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Abstract

Visual orthographic deficits have been reported as one of the core deficitsin reading
disability (RD), however, whether the deficits are orthographic-specific or domain
genera in all visual processing is still in debate. Hereby, we conducted an fMRI and
an EEG study to examine visual orthographic deficits in Chinese adults with RD. In
the fMRI study, we found that there was reduced brain activation in the left inferior
temporal gyrus and right cuneus gyrus in orthographic processing (lexical minus
perceptual), but not in visual perceptual processing (perceptual minus null) in adults
with RD, suggesting orthographic-specific deficits. In the EEG study, adults with RD
showed typical visual binding as indicated by intermodulation SSV EPs (steady-state
visual-evoked potentials) for both real and pseudo characters, suggesting normal
neural phase locking in the visual modality. These results consistently suggest
orthographic specific deficits but normal visual perceptual processing in adults with
RD, deepening our understanding of the underlying deficits associated with RD.
Key words: reading disability, visual orthographic deficit, fMRI, EEG, SSVEP,

holistic processing
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I ntroduction

Reading disability (RD) is aspecific impairment in reading which is not due to
impaired cognitive ability, learning motivation or sensory acuity. It impacts about
5-10% individuals across different languages (Stevenson et al., 1982). Multiple
cognitive deficits have been reported to be associated with RD in previous studies,
including phonological deficits (Bruck, 1992; Hulme & Snowling, 1993), rapid
automatized naming (RAN) deficits (Powell et a., 2007), auditory perceptual deficits
(Richardson et al., 2004), tempora sampling deficits (Goswami, 2012), etc. Visual
orthographic deficits have also been reported by many researchers (Badian, 2005; Cao
et a., 2018; Cornelissen et al., 1995; Eden et al., 1996), which was even detected
before reading onset (Centanni et al., 2019; Kevan & Parnmer, 2008). Orthographic
intervention has also been found to promote reading (O'Brien et al., 2011). Even
under the framework of the multiple deficit model, visual orthographic deficits are
essential in capturing the distribution of features related to RD (Perry et al., 2019).

Although a number of studies have been conducted to understand the
neurocognitive mechanisms underlying visual orthographic deficitsin RD, there are
many questions remained unanswered. One question concerns whether the visual
orthographic deficits are linguistic-specific or domain-general. Previous studies have
shown that the visual dysfunction was confined to words but not faces or other
non-linguistic stimuli (Brady et al., 2021; Danelli et a., 2017). Specifically, a recent
study by Brady et al. (Brady et a., 2021) found that adults with RD showed lower
performance than age-controls only in a word/pseudo-word reading test but not in the
Vanderbilt Holistic Face Processing Test. Another study by Danelli et al. (Danelli et
al., 2017) found that adults with RD only showed deficits in aword reading task but
not in non-linguistic tasks such as visual motion perception and motor learning.
Functional neuroimaging studies found that orthographic deficits were associated with
dysfunction of the left occipitotemporal regions (OT) and other visua regions such as
the precuneus (Boros et al., 2016; Cao et al., 2018).

On the other hand, studies have reported that RD is associated with dysfunction
of the magnocellular pathway (Bosse et al., 2007; Stein & Walsh, 1997). Studies have
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also suggested atemporal sampling deficit in RD (Goswami, 2012) which argues that
the neural phase locking is reduced in individuals with RD. Evidence has been
collected in the auditory modality. Specifically, the auditory cortex or other parts of
the auditory pathway is entrained to the frequency of the input speech (Ding, et d.,
2016), which is also called neural oscillation. However, this entrainment is reduced in
individuals with DD, especially for the delta (1-3 Hz) and theta (4-8 Hz) bands
(Keshavarzi, et al., 2021; Destoky, et al., 2022; Zhang, et a., 2022). However, no one
has tested this hypothesis in the visual modality yet. Neural phase locking in the
visual modality has been demonstrated in normal population using a paradigm of
SSVEPs (steady-state visual-evoked potentials), in which stimulus in the left and right
visual field flickers at two different frequencies (f1 and f2) and neural phase locking
is detected at both fundamental frequencies: f1 and f2. Furthermore, neural oscillation
is also detected at an intermodulation frequency, f1+f2, which is further defined as
visual binding. In the current study, we examined whether individuals with RD show
abnormality in neural phase locking in the visual modality using the SSVEP paradigm
in order to understand whether they have low level visual deficitsin addition to
orthographic deficits.

The visual binding is assumed to be associated with holistic visual processing in
reading. Previous studies have provided contradictory evidence in understanding
whether RD is associated with deficits in holistic visual processing. One study by
Conway et a. (Conway et al., 2017) found that RD readers showed no difference
from control readersin aword recognition task for inverted words, but they showed a
lower performance for upright words, suggesting intact visual analytic skills but
impaired holistic skillsin RD. In contrast, another study found that individuals with
RD showed greater reliance on the whole word information when were asked to judge
whether a part of the words were the same or not (Brady et al., 2021), and the result
was replicated in Chinese characters (Tso et a., 2021), suggesting intact holistic
processing in RD. However, the previous studies measured holistic processing
indirectly and depended greatly on words/character congruency effect and observers

subjective responses, which might cause great variance of the results. Hereby, we
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adopted an objective and robust measurement of holistic processing (i.e.
frequency-tagged SSVEPs). Frequency-tagged SSV EPs was conducted with two parts
of the visually presented object displayed at different frequencies (for example, one
part flickered at f1, another at f2), and the intermodulation frequency (f1+f2) was
measured as the neural signature of holistic integration. Previous study has
demonstrated intermodulation frequency in typical Chinese adults using Chinese
characters (Cai et a., 2020), and it was greater than that using pseudo-characters,
suggesting greater holistic integration for real characters.

To answer these questions, an fMRI study with a visual spelling task and a visual
symbol task and an EEG study with the frequency-tagged SSVEP task were
administrated in Chinese adults with RD. We hypothesized that visual orthographic
deficit is ahigh-ordered literacy-specific deficit rather than alow-level visual deficit,
and the deficit may be related to the dysfunction of occipitoparietal regions. We also
hypothesize RD readers show intact holistic processing.

Experiment 1

Participants

30 University students with RD were recruited for the fMRI study. The inclusion
criteriawere: (1) the standard score on the Raven non-verbal 1Q test was above 80,
and (2) the z-score on a sentence reading fluency test or a one-minute character
naming test was below -1.5. We also recruited 19 University students without RD as
age-controls. Theinclusion criteriawere: (1) the standard score on the Raven
non-verbal 1Q test was above 80, and (2) the z-scores on the sentence reading fluency
test and the one-minute character naming test were both above -1, and (3) the age was
matched with RD. The study and consent procedures were approved by the
Institutional Review Boards of the department of psychology at Sun Yat-Sen
University.

After getting the informed written consent, we invited the participants for the
standard Raven test as a measure of the no-verbal intelligence. A sentence reading

fluency test and a one-minute character reading test were administrated as measures
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of reading ability. For the sentence reading fluency test, the participant was instructed
to read 100 sentences and then judge whether each sentence makes sense or not within
3 minutes. For the one-minute character reading test, the participant was asked to read
aloud allist of Chinese characters within one minute as fast and accurately as possible,
and two lists of characters were used in the test, including aregular character list and
anirregular character list. We included an initial sound deletion task, a homograph
morpheme test, and a wrong character detection test to measure the phonological
awareness, morphological awareness and orthographic awareness respectively.
Additionally, we also included two rapid automatized naming (RAN) tests, including
adigit RAN test and a picture RAN test.

fMRI task

A visual spelling task was employed during the MRI scanning to examine brain
functional alterations during orthographic processing in Chinese adults with RD.
There were three types of experimental trialsin the visual spelling task, including
lexical trials, non-linguistic perceptual trials, and null trails. For the lexical trials, two
two-character words were visually presented sequentially, and the participant was
instructed to decide whether the second characters of the pair of words shared the
same radical or not. For the perceptual trials, two Tibetan symbols were visually
presented sequentially, and the participant was instructed to decide whether the pair of
symbols were the same or not. For the null trials, two black crosses were visually
presented sequentially, and the participant was asked to press a key after the second
cross onset. For each trial, the duration of each stimulus was 800 ms with a200 ms
blank between the two stimuli, as well as a 2200 to 3400 ms jittered inter-stimulus
interval (1S1) following each trial. There were 96 lexical trias, 24 perceptual trials,
and 48 null trialsin total which were grouped into two runs. The presentation order of
the trials was randomized and optimized using OptiSeq

(http://surfer.nmr.mgh.harvard.edu/optseq).

MRI data acquisition

Brain imaging data were acquired using a 20-channel 3T Prisma Siemens
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scanner. The T1-weighted images were acquired using a MP-RAGE sequence, and the
functional data were acquired using an EPI sequence. The parameters were as follows:
for the T1-weighted images, TR=2300 ms, TE=3.24 ms, TI=900 ms, flip angle=9°,
matrix size=256x256, field of view=260 mm, slice thickness=1 mm, number of
slices=160; for the functional images, TR=2000 ms, TE=20 ms, flip angle=80°,
matrix size=128x128, field of view=220 mm, slice thickness=3 mm, number of

slices=34, and the resolution of each image was 1.7%1.7x3.0 mm.

fMRI data processing

The functional neuroimaging data were preprocessed using SPM 12
(http://fil.ion.ucl.ac. uk/spm) with astandard pipeline. Specifically, slice timing was
corrected within each volume first, and then the volumes were realigned to the first
image to estimate and correct the head movement during data acquisition. When the
head movement of the data exceeded 3 mm or 3°, the Art toolbox
(https://www.nitrc.org/projects/artifact_detect/) was used to count how many outliers
there were. If the outlier time points didn’t exceed 10% of the data, they would be
scrubbed; or else, the participant was removed from further analysis. The data of one
participant in the RD group was corrected and included in the further analysis. After
motion correction, the data were segmented and transformed from native space into
MNI space, using the parameter estimated by coregistering the structure data to the
MNI template. Finally, the data were smoothed with a4 mm full width half maximum
(FWHM).

To estimate the brain functional response to the visual spelling task, aGLM
model was calculated with a high pass filter of 128 seconds to reduce the linear drift.
The lexical minus perceptual contrast and the perceptual minus null contrast were
selected for further second level analysis. All significant results were reported at voxel

level p<0.005 uncorrected, and cluster level p<0.05 FWE corrected.
Results

Behavioral tests and in-scanner performance
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Behavioral results showed that adults with RD had poorer performance than the
age controls for the following tests (t(47)=8.59, p<0.001, for the one-minute character
reading test; t(47)=10.43, p<0.001, for the sentence reading fluency test; t(47)=4.36,
p<0.001, for the initial sound deletion test; t(47)=2.51, p=0.016, for the homograph
morpheme test; t(47)=3.08, p=0.003, for the Wrong character detection test;
t(47)=-3.94, p<0.001, for digit RAN test; t(47)=-3.42, p=0.001, for picture RAN test)
(Table 1).

For the in-scanner task, we found that adults with RD didn’t show any significant
differences from the controls in accuracy or reaction time on the lexical trias
(t(47)=0.24, p=0.816, for accuracy; t(47)=-0.60, p=0.552, for reaction time) or on the
perceptual trials (t(47)=-0.13, p=0.897, for accuracy; t(47)=0.22, p=0.830, for reaction

time).

Table 1. Demographic information and behavioral performance

AC RD
N 19 30
Age 249.47+26.41 238.4+15.03
1Q 121.68+9.89 116+11.16
One-minute character reading test 96.58+17.06 57.77+14.3***
Sentence reading fluency test 1629.58+332.23 794.57+228.83***
Initial sound deletion test 25.42+4.03 15.03+9.84***
Homograph morpheme test 27.26+1.41 25.47+2.91*
Wrong character detection test 49.87+4.12 45.12+6.68**
Digit RAN test 23.9+3.37 28.97+4.93***
Picture RAN test 41.37+6.75 49.35+8.62***
Accuracy on the lexical trias 0.92+0.09 0.91+0.11
Reaction time on the lexical trials 832.35+264.60 881.49+288.36
Accuracy on the perceptual trials 0.93+0.08 0.94+0.10
Reaction time on the perceptual trials 733.48+268.58 717.43+244.28

* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001.

Neuroimaging results

To detect the group difference between adults with RD and their age-controls,
two-sampl e t-tests were conducted for the lexical minus perceptual contrast and the

perceptual minus null contrast, respectively. For the lexical minus perceptua contrast,
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adults with RD showed lower activation than age-controls in the left inferior temporal
gyrus and right cuneus gyrus (Table 2, Figure 1), but there were no regions that
showed greater activation in adults with RD than in age-controls. For the perceptua

minus null contrast, there were no significant group differences.

Table 2. Brain regions that showed lower activation in RD than in AC for the lexical

minus perceptual contrast

Brain regions Hemisphere MNI coordinate Z
Inferior temporal gyrus L 164 -50 -58 -14 391
-42 -54 -2 3.04
Cuneus R 170 12 -70 28 3.64

10 -66 20 3.36
10 -78 30 3.10

Figure 1. Brain regions that showed group differencesin the lexical minus perceptual

contrast.

Experiment 2

Participants
14 University students with RD were recruited for the EEG study. The selection

criteriawere the same as experiment 1. Another 15 University students without RD

were also recruited as age-controls.
SSVEPs task

A frequency-tagged SSV EP paradigm was used to examine the holistic visual
processing. Specifically, 4 symmetric Chinese characters (i.e. #, FR, ¥, Ab) and 4
symmetric pseudo characters (i.e. (i.e. &, &, 1, t)) were selected for the experiment.
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Each character was presented on the screen with the left half of the character flicking
at 6 Hz and the right half of the character flicking at 7.5 Hz for 30s, and the on-off
flicking of each half of the character was counterbalanced between left visua field
and right visual field. The participant was asked to stare at a gray fixation centered on
the screen, and press the space key when the fixation turned white to maintain the
attention. Each trial started with afixation, and the participant could control the
presentation of the trial by pressing the space key. The trials were presented in a
randomized order. The experiment was programmed with the Psychtoobox

(http://psychtoolbox.org/) in Matlab.

EEG recoding and analysis

The EEG data were recorded continuously using a 64-channel Neuroscan system
(Neuroscan, Texas, USA) with a SynAmps amplifier. The sampling rate was 1000 Hz,
and electrode impedances were kept below 5 kQ. Eye movements were monitored
with two pairs of bipolar electrodes, including apair of electrodes placed below and
above the left eye to monitor the vertical movement, and a pair of electrodes placed at
the left and right canthi to monitor the horizontal movement. The online reference was

set at CPz.

EEG data processing

EEG data were processed using EEGlab and customized scriptsin Matlab.
Specifically, the data were off-line referenced to the average, and then segmented into
epochs of 30s duration. The segmented data were detrended and multiplied by a
Tukey window function (i.e., tapered cosine window, a = .02). Finally, the fast Fourier
transformation (fft.m in Matlab) was conducted to transform the data into amplitude
spectrum, and frequency-tagged SSV EP response was calculated. Specificaly,
signal-to-noise ratio (SNR) in SSVEP responses was used for further analysis. It was
defined as the ratio of SSVEP response at a given frequency to its SSV EP responses
at its nearby frequencies (Cai et al., 2020).

Results
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Salf-term responses

Results showed flicking characters elicited clear responses at the fundamental
frequencies and several harmonics, up to the fifth harmonics (5* f1=30 Hz, 5*f2=37.5
Hz) (Figure 2). Asthe fifth harmonic of f1 overlapped with the forth harmonic of f2 at
30Hz, the first three harmonics were included for the further analysis. Paired t test
showed that pseudo characters elicited the same self-term response as real characters

(t(12) = 0.71, P = 0.491).

I nter modul ation response

For the intermodulation response, we found clear response at f1+f2 (13.5 Hz) in
left occipitotemporal regions (including O1, PO7, PO5, PO3, P7, P5 and P3) (Figure
3), and these regions were selected for further analysis. Paired t test was conducted
and real characters elicited greater intermodulation response than pseudo-characters
(t(12) = 2.49, p = 0.027) in adults with RD (Figure 3). We also correlated the
intermodul ation amplitude in the real character minus pseudo character contrast with

orthographic awareness, and it yielded a significant negative correlation (r=-0.54,
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Figure 2. Grand-average amplitude spectrum (A) and SNR (B) of all conditions a Oz.
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A Real Characters B Pseudo Characters

pi4
P

C Real Characters-Pseudo Characters

po3
Ho

Figure 3. Topographic Plots for intermodulation response at f1+f2=13.5 Hz. (Read ring indicate
significant response)
Discussion

In this study, we examined the neural substrates of the visual orthographic
deficits associated with adults with RD. We found that adults with RD showed lower
activation in the left inferior temporal gyrus and left cuneus gyrus only in the lexical
minus perceptual contrast but not in the perceptual minus null contrast, suggesting
specific deficits in the orthographic processing but not in the non-linguistic visual
processing. Further SSVEPs study revealed normal intermodulation responsesin
adults with RD. Taken together, our results suggest intact basic visual processing in

adults with RD and orthographic deficits should not be due to visual problems but due

to linguistic level deficits.

Multipl e deficits associated with RD

Behavioral tests revealed multiple deficits in adults with RD. Specifically, adults
with RD showed lower performance on the initial sound deletion test than their
age-controls, which is consistent with the phonological deficit hypothesis. Previous

studies have repeatedly documented that RD was accompanied with poor
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phonological awareness across different ages (Snowling et al., 2019) and languages
(Goswami, 2002; Siok et al., 2004). Poorer performance was also found on the wrong
character detection test in adults with RD than in age-controls, suggesting visual
orthographic deficits. Additional deficits were also found in the morphological
awareness test and RAN tests, which is consistent with previous researches
(Adrian-Venturaet a., 2020; Liu et a., 2013; Marks et al., 2022). In summary, adults
with RD show deficitsin phonological, orthographic, morphological and RAN
processing, suggesting multiple deficits in the language domain (Perry et al., 2019).

Visual orthographic deficitsin the brain

fMRI results showed that adults with RD only had lower activation for the
lexical minus perceptual contrast than age controlsin left inferior temporal gyrus and
right cuneus gyrus, but not for the perceptual minus null contrast, suggesting that the
visuo-orthographic deficits happen at the orthographic level rather than the visual
level. The results were consistent with a previous study by Danelli et al (Danelli et al.,
2017), in which multiple tasks were performed and only the high-ordered
literacy-related tasks revealed consistent deficitsin RD. Previous research found that
low-level visual deficits occurred only when compared with age-controls but not
reading-level controls and phonol ogical-based intervention could promote low-level
visual skills (Olulade et al., 2013), suggesting that low-level visual deficits are
conseguences of RD rather than causes of RD. As a result, low-level visual deficits
were not a stable feature accompanied with RD (Olulade et al., 2013). Furthermore,
dysfunction of the left OT regions has been reported across tasks (Danelli et al., 2017),
languages (Paulesu et al., 2001) and ages (Richlan et a., 2011), suggesting that it is a
stable deficits in RD. These OT areas were important in the reading network (Pugh et
al., 2000; Richlan, 2012), with the visual word form area (VWFA) located in this
region (Cohen & Dehaene, 2004), and reading acquisition is accompanied by
specidization of thisregion (Pleisch et al., 2019). However, recent studies have
suggested that the left OT region is not confined to visual orthographic processing,
but also involved in phonological processing (Cohen et al., 2004; Zhao et d., 2017),
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and an interactive region for orthography, phonology and semantics in reading
prediction (Price, 2011). Therefore, we believe that deficitsin the left OT region
during the visual spelling task revealed in the Chinese adults with RD in the current
study might reflect deficits in orthography, phonology or semantics during visual

word processing.

Intact visual holistic processing

The frequency-tagged SSV EPs study revealed normal visual binding in adults
with RD asin typical controls (Cai et al., 2020), suggesting intact visual holistic
processing. We also found that Chinese characters elicited greater intermodulation
response than pseudo characters in adults with RD, which is also consistent with
typical controls. Actually, previous studies have shown greater holistic processing in
adults with RD than in controls (Brady et al., 2021; Tso et al., 2021), and the
overreliance on holistic visual processing leads to inaccurate orthographic recognition.
Thisis consistent with our finding that there was a negative correlation between
scores on the wrong character detection test and the intermodul ation response.
Because detecting wrong characters relies on visual analytic processing on the details
of the character, rather than holistic processing, greater holistic processing is

correlated with lower performance on the test.
Conclusion

As awhole, Chinese adults with RD was accompanied with literacy-specific
visual orthographic deficit, and the deficit was characterized with dysfunction of left
OT regions and visual regions. However, the visual orthographic deficit was not

caused by deficient holistic processing.
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