS over two critical dorsal regions
(left STG and left inferior parietal lobe), known to be un-
deractive in dyslexia, improved their reading performance.
The same regions had previously been found to improve
reading skills in typical readers [27]. However, the neural
mechanisms behind these facilitatory effects have remained
largely unclear.

In the present study, we sought to investigate the func-
tional network changes of spoken and written word pro-
cessing induced by a single offline session of iTBS applied
to targeted nodes of the dorsal and ventral streams of the
reading network. iTBS is a well-established rTMS protocol
that is thought to increase cortical excitability in targeted
brain regions for up to 60 minutes [28]. Since the dor-
sal circuit’s association with phonological processing has
been consistently demonstrated [5,29,30], we hypothesized
that iTBS to a key node of the dorsal circuit (i.e., the left
SMG) would induce greater brain activation and primarily
modulate responses to spoken words post-stimulation. Ad-
ditionally, following stimulation of a primary node of the
ventral circuit (i.e., the left MTG) we expect greater ac-
tivation that would primarily impact responses to written
words, given the association of ventral stream with auto-
matic visual/orthographic whole-word recognition, and the
proven sensitivity of ventral (occipitotemporal) regions for
print [31].

2. Materials and Methods
2.1 Participants

The sample included right-handed, native English-
speaking adults (N = 25; 20 females), aged between 18 and
47 years (mean = 24.25, SD = 6.93), with no prior history of
neuropsychiatric, developmental disorders or known hear-
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Fig. 1. Sample trial sequence of the fMRI picture-word identification task. fMRI, functional magnetic resonance imaging.

Table 1. Demographic information.
SMG MTG

Age 27.02 (7.79) 20.11 (1.39)
Gender (F/M) 11/4 9/1
WJ-III Basic score 101.40 (8.83) 101.80 (6.71)
WASI2_FSIQ2 111.73 (13.59) 108.70 (11.45)
SMG, supramarginal gyrus; MTG, middle temporal gyrus; F,
Female; M, Male; WASI2, Wechsler Abbreviated Scale of
Intelligence; FSIQ2, Full-Scale IQ score; WJ-III, Woodcock
Johnson-III.

ing impairment. All participants had a Full-Scale IQ score
(FSIQ2) at or above 80 based on the 2-subtest version of the
Wechsler Abbreviated Scale of Intelligence (WASI2) [32]
and had reading performance within age expected norms
(≥90) based on the Woodcock Johnson-III Basic Reading
Score [33]. Subjects were randomly assigned to two groups
based on the target region: those who received iTBS to
the left SMG (SMG group; N = 15), and those who re-
ceived iTBS to the left MTG (MTG group; N = 10) (see
Table 1). Subjects who did not meet the criteria for TMS
or MRI safety (e.g., history of seizure, metal in the body)
were excluded from the study. Participants were recruited
via social media and flyers posted around the greater At-
lanta area. All protocols and procedures were approved by
GSU/Georgia Tech Center for Advanced Brain Imaging In-
stitutional Review Board. The study was carried out in ac-
cordance with the guidelines of the Declaration of Helsinki.
Prior to participation, written informed consent was ob-
tained from each subject.

2.2 Experimental Design

The present offline rTMS-fMRI study comprised of a
baseline session which included a series of behavioral read-
ing/language assessments and anmagnetic resonance imag-
ing (MRI) scan that consisted of a functional task (see sec-
tion 2.2.1). Stimulation sessions consisted of administra-
tion of iTBS to either the left SMG or MTG. Stimulation
was followed by a post-stimulation fMRI scan (~20 min-
utes post-stimulation). Baseline (pre) and post-stimulation
sessions were separated by at least 12 days to prevent carry-
over effects of the functional task.

2.2.1 fMRI Picture-Word Identification Task

To assess functional activation before and after stim-
ulation in response to print and speech, participants com-
pleted a picture-word identification task in which they
judged whether a target stimulus (written or spoken word)
matched a visual picture cue (Fig. 1). This task has shown
high mean accuracy (greater than 85% in the current sam-
ple) and has proven to be highly sensitive to individual dif-
ferences in reading skills [4,5,34]. During the experimental
task, a picture of common items (e.g., dress) remained on
the screen for 40–65 seconds, before being replaced by a
new picture. The target items were presented following an
event-related protocol: written words were displayed in a
box below the picture (for 3000ms), or auditory words were
delivered via headphones. Participants were instructed to
indicate via button press whether the spoken orwrittenword
matched the picture cues. As previously described by Ma-
lins and colleagues, 1/6 of trials matched the picture and
5/6 of trials did not match the picture [34]. Across all tri-
als, the time between trial onset was jittered between 4 and
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13 seconds. To average over similar responses, the analysis
was restricted to functional activation of spoken and writ-
ten words for the mismatch trials (25 trials in total for each
mismatched condition).

2.2.2 Imaging Acquisition
Structural and functional MRI images were acquired

with a 3 Tesla Siemens Tim Trio scanner (Siemens Health-
ineers, Erlangen, Germany) at the GSU/Georgia Tech Cen-
ter for Advanced Brain Imaging. For the structural images,
a T1-weighted magnetization prepared rapid gradient echo
sequence (T1-MPRAGE) image (TR = 2250 ms, TE = 4.18
ms, voxel size = 1.0 mm × 1.0 mm × 1.0 mm) was ob-
tained, which was used as anatomical reference for neuron-
avigation during TMS and registration for fMRI analysis.

Functional volumes were acquired using a T2∗-
weighted gradient-EPI sequence with the following param-
eters: TR = 2000 ms, TE = 30 ms, flip angle = 77°, FOV =
220 mm, voxel size = 3.4 × 3.4 × 4.0 mm, with 32 slices
acquired in transversal orientation and phase encoding di-
rection A/P. B0 field maps were acquired for susceptibility
distortion correction (TR = 488 ms, deltaTE = 2.46 ms, flip
angle = 60° with other parameters identical to the functional
sequence). Participants completed 2 runs of the functional
task (113 volumes acquired for each run) for a total duration
of 7 min 32 s.

2.2.3 Transcranial Magnetic Stimulation (TMS)
During stimulation, participants were comfortably

seated with legs uncrossed, and a cap was placed on their
head to help localize the motor hotspot. The motor thresh-
olding hotspot was initially identified as the halfway point
between nasion and inion and 1/3 of the length between ver-
tex and the tragus of the left ear. The hand area of the pri-
mary motor cortex was then identified in this area through
visible muscle contraction from the relaxed first dorseus
interosseus (FDI) muscle following single pulse TMS via
a MagPro X100 stimulator (MagVenture, Lucernemarken
15 DK-3520 Farum, Sjælland, Denmark) with a figure-of-
eight coil (C-B60, MagVenture, Lucernemarken 15 DK-
3520 Farum, Sjælland, Denmark). Participants were then
instructed to raise their right arm in front at a 90-degree an-
gle and contract their right hand into an “OK” sign. The ac-
tive motor threshold (AMT), defined here as the minimum
stimulation intensity required to cause muscle contracture,
was obtained using the Parameter Estimation by Sequen-
tial Testing (PEST) method (Medical University of South
Carolina, Charleston, SC, USA) and visual confirmation of
muscle contraction [35].

Prior to stimulation, subjects’ heads were co-
registered to their T1-MPRAGE image using fiducial
points. Stereotactic neuronavigation (TMS Navigator, Lo-
calite GmbH, Bonn, Germany) was then used to target
anatomically defined regions (SMG: apex of ascending ra-
mus of superior parietal gyrus; MTG: midline of gyrus,

immediately ventral to central sulcus). The iTBS proto-
col consisted of a series of 20 sets of 3-pulse bursts at
50 Hz repeated every 200 ms for a total of 600 pulses
[36]. Protocol was delivered via the MagPro X100 stim-
ulator (MagVenture, Lucernemarken 15 DK-3520 Farum,
Sjælland, Denmark) with a passively cooled figure-of-eight
coil (MCF-B65, MagVenture, Lucernemarken 15 DK-3520
Farum, Sjælland, Denmark) at 80% of individual AMT.
Participants were asked to readwords from the Test ofWord
Reading Efficiency [37] silently during active stimulation.

2.3 fMRI Analysis
2.3.1 Preprocessing

fMRI analysis was performed using FEAT (FMRI
Expert Analysis Tool), part of the Functional Magnetic
Resonance Imaging of the Brain FMRIB’s Software Li-
brary (FSL, https://fsl.fmrib.ox.ac.uk/fsl/docs/#/), version
6.0. Pre-statistical processing included: brain extraction
using BET [38], motion correction (Motion Correction by
FMRIB’s Linear Image Registration Tool; MCLFIRT) [39],
spatial smoothing using a Gaussian kernel of FWHM 5mm
and high-pass temporal filtering (Gaussian-weighted least-
squares straight line fitting, with sigma = 50.0 s). Each par-
ticipant’s fMRI was registered to their T1-MPRAGE im-
age using Boundary-Based Registration (BBR) available
in FSL, and this latter (T1-MPRAGE) was registered to
the Montreal Neurological Institute standard space (MNI
152_2mm_brain template) using FLIRT (FMRIB’s Linear
Image Registration Tool) [39,40], which was then further
refined using FNIRT nonlinear registration tool in FSL.
Registration quality was checked by visual inspection.

2.3.2 Whole-Brain Analysis
After the preprocessing, a whole-brain analysis based

on the general linear model (GLM) was performed with lo-
cal autocorrelation correction [41]. The single subject-level
GLM included regressors formatched andmismatched con-
ditions for each of the two task runs for each participant.
Additionally, six motion correction parameters plus ex-
tended parameters (using MCFLIRT) were included in the
model as regressors of no interest. Conditions were mod-
eled using a double-gamma hemodynamic response. For
the model to best fit the time course of the actual data
acquisition, temporal filtering was applied, and temporal
derivatives of each condition were also included. The par-
ticipant’s two runs were combined in fixed effect models
and then entered a group-level analysis using FLAME 1+2
(FSL’s local analysis of mixed effects, stage 1 and stage 2)
for each session (pre-and post-stimulation). To evaluate for
differences between pre-and post-stimulation sessions (Post
> Pre; Pre> Post), a paired sample t-test was conducted in
each group separately (SMG and MTG groups). Z (Gaus-
sianised T) statistic images were thresholded using clusters
determined by Z >2.3, and a corrected cluster significance
threshold of p < 0.05. In some analyses, statistical images
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were additionally thresholded using a lower cluster value
(Z >1.96, p < 0.05 corrected).

Significant clusters were inspected in FSLeyes atlas
view based on the MNI coordinates of the peak activation
for each cluster. We used the Harvard-Oxford atlases (cor-
tical and subcortical) for cluster location and inspection.
Cerebellar Atlas in MNI152 space after normalization with
FLIRT was used to access cerebellar activation.

3. Results
Functional activations pre-and-post stimulation for

spoken and written words in each group (SMG and MTG)
are shown in Fig. 2. Results of the difference between pre-
and post-stimulation are displayed in Fig. 3. Overall, sig-
nificant differences were found between the two fMRI ses-
sions, with higher functional activation post-stimulation in
comparison to baseline (Post > Pre) only for spoken word
processing in the SMG group, and for both spoken and writ-
ten word processing in the MTG group.

3.1 Functional Activation Pre- and Post-Stimulation to the
SMG
3.1.1 Activation in Response to Spoken Words

For the group who received stimulation to the left
SMG, distributed areas of significant activation were en-
gaged during the processing of spoken words in both the
pre- and post-stimulation sessions (see Fig. 2A). As indi-
cated in Table 2, the most significant cluster at baseline
included voxels across left frontoparietal regions includ-
ing precentral and postcentral gyri, middle frontal gyrus
(MFG), IFG corresponding to the pars opercularis, and
SMG. A second significant cluster was mainly distributed
across right temporooccipital regions. After stimulation to
the left SMG, spoken words engaged similar/overlapping
regions across left frontoparietal regions (precentral and
postcentral gyri, MFG and SMG), as well as bilateral frontal
regions, including the supplementary motor cortex (SMC),
the superior frontal gyrus (SFG) and the cingulate and
paracingulate gyri (Fig. 2A). Left temporooccipital regions,
including the fusiform gyrus were also activated (see sig-
nificant clusters, MNI coordinates and anatomical labels
in Table 2). Paired t-tests showed significant differences
between the two fMRI sessions for the processing of spo-
ken words, with higher activation post-SMG stimulation
(Post > Pre) in the left precentral gyrus, followed by the
right SFG, bilateral anterior cingulate gyri and thalamus
(Z >1.96, p < 0.05, corrected). No significant differences
were found for the Pre > Post comparison.

3.1.2 Activation in Response to Written Words
For written words, significant activations were ob-

served at baseline across bilateral temporooccipital regions,
as well as in the left MFG, the SFG and precentral gyrus
(Fig. 2A). Similar bilateral temporooccipital regions were
significantly activated post-stimulation to the left SMG,

with the additional recruitment of bilateral parahippocam-
pal gyri, the left IFG, extending to the pars opercularis and
pars triangularis parts, and the left insular cortex (see Ta-
ble 3). However, no significant differences were found be-
tween the pre-and post-stimulation sessions during the pro-
cessing of written words.

3.2 Functional Activation Pre- and Post-Stimulation to the
MTG
3.2.1 Activation in Response to Spoken Words

Before MTG stimulation, spoken words primarily ac-
tivated left postcentral gyrus, SMG (anterior), precentral
gyrus and IFG (pars opercularis), while significant clusters
were observed over temporooccipital regions post-MTG
stimulation (see Fig. 2B, and detailed cluster information
in Table 4). Paired t-tests showed significant differences
between functional activations pre-and post-stimulation for
spoken words, with greater activation post-MTG stimula-
tion (Post > Pre) over numerous bilateral brain regions, in-
cluding the cerebellum (crus I/crus II), the frontal poles, the
paracingulate and cingulate gyri, MTG and STG. Likewise,
significant clusters were found over the left STG, the left
insular cortex, the right angular gyrus and precuneus (Ta-
ble 4). No significant differences were found for the Pre >
Post comparison.

3.2.2 Activation in Response to Written Words
For written words, the maximum activation peak be-

fore stimulation to the MTG was observed in the left post-
central gyrus, followed by bilateral SMG, left superior pari-
etal lobule and left precentral gyrus. Occipital and tem-
porooccipital regions including the fusiform gyrus were ac-
tivated post-MTG stimulation, as well as the right parahip-
pocampal and the left cerebellum. Significant differences
in functional activation were found between pre-and post-
stimulation in theMTGgroup during the processing of writ-
ten words (only for the Post> Pre comparison, see Table 5).
The most significant cluster was observed in the right tem-
poral pole and the right insular cortex, followed by other
significant clusters in the right temporal occipital fusiform
cortex and other temporooccipital regions, as well as in the
right cerebellum, left MTG and STG.

4. Discussion
The aim of this study was to explore the rTMS-

induced effects on functional brain activation during an
fMRI task involving print and speech processing. Partic-
ularly, we addressed the question of how a single-offline
session of iTBS applied to targeted nodes within the dorsal
(i.e., left SMG) and ventral (i.e., left MTG) streams of the
reading network in adults with typically developed reading
skills changes brain activity during spoken andwrittenword
processing. We provide preliminary evidence of increased
activation for spoken words post-SMG stimulation and for
both spoken and written words post-MTG stimulation.
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Fig. 2. Functional activation pre-and post-stimulation for spoken and written words. (A) Functional activation pre-and post-
stimulation to the left supramarginal gyrus. (B) Functional activation pre-and post-stimulation to the left middle temporal gyrus. Func-
tional activation pre-and post-stimulation activations are shown in blue and red colors, respectively. Overlapping activated regions are
shown in purple. Images are presented in neurological convention, with the left hemisphere on the left side of the image.

iTBS is a well-established rTMS protocol that has
been shown to mimic long-term potentiation, leading to
a facilitatory effect [42] that may last for up to 60 min-
utes [28]. Consistent with the efficacy and time course of
iTBS observed in the motor system, the functional changes
in the present study were captured approximately 20 min-

utes post-stimulation, suggesting short-term neuroplastic
changes. While the reading network is inherently different
from the motor network in terms of size, complexity and
inter-individual variability of neural responses [9,11,34],
our pre/post fMRI results suggest that iTBS delivered to ei-
ther the SMG or MTG can upregulate brain regions associ-
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Fig. 3. Significant differences in functional activation between the pre-and post-stimulation sessions for spoken andwrittenwords.
(A) Significant differences pre-vs post-stimulation to the left supramarginal gyrus. (B) Significant differences pre-vs post-stimulation to
the left middle temporal gyrus. Comparisons (Pre > Post; Post > Pre) are shown in blue and red colors, respectively.

ated with the reading network and along with other cogni-
tive and executive control regions that support reading and
language-related processes.

These findings have implications for understanding
the iTBS-induced effects on more complex networks such
as used for reading. Currently, the effects of TMS on neu-
roimaging measures are difficult to predict and the offline
effects of iTBS on task-related fMRI responses in language
research have rarely been studied. Changes in functional
activation during reading and language-related tasks have
been primarily found after a single session of 10-Hz rTMS
[18] or continuous TBS [15,43] in healthy adults. Using
the same iTBS protocol implemented in this study [36],
prior work from our team has demonstrated improvements
in reading performance that lasted up to 60 minutes fol-
lowing SMG stimulation [11]. Our findings of increased

functional activation following iTBS may shed light on po-
tential neurobiological mechanisms supporting these iTBS-
induced behavioral changes.

4.1 Increased Functional Activation during Spoken Word
Processing after SMG Stimulation

We found higher functional activation post-SMG
stimulation (compared to baseline) for spoken words in the
left anterior precentral gyrus, followed by the right SFG,
bilateral anterior cingulate and thalamus. However, no sig-
nificant differences between pre-and post-SMG stimulation
activation were observed for written words. This selective
fMRI response to the sounds of words provides further evi-
dence of the functional specificity of the dorsal circuit, spe-
cially the SMG, in phonological processing [29,30,44,45].

7

https://www.imrpress.com


Table 2. Functional activation for spoken words pre-and post-stimulation to the left SMG, and comparison between the two
sessions (Post > Pre; Pre > Post).

Cluster # voxels p-value Z-score
MNI coordinates

Location
X Y Z

Pre

1 2291 1.12 × 10–10

3.83 –40 –18 50 L precentral gyrus
3.05 –49 –16 50 L postcentral gyrus
3.00 –50 12 32 L middle frontal gyrus
2.60 –51 11 26 L inferior frontal gyrus, pars opercularis
2.39 –48 –37 45 L supramarginal gyrus (anterior)
2.36 –48 –42 50 L supramarginal gyrus (posterior)

2 388 0.0242

3.67 48 –56 –8 R inferior temporal gyrus (temporooccipital)
2.50 52 –57 –4 R middle temporal gyrus (temporooccipital)
2.50 45 –67 –16 R lateral occipital cortex (inferior)
2.41 45 –58 –16 R temporal occipital fusiform cortex

Post

1 2469 5.51 × 10–9

3.81 –8 6 54 L juxtapositional lobule cortex (SMC)
3.42 –4 9 58 L superior frontal gyrus
3.28 13 –19 71 R precentral gyrus
2.98 –3 13 50 L paracingulate gyrus
2.98 6 5 50 R juxtapositional lobule cortex (SMC)
2.81 22 3 53 R superior frontal gyrus
2.80 3 9 48 R paracingulate gyrus
2.59 –7 17 34 L cingulate gyrus (anterior)

2 1699 9.54 × 10–9

3.61 –18 –14 72 L precentral gyrus
3.21 –43 –28 51 L postcentral gyrus
2.73 –40 14 34 L middle frontal gyrus
2.87 –42 –46 55 L superior parietal lobule
2.50 –45 –45 54 L supramarginal gyrus (posterior)

3 462 0.0384
3.87 –44 –70 –12 L lateral occipital cortex (inferior)
3.27 –49 –57 –12 L inferior temporal gyrus (temporooccipital)
3.20 –38 –65 –17 L occipital fusiform gyrus

Post > Pre 1 * 2967 2.46 × 10–8

2.71 –6 –27 50 L precentral gyrus
2.63 24 7 55 R superior frontal gyrus
2.60 5 5 36 R cingulate gyrus (anterior)
2.55 –2 –1 37 L cingulate gyrus (anterior)
2.29 –9 –26 3 L thalamus
2.45 8 –26 5 R thalamus

Pre > Post NS
Z statistic images for pre-and post-stimulation were thresholded using clusters determined by Z>2.3, p< 0.05 (corrected). * Z statistic
images for paired t-tests (Post > Pre; Pre > Post) were thresholded using clusters determined by Z >1.96, p < 0.05 (corrected). #,
number of voxels; NS, No significant differences; MNI, Montreal Neurological Institute; SMC, supplementary motor cortex.

Previous research has suggested that readers who
respond to intervention programs for reading difficulties
show increased activation in the precentral gyrus, a brain
structure that activates the articulation or physical forma-
tion of sounds in the mouth [46]. The observed modulation
in the precentral gyrus for spoken words after SMG stim-
ulation, seems to support dominant neurobiological mod-
els of reading [46,47], confirming the interconnection of
these brain structures (SMG and precentral gyrus) as pri-
mary nodes within the dorsal (decoding) pathway. These
findings may suggest that iTBS could be used in support of
treatments to modulate the dorsal reading network and po-

tentially help to rebalance the disrupted cortical excitability
that exists in reading disabilities [46,48].

Of particular interest is the upregulation of brain re-
gions outside of the classical reading network (i.e., ante-
rior cingulate and SFG), which are known to be involved
in higher cognitive and executive control functions. An-
terior cingulate activation is often linked with attentional
demands and effort, supporting processes that would pre-
sumably enhance reading ability [49,50]. A neuroimaging
study reported that the anterior cingulate cortex is activated
more in typical readers than dyslexic readers in word read-
ing tasks [51]. We also observed increased activation post-
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Table 3. Functional activation for written words pre-and post-stimulation to the left SMG, and comparison between the two
sessions (Post > Pre; Pre > Post).

Cluster # voxels p-value Z-score
MNI coordinates

Location
X Y Z

Pre

1 1746 2.23 × 10–8

3.83 38 –48 –18 R temporal occipital fusiform cortex
3.29 45 –69 –11 R lateral occipital cortex (inferior)
2.97 41 –68 –14 R occipital fusiform gyrus
2.88 45 –57 –6 R inferior temporal gyrus (temporooccipital)
2.83 35 –86 16 R lateral occipital cortex (superior)

2 1518 1.79 × 10–7

3.54 –44 –70 –12 L lateral occipital cortex (inferior)
3.27 –36 –74 –13 L occipital fusiform gyrus
3.10 –32 –88 22 L lateral occipital cortex (superior)
3.02 –34 –55 –15 L temporal occipital fusiform cortex

3 400 0.0257
3.43 –28 –8 48 L precentral gyrus
3.09 –26 –3 65 L superior frontal gyrus
2.70 –31 –3 64 L middle frontal gyrus

4 383 0.0325
3.49 –44 10 34 L middle frontal gyrus
3.12 –54 0 39 L precentral gyrus

Post

1 809 0.000559

3.41 –28 –38 –18 L temporal fusiform cortex (posterior)
2.89 –46 –70 –14 L lateral occipital cortex (inferior)
2.88 –34 –57 –17 L temporal occipital fusiform cortex
2.75 –22 –38 –15 L parahippocampal gyrus
2.66 –34 –79 –12 L occipital fusiform gyrus
2.46 –44 –55 –8 L inferior temporal gyrus (temporooccipital)
2.38 –37 –91 –8 L occipital pole

2 777 0.000769

3.53 36 –58 –16 R temporal fusiform cortex
2.95 36 –46 –20 R temporal occipital fusiform cortex
2.94 29 –72 –11 R occipital fusiform gyrus
2.84 25 –34 –15 R parahippocampal gyrus

3 760 0.000913

3.52 –42 0 38 L precentral gyrus
3.51 –41 29 23 L middle frontal gyrus
2.97 –44 28 21 L inferior frontal gyrus, pars triangularis
2.48 –42 17 21 L inferior frontal gyrus, pars opercularis
2.68 –30 20 6 L insular cortex

Post > Pre NS
Pre > Post NS
All Z statistic images for pre-and post-stimulation were thresholded using clusters determined by Z >2.3, p < 0.05 (corrected). NS,
No significant differences; #, number of voxels.

SMG stimulation related to baseline in the SFG, which has
been shown to participate in a variety of higher-cognitive
functions, including working memory and executive func-
tion that support word decoding and reading comprehension
[52]. Indeed, activation in the SFG has been found dur-
ing listening and reading comprehension, which are highly
correlated skills [53]. Moreover, the activation of superior
frontal areas of the brain has been associated with phono-
logical processing that is not mediated by visual (print) in-
put among skilled readers [54]. The functional changes ob-
served in all these regions following SMG stimulation high-
lights how speech processing, the foundation for the phono-
logical aspects of reading, requires the involvement of the
dorsal stream as well as other distributed brain regions that
support language in general.

One additional activated distal region that was ob-
served in the current study in comparison to baseline (Post
> Pre) was the thalamus, which has been reported in several
neuroimaging studies of word reading [5,47]. Recent find-
ings showed that the thalamus is engaged in regulating the
production of speech and receives phonemic information
from the caudate to produce articulatory movement [55].
Although TMS cannot directly target subcortical structures,
evidence suggests that activity in the thalamus may bemod-
ulated by rTMS to parietal via downstream effects [56], in-
dicating that rTMS can also induce cortico-subcortical net-
work effects.
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Table 4. Functional activation for spoken words pre-and post-stimulation to the left MTG, and comparison between the two
sessions (Post > Pre; Pre > Post).

iTBS Cluster # voxels p-value Z-score
MNI coordinates

Location
X Y Z

Pre
1 704 3.15 × 10–5

3.62 –50 –28 46 L postcentral gyrus
2.96 –50 –34 46 L supramarginal gyrus (anterior)
2.90 –42 –41 54 L superior parietal lobule
2.75 –39 –14 66 L precentral gyrus

2 466 0.00131
3.56 –46 2 40 L precentral gyrus
3.14 –55 14 22 L inferior frontal gyrus, pars opercularis

Post 1 1028 9.54 × 10–7

3.52 –44 46 24 L temporal occipital fusiform cortex
3.18 –41 81 –13 L lateral occipital cortex (inferior)
2.93 –49 –51 –24 L inferior temporal gyrus (temporooccipital)
2.82 –36 –40 –24 L temporal fusiform cortex (posterior)
2.88 –20 –98 –12 L occipital pole

Post > Pre

1 979 2.38 × 10–7
3.69 –28 –76 –32 L cerebellum (crus I)
2.98 –16 –90 –31 L cerebellum (crus II)

2 912 5.96 × 10–7

4.55 –4 56 14 L frontal pole
3.17 –1 46 16 L paracingulate gyrus
3.11 –8 51 28 L superior frontal gyrus
3.26 15 56 32 R frontal pole
2.35 1 45 16 R paracingulate gyrus

3 899 7.15 × 10–7
4.41 28 –82 –36 R cerebellum (crus II)
3.07 26 –82 –27 R cerebellum (crus I)

4 559 0.000135

3.44 50 –30 –4 R middle temporal gyrus (posterior)
3.39 51 –46 6 R middle temporal gyrus (temporooccipital)
2.99 50 –26 1 R superior temporal gyrus (posterior)
2.67 52 –54 16 R angular gyrus

5 469 0.00069
3.65 –54 –4 –18 L middle temporal gyrus
3.20 –54 2 –7 L superior temporal gyrus (anterior)
2.73 –43 6 –9 L insular cortex

6 382 0.00318
3.58 4 –20 38 R cingulate gyrus (posterior)
2.63 –2 –18 43 L cingulate gyrus (posterior)
2.49 4 –39 54 R precuneus cortex

Pre > Post NS
All Z statistic images were thresholded using clusters determined by Z >2.3, p < 0.05 (corrected). NS, No significant differences; #,
number of voxels; iTBS, intermittent theta burst stimulation.

4.2 MTG Stimulation-Induced Effects for both Spoken and
Written Words

Given the extant evidence that the ventral read-
ing circuit is primarily engaged in the processing of vi-
sual/orthographic patterns of words [8,9,31,57], we had hy-
pothesized that iTBS would primarily modulate functional
activation in response to written words following stimula-
tion of the left MTG. However, we also observed several
clusters comprising a large number of activated voxels af-
ter stimulation during the processing of spoken words. In
line with these results, there is strong support for speech-
print overlap as a universal marker of reading [58]. While
past functional imaging studies have established that spo-
ken and written language processing mostly converge in the

STG [4,59,60], a relevant study by Rueckl and colleagues
revealed that regardless of spoken words and writing sys-
tems, perisylvian regions in the IFG and STG/MTG gyri
were consistently co-activated by both spoken and written
words in adult readers of English, Spanish, Chinese and
Hebrew [58]. This is also consistent with a previous find-
ing, wherein both visual and auditory tasks have elicited
increased MTG activation [61].

As anticipated, significant increased activation fol-
lowing MTG stimulation was predominantly observed in
temporooccipital regions, including the fusiform cortex for
written words in comparison to baseline (Post > Pre). Al-
though iTBS seems to have boosted the recruitment of the
ventral reading circuit and connected regions, these results
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Table 5. Functional activation for written words pre-and post-stimulation to the left MTG, and comparison between the two
sessions (Post > Pre; Pre > Post).

iTBS Cluster # voxels p-value Z-score
MNI coordinates

Location
X Y Z

Pre 1 306 0.0459

3.87 –50 –26 44 L postcentral gyrus
2.97 –50 –34 44 L supramarginal gyrus (anterior)
2.55 –50 –42 35 L supramarginal gyrus (posterior)
2.52 –34 –46 42 L superior parietal lobule
2.37 –38 –22 50 L precentral gyrus

Post

1 3166 3.07 × 10–16

3.90 48 –78 –12 R lateral occipital cortex (inferior)
3.28 30 –70 30 R lateral occipital cortex (posterior)
3.22 53 –50 –13 R inferior temporal gyrus (temporooccipital)
3.21 35 –53 –18 R temporal occipital fusiform cortex
3.14 29 –96 3 R occipital pole
3.13 27 –81 –13 R occipital fusiform gyrus
2.64 33 33 –14 R parahippocampal gyrus (posterior)

2 3111 4.93 × 10–16

3.99 –32 –88 20 L lateral occipital cortex (posterior)
3.54 –29 –94 –9 L occipital pole
3.50 –42 –70 –16 R occipital fusiform gyrus
3.47 –44 –70 –4 L lateral occipital cortex (inferior)
3.30 –42 –59 –6 R inferior temporal gyrus (temporooccipital)
2.91 –40 –50 –25 R temporal occipital fusiform cortex
2.46 –13 –57 –24 L cerebellum (VI)

Post > Pre

1 457 0.00195
3.67 42 4 –26 R temporal pole
3.10 40 8 –8 R insular cortex

2 431 0.003

3.34 40 –60 –14 R temporal occipital fusiform cortex
3.11 40 –66 –14 R occipital fusiform gyrus
2.50 52 –53 –9 R inferior temporal gyrus (temporooccipital)
2.30 38 –59 –25 R cerebellum (cruis I)

3 331 0.0172
3.54 –54 –2 –22 L middle temporal gyus (anterior)
3.44 –53 –1 –13 L superior temporal gyrus (anterior)

4 310 0.0253
3.42 –16 –94 –10 L occipital pole
3.05 –19 –90 –13 L occipital fusiform gyrus

Pre > Post NS
All Z statistic images were thresholded using clusters determined by Z >2.3, p < 0.05 (corrected). NS, No significant differences, #,
number of voxels.

should be replicated in future work, given the reduced num-
ber of activated voxels observed at baseline in the group that
received MTG stimulation (Table 5). The seemingly lim-
ited activation at baseline may be attributed to the smaller
sample size and possible inter-individual variability in the
MTG group. These factors, however, should have influ-
enced post-stimulation functional response in a similar way.
To further investigate, significant clusters extending to tem-
porooccipital regions and IFG (pars opercularis) are found,
as expected, when lowering the cluster threshold (p< 0.01,
uncorrected) at baseline. Thus, the significant differences
(Post > Pre) found here, can be more reliably stated as re-
flecting underlying functional changes induced by iTBS.

Interestingly, themaximum activation peak for spoken
words (in the Post > Pre comparison) was observed in bi-
lateral regions of the cerebellum (crus I and II). For written

words, we also identified increased cerebellar activations
in the right hemisphere in comparison to baseline. Consis-
tent with these findings, several studies and meta-analytic
work have reported significant activation of the cerebel-
lum during reading and language-related tasks [31,62–64].
Bilateral cerebellum has been identified with convergent
reading-related activation in adults but not in children [31],
and the crus I and II lobules seem to be particularly sen-
sitive to the lexical properties of words during spoken lan-
guage comprehension [65]. In typically developing readers,
the cerebellum is active during speech, silent reading, pas-
sive language processing, before and during visually guided
movements required for reading; and other relevant func-
tions to reading include the direction of attention, error de-
tection, as well as implicit and associative learning that may
be critical to the acquisition of fluent reading skills [62,63].
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Taken together, our findings support that rTMS may
be effective in modulating regions within functionally spe-
cialized networks but may also have an impact on a more
global scale, possibly generating remote effects as a result
of interactions across brain networks [66]. Evidence sug-
gests that the majority of rTMS-induced changes tend to
spread across brain networks [67], which implies that “fo-
cal” neuromodulation by rTMS may impact distal brain re-
gions through intra-network connections, as well as inter-
actions between networks. For instance, previous work has
shown that an offline session of 5-Hz rTMS over the left
dorsolateral prefrontal cortex (DLPFC) caused changes in
BOLD responses in widespread cortical regions, includ-
ing primary sensoriomotor cortex, lateral occipital cortex,
insula and STG [22]. These cortical regions encompass
several functional networks, which suggests that the stim-
ulation of a densely connected node can affect multiple
networks. A recent study applied iTBS over a domain-
general node of cognitive control (the pre-supplementary
motor area) to improve executive and semantic process-
ing in healthy middle-age to older adults [68]. The re-
sults showed that iTBS induced increased functional acti-
vation during semantic processing at remote regions in pos-
terior attention and visual networks. Particularly in reading
research, previous rTMS-fMRI studies in healthy partici-
pants have demonstrated that after stimulating a core region
within the reading network, nodes within the same hemi-
sphere and contralateral homologous regions showed com-
pensatory upregulation (i.e., increased activity) that might
contribute to maintaining high task performance [15,18].
This supports local and global network changes observed
in other rTMS literatures that can be both inhibitory and
faciliatory, regardless of the presumed directionality of the
stimulation protocol [20]. This would also suggest the in-
hibition or recruitment of networks or other brain regions
outside of the primary reading network to support language
and reading behavior. Our current results in typically de-
veloped readers seem to reflect similar upregulation mech-
anisms during spoken and written word processing, which
may not necessarily be related to improved behavioral per-
formance. In the current study, we did not observe sig-
nificant differences in the picture-word identification task
(PID) task performance pre versus post stimulation. How-
ever, this was anticipated due to the simplicity of task de-
mands and reproduceable high accuracy rate across subject
pools (mean greater than 85%).

Understanding these neurobiological mechanisms
supporting change is crucial to informing successful rTMS
interventions for readers with treatment resistant language
and reading impairments. Our findings on how the read-
ing network dynamically responds to stimulation and im-
pacts print and speech processing on the neural network
level could help advance language research and inform our
understanding of the complex interplay of network com-
ponents in visual versus auditory language processing. It

is also valuable for the incorporation of neuromodulation
techniques such as rTMS in clinical practice for develop-
mental dyslexia, post-stroke aphasia, acquired alexia and
other communication disorders. Protocols similar to the
one used here could also serve as a diagnostic tool to de-
termine how disrupted networks functionally reorganize in
these conditions.

4.3 Limitations and Further Research
This study has several limitations that should be taken

into consideration. First, our small sample sizes limit the
generalization of these findings and require further replica-
tion. Nevertheless, we consider these results promising as
they can serve as a foundation upon which to develop spe-
cific rTMS-fMRI protocols and more specific predictions
for examining the neural network effects of neurostimula-
tion during print and speech processing.

Since we were particularly interested in exploring
the overall neurophysiological effects following rTMS, a
whole-brain analysis was performed. One could argue that
a region of interest (ROI)-based approach focused on key
brain regions within the reading network has more statis-
tical power and would be crucial to map network-specific
modulations. However, such results can often be biased
by ROI choice [69]. While an ROI-based approach could
be useful in future work, our exploratory analysis allowed
us to confirm the recruitment of additional brain regions
apart from the classic reading network (e.g., cingulate cor-
tex, SFG, cerebellum, thalamus), which are known to be
engaged in reading and language-related tasks, but whose
contributions are not outlined in the dominant neural mod-
els of reading.

Although the present study lacked a sham (control)
stimulation protocol, the current design provides for a func-
tional control demonstrating the differential contribution
of SMG and MTG to distinct aspects of reading and lan-
guage processing. As such, we believe that the robust iTBS-
induced effects, following stimulation of the left SMG, a
key node of the dorsal stream, highlight its importance in
spoken word processing.

Additionally, it would be beneficial to investigate
whether the functional brain changes in the present study
mediated behavioral reading changes. We suggest further
studies recruiting participants with mixed reading skills
(i.e., typical readers, poor readers and individuals with cur-
rent diagnosis of reading disabilities), as well as including
a pre/post-stimulation behavioral reading assessment in or-
der to establish brain and behavioral reading relationships
that occur after iTBS.

5. Conclusions
This study combines offline iTBS with fMRI to in-

vestigate the stimulation-induced effects of key dorsal and
ventral nodes on functional activation during spoken and
written word processing in typical readers. Our prelimi-
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nary results show increased functional activation for spoken
words following SMG stimulation, and for both spoken and
written words after MTG stimulation in regions within the
reading network and related cognitive and executive con-
trol regions. These iTBS-induced effects, observed around
20 minutes post-stimulation, highlight the selective contri-
bution of SMG for auditory (spoken) word processing and
provide additional supporting evidence for the dual-route
theory of reading. If replicated, these findings could con-
tribute to finding neural biomarkers and developing neuro-
modulatory interventions for individuals with reading and
language impairments.
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