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Abstract
We present a psycholinguistic study investigating lexical effects on simplified Chinese character recognition by deaf 
readers. Prior research suggests that deaf readers exhibit efficient orthographic processing and decreased reliance 
on speech-based phonology in word recognition compared to hearing readers. In this large-scale character decision 
study (25 participants, each evaluating 2500 real characters and 2500 pseudo-characters), we analyzed various factors 
influencing character recognition accuracy and speed in deaf readers. Deaf participants demonstrated greater accuracy 
and faster recognition when characters were more frequent, were acquired earlier, had more strokes, displayed higher 
orthographic complexity, were more imageable in reference, or were less concrete in reference. Comparison with a 
previous study of hearing readers revealed that the facilitative effect of frequency on character decision accuracy was 
stronger for deaf readers than hearing readers. The effect of orthographic-phonological regularity differed significantly 
for the two groups, indicating that deaf readers rely more on orthographic structure and less on phonological informa-
tion during character recognition. Notably, increased stroke counts (i.e., higher orthographic complexity) hindered 
hearing readers but facilitated recognition processes in deaf readers, suggesting that deaf readers excel at recognizing 
characters based on orthographic structure. The database generated from this large-scale character decision study offers 
a valuable resource for further research and practical applications in deaf education and literacy.
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Introduction

As users of a visual-manual language who do not have full 
access to the phonology of spoken language, deaf sign-
ers are distinct from the majority hearing population in 
terms of linguistic experience. Research has shown that 

this has an impact on how they process written language 
(see Emmorey & Lee, 2021, for overview). However, most 
research on written language processing in deaf signers has 
focused on reading in alphabetic languages, which leaves 
us with less understanding of how deaf signers process 
nonalphabetic languages, such as Chinese. Understanding 
the unique characteristics of how deaf signers recognize 
Chinese words/characters can help us understand how 
experience with a visual-manual language may uniquely 
influence the way deaf individuals perceive and process 
visual information. In this paper, we report a large-scale 
investigation of Chinese character recognition by deaf 
readers. We examined the effects of an array of character-
level lexical variables on character recognition processes 
by deaf readers and compared these patterns to those found 
in hearing readers (using data from another study, Sze 
et al., 2014) in an attempt to reveal how lexical variables 
differentially impact visual word recognition by deaf and 
hearing readers.
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Chinese characters

Written Chinese is the most widely used nonalphabetic script. In 
Chinese, characters are the smallest freestanding written forms 
that carry meaning. Chinese characters can either stand as words 
on their own (e.g., 清, qing1, meaning “clear”) or combine with 
other characters to form multi-character words (e.g., 清风, qing-
1feng1, meaning “breeze”). They contain one or more constituent 
radicals, which are made from strokes (e.g., 氵is made with the 
three strokes,丶丶一), spatially arranged in a particular layout, 
normally left-to-right (e.g., 清 consisting of 氵on the left and 
青on the right) or top-down (e.g., 箐, with 竹 on top of 青). 
Sometimes these radicals can signal the pronunciation or mean-
ing of the character. For instance, the character 清 has a semantic 
radical 氵(meaning “water”) and a phonetic radical (青, which 
can also function as a character pronounced as qing1).

Unlike words in alphabetic scripts, such as written English, 
Chinese characters cannot be divided into phonemic units. For 
example, no component in the character 清 (qing1, or / tɕʰiŋ/ 
in IPA, meaning “clear”) individually maps to the phonemes 
/tɕʰ/, /i/, or /ŋ/. Rather, each character represents a full sylla-
ble. While some characters do contain phonetic radicals that 
provide cues about their pronunciation, these cues are gener-
ally unreliable. For example, many characters that contain the 
radical 青 (qing1, “green) are pronounced qing (e.g., 请, qing3, 
“to invite”; 情, qing2, “emotion”), but this is not always the 
case (e.g., 猜, cai1, “guess”). Only around 26% of Chinese 
characters are said to be “regular” in that their pronunciations 
are identical (regardless of tone) to their phonetic radical (Gao 
et al., 1993). Because written Chinese has distinctive properties 
which make it so different from alphabetic scripts, research on 
Chinese reading provides an important point of contrast with 
that conducted on the reading of alphabetic scripts.

Studies of character processing

Psycholinguists have long been interested in the cognitive 
processes that underlie word recognition during reading. One 
approach to understanding the intricacies of lexical process-
ing is conducting large-scale studies that collect behavioral 
response data for comprehensive sets of words or characters. 
This method has been employed to examine word processing in 
various languages, including Chinese (Sze et al., 2014; Wang 
et al., 2020), Dutch (Keuleers et al., 2010), English (Balota 
et al., 2007), and French (Ferrand et al., 2010), and is advan-
tageous in that it allows researchers to look at interactions 
between response measures (e.g., response times and accuracy 
rates) and a wide range of predictors (e.g., age of acquisition/
AoA, orthographic complexity, and homophone density) across 
an extensive, representative sample of the lexicon.

Sze et al. (2014) carried out the first large-scale lexical 
(character) decision study on Chinese character recognition, 
gathering behavioral responses for 2500 individual Chinese 
characters from a sample of 35 native speakers of Mandarin 
Chinese from mainland China. Using this database, they were 
able to replicate the results of previous studies (see Chen 
et al., 2009a; Leong et al., 1987; Peng et al., 2003), finding 
that (1) Chinese characters with more strokes (i.e., greater 
orthographic complexity) took readers longer to recognize; 
(2) characters with earlier AoAs were responded to more 
quickly and accurately; and (3) response times were faster 
for low-frequency characters that had more meanings.

Developing the first extensive naming database for tradi-
tional Chinese characters, Chang et al. (2016) collected nam-
ing reaction times (RTs) from 140 participants for a total of 
3314 characters. The regression analyses revealed that charac-
ters with higher frequency, consistency, regularity, and famili-
arity were processed more quickly, as evidenced by reduced 
RTs. Furthermore, characters with multiple meanings or those 
used in a greater number of disyllabic compound words also 
tended to have shorter naming times. Homophone density, 
however, did not significantly influence naming RTs.

Tse et al. (2017) conducted an extensive lexical (word) deci-
sion study, collecting RTs for over 25,000 traditional Chinese 
two-character compound words from 33 native Cantonese 
speakers. The research explored the impact of several lexical 
variables, including character and word frequencies, stroke 
numbers, and semantic transparency. The results demonstrated 
that higher-frequency words and those with greater seman-
tic transparency yielded faster RTs. Furthermore, the study 
revealed that the frequency and semantic transparency of the 
first character in compounds were slightly stronger predictors 
than those of the second character. Stroke numbers, often used 
as an indicator of visual complexity, affected character recogni-
tion, with increased strokes leading to slower lexical decisions.

Focusing on written production, Wang et al. (2020) con-
ducted a large-scale study using a spelling-to-dictation task in 
which participants were directed to write individual Chinese 
characters as dictated by spoken phrases. They collected data 
for 1600 Chinese characters from a sample of 204 participants, 
each of whom produced 200 handwritten characters for the 
study. They measured accuracy as well as writing latencies 
and durations. They found that when character frequency and 
familiarity of the context word (used within the spoken elicita-
tion phrase) were higher, participants were quicker and more 
accurate in producing the target character. Similarly, early-
acquired characters (i.e., those with lower AoAs) were also 
produced more quickly and accurately. Imageability correlated 
with writing accuracy but did not affect writing latencies or 
durations. Greater orthographic complexity, as measured by 
stroke number, led to participants taking longer to initiate and 
complete writing and to a decrease in accuracy. Character com-
position also affected the speed of orthographic access, with 
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writing latencies and durations being shorter for characters 
of a left-to-right structure than for characters of other struc-
tures. Phonology was also found to play a role in orthographic 
access, as evidenced by the finding that characters with a higher 
number of homophones took longer for participants to begin 
writing. Furthermore, orthographic regularity facilitated ortho-
graphic access, such that characters with phonetic radicals that 
more closely reflected their pronunciation had shorter writing 
latencies.

The large-scale studies just reviewed demonstrate that lexi-
cal access during the recognition and production of Chinese 
characters is influenced by a range of factors including fre-
quency, AoA, imageability, orthographic complexity, homo-
phone density, and orthographic-phonological regularity. Thus 
far, no large-scale studies of Chinese character processing 
have been conducted with deaf individuals who use Chinese 
as their primary written language. Because deaf users of sign 
language, as we will see in the following sections, have been 
shown to be unique in terms of visual cognition and written 
word processing, we expect that they will diverge from hearing 
readers in certain respects with regard to how their character 
recognition processes are influenced by lexical variables.

Deaf signers and mental imagery

Sign languages differ from spoken languages in that sign 
languages make extensive use of space to express gram-
matical relations, and many signs exhibit a high degree of 
iconicity. Because of this, researchers have investigated 
whether deaf signers differ in their processing of mental 
visual imagery. In a study by Emmorey et al. (1993), the 
authors found that both deaf and hearing signers, com-
pared to hearing non-signers, had an enhanced ability to 
mentally generate and rotate visual imagery. Emmorey 
and Corina (1993) found that deaf signers show a right 
hemisphere advantage when processing imageable signs, 
though only half of these signs were iconic, suggesting 
that it was imageability, rather than iconicity, that elicited 
the laterality effect. This right hemisphere advantage was 
also found for deaf signers in image generation (Emmorey 
& Kosslyn, 1996), which may indicate that deaf signers’ 
enhanced mental image generation abilities may be linked 
to a greater allocation of linguistic processing to the right 
hemisphere. Imageability has been found to facilitate 
faster responses in lexical decision (Sze et al., 2015) and 
naming (Liu et al., 2007) and also increase accuracy in 
character writing (Wang et al., 2020) in non-signing hear-
ing speakers of Chinese. The facilitatory effect of image-
ability in character recognition may be greater in deaf 
individuals given the aforementioned advantages they 
have in processing mental imagery.

Visual word recognition in deaf readers

Deaf individuals appear to exhibit some degree of enhanced 
peripheral processing (Bosworth & Dobkins, 2002; Codina 
et al., 2017; Proksch & Bavelier, 2002). Reading researchers 
have investigated whether deaf readers may have similarly 
enhanced perception in parafoveal word processing (i.e., the 
processing of words within the parafoveal range of vision, 
which generally encompasses one to two words beyond the 
fixated word). Indeed, deaf readers of Chinese and English 
have been shown to have a wider perceptual span than hearing 
readers and are thus able to process more words in a single 
fixation (Bélanger, Slattery, et al., 2012b; Liu et al., 2021).

Deaf readers’ wider perceptual span allows them to pro-
cess parafoveal orthographic information more efficiently. 
An eye-tracking study by Bélanger et al. (2013) using a gaze-
contingent boundary paradigm found that deaf readers re-
fixated on target words less often than hearing readers when 
those targets had orthographically related preview words, 
suggesting that the deaf readers were able to process ortho-
graphic information in the parafoveal region with greater 
efficiency than the hearing readers. In a study on Chinese 
reading that also used a gaze-contingent boundary paradigm, 
Yan et al. (2015) found that semantic and orthographic pre-
views elicited strong and early-emerging effects, suggesting 
that deaf readers process orthographic information more effi-
ciently and have stronger ortho-semantic connections relative 
to reading-level matched hearing readers. Some researchers 
have proposed that these stronger ortho-semantic connections 
are a result of deaf readers’ reduced reliance on phonology 
(Gutierrez-Sigut et al., 2019; Morford et al., 2017). There is 
some evidence that enhanced parafoveal processing may be 
linked to linguistic experience in sign language, as Thier-
felder, Wigglesworth, et al. (2020b) found that deaf readers 
who acquired sign language earlier in life were also more 
sensitive to the presence of parafoveal previews.

Speech‑based phonological activation 
in deaf readers

Deaf readers have often been observed to fall behind their 
hearing peers in literacy skills (Kelly & Barac-Cikoja, 2007; 
Traxler, 2000), and researchers have debated whether this is 
due to a lack of phonological coding abilities (Allen et al., 
2009; Paul et al., 2009; Perfetti & Sandak, 2000; Wang et al., 
2008). A meta-analysis by Mayberry et al. (2011) found that 
phonological coding abilities had a moderate effect, account-
ing for about 11% of the variance in deaf individuals’ read-
ing ability. However, overall ability in a spoken or signed 
language was the most significant factor, accounting for 
35% of the variance. In a review of the literature, Emmorey 
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and Lee (2021) argued that skilled deaf readers develop 
strengthened pathways between orthography and seman-
tics, allowing them to bypass phonological mediation and 
efficiently access word meanings directly via orthography, 
and that deaf people exhibit altered neural organization of 
the brain regions involved in word recognition. Cates et al. 
(2022) examined reading comprehension among adult deaf 
and hearing readers of English, focusing on the impact of 
language variables, cognitive factors, and language experi-
ence. Their findings revealed that for monolingual speakers 
of English and non-native signers, both working memory 
and phonological awareness contributed significantly to 
reading comprehension. However, the role of phonological 
awareness varied across groups: while it served as a signifi-
cant predictor for the monolingual and non-native signing 
groups, it did not have the same predictive power for native 
signers or hearing Chinese-English bilinguals.

Psycholinguistic researchers have looked into the role of 
phonological code in deaf reading processing using on-line 
experiments. Results from studies on deaf readers of alpha-
betic scripts have been mixed. For example, Gutierrez-Sigut 
et al. (2017) found evidence of speech-based phonological 
activation, while Bélanger, Baum, et al. (2012a) and Bélanger 
et al. (2013) found none. Eye-tracking studies focused on deaf 
readers of Chinese have found some evidence of limited use 
of speech-based phonological code. Yan et al. (2020) and Yan 
et al. (2015) found evidence of late phonological activation in 
deaf readers of Chinese but only among those with higher read-
ing fluency levels. Thierfelder, Wigglesworth, et al. (2020a) 
found that deaf readers of Chinese from Hong Kong relied 
primarily on orthography to directly activate word meanings, 
but they also found evidence that they could activate speech-
based phonological representations when contextual predict-
ability was high. It should be noted that, in contrast, phonologi-
cal effects in hearing readers of Chinese have been found to 
emerge consistently in later processing measures regardless of 
factors like reading ability and contextual predictability (Feng 
et al., 2001; Thierfelder, Durantin, et al., 2020; Thierfelder, 
Wigglesworth, et al., 2020a; Yan et al., 2015).

In a structural priming study using written Chinese, Cai 
et al. (2022b) found that orthographic, but not phonological, 
identities of target words in sentence primes led to a boost 
in structural priming among deaf participants. In contrast, 
lexical boost was only enhanced for hearing participants 
when primes and targets shared a phonological identity (i.e., 
they had the same pronunciation). The authors concluded 
that deaf writers are particularly sensitive to orthographic 
information in text and retrieve lexical items based on their 
orthographic forms, while hearing readers do so based pri-
marily on their phonological forms. Based on a series of 
experiments investigating phonological activation in deaf 
readers of English, Rowley (2018) argued that orthographic-
semantic and orthographic-phonological connections 

function similarly in deaf and hearing readers, but connec-
tions between semantics and phonology are weaker in deaf 
readers.

From the studies on Chinese reading processing, we can 
see that deaf readers of Chinese rely primarily on orthography 
for accessing word meanings during silent reading and written 
production and may have enhanced orthographic processing 
abilities. As such, we expect that lexical variables related to 
speech-based phonology (i.e., homophone density and regu-
larity) will have little or no influence on lexical decision accu-
racy and RTs for deaf participants in the current study.

The present study

Large-scale studies of Chinese character recognition and 
writing have been conducted to investigate lexical access 
processes in hearing speakers of Chinese (Chang et al., 
2016; Sze et al., 2014, 2015; Tse et al., 2017; Wang et al., 
2020). These studies collected behavioral responses for a 
large number of target characters, allowing researchers 
to analyze the influence of various lexical variables (e.g., 
frequency, AoA, etc.) on lexical access processes using 
comprehensive sets of Chinese characters. However, no 
large-scale studies of Chinese character recognition have 
investigated lexical processing in deaf readers, who have 
been shown to be distinct from hearing readers in how they 
process orthographic information (and visual information 
more generally). To gain deeper insight into how Chinese 
character recognition may differ between deaf and hearing 
readers, we carried out a large-scale character decision study 
(using 2500 real characters and 2500 pseudo-characters) 
with deaf participants from mainland China.

Method

Participants

A total of 26 deaf readers from Shanghai in mainland China 
took part in the experiment. One of them was excluded for 
failing to complete the whole experiment. The remaining 25 
deaf readers (10 male, 15 female) had a mean age of 30.44 
years (ranging from 24 to 37). All had attended deaf schools 
starting in primary school. Twenty-one had an undergrad-
uate degree or above. Of the remaining four, one had an 
associate’s degree and three had diplomas. Self-reports indi-
cated that all participants became deaf before 3 years of age, 
were users of Chinese Sign Language (CSL), and were not 
cochlear implant users. All participants reported being right-
handed and having normal or corrected-to-normal vision.

We assessed Chinese language proficiency of the par-
ticipants through two measures. First, we administered the 
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LexCHI (Wen et al., 2023), an untimed lexical decision test 
which was developed to measure Chinese proficiency among 
both native and non-native speakers. Despite being primar-
ily a vocabulary knowledge test, test performance has been 
shown to significantly correlate with second-language (L2) 
performance particularly in translation and cloze tasks. Fur-
thermore, it can serve as a useful screening tool to assess 
whether an individual possesses a native or near-native level 
of Chinese proficiency, with a score of 70 or more being 
indicative of native-level Chinese proficiency. The scores 
of the deaf participants in our study ranged from 83 to 100, 
with a mean score of 96.5 (SD = 4.2). This suggests that 
the level of Chinese proficiency, at least in terms of word 
knowledge, among all deaf participants is comparable to that 
of typical hearing adults in China.

We used the Chinese Author Recognition Test, identi-
cal to the one used by Sze et al. (2014), as a metric for text 
exposure. The deaf participants in our study had an aver-
age score of 13.2 (SD = 9.9). This is below the 17.7 average 
(SD = 5.6) achieved by the hearing participants in Sze et al. 
(2014) but aligns more closely with the 11.4 average score 
from the original norming participants in Sze et al.'s study. 
Our results suggest that our deaf participants' exposure to 
Chinese text is comparable to that of a typical native Chinese 
speaker from mainland China, albeit lower than the hearing 
participants in Sze et al.'s study.

Stimuli

The experimental materials consisted of 2500 simplified 
Chinese characters from Sze et al. (2014) and 2500 pseudo-
characters produced using the method described by Sze et al. 
(2014). All stimuli, together with data and analytical codes, 
are available at the Open Science Framework (https://​osf.​
io/​qthfm/).

Procedure

The experiment was conducted using E-Prime 2.0, and each 
participant was tested individually in a quiet room. Follow-
ing Sze et al. (2014), each participant was tested in three 
blocks (1700, 1700, and 1600 trials, respectively) on sepa-
rate days. The number of real characters was equal to the 
number of pseudo-characters in each block. Before the main 
experiment, an extra 40 trials (half real characters and half 
pseudo-characters) were provided for practice in each block. 
The blocks were counterbalanced, and the trials within each 
block were also randomized.

Each trial began with a fixation cross at the center of 
the monitor for 500 ms, followed by a blank screen for 120 
ms, then a character or pseudo-character in 36-point Song 
font. Participants were asked to judge whether it was a char-
acter or a pseudo-character by pressing [”] or [A]. They 

were encouraged to respond as quickly as possible, but not 
at the cost of accuracy. The character or pseudo-character 
remained onscreen until the participant made a response. If 
they made an incorrect response, a red cross (×) appeared 
for 1000 ms. There was no feedback for a correct response. 
The time interval between each trial was 1000 ms. Partici-
pants were asked to rest for 2 minutes after every 100 trials. 
Our procedure differed from Sze et al. (2014) only in the 
feedback program. Sze et al. (2014) used a cue sound to 
indicate incorrect responses, while we used a visually sali-
ent red cross.

Lexical variables

Character frequency  Frequencies for 2482 characters were 
obtained from the SUBTLEX-CHR corpus (Cai & Brys-
baert, 2010), which has been observed to be the strongest 
frequency measure against the other six frequency measures 
in Chinese (Sze et al., 2014). Frequencies for the remain-
ing 18 characters were estimated using the following steps: 
(1) we obtained frequency information for each of these 18 
characters from the Character Frequency List of Modern 
Chinese (Da, 2004); (2) for each of these, 10 characters of 
a similar frequency were selected from the frequency list; 
(3) we obtained frequencies for these characters using the 
SUBTLEX-CHR corpus and calculated their average. These 
averages were used as the frequency estimations for each of 
the aforementioned 18 characters.

Age of acquisition (AoA)  Cai et al. (2022b) developed two 
objective AoA norms (the 2001 norm and the 2011 norm) 
for 3300+ characters in simplified Chinese according to the 
time in which the character is formally learned in two sets 
of leading textbooks of Chinese in compulsory education, 
published respectively on the basis of the 2001 and 2011 
national curriculum. They showed that the two objective 
AoA norms outperformed previous AoA norms when used 
to predict lexical processing in large-scale databases. For the 
2500 characters used in the current study, we found AoAs 
for 2191 of them in the 2011 norm and for a further 99 char-
acters in the 2001 norm.

In our study, we estimated the AoA for 210 characters 
based on subjective ratings from 20 participants. Each par-
ticipant was asked to recall the school grade in which they 
learned each character, rating them on a scale from 1 to 10 
(1 for grade 1, 9 for grade 9, and 10 for any grade after grade 
9). To familiarize participants with this task, we first con-
ducted a practice session. During this session, we presented 
four characters typically learned in each grade (except for 
grade 6, as no characters were associated with this grade). 
Participants were then tasked with categorizing each target 
character into a grade. They were instructed to do this based 
on whether they believed the character was learned at the 

https://osf.io/qthfm/
https://osf.io/qthfm/
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same time as the four characters previously shown from that 
grade. In the main test, participants were asked to assign a 
grade level to each character according to when they remem-
bered learning it. We calculated the mean rating for each of 
210 characters and transformed these means into the AoA 
format of the 2011 norm (e.g., a rated mean of 1.4 would be 
6.5 in terms of AoA).

Imageability and concreteness  Imageability and concreteness 
measures for 1143 characters were obtained from the Chinese 
handwriting database (Wang et al., 2020). Then we recruited 
51 participants from the same populations as those in Wang 
et al. (2020) and asked them to rate the imageability and con-
creteness of the remaining 1353 characters. Each participant 
was asked to rate the imageability of 400 characters randomly 
selected from the 1353 characters, and the concreteness of 
another 400 characters randomly selected from the 1353 char-
acters. The order of these two tasks was counterbalanced. Each 
trial began with a character at the center of the screen, and 
the participant was asked to rate imageability/concreteness 
on a seven-point scale (1 = least imageable/concrete; 7 = most 
imageable/concrete). To eliminate participant differences we 
transformed ratings into z-scores for each participant.

Orthographic‑phonological regularity  We obtained regular-
ity information for 1143 of the 2500 characters from Wang 
et al. (2020). Fifty-one participants from the same popula-
tions as those in Wang et al. were recruited, and each of 
them was asked to rate the orthographic-phonological regu-
larity of 400 characters randomly sampled from the remain-
ing 1353 characters. In each trial, a character was presented 
at the center of the screen, and the participant was asked to 
rate the orthographic-phonological regularity of the charac-
ter according to the degree to which the pronunciation of the 
character matched its phonetic radical (0 = the character has 
no sound radical, 7 = pronunciations of the character and its 
phonetic radical are identical).

Homophone density  Following Wang et  al. (2020), we 
calculated the number of characters identical in pronun-
ciation for each pronunciation using the SUBTLEX-CHR 
corpus (Cai & Brysbaert, 2010). We then determined the 
pronunciations of all 2500 characters and found the number 
of homophonous characters for each character according to 
its pronunciation. For characters with multiple pronuncia-
tions, the number of homophonous characters referred to 
the sum of homophonous characters for all pronunciations. 
Finally, the log of the number of homophonous characters 
was referred to as the measure of homophone density.

Number of strokes  Every character is constructed with 
a series of strokes in a specific order, and the number of 

strokes required to write a character indicates its degree of 
visual complexity. In the present lexicon project, the stroke 
number of characters ranged from 2 (e.g., 刁, diao1) to 24 
(e.g., 矗, chu4). Descriptive statistics for each of the lexical 
variables are presented in Table 1.

Data analysis

We calculated the accuracy rate and RT for each real char-
acter (collapsed over participants), removing all pseudo-
characters from further analyses. As the accuracy rate for 
each character is bound between 0 and 1, and is thus not 
ideal for parametric tests, following Donnelly and Verkuilen 
(2017), we transformed each character’s accuracy rate into 
an empirical logit using the following formula, where y 
is the accuracy rate for a character and n is the number of 
observations (i.e., 25 here) used to calculate y:

To calculate the mean RT for a character, we first dis-
carded incorrect responses and then removed RTs faster 
than 200 ms or slower than 3000 ms as outliers. Follow-
ing Sze et al. (2014), we then transformed the raw RTs 
into z-scores within each participant. RTs whose z-scores 
were either below −2.5 or above 2.5 were then removed. 
A total of 12.33% of the RTs were excluded in these trim-
ming steps. We then calculated the mean RTs for each 
character. Because none of the deaf readers provided a 
correct response for two real characters, 褫 and 谖, these 
two characters did not have log RTs and were excluded 
from the RT analyses (similarly, none of the hearing par-
ticipants in Sze et al., 2014, provided a correct response 
for the character 谖). As the mean RTs were right-tailed 
(as in most RT data), we then took the natural log of 
the mean RT for each character. Thus, our analyses were 
performed on the empirical logit of each character in the 
accuracy analysis and on the log RT of each character in 
the RT analysis.

elogit (y) = log

(

y + 1∕2n

1 − y + 1∕2n

)

Table 1   Descriptive statistics for all variables

Variable Mean Min Max SD

Age of acquisition 9.02 6.50 15.00 2.03
Log frequency 3.13 0.00 6.31 1.02
Number of strokes 9.68 2.00 24.00 3.34
Log homophone density 0.93 0.00 1.86 0.35
Regularity ratings 2.70 1.00 7.00 2.10
Imageability ratings 3.60 1.00 7.00 1.17
Concreteness ratings 3.77 1.00 7.00 1.27
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While we utilized the RTs and accuracy rates for each 
target character from the hearing group data provided by 
Sze et al. (2014), our analysis diverges from their approach

in two significant ways. Firstly, we applied transforma-
tions to the data, converting the RTs and accuracy rates to 
their logarithmic and empirical logit forms (as explained 
above), respectively. Secondly, instead of using the predic-
tors and predictor values employed by Sze et al. (2014), 
we utilized our own set. These are detailed in the “Lexical 
variables” section above. Therefore, to ensure consistency 
and comparability, we reran the original analysis of Sze 
et al.'s (2014) data using our adapted methodology.

We employed regression analyses using the mgcv 
package (Wood & Wood, 2015) within the R statistical 
environment (R Core Team, 2023). Our dependent vari-
ables were empirical logit-transformed accuracy rates and 
log-transformed RTs. Separate models were built for each 
group and response variable. In the full models, which 
included the data from both the hearing and deaf groups, 
we included main effects for group and the lexical varia-
bles. Additionally, we modeled interaction effects between 
group and each lexical variable, which allowed us to inves-
tigate how the relationship between the lexical variables 
and the response variables differed between the hearing 
and deaf groups. As visual examination of our data indi-
cated potential nonlinear relationships between predictors 
and response variables, following recommendations from 
Baayen et al. (2006), we addressed this by incorporating 
restricted cubic splines into our models. These splines, 
defined by "knots" or change points, allow for the creation 
of flexible functions, known as smooth terms, which adapt 
to fit different patterns across predictor variables.

We initially built generalized additive models using 
only linear terms (effectively equivalent to generalized 
linear models/GLMs) and then progressively introduced 
smooth terms for each of the seven lexical variables under 
examination, starting with frequency. The decision to 
include a smooth term in the final model was guided by 
comparisons using the Akaike information criterion (AIC; 
Akaike, 1998). If the model's fit improved with the inclu-
sion of a smooth term as indicated by a lower AIC, we 
retained the smooth term in the final model. Conversely, 
if the model's fit did not improve with a smooth term, we 
retained only the linear term for that particular variable. 
We limited the smooth terms in our models to three knots, 
as increasing the number of knots beyond three for certain 
variables introduced collinearity issues.

The patterns of statistical significance were consistent 
between the linear-terms-only GAMs and those with both 
linear and smooth terms. However, the latter showed a sig-
nificantly improved model fit. While the inclusion of smooth 

terms in these models allows us to capture more complex, 
potentially nonlinear relationships, the interpretation of 
smooth terms requires visual inspection of spline plots gen-
erated from the model. In contrast, linear terms provide coef-
ficients that offer a direct interpretation of the direction and 
magnitude of the effect of each predictor. In this report, we 
present detailed statistics from the linear-only models for 
ease of interpretation (see Tables 3, 4, and 5), while also ref-
erencing the spline plots [Figs. 1 (accuracy) and 5 (reaction 
time)] to give further clarity to the nonlinear relationships 
revealed by the smooth terms in the models. Additionally, 
we used difference smooths from these models to identify 
the specific intervals in which the two groups significantly 
diverged (see Figs. 2, 3, 4, 6, and 7). Model outputs for the 
GAMs with spline terms are available for further reference 
in the appendix (see Tables 6, 7, and 8).

We calculated the relative importance statistic (lmg) for 
each predictor (separately for the deaf and hearing groups) 
using the relaimpo package (Grömping, 2006) in R. This 
allowed us to quantify each predictor’s contribution to the 
variance explained by each model. These values can be 
found in the lmg column in Tables 3, 5 and Tables 7 and 8 
in the appendix.

Multicollinearity, which is when two or more predictor 
variables in a regression model are highly correlated, can be 
a problem in regression analysis because it can inflate the 
variance of regression coefficients (Hocking, 2013), mak-
ing them unstable and difficult to interpret. Correlation tests 
across our predictors suggested that there is a moderate cor-
relation between imageability and concreteness and a strong 
correlation between frequency and AoA (see Table 2 and 
scatterplot matrix, Fig. 8). While pairwise correlations of 
predictors did not exceed .7 (a threshold often used when 
assessing collinearity, Baayen et al., 2006), we conducted 
an additional check by calculating their variance inflation 
factors (VIFs). The VIF values ranged from 1.00 to 4.35 
(M = 1.94, SD = 0.90). Given that all values were below the 
generally accepted limit of 5 (Sheather, 2009), we can state 
that multicollinearity is unlikely to have significantly influ-
enced our models.

Results

In the deaf group (see Deaf accuracy, Table 3), higher 
accuracy was notably associated with characters that had 
a higher frequency, more strokes, and higher levels of 
imageability. Conversely, lower accuracy was observed 
with characters that had higher AoAs, higher regularity, 
and higher concreteness. These results suggest that the 
frequency, stroke count, and imageability of a character 
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positively affect decision accuracy, while the character's 
AoA, regularity, and concreteness tend to adversely influ-
ence accuracy in this deaf cohort. The effect of homo-
phone density was not significant.

In the hearing group (see Hearing accuracy, Table 3), 
a higher level of accuracy was associated with characters 
that had a higher frequency, higher homophone counts, 
and higher imageability. Meanwhile, lower accuracy was 
observed with characters that had higher AoAs, higher 
regularity, and higher concreteness. The stroke count of a 
character did not significantly influence decision accuracy 
within the hearing group. These results suggest that while 
frequency, homophone density, and imageability positively 
affect decision accuracy for hearing individuals, the AoA, 
regularity, and concreteness of a character appear to have a 
negative impact.

In the full model comparing the hearing and deaf groups 
(see Accuracy, Table 4), the hearing group demonstrated 

Fig. 1   Empirical logits of accuracy rates as a function of the lexical 
variables, as derived from the full GAM (refer to Table 6) with both 
smooth and linear terms. The fitted values for each term are depicted, 
with the corresponding 95% confidence intervals shown as shaded 
bands. The lexical variables, transformed into z-scores, include (A) 
log frequency, (B) age of acquisition, (C) number of strokes, (D) 
orthographic-phonological regularity, (E) log count of homophones, 
(F) imageability, and (G) concreteness

◂

Fig. 2   Differential impact of frequency on empirical logit accuracy 
between deaf and hearing groups. The difference smooth shows esti-
mated differences, highlighting significant differences (where the 95% 
confidence interval does not include zero) with dotted red lines. The 
z-transformed frequency values span from −3.08 to 3.13, with signifi-
cant differences in the range of −3.08 to 1.82

Fig. 4   Differential impact of orthographic-phonological regularity on 
empirical logit accuracy between deaf and hearing groups. The dif-
ference smooth shows estimated differences, highlighting significant 
differences (where the 95% confidence interval does not include zero) 
with dotted  red lines. The z-transformed regularity values span from 
−1.54 to 2.21, with a significant difference window from −1.08 to 2.21

Fig. 3   Differential impact of stroke number on empirical logit accu-
racy between deaf and hearing groups. The difference smooth shows 
estimated differences, highlighting significant differences (where the 
95% confidence interval does not include zero) with dotted red lines. 
The z-transformed stroke-number values span from −2.30 to 4.29, 
with a significant difference window from −2.30 to 1.56



5741Behavior Research Methods (2024) 56:5732–5753	

1 3



5742	 Behavior Research Methods (2024) 56:5732–5753

1 3

significantly higher overall accuracy than the deaf group. 
The interaction effects revealed that the accuracy differential 
between the hearing and deaf participants was influenced 
by character frequency, strokes, and regularity. Specifically, 
the advantage of hearing participants diminished as charac-
ter frequency increased and as characters contained more 
strokes. On the contrary, the accuracy advantage of hear-
ing participants over deaf participants was amplified with 

characters of higher regularity. Other interaction effects were 
not found to be statistically significant.

In the analysis of the hearing group (see Hearing RTs, 
Table 5), several factors were found to significantly influence 
character decision RTs. Specifically, faster character decision 
RTs in the hearing group were associated with higher charac-
ter frequency and higher character imageability. Conversely, 
slower decision RTs were observed when characters had 
higher AoAs, had a greater number of strokes, were higher in 
regularity, and had greater concreteness. The effect of homo-
phone density on character decision RTs was not significant.

For the deaf group (see Deaf RTs, Table 5), the results 
revealed similar patterns, with some notable differ-
ences. Faster character decision RTs were reported when 

Fig. 5   Log-transformed reaction times as a function of the lexical 
variables, as derived from the full GAM (refer to Table 6) with both 
smooth and linear terms. The fitted values for each term are depicted, 
with the corresponding 95% confidence intervals shown as shaded 
bands. The lexical variables, transformed into z-scores, include (A) 
log frequency, (B) age of acquisition, (C) number of strokes, (D) 
orthographic-phonological regularity, (E) log count of homophones, 
(F) imageability, and (G) concreteness

◂

Fig. 6   Differential impact of orthographic-phonological regularity 
on log RT between deaf and hearing groups. The difference smooth 
shows estimated differences, highlighting significant differences 
(where the 95% confidence interval does not include zero) with dot-
ted  red lines. The z-transformed regularity values range from −1.54 
to 2.21, with a significant difference window from −1.54 to 2.21

Fig. 7   Differential impact of stroke number on log RT between deaf 
and hearing groups. The difference smooth shows estimated differ-
ences, highlighting significant differences (where the 95% confidence 
interval does not include zero) with dotted  red lines. The z-trans-
formed stroke-number values range from −2.30 to 4.29, with a sig-
nificant difference window from −2.30 to 3.29

Table 2   Correlation matrix for all variables

Predictors Frequency AoA Strokes Regularity Homophones Imageability Concreteness

Frequency 1.00 −.66 −.33 −.28 −.02 .02 −.22
AoA −.66 1.00 .29 .17 .06 −.24 .03
Strokes −.33 .29 1.00 .27 −.02 .09 .05
Regularity −.28 .17 .27 1.00 .08 .07 .11
Homophones −.02 .06 −.02 .08 1.00 −.15 −.06
Imageability .02 −.24 .09 .07 −.15 1.00 .51
Concreteness −.22 .03 .05 .11 −.06 .51 1.00
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characters had higher frequency, more strokes, and higher 
imageability. Slower character decision RTs were associ-
ated with characters of higher AoA, higher regularity, and 
higher concreteness. As with the hearing group, the effect 
of homophone density on character decision RTs was also 
not significant.

When comparing the RTs between the hearing and deaf 
groups (see RTs, Table 4), the hearing group demonstrated 
significantly shorter RTs overall. Additionally, significant 
interaction effects were found between group membership 

(hearing vs. deaf) and certain lexical factors. Specifically, 
the number of strokes showed a significant interaction 
effect with group, suggesting that the hearing group had 
a greater increase in RT for characters with more strokes. 
Furthermore, there was a significant interaction between 
group and the orthographic-phonological regularity of the 
characters. This indicates that the hearing group demon-
strated a greater decrease in RT for characters of higher 
regularity than the deaf group. Other group interactions 
were not significant.

Table 3   Results from separate generalized additive models (linear terms only) for accuracy of deaf and hearing participants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor, lmg = Lindeman, Merenda, and Gold (rela-
tive importance)

Deaf accuracy Hearing accuracy

Linear terms β SE t p VIF lmg β SE t p VIF lmg

(Intercept) 2.98 0.02 154.17 < .001 - - 3.32 0.02 182.01 <.001 - -
Frequency 0.55 0.03 20.02 < .001 2.03 20.6 0.38 0.03 14.7 <.001 2.03 14.6
AoA −0.21 0.03 −7.83 < .001 1.98 11.9 −0.18 0.03 −6.96 <.001 1.98 9.6
Strokes 0.09 0.02 4.42 < .001 1.21 0.8 0.00 0.02 0.09 .926 1.21 0.9
Regularity −0.18 0.02 −8.93 < .001 1.15 3.8 −0.08 0.02 −4.31 <.001 1.15 1.6
Homophones 0.03 0.02 1.28 .202 1.03 0.0 0.05 0.02 2.68 .008 1.03 0.1
Imageability 0.20 0.02 8.25 < .001 1.55 2.4 0.19 0.02 8.50 <.001 1.55 2.5
Concreteness −0.08 0.02 −3.55 < .001 1.47 0.8 −0.11 0.02 −5.02 <.001 1.47 1.1

Table 4   Results from the comprehensive generalized additive model (linear terms only) assessing accuracy and response time (RT) data for both 
deaf (D) and hearing (H) participants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor

Accuracy RTs

Linear terms β SE t p VIF β SE t p VIF

(Intercept) 2.98 0.02 158.75 <.001 - 6.49 0.002 3601.52 <.001 -
Group H – D 0.33 0.03 12.51 <.001 1.00 −0.10 0.003 −39.95 <.001 1.00
Frequency 0.55 0.03 20.61 <.001 4.06 −0.05 0.003 −21.19 <.001 4.05
AoA −0.21 0.03 −8.06 <.001 3.96 0.03 0.003 10.58 <.001 3.95
Stroke 0.09 0.02 4.55 <.001 2.43 −0.01 0.002 −2.62 .009 2.42
Regularity −0.19 0.02 −9.19 <.001 2.29 0.02 0.002 10.38 <.001 2.29
Homophones 0.03 0.02 1.32 .189 2.07 0.00 0.002 −0.22 .828 2.07
Imageability 0.20 0.02 8.49 <.001 3.10 −0.01 0.002 −6.14 <.001 3.10
Concreteness −0.08 0.02 −3.65 <.001 2.94 0.01 0.002 3.08 .002 2.94
Group H – D × Frequency −0.17 0.04 −4.50 <.001 - −0.00 0.004 −0.36 .716 -
Group H – D × AoA 0.04 0.04 0.93 .351 - 0.00 0.004 1.03 .302 -
Group H – D × Strokes −0.09 0.03 −3.15 .002 - 0.02 0.003 5.70 <.001 -
Group H – D × Regularity 0.10 0.03 3.55 <.001 - −0.01 0.003 −3.61 <.001 -
Group H – D × Homophones 0.02 0.03 0.91 .366 - −0.00 0.003 −0.70 .482 -
Group H – D × Imageability −0.01 0.03 −0.17 .862 - 0.00 0.003 0.29 .774 -
Group H – D × Concreteness −0.03 0.03 −0.86 .392 - 0.01 0.003 1.65 .100 -
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Discussion

We conducted a large-scale character decision study to 
investigate Chinese character processing in deaf readers. 
We measured accuracy rates and RTs and looked at how 
these interacted with a variety of lexical variables, includ-
ing frequency, AoA, number of strokes, regularity, homo-
phone density, imageability, and concreteness. Comparing 
our deaf participants with hearing participants from another 
large-scale character decision study (i.e., Sze et al., 2014), 
we were able to examine differences in lexical processing 
between the two groups.

Age of acquisition and frequency

Age of acquisition (AoA) and frequency are often corre-
lated but may reflect different aspects of language acqui-
sition. While both capture cumulative exposure to words 
over a reader's lifetime, AoA effects, if independent from 
frequency effects, may be attributed to the fact that lexical 
items acquired at an early age become more entrenched in 
the lexical system due to the high level of neuroplasticity 
present in the brain during early life (Brysbaert & Ghy-
selinck, 2006; Ghyselinck et al., 2004). In our models, 
frequency followed by AoA accounted for the most vari-
ance based on the relative importance metric, suggesting 
these variables have the greatest impact on lexical decision 
accuracy and RT in both groups.

In the current study, deaf participants had higher error rates 
and longer response times for characters acquired at later ages, 
consistent with previous studies on hearing readers of Chinese 
(Cai et al., 2022b; Sze et al., 2014, 2015; Wang et al., 2020). The 
interaction between group and frequency for accuracy rates sug-
gested that the accuracy advantage that hearing readers tended 

to have over deaf readers decreased as character frequency 
increased. Difference smooths indicated that the two groups dif-
fered significantly in their accuracy for characters that had fre-
quencies from 3.08 standard deviations below the mean to 1.82 
standard deviations above the mean. For characters with frequen-
cies greater than this (1.82 to 3.13 standard deviations above the 
mean), their accuracy was comparable. Evidence has shown that 
deaf readers can build strong, direct connections between lexical-
semantic and orthographic levels and even outperform hearing 
readers on certain lexical retrieval tasks (Gutierrez-Sigut et al., 
2019; Morford et al., 2017). However, the development of these 
connections relies on repeated exposure to orthographic forms 
(Coltheart, 2006; Coltheart et al., 2001; Harm & Seidenberg, 
2004). The lower text exposure of the deaf readers, as evidenced 
by their Author Recognition Test scores, suggests that lack of 
exposure may underlie the pattern observed for frequency and 
highlights the importance of extensive exposure to Chinese char-
acters for developing character recognition skills.

Imageability and concreteness

Imageability and concreteness are two closely related variables, 
as imageable words are generally concrete rather than abstract. 
Kousta et al. (2011) demonstrated that these variables differ 
in their distribution: Concreteness ratings exhibit a bimodal 
distribution, with one mode corresponding to abstract words 
and the other to concrete words. In contrast, the distribution 
of imageability ratings is unimodal, reflecting the strength of 
associations between words and the mental images they elicit.

In the present study, concreteness was linked to decreased 
accuracy rates and longer response times for both deaf and 
hearing groups. Kousta et al. (2011) observed a processing 
advantage for abstract words over concrete ones, which they 
attributed to the stronger affective associations of abstract 

Table 5   Results from separate generalized additive models (linear terms only) for reaction time (RT) of deaf and hearing participants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor, lmg = Lindeman, Merenda, and Gold (rela-
tive importance)

Hearing RTs Deaf RTs

Linear terms β SE t p VIF lmg β SE t p VIF lmg

(Intercept) 6.392 0.002 3762.48 <.001 - - 6.494 0.002 3415.44 <.001 - -
Frequency −0.056 0.002 −23.03 <.001 2.03 25.9 −0.054 0.003 −20.10 <.001 2.02 21.7
AoA 0.031 0.002 12.78 <.001 1.98 17.7 0.027 0.003 10.04 <.001 1.97 13.9
Strokes 0.011 0.002 5.78 <.001 1.21 3.9 −0.005 0.002 −2.49 .013 1.21 1.2
Regularity 0.010 0.002 5.59 <.001 1.15 2.9 0.020 0.002 9.84 <.001 1.15 4.6
Homophones −0.002 0.002 −1.29 .199 1.03 0.0 0.000 0.002 −0.21 .837 1.03 0.1
Imageability −0.013 0.002 −6.08 <.001 1.55 1.2 −0.014 0.002 −5.82 .000 1.55 1.5
Concreteness 0.012 0.002 5.74 <.001 1.47 1.7 0.007 0.002 2.92 .004 1.47 0.9
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words.1 If their interpretation is correct, it implies that Chi-
nese characters with more robust affective associations are 
processed more rapidly by both deaf and hearing individu-
als. However, further analyses incorporating measures that 
capture emotional valence are necessary to confirm this.

Conversely, imageability positively influenced lexical 
access, correlating with higher accuracy rates and shorter 
response latencies for both groups. Contrary to our hypoth-
esis, imageability did not facilitate lexical access more for 
deaf readers than for hearing readers. Nonetheless, the 
results suggest that concreteness and imageability exert 
similar effects on both deaf and hearing readers.

Homophone density and regularity

Previous research has suggested that the speed at which 
a character is processed may be influenced by the num-
ber of homophones that character has. For example, H.-C. 
Chen et al. (2009b) and Ziegler et al. (2000) found that 
characters with more homophone mates were named more 
quickly, and Wang et al. (2020) found that lexical access 
was slower during writing for characters with more homo-
phones. In our analysis of Sze et al.'s (2014) data, character 
decision accuracy was higher when characters had more 
homophones, suggesting a facilitatory effect of homophone 
density consistent with prior studies. Although the influ-
ence of homophone density was not evident among deaf 
readers—possibly indicating a diminished role of phonol-
ogy in their character recognition process—the difference 
observed between the two groups did not reach statistical 
significance. This precludes a definitive conclusion that 
homophone density differentially affects deaf and hearing 
readers.

The impact of orthographic-phonological regularity was 
somewhat unexpected. Contrary to the anticipated higher 
accuracy and decreased response times based on prior 
research (Chang et al., 2016; Hue, 1992; Yang et al., 2009), 
the current study's deaf group and the hearing comparison 
group from Sze et al. (2014) exhibited lower accuracy and 
increased response times.2 This unexpected pattern may 
be attributable to the experimental design—specifically, 
the use of pseudo-characters that all shared a left-to-right 

composition. This design may have inadvertently biased 
participants to either reject or hesitate when presented 
with any character of the same structure. Given that char-
acters with high orthographic-phonological regularity also 
frequently exhibit a left-to-right composition, this could 
have unintentionally resulted in slower and less accurate 
responses for regular characters.

Comparing the deaf readers in our study to the hearing 
readers from Sze et al. (2014), the deaf group exhibited 
higher error rates and response latencies for characters with 
more regular orthographic-phonological correspondence. 
If we consider the unexpected pattern of orthographic-
phonological regularity hindering character decision 
processes—potentially due to the bias from the similarly 
structured pseudo-characters—it is plausible that this pat-
tern reflects deaf readers’ greater reliance on orthographic 
structure in character processing. This pattern may also sug-
gest that phonological information in highly regular char-
acters facilitates lexical access, reducing the impact of the 
pseudo-character bias, for hearing readers but not for deaf 
readers. Interestingly, examination of the difference smooth 
for orthographic-phonological regularity, which has a sig-
nificant difference window from −1.08 to 2.21, suggests that 
deaf and hearing readers performed similarly in terms of 
accuracy when regularity was low (between 1.54 and 1.08 
standard deviations below the mean).

In conjunction with the lack of effect of homophone 
density in deaf readers, these findings suggest that speech-
based phonological code may not play a major role in lexical 
access during character recognition for deaf readers. This 
aligns with the view that deaf readers tend to rely more on 
direct access to word meanings via orthography and bypass 
speech-based phonological mediation (Emmorey & Lee, 
2021; Sehyr & Emmorey, 2022).

Stroke number

The relationship between stroke count and the accuracy of 
character decision, as well as the lexical decision times, 
showed differing patterns between deaf and hearing read-
ers. Within the range of characters that had two to 15 
strokes (z-scores from −2.30 to 1.56), deaf readers exhib-
ited increased accuracy as the stroke number rose, while 
accuracy for hearing readers declined with increasing stroke 
count. However, this difference in accuracy trends between 
the two groups was no longer statistically significant when 
the characters' stroke count exceeded around 15, equating 
to z-scores greater than 1.56 standard deviations above the 
mean. In a similar vein, for characters with two to 21 strokes 
(z-scores from −2.30 to 3.30), character decision times 
displayed a contrasting pattern. As the number of strokes 
increased, the RTs of the deaf readers became shorter, while 
those of hearing readers became longer. The differing RT 

2  Sze et  al. (2014, 2015) did not report on regularity effects but 
rather looked at the effect of a related measure, consistency. Sze et al. 
(2015) found that consistent characters were responded to faster than 
less consistent characters, with the effect being magnified for high-
frequency characters.

1  Note that while other studies (Bonin et  al., 2018; Khanna & Cor-
tese, 2021; Zhang et  al., 2006) have similarly found a processing 
advantage for abstract words, some have found the opposite pattern—
i.e., a facilitative concreteness effect (Allen & Hulme, 2006; Bottini 
et al., 2022; Fliessbach et al., 2006).
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trends between the two groups were no longer statistically 
significant when stroke count surpassed around 21, corre-
sponding to z-scores greater than 3.30 standard deviations 
above the mean. These patterns suggest that higher ortho-
graphic complexity has a facilitative effect on character rec-
ognition for deaf readers, enabling them to identify charac-
ters more quickly and precisely. This finding is particularly 
striking because it contrasts with the pattern observed in 
hearing readers in related studies, which have consistently 
reported a correlation between stroke count and higher error 
rates, as well as longer response times (Sze et al., 2015; 
Wang et al., 2020; Yang et al., 2016).

Deaf readers, in comparison with hearing readers, dem-
onstrate greater efficiency in processing orthographic forms 
(as discussed in Bélanger et al., 2013; Emmorey and Lee, 
2021; and Yan et al., 2015), which may be a result of their 
tendency to bypass speech-based phonological code and 
greater reliance on direct orthographic-semantic connec-
tions. As shown by the current study, beyond simply having 
more efficient orthographic processing, as reported in pre-
vious studies, deaf readers also appear to uniquely benefit 
from the presence of complex orthographic configurations. 
This finding implies that intrinsic differences may exist in 
the mechanisms through which deaf readers process ortho-
graphic information, potentially enhancing their ability to 
efficiently access word meanings. Reinforcing this notion, 
recent research has started to reveal potential differences 
in how deaf and hearing individuals process orthographic 
information. For instance, Emmorey et al. (2021) reported 
that deaf readers exhibited heightened sensitivity to mis-
matches in letter casing between prime and target words rel-
ative to their hearing counterparts. They hypothesized that 
the system of abstract letter coding in deaf readers might 
be inherently different from that used by hearing readers. 
In a similar vein, Gutierrez-Sigut et al. (2022) conducted 
an event-related potential (ERP) study that compared visual 
word recognition abilities in deaf and hearing readers of 
Spanish. The study found that pseudowords mimicking the 
outline-shape of their base words elicited less-negative ERP 
responses in deaf readers. This was interpreted as indicating 
increased sensitivity among deaf readers to subtle visual 
similarities, suggesting a high reliance on visual features. 
The authors concluded that this might be evidence of a 
fine-grained visual-orthographic processing system in deaf 
readers, which aids in efficient word recognition. Taken 
together, these studies suggest that there may be inherent 
differences in the mechanisms deaf readers employ to pro-
cess orthographic information, which may underpin the dif-
ferent patterns observed between deaf and hearing readers 
with regard to orthographic complexity in our current study.

The unique orthographic processing abilities of deaf 
readers may be linked to enhanced visual attention skills. 
Certain aspects of visual attention are modified in deaf 

individuals, such that deaf individuals raised with access 
to a natural language (e.g., a natural sign language) from 
birth can develop enhanced spatial attention skills (Dye & 
Bavelier, 2010). Furthermore, deaf individuals may give 
greater attention to visual detail, as evidenced by research 
that suggests that deaf users of sign language are more 
accurate in detecting subtle facials features (McCullough 
& Emmorey, 1997) and are able to retain more detailed 
visual memories than hearing individuals (Craig et al., 
2022). As complex Chinese characters tend to occupy 
more visual space and contain more detailed visual infor-
mation relative to simpler ones, the ability of deaf readers 
to allocate their visual attention in space more effectively, 
coupled with their heightened sensitivity to visual detail, 
might give them special advantages in recognizing char-
acters with higher stroke numbers.

Another factor to consider is the possible use of spe-
cific cognitive strategies for character recognition, which, 
to our knowledge, have not been systematically inves-
tigated. Deaf individuals' increased reliance on visual 
information likely contributes to the development of 
unique cognitive strategies for learning3 (Marschark, 
2006). Consequently, deaf readers might employ differ-
ent cognitive approaches when learning to recognize Chi-
nese characters. For instance, they may depend more on 
the overall visual shape or structure of characters, which 
could be more pronounced in complex characters with a 
higher stroke count. Utilizing such cognitive strategies 
may provide deaf readers with an advantage in identify-
ing orthographically complex characters, in contrast to 
hearing readers, who may prefer to use other recognition 
strategies. These alternative strategies might involve, for 
example, the use of phonological code. Further research 
is needed to better understand the underlying factors 
contributing to this deaf advantage in complex character 
recognition, as well as to explore the cognitive strategies 
that may be employed by deaf readers. This could provide 
valuable insights into reading and character recognition 
processes in deaf individuals.

Theoretical implications

Our findings hold significant theoretical implications 
for understanding Chinese character processing in deaf 
readers. The lexical constituency model (Perfetti et al., 
2005; Perfetti & Liu, 2006) posits that a word comprises 
interconnected orthographic, phonological, and semantic 

3  Learning strategies refer to actions and mental processes that learn-
ers employ to modulate how they encode and internalize information 
(Weinstein & Mayer, 1986).
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components, which are co-activated during word retrieval. 
The lexical quality hypothesis (Perfetti, 2017; Perfetti & 
Hart, 2002) builds upon this, asserting that reading effi-
ciency relies on the quality of a reader's lexical represen-
tations, determined by the connection strength between 
these components. Through repeated exposure to words, 
most readers develop high-quality lexical representations, 
enabling efficient word meaning retrieval. Thierfelder, 
Wigglesworth, et al. (2020a) suggested that Chinese deaf 
readers with lower reading fluency may lack these high-
quality representations, leading to reduced word retrieval 
and integration efficiency. In a study investigating the 
impact of lexical quality variables on reading comprehen-
sion in reading-level-matched deaf and hearing adults, 
Sehyr and Emmorey (2022) argued that deaf readers, hav-
ing underspecified phonological representations, develop 
more precise orthographic representations and stronger 
direct links between orthography and semantics.

Our findings support the lexical quality hypothesis, 
firstly, in that we observed that both AoA and frequency 
had significant impacts on the character decision per-
formance of deaf readers, highlighting the importance 
of early and extensive character exposure for develop-
ing high-quality lexical representations. Our results 
also indicate that deaf readers can develop high-quality 
orthographic representations, possibly due to a lower 
reliance on phonology. This is evident in the enhanced 
orthographic identification abilities observed in deaf read-
ers when presented with complex characters and their 
reduced sensitivity to orthographic-phonological regular-
ity in character recognition. In line with Sehyr and Emmo-
rey's (2022) findings, it is possible to efficiently retrieve 
word meanings via orthography even when phonological 
components are underdeveloped. This can be achieved if 
strong connections between orthography and semantics 
have been established through sufficient exposure to writ-
ten word forms.

Practical implications, limitations, 
and conclusion

Our findings revealed notable differences between deaf 
and hearing readers, which may have significant impli-
cations for deaf education, particularly in regions that 
use written Chinese. Firstly, we observed that deaf and 
hearing readers recognized high-frequency Chinese 
characters and those learned at an early age with similar 
speeds and accuracy. However, for characters acquired 
later in life or with lower frequencies, deaf participants 
exhibited higher error rates and response latencies than 
hearing participants. These results potentially reflect the 
inadequate written language input and age-appropriate 

instruction for deaf students in some schools, possibly 
due to low expectations of students (Lytle et al., 2006; 
Wang & Andrews, 2017).

Secondly, our results suggested that deaf readers tend 
to place greater reliance on direct orthographic-semantic 
connections when recognizing characters. In contrast, 
hearing readers may exhibit a stronger tendency to rely on 
indirect orthographic-phonological connections to mean-
ing. Furthermore, the orthographic recognition processes 
of deaf readers may employ distinct mechanisms that facil-
itate character recognition, particularly in the presence of 
greater orthographic complexity. These findings highlight 
the importance of two key factors for literacy development 
in deaf students: (1) providing robust and age-appropriate 
exposure to Chinese characters, and (2) tailoring teaching 
methods to the strengths of deaf students, such as their 
enhanced orthographic and visual processing abilities. 
By focusing on the development of strong orthographic-
semantic connections, educators can better support the 
literacy growth of deaf learners.

The database that has resulted from this project offers 
numerous potential applications, serving as a valuable 
resource for researchers investigating Chinese reading 
processing in deaf readers. By facilitating comparisons 
between deaf readers and other special populations, the 
database can contribute to a broader understanding of 
diverse reading experiences. Additionally, the data can be 
employed to develop computational models of deaf read-
ing, as well as to inform the creation of reading assess-
ments and educational materials specifically tailored to the 
needs of deaf readers.

Despite offering valuable contributions, our study 
has certain limitations that must be acknowledged. First, 
the relatively small sample size, consisting of 25 deaf 
readers, could limit the generalizability of our findings. 
While efforts were made to recruit as many participants 
as possible, attaining adequate sample sizes is a common 
challenge encountered when recruiting participants from 
small populations, such as the deaf community. Second, 
there was an age disparity between our two groups, with a 
mean age of 30 for the deaf readers and 22 for the hearing 
readers. This difference in age could potentially influence 
our results, as age can have an impact on cognitive and 
linguistic performance (Hartshorne & Germine, 2015). 
Third, while the deaf readers scored within the range 
of the general population of native Chinese speakers in 
terms of vocabulary knowledge and author recognition, 
they scored slightly lower in the author recognition test 
than the hearing comparison group from Sze et al. (2014), 
who screened out participants with below-average scores. 
Furthermore, the extent to which signing deaf readers, for 
whom written language is often akin to a second language 
(Hoffmeister & Caldwell-Harris, 2014), and hearing L1 
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Table 6   Results from the comprehensive generalized additive model (with both linear and smooth terms) assessing accuracy and reaction time 
(RT) data for both deaf and hearing participants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor

Accuracy RT

Linear terms β SE t p VIF b SE t p VIF

(Intercept) 2.98 0.02 170.34 <.001 - 6.494 0.002 3717.59 <.001 -
Group 0.33 0.03 13.43 <.001 1.00 −0.102 0.002 −41.25 <.001 1.00
Homophones 0.01 0.02 0.44 .657 2.08 0.001 0.002 0.41 .683 2.08
Imageability 0.10 0.02 4.39 <.001 3.35 −0.008 0.002 −3.75 <.001 3.35
Group H – D × Homophones 0.03 0.03 1.18 .238 - −0.002 0.003 −0.83 .409 -
Group H – D × Imageability 0.01 0.03 0.35 .729 - 0.003 0.003 0.87 .387 -
Smooth terms edf Ref.df F p VIF edf Ref.df F p VIF
Frequency 2.00 2.00 436.66 <.001 2.34 1.99 2.00 272.27 <.001 2.29
AoA 1.93 2.00 37.06 <.001 4.34 1.95 2.00 63.04 <.001 4.35
Strokes 1.38 1.61 15.95 <.001 1.68 1.75 1.92 7.70 <.001 1.70
Regularity 1.96 2.00 68.06 <.001 4.22 1.98 2.00 79.10 <.001 4.22
Concreteness 1.96 2.00 13.12 <.001 1.48 1.96 2.00 11.96 <.001 3.19
Group H – D × Frequency 1.84 1.98 14.94 <.001 - 1.80 1.96 2.29 .125 -
Group H – D × AoA 1.00 1.00 0.76 .383 - 1.00 1.00 1.35 .246 -
Group H – D × Strokes 1.00 1.00 14.15 <.001 - 1.75 1.92 19.33 <.001 -
Group H – D × Regularity 1.87 1.98 11.26 <.001 - 1.88 1.98 10.02 <.001 -
Group H – D × Concreteness 1.00 1.00 2.07 .150 - 1.00 1.00 1.67 .197 -

readers can be directly compared is not clear. Including 
comparison groups with second-language readers (e.g., as 
in Cates et al., 2022) may offer new insights. Given the 
potential comparability issues between the two groups 
in the current study, in addition to the other limitations 
mentioned previously, it is important to interpret these 
findings cautiously and consider these limitations when 
assessing the implications of this study. Lastly, we should 
note that the comparability of the two data sets used in 
this study may be limited by the considerable length of 

time that passed between the time the hearing data were 
collected by Sze et  al. (2014) and the data collection 
period for the current study.

In summary, we conducted a large-scale lexical deci-
sion study involving 25 deaf readers, collecting responses 
for 2500 Chinese characters. This study offers valuable 
insights into the Chinese character processing of deaf read-
ers and presents a foundation for future research and practi-
cal applications aimed at enhancing literacy education for 
this population.

Appendix
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Table 8   Results from separate generalized additive models (with both linear and smooth terms) for reaction time (RT) of deaf and hearing par-
ticipants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor, lmg = Lindeman, Merenda, and Gold (relative 
importance), edf = estimated degrees of freedom, Ref.df = reference degrees of freedom

Hearing RTs Deaf RTs

Linear terms b SE t p VIF lmg Linear terms b SE t p VIF lmg

(Intercept) 6.392 0.002 3908.912 <.001 - - (Intercept) 6.494 0.002 3506.74 <.001 - -
Strokes 0.010 0.002 5.583 <.001 1.26 3.9 Homophones 0.001 0.002 0.38 .702 1.04 0.1
Homophones −0.001 0.002 −0.834 .404 1.04 0.0 Imageability −0.009 0.002 −3.55 <.001 1.71 1.5
Imageability −0.006 0.002 −2.743 .006 1.70 1.2 Smooth terms edf Ref.df F p VIF lmg
Smooth terms edf Ref.df F p VIF lmg Frequency 1.99 2 231.804 <.001 1.34 21.7
Frequency 1.99 2.00 354.06 <.001 1.34 25.9 AoA 1.90 1.99 52.00 <.001 2.25 13.9
AoA 1.88 1.99 84.74 <.001 2.24 17.7 Strokes 1.78 1.95 7.43 <.001 1.66 1.2
Regularity 1.88 1.99 22.32 <.001 1.64 2.9 Regularity 1.98 2.00 68.80 <.001 2.22 4.6
Concreteness 1.93 2.00 12.31 <.001 2.22 1.7 Concreteness 1.90 1.99 5.22 .008 1.99 0.9

Table 7   Results from separate generalized additive models (with both linear and smooth terms) for accuracy of deaf and hearing participants

Significant p-values indicated in bold
Key: β = coefficient, SE = standard error, t = t-value, p = p-value, VIF = variance inflation factor, lmg = Lindeman,Merenda, and Gold (relative 
importance), edf = estimated degrees of freedom, Ref.df = reference degrees of freedom

Deaf accuracy Hearing accuracy

Linear terms β SE t p VIF lmg Linear terms β SE t p VIF lmg

(Intercept) 2.98 0.02 167.33 <.001 - - (Intercept) 3.32 0.02 192.79 <.001 - -
Homophones 0.01 0.02 0.42 .674 1.04 0 AoA −0.17 0.02 −7.03 <.001 1.99 9.6
Imageability 0.1 0.02 4.34 <.001 1.71 2.4 Strokes 0 0.02 −0.21 .835 1.21 0.9
Smooth terms edf Ref.df F p VIF lmg Regularity −0.1 0.02 −5.16 <.001 1.15 1.6
Frequency 2 2 405.73 <.001 1.34 20.6 Homophones 0.04 0.02 2.31 0.021 1.03 0.1
AoA 1.89 1.99 32.57 <.001 2.24 11.9 Imageability 0.1 0.02 4.65 <.001 1.67 2.5
Strokes 1.82 1.97 14.8 <.001 1.65 0.8 Smooth terms edf Ref.df F p VIF lmg
Regularity 1.96 2 61.13 <.001 2.23 3.8 Frequency 2 2 252.683 <.001 1.2 14.6
Concreteness 1.94 2 7.37 .001 2.05 0.9 Concreteness 1.92 1.993 7.663 .001 2.1 1.1
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Fig. 8   Scatterplot matrix for all lexical variables
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