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Much of the debate regarding literacy development in deaf and hard-of-hearing readers surrounds whether
there is dependence on phonological decoding of print to speech for such readers, and the literature is mixed.
While some reports of deaf children and adults demonstrate the influence of speech-based processing during
reading, others find little to no evidence of speech-sound activation. In order to examine the role of speech-
based phonological codes when reading, we utilized eye-tracking to examine eye-gaze behaviors employed
by deaf children and a control group of hearing primary-school children when encountering target words in
sentences. The target words were of three types: correct, homophonic errors, and nonhomophonic errors.We
examined eye-gaze fixations when first encountering target words and, if applicable, when rereading those
words. The results revealed that deaf and hearing readers differed in their eye-movement behaviors when re-
reading thewords, but they did not demonstrate differences for first encounters with thewords. Hearing read-
ers treated homophonic and nonhomophonic error words differently during their second encounter with the
target while deaf readers did not, suggesting that deaf signers did not engage in phonological decoding to the
same degree as hearing readers did. Further, deaf signers performed fewer overall regressions to target words
than hearing readers, suggesting that they depended less on regressions to resolve errors in the text.
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Researchers have long debated the role of spoken language pho-
nological knowledge and phonological awareness on reading devel-
opment in deaf children without access to speech sounds (Alegria,
1998; Allen et al., 2009; P. Paul, 2001; P. V. Paul & Lee, 2010;
Wang et al., 2008). Phonological awareness, which is the metalin-
guistic awareness of how the meaningless units of language com-
prise meaningful words and sentences and the ability to
consciously manipulate these units within words and sentences
(Castles & Coltheart, 2004; I. Y. Lieberman et al., 1989; Wagner
& Torgesen, 1987), has been shown to be a strong predictor of read-
ing skill in typically-developing hearing children (Goswami &
Bryant, 1990). However, our understanding of the processes by
which deaf and hard-of-hearing (hereafter, we use “deaf” to refer
to all readers without auditory access to speech sounds) children
learn to read is vague at best. Though some investigations have
shown a positive association between reading and spoken language
phonological awareness in deaf children (Campbell &Wright, 1988;

Dyer et al., 2003), others have failed to find such a correlation (Izzo,
2002; Leybaert & Alegria, 1993; Miller, 1997). Here we present a
small-scale, exploratory eye-tracking study targeting activation of
speech-based codes during reading in deaf children whose first lan-
guage is a signed language. To our knowledge, this is one of only a
handful of studies to date that leverages eye-tracking to investigate
reading patterns in deaf children who use a signed language for
daily communication and are developing literacy in the ambient spo-
ken language.

Phonological Decoding as an Early Reading Strategy

Various writings have addressed the phonological decoding of
print to speech for hearing readers of alphabetic scripts. Two well-
known theoretical accounts are the Developmental Bypass Theory
(Pennington et al., 1987) and the Dual-Route access model
(Glushko, 1979). According to these models, languages with alpha-
betic orthographies or writing systems that contain phonetic infor-
mation require phonological decoding, in which graphemes are
recoded into corresponding speech sounds. For shallow orthogra-
phies such as Spanish or Italian, grapheme-to-phoneme correspon-
dences are notably consistent. However, the general profile differs
for languages with deeper orthographies such as English or French
in which a single grapheme or letter can correspond to multiple
sounds (e.g., c, which can be pronounced in English as [k], [s],
and, when part of the -ch- grapheme, as part of [ts͡]). Phonological
decoding is believed to be the most prominent strategy employed
during early, novice reading, as well as when encountering un-
familiar words as fluent readers progress. The phonological
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representation, in turn, activates word meaning. As reading ability
progresses, readers begin to engage in sight-word reading for famil-
iar and high frequency words, depending less on phonological
decoding (Castles & Coltheart, 2004; Pennington et al., 1987;
Share, 2008).
Phonological awareness emerges early in the language learning

process prior to the introduction of print, as children as young as
four typically demonstrate syllable and rhyme awareness of their
spoken language (De Loureiro et al., 2004; Stainthorp & Hughes,
1998; Ziegler & Goswami, 2005). However, it isn’t until reading
is introduced in school and phonological skills are required that
these skills become concrete and testable (Duncan et al., 1993;
Lonigan et al., 2000; Martin et al., 2003; Stainthorp & Hughes,
1998), suggesting that the relationship between phonological aware-
ness and reading ability is reciprocal (Carrillo, 1994; Nithart et al.,
2011; Perfetti et al., 1987; Share, 2008). While early phonological
awareness is highly predictive of later reading outcomes for young
hearing readers, the strength of this relationship quickly weakens
as reading skill is attained and sight-word reading comes online.

The Homophone Foil Paradigm

The homophone foil paradigm has been used in several applica-
tions to target phonological decoding of print to speech. The original
task was developed as a sentence verification task to address how pho-
nology is involved in reading. In Doctor and Coltheart’s (1980) study,
participants were asked to judge sentences and phrases (e.g., She blew
out the candles) in which certain target words had been replaced by
either real homophone target words (e.g., blue), real control errors
(e.g., know), nonword pseudo-homophones (e.g., bloo), or nonhomo-
phonic nonwords (e.g., moe). Results indicated that children ages 6–
10 were more likely to accept homophonic and pseudo-homophonic
error words than control errors. Several studies subsequently sought
to build off this established work, sparking a series of investigations
and methodological improvements on the homophone foil paradigm
(Coltheart, Laxon, Keating, et al., 1986; Coltheart, Laxon, Rickard,
et al., 1988; Doctor & Coltheart, 1980; Jared et al., 2016; Johnston
et al., 1995).
As part of the body of work that utilizes the homophone foil par-

adigm, Jared et al. (2016) used eye-tracking to investigate the role of
phonology in the activation of word meanings in Grade 5 readers. In
their multi-experiment article, they investigate phonological activa-
tion during reading within the framework of the developmental
bypass theory. For their studies, sentence lists were developed,
each containing a target word. Target words are either high fre-
quency (HFT) or low frequency (LFT). Nontarget words are also
controlled for high frequency (HFD) and low frequency (LFD).
Each target word was paired with a homophone and a spelling
control.
Consider the following sentence:

Barbara peered out the window to see if you were home.

Following Developmental Bypass Theory, if an individual is
reading via the indirect route, replacing the correct target “see”
with its homophonic pair “sea” might not disrupt meaning. Both
homophones “see” and “sea” activate the phonological representa-
tion, /si/, which can activate the correct word meaning in sentence
context. One prediction for indirect route readers is that homophone
foils would not disrupt reading in the proper context. This would

indicate phonological activation resulting in the reader missing the
error. Direct route readers who engage in sight-word reading should
demonstrate no differences between error conditions, because both
“sea” and the nonhomophonic error “set”would be immediately rec-
ognized as the incorrect word for that position. Analysis of readers’
eye-movements in Jared and colleagues’ study (Jared et al., 2016)
demonstrated that homophonic errors resulted in fewer regressions
and shorter fixation durations than nonhomophonic errors for
Grade 5 readers. Further, hearing readers did not demonstrate a fre-
quency effect in this task, and readers were not more or less likely to
engage in phonological decoding based on correct, homophone
error, or nonhomophonic error word frequency. The authors con-
cluded that this reflected evidence of the indirect route of meaning
activation in these Grade 5 readers as they did not notice some of
the homophonic errors.

Phonological Decoding in Deaf Signers

One theory regarding the acquisition of print literacy by deaf read-
ers is the Qualitative Similarity Hypothesis (QSH; P. Paul, 2001;
P. V. Paul & Lee, 2010;Wang et al., 2008). According to this theory,
the processes by which deaf children acquire print literacy are the
same as hearing children and are highly dependent on knowledge
of speech sounds and the ability to engage in phonological decod-
ing. Following this premise, deaf children require additional support
for the acquisition of speech-based codes through alternative routes
such as speechreading, residual hearing and hearing devices, visual
instruction of phonics, and sign-supported-speech (e.g., Signed
English in English-speaking regions) systems. However, this theory
holds that while the acquisition of print literacy is thus qualitatively
similar across deaf and hearing children, deaf children will be quan-
titatively delayed due to a lack of auditory access to speech-based
codes. Various experimental studies provide evidence in support
of active use of speech-based phonological codes in deaf children
and adults when reading text (Li & Lin, 2020; M. Yan et al.,
2015), during single-word reading (Gutierrez-Sigut et al., 2017;
Sehyr et al., 2017), and while engaging in speech-based phonolog-
ical awareness tasks (Charlier & Leybaert, 2000; MacSweeney et al.,
2013). Most of these studies do not report whether the deaf children
or adults are fluent users of a signed language, which could be an
important factor to consider since signed language knowledge has
been shown to play a role in processing during reading in studies
of deaf signers (Morford et al., 2011; Villwock et al., 2021).

It should be noted that many profoundly deaf children and adults
have little or no experience with speech training and do not use
amplification devices or sign-supported speech, yet they become
successful readers, and some achieve advanced degrees. This sug-
gests that there are likely alternate approaches to achieve print liter-
acy without speech-based phonology. Recent studies have
demonstrated that deaf signers rely on orthographic representations
and visual word processing skills more so than speech-based phono-
logical codes when reading (Bélanger et al., 2018; Costello et al.,
2021; Emmorey & Lee, 2021; Glezer et al., 2018; Gutierrez-Sigut
et al., 2017; Meade et al., 2019; Villwock et al., 2021). Further, evi-
dence from lexical decision tasks and single-word reading studies
have suggested that deaf child signers are more sensitive to ortho-
graphic manipulations than phonological ones (Beech & Harris,
2002).
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Eye-Tracking and Deaf Signing Children

A small set of studies have leveraged eye-tracking to investigate
language use in deaf signers, including investigations of sign lan-
guage narrative viewing (Bosworth & Stone, 2021), visual world
paradigms targeting comprehension of sign, speech, and sign-
supported speech (A. M. Lieberman & Borovsky, 2020;
A. M. Lieberman et al., 2018; Mastrantuono et al., 2017;
Szarkowska et al., 2011; Thompson et al., 2006), and comprehen-
sion of subtitles during TV viewing (Cambra et al., 2014).
Currently, only a handful of publications exist that employ eye-
tracking to investigate reading in deaf child signers, and most of
these studies focus on questions about the extent to which readers
extract visual and linguistic information from areas outside their
point of gaze.
Bélanger et al. (2018) used a moving window paradigm with

more- and less-skilled deaf signers (ages 7–15; M= 10.9) to test
the visual perceptual span of deaf child signers when reading. In
moving window paradigms, a gaze-contingent window controls
the amount of information available to readers on either side of
their fixation point. By changing the size of the window, the number
of characters available outside the fixation point can be manipulated
to test howmuch information readers can process outside of their fix-
ation point. Adult deaf signers who are skilled readers have been
shown to take advantage of information in the periphery as window
size increases more so than hearing peers, resulting in faster reading
and longer, fewer saccades (Bélanger & Rayner, 2015; M. J. Traxler
et al., 2021). Results of Bélanger and colleagues’ study showed sim-
ilar findings for deaf children: more skilled child deaf readers read
faster and performed longer saccades than hearing readers as win-
dow size increased. This suggests that young deaf readers took
greater advantage of upcoming information in the sentence than
hearing readers resulting in increased reading speeds. Furthermore,
deaf and hearing readers had similar overall comprehension scores,
suggesting that signers were not negatively impacted by not return-
ing to words in the text as often as their hearing peers did (Bélanger
et al., 2018). Despite these robust and consistent findings, the broad-
brush nature of the moving window manipulation does not allow us
to pinpoint the source of these reading differences and whether they
are attributed to visual, orthographic, phonological, or semantic
processing.
To more specifically pinpoint the source of reading differences,

another study employed an invisible boundary paradigm to compare
the degree to which high-school age deaf signers of Chinese Sign
Language (M = 18.6, SD = 1.8) and reading-age matched hearing
readers take advantage of phonological and semantic information
in upcoming text (M. Yan et al., 2015). In invisible boundary para-
digms, sentences are first displayed in one condition and change to
another after the eyes pass an invisible boundary to test the use of
information processed in the parafovea during sentence reading.
For this study, sentences were first presented with a target character
in one of five preview types before switching to the correct target
post boundary: identical, orthographically similar, phonologically
similar, semantically similar, and unrelated. Results revealed that
hearing readers received stronger phonological preview benefit
than semantic preview benefit resulting in shorter fixation durations
following phonological preview conditions. However, deaf readers
received stronger semantic preview benefit than hearing readers,
and only more-skilled deaf readers were found to receive a

phonological preview benefit. Interestingly, deaf and hearing readers
demonstrated a different timing of phonological activation resulting
in different patterns of early- and late-measures of eye-movements.
Skilled deaf readers reliably demonstrated a phonological preview
benefit with shorter first-pass gaze durations. In contrast, hearing
readers presented a phonological preview benefit during their second
encounter with the target word, resulting in shorter second-pass gaze
durations. Deaf readers reflected no impact of preview benefit during
their second pass. These results demonstrate differences in phono-
logical activation by deaf and hearing readers during first- and
second-pass reading, as well as differences in the use of parafoveal
information during sentence reading.

In a methodology similar to what is employed in the current
article, G. Yan et al. (2021) used a version of a homophone foil par-
adigm to compare speech-based codes in deaf signers of Chinese
Sign Language and hearing monolingual speakers of Mandarin
Chinese when reading. Chinese has a deep orthography with incon-
sistent orthography-phonology mapping (X. Zhou & Marslen-
Wilson, 2000) but hearing readers have been shown to be sensitive
to speech-based phonological features when encountering homo-
phonic errors in text (Feng et al., 2001; W. Zhou et al., 2018). In a
sentence verification homophone foil task, deaf and hearing partic-
ipants ages 13.7–20 (M = 17.37) read sentences with target charac-
ters in one of three conditions: correct target character, incorrect
homophone foil, or unrelated character and indicated whether the
sentence contained an error or not. Deaf readers had overall lower
sentence verification scores compared to both reading-age and
chronological-age matched hearing readers. First-pass measure-
ments did not suggest early phonological activation by either
group. However, second-pass behaviors did reflect meaningful dif-
ferences in how deaf and hearing readers engaged with speech-based
codes. Hearing readers spent less time rereading homophonic errors
than nonhomophonic errors suggesting activation of spoken Chinese
when reading. Overall, deaf readers identified both error types
equally, which suggested an activation of word meaning by orthog-
raphy, but not phonology. In addition to these analyses, the authors
performed a median split to categorize signers as more- and less-
skilled readers to assess the effect of reading skill on speech-based
phonological activation. More-skilled deaf readers had shorter
gaze durations on target words following a phonological preview,
suggesting that they gained a homophonic preview benefit and do
leverage phonological information as reading fluency is attained.
Hearing readers demonstrated the opposite effect, as less-skilled
readers continued to engage in phonological decoding while more-
skilled readers did not. The authors concluded that hearing readers
overall did activate speech-based phonology during reading, but
that only skilled deaf readers activate speech sounds when reading
and were impacted by speech-based phonology.

In summary, results from the few studies of eye-gaze behaviors
during reading for middle- and high-school-age deaf readers showed
that they differed in parafoveal word processing compared to hearing
readers (Bélanger et al., 2018; M. Yan et al., 2015). Additionally,
deaf signers in these studies did not primarily depend on speech-
based reading strategies when resolving errors in text, while hearing
readers did (G. Yan et al., 2021). However, more highly skilled deaf
readers had some degree of speech-based code activation when read-
ing, reflected by phonological parafoveal preview benefit (M. Yan et
al., 2015) and differences in resolving homophonic and nonhomo-
phonic errors in text (G. G. Yan et al., 2021). All three studies
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also demonstrated that deaf and hearing readers engage in first- and
second-pass reading behaviors differently, resulting in different pat-
terns of phonological and semantic activation across groups
(Bélanger et al., 2018; G. Yan et al., 2021).
Currently lacking in the literature is an investigation of the eye-

movement patterns and reading strategies of young deaf signers
when encountering homophonic and nonhomophonic errors in an
alphabetic orthography such as English. To address this gap, we
leverage an eye-tracking approach and a version of the homophone
foil paradigm (Doctor & Coltheart, 1980; Jared et al., 2016; G. Yan
et al., 2021) to examine the impact of speech-based homophony on
error detection for deaf readers ages 10–13. This approach allows us
to provide additional data for evaluating the claim of activation of
speech-based phonology during online reading in deaf child signers.

Research Question

Do deaf and hearing children ages 10–13 demonstrate evidence of
different reading strategies when encountering homophonic and
nonhomophonic errors in text?
Our hypotheses for the hearing children come from previous stud-

ies on monolingual speakers of English. We expect to see an impact
of homophonic error words on reading patterns in hearing readers
(Ehri, 2014; Jared et al., 2016), as demonstrated by longer fixation
durations on nonhomophonic error words as well as increased prob-
ability to fixate on or deploy a regression back to nonhomophonic
error words as compared to homophonic error words. Further,
while nonhomophonic error words are expected to be more disrup-
tive to hearing readers than homophonic error words, these readers
would likely demonstrate increased fixation durations and regression
deployment to homophonic errors than correct target words. This
would suggest that some homophonic errors are not noticed when
read in context and that hearing children of this age are still engaging
in some degree of phonological decoding when reading.
Deaf signers might not demonstrate the same impact of speech-

based phonology on reading as hearing readers since they have
less access to ambient speech sounds compared to their hearing
peers. We do expect to see increased fixation durations and fixation
probability when encountering errors, compared to correct targets.
We do not, however, predict differences for this group when encoun-
tering both homophonic and nonhomophonic error words. This
would indicate that the deaf signers treat homophonic and nonhomo-
phonic error words the same way. This pattern might suggest that
deaf readers are more sensitive to target word spelling and meaning
than its spoken phonological representation (Bélanger & Rayner,
2015; Costello et al., 2021; Emmorey & Lee, 2021; Glezer et al.,
2018; Gutierrez-Sigut et al., 2017). In addition, we predict fewer
instances of regression deployment and decreased fixation durations
in deaf signers as compared to hearing nonsigners. Previous studies
have demonstrated that reading strategies employed by skilled deaf
readers involve fewer regressions and lower fixation durations, with-
out a negative impact on comprehension (Bélanger et al., 2018).
Alternatively, the eye-movement patterns of deaf and hearing

readers may be similar, indicating that the two groups employ sim-
ilar strategies of resolving errors in text. This finding would support
claims that deaf and hearing children read in qualitatively similar
ways, even though there may be quantitative differences (e.g., time
delays for deaf readers compared to hearing readers) between the

two groups of young readers (P. Paul, 2001; P. V. Paul & Lee,
2010; Wang et al., 2008).

Materials and Method

Participants

This project was approved by our university’s governing IRB
(Study #2017080044). Deaf participants were recruited by flyers
and emails sent to the parents of deaf children at a local
ASL-English bilingual school, as well as via snowball recruit-
ment methods leveraging networks of the parents of the partici-
pants. Criteria for deaf participants included that they acquired
ASL from deaf parents and report using ASL as a primary lan-
guage, at home with family, and at school. The primary reason
for requiring that deaf participants be daily users of ASL is that
we wanted to rule out delayed exposure to language and any pos-
sible effects on literacy development. Deaf children who do not
receive early and robust access to language may experience lan-
guage deprivation resulting in life-long difficulties with all
modalities of communication (Hall et al., 2017). We did not
exclude participants based on the use of hearing aids or cochlear
implants.

Hearing participants were recruited by flyer and email distribution
to local schools and university calendar lists as well as snowball
recruitment. Criteria required hearing participants to be monolingual
English speakers with no reported hearing loss and normal or
corrected-to-normal vision.

We report data from 14 hearing children (three female; ages
9.8–13, M= 11.5, SD = 1) and nine1 deaf children (seven female;
ages 10–13.6, M = 11.2, SD = 1) considering that most readers tran-
sition from phonological decoding as a primary reading strategy to
sight-word reading during this time. Participants were all typically
developing with no report of learning delay or disability. None of
the participants in the study were home-schooled. Deaf participants
all attended a bimodal bilingual residential school for the deaf at the
time of data collection and throughout early childhood. All deaf
participants were reported by their parents as being exposed to
ASL from birth and using ASL as their primary mode of commu-
nication at home and at school. Two participants were reported as
also using some speech, and all deaf participants were raised in
families with at least one deaf-signing parent. According to parent
reports, six participants had a dB loss. 70 and three had a dB loss
of 40–55; all children had normal or corrected-to-normal vision. No
participants in the deaf group reported amplification via hearing
aids or the use of cochlear implants. Due to challenges with recruit-
ment, we were unable to balance our groups (in terms of total num-
ber per group), which resulted in fewer deaf signers in our sample
than hearing readers. While groups are age-matched by mean age
and age range, individual participants are not age-matched between
groups.

Prior to conducting data collection, informed consent from par-
ents was obtained. An investigator explained the entire consent
form to the parents in the family’s preferred language (i.e., spo-
ken English or ASL). Both parent and investigator signed two
copies, one kept by the family, and one kept in storage by the

1 A 10th deaf participant was enrolled but was ultimately removed due to a
failure to properly track their eyes.
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investigator. In addition to parental consent, child participants
provided signed assent before completing data collection
procedures.

Independent Measure of Reading

All participants completed the Woodcock–Johnson Test of Silent
Reading Fluency (WCJ-SRF; Woodcock et al., 2001). This task is a
comprehension and fluency measure in which participants are pre-
sented with valid (“Fire is hot”) and invalid sentences (“Milk is
always blue”) and are asked to read and evaluate validity (“yes,”
“no”) for as many sentences as possible in 3 mins. Scores reflect
the number of correctly evaluated sentences. Deaf signers performed
at age expectations with an average chronological age of 11.7 (range
= 9.8–13), but their average reading age equivalence based on raw
scores according to the WCJ-III was 12.6 (range= 9.25–18+).
Hearing readers, however, performed above the expected reading
level for their age. While the average chronological age of the hear-
ing sample was 11.4 (range= 10–13.58, their average reading age
equivalence on the WCJ-SRF was 17.7 (range= 8.58–18+).
Previous studies have indicated a strong, positive correlation

between family socioeconomic status (SES) and literacy develop-
ment in children (Reardon et al., 2012) as well as phonological sen-
sitivity (Bowey, 1995). We report three measures of SES: education
level of mother and father (if applicable),2 employment status of
mother and father (if applicable), and yearly household income in
Table 1. Hearing families reported more parental bachelors and
advanced degrees than deaf families, though two of nine deaf partic-
ipants had mothers with an advanced degree (MA, PhD,MD, or JD).
Only one of nine deaf families reported yearly household income
above $100,000, while 13 of 14 hearing families indicated annual
income at or above $100,000. No families in the study reported
income below $20,000 per year
Every increment for each measure was assigned a score from 0 to 5

for the highest degree, 0 to 6 for yearly income, and 0 or 1 for employ-
ment status following the Hollingshead Four-Factor Index of
Socio-Economic status (Hollingshead, 1975). Scores for each measure
were added up to create a composite SES score for each participant. For
example, a participant whose unemployed mother (0) has a master’s
degree (5), employed father (1) has a college degree (4), and an annual
income of 100,000–149,999 (5) has a composite SES score of 15.
Deaf and hearing participants differed significantly on SES aggre-

gate scores (deaf: M = 10.55, range= 6–16; hearing: M = 14.79,
range= 8–17; t[12.4]=−2.95, p = .012*; R2 =−0.58, 95% CI
[−0.95, −0.21]). To test the impact of SES on reading outcomes,
regression models were built to test the interaction between group
and aggregate SES score on two reading measures used in the
study (i.e., WCJ-III Test of Silent Reading Fluency and the homo-
phone foil comprehension questions, which are described as part
of the experimental paradigm below):

WCJ-SS� SES aggregate score * group
Homophone foil comprehension scores� SES aggregate

score * group

Neither of these models was significant, indicating that the SES
of participants did not contribute to the reading ability for either
group in this sample based on this estimation and these two reading
measurements (see the online supplemental documents for model
output).

Experimental Paradigm

Participants completed a version of the homophone foil paradigm
(described in the first section of the introduction) using an eye-
tracker. All eye-tracking data were collected via EyeLink 1000 at
1,000 Hz sampling rate. Viewing of the sentences was binocular,
but only data from the right eye were analyzed and reported. Prior
to the calibration process, participants were instructed to read each
sentence naturally and for meaning and to place their heads on a
chin and forehead rest such that their eyes were approximately
60 cm from the center of the display monitor. The text was presented
in 12-point Courier New (0°, 100′, 275′′). A horizontal three-point
calibration was continually checked and repeated to ensure accurate
data capture. Anytime a participant moved their head substantially,
calibration was completed again.

Trials were initiated by the participant’s fixation on a gaze-
contingent trigger, prompting a sentence to appear. Stimuli were pre-
sented such that the first character of the sentence appeared in the exact
spot as the trigger to ensure the reader began reading the sentence at
the first word of the sentence. Sentences contained target words in
one of three experimental conditions: correct, homophonic error,
and nonhomophonic error (from Experiment 3 of Jared et al.
(2016; see Table 2). Correct targets and both homophonic and nonho-
mophonic errors were controlled for high frequency (HF) versus low
frequency (LF) such that all pairs were equally distributed between:
(a) HF correct target versus HF error foils; (b) HF correct target versus
LF foils; (c) LF correct targets versus HF error foils; and (d) LF correct
targets versus LF error foils. Participants read the same sentence
frames, with three possible conditions of target words for each sen-
tence. Each child read up to a total of 108 experimental sentences, bro-
ken down into three blocks of 36 sentences, randomized to each
condition with filler nonexperimental sentences throughout. Likely
due to the degree of fatigue associated with the task, four deaf partic-
ipants and nine hearing participants only completed two scripts, and
an additional two deaf participants only completed one of the three
possible blocks. Participants were randomly assigned to start with
one of the three possible blocks to ensure counterbalancing of stimuli.
In addition, following approximately every fourth sentence, YES/NO
comprehension questions were asked about the previous sentence to
encourage participants to read sentences for meaning.
Comprehension questions followed both test items and filler items.

Eye-Movement Measurements Analyzed

We analyze four specific eye-movement measurements: two mea-
surements that represent the reader’s first encounter with the word
(first-pass measures), and two measurements that represent the read-
er’s second encounter with the word (second-pass measures) if
rereading occurred. These measurements were chosen to target dif-
ferences in error detection when encountering both types of errors.
Previous studies have shown that hearing readers demonstrate less
evidence of error detection when encountering homophonic errors
as the activation of the correct phonology activates the target word
meaning (G. Yan et al., 2021; Jared et al., 2016; Rayner et al., 2006).

2 None of the participants had same-sex parents. We report the highest
degrees obtained by the mother of each participant (Korat, 2009). Some chil-
dren may have come from single-parent households as no information was
provided about the father.
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We report an analysis of two first-pass measures: the likelihood that
a reader fixates on the target word (first fixation probability) and the
duration of the first fixation (first single fixation duration) if it occurs.
Readers do not fixate on all words when reading, but perform saccadic
jumps from word to word, skipping expected, high frequency, and

function words. Increased fixation probability indicates that the reader
requires attention to that word due to an error or longer word length
(M. J. Traxler et al., 2021; Rayner, 1997; Rayner et al., 2006). The
first single fixation duration typically provides a metric of how
much time the reader requires to activate the word meaning before

Table 1
Socioeconomic Status of Groups

Deaf Hearing
SES Factor Assigned score* Description of Factor Score number of parents number of parents

Mother highest degree
5 Advanced degree: MA, PhD, MD, or JD 2 6
4 College degree, BA or BS 2 6
3 Some college, AA or tech degree 5 2
2 High school or GED 0 0
1 Less than high school education 0 0
0 NA 0 0

Mother employment status
1 Employed (part- or full-time) 7 9
0 Unemployed 2 5

Father highest degree
5 Advanced degree: MA, PhD, MD, or JD 0 2
4 College degree, BA or BS 2 8
3 Some college, AA or tech degree 4 3
2 High school or GED 0 0
1 Less than high school education 0 0
0 NA 3 1

Father employment status
1 Employed (part or full time) 5 12
0 Unemployed 4 2

Yearly income (in U.S. dollars)
6 .150,000 0 6
5 100,000–149,999 1 7
4 50,000–99,999 2 0
3 20,000–49,999 6 1
2 10,000–19,999 0 0
1 .10,000 0 0
0 NA 0 0

Note. *Assigned scores based on the operationalization of SES categories in Hollingshead (1975).

Table 2
Example Homophone Foil Paradigm Sentences (From Jared et al., 2016)

Frequency conditions Correct target Homophonic error Nonhomophonic error

HF correct, HF error Sandra asked to hear her favorite song. Sandra asked to here her favorite song. Sandra asked to hair her favorite song.
The crowd wanted to hear the president
speak.

The crowd wanted to here the president
speak.

The crowd wanted to hair the president
speak.

It is hard to hear the words of the song. It is hard to here the words of the song. It is hard to hair the words of the song.
HF correct, LF error The team captains decided which players

they wanted.
The team captains decided witch players
they wanted.

The team captains decidedwhirl players they
wanted.

David didn’t know which chocolate bar he
wanted.

David didn’t know witch chocolate bar he
wanted.

David didn’t know whirl chocolate bar he
wanted.

The janitor showed uswhich recycling box
is for paper.

The janitor showed us witch recycling box
is for paper.

The janitor showed us whirl recycling box is
for paper.

LF correct, HF error Diana likes to go around in bare feet at
home.

Diana likes to go around in bear feet at
home.

Diana likes to go around in barn feet at
home.

Josh formed a snowball with his bare
hands today.

Josh formed a snowball with his bear hands
today.

Josh formed a snowball with his barn hands
today.

The room looked bare when all the
furniture was gone.

The room looked bear when all the
furniture was gone.

The room looked barnwhen all the furniture
was gone.

LF correct, LF error Mrs. Baker warned us not to waste the art
supplies.

Mrs. Baker warned us not to waist the art
supplies.

Mrs. Baker warned us not to worst the art
supplies.

If you leave the lights on you will waste
electricity.

If you leave the lights on you will waist
electricity.

If you leave the lights on you will worst
electricity.

The class decided to prevent waste at their
school.

The class decided to prevent waist at their
school.

The class decided to prevent worst at their
school.
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moving on from the word. Increased time spent reading a word can
indicate phonological decoding (Costello et al., 2021) or the need
to resolve an error (Rayner, 1997; Rayner et al., 2006). We expect
increased fixation probability and fixation durations on error
words for all readers. We further expect to see evidence of phono-
logical decoding resulting in increased fixation probability and
duration on nonhomophonic error words compared with homo-
phonic error words for hearing readers.
We also report two measurements of readers’ second encounter

with the target word including the likelihood of a reader to
regress back to the target word (regression probability) and the
amount of time the reader spends fixating on the target during
the triggered regression (rereading time). Readers often need to
move back in the text during normal reading if saccadic jumps
are too long, if important words are skipped, and to resolve issues
when an error is encountered (G. Yan et al., 2021; Rayner, 1997;
Rayner et al., 2006). If a regression is deployed, the amount of
time spent rereading the word can indicate phonological decod-
ing and error resolution (Costello et al., 2021; Rayner, 1997;
Rayner et al., 2006). Hearing readers are likely to demonstrate
less evidence of error detection when encountering homophonic
errors than deaf readers due to phonological decoding. We
hypothesize that deaf readers will treat both types of errors
similarly.

Data Processing

Eye-movement behaviors were recorded, cleaned, and analyzed via
the eye-tracking software suite from the University of Massachusetts,
Amherst Eye-Tracking Lab. Eye-movements are recorded by
EyeTrack and exported as EyeLink data files (EDFs). EDFs, which
contain raw vector data for eye-movement positions, were cleaned
and compiled for analysis using Robodoc. EyeDry was employed to
extract reports regarding specific measurements for analysis, provid-
ing four separate datasets for each analysis.
To begin, all within-subject outliers (i.e., data points that fall

beyond + 3 SD from each participant’s mean) for single fixation
duration and rereading time measurements were filtered out,
resulting in 3.44% of single fixation duration data points being
removed and 5.43% of rereading time data points being removed.
We report the raw means and SD of each measurement by the
group.

Statistical Analysis

All data were analyzed via “lmer” for continuous outcome and
“glmer” for categorical outcome mixed-effects models from the
lme4 package in R (Bates et al., 2015) with a Tukey p-value adjust-
ment to account for the issue of multiple analyses conducted. To test
fixed effects, we employed mixed-effect models to understand the
degree to which deaf and hearing readers were impacted by sentence
conditions in the probability of fixating on the target (i.e., “FIX”;
categorial variable), first single fixation duration (i.e., “SFD,” con-
tinuous variable), rereading time (i.e., “RRD,” continuous variable),
and probability of regressing back to target (i.e., “REG,” categorial
variable). Considering the issue of multiple samples per participant
and the violation of the assumption of independence, the random
effect of the subject is included in all models. We report significant
fixed effects as well as significant effects with Helmert contrasts.

Fixed effects models for each group were created and model equa-
tions were as follows:

outcome � sentence type (reference level =′ correct′)
+(1|subject ID)+ (1|trial)

In addition to fixed effects, we employed Helmert contrasts, a
sum-to-zero contrast that compares the mean of each level to the
mean of the subsequent level (Sundstrom, 2010). Sentence condi-
tion factors were ordered (a) homophonic error, (b) nonhomo-
phonic error, and (c) correct target. As such, contrast 1 in our
sentence condition model reports the impact of error conditions
compared to the correct condition target words (factor one com-
pared with two and three) and indicates whether error conditions
are noticed by the readers, while contrast 2 reports the difference
between homophonic and nonhomophonic error words and
indicates the impact of homophony on noticing errors (factor two
compared with factor three). Helmert model equations were as
follows:

outcome � group∗contrasts 1 2+ (1|subject ID)+ (1|trial)

Results

Homophone Foil Passive Reading Paradigm Results

Analysis of comprehension question responses varied
between groups. Considering both groups together, participants’
responses were 84.92% correct, with deaf signers’ responses
75.80% (SD= 0.44) correct and hearing participants’ responses
88.94% (SD= 0.31) correct. Hearing readers responded to com-
prehension questions correctly more often than deaf readers did,
t(404.91)=−5.2198, p, .0001 (see Appendix for means [and
SDs] for reported measurements by group and word condition).

Probability of Fixating on Target During First-Pass

Groups did not differ overall when first fixating on target words.
Neither deaf nor hearing readers demonstrated any significant
fixed effects of sentence condition on their first fixation probability.

Figure 1
Probability of Fixating on Target Word
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No significant contrasts emerged when Helmert contrasts were
employed. See Figure 1.

First Single Fixation Duration

No fixed effects emerged for deaf or hearing readers in the model
predicting the first single fixation duration. Models with Helmert
contrasts did not yield significant results and groups did not differ.
See Figure 2.

Probability of Regressing Back to Target

Deaf signers were more likely to regress back to homophonic
errors compared with correct targets (z = 2.95, p, .01; R2 = 1.12,
95% CI [0.37, 1.86]), but not nonhomophonic targets. Hearing non-
signers were more likely to regress back to homophonic (z= 2.64,
p, .01; R2 = 0.58, 95% CI [0.15, 1.02]) and nonhomophonic errors
compared with correct targets (z = 5.93, p, .0001; R2 = 1.29, 95%
CI [0.86, 1.71]).
Groups differed overall regarding the deployment of regressions

(z =−3.19, p, .001; R2 =−0.36, 95% CI [−0.57, −0.14]). Both
contrasts of sentence type emerged as significant regarding the prob-
ability of performing a regression back to target for hearing readers
(Contrast 1: z=−4.86, p, .0001; R2=−94; 95% CI [−1.31,
−0.56]; correct vs. error targets: z= 3.36, p, .05; R2 = 0.7, 95%
CI [0.29, 1.11]). Contrast 1 (homophonic vs. nonhomophonic
errors) emerged as significant for deaf readers (z=−2.97,
p, .01; R2=−0.93, 95% CI [−0.97, 0.25]), but contrast 2 (correct
vs. error targets) did not. See Figure 3.

Target Word Rereading Time

Deaf readers did not demonstrate any significant effect of sentence
condition on rereading time. Hearing readers did demonstrate signif-
icant differences in rereading time when encountering nonhomo-
phonic error targets compared with correct targets, t(290.65)=
3.09, p, .01; R2 = 0.43, 95% CI [0.16, 0.71], but not homophonic
error targets.
Groups did not differ overall regarding rereading time. Deaf read-

ers did not differ across sentence conditions on re-reading time fol-
lowing the analysis of Helmet contrasts. Hearing readers
demonstrated a significant effect of error type with homophonic ver-
sus nonhomophonic errors (Contrast 1: t[288.85]=−2.12, p, .05;
R2=−0.28, 95% CI= [−0.53, −0.03]) as well as correct versus
error targets (Contrast 2: t[294.03]= 2.37, p, .05; R2 = 0.31,
95% CI: [0.05, 0.57]). See Figure 4.3

Discussion

This study examined whether deaf adolescent signers of ASL
leverage spoken English phonology during silent reading. We report
data from nine deaf signers who attend an ASL-English school, as
well as 14 hearing monolinguals, ages 10–13. An eye-tracking pro-
tocol was adopted along with a homophone foil paradigm to test the
degree to which the participants activate speech-based phonological
codes when reading. The homophone foil paradigm we used is a
silent reading task that manipulates target words in sentences to
examine the phonological decoding of text. Previous studies have
shown that young hearing readers are less disrupted in reading by
homophonic errors than by nonhomophonic errors (Doctor &

Coltheart, 1980; Jared et al., 2016; Johnston et al., 1995). Skilled
adult readers, however, do not demonstrate differences in reading
patterns between homophonic and nonhomophonic errors, suggest-
ing that hearing readers begin reading by engaging in phonological
decoding of print to speech, which is later replaced by faster, sight-
word reading (Ehri, 2014; Jared et al., 2016; Pennington et al., 1987;
Share, 2008).

In our data, there were ways in which deaf and hearing readers
performed similarly and ways that they differed. Neither group
demonstrated an effect of homophony nor evidence of error detec-
tion during their first encounter with aword. Further, the groups did
not differ overall for first-pass measures as there was no significant
effect of group in first fixation duration and probability of first fix-
ation (see Figures 1 and 2). Results do suggest that both groups
were sensitive to errors in the text during their second encounter
with target words, including measures for rereading time and
regression deployment (see Figure 3). Finally, deaf readers per-
formed fewer regressions overall compared with hearing readers
(see Figure 4).

Young deaf and hearing readers have been reported to engage in
first- (M. Yan et al., 2015) and second-pass (G. Yan et al., 2021)
reading behaviors differently, particularly regarding the activation
of speech-based phonology. The current data add to the existing lit-
erature that suggests that the two groups treat error words differently
in second-pass measures. Deaf readers in this sample treated homo-
phonic and nonhomophonic error words similarly, indicating mini-
mal activation of speech-based codes, if any4. In contrast, hearing
readers demonstrated differences in reading behaviors across error
conditions suggesting that some homophonic errors were missed
(i.e., considered to be correct during processing) while reading.
These results suggest that hearing readers engaged in some degree
of speech-based phonological decoding but the same cannot be
said for deaf readers. Though previous studies have shown some
degree of speech-based phonological activation by deaf readers
(Bélanger et al., 2018; G. Yan et al., 2021; M. Yan et al., 2015),
that finding has only been reported for studies that compared
more- and less-skilled deaf readers. Due to a low number of deaf par-
ticipants (and, as a consequence, lower statistical power) in the cur-
rent study, we did not separate the deaf group by skill level. Further
investigation incrito the impact of reading skill and speech-based
phonological activation is warranted to understand the development
of speech-based codes in deaf signing readers.

In addition to eye-tracking measures, we report lower compre-
hension scores overall for the deaf group, however, the effect
size was relatively low (R2=−0.15). This result deviates from
Bélanger et al. (2018), as their data did not reflect comprehension
differences between deaf and hearing groups. It is important to note
that Bélanger’s work involved testing parafoveal processing using
a moving window paradigm while the current study leverages a
homophone foil paradigm to test error detection and homophony
without a moving window. In the homophone foil paradigm,

3 A post-hoc analysis of rereading time on nonhomophonic errors was per-
formed and demonstrated a significant difference between deaf and hearing
readers ( p, .05). We do not report this finding in these results due to the
exploratory nature of this analysis.

4 Though a significant main effect of correct target versus error words did
emerge for deaf readers’ regression probability, importantly no significant
difference was found between homophonic and nonhomophonic errors.
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measurements of target words that are correct or incorrect are the
focus, whereas in the moving window paradigm, no error words
were introduced. Indeed results from a sentence verification
homophone foil task, G. Yan et al. (2021) report overall lower read-
ing scores for deaf readers compared with chronological- and
reading-age-matched hearing readers. Considered together, we
wonder whether the difference in comprehension question perfor-
mance across the two studies may be due, at least in part, to the
existence of error words in sentences and their effect on compre-
hension question responses. Perhaps deaf readers are not resolving
errors in text in the same way that hearing readers do. This warrants
further investigation.
Another factor to consider is differences in SES metrics across the

group. The overall SES of the families of hearing readers was greater
than that of deaf signers as it relates to the highest degrees attained by
parent(s), parental employment status, and household income.

Children who come from higher SES backgrounds are often stronger
readers than lower SES peers, especially regarding maternal educa-
tion level (Korat, 2009; Reardon et al., 2012), and children from
higher SES families have stronger phonological sensitivity
(Bowey, 1995). The aggregate SES scores for hearing families
were significantly higher than those for deaf families. However, a
composite SES score did not predict outcomes on either the indepen-
dent measure of reading or the comprehension questions for the
homophone foil paradigm. The results of these models (see the
online supplementary files for details) suggest that the SES of partic-
ipants did not have a significant impact on reading outcomes for this
sample. Notwithstanding this result, we suggest that future studies
would benefit from balancing SES across groups. Importantly, how-
ever, despite hearing readers having overall higher SES than deaf
readers, hearing readers still demonstrated evidence of phonological
decoding at this age while deaf readers did not.

Figure 2
First Single Fixation Duration

Figure 3
Probability of Performing a Regression Back to Target

*p, .05. **p, .01. ***p, .001.

Figure 4
Target Word Rereading Time

*p, .05. **p, .01. ***p, .0001.
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Overall, the results from the current study do not provide strong
evidence for phonological decoding of print to speech by young
deaf readers. In particular, the two groups demonstrated differences
in reading strategies when resolving errors in text, particularly con-
sidering regression deployment. The hearing readers showed an
effect of phonological decoding, since homophonic and nonhomo-
phonic errors differed in the probability of regression and fixation
duration measures. The same was not true for deaf readers, who
treated both types of error words similarly. Further, the deaf children
were not delayed in their reading, following a standardized measure
of reading.We suggest that these findings do not provide evidence in
support of the QSH (P. Paul, 2001; P. V. Paul & Lee, 2010; Wang et
al., 2008) and the claim of similar reading strategies employed by
deaf and hearing readers While the QSH argues that phonological
decoding is necessary to acquire proficient reading skill, the findings
from the present study combined with studies that examine more-
and less-skilled deaf readers (Bélanger et al., 2018; G. Yan et al.,
2021) suggests that skilled reading precedes phonological awareness
for these young readers.
The results from the standardized measure of reading are worth

commenting on in slightly more detail. A notable result is that the
deaf readers in this study, who were all primary users of sign lan-
guage and who grew up in signing households, were not age-delayed
in reading fluency. Despite previous reports suggesting that deaf
signing children are likely to be age-delayed in reading acquisition
and achieve overall lower reading success (Easterbrooks & Beal-
Alvarez, 2012; P. Paul, 2001), many scholars and educators suggest
that early and robust exposure to a signed language for young deaf
children is optimal for literacy development (Allen et al., 2009;
Hrastinski & Wilbur, 2016; McQuarrie & Parilla, 2014; Petitto et
al., 2016; Stone et al., 2015). Though we do not directly test lan-
guage ability in this study, we speculate that age-appropriate reading
levels in this group are due, at least in part, to the fact that deaf par-
ticipants are first-language users of ASL, having acquired the lan-
guage during infancy and early childhood in signing households
and at ASL-English schools and programs. The development of a
foundational L1, we suggest, supports the successful learning of
an L2, in this case via print. Clearly, the suggested relationship
between sign language ability and reading proficiency requires addi-
tional investigation. Finally, we emphasize that despite the finding
that hearing readers performed above both their expected age
range and above the performance of deaf signers, they still demon-
strated evidence of phonological decoding while the deaf readers
did not.

Limitations

There are various limitations of this study that we would like to
highlight, which could help to contextualize our results and provide
important information to colleagues who wish to replicate this work.
First, we acknowledge that statistical power is low due to a small num-
ber of participants and that this study has an exploratory quality to it.
This is an unfortunate but common trend in behavioral studies with
deaf populations due to recruitment difficulties. Future studies with
greater resources should include a larger sample size. We were unfor-
tunately unable to individually match our deaf and hearing readers for
chronological age, reading level, or SES. We did not control for the
degree of hearing loss, only the everyday language of participants.
This is an important covariate that should be considered in future

studies. A larger sample size of hearing and deaf families might
allow for more matching of groups. Finally, we did not control for
the variability in the number of items completed per participant.
Several participants were unable to complete all eye-tracking stimuli,
and it remains unclear whether deaf readers engaged with the sen-
tences differently than hearing readers considering the overall poorer
performance on the comprehension questions. The task may have
been overall too fatiguing for this group and a shorter paradigm may
have resulted in more participants completing all items for all tasks.

Conclusion

There still exists a debate regarding the use of speech-based codes
during reading by deaf readers. The current study is one of a handful
that describes eye-tracking and reading in deaf-signing children. We
leveraged a homophone foil paradigm to examine the degree to
which deaf and hearing readers ages 10–13 engage in phonological
decoding of print to speech. All deaf participants were exposed to
ASL from birth, grew up in signing households, and attended an
ASL-English bilingual school. Signers in this group were not age-
delayed in their expected reading levels. While sample sizes are
small, our results suggest that deaf readers who are ASL-English bilin-
guals employ second-pass reading strategies that are different than
those of hearing readers. Deaf signers performed fewer regressions
than hearing readers and did not demonstrate evidence of phonologi-
cal decoding of print to speech. These results align with several recent
publications that suggest differences in how deaf signers engage with
print. To our knowledge, this is the first eye-tracking investigation of
child deaf signers in the United States involving the homophone foil
paradigm to target phonological activation of spoken English. We
hope that additional studies in this area will continue to provide
insights about reading behaviors and reading development in deaf
children who use signed language for everyday communication.

Context Paragraph

The current project is one of a handful of studies that investigates
the eye-movement patterns of middle school-age deaf children who
are native signers of ASL and attend ASL-English bilingual schools.
Our research program focuses on the development and use of lan-
guage skills in deaf signers. The current project was inspired in
part by the discussion of speech-based phonological decoding in
deaf children and an interest in understanding if deaf children who
are early signers of a signed language pattern are similarly to hearing
children who engage in phonological decoding. We hope this and
future work will inform educational practices for deaf children, par-
ticularly regarding language choice at home and in the classroom,
considering that the use of ASL has not been shown to inhibit read-
ing skills. These results further support the hypothesis that first-
language access to a signed language benefits the second-language
acquisition of print at school considering that deaf signers with first-
language ASL experience were not age delayed in second-language
English reading. We urge other researchers to engage in work of this
nature since a collective body of work could impact the development
of curricula for deaf students.
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Appendix

Eye-Movement Measurements on Target Words by Group and Sentence Condition
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Measurement Group Correct Homophone error Spelling control

Single fixation duration (ms) Deaf 215.66 (50) 223.76 (53) 217.78 (49)
Hearing 215.08 (64) 230.31 (71) 231.73 (64)

First fixation probability Deaf 0.67 (0.47) 0.71 (0.46) 0.68 (0.47)
Hearing 0.77 (0.42) 0.78 (0.42) 0.79 (0.4)

Rereading time (ms) Deaf 351.93 (185) 383.12 (227) 348.86 (195)
Hearing 365.36 (273) 391.07 (294) 497.71 (324)

Regression probability Deaf 0.16 (0.37) 0.36 (0.48) 0.28 (0.45)
Hearing 0.24 (0.43) 0.43 (0.5) 0.55 (0.5)
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