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Abstract

Successful visual word recognition requires the integration of phonological and
semantic information, which is supported by the dorsal and ventral pathways in
the brain. However, the functional specialization or interaction of these pathways
during phonological and semantic processing remains unclear. Previous research
has been limited by its dependence on correlational functional magnetic reso-
nance imaging (fMRI) results or causal validation using patient populations, which
are susceptible to confounds such as plasticity and lesion characteristics. To
address this, the present study employed continuous theta-burst stimulation com-
bined with fMRI in a within-subject design to assess rapid adaptation in regional
activity and functional connectivity of the dorsal and ventral pathways during
phonological and semantic tasks. This assessment followed the precise inhibition
of the left inferior parietal lobule and anterior temporal lobe in the dorsal and
ventral pathways, respectively. Our results reveal that both the dorsal and ventral
pathways were activated during phonological and semantic processing, while
the adaptation activation and interactive network were modulated by the task
type and inhibited region. The two pathways exhibited interconnectivity
in phonological processing, and disruption of either pathway led to rapid adapta-
tion across both pathways. In contrast, only the ventral pathway exhibited
connectivity in semantic processing, and disruption of this pathway alone resulted
in adaptive effects primarily in the ventral pathway. These findings provide essen-
tial evidence supporting the interactive theory, phonological information
processing in particular, potentially providing meaningful implications for clinical

populations.
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Practitioner Points

o Phonological processing during word recognition involves both dorsal and ventral pathways.

e Continuous theta-burst stimulation yields diverse adaptive effects for phonological and

semantic processing.

e Phonological and semantic processing exhibit distinct interactions in dual pathways.

1 | INTRODUCTION

Visual word recognition, an evolutionarily recent and influential
human ability, involves the integration of phonological, semantic,
and orthographic information within a neural network spanning mul-
tiple distributed brain regions (Price, 2012; Rueckl et al., 2015). The
network comprises two distinctive pathways, namely the dorsal and
ventral pathways (Carreiras et al., 2014; Friederici & Gierhan, 2013),
which have triggered intense debates regarding their functional spe-
cialization or interaction. The specialization theory posits that the
dorsal and ventral pathways primarily process phonological and
semantic information, respectively (Coltheart et al., 2001; Rastle &
Coltheart, 1999). Studies in healthy individuals have reported stron-
ger activation of the dorsal or ventral pathways during phonological
or semantic tasks, respectively (Saur et al., 2008; Yvert et al., 2012).
Two crucial regions are the left inferior parietal lobule (IPL) in
the dorsal pathway, which acts as a relay station for phonological
conversion, and the left anterior temporal lobe (ATL) in the ventral
pathway, which serves as a hub for semantic representations
(Price, 2012; Taylor et al., 2013). Damage to each of these two path-
ways in patients caused corresponding phonology- or semantics-
specific deficits (Lambon Ralph et al., 2012; Sakurai et al., 2010).

In contrast, the interactive theory suggests that both the dorsal and
ventral pathways are involved in phonological and semantic processing
during visual word recognition (Houghton & Zorzi, 2003; Plaut
et al., 1996; Woollams et al., 2007). Neuroimaging studies have shown
simultaneous activation of both pathways in healthy individuals (Binder
et al., 2005; Levy et al., 2009; Pattamadilok et al., 2017). Patients with
left IPL dysfunction develop phonological deficits and exhibit compen-
satory phonological encoding in the ventral and right homologous path-
ways (Jiao et al, 2020; Spironelli et al., 2010; Ueno & Lambon
Ralph, 2013). Similarly, left ATL damage in patients leads to semantic
deficits and stronger activation in dorsal regions (Wilson et al., 2009),
while postoperative recovery after left ATL resection involves activity
in the right inferior temporal gyrus (ITG) predicting reading ability
(Noppeney et al., 2005). These findings support the simultaneous acti-
vation of the two language pathways during phonological and semantic
processing in visual word recognition. However, the observed effects
may be a by-product in healthy brains due to shared blood vessels and
neural connections or the neuroanatomical and functional reorganiza-
tion in patients due to long-term compensatory plasticity. Additionally,
brain lesion studies have involved cross-sectional data, ignoring individ-
ual differences in premorbid or acute status, lesion location, or size
(Benghanem et al., 2019).

Fortunately, transcranial magnetic stimulation (TMS), by mimicking
lesions through temporary and precisely noninvasive stimulation,

provides a valuable alternative for assessing rapid adaptation. Elucidat-
ing the potential for flexible adaptation, a widespread mechanism in
brain networks, can gain crucial insights into the functional specificity
and interactions between the dorsal and ventral pathways in visual
word recognition (Vasileiadi et al., 2023). Inhibitory TMS over the left
IPL demonstrated delayed responses in phonological tasks and reduced
activation in the bilateral supramarginal gyrus (SMG) and frontal oper-
culum (Hartwigsen et al., 2010, 2017), while the inhibitory stimulation
of the left ATL led to maladaptive changes in semantic performance
(Ueno et al,, 2018; Woollams et al., 2017), functional activation and
connectivity of the left ATL accompanied by increased right ATL activa-
tion (Jung & Lambon Ralph, 2016, 2021). However, these TMS studies
may not fully resolve the theoretical dispute due to their focus on
behavioral performance (Ueno et al., 2018), unclear neural alterations in
both pathways (Hartwigsen et al., 2017), imprecise stimulation posi-
tions derived from other literature (Jung & Lambon Ralph, 2016), and
investigation of only phonological or semantic tasks. The dynamic
details of how the dorsal and ventral pathways reorganize themselves
into novel functional networks for processing information across pho-
nological and semantic domains are still unknown.

To address the aforementioned limitations, the current study
employed continuous theta-burst stimulation (cTBS) to selectively
inhibit the individualized left IPL and ATL regions in the dorsal and
ventral pathways, respectively. Subsequently, phonological and
semantic tasks were performed during functional magnetic resonance
imaging (fMRI) scans. It is important to note that a sham condition
without actual stimulation was included, and the precise left IPL and
ATL coordinates were determined using a localizer fMRI scan. There-
fore, each participant underwent three cTBS sessions and four fMRI
scans (Figure 1). The comparative analysis of behavioral and neural
changes was conducted between the sham and real cTBS conditions,
both within and across the phonological and semantic tasks to identify
the task-related and—specific activation and connectivity. The neural
changes encompassed regional activity and functional connectivity
(FC) of the whole brain, as well as specific regions of interest (ROls)

within the dorsal and ventral pathways in both hemispheres.

2 | MATERIALS AND METHODS

21 | Participants

A total of 16 healthy volunteers were recruited from Beijing, China,
for this study. One of them was removed from our analyses because
of incomplete data collection. All participants were native Chinese
(Mandarin) speakers, with six males and an average age of 22.93
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Experimental procedure and paradigm. Each participant underwent four functional magnetic resonance imaging (fMRI) scans and

three continuous theta-burst stimulation (cTBS) sessions. The first fMRI scan (silent reading) precisely localized the stimulation target regions (/IPL
and IATL) for each participant. Subsequently, three cTBS-fMRI experiments were conducted, with real-cTBS applied over either the lIPL or IATL,
or a sham-cTBS condition without actual stimulation. This was followed by an fMRI scan during which participants performed phonological and
semantic tasks. The order of the three cTBS conditions (lIPL, IATL, or sham) and the two fMRI tasks (phonological or semantic) was
counterbalanced across participants in a Latin-square design. IATL: left anterior temporal lobe, IIPL: left inferior parietal lobule.

+ 1.88 years. Thirteen participants were right-handed, while the
remaining two were ambidextrous (Oldfield, 1971). Our localizer and
main fMRI scans (see details below) showed that each subject exhib-
ited left hemispheric dominance in language processing. All partici-
pants had normal or corrected-to-normal vision and hearing, no
history of neurological or psychiatric disorders, and no contraindica-
tions for fMRI or TMS. Written informed consent was obtained from
all participants, and the study was approved by the Institutional
Review Board of the National Key Laboratory of Cognitive Neurosci-

ence and Learning, Beijing Normal University.

2.2 | Stimulus and protocol

The study consisted of four experiments conducted over approxi-
mately 1 month (34.27 + 17.32 days) (Figure 1). The first experiment
involved a localizer fMRI scan to identify the target regions (left IPL
and ATL) for cTBS in each participant. Subsequently, participants
underwent three cTBS sessions outside the scanner, including the
sham, left IPL, and left ATL stimulation conditions. Finally, participants
underwent the main language experiment inside the MRI scanner. To
minimize practice effects, three sets of well-matched stimuli were

used for the main language task, with a minimum 1-week interval

(8.97 + 3.81 days) between experiments. All fMRI scans utilized a
block design, and the order of the cTBS conditions and main-task
stimulus sets were counterbalanced across participants in a Latin-

square design.

221 | Localizer fMRI experiment

To accurately target the left IPL and ATL for cTBS in each participant,
a localizer fMRI scan was conducted. The target regions were defined
based on the contrast between regular versus scrambled
(or exceptional vs. scrambled) words, as these contrasts are commonly
used to define the left IPL and ATL (Hoffman et al., 2015; Wilson
et al., 2009). The stimuli included 160 regular characters, 160 excep-
tional characters, and 80 scrambled characters. The regular and excep-
tional characters were well matched for frequency (202.35 + 342.44
vs. 220.04 + 223.47 per million occurrences), number of strokes
(9.60 £ 2.58 vs. 9.74 + 2.56), and number of logographemes (2.99
+0.88 vs. 2.98 + 0.81) (ps >.59). Scrambled characters were created
by randomly combining the cells of a character split into a 100 x 100
grid. The localizer experiment consisted of two runs, each with ten
blocks. Regular, exceptional, and scrambled characters were presented

in four, four, and two blocks, respectively. Each block consisted of
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20 characters presented visually for 800 ms, followed by a 400 ms
blank screen. Fixation blocks lasting 10 s were included between the
character blocks. Participants were instructed to silently read each
Chinese character in the regular and exceptional character blocks, and
to silently say “/hao3/” (#f, okay) when encountering each scrambled
character in the scrambled character blocks.

222 | CcTBS sessions

Neuronavigation cTBS was administered using a Magstim Rapid? stim-
ulator fit with a 70-mm figure-eight coil (Magstim Company, Whit-
land, UK) at an intensity of 80% of the individual resting motor
threshold (RMT) (Jung & Lambon Ralph, 2016; Sasaki et al., 2018).
The RMT was determined as the minimum stimulation intensity at the
optimal scalp position that elicited a motor-evoked potential greater
than 50 pV in at least 5 of 10 consecutive trials, which were recorded
using Ag/AgCl surface electrodes at the contralateral abductor pollicis
brevis. Stimulation targets were determined based on the localizer
fMRI scan. A continuous 600-pulse train over 40 s was administered
in which three pulses at 50 Hz were repeated every 200 ms. The coil
was placed tangentially on the scalp with the handle pointing posteri-
orly (corresponds to a posterior-to-anterior direction, Sasaki
et al., 2018) for real cTBS and vertically for sham cTBS (with the pulse
train emitted into the air) to control for stimulation sounds and scalp
sensations. After the cTBS procedure, participants slowly moved to
the fMRI scanning room and completed the fMRI scan within 1 h
(51.51 + 3.44 min). The effects of 600 pulses of cTBS were assumed
to last approximately 60 min (Chung et al., 2016; Huang et al., 2005).

2.2.3 | Language fMRI experiment

The study used low-frequency inconsistent words as stimuli, similar to
a previous study (Ueno et al., 2018). A total of 480 characters were
selected from the UCS Chinese Character Database (Standards Press
of China, 1993). To exclude the influences of sublexical regularity and
transparency (Borleffs et al, 2019; Shu et al., 2003; Taylor
et al., 2013), the characters were further divided into four 2-factor
orthogonal conditions: two varying in regularity of phonetic radicals
(low, high) and two varying in transparency of semantic radicals (low,
high). The 4 conditions had the same number (each condition had
120 characters), frequency (6.44 +4.17 vs. 6.28 +4.01 vs. 6.04
+4.18 vs. 6.40 + 4.51 per million of occurrences), number of strokes
(10.33 £ 3.03 vs. 10.57 + 2.79 vs. 10.68 + 2.74 vs. 10.78 + 3.06), and
number of logographemes of characters (3.10 + 0.92 vs. 3.22 + 0.99
vs. 3.19 £ 0.94 vs. 3.38 + 1.00) (ps > .13). The fMRI tasks included
phonological and semantic decisions, with each task comprising three
sets of stimuli. Each stimulus set consisted of two runs, and each run
included eight blocks with 10 Chinese characters per block. Blocks
were separated by a 20 s fixation period. Each character was pre-
sented visually for 1500 ms, preceded by a 500 ms fixation cross. Par-

ticipants were instructed to judge whether the pronunciation of the

target character (e.g., #, /fengl/, maple) contained a given onset
(e.g., /f/) in the phonological task and whether the target character
belonged to a given semantic category (e.g., plant) in the semantic
task. Responses were made by pressing “YES” or “NO” buttons. Each
participant completed three fMRI scans corresponding to the three
cTBS conditions (sham, left IPL, and left ATL stimulation), with
32 blocks completed per scan (16 phonological and 16 semantic
blocks). The order of phonological and semantic tasks was counterba-

lanced across participants.

2.3 | Neuroimaging data acquisition

All brain images were acquired on the same 3 T Siemens Prisma scan-
ner (Siemens, Erlangen, Germany) at Beijing Normal University. At each
time of scanning, the abovementioned task-state and resting-state
fMRI data were collected from each participant. The resting-state data
were not analyzed in the present study. We also collected a
magnetization-prepared rapid gradient echo (MPRAGE) T1-weighted
3D structural image in the first fMRI scan. The 3D T1-weighted images
utilized the following scanning parameters: 208 sagittal slices, slice
thickness = 1 mm, repetition time (TR)= 2530 ms, echo time (TE)
= 2.27 ms, flip angle = 7°, field of view (FOV) = 256 x 256 mm?, and
voxel size =1 x 1 x 1 mm®. The task-related fMRI data were obtained
with an echo-planar imaging (EPI) sequence with multiband accelera-
tion, which is a widely used technique in fMRI data collection that can
dramatically reduce the acquisition time by simultaneously obtaining
multiple slices (Cahart et al, 2023; Demetriou et al., 2018):
72 transverse slices, multiband factor = 3, slice thickness =2 mm,
TR = 2000 ms, TE = 34 ms, flip angle = 90°, FOV = 200 x 200 mm?,
and voxel size = 2 x 2 x 2 mm®. Along with the EPI sequence, the fol-
lowing settings were used to collect the resting-state fMRI data:
45 transverse slices, slice thickness =3 mm, TR = 1000 ms,
TE=30ms, flip angle =70°, FOV =192 x 192 mm?, and voxel

size =3 x 3 x 3mm°.

24 | Neuroimaging data preprocessing

The preprocessing and statistical analyses of fMRI data were carried
out using standard methods with SPM12 (Wellcome Centre for
Human Neuroimaging, http://www: fil.ion.ucl.ac.uk/spm). The first five
images of each run were removed to ensure the initial stabilization of
the fMRI signal. Slice-timing correction with the middle slice as a ref-
erence was performed to adjust for the difference in the acquisition
time of the slices. Head movement was realigned with a 6-parameter
rigid-body transformation. The T1-weighted image resulting after the
segment was coregistered with the mean functional image was nor-
malized to the Montreal Neurological Institute (MNI) space with a
resampled voxel size of 3 x 3 x 3 mm?®. Finally, a 6 mm full-width
half-maximum Gaussian kernel was used to smooth the normalized
functional images, improving the signal-to-noise ratio. In the first level

of analysis (the level of individuals), the functional images of two runs
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were high-pass filtered with a cut-off of 128 s, and then a general lin-
ear model (GLM) was implemented with a boxcar function convolved
with the canonical hemodynamic response function (HRF) to estimate
the condition effect. Because of excessive head movement (transla-
tion >2 mm or rotation >2°), two runs in the phonological task from
different subjects were excluded.

2.5 | Statistical analysis of localizer fMRI data

We precisely identified the two cTBS stimulation sites (left IPL and
ATL) for each subject. Initially, we used the automated anatomical
labeling atlas-90 (AAL-90) (Tzourio-Mazoyer et al., 2002) to create
anatomical masks for the two sites. According to the AAL-90, the IPL
mask consists of the left IPL, SMG, and angular gyrus (AG), while the
ATL mask includes the left temporal pole and the first third of supe-
rior, middle, and inferior temporal gyri. Subsequently, the left IPL stim-
ulation site for a subject was determined as the area exhibiting peak
blood oxygenation level-dependent (BOLD) signals in the first-level
contrast map between regular and scrambled characters within the
IPL mask (p < .005, cluster size >5 voxels). The mean peak MNI coor-
dinates across all individuals were as follows: X, Y,Z = —52.3 £ 11.01,
—37.2+12.02, 37.2 £ 8.54 (Table 1). Similarly, the left ATL stimula-
tion site was defined as the area with peak BOLD signals in the first-
level contrast map between exceptional and scrambled characters
within the ATL mask (p < .005, cluster size >5 voxels), with the mean
peak MNI coordinates across all individuals being X, Y, Z = —50.2
+8.31, 2.6 £+ 12.66, —25.33 + 7.83. To account for individual differ-

ences, we transformed the sites into each subject's native space using

TABLE 1 Individualized MNI coordinates of the stimulated
regions in the left IPL and ATL derived from localization fMRI
experiments.

Individual left IPL Individual left ATL

Subject X Y V4 X Y z

Sub01 -36 -39 48 -39 15 -33
Sub02 -33 —45 48 —48 5 -36
Sub03 -30 —49 45 —42 6 -33
Sub04 —63 -27 42 —42 21 -21
Sub06 —54 -21 39 —45 -18 -33
Sub07 —66 —27 27 —48 -18 -21
Sub08 -57 -24 27 —42 18 -33
Sub09 —64 -33 24 -51 6 -27
Sub10 —-45 —69 27 —54 12 —-18
Sub11 -51 -37 33 —64 -12 -12
Sub12 -54 —42 48 -57 -12 -15
Sub13 —63 —42 33 -53 13 -32
Sub14 -57 -24 48 —60 3 -21
Sub15 -54 -34 33 —66 -9 -15
Sub16 -57 —45 36 —42 9 -30

Abbreviations: ATL, anterior temporal lobe; IPL, inferior parietal lobule.

an inverse transformation from T1-weighted images normalized to the
MNI template. The resulting converted sites were used as the targets
for cTBS.

2.6 | Statistical analysis of language fMRI data

We investigated the rapid dynamic changes during phonological and
semantic tasks under both sham and real cTBS conditions. To
accomplish this, we analyzed the changes in neural activation inten-
sity or FC across the whole brain and within language-related ROls,
providing complementary insights (Szycik et al., 2009). Each analysis
was divided into two subanalyses: (1) analysis of activation intensity
(or FC) in the sham condition to reveal the neural patterns of the
dorsal and ventral pathways, and (2) analysis of changes in activa-
tion intensity (or FC) following real cTBS to uncover the rapid mod-
ulation in the dorsal and ventral pathways due to dysfunction in the
target region. Each subanalysis involved examining the activation
(or FC) of task-related and task-specific regions by comparing the
values of the phonological and semantic tasks with those of the fix-
ation (baseline) condition, as well as comparing the signals between

the two tasks.

2.6.1 | Whole-brain activation intensity

Activation intensity in the sham condition

This analysis aimed to identify activation in task-related and task-
specific regions during the sham condition. Task-related regions
exhibited higher activation intensity values in the phonological or
semantic task compared to the fixation condition, while task-specific
regions showed activation intensity values that differed between the
two tasks. To achieve this, we extracted the BOLD activation values
of the contrast (character vs. fixation) for each voxel in each task and
subject. Task-related regions were identified by comparing the inten-
sity values in each task with zero across subjects using a one-sample t
test. We corrected for multiple comparisons using the false discovery
rate (FDR) (voxel-level pgpr < .05, cluster size >50 voxels). Task-
specific regions were identified by comparing the activation intensity
between the two tasks using a paired-sample t test (voxel-level

Prpr < .05 and cluster size >50 voxels).

Change in activation intensity after real cTBS

This analysis aimed to identify changes in the activation of task-
related and task-specific regions following real cTBS compared to
sham cTBS. For each real cTBS condition, we extracted the activation
intensity values of the contrast (real vs. sham cTBS) for each voxel in
each task and subject. Task-related regions were identified by com-
paring the intensity values in each task with zero across subjects
(voxel-level pgpr < .05 and cluster size >50 voxels). Task-specific
regions were identified by comparing the intensity values between
the two tasks across subjects (voxel-level pgpgr < .05 and cluster size

>50 voxels).
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2.6.2 | Activation intensity in the language-
relevant ROlIs

For each subject, we determined the two left ROIs (left IPL, left ATL)
that received real cTBS, as well as their corresponding right homolo-
gous ROIs (right IPL, right ATL). The other language-related ROIs were
derived from the activation intensity map of the whole brain in the
sham condition. The procedure involved extracting the peak activa-
tion in each cluster for the task-related and task-specific regions that
reached significance (voxel-level pgpr <.0005 and cluster size >50
voxels). If multiple peaks appeared in the same AAL region, the aver-
age coordinates of the peaks were recorded as the peak AAL region.
Consequently, each AAL region had at most one language ROI. Each
ROI was created as a sphere with a radius of 9 mm centered on the

stimulated site or the peak coordinates.

Activation intensity in the sham condition

First, for each task, we extracted the mean BOLD activation value of
the contrast (character vs. fixation) across voxels in each ROI for each
subject. Then, we compared the mean activation values of each ROI
in each task with zero across subjects to identify the task-related
ROIs. Finally, we compared the mean activation values of each
ROI between the two tasks across subjects to identify the task-
specific ROls.

Change in activation intensity after real cTBS

The task-related and task-specific regions were identified using the
same procedure as above, replacing the mean BOLD activation values
of the contrast between the character and fixation condition with

those of the contrast between real and sham cTBS.

2.6.3 | Functional Connectivity between
stimulation ROIs and other language-relevant ROls

All the ROIs mentioned above were included in the FC analysis. We
applied data-driven psychophysiological interaction (PPI) analysis
(Friston et al, 1997) to identify task-related or task-specific FC

between each real cTBS target and the other language-relevant ROls.

FC in the sham condition

We extracted the BOLD time series value of sham conditions in each
target ROI for each subject in each task using the SPM12 PPI Toolbox.
This value was deconvolved into an estimate of the physiological vari-
able. A psychological variable was created by convolving the condi-
tions of interest (character = 1, fixation = —1) at each time point with
a canonical HRF. The PPI was defined as the product of the mean-
centered estimate of the physiological and psychological variables.
The interaction value was estimated using a GLM based on the three
PPI variables mentioned above, with head motion considered as a
covariate. The resulting value represented the FC strength between
the target ROl and the other ROl in each task. To determine whether
the FC was task-related or task-specific,c, we compared the FC

strength values of each task with zero across subjects or compared
the FC strength values of one task with those of the other task across

subjects.

Change in FC after real cTBS

We extracted the FC strength values of each pair (i.e., FC between
the real cTBS target and other language-related ROIs) for each subject
and task in the sham condition. Following the same procedure, we
obtained the FC strength values of each pair in the real cTBS condi-
tion. The change in FC for each pair was calculated as the difference
in FC strength between the real cTBS and sham conditions. Finally,
we identified task-related and task-specific FC by comparing the dif-
ference scores of each task with zero across subjects and between

the two tasks, respectively.

3 | RESULTS

3.1 | Behavioral performance
3.1.1 | Behavioral performance in the sham
condition

In the sham condition, the mean accuracies of subjects (N = 15) in the
phonological (84% + 5%) and semantic (87% + 6%) tasks were compa-
rable (t14) = —1.74, p > .10). However, the mean reaction times in the
phonological task (851.46 + 121.51 ms) were significantly longer
(taay = 9.75, p <.001) than those in the semantic task (726.16
+ 119.17 ms). Participants responded slower in the phonological task
compared to the semantic task under normal conditions, consistent
with previous literature (Gold & Buckner, 2002).

3.1.2 | Change in behavioral performance after left
IPL stimulation

Compared to the sham condition, left IPL stimulation did not lead to
significant changes in the mean accuracies of the phonological task
(t1ay = 0.15, p > .88) or the semantic task (t14y < 0.001, p >.99), nor
significant differences in accuracy between the two tasks (t(14) = 0.15,
p > .88). Regarding mean reaction times, there were no significant
changes observed in the phonological task (t14) = —0.15, p > .88) or
semantic task (t14) = —1.05, p > .31), and no significant differences in

reaction times between the two tasks (t(14 = 0.88, p > .39).

3.1.3 | Change in behavioral performance after left
ATL stimulation

Compared to the sham condition, left ATL stimulation did not result in
significant changes in the mean accuracies of the phonological
(t14) = 1.35, p > .20) or semantic (t(4) < 0.39, p >.70), and the differ-
ence between the two tasks (t14) = 1.89, p > .08) was not significant
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(Figure 2). Regarding mean reaction times, there were no
significant changes observed in either of the two tasks (phonological:
ta4y = —0.78, p > .45; semantic: t14 = —0.21, p > .83), and no signifi-
cant differences in reaction times between the two tasks
(taa) = —0.90, p > .38).

In brief, our findings indicate that transient dysfunction of the left
IPL and ATL did not lead to significant behavioral changes in either

the phonological or semantic task.

3.2 | Activation intensity in the whole brain

3.2.1 | Activation intensity in the sham condition

We identified five phonological-related regions with significantly
higher activation intensities in the character condition compared to
the fixation condition of the phonological task (prpr < .05, cluster size
>50 voxels) (Figure 3a). These regions were distributed in both the
dorsal and ventral pathways. Three regions were identified in the dor-
sal pathway: the right inferior frontal gyrus (IFG: X Y Z=42 6 27,
t = 6.43, 69 voxels); the right middle frontal gyrus (X Y Z = 39 33 24,
t =4.76, 77 voxels); and a region (XY Z= -3 6 57, t = 9.92, 3744
voxels) encompassing the left supplementary motor area (SMA), pre-
central gyrus (PrCG), and IPL. Two regions were identified in the ven-
tral pathway: the left lingual gyrus (LG)/fusiform gyrus (FuG)/ITG (X Y
Z=-36 —87 —12, t =13.25, 1165 voxels) and the right middle
occipital gyrus/FuG/ITG (X Y Z=30 —90 3, t = 13.23, 938 voxels).
Eight semantic-related regions were activated, showing significantly
higher activation intensities in the character condition compared to
the fixation condition of the semantic task (prpr < 0.05, cluster size
>50 voxels) (Figure 3b). These regions were distributed in both the
dorsal and ventral pathways. Five regions were part of the dorsal
pathway: the left postcentral gyrus (PoCG: X Y Z=-57 —18
24, t = 4.85, 57 voxels), the right AG (X Y Z=30 —57 45, t = 4.28,
73 voxels), the right IFG (XY Z =39 6 27, t = 5.78, 119 voxels), the
right insula (INS)/putamen (X Y Z =33 21 6, t = 7.70, 607 voxels),
and the right SMA/middle cingulate gyrus (X Y Z=9 15 45,
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t = 14.84, 759 voxels). Two regions were in the ventral pathway: the
right hippocampus (X Y Z=30 —33 3, t=5.34, 62 voxels) and
the right inferior occipital gyrus (IOG)/FuG/ITG (X Y Z = 36 —84 —6,
t =11.03, 1078 voxels). One region (X Y Z=-36 —-87 -12,
t = 11.60, 4287 voxels), including the left LG, PrCG, and IFG, partici-
pated in both the left dorsal and ventral pathways. Three
phonological-specific regions were identified, showing significantly
higher activation intensities in the phonological task compared to the
semantic task (p < .005, cluster size >30 voxels) (Figure 3c). These
regions were the left IFG (X YZ = —51 9 12, t = 5.46, 45 voxels), IPL
(XY Z=-39 —42 42, t =4.83, 32 voxels), and SMA (X Y Z= -9
3 60, t = 6.17, 45 voxels), all located in the left dorsal pathway. Two
semantic-specific regions were identified, showing significantly higher
activation intensities in the semantic task compared to the phonologi-
cal task (pepr < .05, cluster size >50 voxels). These regions were the
left middle temporal gyrus (MTG: X Y Z= -54 —42 -3, t = —8.44,
105 voxels) and orbital gyrus (OrG: X Y Z = —45 48-15, t = —8.29,
212 voxels), both located in the left ventral pathway.

322 |
stimulation

Change in activation intensity after left IPL

Eight phonological-related regions were identified, exhibiting signifi-
cantly different activation intensities in the left IPL stimulation condi-
tion compared to the sham condition (p < .005, cluster size >30
voxels) (Figure 4a). Four regions (left AG: X Y Z=-54 -57
30, t = 6.42, 134 voxels; left superior frontal gyrus: X Y Z=-12
63 24, t = 5.40, 70 voxels; left SMG: XY Z = —54 —27 33, t = 6.70,
142 voxels; right SMA: X Y Z=12 -21 48, t = 6.07, 35 voxels)
belonged to the bilateral dorsal pathway, while three regions (Heschl's
gyrus: X Y Z=—-48 —15 9, t = 4.52, 32 voxels; MTG: X Y Z= -57
—27 —6, t = 6.82, 115 voxels; OrG: X Y Z= —-36 27 -6, t =5.27,
30 voxels) were part of the left ventral pathway. The remaining region
(right superior temporal gyrus [STG]/PoCG: X Y Z=69 -15
15, t = 5.53, 321 voxels) was involved in both the right dorsal and
ventral pathways. No semantic-related regions were identified. Three

20= Bl Pho task
1 Sem task
0= — -—
20— Laghs
40
60 T T
IIPL-cTBS IATL-cTBS

FIGURE 2 Change in task performance after real cTBS. The error bars represent standard errors. IATL, left anterior temporal lobe; IIPL, left

inferior parietal lobule; pho, phonological; sem, semantic.
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(a) Pho task

287 t-value

(c) Pho vs. sem task

-B.57 t-value

L I

FIGURE 3 Whole-brain activation intensity maps across tasks in the sham condition. Activation intensity in the sham condition for the
contrast of all words over fixation in (a) phonological task and (b) semantic task, and (c) the comparison between two tasks. L, left; pho,

phonological; R, right; sem, semantic.

phonological-specific regions showed significantly greater differences
in activation intensities between the sham and left IPL stimulation
conditions in the phonological task compared to the semantic task
(p < .005, cluster size >30 voxels). These regions were the left dorsal
PrCG (XY Z = —-42 —12 51, t = 4.69, 34 voxels), left ventral rolandic
operculum (ROL: XY Z= —51 —12 15, t = 6.26, 96 voxels), and right
STG XY Z=66 6 -3, t=5.77, 85 voxels). No semantic-specific
regions were identified. Disruption of the left IPL led to adaptive acti-
vation in the bilateral dorsal and ventral pathways during the phono-
logical task but not during the semantic task. Additionally, the left
dorsal and bilateral ventral pathways exhibited greater adaptive acti-
vation in the phonological task compared to the semantic task.

323 |
stimulation

Change in activation intensity after left ATL

Eleven phonological-related regions were identified, exhibiting signifi-
cant differences in activation intensities between the left ATL stimula-
tion condition and the sham condition (p < .005, cluster size >30

voxels) (Figure 4b). These regions were distributed in both the

bilateral dorsal (left INS/SMG: XYZ = —39 3 —6, t = 6.48, 377 voxels;
left PoCG: XYZ = —30 —36 51, t = 5.41, 113 voxels; right cuneus: X
YZ=12 —69 33, t = 6.91, 247 voxels; right PoCG/PrCG/SMG: X Y
Z=51 -15 42, t = 6.80, 985 voxels; right SMA: X Y Z=9 -3
45, t = 5.23, 136 voxels) and ventral (left ITG: XY Z = —45 —63 -6,
t = 8.20, 46 voxels; left LG: XY Z = —21 —48 —9, t = 7.06, 190 vox-
els; left MOG: XY Z = —27 —84 39, t = 5.15, 95 voxels; left MTG: X
YZ=-48 —21 —-12,t = 4.37, 37 voxels; left STG: XY Z = —60 —48
15, t =5.82, 78 voxels; right FUG: X Y Z=33 —45 —12, t = 6.65,
215 voxels) pathways. Only one semantic-related region (ventral right
ROL: XY Z=45 39, t =4.57, 47 voxels) showed significant differ-
ences in activation intensities between the left ATL stimulation condi-
tion and the sham condition (p <.005, cluster size >30 voxels). A
phonological-specific region was also identified, with significantly
greater differences in activation intensities between the sham and left
ATL stimulation conditions during the phonological task compared to
the semantic task (p < .005, cluster size >30 voxels). This region (X Y
Z = —-30 —84 42, t = 5.45, 46 voxels) was the IPL in the left dorsal
pathway. No semantic-specific region was observed. Dysfunction of
the left ATL primarily affected the bilateral dorsal and ventral path-
ways in the phonological task, while only the right ventral pathway
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FIGURE 4 Regions displaying changes in activation intensity across tasks following real cTBS. L, left; R, right; IATL, left anterior temporal

lobe; IIPL, left inferior parietal lobule; pho, phonological; sem, semantic.

was affected in the semantic task. Particularly, the IPL in the left dor-
sal pathway exhibited more robust adaptive activation in the phono-
logical task compared to the semantic task.

The above results indicate that bilateral ventral and dorsal path-
ways involved in visual word recognition were simultaneously acti-
vated regardless of the task. The activation strength of the two
pathways was modulated by the task: the phonological task preferen-
tially activated the left dorsal pathway, while the semantic task prefer-
entially activated the left ventral pathway. These findings align with
previous research (Carreiras et al., 2014; Gold et al., 2005; Rueckl
et al., 2015). Furthermore, disruption of the left IPL and ATL had a
greater impact on phonological performance than semantic perfor-
mance. They induced adaptive changes in the activation of the bilat-
eral ventral and dorsal pathways, particularly the left dorsal pathway,
during the phonological task. However, the influence of left ATL dys-
function on semantic performance was observed only in the right ven-

tral pathway.

3.3 | Activation intensity in the language-
relevant ROIs

In addition to the four ROlIs associated with real cTBS (the bilateral
IPL and ATL), nine ROIs associated with language processing were
identified based on fMRI data in the sham condition (Figure 5a,
Table 2). These 13 ROIs were distributed in the bilateral dorsal
(6 ROIs: left INS, IFG, SMA, and IPL; right SMA, and IPL) and ventral
pathways (7 ROls: left OrG, ATL, MTG, FuG, and LG; right ATL,
and 10G).

3.3.1 | Activation intensity in the sham condition

Thirteen phonological-related regions and ten semantic-related
regions were identified (Figure 5b). These regions were located in the
bilateral dorsal (ts(14) > 2.08, ps < .06) and ventral (ts14) > 4, ps <.002)
pathways. Four phonological-specific regions were observed. These
regions (INS, IFG, SMA, and IPL; ts(14) > 2.20, ps < .05) were in the left
dorsal pathway. Four semantic-specific regions were also identified
(OrG, ATL, MTG, and FuG; tsua4) > 1.89, ps < .08), located in the
left ventral pathway. Both phonological and semantic tasks engage
the dorsal and ventral pathways, with the phonological task preferen-
tially activating the left dorsal pathway and the semantic task
preferentially activating the left ventral pathway, confirmed by earlier

whole-brain analysis.

332 |
stimulation

Change in activation intensity after left IPL

Four phonological-related regions (left OrG, left ATL, left MTG, and
right ATL; tsg4) > 2.11, ps < .05) were distributed in the bilateral ven-
tral pathways (Figure 5c¢). However, no semantic-related regions were
identified. Three phonological-specific regions (left OrG, left ATL, and
right ATL; tsi14) > 1.90, ps < .08) were located in the bilateral ventral
pathways. No semantic-specific regions were observed. These results
indicate that dysfunction of the dorsal left IPL led to increased adap-
tive activity in the bilateral ventral pathways during the phonological
task, while it did not cause changes in regional activation during the

semantic task.
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FIGURE 5 Defined regions of interest (ROIs) and their activation intensity values across tasks in different continuous theta-burst stimulation
(cTBS) conditions. The error bars represent standard errors (*p < .05, *p < .10). The ROIs of the dorsal or ventral pathways in each hemisphere are
ordered according to their y-axis coordinate values. The full names of the ROIs are given in Table 2. Pho, phonological; sem, semantic.

TABLE 2 Defined ROIs and the MNI coordinates of their peaks.

Pho task® Sem task? Pho vs. sem task® Mean value
ROI X Y V4 X Y V4 X Y V4 X Y V4
Dorsal pathway
Left inferior frontal gyrus (IIFG) - - -51 9 12 —-51 9 12
Left insula (IINS) -33 27 12 -27 24 6 - -30 26 9
Left supplementary motor area (ISMA) -3 6 57 - -9 3 60 -6 5 59
Right supplementary motor area (rSMA) - 9 15 45 - 9 15 45
Ventral pathway
Left fusiform gyrus (IFuG) -39 —54 -18 - - -39 —54 -18
Left lingual gyrus (ILG) -36 -87 -12 -36 —-87 -12 - -36 —-87 -12
Left middle temporal gyrus (IMTG) - - —54 —42 -3 —54 —42 -3
Left orbital gyrus (I0rG) - - —45 48 —15 —45 48 —15
Right inferior occipital gyrus (rlOG) 30 —-90 3 36 -84 -6 - 33 —-87 -2

Note: The threshold value was set to ? pepr < .0005, cluster size >50 voxels, ® Pho < Sem pgpr < .05, cluster size >50 voxels or € Pho > Sem p < .005,
cluster size >30 voxels.
Abbreviations: Pho, phonological; ROI, region of interest; sem, semantic.

3.3.3 | Change in activation intensity after left ATL right ATL; ts(14) > 2.02, ps < .06) pathways (Figure 5d). Two semantic-
stimulation related regions were the left IFG (t(14) = 2.14, p = .05) in the left dor-

sal pathway and the right homologous region (rATL, tu4 = 2.17,
Four phonological-related regions were located in the left dorsal (IPL p = .05) in the ventral pathway. No phonological- or semantic-specific
and IFG; ts(14) > 1.80, ps < .09) and bilateral ventral (left MTG and regions were identified. These results indicate that ventral left ATL
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disruption caused compensatory activity in the left dorsal regions
(e.g., left IFG) and the right homologous regions (e.g., right ATL),
regardless of the task.

In essence, the ROI analysis replicated the findings from the
whole-brain analysis, with a novel result being that disruption of
the left ATL led to semantic adaptive activation in the left dorsal
pathway.

3.4 | FC between stimulation ROIs and other
language-relevant ROls

Thirteen ROIs were examined, including the two stimulation ROls (left
IPL or ATL). Thus, we investigated 12 FCs from each stimulation ROI
to the other 12 ROIs and 24 FCs from the two stimulation ROlIs. The
task-relatedness and specificity of these 24 FCs in the sham and real

cTBS conditions were examined.

3.4.1 | FCinthe sham condition

Seven out of twenty-four connections were phonological-related,
showing FC values in the character condition that were significantly
or marginally different from those in the fixation condition (Figure 6a).
These connectivity pairs included two pairs of regions within the dor-
sal pathway (hereafter, intra-FC), one pair of regions within the ventral
pathway (intra-FC), and four pairs of regions where one region was
located in the dorsal pathway and the other in the ventral pathway
(hereafter, inter-FC). The two dorsal intra-FCs were the left IPL-right
IPL (t(14) = 2.36, p = .03) and left IPL-SMA (t(14) = 2.40, p = .03). The
ventral intra-FC was the left ATL-right ATL (t14 = 2.59, p =.02).
The four inter-FCs were the left IPL-ATL (t14) = 2.58, p = .02); left
IPL-MTG (t(14y = 1.93, p =.07); left IPL-FuG (t(14) = 2.40, p = .03);
and left IPL-right ATL (tq4) = 2.29, p = .04). Two semantic-related
FCs were identified, both ventral intra-FCs: the left ATL-MTG
(taa) = 2.80, p = .01) and left ATL-right ATL (t14 = 3.27, p = .01).
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FIGURE 6

0 FCs across pathways " FCs within pathway

Functional connectivity between the stimulated regions of interest (ROls) and other language-relevant ROIls across tasks in

different continuous theta-burst stimulation (cTBS) conditions. The thickness of the chords represents the significance (p < .10) of the
connectivity between the two brain areas. The thicker the chord, the lower the p value of the connectivity. The ROIs of the dorsal or ventral
pathways in each hemisphere are ordered based on their y-axis coordinate values. The full names of the ROls are provided in Table 2. FC,
functional connectivity; pho, phonological; ROI, region of interest; sem, semantic.
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One phonological-specific FC exhibited marginally higher differences
in FC between the character and fixation condition of the phonologi-
cal task compared to the semantic task. This was the left IPL-ATL
(taay = 2.06, p =.06). No semantic-specific FCs were observed.
Semantic processing seems to primarily involve ventral intra-FCs,
while phonological processing additionally involves dorsal intra-FCs
and inter-FCs. Moreover, phonological processing induces stronger

inter-FCs between the two cTBS sites.

3.4.2 | Changein FC after left IPL stimulation

We did not observe any phonological- or semantic-related FCs. Simi-
larly, we did not find any semantic-specific FCs. However, we did find
three phonological-specific FCs that showed significantly or
marginally higher FC differences between the sham condition and the
left-IPL-cTBS condition of the phonological task compared to the
semantic task (Figure 6b). Two of these FCs were inter-FCs: the left
ATL-IPL (t(14) = 2.01, p = .06) and left ATL-IFG (t(14) = 2.20, p = .04).
The remaining ventral intra-FC was the left ATL-MTG (t14) = 1.84,
p = .09). Dysfunction in the left IPL region increased the strength of
ventral intra- and inter-FCs in the phonological task to a greater

extent than in the semantic task.

3.4.3 | Change in FC after left ATL stimulation

We observed four phonological-related FCs that showed significantly
or marginally higher FC values in the left ATL stimulation condition
compared to the sham condition (Figure éc). Three of these FCs were
dorsal intra-FCs (left IPL-INS: tu4) = 2.67, p =.02; left IPL-SMA:
taq) = 1.91, p =.08; left IPL-right SMA: t4 = 1.86, p =.08). The
remaining one was an inter-FC (left IPL-FuG: t(14y = 3.27, p = .01).
We also identified four semantic-related FCs, three of which were
ventral intra-FCs (left ATL-MTG: t14) = 2.40, p = .03; left ATL-FuG:
ta) = 2.72, p = .02; left ATL-LG: t14y = 1.91, p = .08). The remaining
one was an inter-FC (left IPL-FUG: t(4) = 2.59, p =.02). We found
two phonological-specific FCs with FC differences between the sham
and left ATL stimulation conditions of the phonological task that were
marginally higher than those of the semantic task. One was the left
dorsal intra-FC (left IPL-INS: t(14y = 1.95, p = .07), and the other was
an inter-FC (left IPL-ATL: t14y = 2.02, p = .06). No semantic-specific
FCs were found. Dysfunction of the left ATL region increased the
strength of dorsal intra- and inter-FCs in the phonological task and
ventral intra- and inter-FCs in the semantic task, with the greater
enhancement of dorsal intra- and inter-FCs in the phonological task
compared to the semantic task.

To sum up, the FC results mentioned above suggest that the pho-
nological task primarily relies on both dorsal and ventral pathways,
while the semantic task primarily relies on the ventral pathway. The
main difference between the two tasks lies in the inter-FC between
the left dorsal and ventral pathways. Dysfunction in a critical region

within one pathway led to a greater adaptive enhancement of FCs

within the other pathway and across the two pathways in the phono-
logical task compared to the semantic task. In other words, FC
strength was modulated by the task type: the phonological task eli-

cited stronger inter-FCs than the semantic task.

4 | DISCUSSION

To investigate the functional dissociation or interaction between the
dorsal and ventral pathways during visual word recognition, we con-
ducted four fMRI scans and three cTBS sessions in this study. The ini-
tial fMRI scan localized individualized critical regions in the dorsal and
ventral pathways, which were then disrupted using cTBS. After stimu-
lation, subjects performed phonological and semantic tasks during
fMRI scans. Our findings revealed the coactivation of two pathways
during both phonological and semantic tasks. Furthermore, the adap-
tation activation and dynamic network were influenced by the task
type and inhibited region. The key brain regions of the dorsal and ven-
tral pathways have direct connections in phonological tasks. There-
fore, when one pathway was “damaged,” the other pathway exhibited
adaptive activation for the phonological processing. In contrast, the
network for semantic information processing is mainly located in
the ventral pathway, and only “damage” to the ventral pathway
resulted in adaptive activation of the right ventral regions and left IFG
for the semantic task. These findings provided robust evidence sup-
porting the interactive theory of visual word recognition, especially in

phonological information processing.

4.1 | Parallel activation and enhanced adaptation
of the dual pathways in phonological processing

In the left hemisphere, both the dorsal and ventral pathways were
activated during the phonological task, consistent with previous
research (Binder et al., 2005; Levy et al., 2009). Interconnection
between the two pathways supported a dual-pathway framework that
accounts for the simultaneous yet distinct extraction of mappings
from phonological-sound representations to semantic statistical struc-
tures (Hoffman et al., 2015; Pattamadilok et al., 2017; Ueno
et al, 2011). Retrieving semantic information, especially for low-
frequency words, facilitates phonological processing (Protopapas
et al., 2016; Woollams et al., 2017). This provides preliminary support
for the interactive theory that both the dorsal and ventral pathways
are involved in phonological processing, rather than the specialization
theory that phonology only engages the dorsal pathway. fMRI alone
only provides correlational evidence for parallel processing. Our
cTBS-fMRI experiment showed the genuine parallel occurrence of
dual pathways, with left IPL and ATL stimulation increasing activation
in the ventral and dorsal regions, respectively. These results indicate
that the two pathways are not mutually exclusive but can reoptimize
processing to facilitate spontaneous recovery (Borghesani et al., 2020;
Klaus et al., 2020), providing further evidence for the interaction the-

ory. When a language-related brain area within one pathway becomes
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dysfunctional, the other pathway flexibly adapts by increasing both
activation and connectivity to ensure successful information proces-
sing (Hartwigsen, 2018; Stefaniak et al., 2020). This could account for
the absence of any alteration in our behavioral performance.

In the right hemisphere, the dorsal and ventral pathways also
were robustly utilized during phonological task, with significant con-
nectivity between the left and right regions. The left-lateralized dorsal
pathway is commonly associated with language processing, while the
right dorsal pathway may contribute to other phonological compo-
nents (Liebenthal et al., 2013; Sammler et al., 2015). The ventral path-
way is engaged bilaterally and serves as the lexical interface for
abstract word representations (Hickok & Poeppel, 2007; Leonard &
Chang, 2014). No adaptive activation in the right IPL was observed in
our ROI analysis, but whole-brain analysis revealed increased activa-
tion in right dorsal areas after real cTBS sessions. This aligns with
research on the compensatory role of the right homologous area fol-
lowing left IPL damage (Jiao et al., 2020) and TMS studies highlighting
the critical role of bilateral IPL in phonological processing (Hartwigsen
et al., 2010). Notably, cTBS over both left IPL and ATL increased right
ATL activation. Higher right ATL activation in patients with left ATL
resection correlated with better reading proficiency (Noppeney
et al., 2005). Skilled readers can modulate the right ATL activation to
enhance reading ability, consistent with our highly educated partici-
pants. Collectively, our findings support the essential role of bilateral
dorsal and ventral pathways in phonological processing, highlighting
their interactive and compensatory nature, and supporting the inter-

active theory.

4.2 | Parallel activation of the dual pathways and
enhanced adaptation of the ventral pathways in
semantic processing

Our study revealed bilateral dorsal and ventral pathways activation
during the semantic task, with greater connectivity among the bilat-
eral ventral regions. Additionally, cTBS only over the left ATL
increased activation of the left IFG and right ventral regions and con-
nectivity between the left ATL and other ventral regions. The validity
of the interactive theory for semantic information processing is still
doubtful, because no effect was observed after cTBS over the left IPL
and only the ventral pathway showed adaptation effects after stimu-
lating the left ATL. The dorsal pathway appeared relatively indepen-
dent from semantic influences, potentially supporting other cognitive
components like working memory or semantic control (Binder
et al., 2009; Xu et al., 2017), given the low meaningfulness of the
baseline condition. However, previous studies have widely confirmed
the crucial role of bilateral ventral pathways in semantic information
processing (Chang et al., 2015; Lambon Ralph et al., 2017). Although
both pathways were engaged, the left hemisphere demonstrated
greater involvement in semantic task, indicating a graded division of
labor from left to right (Visser & Lambon Ralph, 2011). This can also
be found in our results of increased left ATL connectivity after left

ATL inactivation during the semantic task. The dorsal left IFG also

played an integrative role in the language (Friederici, 2002; Lau
et al., 2008) and exhibited heightened involvement in the semantic
task during left ATL dysfunction. Hartwigsen and colleagues reported
increased activation in dorsal posterior left IFG for semantic tasks fol-
lowing inhibiting key nodes in the semantic network (Hartwigsen
et al, 2017). Dysfunction in a critical region may escalate task
demands, prompting the engagement of broader control areas.
Indeed, the human brain is organized into distributed neural networks,
encompassing domain-specific and domain-general networks
(Hartwigsen, 2018; Hodgson et al., 2021).

However, we found no effect during the semantic task when
stimulating the left IPL, contrary to previous studies that reported
compensatory activation of the ventral pathway in the presence of
dorsal brain damage (Robson et al., 2014). The discrepancy may be
due to differing locations of perturbations within the IPL, which com-
prises distinct subregions with diverse functions (Bzdok et al., 2016;
Numssen et al., 2021). While the anterior dorsal IPL was inhibited in
our study, the posterior ventral IPL (i.e., AG) continued to function
normally. This subregion is crucial for semantic processing within the
parietal lobule (Hartwigsen et al., 2017; Lambon Ralph et al., 2017). In
our study, almost all of the targets (93.3%) except one were located
within the phonology-related subregions, with only one target (6.7%,
see Table 1 sub10) falling within the semantics-related region. This
finding effectively explains why we did not observe any modulation
effects in the semantic task after stimulating the left IPL. Further
exploration is necessary to fully understand the role of the dorsal

pathway in semantic processing.

4.3 | Differential parallel activations and
interactions between dorsal and ventral pathways
under the task guidance

Consistent with previous studies (Dickens et al., 2019; Taylor
et al., 2013; Ueno et al., 2011), our findings indicate that the phono-
logical task primarily activates the left dorsal pathway, whereas the
semantic task primarily activates the left ventral pathway. cTBS stimu-
lation of the left IPL enhanced activation of the left dorsal and bilat-
eral ventral areas in the phonological task compared to the semantic
task. The ventral pathway, although primarily involved in semantics,
also contributes to phonological processing, particularly in individuals
with expertise. Word-level information stored in the ventral pathway
facilitates phonological processing (Hamilton et al., 2021; Leonard &
Chang, 2014; Yi et al., 2019). This is exemplified by children relying
more on the dorsal pathway during reading, while proficient adults
rely more on the ventral pathway (Church et al., 2008; Provost
et al., 2016). Regrettably, we did not find any brain regions where
semantic effects were stronger than phonological, which might be due
to the reason mentioned above, that most of the individual stimula-
tion targets were located within the regions related to phonological
processing rather than semantic processing.

Following cTBS over the left ATL, the left dorsal IPL exhibited
greater activation during the phonological task than the semantic task.
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The left dorsal IPL is generally considered more crucial for phonolog-
ical processing, specifically in grapheme-phoneme conversion
(Dickens et al., 2019; Taylor et al., 2013). Further connectivity analy-
sis revealed the main distinction between phonological and semantic
tasks: the interactive connections between the dorsal and ventral
pathways. Consistent with previous findings (Battistella et al., 2019;
Zheng et al., 2021), we also observed a left IPL-ATL connection dur-
ing the phonological task but not the semantic task. This might also
explain why stronger TMS effects were found in the dorsal pathway
in the phonological task after left ATL stimulation. Because of the
direct connection between the left IPL and ATL, the dorsal and ven-
tral pathways could adapt to each other in the phonological task.
Additionally, the arcuate and superior longitudinal fascicles provide
the anatomical basis for the phonological information exchange
between the dorsal and ventral pathways, whereas only the ventral
middle and inferior longitudinal fascicles are involved in the semantic
task (Saur et al., 2008, 2010). Essentially, the dorsal and ventral path-
ways contribute to phonological and semantic tasks. However, their
functional and anatomical dissociation suggests distinct networks
and diverse adaptive or compensatory effects when a critical region
is inhibited.

44 | Limitations

The present study has several limitations. First, some weakly signifi-
cant results did not survive multiple comparison corrections, likely
due to the small sample size of 15 subjects. Second, the activation
intensity of the simulated region did not decrease in subsequent fMRI
scans, possibly attributed to the network connections facilitating
information transmission and recovery of activation intensity over
time (Castrillon et al., 2020). Third, focusing on phonological proces-
sing in silent reading localization tasks might have overlooked some
semantic areas in ROI selection. Fourth, both phonological and seman-
tic tasks may activate two types of information processing simulta-
neously, and it is difficult to get a clear-cut task response for
phonological or semantic processing. Finally, the limited duration of
the cTBS effect constrained the investigation to phonological and
semantic information processing, neglecting other mechanisms such

as orthographic and syntactic processing.

5 | CONCLUSION

Overall, by combining cTBS with fMRI scans, our study revealed the
coactivation of the dorsal and ventral pathways during phonological
and semantic processing in visual word recognition. Moreover, the
adaptation activation and interactive network were modulated by
the task type and inhibited region. These findings contribute to a bet-
ter understanding of the neural mechanisms underlying visual word
recognition and provide valuable evidence in support of the interac-
tive theory especially during phonological processing, with potentially

meaningful implications for clinical populations.
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