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Evaluating correlations between
reading ability and psychophysical
measurements of dynamic visual
information processing in Japanese
adults
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The reading ability of English readers has been shown to correlate with psychophysical measurements
of dynamic visual information processing. This study investigated the relationship between reading
ability and dynamic visual information processing in healthy adult native Japanese readers (n = 46).
Reading ability was assessed using three different tests: the Japanese Adult Reading Test (JART),
transposed-letter detection task, and oral reading. Principal component analysis was performed on the
scores on the three reading tests to quantify reading ability. Psychophysical thresholds were measured
for contrast detection and speed discrimination with a drifting grating stimulus as well as for tracking
two targets among concentrically revolving objects, providing an upper speed limit for attentional
tracking. Simple correlation analysis revealed that one of the principal components correlated

with the tracking speed limit. In addition, another principal component correlated with the speed-
discrimination threshold, which is consistent with previous findings in English readers. These results
suggest that Japanese reading ability involves at least two different processes, each sharing underlying
mechanisms with visual motion and attentional processing.

Keywords Japanese reading ability, Dynamic visual information processing, Contrast detection, Speed
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Reading is a highly important cognitive function that is essential in education, work, and other social life situations
requiring a wide range of textual communication. Reading requires the recognition of a visual word form (i.e.,
orthography) based on visual analysis of retinal input in the posterior cortex and subsequent specialized analysis
via the visual word form area, located in the ventral occipitotemporal cortex!. Visual word form information
is then translated into sound (i.e., phonological) and meaning (i.e., semantic and lexical) information, which
involves auditory and language areas, and possibly the intraparietal sulcus (IPS), neurophysiologically>>.

There are abnormalities (dyslexia)? specific to reading ability, which vary considerably even among
healthy individuals. The limiting factors of reading ability, which have been the subject of psychological and
neurobiological research, range from low-level factors in sensory and motor systems® to high-level language
processing and cognitive factors including working memory, word learning, and reading experience®.

A deficit in accessing and manipulating phonological information is considered a major factor that limits
reading performance’~'°. This view is supported by the fact that the most common cognitive disorder in reading
ability involves difficulties in decoding sounds'!, such as rhyming skills'2. However, some individuals with
dyslexia did not show phonological deficits (e.g.,'*), and others reported difficulties in seeing texts rather than
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decoding sounds (e.g.,'¥). It has also been argued that learning to read may improve phonological skills rather
than vice versa!>!®,

Alternatively, it has been hypothesized that impairment of the magnocellular layer of the lateral geniculate
nucleus (LGN) and subsequent processing limits reading performance!*!”!8. Visual information from the retina
is first transmitted to the LGN, which consists of three functionally distinct subdivisions (the magnocellular,
parvocellular, and koniocellular). Among these subdivisions, magnocellular subdivisions exhibit high contrast
sensitivity and greater temporal resolution, but lower spatial resolution, whereas parvocellular subdivisions
exhibit greater spatial resolution and chromatic selectivity, but lower temporal resolution'®-22. For this reason,
visual neuroscientists hypothesized that a series of visual processes from the magnocellular subdivision to the
motion-selective cortical area MT and from the parvocellular subdivision to the color-selective cortical area
V4 are responsible for different visual functions, such as motion and color perception, respectively?*?*. The
idea that the properties of magnocellular deficits are related to reading performance is derived from anatomical
observations that postmortem brains of patients with dyslexia showed a smaller magnocellular volume!” and
psychophysical observations!®, although the simplistic model emphasizing the importance of the magnocellular
system is controversial in the field*>2°.

Consistent with the magnocellular hypothesis?’, the relationship between English reading ability and visual
motion processing has been demonstrated by assessing individual differences: individuals with dyslexia or those
with lower scores in reading tests often show poorer performance in coherent motion detection®*-3? (but see>®)
and speed discrimination®, while such a correlation does not hold for contrast detection®>*. In addition,
since such a correlation with speed discrimination was not identified when reading ability was assessed using
pseudowords, a previous study suggested that motion processing is correlated with the word familiarity aspect
of reading rather than letter-by-letter analysis.

Other studies have proposed a role of attention in reading by demonstrating that individuals with dyslexia
perform worse than typically developed controls in visual flanker and search tasks®”*%. This role may stem
from the hypothesized relationship between reading ability and magnocellular (or extensively dorsal) visual
function!®3!2% as well as the known relationship between attention and the temporal sensitivity of visual
processing*®*!. However, one study reported that individuals with dyslexia performed worse than typically
developed controls in visual search but equally well in global motion detection?? (but see?®). These mixed findings
indicate the necessity of performing studies to acquire visual motion and attentive tasks in the same individuals
to assess their correlations with reading ability, to better understand how individual differences in performance
are related across psychophysical tasks, and to better understand the underlying relationship between reading
and visual processing.

While these previous studies demonstrated that individual differences in reading ability likely reflect multiple
factors, including phonological, magnocellular, and attentional processing, it is important to note that most of
these studies focused on English readers; therefore, the evidence on the generalization of findings into different
language systems remains challenging.

English reading has very different properties from those in other languages. In this study, we used Japanese
because it differs significantly from English in several respects. Notably, Japanese is a head-final language,
whereas English is a head-initial language, leading to substantial differences in word order. Regarding
orthography, English relies solely on an alphabetic script, whereas Japanese employs three distinct scripts: kanji
(Chinese characters) and the syllabic scripts hiragana and katakana. Katakana is commonly used for foreign
names, places, and loanwords, while hiragana is often utilized for words that do not have corresponding kanji
characters. Both hiragana and katakana consist of 46 basic characters, which can represent around 110 sounds
when combined with diacritical marks (e.g.,**). Consequently, the kana (hiragana and katakana) scripts exhibit
a “transparent” orthographic system, where there is a one-to-one correspondence between orthography and
phonology, similar to the writing systems of languages like Italian or Spanish. Contrastingly, kanji and English
have “opaque” scripts, as their writing systems do not always maintain a one-to-one correspondence between
orthography and phonology.

In fact, a case was reported in which a 16-year-old English/Japanese bilingual person had difficulty reading
only in English while reading in Japanese was normal; other cognitive functions were comparable between
English and Japanese®’. Therefore, it is important to assess the extent to which the observed correlation between
reading ability and psychophysical performance can be seen in readers in a different language system, such as
Japanese, to understand whether such correlational effects are universal among language systems.

To investigate the relationship between Japanese reading ability and dynamic visual information processing,
reading scores derived from a set of reading tests (see Methods) and psychophysical thresholds of basic visual
function were compared across participants. For psychophysical measurements, contrast-detection and speed-
discrimination thresholds were determined to assess the involvement of visual motion processing, while
separating the involvement of motion sensitivity (speed discrimination from contrast detection), as described
by Main et al.%. In addition, the upper speed limit of revolving objects to be covertly tracked was determined
to assess the involvement of attentional processing (e.g.,**). The employment of an object-tracking task was
also motivated by functional neuroimaging studies suggesting a role for the IPS in reading?® and attentional
tracking®>.

Methods

Participants

Forty-six native Japanese readers participated (31 women; 18-48 years old, M=33.4, SD=9.4). All participants
were right-handed and had no history of reading disorders (e.g., dyslexia). They were not informed of the purpose
of the study. The participants were recruited via convenience sampling and compensated for their participation.
The sample size was determined before data collection. Given that our study was fundamentally a cross-linguistic

Scientific Reports |

(2024) 14:29546 | https://doi.org/10.1038/s41598-024-80172-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

replication, we based our power analysis on effect sizes reported in previous research. We defined the effect size
as pragmatically meaningful and designed the sample size accordingly. Based on a previous study showing a
correlation between English reading rate and speed-discrimination threshold, we expected a moderate effect
in the order of ~ 0.4, indicating that 44 participants should be sufficient to achieve high statistical power (0.8)
for a correlation analysis, according to calculations using G*Power 3 software®. The present study was not
preregistered. All the participants provided written informed consent. Before experiments were conducted, all
the participants were asked to participate in a battery of tests for visual performance, such as visual acuity,
astigmatism, and stereopsis. Through this screening procedure, we confirmed that all the participants had
normal or corrected-to-normal vision. This study was conducted in accordance with the Declaration of Helsinki
(2003) and approved by the Ethics Committee for Human Research of the National Institutes of Natural Sciences.

Reading tests

To the best of our knowledge, there is no established Japanese test battery proven to be directly comparable to
those used to test English reading abilities (e.g., TOWRE-2°). For this reason, we used a set of three different
reading tests, the Japanese Adult Reading Test (JART), transposed-letter detection task, and oral reading, for
identifying principal components shared among multiple reading tests, as a marker for evaluating Japanese
reading ability. Each participant was tested in the order of JART, transposed-letter detection, and oral reading,
prior to the psychophysical experiments. Notably, the standardization of Japanese reading tests is less rigorous
than English tests, and the three tests we used do not necessarily measure independent abilities. Instead, the
abilities reflected in their scores are likely to overlap to some extent.

Japanese Adult Reading Test (JART)

The JART was developed by Matsuoka et al.> and is based on the National Adult Reading Test (NART®!~3). The
NART is an English reading test consisting of 50 irregularly spelled words (e.g., naive) designed to measure the
premorbid IQ of dementia patients. These irregularly spelled words were chosen to assess familiarity with the
words, without assessing the ability to decode unfamiliar words phonetically’!. The JART measures the reading
scores of 50 Japanese kanji compound words whose orthography-phonology relationship is word-specific®. We
used the JART to measure participants’ reading ability based on word familiarity. The JART score was converted
to a Verbal Intelligence Quotient (VIQ®®) using the following estimation formula:

VIQ = 127.8 — 1.093 x number of errors (1)

We asked the participants to write the pronunciations of the 50 kanji words using hiragana or katakana in this
study. This protocol deviates from Matsuoka et al.>’, who asked participants to report pronunciation orally.
Given that the present study aims to examine the reading performance of healthy adults, there are no concerns
about handwriting difficulty, unlike patients with dementia tested in Matsuoka et al.>’. Therefore, we opted
for a written response to ensure the accuracy and consistency of measurements. Additionally, writing the
pronunciation of kanji words in kana is a common activity among Japanese readers. While kanji does not always
correspond one-to-one with pronunciation, hiragana and katakana correspond one-to-one with pronunciation.
Japanese people are trained to learn the pronunciation of kanji words by reading texts with kanji words and
small kana letters above or beside kanji, indicating their pronunciation from elementary school. This makes it
common to transcribe kanji pronunciations into hiragana and katakana scripts.

The time required to complete the JART was approximately 5-10 min. Further details of the JART are
described in Matsuoka et al.>°.

Transposed-letter detection task

Pseudowords with transposed letters are easily confused with their base words (e.g., participants tend to read
chocolate instead of the pseudoword cholocate®®). This phenomenon has been used to elucidate the letter
encoding process in visual word recognition (e.g.,>>~>°). From a slightly different perspective, this phenomenon
may reflect whether individuals engage in top-down or bottom-up language processing. If participants read
sentences bottom-up and analyze them letter by letter, they quickly notice that letters are transposed in
relation to the lexicon. However, if participants read sentences top-down, they would not notice the transposed
letters. Therefore, based on the transposed-letter effect in English reading (e.g.,°’), we measured the detection
performance of transposed letters embedded in Japanese texts and examined the characteristics of participants’
language processing.

For creating such transposed-letter stimuli, six texts (poems, stories, explanations, etc.) of approximately
100 to 150 characters were selected from Japanese textbooks for first and second grade junior high school
students®' %%, Five transposed-letter patterns were created for each text type. Each pattern contained 1-4
transposed letters. The transposed letters did not overlap with the other patterns. There were 30 transposed-
letter detection questions (see Supplementary Fig. 1). Questions were distributed in booklets printed on paper.
The font of the printed characters was "Yu Gothic Regular" and had a size of 20 points. One question was printed
on each page. The presentation order of the 30 questions was randomized such that the same text was not
repeated in a row. Four presentation order patterns were prepared.

The original text without transposed letters was read by the participants for a few minutes before the
transposed-letter detection task. The participants were then asked to circle the letter sequence if they found the
transposed letters for each question. Participants were also instructed to respond within 30 s per question. This
task took approximately 25 min including instructions.
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Oral reading task

We used an oral reading task to assess each participant’s reading ability. Oral reading likely reflects abilities
across several specific processing stages, including sensory, lexical, and phonological processes. Oral reading is
widely used as part of major reading test batteries in English, such as the TOWRE?® and the Woodcock-Johnson
IV Basic Reading Score®. In this study, we employed a simple oral reading test based on the token test developed
by Koeda et al.*® to diagnose dyslexia in the Japanese population. In this task, three white cards (297 mm wide
and 210 mm high) containing a short sentence of 23-27 morae (see Supplementary Fig. 2 for an example)
were presented to participants sequentially. Participants were asked to read the sentences orally as quickly and
accurately as possible. Each card contained a sentence with a mixture of words written in hiragana and kanji. As
for each participant’s reading performance, we measured the time it took to complete oral reading for all three
sentences.

Psychophysical experiments

For each participant, psychophysical thresholds were measured after the completion of practice trials in the
following order: contrast detection, speed discrimination, and object tracking. Each of the three psychophysical
tasks took approximately 25-30 min. The images were displayed on a gamma-corrected 32-inch LCD screen
(1920 1080 resolution; 1280 720 resolution for the object-tracking experiment) at a frame rate of 120 Hz
(Display++, Cambridge Research Systems Ltd.). The images were generated on a computer (Ubuntu Linux 20.01
with a Radeon Pro WX3100 graphic board) under the control of MATLAB (Mathworks Inc.), Psychophysics
Toolbox®”%8, and Vision Toolbox®. The screen resolution was 2.9 min/pix (3.7 min/pix for the object-tracking
experiment) at a viewing distance of 66 cm constrained by a chin rest for binocular viewing. A neutral density
filter placed in front of the participants’ eyes (affixed to a chin rest) reduced the mean screen luminance to 3.6 cd/
m? %, The visual stimuli were designed following the stimulus designs used in Main et al.*® for the contrast-
detection and speed-discrimination experiments and those used by Holcombe and Chen’® for the object-
tracking experiment.

Contrast detection

Each trial consisted of two temporal intervals of 0.4 s with an inter-stimulus interval of 0.25 s and a response
period (Fig. 1A). In each trial, participants were asked to maintain their gaze on a black fixation dot (0.25 deg
in diameter) presented at the center of the screen on a uniform gray background. In either the first or the
second interval, a vertical sinusoidal grating (spatial frequency=0.49 cycles/deg) that is contrast-modulated
according to an isotropic Gaussian function (SD=2.04 deg) appeared at the center for 0.4 s. For the stimulus
onset and offset, the grating contrast was gradually ramped up and down by a 0.1-s long raised-cosine function.
The grating drifted horizontally at 30.53 deg/s, and the leftward or rightward motion direction was switched in
each trial. A beep was heard at the first and second intervals to inform participants. The response period lasted
until participants indicated the temporal interval with the grating by pressing a key (two-interval forced choice,
2IFC).

In the first 72 trials, the grating contrast was adjusted by a staircase with a factor of two (e.g., 12.5%, 6.25%,
3.13%, 1.56%, 0.78%, and 0.39%) and a 1-up-2-down rule, which targeted a correct rate of 0.71. Five additional
trials with a grating contrast of 99% were randomly intermixed into the staircase trials as catch trials. In the final
144 trials, the grating contrast was manipulated according to the method of constant stimuli; six levels, with 24
trials per level, were randomly interleaved. Six levels were determined for each participant as grating contrasts
that yielded correct response rates of 0.55, 0.65, 0.75, 0.85, and 0.95, by fitting a logistic curve to the staircase data
using the maximum likelihood method, in addition to the grating contrast of 12.5% common to all participants.

Speed discrimination

The composition of each trial was the same as those intervals of the contrast-detection task, except that the grating
stimulus appeared in both the first and second intervals (Fig. 1B), one drifting at 30.53 deg/s (standard stimulus),
and the other at a speed that varied across trials (comparison stimulus). Grating contrast was randomized across
trials to 16% or 24%. During the response period, participants indicated the temporal interval with the faster
grating by pressing a key (2IFC).

In the first 72 trials, the grating speed of the comparison stimulus was adjusted using a staircase with a factor
of 1.07 (e.g., 26.58, 28.49, 30.53, 32.72, and 35.07 deg/s) and a 1-up-1-down rule, which targeted a correct rate of
0.5. Five additional trials with comparison speeds of either 15.27 deg/s or 61.06 deg/s were randomly intermixed
with the staircase trials as catch trials. In the final 144 trials, the comparison speed was manipulated according to
the method of constant stimuli, and six levels, with 24 trials per level, were randomly interleaved. The six levels
were determined for each participant as the comparison speeds that yielded response rates of 0.05, 0.23, 0.41,
0.59, 0.77, and 0.95 for reporting the comparison stimulus as the faster grating, by fitting a logistic curve to the
staircase data with the maximum likelihood method.

Object tracking

Each trial consisted of an instruction period for two targets among the revolving objects (1 s), a tracking period
(2-3s), and a response period (Fig. 1C). The stimulus comprised three concentric rings of three objects equally
spaced about the circular trajectory centered on a white fixation dot (0.29 deg in diameter) presented at the
center of the screen on a uniform black background. Each object was a full-contrast Gaussian patch scaled
by the eccentricity of the three rings (SD=0.14 deg for inner, 0.24 deg for middle, and 0.43 deg for outer;
eccentricity=0.76 deg for inner, 2.29 deg for middle, and 6.11 deg for outer). These values were chosen to keep
the rings well outside each other’s crowding zones’’?, as in Holcombe and Chen”’.
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Fig. 1. Psychophysical experiments. (A) Contrast detection. A drifting grating stimulus was presented on

the center of the screen during either the first or the second interval. Participants reported which interval
contained the grating (2IFC). A small black dot on the center of the screen served as a fixation point. ISI:
inter-stimulus interval. (B) Speed discrimination. A drifting grating stimulus was presented on the center of
the screen during the first and the second intervals at either the same or different speeds. Participants reported
which interval contained the faster grating (2IFC). Yellow arrows illustrate the grating motion within its
envelope. (C) Object tracking. Participants tracked two targets among revolving objects and identified the
targets after the objects stopped. They were asked to maintain fixation on the fixation point (white dot at the
center of the screen). Yellow arrows and dashed curves illustrate the revolution of the objects on each ring and
their circular trajectories. White arrows with dashed curves illustrate a cursor trajectory for clicking on the two
targets with a computer mouse.
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In each trial, participants were asked to maintain their gaze on the fixation dot. All objects in each ring
revolved in the same direction and speed, starting from a random initial phase. During the instruction period,
two objects randomly selected from two different rings were highlighted in white (targets; 7.1 cd/m?) while the
other objects remained red (distracters; 0.8 cd/m?; evoked by red gun only). The targets gradually changed to red
(identical to the distracters) over 1 s via a linear ramp in the RGB space. During the subsequent tracking period,
each ring underwent a reversal in the motion direction at random intervals longer than 1 s. The objects were
stopped after a random duration of 2-3 s. During the response period, the objects remained in the final positions
until the participants indicated which two of the objects were the targets by clicking them with a computer
mouse. The objects were replaced with those used in the next trial.

In 144 trials, the revolution speed was adjusted by a staircase with a step size of 0.2 revolution/s (e.g., 0.8,
1.0, 1.2, 1.4, and 1.6 rps) and a 1-up-1-down rule, targeting a correct rate of 0.49 (for correctly reporting both
targets). An additional five trials with a revolution speed of 0.2 rps were randomly intermixed as catch trials.

Data analysis

Threshold determination

The contrast-detection threshold was determined as the grating contrast that yielded a correct response rate
of 0.75, by fitting a logistic curve to the data obtained from the method of constant stimuli with the maximum
likelihood method. For three participants, the fit did not converge, and was instead performed on the staircase
data. The speed-discrimination threshold was determined as the grating speed of the comparison stimulus,
which yielded a response rate of 0.75 for reporting the comparison stimulus as a faster grating by fitting a logistic
curve to the data obtained from the method of constant stimuli with the maximum likelihood method. For four
participants, the fit did not converge and was performed on the staircase data; however, for two of them, the fit
still did not converge, and their speed-discrimination thresholds could not be determined. Therefore, data from
the remaining 44 participants were used for subsequent analyses. The threshold speed was converted to the
Weber fraction by subtracting the grating speed of the standard stimulus and dividing it by the grating speed
of the standard stimulus. The object-tracking threshold was determined as the revolution speed that yielded a
correct response rate of 0.49, by fitting a logistic curve to the data with the maximum likelihood method.

Evaluation of correlations between reading and psychophysical performance

We aimed to calculate the Pearson correlation coefficients between the reading test scores and psychophysical
thresholds for comparison with those previously reported for English readers®?32333%36, While we conducted
three reading tests, it is unclear how much each test uniquely explains different aspects of reading performance.
This is because Japanese reading tests are not as standardized as English. Thus, it is challenging to consider three
reading tests as independent measurements, as there is no established relationship among them. Given that
reading scores in different reading tests are likely correlated with each other, it is common for researchers to
perform redundancy reduction, such as principal component analysis (PCA), on scores in multiple reading tests
to estimate general reading performance”>. For this reason, we performed PCA on the scores of the three reading
tests (JART, transposed-letter detection, and oral reading) and calculated the Pearson correlation coefficients
between the principal component (PC) scores and psychophysical thresholds. Using the pca function in the
MATLAB Statistics and Machine Learning Toolbox, we identified PCs derived from the z-transformed scores
of the three reading tests. Given the low dimensionality of our dataset on three reading tests, we only identified
three PCs. As all three PCs explain a considerable variance, we retained all components without applying an
eigenvalue cut-off and transformations (e.g., varimax rotation) to preserve information relevant to the reading
ability.

Statistics and reproducibility

We evaluated the reliability of each reading test by calculating internal consistency. To this end, we calculated
Cronbach’s « as a reliability measure of reading tests using JASP statistical software” by the following estimation
formula:

k 2
Crobach’s o = k 1_ Zi:l &

k—1 o2 @

where k is the number of variables (i.e., 50 words for JART, 84 transposed letters, or 3 oral reading texts), o is the
variance in the total score of all the variables, o, is the variance in the score of each variable across participants.

As we aimed to interpret each PC and examine whether it correlated with the threshold for any psychophysical
measurements, we tested a null hypothesis of Pearson correlation and corrected for multiple (3) comparisons,
allowing for a false discovery rate (FDR) of 0.1. The significance level («) was set at 0.033, equivalent to P=0.05
with the FDR correction”.

Results

Reading tests

We first assessed the reliability of our reading tests. For JART, Cronbach’s & was 0.93 across participants (95%
CI=0.90-0.95). For oral reading, Cronbach’s & was 0.90 (95% CI=0.84-0.94) between three texts, with only four
reading errors among all participants. For transposed-letter detection, Cronbach’s a was 0.95 (95% CI=0.94-
0.96). These results indicated sufficient reliability of reading test measurements for further analyses.

Scientific Reports |

(2024) 14:29546 | https://doi.org/10.1038/s41598-024-80172-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Next, we evaluated the degree of individual differences in the reading test scores (Fig. 2A). The JART-
estimated VIQ was greater than 90 for all participants (M=110.5, SD=8.1), consistent with no history of
reading disorders. Oral reading time ranged from 10.9 to 19.9 s (M=14.5s, SD=1.9 s), and transposed-letter
detection accuracy ranged from 28.6% to 97.6% (M=70.3%, SD=19.2%). All data fell within+2.8 SD of the
mean for each test; because of the low variance of the measurements, no data were excluded as outliers. Given
the somewhat non-normal distributions, nonparametric Spearman correlation coefficients were also reported
for significant results to ensure robustness.
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Fig. 2. Reading test results. (A) Distribution of individual scores in all three reading tests. Boxplots display

the interquartile range, median, maximum, minimum, and mean (cross) for each test. The distributions show
histograms and estimated probability density distributions, created using JASP with “Sturges” bin width type.
(B) Scatterplot of individual scores compared across tests. Blue lines indicate linear regression, and dotted
curves show the 95% CI, respectively. Arrows indicate the direction of better performance. (C) Boxplots display
the interquartile range, median, maximum, minimum, and mean (cross) for three principal components (PCs)
of reading performance identified by principal component analysis. Arrows indicate the relative sizes and
performance directions of the PC coefficients. TL detection: transposed-letter detection. B: better performance.
W: worse performance.
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We then compared the individual reading scores across different tests (Fig. 2B). A significant correlation
was found between JART-estimated VIQ and transposed-letter detection (right plot; r=0.46, p=0.001;
Tpearman = 0-45). Oral reading did not show a statistically significant correlation with either JART-estimated VIQ
(left plot; r= —0.13, p=0.38) or transposed-letter detection (middle plot; r= —0.19, p=0.20).

In line with our correlation analyses of the reading scores, suggesting at least one shared component across
the different reading tests, we derived three principal component (PC) scores from the reading test data to
reduce redundancy’® (see Methods; boxplots of Fig. 2C). The relative contributions (eigenvalues) were 0.52
for PC1, 0.30 for PC2, and 0.18 for PC3. As all PCs explain a considerable variance, we retained all PCs in
subsequent analyses to avoid losing information relevant to reading ability. The PC coefficients for JART-
estimated VIQ, oral reading time, and transposed-letter detection accuracy were 0.64, —0.39, and 0.66 for PC1;
0.35, 0.92, and 0.19 for PC2; and —0.68, 0.11, and 0.72 for PC3, with relative sizes and performance directions
indicated by arrows in Fig. 2C. These PCs were used as a metric of reading ability in subsequent analyses. In
brief (see Discussion for detail), PC1 may reflect general cognitive processes like syntax and memory, PC2 may
relate to the conversion of phonology into speech, and PC3 may reflect the balances between letter analysis and
broader comprehension, with experienced readers relying more on top-down processing, influencing tasks like
transposed-letter detection. None of the PCs showed a statistically significant correlation with participants’ age
(r=—0.08, p=0.62 for PC1; r= —0.18, p=0.23 for PC2; r= — 0.07, p=0.64 for PC3).

Psychophysical thresholds

We also evaluated the degree of individual differences in the psychophysical thresholds (Fig. 3A). The contrast-
detection threshold ranged from 1.0% to 4.6% (M =2.6%, SD=0.8%), and the speed-discrimination threshold
(Weber fraction) ranged from 0.09 to 0.86 (M =0.22, SD=0.16), in line with adult data reported by Main et al.
(2014). The upper speed limit for object tracking ranged from 0.82 to 1.49 rps (M =1.19 rps, SD=0.14 rps). No
statistically significant correlations were found between the three psychophysical measurements (Fig. 3B; r=0.20,
p=0.19 for contrast detection vs. speed discrimination; r= —0.04, p=0.81 for speed discrimination vs. object
tracking; r= —0.13, p =0.40 for object tracking vs. contrast detection). Additionally, none of the psychophysical
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Fig. 3. Psychophysical results. (A) Distribution of individual thresholds in all three psychophysical
measurements. (B) Scatterplot of individual thresholds compared across measurements. Error bars
represent + SEM determined with 10,000 bootstrap iterations. Other conventions are the same as those in
Fig. 2A and B.
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measurements showed a statistically significant correlation with participants’ age (r=0.18, p=0.24 for contrast
detection; r= —0.03, p=0.85 for speed discrimination; r=0.26, p=0.08 for object tracking).

Reading ability and psychophysical thresholds correlations
We then compared PC scores with psychophysical thresholds across participants. As shown in Fig. 4, PC1 did
not show a statistically significant correlation with the threshold for any psychophysical measurements (r=0.04,
p=0.79 for contrast detection; r= — 0.04, p=10.81 for speed discrimination; r=0.06, p=0.72 for object tracking).
As shown in Fig. 5, PC2 correlated with the speed limit for object tracking (right plot; r= —0.36, p=0.01,
Tspearman = — 0-31) but did not show a statistically significant correlation with the thresholds for contrast detection
(left plot; r=0.14, p=0.34) or speed discrimination (middle plot; r=0.003, p=0.98). The partial correlation
between PC2 and the speed limit remained moderate after controlling for participants’ age (rpamal= —0.33). As
PC2 had a high coefficient for oral reading time, participants with a higher tracking speed limit tended to read
faster orally (see Supplementary Fig. 3 for a scatter plot between the tracking speed limit and oral reading time).
As shown in Fig. 6, PC3 correlated with the speed-discrimination threshold (middle plot; r=0.33, p=0.03,
spearman = 0-30) but did not show a statistically significant correlation with the thresholds for contrast detection
(left plot; r=0.17, p=0.26) or object tracking (right plot; r=0.16, p=0.29). The partial correlation between PC3
and the speed-discrimination threshold remained consistent after controlling for participants’ age (rPartial =0.33).
As PC3 had a high positive coefficient for transposed-letter detection accuracy and a high negative coethcient for
JART-estimated VIQ, participants with better speed discrimination tended to perform better on the JART but
worse on transposed-letter detection.
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Taken together, these results suggest that different reading components are related to speed discrimination
and object tracking. Notably, the correlation with speed discrimination, but the lack of a statistically significant
correlation with contrast detection, aligns with findings from previous studies on English readers®>-°.

Discussion

Principal components of Japanese reading performance correlated with psychophysical
performance

This study investigated the relationship between reading ability and dynamic visual information processing in
Japanese adults. Reading ability was assessed by deriving principal components (PCs) from various reading test
scores. Based on the PC coefficients, PC1 showed a dependence on all reading tests, likely reflecting high-level
factors such as cognitive, syntactic, and memory-related processes involved in reading tasks. This interpretation
is consistent with the present finding that none of the visual functions tested showed a statistically significant
correlation with PCI.

PC2 is primarily influenced by oral reading and partially by JART and transposed-letter detection, with the
latter two contributing in the opposite direction to oral reading. PC2 may reflect the temporal processing in
converting phonological information into pronunciation, possibly involving motor system vocalization. PC3,
on the other hand, depends almost equally on JART and transposed-letter detection but in opposite directions,
with a smaller contribution from oral reading in the same direction as JART. PC3 may represent a balance
between bottom-up letter-by-letter analysis and top-down inferential language processing. A low PC3 score
suggests a lower reliance on bottom-up factors and a higher reliance on top-down factors, or possibly a reading
style prioritizes abstract general idea acquisition. The contribution of JART may reflect these top-down factors,
potentially linked to word familiarity and reading experience.

One might argue why scores of oral reading tests did not significantly correlate with scores of the other two
reading tests. It is unlikely that a lack of significant correlation can be explained by limitations in the reliability
of measurements, given the fact that each Japanese reading test exhibited a higher degree of reliability. While
speculative, one possible interpretation is that Japanese oral reading may involve various processing during
reading, not only perceptual and lexical processing but also preparation and execution of vocalization. This
complex nature of oral reading might dilute the correlation with other reading tests, which may involve more
specific reading aspects.

Relationships with previous studies

Our correlation analyses revealed that PC3 and PC2 correlated with speed discrimination and attentional
tracking of multiple moving objects, respectively. These relationships may reflect underlying visual motion and
attentional processing. As these PCs did not show a statistically significant correlation with contrast detection,
detection sensitivity to the moving grating stimuli would not artificially mediate these relationships. The present
results suggest a multifactorial relationship between Japanese reading ability and dynamic visual information
processing, similar to what has been argued for English reading ability (e.g.,’!).

The coefficients of PC2 suggested a relationship between oral reading and attentional tracking. This
relationship is consistent with the attention hypothesis of reading ability!®*. Temporal processing in parietal
cortical areas, such as the IPS?%, may serve as a shared mechanism between the sequential conversion of
phonological information into pronunciation and the smooth transition of attended positions.

According to the PC3 coefficients, better JART and worse transposed-letter detection may be associated
with better speed discrimination. This relationship with low-level motion processing is consistent with the
magnocellular hypothesis of reading ability?” and may suggest the involvement of top-down inferential language
processing. Participants with greater reading experience (i.e., word familiarity) may be more inclined to process
texts using a top-down approach, relying less on letter-by-letter analysis, which could lead to missing transposed
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letters. Although the causality is unclear (e.g.,?®), magnocellular processing may share an underlying mechanism
with top-down language processing in Japanese, as suggested by a study on English readers.

The correlations found in the present study (~0.33-0.36) are moderate and in a reasonable range from
previously reported correlations between English reading ability and speed discrimination or coherent motion
sensitivity: for example, 0.19 with samples of 58 children from the same school class in Cornelissen et al.%,
0.84 with 14 dyslexic and typically developed (DD and TD) children in Demb et al.**, 0.37 with 14 DD and TD
children and 0.52 with 14 DD and TD adults in Main et al.?®, 0.31 with 32 TD children in Talcott et al.32, and 0.44
with 48 DD and TD children in Joo et al.**. These moderate correlations are compatible with the multifactorial
nature of the relationship between reading ability and dynamic visual information processing. Since the stimuli
and tasks used in our contrast-detection and speed-discrimination experiments were similar to those used by
Main et al.%, visual motion processing may share limiting factors with reading ability in readers of different
languages. This is consistent with the magnocellular hypothesis, which suggests independence from language
systems.

Limitations

A limitation of the present study is that the test set for Japanese reading ability was not fully standardized.
Therefore, we assessed reading ability using principal components rather than raw scores from the test set.
Establishing a standardized Japanese reading test battery may be a desirable direction for future research.

The generalizability and universality of our findings are also limited by the sample, which consisted solely
of Japanese adults. Whether these results would hold true across different age groups, cultural backgrounds, or
language systems remains uncertain. A possible direction is to investigate the relationship between Japanese
reading ability and dynamic visual information processing, not only in adults but also in children, to compare
it with that of English child readers, and for educational and diagnostic applications. In addition, comparing
the correlations of English and Japanese test scores with psychophysical thresholds in Japanese readers learning
English may help generalize the relationship between reading ability and dynamic visual information processing
across languages.

It should also be confirmed whether the data obtained from online psychophysical experiments are
consistent with those obtained in laboratory settings. Such an evaluation can potentially extend this study to a
large-scale classroom setting’®. Given that the observed correlation between PC3 and speed discrimination was
moderate (r=0.33), performing future experiments on more extensive and diverse samples using online testing
will provide further insights. It would also be promising to investigate how this relationship is related to the
microstructural properties of fiber bundles using diffusion-weighted magnetic resonance imaging (e.g.,”>””7%).

Conclusions

The present study suggests that the relationship between reading ability and dynamic visual information
processing reported by English readers may also hold true for Japanese adults. The present results also found two
distinct (orthogonal) reading-related components correlated with speed-discrimination and attentional tracking
performance, each of which is consistent with previous hypotheses on the correlation between reading ability
and magnocellular and attention functions.

Data availability
All the data and code files are available online on the Figshare public repository (https://doi.org/10.6084/m9.fi
gshare.25377724.v1).
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