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While much is known about the cognitive and linguistic changes associated with aging in
hearing monolinguals and bilinguals, less is known about aging effects in deaf bimodal
bilinguals who use American Sign Language (ASL) and English. This population presents
unique challenges for neuropsychological testing due to a lack of appropriate assessment
material, wide variability in exposure to language, and differences in educational backgrounds.

This dissertation investigated aging effects in deaf ASL-English bilinguals by adapting three

Xi



widely used neuropsychological tests that have shown utility for identifying Alzheimer’s disease
in hearing monolinguals.

Study 1 examined the effects of aging and testing language on verbal list learning, a
common component of cognitive evaluations, in a group of young and older deaf ASL-English
bilinguals. Younger participants showed no effect of language on recall and recalled more items
than older participants in both languages. Older participants showed better immediate learning
for English stimuli, but higher rates of forgetting in English compared to when they were tested
in ASL, suggesting that in older signers, the two languages maximize different aspects of
memory performance, both of which may be important for clinical evaluation of memory. Study
2 investigated Stroop performance in deaf bilinguals across a wide age range using computerized
ASL and English Stroop tasks. Stroop effects were larger with English compared to ASL stimuli
for both young and older deaf bilinguals. Stroop interference effects were larger for older than
for young participants in both languages, but the aging-related increase in Stroop effects was
larger in English than in ASL. Study 3 explored deaf bilinguals’ verbal fluency performance
using ASL and English semantic category fluency tasks and an English letter fluency task. Of the
three verbal fluency tasks administered, ASL category fluency was the most sensitive to aging
effects, whereas English category and letter fluency performance was better predicted by
education and proficiency level (as measured by independent objective measures of ASL and
English proficiency).

Taken together, these studies provide insight into how three commonly used
neuropsychological tests must be adapted for use with deaf, signing populations, and provide
preliminary normative data for older deaf signers across a wide age range. While some results

patterned similarly to what is observed in hearing, unimodal bilinguals, several critical
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differences emerged which may be attributed to modality driven effects, effects of language
acquisition, or schooling experiences that are specific to deaf individuals. These findings help to
characterize some aspects of the unique linguistic and cognitive profiles of older deaf signers, a
critical first step in evaluating whether these tasks can be used for clinical assessment of

cognitive decline or Alzheimer’s disease.
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CHAPTER 1: General Introduction

There is a vast body of research investigating the cognitive and linguistic changes
associated with aging in hearing, spoken language users, but research investigating typical aging
effects in deaf sign language users is scarce. While initial explorations of aging in deaf signers
(Corina et al., 2020; Luna et al., 2021) have found some effects parallel to those found in older
hearing non-signers, they also reveal differences between populations of elder deaf and hearing
individuals, potentially caused by modality differences as well as differential circumstances of
language acquisition and schooling experiences. Understanding the aging profiles of older deaf
adults is critical for designing sensitive cognitive and language evaluations.

Neuropsychological evaluation of deaf individuals presents several challenges unique to
this population. Unique aspects of their language and educational backgrounds, as well as
linguistic and modality differences between signed and spoken languages, contribute to these
complications. Many deaf children, between 90-95%, are born to hearing parents who have no
knowledge of sign language or Deaf culture (Mitchell & Karchmer, 2004), and these children
may not be fully exposed to an accessible language (e.g., a sign language) until several years
after they are born. This delayed access to a first language can lead to language deprivation
which can impact an individual’s later linguistic and cognitive abilities (Humphries et al., 2016;
Mayberry et al., 2002). Understanding the contribution of delayed Age of Acquisition (AoA) on
cognitive and linguistic performance may be a critical part of neuropsychological testing with
deaf individuals. For example, Zorzi et al. (2023) compared the performance of native, early, and
late signers on standardized lexical and syntactic tests that are used to assess language
impairments in adult users of French Sign Language and Italian Sign Language. The researchers

found categorical differences in performance between native and non-native (i.e., early and late)



signers, with native signers demonstrating higher accuracy on syntactic tasks than non-native
signers. The authors argue that although language based tasks are critical for clinical assessment,
there is a need for baseline data that captures AoA effects when assessing language competence
in the deaf population. Importantly, Corina et al. (2020) showed that AoA effects were
dissociable from effects of chronological aging in an ASL sentence repetition task. The impacts
of language deprivation could easily be confounded with aging effects, disordered or typical, if
care is not taken to investigate deaf signers with a wide range of ages of acquisition of ASL.

Educational differences between older and younger generations of deaf signers,
particularly in America, may also influence language proficiency in both ASL and English.
Many older deaf adults were taught using an oral approach which emphasized spoken language
and often discouraged or punished sign language use (Moores, 2010). In the 1970s, there was a
shift towards a bilingual-bicultural teaching model that encouraged the use of both ASL and
English in the classroom (Padden, 1996). Deaf seniors report a wide range of experiences with
schooling, ranging from having minimal access to the curriculum as it was presented in spoken
English with no interpretation, to having full access at residential schools that supported the use
of ASL (Roberson & and Shaw, 2015). These generational differences in schooling experience
must also be taken into account when examining performance on neuropsychological
assessments, particularly those involving English.

Another important consideration is that almost all deaf individuals are bilingual to some
extent in a sign language and a spoken/written language (e.g., ASL and written English). In the
assessment of hearing bilinguals, it is critical to be able to identify which language is dominant,
as testing in the non-dominant language can lead to higher rates of false positives (Gasquoine &

Gonzalez, 2012). Testing in the dominant language may also maximize differences between



patients and controls, such as in bilingual picture naming performance (Gollan et al., 2010;
Gollan et al., 2023). For many deaf individuals in America, ASL is their primary language of
communication (Grosjean, 2010). Many deaf individuals only use written English, and as a result
the majority of their daily communication and social interactions is likely in ASL which does not
have a written form. Written English provides deaf individuals access to information, sources of
entertainment, and a way to communicate with the dominant culture. These contextual
differences may contribute to a unique profile of language dominance that is distinct from that of
hearing bilinguals. Understanding how language dominance and language modality impact
performance on neuropsychological assessments is critical for clinical application of these tests,
particularly when making decisions about the language of test administration.

In addition to demographic and linguistic characteristics of deaf populations that can
complicate neuropsychological testing, there are also features of the test design and
administration that must be accounted for as well. Morere (2013) describes some of the
methodological issues that can occur when designing and administering signed-based
neuropsychological assessments, including difficulties with the direct translation of English
stimuli (see also Pefia, 2007) and instructions into ASL. Issues can arise when attempting to
translate phrase-level stimuli from English to ASL due to differences in grammatical structures
and the visuospatial affordances that sign languages take advantage of. As a result, sentences that
are simpler in English may become more complex when expressed in ASL, making
interpretation of performance on those items unclear (Paludneviciene et al., 2012).

One of the primary barriers of access to diagnoses and care for deaf individuals is the
lack of appropriate screening instruments and norms designed specifically for use with signing

bilinguals (McKee et al., 2015; McKee & and Paasche-Orlow, 2012). Currently it is common



practice to translate an existing screening tool into ASL (or another sign language), but this leads
to the potential for methodological concerns that often come along with translating assessments
from English (Pefia, 2007). In fact, Dean et al. (2009) evaluated the reliability and validity of a
common cognitive screener to demonstrate how the unique cultural and linguistic features of the
older deaf population can influence results on a translated screener. Dean et al. (2009) recruited
117 deaf senior citizens without a history of head injury, depression, or dementia who use ASL
as one of their primary languages. Participants completed a version of the Mini-Mental State
Exam (MMSE; Folstein, Folstein, & McHugh, 1975) that was translated from English to ASL,
with several items changed to make them more culturally and linguistically appropriate for the
test population. Despite the fact that this group of deaf senior citizens had relatively high levels
of education, the mean performance on the MMSE fell below the typical cutoff point for
“normal” functioning. The authors present several explanations that may have led to artificially
deflated scores in this population, particularly differences between ASL and English grammar
that made direct translation of task instructions difficult, and the use of English specific idioms
or vocabulary words that do not have ASL equivalents. The authors cautioned against using this
screener with deaf populations because it did not account for cultural and linguistic differences
which could ultimately lead to a higher rate of false positives for cognitive impairment or
dementia (Dean et al., 2009).

Currently there is a gap in the understanding of cognitive and linguistic changes that
occur with typical aging in populations of deaf bilinguals who use ASL and written English as
their primary modes of communication. This situation is due in part to a lack of appropriate
neuropsychological assessment tools suited for the unique cultural and linguistic circumstances

of deaf signers. This dissertation aimed to develop and test ASL and written English versions of



three important measures that have been shown to be sensitive to Alzheimer’s disease in hearing
bilinguals: list memory, Stroop performance, and verbal fluency. Results from these experiments
provide a preliminary overview of potential differences in cognitive and linguistic performance
in older compared to younger ASL-English bilinguals. Additionally, an in-depth language
background survey allowed us to explore the influence of age of acquisition, educational
background, and language proficiency on performance on these measures. These are critical
considerations for future clinical application of neuropsychological assessments in identifying

cognitive decline, in particular Alzheimer’s disease, in this population.
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Abstract

Objective: The present study examined aging and testing-language effects on verbal list learning
in young adult and older deaf bilinguals of American Sign Language (ASL) and written English.
It is not known which language maximizes free recall, and no list learning task has been widely
adopted for testing this population.

Method: Thirty-two younger (aged 20-45) and 32 older (aged 64-84) deaf ASL-English
bilinguals completed list memory tests in each language. Participants were shown videos of 10
ASL signs and 10 written English words one at a time for immediate recall across three learning
trials, and a delayed recall trial, with language of testing counterbalanced.

Results: Younger participants showed no effect of language on recall, recalled more items than
older participants in both languages, and had higher primacy scores on Trial 1. Older participants
showed better learning when tested in English but higher rates of forgetting compared to when
they were tested in ASL (a robust interaction between language and group with a medium-to-
large effect size, 17,°=0.11). Both young and older participants forgot more items in whichever
language was tested second. Though most deaf participants reported being more proficient in
ASL, an equal number of deaf participants recalled more English than ASL list items as vice
versa (i.e., more ASL items than English items).

Conclusions: Use of both ASL and English lists maximizes different aspects of memory
performance in older deaf participants, with English benefitting learning and ASL minimizing
forgetting. However, a complete characterization of memory requires testing in both languages.
Keywords: Bimodal bilingualism, Deaf, List Memory, Serial Position, Aging, American Sign

Language



Key Points
Question: Tests of verbal learning and memory form a critical part of neuropsychological
evaluations, but it is not known if ASL or English should be used for evaluation of deaf
bilinguals, or how aging affects learning and free recall in older deaf signers.
Findings: Using ASL (rather than speech) to recall items in both English and ASL lists, older
deaf signers achieved higher initial list learning of written English words than ASL signs but
exhibited more rapid forgetting of English words compared to ASL signs, a pattern not seen in
younger deaf signers.
Importance: List memory tests with deaf ASL-English bilinguals should be conducted in both
languages, and signed recall of list items in both languages should be allowed to fully
characterize performance on different aspects of memory functioning.
Next Steps: Additional research is needed to understand why older deaf signers exhibited better
learning but more rapid forgetting of English than ASL lists, perhaps by testing learning and

recall in young deaf participants under different learning conditions.



Introduction

Neuropsychological assessment of deaf individuals, for clinical and research purposes,
presents several challenges that are unique to this population (Morere, 2013a). Most deaf
individuals who became deaf early in life communicate primarily using a visual-manual
language (e.g., a sign language like American Sign Language, ASL), and almost all deaf
individuals are also bimodal bilinguals, which means they also know a spoken language. Some
deaf signers may be able to lipread or use speech, but more typically they access their second
language through the written modality (e.g., written English). Thus, although deaf adults use
spoken language to varying degrees, they all access the dominant surrounding language through
reading and writing. ASL, like other sign languages, does not have a conventional written form,
and therefore deaf bilinguals only read and write in one of their languages — in contrast to most
spoken language (unimodal) bilinguals. Currently, there are very few neuropsychological tests
that were specifically designed for use with the deaf population, and it is not known how ASL-
English bilingualism may affect performance on these tests (McKee et al., 2015; McKee & and
Paasche-Orlow, 2012). As a result, testing is either administered in English, which is not the
dominant language for most deaf individuals (Grosjean, 2010), or testing is adapted on the fly
into ASL (McKee & Paasche-Orlow, 2012). Translation of tests developed for other languages,
especially on the fly, hampers test validity and interpretation (Pefia, 2007).

There are several reasons to expect that deaf ASL-English bilinguals may perform
differently on neuropsychological tasks created for hearing individuals. For example, experience
with a sign language has been associated with subtle but significant changes in visuo-spatial
processing, such as mental imagery (Emmorey et al., 1993, 1998; Kubicek & Quandt, 2021) and

visual-spatial memory (Cattani et al., 2007; Hirshorn et al., 2013), which could impact task
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performance. Further, modality-specific response options, such as fingerspelling (handshapes are
used to represent letters in a word), need to be considered for tasks that require language
production, such as verbal fluency (see Sehyr et al., 2018). It is not known how sign language
experience or the unique linguistic options available to signers might affect many of the language
and cognitive tasks that are commonly used in neuropsychological assessment.

Even less is known about how typical aging influences cognition and language in older
deaf signers. Older signers may differ from younger signers due to shifts in deaf education in the
USA over the last several decades, which has led to substantial differences in the quality of
education for younger compared to older signers. Most older deaf adults were taught using an
oral approach which emphasized spoken language and often discouraged the use of sign
language, despite the fact that sign language is much more accessible for deaf individuals.
Starting in the 1970’s, recognition of this serious problem led to a shift towards a bilingual-
bicultural teaching model (Moores, 2010). The importance of this shift to include sign language
in deaf education is particularly critical for deaf individuals because 90% of deaf children are
born to hearing parents who have no knowledge of sign language (Mitchell & Karchmer, 2004).
As aresult, deaf children often experience language deprivation due to delayed access to a first
language (Humphries et al., 2016). Further, age of first language acquisition is quite variable
across the deaf population and may also affect performance on cognitive and linguistic tests (e.g.,
Mayberry et al., 2002). Hearing individuals all acquire a first language from birth, except under
very unusual circumstances (e.g., due to child abuse, as with the famous case of “Genie”;
Curtiss, 2014). These differences in language modality, educational background, and age of

acquisition of a first language position deaf signers as a unique group of bilinguals whose

11



performance on cognitive and linguistic tasks across the lifespan is likely to be different than
hearing bilinguals. This unique population is in great need of investigation.

A prominent question concerning how to adjust cognitive assessments for deaf bilinguals
is whether testing should be administered in ASL, in English, or in both languages. Spoken
language bilinguals perform worse on language tests when they are tested in their less proficient
or nondominant language, and bilinguals are not always able to accurately report which language
is dominant (Gollan et al., 2023). These factors can impact the sensitivity of neurocognitive
assessments as diagnostic instruments for identifying cognitive decline (Gollan et al., 2010). In
particular, testing in the nondominant language leads to higher rates of false positive diagnosis
(Gasquoine & Gonzalez, 2012). Crucially, almost nothing is known about the possible impact of
language of testing on test performance for deaf bimodal bilinguals.

Tests of verbal list learning and memory are one of the most commonly administered
tests in cognitive evaluations. Two previous studies attempted to develop a verbal list learning
test for sign language users, and participants were only tested in sign language. The Signed
Verbal Learning Test (SVLT; Morere, 2013b) was administered to young deaf signers who
reported using ASL and English in their daily lives and were recruited from Gallaudet university
(M age =25.5, 8D = 6.51). The SVLT had two 16 item lists of ASL signs, with five learning
trials for one list, and the second list served as an interference list (similar to the CVLT; Delis et
al., 1987). Overall, deaf participants showed typical learning across the five immediate recall
trials, and recall after a delay was consistent with scores from the normative sample of spoken

language CVLT scores (as reported in Morere, 2012).
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A second study by Denmark et al. (2016) created a verbal list learning and memory test
for British Sign Language (BSL!), which is the only current test developed for use with older
deaf signers. The BSL Verbal List Memory Test (BSL-VLMT) included 12 BSL signs from three
semantic categories, three immediate recall trials, a delayed recall trial, and a recognition task.
Participants included 223 deaf signers aged 50-89, and 12 deaf individuals, aged 54-88, who
received clinical diagnoses of dementia from a multidisciplinary panel based on clinical
diagnostic criteria for dementia (American Psychiatric Association, 2000). In this study, age was
the single factor that most influenced immediate recall, and delayed recall decreased with
increasing age (Denmark et al., 2016). Participants in the dementia group scored significantly
lower than the control group on both immediate and delayed recall. However, 34% of cognitively
healthy participants performed very poorly on the delayed recall trial (i.e., recalled zero items on
the delayed trial). Denmark et al. (2016) suggested that some controls may have been confused
by the instructions or may have experienced interference from other linguistic tasks that were
administered prior to the delayed recall trial. Thus, data from this study may not have accurately
reflected memory abilities in this population.

To date no study has examined how language of testing and degree of bilingualism might
affect learning and recall in deaf signers. Previous studies showed significant effects of language
dominance on aspects of verbal list learning tests that are most sensitive to Alzheimer’s disease
(AD; Salmon & Bondi, 2009; Twamley et al., 2006), including list learning, delayed recall
(Belleville et al., 2017) and primacy effects (Bayley et al., 2000; Bruno et al., 2015; Cunha et al.,

2012; Kloth et al., 2020). Primacy effects refer to the tendency for better immediate free recall of

' ASL and BSL are mutually unintelligible languages, and thus this test could not be used with ASL-English
bilinguals.
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items presented at the beginning of a list (Murdock, 1962; Sumby, 1963). Two studies of young
bilinguals reported lower learning scores when bilinguals were tested in their nondominant
language when compared to their dominant language, especially in the primacy region (Francis
et al., 2020; Yoo & and Kaushanskaya, 2016) (Francis et al., 2020; Yoo & Kaushanskaya, 2016).
Another study (Gavino et al., submitted) investigated verbal list learning in 40 older Spanish-
English bilinguals (mean age = 72.6, SD = 7.4) on 10-item word lists, with language of testing
order counterbalanced between participants (as in the present study). Bilinguals recalled fewer
words in their nondominant language than in their dominant language, but only in the first recall
trial of each list. The disadvantage of being tested in the nondominant language was also
especially strong in bilinguals for whom one language was much more proficient than the other.
These results highlight the importance of understanding how language dominance effects may
influence assessments of list memory in older participants.

The current study developed list memory tests in ASL and English and tested 79 deaf
ASL-English bilingual adults (aged 20-84) on both tests. We aimed to assess the effects of age
and testing language on verbal list learning and free recall. To make it feasible to assess memory
in both languages, we modeled our verbal list learning tests on the CERAD (Consortium to
Establish a Registry for Alzheimer's Disease; Welsh et al., 1994) list learning task, which is a
relatively short test that recently demonstrated sensitivity to preclinical AD in older bilinguals
(Mizrahi et al., 2024). For each language, we created a list of ten unrelated items (words or
signs) which was presented and recalled over three learning trials with an additional recall trial
after a short delay. Use of a relatively short list learning test (with just 10 items in each

language), with semantically unrelated words both within and between lists may be especially
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useful for testing participants in both languages and for examining primacy effects, which are
stronger with short, semantically unrelated word lists (Ward et al., 2010; Bair et al., 2023).

Based on previous studies with spoken language bilinguals, we predicted that young
participants would recall more items than older participants, and that primacy scores might be
lower in older than in younger participants, but only on Trial 1 (which exhibits the stronger
primacy effects than subsequent learning trials; Griffin et al., 2017). Additionally, we predicted
participants might recall more list items in ASL than in English, perhaps especially for younger
deaf participants who are more likely to have had consistent access to ASL from an early age,
although for both young and older deaf individuals ASL is the preferred and more naturally
accessible language for communication.

Methods

Participants

Eighty-two deaf ASL-English bilinguals participated in the current study and were tested
in person in San Diego or Riverside, CA, or in Rochester, NY. Participants were recruited
through “word of mouth” in the Deaf community, presentations at Deaf community events and
venues (including Deaf senior citizen centers), and through flyers distributed at these
events/venues. Three participants were excluded from analyses: one due to technical errors
resulting in loss of video data and one due to self-reported misunderstanding of the task
instructions. The third participant was excluded due to self-report of considerable difficulties
with memory in activities of daily living, lack of sleep the night before testing, and some
possible disorientation with respect to time of appointment. Participants self-reported their race

and ethnicity in a background questionnaire?. The race breakdown for the included participants

2 Participants were asked two questions “What is your race?” and “What is your ethnicity” with the following
disclaimer: While we recognize there are other labels for race and ethnic groups, these categories are determined
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was 86% white (68/79), 4% black (3/79), 3% Asian (2/79), 6% reported more than one race
(5/79), and 1% declined to answer (1/79). The ethnicity breakdown was 11% Hispanic or Latino
(9/79), 84% Not Hispanic or Latino (66/79, and 5% of participants reported that their ethnicity
was unknown or declined to answer (4/79). All but 7 participants (91%) were prelingually deaf
(i.e., became deaf at or before age two). The analyses reported below focused on the 32 oldest
participants aged 64-84 (n=21/32 women) and the 32 youngest deaf participants that were tested,
aged 20-45 (n=14/32 women). Participant characteristics and performance of 15 middle-aged
participants (aged 46-63, n=7/15 women) are shown in Tables 2.1 and 2.4, but these participants
were excluded from the primary analyses (see Analysis Plan).

Table 2.1 summarizes participant characteristics. All participants reported daily use of
ASL as a primary language. The older and younger groups had similar education levels and self-
ratings of proficiency in ASL and English.

This research protocol was approved by the University of California, San Diego (UCSD)
Institutional Review Board in accordance with the Helsinki Declaration. All participants were

given informed consent and were given monetary compensation for participation.

by funding agencies and are used for reporting purposes.” The response options for race were: Black, American
Indian/Alaskan Native, Asian, Hawaiian/Pacific Islander, White, More than one race, Unknown/Decline to answer.
The response options for ethnicity were: Hispanic or Latino, Not Hispanic or Latino, Unknown/Decline to answer.
Participants selected one response per question.
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Table 2.1. Averages and standard deviations for participant characteristics and demographic
information

Younger (n = 32) Middle-aged (n = 15) Older (n =32)
Variable M SD  Min Max M SD  Min Max M SD  Min Max
Age*H* 342 6.7 20 45 556 5.6 46 51 70.5 4.7 64 84
Education (by highest degree) 162 2.8 12 21 151 24 12 21 158 29 12 21
Age of Acquisition of ASL** 35 5.7 0 23 3.8 53 0 23 9.1 105 0 51
Self-ratings of proficiency”
ASL production 6.5 0.8 5 7 6.7 0.6 5 7 6.5 0.8 4 7
ASL comprehension 6.7 0.5 5 7 6.8 0.4 6 7 6.4 1.1 2 7
ASL average 6.6 0.6 5 7 6.7 0.5 6 7 6.4 0.9 4 7
English writingt 6.1 0.8 4 7 5.7 1.0 4 7 5.7 1.1 2 7
English reading 5.8 0.9 4 7 53 1.2 4 7 5.5 1.1 3 7
Written English average 5.9 0.8 4 7 55 1.1 4 7 5.6 1.1 3 7
Spoken English production 3.0 2.2 1 7 2.5 2.0 1 7 3.0 1.9 1 7
Spoken English comprehension 2.8 2.0 1 7 2.5 1.7 1 7 3.1 1.9 1 7
Extent of oral communication”
Elementary School 4.6 2.0 1 7 4.7 2.0 1 7 4.0 2.2 1 7
Junior/High School 5.0 1.8 1 7 5.5 1.7 1 7 53 2.1 1 7

Note. *** p <001, **p <.01, *p < .05, t=p <.10, p-values comparing younger signers to older signers (all other
scores in these columns did not differ significantly, all ps > .11). *The scale for self-ratings of proficiency ranged
from 1-7 with the following descriptions of proficiency: 1=Almost none, 2=Very poor, 3=Fair, 4=Functional,
5=Good, 6=Very good, and 7=Like native. *The scale for extent of oral communication ranged from 1-all oral to 4-
equal use of signed/oral language to 7-all manual — participants rated how much of their communication was
manual/sign or oral/spoken language for Elementary school and for Junior/High school

Procedure and Stimuli

This study was completed as part of a larger battery of cognitive and language tasks for
deaf ASL-English participants. After completing a comprehensive language background
questionnaire, participants completed three testing blocks. The first consisted of three tasks
completed in English or ASL: a) list memory learning (trials 1-3), b) a computerized Stroop task
(not reported here), and c) the list memory delayed recall task. Language of testing order (first,
second) was counterbalanced across participants, such that they completed all three tasks first in
English then all three tasks in ASL, or vice versa.

Participants completed list learning tasks in each language that were modeled after the
CERAD Word List Learning and Recall tasks (Welsh et al., 1994). For each language,
participants completed three learning trials, in which they were presented with 10 signs in ASL

or 10 written words in English. The CERAD Word List Learning Test requires participants to
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read aloud each printed word. However, this is not appropriate for deaf signers who do not use
speech, and therefore participants were not asked to say each English word aloud. Both ASL and
English lists were presented using timed videos. The 10 ASL signs were produced by a deaf
native signer, with her hands returning to her side in between each sign in the list. The video
presented one sign every two seconds. Printed English words were presented in 120 point Arial
font on a screen at the same rate to match the duration of the sign productions (each word was
presented for two seconds in a timed PowerPoint presentation). Following each presentation of
the 10 item list, participants were prompted to recall as many of the items as possible (i.e.,
immediate recall). After the third learning trial, participants completed a computer administered
Stroop task that lasted between 8-10 minutes and had no items that overlapped with the list
memory stimuli. Following the Stroop task, they were asked again to recall as many of the 10
items from the immediately preceding learning trials as possible (i.e., they completed a delayed
recall trial). Task instructions were presented in ASL without specifying which language should
be used to recall items — participants were free to sign, speak, or fingerspell the recalled items.
Participants were asked to recall as many items as they could in any order. Participants were
tested in person, and all responses were videotaped for later scoring.

The English stimuli were taken from the CERAD Word List Learning Test with some
adaptations for deaf ASL-English bilinguals. To ensure that all English items could be easily
produced in ASL during recall (thus supporting the choice of signed rather than spoken responses
for English trials), items from the original CERAD list that did not have ASL translation
equivalents were replaced. The words shore, cabin, and pole are not represented by a single ASL
sign and would either need to be fingerspelled or expressed using a classifier construction, which

takes more time than producing a single word or sign. These three items were replaced with
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words matched for frequency and roughly matched in length relative to the original CERAD
items according to the Subtitle-Based Word Frequency Estimates for English (SUBTLEX-US;
Brysbaert and New, 2009).

The ASL stimuli were selected to match the English CERAD word list on English word
frequency, while controlling for several lexical characteristics of the ASL signs, including sign
frequency, iconicity, and number of two-handed signs. ASL lexical characteristics were taken
from ASL-Lex 2.0 (Sehyr et al., 2021). English word frequency was taken from SUBTLEX-US
(Brysbaert and New, 2009). Lexical characteristics for ASL and English stimuli are shown in

Table 2.2.

Table 2.2. Lexical characteristics of ASL and English stimuli in the list memory tests

English Frequency®  ASL Frequency® Iconicity® # of two-handed
M (SD) M (SD) M (SD) signs
ASL 3.0(0.4) 4.2 (0.6) 3.6 (2.0) 5/10
English 3.3(0.3) 4.3 (0.8) 2.9(1.8) 5/10

Note. *English frequency ratings are taken from Brysbaert and New (2009) and reflect log frequency per million.

b ASL frequency ratings taken from ASL-Lex 2.0 (Sehyr et al., 2021) and reflect deaf signers’ judgments of how
frequently a sign appears in everyday conversation (1= very infrequently, 7= very frequently).

¢Iconicity ratings taken from ASL-Lex 2.0 (Sehyr et al., 2021) reflect hearing non-signers’ judgments of how iconic
an ASL sign appears given its English translation (1=not iconic at all, 7=very iconic). Iconicity ratings for English
reflect ratings for the ASL translations of the English words.

Items were presented in a different pseudo-randomized order on each learning-recall trial
in each language (see Table 2.3). The order of items in the three English lists was determined by
the order of the original CERAD test, which presents the words in a different order on each
learning trial. To obtain the ASL order, the ASL items were arranged in a pseudo-random order
and then each ASL item was paired with an English item to keep the order of appearance of

different items in the three recall trials in each language consistent across languages. The pseudo-

random order of ASL items was needed to avoid phonological similarity between adjacent signs
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in any recall trial (e.g., the signs UNCLE and MIRROR share similar locations, while

MOTORCYCLE and TOWEL share the same handshape).? ASL and English list item orders on

each recall trial are shown in Table 2.3, and recordings of each list with the presentation timings
can be found at the following link:

https://osf.io/bj8yz/overview?view_only=9{441c0c41404b10a414b3797ffceb29.

Transparency and Openness
We follow the Journal Article Reporting Standards (Kazak, 2018) in reporting all data
exclusions, manipulations, and measures in this study. All data, analysis code, and research

materials are available at:

https://osf.io/bj8yz/overview?view_only=9f441c0c41404b10a414b3797ffceb29. Data were

analyzed using R (R Core Team, 2023) and the R packages dplyr (Wickham, Frangois, et al.,
2023), ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2023a), rstatix (Kassambara, 2023b),
and tidyr (Wickham, Vaughan, et al, 2023). This study’s design and analysis were not pre-

registered.

3 Hyperlinks are to videos from the ASL-LEX database.
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https://asl-lex.org/visualization/?sign=uncle
https://asl-lex.org/visualization/?sign=mirror
https://asl-lex.org/visualization/?sign=motorcycle
https://asl-lex.org/visualization/?sign=towel
https://osf.io/bj8yz/overview?view_only=9f441c0c41404b10a414b3797ffceb29
https://osf.io/bj8yz/overview?view_only=9f441c0c41404b10a414b3797ffceb29

Table 2.3. Order of items in ASL and English lists on Trials 1-3

Position in List ASL Trial 1 ASL Trial 2 ASL Trial 3
1 hearing_aid certificate prison
2 farm flower mirror
3 umbrella hearing aid farm
4 uncle umbrella flower
5 prison motorcycle towel
6 flower farm umbrella
7 towel prison hearing aid
8 certificate uncle motorcycle
9 mirror towel certificate
10 motorcycle mirror uncle
English Trial 1  English Trial 2 English Trial 3
1 butter ticket queen
2 arm hotel grass
3 star butter arm
4 letter star hotel
5 queen engine flag
6 hotel arm star
7 flag queen butter
8 ticket letter engine
9 grass flag ticket
10 engine grass letter
Results

Participant characteristics

Participants completed a questionnaire about their language background in which they
were asked questions about language use and language use history, and they were asked to rate
their proficiency level for signing ASL, understanding ASL, writing in English, reading in
English, speaking English, and understanding spoken English. Average self-rated proficiency
scores for ASL, written English, and spoken English production and comprehension are given in
Table 2.1. In addition, overall average self-rating scores for each language were calculated by
averaging self-rated proficiency for production and comprehension of ASL, and for writing and

reading of English. An averaged measure provides a stronger predictor of objectively measured
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https://asl-lex.org/visualization/?sign=hearing_aid
https://asl-lex.org/visualization/?sign=farm
https://asl-lex.org/visualization/?sign=umbrella
https://asl-lex.org/visualization/?sign=uncle
https://asl-lex.org/visualization/?sign=prison
https://asl-lex.org/visualization/?sign=flower
https://asl-lex.org/visualization/?sign=towel
https://asl-lex.org/visualization/?sign=certificate
https://asl-lex.org/visualization/?sign=mirror
https://asl-lex.org/visualization/?sign=motorcycle

proficiency than ratings of each mode of communication on its own (Neveu et al., 2025).
Overall, both young and older participants had similar self-rated proficiency levels in ASL and
written English. Based on the average self-rated proficiency in each language, we found that
18/32 young (56%) and 21/32 older (66%) participants rated ASL as more proficient than
English, 10/32 young (31%) and 7/32 older (22%) participants had identical self-rating scores in
ASL and English, and a small number of participants — 4/32 young (13%) and 4/32 older (13%)
—rated English as more proficient than ASL. We note, however, that all participants preferred to
use ASL to communicate with experimenters.

Older and younger groups differed significantly in their self-reported age of acquisition
(AoA) of ASL, with older participants reporting later and more variable AoA than younger
participants (see Table 2.1). Nonetheless, a similar proportion of young and older participants
grew up with at least one deaf parent: in the younger group, 12/32 (38%) and in the older group,
10/32 (31%). Concomitantly, in both the younger group [20/32 (62%)] and in the older group
[22/32 (69%)] most participants grew up with two hearing parents. The majority of participants
(48/62; 75%; 24 young, 24 older) reported having profound hearing loss (i.e., > 90 dB HL);
12/64 (7 young, 5 older) reported severe hearing loss (i.e., 71 to 90 dB HL); 3/64 (1 young, 2
older) reported moderate hearing loss (i.e., 41-55 dB HL); and one older participant reported
mild hearing loss (26 to 40 dB HL).
Response mode

For both English and ASL lists, all participants chose to recall items in ASL. Half of the
participants (37/64; 20 older, 17 younger) used only ASL signs and half (27/64; 53%; 12 older,
15 younger) used a combination of signs and fingerspelling. One younger participant spoke

English words aloud while producing ASL signs. All participants produced at least some English
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mouthing while signing, i.e., they produced (unvoiced) mouth movements that resembled the
articulation of the English translations of the ASL signs. On average, participants produced
mouthings for 94% of items recalled. The use of ASL during recall was not related to self-rated
language dominance, i.e., the eight participants (four young; four older signers) who indicated
stronger English than ASL proficiency also chose to respond with signs and/or fingerspelling
rather than spoken words.

In addition, during recall of both language lists, 17/32 (53%) of young signers and 23/32
(72%) of the older signers spontaneously used the ASL list buoy construction (Liddell, 2003).
List buoys are number signs that range from “first” (only the thumb extended) to “five” (all
fingers extended) that are produced by the non-dominant hand and can represent ordered entities
(e.g., the birth order of siblings). During recall, the list buoy on the non-dominant hand was held
in space while the index finger of the dominant hand touched a digit to indicate the number of
the list item (e.g., first — thumb, second — index finger, third — middle finger, etc.), either before
or after signing the item. To examine whether the use of the list buoy affected recall, we
correlated buoy use with performance on each recall trial, on total immediate recall scores (trials
1-3), and on the delayed recall trial. None of these correlations were significant (all 7s< 0.19, all
p>0.12).
Memory Performance Analysis Plan

To examine the effects of age group and language on free recall of ASL and English lists
we conducted a series of 2x2 ANOVAs crossing age group and language as categorical factors
with age of acquisition (AoA) as a continuous covariate, since young and older groups differed
significantly in self-reported AoA (¢ (62)=-2.68, p=.01). For all analyses, AoA was not significant

as a main effect, and did not interact significantly with any other factor (all ps > 0.14), and
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therefore is not reported in detail below. Age groups did not differ significantly in education level
(z<1), or in distribution across five categories of education level including 12, 14, 16, 18, or 21
years, (}?(4,64)=1.96, p=.743) and also did not differ significantly in distribution across
female/male sex (x*(1,64)=3.09, p=.079). We focused primarily on analyses with age group as a
categorical factor to simplify presentation, and to allow for the possibility of nonlinear age
effects (without making assumptions about the nature of the relationship between age and
performance). However, we repeated each of our primary analyses (Overall Learning, Items
recalled in Trial 3 vs. Delay, Adjusted Forgetting, and Primacy Effects) with age as a continuous
factor instead of as a group contrast (including all participants whether young, middle-aged, or
older). These analyses produced the same effects as the analyses with age as a categorical factor
(see Appendix).

First, we examined overall learning (sum of all items recalled across the three learning
trials and after a delay). Second, we examined forgetting first by comparing the number of items
recalled in each language on Trial 3 versus on the delay trial, and then by calculating ‘proportion
forgotten’ scores which controls for initial learning (Petersen et al., 1992). Third, we examined
primacy effects by assessing memory for the first three items on Trial 1 for each language.
Fourth, we asked if participants’ self-ratings of relative level of proficiency in each language was
correlated with relative ability to remember items in each language. Finally, we added language
of testing order as a factor to all three analyses to determine if any of the observed effects were
modulated by testing order. Means and standard deviations of younger, middle, and older deaf

signers on the ASL and English List Learning Tests are shown in Table 2.4.
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Table 2.4. Means (and SDs) of younger, middle-aged, and older deaf signers on the list memory
tests

Younger Middle Older
(n=32) (n=15) (n=32)
Variable M SD M SD M SD
ASL
Trial 1 correct 4.5 1.4 3.8 1.4 34 1.4
Trial 2 correct 6.4 1.5 6.6 1.1 5.6 1.5
Trial 3 correct 7.4 1.4 6.5 1.3 6.1 1.9
Delay correct 6.4 1.6 5.5 1.4 54 2.0
Trial 1-3 Correct 18.3 3.5 16.9 3.2 15.1 3.9
Proportion forgotten® 0.1 0.2 0.1 0.2 0.1 0.3
Trial 1 primacy® 1.7 0.7 1.6 0.6 1.3 0.9
Trial 1 middle 1.5 1.2 1.1 0.9 0.9 1.0
Trial 1 recency 1.3 0.8 1.1 0.8 1.2 0.8
English
Trial 1 correct 4.6 1.5 3.8 1.3 3.6 1.7
Trial 2 correct 6.7 1.6 6.2 1.6 5.7 1.8
Trial 3 correct 7.5 1.4 7.4 1.5 7.0 1.9
Delay correct 6.5 1.6 53 23 4.8 2.8
Trial 1-3 Correct 18.8 3.8 17.4 3.5 16.3 4.7
Proportion forgotten® 0.1 0.2 0.3 0.3 0.3 0.3
Trial 1 primacy 2.1 0.8 1.3 0.8 1.5 1.2
Trial 1 middle 1.4 1.0 1.3 0.9 0.9 0.9
Trial 1 recency 1.1 0.8 1.2 1.1 1.2 0.8

Note. * Proportion forgotten scores were calculated to examine delayed recall while controlling for initial learning;
scores were calculated by subtracting the number of items recalled on the Delay trial from the number of items
recalled on Trial 3, and then dividing by items recalled on Trial 3. ® Primacy scores refer to the number of items
recalled from the initial three positions on Trial 1 (items 1-3); middle scores refer to the number of items recalled
from the middle four positions of Trial 1 (items 4-7); recency scores refer to number of items recalled from the final
three positions of Trial 1 (items 8-10). Recency scores did not differ significantly between age groups, all ps > .11.
Learning

To examine the effects of testing language (English, ASL) and age group (older, younger)
on overall learning, we ran a 2 x 2 ANOVA with total items recalled when combining all three
learning trials in each language as the dependent variable (i.e. the sum of correct responses from
Trials 1-3), and AoA as a continuous covariate. This analysis revealed that younger participants

recalled more items than older participants, F(1, 61) = 10.97; 7,° = 0.15; p < .01. Additionally,

participants recalled the same number of items in both languages, though with a tendency
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towards better learning in English than ASL overall, F(1, 61) = 3.88; 77,° = 0.06; p = 0.05. Age
effects were equivalent in the two languages, there was no interaction between age group and
language F(1, 61) < 1; ,° = 0.001; p = 0.78.
Delayed Recall and Forgetting

Trial 3 vs. Delayed Recall. Figure 2.1 shows recall scores on Trial 3 versus after a delay
(see also Table 2.4). To investigate the effects of testing language and age group on forgetting,
we ran a 2 x 2 x 2 ANOVA with language (English, ASL) and trial (Trial 3, Delay Trial) as within
subjects factors, and age group (younger. older) as a between subjects factor, and number of
correct responses recalled as the dependent variable, and AoA as a continuous covariate. This
analysis revealed that younger participants recalled more items than older participants, a main
effect of age group F(1, 61) = 12.50; ,° = 0.17; p < .001, and participants recalled fewer items
after the delay compared to on Trial 3, a main effect of trial F(1, 61) = 64.00; 1,° = 0.51; p <
.001. However, in older participants the effect of language varied with trial such that they
recalled more items in English than in ASL on Trial 3 but more items in ASL than in English
after the delay (see Figure 2.1). Overall the 2-way interaction between language and trial was
significant, F(1, 61) = 6.12; ,° = 0.09; p = 0.02, but interpretation of the 2-way interaction must
be considered only in light of a more complex 3-way interaction between age group, language,
and trial F(1, 61)=7.31;7,° =0.11 p=0.01.

To investigate the nature of the three-way interaction, follow up 2 x 2 ANOVAS were
conducted on the younger and older participants separately. Younger participants recalled fewer
items after the delay relative to Trial 3, a main effect of trial F(1, 30) =26.355,° =0.47;p <

.001, recalled equivalent numbers of items in both languages, no main effect of language F(1,
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30) < 1; ,° = 0.01; p = 0.63, and the effect of delay on recall was equivalent in both languages,
there was no interaction between language and trial (1, 30) < 1; 7,° < 0.001 p = 0.93.

Older participants also recalled fewer items after the delay, a main effect of trial (1, 30)
=36.69 1,° = 0.55; p <.001, and recalled equivalent numbers of items in both languages overall,
there was no main effect of language F(1, 30) < 1 5,° = 0.01; p = 0.64. However, older
participants recalled significantly more items in English than ASL on Trial 3 (t(31) =-2.64, p
=.0.01), but fewer items in English than in ASL on the delayed recall trial. That is, the effect of
language reversed on the delayed recall trial. Although this reversal effect was not significant,
t(31)=1.09, p =.0.28, the cross-over interaction between language and trial was robust F(1, 30) =

9.13 1,2 = 0.23; p = 0.005.
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Figure 2.1. Mean number of items recalled in ASL and English on Trial 3 and after a Delay

Note. Younger (left panel), middle-aged (bottom panel), and older (right panel) participants are shown. Error bars
denote standard error. *** p <001, **p <.01, *p < .05, =p <.10

Baseline Adjusted Forgetting. Additionally, to investigate the rate of forgetting after
controlling for initial learning we calculated proportion forgotten scores for each participant by
subtracting the number of items recalled on the Delay trial from the number of items recalled on
Trial 3, and then dividing by items recalled on Trial 3. Adjusted scores for older and younger
participants are shown in Table 2.4 and illustrated in Figure 2.2. To investigate the effects of

testing language and age group on adjusted forgetting scores, we ran a 2 x 2 ANOVA with
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language (English, ASL) as a within subjects factor, and age group (older, younger) as a between
subjects factor, and adjusted forgetting scores as the dependent variable. This analysis revealed
that older participants forgot more items than younger participants, a main effect of age group
F(1,61)=5.17; ,° 0.08; p = .03, and participants forgot more in English than in ASL, a main
effect of language F(1, 61) = 6.66; n,° = 0.10; p = 0.01. However, these main effects were driven
by the performance of the older participants who forgot English items at a much higher rate
compared to younger participants (#(62) =-3.19, p =0.002), but the rate of forgetting ASL items
did not differ significantly between younger and older participants (#62) =0.32, p =0.75), a
significant 2-way interaction between language and age group F(1, 61)=7.657,> =0.11; p =

0.01.
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Figure 2.2. Learning-adjusted forgetting scores in each language

Note. Learning adjusted scores were calculated as [number correct on (trial 3 — delay)/Trial 3]. Error bars denote
standard error. *** p <001, **p < .01, *p <.05, =p <.10.



Primacy Effects

Figure 2.3 shows serial position curves in each language for older and younger
participants. Primacy scores are shown in Table 2.4 and were calculated as the total number of
items recalled from the first three items on the first recall trial (Trial 1; Cunha et al., 2012;
Mizrahi et al., 2023). To investigate aging effects on primacy scores, we conducted a 2 x 2
ANOVA with language (English, ASL) as a within subjects factor, and age group (older,
younger) as a between subjects factor with primacy scores as the dependent variable. These
analyses revealed that older adults recalled fewer primacy items than younger adults, a main
effect of age group F(1, 61) =7.63; ,° = 0.11; p = 0.01, primacy scores were equivalent in ASL
and English, no main effect of language F(1, 61) = 3.22; 1,° = 0.05; p = 0.08, and primacy scores
were suppressed in older adults to a similar extent in both languages, there was no interaction

between age group and language F(1, 61) < 1;7,° = 0.01; p = 0.55.
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©
8_0 6 Age Group and Language
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55_ older - ENG
o O 4 younger - ASL
T younger - ENG
o
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0.0-

12345678 910
Position of item in Trial 1

Figure 2.3. Serial position curves showing the proportion of ASL and English items recalled for
younger and older participants

Note. Triangles represent younger participants, and dots represent older participants.
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Language Proficiency

A common assumption is that bilinguals will score higher in whichever language they
report is more proficient. To consider how self-reported language proficiency affected recall
scores in deaf participants, we calculated language dominance scores (ASL minus English) for
self-rated language proficiency. We used the ASL average and written English average for each
person (see Table 2.1; Neveu et al., 2025). We then correlated language proficiency difference
scores in each age group with recall accuracy difference scores for each trial (see Table 2.5). In
young participants self-rated dominance in proficiency scores were not correlated with
differential ability to recall items in ASL versus in English. In older participants, Trials 1 and 2
exhibited moderate to small correlations such that participants who rated their ASL proficiency
as higher than their English proficiency tended to recall more items in ASL than in English.
However, by Trial 3 and in the Delay recall trial, these associations were no longer significant.

Figure 2.4 illustrates the relationship between self-rated difference in language
proficiency and difference in ability to recall ASL versus English on Trial 1 and the Delayed
recall trial. Participants who indicated they were more proficient in ASL than in English and
recalled more items in ASL than in English are shown in the upper right quadrant, while
participants who indicated they were more proficient in English and recalled more items in
English than in ASL are shown in the bottom left quadrant. Notably, many participants, both
younger and older, recalled more items in the language they rated as less proficient (all dots in
the upper left, and bottom right quadrants). This pattern may have occurred because participants
in this sample had relatively balanced language proficiency, though self-ratings did range from
~40% more English than ASL proficient to ~40% more ASL than English proficient (on the x-

axis). On Trial 1 memory scores exhibited a similar range of recall dominance scores (about 40%
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better in ASL or English), but by the delayed recall trial older participants (the red dots)
exhibited a broader range of recall difference scores (with several at or approaching 60% better
in one language than the other). Finally, note that most participants rated themselves as more
proficient in ASL than in English (most dots are to the right of the 0 point on the vertical y-axis),
but equal numbers of participants learned and recalled more English words than ASL signs as

vice versa (many dots are below the 0 point on the horizontal x-axis).

Table 2.5. Pearson bivariate correlations between language dominance scores (ASL minus
English) for self-rated proficiency and number of items recalled on Trials 1-3 and the delayed
recall trial

Trial 1 Trial 2 Trial 3 Delay
Older 0.40%* 0.35% -0.10 0.21
Younger 0.05 -0.25 0.01 -0.23

##% p< 001, **p <.01, *p < .05, T=p <.10.
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Figure 2.4. Correlations between language proficiency and list memory recall

Note. The figure shows the correlations between the difference in self-rated proficiency level (ASL minus English,
maximum difference = 7; shown on x-axis) and ASL minus English list recall scores (shown on y-axis, maximum
difference = 10). Raw difference scores between languages are shown on the top and right axes, while on the bottom
and left axes, scores were adjusted proportionally relative to maximum possible difference scores to facilitate
comparison of differences in self-ratings versus differences in recall scores on the same scale. The left panel shows
recall scores from Trial 1 recalled in each language, and the right panel shows recall scores from the delay trial in
each language.

Language of Testing Order effects

Language of testing order was counterbalanced across participants. Of the 64 participants
included in these analyses, 30 participants (16 young, 14 older) were tested on English lists first
and 34 (16 young, 18 older) were tested on the ASL lists first. Descriptive statistics for
participants who responded in each order are shown in Table 2.6. To investigate whether results
varied with language of testing order, we added language order as a between subjects factor to
each of the ANOVA analyses reported above.

Language of testing order did not affect overall learning or primacy scores. When testing

order was included in the analysis of overall learning scores, there was no main effect of order
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F(1,59) < 1; 7, = 0.004; p = 0.63, and no interactions between order and age group F(1, 59) <
1; 57,2 < 0.001; p = 0.95, order and language F(1, 59) = 1.59; ,° = 0.03; p = 0.21, or age group,
order, and language F(1, 59) < 1; 5,° < 0.001; p = 0.82.

When order was added to the analysis of primacy effects, there was no main effect of
testing order F(1, 59) = 1.87; 1,° = 0.03; p = 0.18, and no interactions between order and age
group F(1, 59) < 1; ,° = 0.01; p = 0.40, order and language F(1, 59) = 2.65; 1,° = 0.04; p =
0.11, or age group, order, and language F(1, 59) < 1; 5,° < 0.001; p = 0.94.

With respect to forgetting, there was no main effect of order /<1, no 2-way interactions
of age group and order, language and order, trial and order, all F's<1. The 3-way interaction
between age, order, and language, was also not significant /<1, and there was no significant
interaction between age, order and trial, F(1, 59) = 1.47; n,° = 0.02; p = 0.23. Of greater interest,
the 3-way interaction that was already reported above between age, language, and trial remained
significant with testing order added to the model, F(1, 59) = 5.90; ,° = 0.09; p = 0.02.
Additionally, participants forgot more items in whichever language was tested second, a
significant three-way interaction between testing order, language, and trial F(1, 59) = 11.14; ,°
=0.16; p=0.001.

To follow-up on this interaction, we conducted two 2 x 2 ANOVAs with order as a
between subjects factor, trial as a within subject factor, and items recalled as the dependent
variable, for ASL and English items separately. In ASL, participants remembered a similar
number of signs overall regardless of testing order, no main effect of order F(1, 61) < 1; ,° <
0.001; p = 0.77, and they remembered more signs on Trial 3 than after a delay, a main effect of
trial F(1, 61) = 15.35; 1,° = 0.20; p < 0.001. However, participants who were tested on the ASL

list first, forgot fewer ASL items after a delay than participants who were tested on the English
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list first, a significant interaction between order and trial F(1, 61) = 6.55; 1, = 0.10; p = 0.01. A
similar pattern was seen on recall of English words. Participants remembered a similar number
of English words overall regardless of testing order, no main effect of order F(1, 61) < 1; 7,° =
0.01; p=0.51, and they remembered more English words on Trial 3 than after a delay, a main
effect of trial F(1, 61) =31.97; 1,° = 0.34; p < 0.001. However, participants who were tested on
the English list first, forgot fewer English items after a delay than participants who were tested
on the ASL list first, a significant interaction between order and trial F(1, 61) = 6.55; 7,° = 0.10;
p = 0.013. Thus, in both ASL and English, the number of items forgotten was larger in whichever

language was tested second.

Table 2.6. Means and standard deviations for recall scores on Trial 3 and the delayed trials by
language and presentation order

Participants tested in ASL 1st Participants tested in English 1%
(n=35) (n=29)
Language Trial 3 Delay Trial Fol;[gi)l:tsen Trial 3 Delay Trial F()Irtgrolttsen
M (SD) M ($D) M (SD) M (SD) M (SD) M (SD)

ASL 65(1.8) 61(1.8) 0414  7.1(.6) 5.7(2.0) 1.3 (1.8)

English 5405 5329 2120 7109 6223  09(1.4)

Note. The Items Forgotten column shows difference scores (Trial 3 minus Delay Trial within each language).

Discussion

Summary of Results
The current study investigated how testing language and age impacted recall performance

on a word list learning task in 32 young and 32 older deaf ASL-English bilinguals. All
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participants preferred to respond in ASL for recall of both ASL and English lists, and all
produced at least some English mouthing while signing. Some participants used list buoys during
recall, but use of this linguistic device did not impact recall performance. Younger participants
recalled more items than older participants across all three learning trials, and on the delayed
recall trial in both ASL and English. Young participants showed equivalent learning (Trial 3
scores) and equivalent remembering/forgetting (Delayed recall scores) in both languages. Older
participants exhibited a more complex pattern in which English benefitted initial learning (Trial 3
scores were higher in English than ASL), but English exhibited more rapid forgetting than ASL
so that delayed recall scores were equivalent across languages (and were numerically higher in
ASL than in English; see Figures 2.1-2.2). Older participants also showed reduced primacy
scores relative to younger participants on Trial 1 in both languages (see Figure 2.3). In young
participants there was no significant relationship between self-reported degree of difference in
proficiency level between languages and relative ability to recall items in each language. By
contrast, in older participants, the difference in self-rated proficiency between languages was
moderately correlated with extent of ability to recall more items in the language that was rated as
more proficient on Trial 1 and weakly correlated on Trial 2. However, by Trial 3 and on the
delayed recall trial recall performance was no longer significantly associated with self-rated
proficiency level in each language (see Figure 2.4). Lastly, testing order (i.e., which language
was tested first) did not impact total learning or primacy scores, but both young and older
participants forgot more items in whichever language was tested second.
How does aging affect free recall in deaf ASL-English bilinguals?

The finding that younger participants recalled more items than older participants is in line

with previous studies which demonstrated aging-related decline in overall free recall of items
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from word lists (Craik, 1991; Petersen et al., 1992). Interestingly, when participants were tested
in ASL, aging effects matched the results of Petersen et al. (1992) who found that older
participants (monolingual English speakers) recalled fewer items than young participants after a
delay - but critically — there was no aging-related decline in delayed recall after adjusting recall
scores for amount of material that was learned initially. This is precisely the pattern that we
observed for older and younger deaf bilinguals when testing was in ASL. By contrast, testing in
English increased learning scores for older deaf participants initially (by Trial 3), but this benefit
did not persist over time, so that forgetting in English was proportionally larger in older than in
young participants on the delayed recall trial. Since rapid forgetting is the hallmark of
Alzheimer’s disease (Karrasch et al., 2005), the most commonly diagnosed form of dementia
(Jorm & Jolley, 1998; Morris, 1996), the results of the present study could suggest that testing in
English increases the chance of false positive diagnosis in older deaf ASL-English participants.
An alternative possibility is that learning is stronger in English, while recall is similar across
languages, for older participants. It is possible that high rates of English item learning by older
participants leads to exaggerated effects of forgetting in this sample. Additional research will be
needed to distinguish between these alternatives.

Primacy scores on Trial 1, which provide another potential marker of dementia (Bayley et
al., 2000; Kloth et al., 2020), were also lower in older than in young participants. This aging
effect did not significantly interact with language of testing. The relatively weak effects of
language on primacy scores also seems consistent with a number of recent studies. For example,
a study of free recall on 16 item lists in young hearing native ASL-English bilinguals (i.e.,
Codas: Children of Deaf Adults) found equivalent primacy and recency effects in ASL and

English (Bavelier et al., 2008). In another more recent study of older Spanish-English bilinguals,
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primacy scores were only marginally lower in the nondominant than the dominant language
(Gavino et al., submitted). Aging may affect primacy scores even less when participants recall
items from lists with semantically related subgroups of items (Griffin et al., 2017). Additional
research is needed to determine how primacy scores are affected by healthy aging in both hearing
and deaf bimodal bilinguals.

A question that arises is why language of testing did not influence recall in younger
participants, but in older participants English testing seemed to benefit learning. It is possible
that older participants benefited from speech-based encoding for immediate learning. In hearing
native ASL-English bilinguals, Hall & Bavelier (2011) examined the effects of language on
encoding and immediate serial recall in digit span tests and found a higher span when encoding
was speech-based as opposed to sign-based, i.e., when digits were presented in spoken
(audiovisual) English versus in ASL. Similarly, Sehyr et al. (2017) found evidence that deaf
signers recode both printed words and fingerspelled words into a speech-based code when
completing immediate serial recall tasks. Specifically, participants exhibited a speech-based
similarity effect for both stimulus types, i.e., word lists with phonologically similar words (e.g.,
blue, two, who) were remembered less well than lists of dissimilar words (e.g., king, tax, bug)
(ctf. Baddeley, 1986). Though these two studies investigated serial as opposed to free recall, it is
possible that the older deaf participants in the current study benefitted from speech-based
encoding immediately following presentation of printed English words. However, it is not clear
why older participants would benefit more than younger participants from initial speech-based
encoding, particularly since the two groups reported similar amounts of oral (speech-based)
education (see Table 2.1), nor is it clear why this benefit would occur with immediate but not

delayed recall.
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Another reason why English might have benefited learning is that participants translated
each word into ASL and preferred to recall items in ASL even when lists were presented in
written English. That is, they used ASL to recall items from both the ASL and English lists. This
response choice for English lists may not be surprising given that many deaf people prefer not to
speak, and fingerspelling the English words would be much slower than signing and would likely
hinder recall. The process of translating written English words to ASL signs during encoding
and/or recall may have benefitted older more than younger participants, but again it is not clear
why this should be the case nor why the benefit would diminish on delayed recall.

Another possible consideration that might have magnified the effects of language on
learning during immediate recall trials in older participants is between group differences in
educational background. Historically, older deaf individuals are more likely to be limited to
oral education during their early schooling years as a result of widespread educational policies in
the USA, which restricted access to ASL (Moores, 2010). Table 2.1 shows the means for self-
reported extent of oral communication during elementary and junior/high school years. Although
older and younger participants did not differ significantly in these measures, it is nonetheless
likely that teaching practices implemented for the older participants represented a stronger bias
for English education relative to those implemented for the younger participants. This
educational background for the older participants could be linked to their better performance in
English during the learning trials, in which recall for words was greater than for ASL signs.
Additional research will be needed to investigate this possibility, and to determine why English
facilitated learning but not delayed recall for older (but not for younger) deaf ASL-English
participants.

Language of Testing Order & Self-rated Proficiency Level
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An important consideration when conducting cognitive testing with bilingual participants
is what language(s) should be used for testing, i.e., whether to test in one or both languages, and
if testing in both languages, which language to test first. In the present study, we counterbalanced
order of language presentation and found no interactions with age group, and minimal order
effects. The only significant order effect was that participants forgot more items in whichever
language was presented second. It is possible that this order effect was due to proactive
interference, in which learning from a prior list interferes with learning of a new list. Proactive
interference can lead to reduced recall of initial learning of a new list compared to initial learning
of a previous list. However, proactive interference effects tend to be larger in older than in young
participants (Ebert & Anderson, 2009), a pattern not seen in the present study. Furthermore, it is
not clear why testing order effects were more evident in the delayed trial compared to immediate
learning trials in the current study. A recent study of older Spanish-English bilinguals found no
language of testing order effects on recall scores (Gavino et al., submitted), but that study did not
include delayed recall. One study of young Spanish-English bilinguals presented four word lists
in each language for immediate recall using brief exposure times (each word was presented for
just 400 ms) (Gutierrez et al., 2013). In this study, bilinguals recalled fewer English words if they
had previously completed the same task in Spanish, but the reverse pattern did not hold, as
Spanish recall was equivalent regardless of testing order. Importantly, these participants were
strongly English dominant, suggesting that activation of the non-dominant language impeded
later ability to learn and recall information in the dominant language, a form of between-
language interference that may resemble order effects sometimes found in picture naming tasks
(e.g., Branzi et al., 2014; Wodniecka et al., 2020). In the current study, we found effects in both

directions (prior recall of English affected later ability to recall items after a delay in ASL, and
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prior recall of ASL affected later ability to recall items after a delay in English). The bidirectional
effect of interference in the present study could reflect the relatively balanced degree of
proficiency in English and ASL in our participants (see Table 2.1).

Our finding of minimal effects of self-reported differences in language proficiency on
performance is also consistent with the assumption that ASL and English proficiency was
relatively balanced in our participants. Figure 2.4 shows that older participants who self-reported
one language as more proficient also tended to recall more items in the more proficient language
on Trials 1 and 2, but language dominance did not affect recall scores on Trials 3 and delayed
recall. Similar results were reported by Gavino et al. (submitted) who observed a significant
correlation between language dominance scores in older bilinguals only on Trial 1 (no young
bilinguals were tested in that study). The absence of significant effects in younger participants in
the current study could suggest that the young participants were even more balanced in their
proficiency levels than the older participants, or that young ASL-English participants were less
accurate in their ability to self-rate proficiency level than older participants. Caution is also
generally warranted when interpreting self-ratings of proficiency level, which does not
necessarily accurately reflect objectively measured proficiency level (Tomoschuk et al., 2019;
Garcia & Gollan, 2022; Gollan et al., 2012; Neveu et al., 2025).

However, the most striking aspect of the results shown in Figure 2.4 is the extent of
variability between participants. That is, many participants rated one language as more proficient
but then recalled many more items in the other language, and vice versa. For example, one
participant rated themselves as having better proficiency in ASL than in English (i.e., their self-
rated dominance score was positive), yet they consistently remembered more English items than

ASL items (i.e., a list memory dominance score of -3 on Trial 1 and -6 on the delay trial).
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Another participant who rated themselves as more proficient in English than ASL (i.e., negative
self-rated dominance score), recalled more ASL items on both Trial 1 and the delay trial. In
Figure 2.4, any participants shown in upper left or bottom right quadrants, exhibited one of these
patterns. This pattern may not be fully specific to deat ASL-English bilinguals as Gavino et al.
(submitted) found that some older Spanish-English bilinguals also recalled more items in a
language they indicated was less proficient. However, the pattern may be more common for deaf
ASL-English bilinguals because many more participants in the present study said they are more
proficient in ASL but then recalled more items in English than in ASL on Trial 1. In this respect,
testing in just one language might not accurately represent recall performance in many deaf
bilinguals.
Limitations

Additional studies are needed to determine if these findings replicate and generalize to
older deaf participants with more varied levels of proficiency in ASL and English, as well as
those with different educational backgrounds (most participants in our sample were high school
graduates with some college education). We suspect that relatively balanced bilingualism may be
common in deaf individuals for whom sign language is more accessible and for whom English
proficiency is needed for communication within the broader hearing community. However, more
work is needed to determine how to assess relative language proficiency in older deaf signers,
and how this may affect memory performance. Longitudinal studies will be needed to determine
if recall in ASL is more preserved with increased age compared to recall in English in deaf
bilinguals, and to determine which memory measures are most sensitive to dementia in older
deaf signers. Finally, we focused on recall of relatively short (10 item lists), and additional

research is needed to determine if similar results are found in memory for longer lists, and after a
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longer delay. Many commonly used list memory tests evaluate delayed recall after 15-20
minutes, whereas in the present study we tested only after a short delay of about 8-10 minutes.
Conclusions

The results of the present study provide critical preliminary information on list memory
performance of young and older deaf ASL-English bilinguals. Based on participants’ strong
preference to recall items in ASL in the present study — regardless of which language was used to
present list items — we recommend following this practice for memory assessments of deaf
bilinguals. We also recommend testing in both languages, which will be minimally affected by
testing order, and may maximize the performance of deaf ASL-English bilinguals on different
metrics of memory functioning (i.e., initial learning vs. delayed recall/forgetting). For older
participants, testing in ASL may be especially critical to determine if forgetting falls within
normal limits. In addition, given the lack of a clear relationship between self-reported language
proficiency and memory performance in both young and older participants, testing in both
languages will provide a more complete characterization of learning and memory ability for deaf

bilinguals.
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Appendix
Model Outputs for Age as Continuous Factor

Model outputs with age entered as a continuous factor (instead of as young, old contrast)
including all participants tested (middle aged participants aged 46-63 were excluded from the
analyses above but were included here to examine the continuous effects of age). AoA refers to
age of acquisition of ASL.

Table Al. Model outputs for primary outcome measures with age as a continuous factor

Effect F p '
Overall learning (Trials 1-3)
Age 18.21 0.00 0.19
AoA 0.98 0.33 0.01
LANGUAGE 3.77 0.06 0.05
Age:LANGUAGE 0.00 0.98 0.00
AoA:LANGUAGE 0.93 0.34 0.01
Trial 3 versus delay trial
Age 23.02 0.00 0.23
AoA 2.53 0.12 0.03
LANGUAGE 0.86 0.36 0.01
TRIAL 80.95 0.00 0.52
Age:LANGUAGE 0.01 0.91 0.00
AoA:LANGUAGE 0.08 0.78 0.00
Age:TRIAL 4.67 0.03 0.06
Ao0A:TRIAL 2.33 0.13 0.03
LANGUAGE:TRIAL 10.10 0.00 0.12
Age:LANGUAGE:TRIAL 6.91 0.01 0.08
AoA:LANGUAGE:TRIAL 2.64 0.11 0.03
Adjusted forgetting
Age 7.52 0.01 0.09
AoA 1.54 0.22 0.02
LANGUAGE 9.95 0.00 0.12
Age:LANGUAGE 7.19 0.01 0.09
AoA:LANGUAGE 2.20 0.14 0.03
Primacy scores
Age 11.67 0.00 0.13
AoA 1.26 0.27 0.02
LANGUAGE 1.62 0.21 0.02
Age:LANGUAGE 0.51 0.48 0.01
AoA:LANGUAGE 0.47 0.50 0.01

Note.
Note. Significant values appear in bold. AoA = Age of acquisition; Degrees of freedom numerator = 1; Degrees of
freedom denominator = 76.

44



(Appendix continues)
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Figure A1. Scatterplot demonstrating the continuous effect of age on learning (sum of Trials 1-3)
in all participants
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Figure A2. Scatterplot demonstrating the continuous effect of age on adjusted forgetting in all
participants
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Abstract

Objective: The present study investigated Stroop performance in young adult and older deaf

American Sign Language (ASL) and English bilinguals with both ASL and English stimuli.

Method: One hundred nine deaf ASL-English bilinguals (aged 21-88) signed their responses in
two computerized Stroop tasks, one with ASL videos of color signs and one with printed English
color words. Participants saw 120 trials in each language with 84 congruent and 36 incongruent

trials.

Results: Even though participants responded in ASL in both tasks, Stroop effects were larger
with English than with ASL stimuli in both response times (RTs) and errors, a pattern of results
not typically seen in spoken-language bilinguals (in which Stroop effects are often smaller
between-languages than within-languages). Older participants showed larger Stroop effects than
younger participants in RTs, but not in errors, and the Stroop effect increased continuously with

age.

Conclusions: The finding of larger Stroop effects in deaf signers with English rather than ASL
stimuli suggests a possibly critical role for modality of presentation in eliciting Stroop effects.
Additional work is needed to determine which version of the Stroop task is most sensitive to

detect cognitive impairment in deaf signing bilinguals.

Keywords: Bimodal bilingualism,; Bilingual Stroop; American Sign Language,; Aging, Deaf;

Between-language Stroop
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Statement of Research Significance

Research Question(s) or Topic(s): Previous work has demonstrated that young deaf American

Sign Language-English bilinguals show Stroop effects when presented with American Sign
Language (ASL) stimuli, but no study has examined between-language Stroop effects, nor aging

effects on the Stroop task in deaf signers.

Main Findings: Presenting deaf signers with an English Stroop task elicited larger Stroop effects

in response times and errors compared to a within-ASL Stroop task, and older deaf participants

showed larger Stroop effects than younger deaf participants.

Study Contributions: The current study is the first to examine both between-language and within-

language Stroop effects using a naturalistic response mode for deaf participants (i.e., signing),
and across a wide age range of deaf ASL-English bilinguals. This work constitutes a critical first
step in determining potential diagnostic sensitivity of Stroop tests to cognitive decline in this
population by demonstrating how testing language and aging modulate Stroop effects in deaf

bilinguals.
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Introduction

The Stroop task (Stroop, 1935) is one of the most widely studied experimental
paradigms, giving insight into processes such as attentional control (MacLeod, 1991) and
automaticity in lexical access (Brown et al., 2002). Color Stroop interference refers to the robust
phenomenon in which participants have difficulty ignoring the automaticity of reading instead of
naming the ink color in which the word is written. For example, it is difficult to say red when the
word blue is written in red ink. Stroop tasks have been used to probe interference effects across
languages in bilinguals, e.g., prompting individuals to look at a word written in Spanish, but to
name the color of the ink in English; the results of these cross-language studies have informed
our understanding of how two languages are represented and interact within a single cognitive
system (Fang et al., 1981; Rosselli et al., 2002; Tzelgov et al., 1990). The extent to which Stroop
effects transfer across languages is modulated by language proficiency and language dominance
(Naylor et al., 2012; Rosselli et al., 2002; Suarez et al., 2014). Stroop effects have also been
useful for understanding aging-related changes in cognitive processing. Stroop effects are larger
in older than in young participants (Cohn et al., 1984; Comalli Jr. et al., 1962; Nicosia et al.,
2021), indexing aging-related declines in processing speed and attentional control. Production of
errors in Stroop tasks is especially magnified in early stage Alzheimer’s dementia (AD; Balota et

al., 2010; Belleville et al., 2006, 2017), making the Stroop task clinically useful.

Despite the vast body of work investigating Stroop effects in hearing individuals across
the lifespan (see MacLeod, 1991 and Nicosia et al., 2021 for reviews), little research has
examined Stroop effects in deaf bilinguals who know American Sign Language (ASL) and
English, and no studies have evaluated Stroop effects in older deaf signers. We can address

several questions of interest by investigating Stroop performance in this unique group of deaf
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bimodal bilinguals, i.e., deaf individuals who know a sign language and a spoken language and
who may differ from unimodal bilinguals who know two spoken languages. These include
theoretical questions about the automaticity of cognitive processing of sign languages, how
testing language affects Stroop interference in different types of bilinguals, and the nature of
possible interactions between aging and bilingualism on Stroop interference effects. These are
critical considerations for evaluating if Stroop tasks are clinically useful in the diagnosis of

cognitive decline in deaf signers, and for understanding this unique form of bilingualism.

Stroop Effects in Hearing Unimodal Bilinguals

In unimodal bilinguals who know two spoken languages, Stroop interference effects are often
larger when the stimulus and response languages match (e.g., participants respond in Hebrew and
the words are written in Hebrew) compared to when they mismatch (e.g., participants respond in
Arabic and the words are written in Hebrew; Tzelgov et al., 1990). The finding of stronger
within-language than between-language Stroop effects is also more pronounced when the two
languages do not share orthography. For example, Spanish-English bilinguals show more
similarly sized within-language and between-language Stroop effects compared to Chinese-
English bilinguals, who show much larger within-orthography Stroop effects than between-
orthography Stroop effects (Fang et al., 1981). These results suggest that there is greater
competition between languages in bilinguals who use languages that rely on overlapping
orthographies because the two languages engage the same script processing mechanisms. In
contrast, bilinguals reading a logographic script (Chinese) do not experience as much
competition from an alphabetic script (English), which leads to reduced Stroop effects between

the two languages.
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Language proficiency and dominance can also impact Stroop performance; unimodal
bilinguals sometimes show greater Stroop interference in their more proficient or dominant
language (Naylor et al., 2012), and Stroop interference effects increase with increasing
proficiency level (Rosselli et al., 2002; Suarez et al., 2014). In addition, Stroop tasks involve
automatic processing (i.e., automatic lexical retrieval of the printed word) as well as cognitive
control (i.e., ability to inhibit the automatic reading of the printed word), both of which can vary
with proficiency in the testing language. Tzelgov et al. (1990) suggested that the relationship
between language proficiency and Stroop interference may be U-shaped; some proficiency is
needed to show any interference between languages, but at the highest level of proficiency
bilinguals may be better able to control Stroop interference. They found larger within-language
than between-language Stroop interference in balanced bilinguals, whereas in unbalanced
bilinguals, Stroop effects were larger whenever stimuli were presented in the dominant language.
Thus, Stroop effects could both under- or overestimate cognitive control abilities in bilinguals,

depending on proficiency level and the language of administration.

Stroop Effects in Deaf Signers

Deaf bilinguals differ from hearing bilinguals in many aspects of language use and
exposure. Some deaf individuals use speech or lip reading to access English, but many use
English primarily in the written modality, and many learn English through reading and writing.
By contrast, hearing bilinguals typically learn a second language by hearing and speaking it (in
addition to reading and writing it). Additional considerations are important for predicting how
these factors may influence Stroop performance in deaf ASL-English bilinguals. ASL and other

sign languages do not have a widely adopted written form, and consequently deaf bilinguals read
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and write in just one of their two languages. All of these factors potentially impact Stroop

performance, yet few studies have investigated Stroop effects in this population.

Initial attempts to elicit Stroop effects in a sign language used static drawings of ASL
color signs and asked deaf participants to sign the name of the drawing’s ink color, but these
studies yielded inconclusive results with nonsignificant Stroop effects (Marschark, 1988;
Marschark & Shroyer, 1993). We suggest that the null results found in these early studies were
likely due to the use of static images. Movement is an essential feature of ASL color signs and
without movement, the color sign drawings resemble ASL letter signs because most color signs
have a handshape that represents the first letter of the English translation. For example, the sign
YELLOW involves moving the Y handshape with a repetitive twisting movement, but a static Y
handshape is the sign for the letter “Y”. Static drawings of letter names may simply not be
sufficient to elicit activation of ASL color signs and thus are not appropriate stimuli for an ASL

Stroop task.

To date only two studies elicited Stroop effects using dynamic videos of ASL color signs.
Dupuis & Berent (2015) used videos of ASL signers from the torso up producing color signs,
overlaid with a color that was either congruent or incongruent with the sign being produced. A
small group of 10 deaf ASL signers (age not reported) completed two ASL Stroop tasks in which
they were instructed to name the color of the hand while ignoring the sign; one task used button-
pressed responses and one used signed responses. Regardless of response mode, participants
were slower and less accurate when responding to incongruent trials (the hand color and the
color sign were different) compared to congruent trials (the hand color and the color sign were
the same), thus demonstrating significant Stroop effects for ASL. This result was taken as

evidence for the automatic activation of the semantics of ASL signs, since participants
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experienced interference from the signed lexical items, even though they were instructed to
ignore the meaning of the sign and respond only to the color of the hand (Dupuis & Berent,

2015).

More recently, Bosworth et al. (2021) tested 15 deaf ASL-English bilinguals, ages 19-39,
using both ASL and English Stroop tasks with button-pressed responses. The color responses
(blue, green, yellow, purple) were labeled on a keyboard with color patches that participants used
to respond to either ASL signs or printed English words. For ASL, participants were shown
dynamic videos of hands producing the ASL color signs, which were all produced in a neutral
location with the same movement and differed only in handshape. For both languages,
participants completed both a traditional Stroop interference task (i.e., they identified the color of
the hand for signs, and the font color for English words), and a control task in which they
indicated the color expressed by the sign or word. Both the ASL and English Stroop tasks
exhibited robust Stroop effects. Additionally, within the ASL task, participants with higher ASL
proficiency (measured by the ASL-Comprehension Test; Hauser et al., 2016), exhibited larger
ASL Stroop effects (English proficiency was not assessed). This result replicates the association
between proficiency level and the magnitude of Stroop interference found in unimodal bilinguals
(Rosselli et al., 2002; Tse & Altarriba, 2012). Thus, this initial investigation into deaf ASL-
English bilinguals’ Stroop performance reveals some similarities to the literature on Stroop
effects in hearing unimodal bilinguals. However, additional work is needed with larger sample
sizes to better understand Stroop performance in deaf ASL-English bilinguals (the previous
studies included n=10, Dupuis & Berent, 2015; and n=15 deaf participants, Bosworth et al.,
2021). In addition, Bosworth et al. (2021) did not investigate the impact of English proficiency

on English Stroop performance in deaf bimodal bilinguals, nor did they investigate between
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language Stroop effects (i.e., English stimuli with ASL responses). Finally, neither study tested
participants above the age of 40, leaving a critical gap in understanding of Stroop performance in

older deaf bilinguals.

Current Study

Investigating deaf bimodal bilinguals’ Stroop effects in both ASL and English presents an
opportunity to explore a variety of theoretical questions regarding the impact of bilingualism,
language proficiency, and modality on Stroop performance. The absence of a writing system for
ASL makes it more difficult to predict the expected magnitude of within-language vs. between-
language Stroop effects in deaf bilinguals. The lack of a shared orthographic system could
suggest similar within- and between-language Stroop effects for ASL-English bilinguals, given
the lack of competition at the perceptual form level. However, it is unknown how the cross-
modal nature of the between-language task (i.e., signing the color of the printed English word)

might influence Stroop effects.

Language proficiency may also be critical in assessing Stroop effects. Although many
deaf individuals consider ASL to be their dominant language, they also typically use written
English on a daily basis and may become skilled readers (e.g., Sehyr & Emmorey, 2022). English
also represents the main form of connection to the hearing-dominant society in which deaf
people are immersed. Thus, if language proficiency is an important predictor of Stroop
performance in this population, ASL-English bilinguals with high levels of proficiency in both of
their languages might exhibit similar within-language and between-language Stroop effects, as

has been reported for balanced bilinguals (Rosselli et al., 2002).
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Another factor that may be important to consider is the age of acquisition (AoA) of ASL
which is variable across deaf individuals and has been shown to affect performance on some
cognitive and linguistic tasks (see Mayberry, 2002, for review). In contrast to hearing bilinguals,
the AoA of ASL can reflect the timing of acquisition a first language because deafness prevents
early acquisition of spoken English, and most deaf people (90-95%) are born to hearing parents
who do not know a sign language (Mitchell & Karchmer, 2004). Deaf adults with a later ASL
Ao0A have been shown to have poorer language skills in both English and ASL and are at risk for
early language deprivation which impacts cognition and mental health (Hall et al., 2017). Thus, it
is possible that individuals who acquired ASL later in life will show smaller Stroop effects as a
result of lower levels of language proficiency. However, another possibility is that those with a
later ASL AoA could show larger Stroop effects due to the detrimental effects of language

deprivation on executive control abilities (Botting et al., 2017; Merchan et al., 2022).

Finally, given the above-mentioned meta-analysis by Nicosia et al. (2021) which
concluded that Stroop effects are significantly larger in older than in younger hearing adults,
even after controlling for general aging-related slowing in response times we expected that older
deaf bilinguals would show larger Stroop interference effects compared to younger deaf
bilinguals. However, it is unknown whether aging effects on Stroop performance will be equal

for both languages or larger in one language than the other.

To characterize Stroop performance in deaf ASL-English bilinguals across a wide age
range we administered Stroop tasks using both ASL and English stimuli while allowing
participants to respond with ASL (the preferred and dominant language of communication for
many deaf individuals). We aimed to understand how testing language and modality influences

Stroop performance, potentially revealing differences between how unimodal and bimodal

62



bilinguals engage in cognitive control when asked to complete a between-language Stroop task.
Results of this study may also inform clinical applications of the Stroop task with this
population, particularly which language may be better for presentation of the task. Finally,
understanding how aging impacts Stroop performance in deaf older adults is critical for
interpreting Stroop performance as a possible diagnostic tool to identify the earliest signs of
cognitive decline, and to differentiate changes associated with typical aging from those of

disordered aging (e.g., AD) in deaf signers.

Methods

Participants

One hundred twelve deaf ASL-English bilinguals ranging in age from 21-88 completed
two computerized Stroop tasks, one with videos of dynamic ASL color signs and one with
printed English color words. Three participants were excluded from analysis due to self-reported
difficulties with memory and struggles to complete many tasks presented on the day of
examination. Sixty-four participants were tested in San Diego or Riverside, CA, and 45 were
tested in Rochester, NY. Participants were recruited through presentations at Deaf community
events, communication with Deaf senior citizen centers, and through flyers distributed at
community events. Participants self-reported their race and ethnicity in a background
questionnaire. The race breakdown for the participants was 87% white (95/109), 3.7 % black
(4/109), 1.8 % Asian (2/109), 5.5 % reported more than one race (6/109), and 1.8 % declined to
answer (2/109). The ethnicity breakdown was 11 % Hispanic or Latino (112/109), 85 % not
Hispanic or Latino (93/109), and 4% of participants reported that their ethnicity was unknown or
declined to answer (4/109). The reported gender breakdown was 53% female (58/109), 45%

male (49/109), and 1.8% preferred not to say (2/109). Participants were divided into four age
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groups: Young, ranging from age 21-45 (n = 34); Middle, from 46-63 (n = 17); Young-Old, from
64-70 (n = 29); and Older, from 71-88 (n = 29). The cutoffs for the young and middle age groups
followed those reported in our previous study on list memory performance in this population
(Camilliere et al., 2026). The cutoffs for the young-old and older groups were determined by
conducting a median split on the group of participants above the age of 64. All participants

reported that they use ASL in their daily life and as a primary language*.

This research protocol was approved by the University of California, San Diego (UCSD)
Institutional Review Board in accordance with the Helsinki Declaration. All participants were

given informed consent and were given monetary compensation for participation.
Procedure and Stimuli

Participants completed the Stroop tasks as part of a larger battery of cognitive and
language tasks for deaf ASL-English participants. Following a comprehensive language
background and demographics questionnaire, participants completed three testing blocks. Stroop
tasks were administered following a ten-item list memory task (conducted in the same language;
Camilliere et al., 2026). Language of testing order (first, second) was counterbalanced across
participants, such that they completed the memory and Stroop tasks in English then both tasks in

ASL, or vice versa.

Testing was conducted in ASL by a signing researcher. The ASL and English Stroop tasks

were presented via PsychoPy v2.2 (Peirce et al., 2019) in a counterbalanced order between

4 A reviewer asked which other languages our participants used in addition to ASL and English. Of our 109
participants, 23 reported knowing another signed/written/spoken language, including Spanish, Chinese, French,
British Sign Language, Mexican Sign Language, and others. Of those 23 only one reported using their other
language for 50-75% of the time during their everyday life, all others reported using the other language 0-XX% of
the time. Our primary inclusion criteria for language was ASL or English as the first acquired language, and daily
use ASL and English.
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participants. Task instructions were given in both ASL and written English for each task, and
participants were instructed to sign the color of the hand/font while ignoring the sign/word.
Initially, participants were instructed to respond in ASL for the ASL task and were given a choice
between speaking and signing their responses for the English task. This choice was necessary as
many deaf individuals do not use speech in their everyday life, and speaking would be an
unnatural response mode for those participants. After the first 25 participants (who all preferred
to use ASL to respond), we decided it was not necessary to give the choice to respond in English
and instructed participants to respond in ASL. Participants completed a 12-item practice block in
each language to familiarize themselves with the procedure, during which they were given
feedback on their performance. For each trial, participants were instructed to depress the
spacebar until the stimuli appeared on the screen. As soon as they identified the color of the
hand/font, participants were instructed to lift their hand and sign their response. The stimuli
remained on the screen for 2 s or until the spacebar was released. Trials were self-paced, as trial
initiation was triggered by the participant depressing the space bar. Reaction time was recorded
from the stimulus onset to the response onset. Response onset was indicated by the release of the
spacebar, which was taken as a proxy for the onset of sign production (see Emmorey et al.,
2012). Response accuracy was scored after the experiment by two ASL-fluent coders with
reference to the video recording. Ten percent of data was independently scored by each coder to
establish interrater reliability, and scores were in agreement for 98.9 percent of trials. Trials were
coded as errors if the participant produced an incorrect handshape or sign following the release
of the spacebar. Hesitations, in which a participant released their hand from the space bar and
produced a neutral handshape with a marked pause, were not scored as errors but were removed

from reaction time analyses. Hesitations accounted for 2% of total trials.
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ASL stimuli for this experiment were adapted from Bosworth et al. (2021) and included
three ASL color signs (BLUE, GREEN, and YELLOW) and their corresponding English words
(see Figure 3.1). These ASL color signs are articulated in the same neutral space and differ only
in handshape. English stimuli were presented in Impact font in the center of the screen. ASL
videos were filmed and cropped to match the size of the English print stimuli (52 point font).
Nine stimuli were created for each language, with three congruent color-word/sign stimuli and
six incongruent color-word/sign stimuli. Each participant saw 120 trials in each language, with
84 congruent and 36 incongruent trials. This ratio was selected following a previous study that
found larger Stroop effects in participants with MCI (Mild cognitive impairment) and AD
(Alzheimer’s Disease) compared to healthy controls when fewer incongruent than congruent

trials were presented (Bélanger et al., 2010)

As part of the larger testing battery, participants also completed several tests of ASL and
English proficiency, including the American Sign Language Comprehension Test (ASL-CT,;
Hauser et al., 2016) and the English version of the Multilingual Naming Test (MINT Sprint 2.0
version; Gollan et al., 2024). The ASL-CT consists of 30 multiple choice questions probing
understanding of ASL complex signs and sentences. The English MINT Sprint consists of 80
pictures that participants were asked to name in English with the option to speak, fingerspell, or
write their responses. > Of the 107 participants with English MINT scores available, 87 chose to

fingerspell (81%), 13 chose to speak (12%), and 7 chose to write (7%).

5 ASL-CT scores were unavailable for one participant, and English MINT Sprint scores were unavailable for two
participants due to loss of video data during administration.
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= Blue

Figure 3.1. ASL and English Stimuli

Note. The ASL signs show still images taken from the video stimuli of color signs used. The English stimuli

matching the ASL signs are shown above each image. The top row (a) shows examples of congruent stimuli in ASL
and English, and the bottom row (b) shows examples of incongruent stimuli in ASL and English.

Table 3.1. Participant characteristics divided into four age-groups

Younger Middle Younger-Old Older

(n=34) (n=17) (n=28) (n=29)
Characteristic M SD M SD M SD M SD
Age 336 6.8 562 56 674 20 758 4.6
Years Education 16.1 2.7 14.9 2.4 16.5 2.7 15.6 2.4
ASL AoA? 33 5.5 4.6 5.5 8.4 10.8 9.8 7.2
ASL CT score® 252 23 242 39 226 3.1 20.8 4.0
English MINT Sprint 2.0 679 9.0  69.2 55 684 92  69.1 59

Note. *AoA = reported age of acquisition of ASL. BASL CT = ASL Comprehension Test. ¢ Total number of pictures
named correctly in English (out of 80) on the Sprint 2.0 version of the Multilingual Naming Test (MINT).
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Results

Analysis Plan

Numbers shown in Table 3.1 reflect means and SDs after removing one participant who
was excluded from analysis for producing errors on 55% of incongruent trials in the ASL Stroop
task (this was more than 5 SDs greater than the mean). Preliminary exploratory correlations
including the remaining n=108 participants and are shown in Table 3.2. The outcome variables
used to define Stroop performance were baseline adjusted Stroop response times (RTs) [Baseline
adjusted Stroop RT = ((Incongruent RT — Congruent RT)/Incongruent RT))] and Stroop error
production (i.e., proportion errors on incongruent trials — proportion errors on congruent trials).
These analyses revealed positive correlations between the size of English Stroop effects in
baseline adjusted RTs and age (see Figure 3.2), but no significant correlations with ASL Stroop
effects in baseline adjusted RTs®, Stroop effects in error rates in either language, age of
acquisition of ASL, ASL proficiency (measured by the ASL Comprehension Test; Hauser et al.,
2016) or English proficiency (measured by the English MINT Sprint 2.0; Gollan et al., 2024;
Neveu et al., 2025). See Figure 3.3 for an illustration of the null correlation between proficiency

and Stroop performance.

To further illustrate the effects of age and stimulus language we conducted 2 x 2
ANOVAs with RTs and errors as dependent variables, age as a continuous covariate, and
stimulus language (ASL, English) and trial type (incongruent, congruent) as within-subjects

factors. Finally, to ensure that the effects we observed were not driven by baseline differences in

® When including the one participant with very high error rates this correlation was significant, but still relatively
smaller in size than the analogous correlation with baseline adjusted English RTs, r=.2 p=.03.

68



response speed, with baseline adjusted Stroop effects as the dependent variable instead of raw

RTs.

Table 3.2. Correlations between demographics, proficiency tests and Stroop measures (n=108)

Educati  ASL ASL  English ASL — English ~ ASL
Age n AoAA CTE  MINTC Stroop  Stroop  Stroop
0 0 RTD RT  Errors
Age
Education -0.02
ASLAOA 034" -0.05
ASL CT 045" 017  -036"
EngllSh sokok *
VINT 0.04  0.42 006 021
ASLStroop 19 004 001 0002  0.09
RT
EngllSh sk seskok
Strcop RT 0.33 0.01 0.15 -001 001 044
ASLStoop 0y 904 002 -014 017 010 -028"
Errors
English
Stroop 0.09 0.05  -0.04 -0.13 0.0l 001  -027"* 057
Errors

Note. * AoA = reported age of acquisition of ASL.BASL CT = ASL Comprehension Test. © Total number of pictures
named correctly in English (out of 80) on the Sprint 2.0 version of the Multilingual Naming Test (MINT). P Stroop
RTs reported here are baseline adjusted Stroop RT Effects ((Incongruent RT — Congruent RT)/Incongruent RT)). ***
p<.001, **p < .01, *p <.05.

Response Times (RTs)

The analysis of the raw RTs revealed robust Stroop effects; incongruent trials elicited slower RTs
than congruent trials, F(1,104) = 168.7; 1,°= 0.62; p < 0.001, a main effect of trial type.
Additionally, participants responded more slowly to ASL than to English stimuli, (1, 104) =

29.5; 17,°=0.22; p < 0.001, a main effect of language. Stimulus language also modulated the size
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of the Stroop effect, which was larger with English than with ASL stimuli, indicated by a
significant interaction between trial type and language, F(1, 104) = 16.1; 7,°= 0.13; p < 0.001.
Older participants tended to respond more slowly overall, a significant main effect of age, F(1,
104) = 7; 5,°= 0.06; p = 0.009. Additionally, Stroop effects were significantly larger in older than
in younger participants, a significant interaction between trial type and age, F(1, 104) = 12.2;
n,°=0.11; p < 0.001, and the magnitude of this increase was larger for English compared to ASL
stimuli, a significant three way interaction between trial type, age group, and language, F(1, 104)
=6.3; 17,°= 0.06; p = 0.01. Both young and older participants responded slower with ASL than

with English stimuli, i.e., there was no interaction between age and language, F' < 1.

Analysis of baseline adjusted Stroop RT effects showed that the main effects survived the
control for baseline response speed, including the effect of age, F(1, 104) =12.3; 5,°=0.11; p <
0.001, and stimulus language, F(1, 104) = 20.7; 5,°= 0.17; p < 0.001. In fact, Stroop effects were
especially larger with English than with ASL stimuli, after controlling for baseline speed (given
that ASL elicited slower response times, Stroop effects were proportionally even smaller, see
Figure 3.4). As reported for raw RTs, age effects were larger for English than ASL stimuli, i.e.,
there was a significant interaction between age and language in baseline adjusted Stroop effects,

F(1,104)=5.8; ;7P2= 0.05; p=0.018.
Error Rates

The analysis of error rates showed robust Stroop interference effects, evidenced by more errors
on incongruent trials compared to congruent trials, F(1, 104) = 109.8; 7,°= 0.51; p < 0.001, a
main effect of trial type. Additionally, participants produced more errors when stimuli were
presented in English versus in ASL, F(1, 104) = 3.9; 57,°= 0.04; p = 0.05, a main effect of

language. Young and older participants had similar error rates, ' < 1, but participants showed
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larger Stroop effects in English compared to in ASL, producing more errors on incongruent
compared to congruent trials in English than in ASL, F(1, 104) = 4.6; 1,°= 0.04; p = 0.03, a
significant interaction between trial type and language. None of the other interactions were
significant (all F's <1 for interactions between age and language, age and trial type, and the 3-

way interaction).

Table 3.3. Means (and SDs) for raw RTs and percent errors by condition in each age group

Younger Middle Younger-Old Older
(n=134) (n=17) (n=29) (n=29)
Variable M SO M SD M SO M SD
ASL
Congruent RT 1655 204 1805 334 1746 323 1807 335
Incongruent RT 1707 237 1873 311 1836 368 1892 362
Stroop effect in ms 53 56 68 73 90 98 85 59

Congruent percent errors 0.4 0.9 0.4 0.8 0.2 0.6 0.5 1.1
Incongruent percent errors 8 7.1 7.1 7.2 10.8 11.8 6.8 7.3

Stroop effect in errors 7.7 6.8 6.7 6.9 10.6 11.7 6.4 6.6
English

Congruent RT 1541 153 1641 190 1599 150 1644 144
Incongruent RT 1608 195 1728 250 1696 241 1803 225
Stroop effect in ms 67 55 87 86 97 119 158 110

Congruent percent errors 0.4 0.9 0.4 0.7 0.1 0.4 0.4 1.4
Incongruent percent errors 9 10.1 7.9 9.9 14.1 115 9.4 13
Stroop effect in errors 8.6 102 75 10 14 11.5 9 12.1

Note. RT = response time; ms = milliseconds; Stroop effect = Incongruent trials minus Congruent trials in raw RTs
(for baseline adjusted Stroop effects see Figure 3.2).
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Figure 3.2. Scatterplots illustrating the effects of age on baseline adjusted Stroop effects in RTs
with ASL vs. with English stimuli (n=108)
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Note. *** p <.001, **p <.01, *p < .05. Error bars denote standard error.

Discussion

Summary of Key Results

The present study revealed robust Stroop effects both within ASL (i.e., ASL stimuli with ASL
responses) and between languages (i.e., English stimuli with ASL responses). Of greatest
interest, Stroop effects were larger with English than with ASL stimuli for both older and
younger participants, an effect of stimulus language that was significant in both RTs and errors.
Additionally, participants responded more slowly when stimuli were presented in ASL compared
to written English words. The language difference was even larger after adjusting for baseline

response speed. Older participants showed significantly larger Stroop effects than younger
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participants in RTs (see Tables 3.2-3.3; Figures 3.2 and 3.4), but not in error rates (see Table 3.2-
3.3). The age-related increase in Stroop effect in the RTs survived control for baseline speed
(which was marginally slower overall in older than in younger participants). There was a
significant interaction between language and age with older participants showing larger baseline
adjusted Stroop effects in English than ASL, also illustrated by a significant correlation between
age and baseline adjusted Stroop RT effects in English that was smaller and not significant in
ASL (see Table 3.2). Finally, ASL and English proficiency did not appear to be related to Stroop
performance, as there were no significant correlations between Stroop RTs or errors and scores

on independent measures of ASL and English proficiency.

Testing Language Effects on Stroop Performance

Our observation of robust Stroop effects with ASL and with English stimuli (i.e., longer
RTs and more errors on incongruent than congruent trials) replicate those of Dupuis & Berent
(2015) for ASL and Bosworth et al. (2021) for both ASL and English. These findings indicate
that deaf ASL-English bilinguals rapidly and automatically access the meaning of both ASL
signs and written English words. The present study was the first to implement a between-
language condition for deaf bilinguals in which the response language did not match the
language of the stimuli, revealing the presence of between-language Stroop effects in bimodal
bilinguals and replicating the existence of between-language Stroop effects previously found in

unimodal bilinguals (Rosselli et al., 2002; Tse & Altarriba, 2012).

Surprisingly, the between-language (English-ASL) Stroop effect was also /arger than the
within-language (ASL-ASL) Stroop effect (in both RTs and errors), i.e., Stroop effects were
larger when deaf participants signed responses to English compared to ASL stimuli. This pattern

of results has not been seen in previous studies of unimodal bilinguals who either showed
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equivalent Stroop effects within- vs. between-languages, or smaller between-language than
within-language Stroop effects (Fang et al., 1981; Tzelgov et al.,1990). Bosworth et al. (2021)
did not test between-language Stroop effects — participants in that study responded with button
presses for both the ASL and English stimuli. However, Stroop effects were larger with English
than with ASL stimuli, which resembles the pattern of results reported here. A key difference
between unimodal and bimodal bilinguals that might explain the differences in the relative size
of Stroop effects with ASL vs English stimuli may be that processing written words — which are
presented as a whole — is faster than processing signs which unfold more slowly over time.
Indeed, ASL stimuli elicited slower responses overall compared to English stimuli. Recognition
times for spoken words, which also unfold over time, are also typically longer than for printed
words (Carver, 1990). Dynamic ASL signs may allow more time to control interference effects
when responding compared to static English words, thus leading to weaker within-language

Stroop effects.

Larger Stroop effects in English than in ASL may also be due to increased competition
between activated lexical items. Previous studies have shown that deaf signers automatically
access ASL signs when reading printed English (Meade et al., 2017; J. P. Morford et al., 2011;
Saunders et al., 2025). Thus, in the English-ASL condition participants may be suppressing
competition from both the incongruent printed English word and its ASL translation. In contrast,
for the within-language (ASL-ASL) condition, participants only need to inhibit producing the
ASL color sign that was presented. Additionally, even if a deaf individual’s first language is
ASL, their first written language is typically English, and all of their subsequent reading and
writing is in English. This situation may create a different type of proficiency profile for deaf

bilinguals compared to hearing bilinguals. In fact, several studies comparing skilled deaf and
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hearing readers have found that deaf signers are more efficient in processing print (N. N.
Bélanger & Rayner, 2015; Cooley et al., 2025; Schotter et al., 2024), and make faster word and
non-word decisions (Farifa et al., 2017; Lee et al., 2022; J. Morford et al., 2015). Thus, we
speculate that deaf bilinguals make more errors and have longer RTs with English stimuli
because they process English words faster than ASL signs, and this leads to early co-activation of
ASL color sign translations which compete with the ASL signs that must be retrieved to name the

ink color.

Finally, a critical difference between the current study and previous studies investigating
Stroop performance in unimodal bilinguals is that the English task in the current study also
represents a modality difference between the stimulus and the response, making this condition
both a cross-modal and a between-language task. Thus, the differences seen in Stroop effects for
the within-language (ASL-ASL) and between-language (English-ASL) conditions could be
related to the modality difference in the stimuli (as argued above) or to the language modality
difference for the between-language condition. A future study could control for modality by
testing Stroop performance in deaf signers who are bilingual in two sign languages (e.g., ASL
and DGS - German Sign Language). The between-language condition (ASL-DGS) for these
bilinguals would be more comparable to unimodal between-language conditions, and the

differences related to static text vs dynamic videos would be removed.

Aging Effects on Stroop Performance

Older participants showed larger Stroop effects in the analysis of both raw RTs and
baseline adjusted RTs compared to younger participants, aligning with previous research that has
identified a robust aging related increase in Stroop effects (Nicosia et al., 2021). As in previous

studies with hearing participants, aging effects survived a control for baseline response speed,
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and unique to the present study, aging effects were larger in English than in ASL, possibly for
some of the same reasons as noted above to explain why Stroop effects were larger in English.
Finally, it is notable that older participants did not produce more errors on incongruent trials than
younger participants. Stroop errors have been found to be particularly sensitive for predicting
conversion to AD in hearing participants (Balota et al., 2010). The lack of aging effects on error
rates in the current sample presents raises further questions to explore in future studies
comparing patients to healthy controls to see if Stroop errors are predictive of cognitive decline

in this population.

Proficiency and AoA Effects on Stroop Performance

Though previous studies with unimodal bilinguals (Rosselli et al., 2002; Tse & Altarriba,
2012) and bimodal bilinguals (Bosworth et al., 2021) have found an association between
language proficiency and the magnitude of the Stroop effect in reaction times, there was no
evidence for this relationship in the current group of ASL-English bilinguals. Importantly, we
used the same ASL proficiency measure as Bosworth et al. (2021), and we included a similar (or
wider) range in ASL-CT scores. Their scores ranged from 67-97% (M=85%; SD=31) whereas
our participants’ scores ranged from 36%-93% (M=79%; SD=12). The present study also had a
much larger number of participants with ASL-CT scores (n=108 versus n=14, one participant
from Bosworth et al. was missing an ASL-CT score). The absence of a relationship between
proficiency level and Stroop effects is consistent with Tzelgov et al.’s (1990) suggestion that
Stroop effects vary little in magnitude once a minimal level of proficiency level is reached as
participants in the present study regularly used both ASL and English to communicate in their

daily lives.
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Age of acquisition (AoA) of ASL increased steadily across age groups from 3.3 years for
the young signers to 9.8 years for the older signers (see Table 3.1). This difference most likely
reflects changes in US education and in the acceptance of ASL as a language between the 1940s
and 1950s when the oldest signers attended school and the 1990s/2000s when the youngest
signers began pre-school (Humphries, 2013; Lane, 1984). Bilingual pre-school and kindergarten
programs were not available for older signers who typically learned ASL from deaf signing peers
when they entered elementary or junior high school. Importantly, we found no effect of AoA on
any of our Stroop effect measures (see Table 3.2), suggesting no cognitive impact from potential
language deprivation that can occur with late AoA. However, AoA was correlated with ASL
proficiency — those with a later AoA performed worse on the ASL Comprehension Test. This
result is consistent with many studies that report poorer ASL skill with later AoA, even when

acquisition occurs during childhood (see Mayberry & Kluender, 2018, for review).

Limitations

Although the current sample size is larger than those of any previous study investigating
Stroop effects in ASL-English bilinguals, it is still relatively small and more research is
necessary to determine if these findings hold across deaf participants with more varied
backgrounds. The current sample was relatively homogenous in terms of education (i.e.,
primarily individuals with a high school education and some college education), race, and
ethnicity (i.e., primarily individuals who identified as white). Additionally, while both measures
of language proficiency are established, well-normed tasks, they are not directly comparable to
each other, i.e., picture naming (English MINT Sprint 2.0) vs. sentence comprehension (ASL-

CT).
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Conclusions

The results of the current study present a more in-depth understanding of deaf ASL-
English bilinguals’ performance on Stroop tasks in each of their languages. Overall response
times were slower with ASL stimuli, likely due to modality differences between dynamic sign
videos and static printed words. However, participants demonstrated larger Stroop interference
with English stimuli, in both reaction time and error rates. There was also an effect of aging on
Stroop performance (reaction times) for both English and ASL, but the aging effect was larger in
English, the non-dominant language for these participants, than it was in ASL. This pattern of
results is unexpected given that standard recommended practice for unimodal bilinguals is to
administer tests in the dominant language, which will generally be more sensitive for detecting
group differences (Gollan et al., 2024). Understanding how typical aging influences Stroop
performance is a critical first step in determining whether a Stroop task can be used for
identifying signs of cognitive decline within populations of deaf ASL-English bilinguals. Our
finding that English stimuli elicited larger Stroop effects than ASL stimuli could be useful in
clinical practice. Currently, English Stroop tasks are more easily accessible in that many
clinicians already administer tasks with English Stroop stimuli, and the materials are easier to
create given that they only require presenting static English words while ASL Stroop stimuli
require presenting dynamic videos of signs. The current study suggests that, so long as
participants are allowed to respond in ASL, it may be possible to detect aging effects using the
Stroop task in English with deaf participants. However, to know which version of the Stroop test
will be sensitive to cognitive decline in older deaf ASL-English bilinguals requires both

longitudinal and patient studies.
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Abstract
Objective: The present study explored verbal fluency performance in ASL and English within a

wide age range of deaf ASL-English bilinguals.

Method: One hundred nine deaf ASL-English bilinguals between the ages of 18-88 completed
six verbal fluency tasks testing ASL and English semantic category fluency and English letter
fluency. Participants were instructed to name as many items as they could in the given category
in 60 seconds. For the ASL fluency task, participants signed their response. For English fluency

tasks, participants were given the option to fingerspell or speak their responses.

Results: When comparing ASL and English category fluency, younger participants produced
more correct responses in ASL than English while older participants performed similarly in both
languages, and the number of correct responses was negatively correlated with age for ASL
category fluency. For English verbal fluency, participants did not show any task differences
between category and letter fluency, and better English fluency performance was predicted by

education and English proficiency levels (but showed no significant effects of aging).

Conclusions: The findings from this study provide preliminary normative data on verbal fluency
performance in deaf ASL-English bilinguals across a wide age range and suggest that ASL
category fluency may be more sensitive to age-related declines compared to English category
and letter fluency. Additional work is needed to determine which fluency tasks will be most

sensitive for detecting cognitive impairment in this population.
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Introduction

Tests of verbal fluency are widely used in neuropsychological assessment because they
are sensitive to changes in lexico-semantic knowledge, lexical retrieval, executive function, and
language production processes, making them effective in detecting a variety of language and
cognitive disorders. Verbal fluency tasks typically require individuals to say the name of as many
different items as they can from a particular semantic (e.g., animals or fruits) or phonemic/letter
(e.g., words starting with F- or S-) category in 60 seconds. Given the brevity, efficiency and
clinical utility of these tests, studies have begun to develop and characterize semantic category
fluency tests in American Sign Language (ASL) and other sign languages, and have even made
attempts to create signed-based phonemic fluency tasks, e.g., using handshape categories.
However, very little information is available about normative performance on fluency tasks in
ASL by deaf individuals, and no study to date has compared semantic fluency test performance
in deaf ASL-English bilinguals in both their signed and spoken languages or compared English
semantic and letter fluency in this population. Furthermore, no study has explored how typical
aging may impact semantic and letter fluency in the unique population of deaf bimodal bilinguals
who use a sign language as their primary form of communication and read and write in a spoken

language (though typically do not speak it).

Aging and Verbal Fluency

A number of studies have shown that verbal fluency declines with aging. This decline is
often attributed to age-related slowing (Salthouse, 1996), reduced efficiency of lexical retrieval,
or decline in executive functioning (Braver & West, 2008; but see Verhaeghen, 2011 for a meta-
analysis discussing alternate findings). An additional factor could be the age-related degradation

of semantic knowledge that has been documented by reduced picture naming abilities
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(Verhaegen & Poncelet, 2013) and an increased rate of tip of the tongue (TOT) states (Burke et

al., 1991).

Semantic fluency is likely to be more sensitive than letter fluency to age-related semantic
degradation, whereas letter fluency may require more executive control abilities than semantic
fluency because words are not strongly organized in memory by letter, and search strategies may
require more conflict resolution and greater response monitoring to suppress semantic-based
retrieval (Luo et al., 2010), processes likely to decline in older adults (Braver & West, 2008).
While both semantic and letter fluency tasks engage multiple underlying cognitive processes,
including some that are susceptible to age-related decline, there generally appears to be greater
age-related decline in semantic fluency than in letter fluency. However, evidence that semantic

and letter fluency are differentially impacted by aging is mixed.

Vaughan et al. (2016) provided normative data on the difference between semantic and
letter fluency scores in cognitively healthy older adults by calculating discrepancy scores for
5780 adults between the ages of 50 and 98 years. Participants typically obtained higher scores
with semantic (i.e., animals) than letter categories (i.e., F-), with average discrepancy scores of
around 9.2 words, in alignment with previous suggestions that semantic fluency is an easier task
than letter fluency (but see Azuma et al., 1997 for a discussion of how category size can
influence fluency performance). Semantic and letter fluency scores were negatively correlated
with age; however, the advantage of semantic over letter fluency was maintained across aging

(Vaughan et al., 2016). This contrasts with Alzheimer’s disease which typically produces the
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opposite pattern with worse performance and faster decline on semantic than letter fluency tests

(Salmon et al., 1999).

Weintraub et al. (2018) provided normative data for verbal fluency tasks from a group of
3602 cognitively healthy older adults who completed the neuropsychological test battery of the
National Alzheimer’s Coordinating Center (NACC) Uniform Data Set (UDS) (Beekly et al.,
2007). Cross-sectional analyses showed significant age-related decline in both semantic and
letter fluency scores of these cognitively healthy older adults, such that fluency scores decreased
with each ten-year age band. The authors did not directly compare age-related decline in
semantic and letter fluency, but an examination of the difference between scores for the youngest
(< 60 years) and the oldest groups (> 90 years) suggests that aging effects are larger for semantic
than letter fluency (e.g., 2.7 items for the letter F- fluency and 6.6 for animal fluency; Weintraub

etal., 2018).

Gordon et al. (2017) also found a significant effect of age on both letter and category
fluency test performance, and a more dramatic age-related decline for category fluency. These
investigators examined the impact of processing speed on this effect by calculating the
proportion of total responses that a participant produced in 15 second time bins across a 90
second response period and creating a linear slope as a measure of naming latency. Regression
analyses revealed an interaction between word retrieval times and age for semantic fluency tasks;
younger participants with faster retrieval times (indicated by less steep slopes) generated more
items, while older participants with faster retrieval times did not show this advantage. In
addition, the number of items generated in letter fluency tasks was better predicted by
vocabulary and digit span performance (as measured by the WAIS-IV vocabulary and digit span

subtests; Wechsler, 2008) than lexical retrieval time or age (i.e., higher vocabulary scores and
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better digit span was associated with more words produced). Given these results, the authors
proposed that disproportionate age-related decline in semantic fluency may be related to decline
in lexical retrieval speed, while letter fluency may be closely related to crystallized vocabulary

knowledge that remains relatively stable with age (Gordon et al., 2017).

Verbal Fluency in Unimodal and Bimodal Bilinguals

Assessment of verbal fluency becomes more complicated when evaluating bilingual
individuals since characteristics such as language proficiency and dominance can impact fluency
performance. Several studies in hearing, spoken-language “unimodal” bilinguals (e.g., Spanish-
English speakers) have shown they produce lower category fluency scores than their
monolingual peers (Gollan et al., 2002; Portocarrero et al., 2007; Rosselli et al., 2000; Sandoval
et al., 2010), although like monolinguals, they tend to generate more exemplars from semantic
than from letter categories, even when tested in their less dominant language (Gollan et al.,
2002). In contrast, Luo et al. (2010) found a bilingual advantage on a letter fluency task when
they compared bilinguals and monolinguals matched for vocabulary level, possibly due to
bilinguals having an increased ability to manage executive control demands.

Blumenfeld et al. (2016) assessed letter and category fluency in monolingual English
speakers and English-dominant Spanish-English bilinguals to investigate the impact of language
dominance and task type on verbal fluency performance. Monolinguals and bilinguals performed
similarly, and both groups showed an advantage for category over letter fluency when tested in

their dominant language (i.e., English). However, bilinguals had lower scores in Spanish than in
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English and displayed no advantage for category over letter fluency when tested in Spanish, their
nondominant, less proficient language (Blumenfeld et al., 2016).

Only a few studies have investigated verbal fluency in bimodal bilinguals who use a
signed and a spoken/written language. Marshall et al. (2014) found that 30 deaf British Sign
Language (BSL) users, aged 21-60 years, generated a similar number of BSL responses in
semantic category fluency tasks compared to normative data from spoken language users. The
signers in this study exhibited similar retrieval strategies as hearing individuals (e.g., thematic
clustering) as well as sign-specific strategies such as clustering of manual homonyms (i.e., signs
that are manually articulated the same way, but disambiguated by different mouthings). Sehyr et
al. (2018) directly compared performance of hearing monolingual English speakers and deaf
early-acquisition ASL signers and found similar fluency scores for the two groups when
fingerspelled responses were included for ASL trials. Fingerspelling is a system found in many
sign languages in which handshapes are used to represent the letters of a written alphabet.
Furthermore, Sehyr et al. (2018) found an effect of language dominance (i.e., better performance
in English, the dominant language) for hearing ASL-English bilinguals who acquired ASL either
early (from deaf parents) or later in adulthood, an effect that parallels the dominance effect
observed in unimodal bilinguals. These studies highlight that semantic fluency can be compared
across signed and spoken languages, but that modality specific retrieval strategies must be

considered when evaluating performance on signed fluency tasks.

While semantic category fluency performance appears to be comparable across signed
and spoken language modalities, this is less clear for letter fluency since a correlate for the letter
fluency task in the signed modality is difficult to develop. Marshall et al. (2014) attempted to

create a sign-based phonemic fluency task for BSL in which deaf signers were asked to generate
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as many signs as possible with a particular handshape (e.g., “I”, “G”, or “claw 5”), location (e.g.,
“above the shoulders”, “on the non-dominant hand”), or movement (e.g., “two hands, both hands
moving”). However, phonological fluency in BSL on this task was not directly comparable to
spoken language letter fluency. Participants generated fewer items and showed much more
variability between different categories on the BSL phonemic fluency task compared to norms
for spoken letter fluency. Marshall et al. (2014) hypothesized that this may be due, in part, to the
lack of a writing system associated with BSL (or any sign language), leading to less meta-
linguistic awareness of BSL phonology compared to awareness of phonology in individuals who
become literate in a language with a corresponding orthographic system. The authors also found
a high rate of semantic clustering in the BSL phonemic fluency task, which may suggest that

signed phonological fluency tasks rely more on semantic knowledge and connections than classic

spoken-language letter fluency tasks and index different underlying search mechanisms.

Taken together, the results of these studies suggest that differences in lexical retrieval and
the organization of signed and spoken lexicons makes comparison of semantic and
phonemic/letter fluency performance in the signed modality difficult. Evaluation of these two
types of signed verbal fluency may not lead to the same diagnostic predictions that are

commonly made with spoken verbal fluency performance.

Current Study

A primary goal of the current study is to obtain preliminary normative data for ASL
versions of widely used and highly effective verbal fluency tasks in deaf individuals. ASL is the
most accessible language for much of the American deaf population, but there are limited

resources available for neuropsychological evaluation in ASL for use in clinical practice.
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Additional goals are to investigate semantic category fluency in both ASL and English, and to

compare English category and letter fluency in deaf bilinguals.

To better understand the verbal fluency performance of deaf ASL-English bilinguals in
both of their languages we administered six semantic fluency tasks in ASL and English as well as
letter fluency in English. Previous studies investigated either BSL or ASL fluency in deaf signers
(Marshall et al., 2014; Sehyr et al., 2018) or spoken English fluency in hearing signers (Giezen &
Emmorey, 2017; Sehyr et al., 2018). For English responses in the current study, participants
could either say or fingerspell the words. Note that many deaf ASL-English bilinguals access
English primarily through reading and writing, and do not use speech in their everyday life,
making it an unnatural response mode for verbal fluency tasks. In contrast, fingerspelling is a
natural part of ASL discourse (Padden, 1998) and provides a link between ASL and written
English, making it a good candidate for completing English fluency tasks. The lack of a
conventionalized writing system in ASL may also lead to imbalances in the predicted language
dominance profiles. Many deaf individuals consider ASL their dominant language as it is the
primary language used in their everyday life, yet they read and write only in English, leading to
an asymmetry in their language use contexts which may have implications for their performance
on language tests. Additionally, educational backgrounds and language proficiency can vary

greatly among deaf populations, likely impacting verbal fluency performance.

The current study is the first to characterize and compare the performance of deaf ASL-
English bilinguals across a wide age range on both ASL and English versions of verbal fluency

tests. Understanding the performance of cognitively healthy deaf bilinguals across the lifespan is
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a necessary first step in evaluating whether verbal fluency tasks may be used in the clinical

assessment of neurocognitive disorders in this population.

Methods

Participants

One hundred twelve deaf ASL-English bilinguals between the ages of 18-88 years
completed six tasks probing ASL semantic category fluency, English semantic category fluency,
and English letter fluency as part of a larger neuropsychological test battery that also included,
among other tests, the MINT Sprint 2.0, ASL Comprehension Test, and the Trail-Making Test
Parts A and B. Three participants were excluded from analyses due to self-reported difficulties
with memory and struggles to complete many of the cognitive tasks presented on the day of
examination. Data from 4 participants were unavailable for one or both English fluency tasks due
to loss of video recording. Data from the remaining 109 participants are reported here. Forty-four
of the 109 participants were tested in San Diego or Riverside, CA, and 65 were tested in
Rochester, NY. Participants were recruited through collaboration with Deaf senior citizen
groups, presentations at Deaf community events, and through local recruitment networks. Based
on a background questionnaire, the breakdown of self-reported race was 83% white (90/109),
8.3% black (9/109), 2.8% Asian (3/109), 3.7% more than one race (4/109), 0.9% American
Indian/Alaskan Native (1/109) and 1.8% declined to answer (2/109). The self-reported ethnicity
breakdown was 10% Hispanic or Latino (11/109), 84% not Hispanic or Latino (92/109), and 5%
unknown or declined to answer (6/109). All participants reported using ASL as a primary
language in their everyday life. Participants were divided into four age groups: Young (18-45
years; n = 31); Middle (46-64 years; n = 12); Young-Old (65-70 years; n = 34); and Older (71-88

years; n = 32). Cutoffs for the Young and Middle age groups followed those reported in our
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previous study on list memory performance in this population (Camilliere et al., 2026). Cutoffs
for the older age groups were decided based on previous literature showing that semantic picture
naming ability declines around age 70 (Connor et al., 2004; Feyereisen, 1997; Verhaegen &
Poncelet, 2013; Wen & Dong, 2023). Table 4.1 summarizes participant demographic

characteristics by age group.

Informed Consent

Research protocols were approved by the University of California, San Diego (UCSD)
Institutional Review Board in accordance with the Helsinki Declaration. Participants gave

informed consent and were given monetary compensation for their participation.

Procedure, Stimuli, and Scoring

Participants were tested individually by fluent ASL signers. Video instructions for each of
the three fluency tasks were presented in ASL by a deaf signer. All responses were videotaped for
later transcription and analysis. The semantic fluency categories requiring ASL responses were
Animals and Fruits, while the semantic fluency categories requiring English responses were
Clothing and Vegetables. The English letter fluency trials used the letters F'and S. The decision
to not counterbalance semantic categories across response languages was motivated in part by an
overarching goal to provide preliminary normative data on verbal fluency of deaf signers in ASL
(the most accessible language) for use in clinical practice with this population. Animals was
chosen as the point of focus because it is a prototypical semantic category used to assess verbal
fluency in neuropsychological evaluations (Lezak, 1995), it is a relatively large semantic
category and thus more vulnerable to decline (Azuma et al., 1997), and it is sensitive to aging

and cognitive decline (Bayles et al., 1989; Butters et al., 1987).
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For the semantic category fluency tasks requiring ASL responses, participants were
instructed to produce as many items as possible in the category until the experimenter instructed
them to stop. They were given 1 minute to produce signs in each category. Following Sehyr et al.
(2018), participants were told that fingerspelled words were allowed, but that fingerspelling
should not replace known ASL signs. For the semantic category fluency tasks requiring English
responses, participants were again instructed to produce as many items as possible in the
category, but to respond in English either by fingerspelling or speaking their responses.
Participants were further instructed not to use the same word with different endings. They were
given 1 minute to produce words in each category. Finally, for the letter fluency tasks requiring
English responses, participants were instructed to produce as many English words that start with
the target letter by fingerspelling or speaking, without using proper nouns or repeating the same

word with different endings. They were given 1 minute to produce words in each category.

All signed and fingerspelled responses were transcribed from video recordings by a deaf
native signer, and all spoken English responses were transcribed by a hearing native English
speaker. ASL responses were coded for fingerspelled (FS) responses (e.g., kiwi (FS)) and
combinations of lexical signs and fingerspelled responses (e.g., water (FS) + MELON). All
fingerspelled and combination responses were scored as correct in accordance with Sehyr et al.
(2018). Participants were given one point for every unique, correct answer following scoring
protocols used in the Alzheimer Disease Centers’ Uniform Data Set (UDS) administration and
scoring guidelines (Weintraub et al., 2018). Responses were scored for accuracy and error type.
Errors were classified into several different categories: repetitions of the same word; intrusions,
including morphological variants of previous responses (e.g., sing and singing) and words not

belonging to the target category (e.g., laces in the category clothing, or peach in the category
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vegetables); nonwords, including neologisms and words or signs articulated in an
incomprehensible manner; proper nouns; and cross language intrusions (e.g., when an ASL sign

was produced during the English category or letter fluency tasks).

Table 4.1. Participant Characteristics

Younger Middle Younger-Old Older

(n=31) (n=12) (n=34) (n=32)
Characteristic M SD M SD M SD M SD
Age 298 92 574 52 675 1.8 774 54
Years Education 147 2.5 154 25 16.1 2.7 15.3 2.5
ASL AoA? 5.6 6.1 4.8 6.3 9.3 10.1 9.1 7.2
ASL CT score® 238 29 243 33 219 39 204 44

English MINT Sprint 2.0¢ 641 106 684 59 680 &85 693 6.1
Trail-making AP 277 73 417 216 461 203 51.6 192

Trail-making BP 744 235 996 34.0 111.7 46.6 1362 53.1

Note. *AoA = reported age of acquisition of ASL. BASL CT = ASL Comprehension Test. “Total number of pictures
named correctly in English (out of 80) on the Sprint 2.0 version of the Multilingual Naming Test (MINT). PTrail
Making Test, Parts A and B = completion time in seconds.

Results
Response Mode
Participants used fingerspelling for about 19% of responses during the ASL category
fluency task, similar to the fingerspelling rate in the Sehyr et al. (2017) study of category fluency
in ASL. The proportion of fingerspelled responses differed between the animals (10% of
responses) and fruits (32% of responses), paralleling the pattern reported in Beal-Alvarez &

Figueroa Quintana (2017) for ASL. Participants were given a choice of fingerspelling or
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speaking their responses for the English fluency tasks, and many more chose to fingerspell (n =

92/107) than to speak (n = 15/107).

Fluency performance and associations with demographic features

Correlation coefficients from preliminary analyses exploring associations between
fluency outcomes and key demographic characteristics are shown in Table 4.2. There was a
significant negative correlation between ASL category fluency and age, but no significant
correlation between age and English category or letter fluency (see Figure 4.1). Additionally,
ASL proficiency (measured by the ASL Comprehension Test; Hauser et al., 2016) was correlated
with ASL category fluency (r = .351, p <.001), as well as with English category (r = .221, p <
.05) and letter (» = .192, p <.05) fluency. English proficiency (measured by the English MINT
Sprint 2.0; Gollan et al., 2024) was correlated with both English category (» = .418, p <.001) and
letter (r = .363, p <.001) fluency, but not with ASL category fluency. Age of acquisition of ASL
was not significantly correlated with verbal fluency performance (all ps > .10). The means and
standard deviations for the number of correct responses for each fluency task are presented as a

function of age group in Table 4.3 and illustrated in Figure 4.2.
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Table 4.2. Correlation matrix of fluency performance and demographics

Ace Edu ASL ASL English  Trails Trails ASL English
£ " AoA®  CT®  MINT® AP B®  Category Category
Age
Education 0.19
ASL AoA 0.18 0.06
ASLCT -027" 032" -0.26"
Enghsh s sk *
MINT 0.29 0.45 0.07 0.25
Trails A 038"  -0.22 -0.03 -0.35"  -0.11
Trails B 045"  -029"  0.05 -0.43™  -0.09 0.52""
ASL -0.31"™  0.20° -0.11 0.35  0.13 -0.21 -0.38"™
Category
English 043" 0.11 022" 042  -033" 039" 046"
Category
Enghsh * * sk sk sk
-0.02 0.23 0.09 0.19 0.30 -0.05 -0.16 0.42 0.36
Letter

Note. *AoA = reported age of acquisition of ASL. BASL CT = ASL Comprehension Test. “Total number of pictures
named correctly in English (out of 80) on the Sprint 2.0 version of the Multilingual Naming Test (MINT). PTrail
Making Test, Parts A and B = completion time in seconds. *** p <001, **p <.01, *p < .05, +=p <.10.
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Figure 4.1. Scatterplots illustrating the significant relationship between ASL category fluency
and age (a) and the null relationship between English category and English letter fluency and age

(b-c)
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Table 4.3. Means (and SDs) for fluency tasks by age group

Younger Middle Younger-Old Older
(n=31) (n=12) (n=34) (n=132)
M SD M SD M SD M SD
ASL Category
Animals 19.1 4.6 17.3 4.8 15.6 4.0 15.3 3.8
Fruits 12.0 3.7 11.9 3.9 11.5 3.1 10.8 2.9
Total 31.1 6.7 29.2 7.3 27.0 6.4 26.1 6.0
English Category
Clothing 14.3 4.1 13.1 4.9 15.2 3.8 13.8 2.7
Vegetables 10.2 3.2 11.4 4.3 12.5 4.1 10.8 2.5
Total 24.4 6.6 24.5 8.2 27.7 6.8 24.6 4.5
English Letter
F 10.6 4.0 10.2 3.1 10.9 53 10.8 3.6
S 12.1 3.7 12.6 2.1 12.6 52 12.3 3.6
Total 22.6 7.0 223 4.1 23.5 10.1 23.1 6.6

ASL vs English Semantic Category Fluency

The impact of testing language and aging on category fluency performance was
investigated using linear regression modeling with the number of correct responses (combining
scores from the two semantic categories used with each language) as the dependent variable and
language (ASL vs English), age, and their interaction as predictors. Education level was included
as a noninteracting covariate. This model significantly predicted category fluency scores, F (4,
210) =13.6, p <.001, adj. R’ = .19. There were significant effects of age (8 =-.13, p <.001),
language (f =-11.38, p <.001), and education level (f = .88, p <.001) such that younger
participants produced more correct responses than older participants, participants produced more

correct responses in ASL than in English, and participants with higher education level produced
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more correct responses. A significant interaction between language and age (8 = .15, p <.001)
revealed that aging effects were larger for ASL than English category fluency tests (see Figure

42).

To investigate which factors contributed most to category fluency performance in each
language, follow-up regressions examining ASL and English category fluency were run
including age, education, and proficiency (measured by the ASL-CT and English MINT Sprint
2.0) as predictors. For ASL category fluency, this model significantly predicted fluency scores, F
(3,105) =8.61, p <.001, adj. R’ = .18. Older participants produced fewer correct ASL responses
(f=-1.9, p=0.004) and participants with higher levels of ASL proficiency produced more
correct responses (f = 1.4, p = 0.3). Education level just marginally predicted ASL category
fluency when ASL proficiency was included in the model (5 = 1.2, p = 0.06). The follow-up
model for English category fluency also significantly predicted fluency scores, F' (3, 101) = 11.2,
p <.001, adj. R? = .23. As found in the above models, age did not significantly predict English
category fluency performance (f = -0.04, p = 0.95). However, education (f = 1.9, p = 0.002) and
English (f = 1.8, p = 0.006) proficiency both significantly predicted English category fluency —
participants with higher levels of education and English proficiency produced more correct

English responses.
English Category vs Letter Fluency

Performance on English semantic category and letter fluency tasks was compared using
linear regression modeling with the number of correct responses produced in English (combining
scores from the two categories used in each condition) as the dependent variable and task type
(category vs letter), age, and their interaction as predictors. Education level was included as a

noninteracting covariate. This model significantly predicted fluency scores, F' (4, 207) =8.2, p <
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.001, adj. R’ = .12; however, there was no difference between category and letter fluency, (8 =
.74, p = .80), no main effect of age (f = .02, p = .51), and no interaction between age and task
type (f = -.05, p = .24). There was a significant effect of education (f = .92, p <.001) as

participants with more education produced more correct responses.

To investigate which factors contribute most to letter fluency performance, an additional
follow-up regression examining was run including age, education, and English proficiency
(measured by the English MINT Sprint 2.0) as predictors. This model significantly predicted
English letter fluency scores, F' (3, 101) = 4.5, p = .005, adj. R? = .09. As found in the initial
model, there was no significant effect of age (f = -0.96, p = .20). Individuals with better English
proficiency produced more correct responses for letter fluency, a significant main effect of
proficiency (f =2.14, p = .011), and education was not a significant predictor when English

proficiency was included in the model (# = 1.07, p = .20).
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Figure 4.2. Performance on ASL and English category fluency and English letter fluency by age
group
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Discussion

Summary of Key Results

The present study investigated verbal fluency in 109 deaf ASL-English bilinguals aged
18-88 years old using ASL and English category fluency tasks and an English letter fluency task.
When comparing ASL and English category fluency, younger participants produced more correct
responses in ASL than English while older participants performed similarly in both languages (a
significant interaction between language and age; see Table 4.3; Figure 4.2). This relationship
was also apparent when examining the correlation between age and category fluency within each
language; older signers performed worse on ASL category fluency, but there was no statistically
significant relationship between age and English category fluency (see Figures 4.1). When
comparing English category and letter fluency performance, participants produced a similar
number of correct responses for both English category and letter fluency tasks (see Figure 4.2).
Separate analyses investigating the contribution of demographic factors to fluency performance
in each language and task type revealed that for ASL category fluency, age and ASL proficiency
significantly predicted performance, while education was not significant (after controlling for
age and ASL CT scores). By contrast, age was not a significant predictor for English category or
letter fluency, but individuals with higher education level and higher English proficiency (as
measured by English picture naming scores) produced more correct responses. Finally, the only
significant predictor for English letter fluency was English proficiency (again measured by

English picture naming scores).

Task and Testing Language Effects on Verbal Fluency
The finding that deaf ASL-English bilinguals performed worse on English than ASL

category fluency and similarly on English category and letter fluency is in line with previous
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studies that found unimodal bilinguals performed worse in their nondominant than dominant
language and showed no advantage for category over letter fluency when tested in their
nondominant language (Blumenfeld et al., 2016). This pattern of results suggests that many of
the participants in the current study are ASL dominant which aligns with participants’ reports of
their preferred language (i.e., 98/109 reported ASL as their preferred language; 7/109 preferred
Pidgin Signed English or Signed Exact English’; 3/109 preferred spoken English; and 1/109
reported “other” as their preferred language). Language dominance effects have been observed
previously in hearing ASL-English bilinguals who produced more correct responses in an
English category fluency task (their dominant language) than in an ASL category fluency task
(Sehyr et al., 2018). The pattern of results we observed could be indicative of smaller vocabulary
sizes for English compared to ASL. Another possibility is that participants experienced more
cross-language interference during English tasks. This possibility is supported by the occurrence
of cross-language errors in the English category and letter fluency tasks. These errors typically
occurred when a participant produced a lexical sign during an English fluency task, followed by
the English fingerspelled word, e.g., a participant would produce the sign PANTS, then
fingerspell P-A-N-T-S. Research from hearing bilinguals suggests that cross-language
interference errors may be more likely to occur during semantic than letter fluency tasks, and are
more frequent when the verbal fluency task is performed in the nondominant language (Rosselli
et al., 2000; Sandoval et al., 2010). This type of error may reflect use of a translation-based

strategy for some participants completing the English fluency tasks or may signal executive

7 Pidgin Signed English (PSE) refers to a contact form of signing that has strong influences from English (Cokely,
1983); Signed Exact English (SEE) refers to the artificially constructed signed system based on English grammar.
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control decline in some older participants (Gollan et al., 2011), however this type of error was

very infrequent (less than 1.8% of all responses).

Aging Effects in Deaf Bilinguals

Investigation of the effect of aging on verbal fluency in this population of deaf ASL-
English bilinguals revealed that the number of correct responses decreased with increasing age
only for ASL semantic category fluency. This finding is in accordance with previous literature
demonstrating that age-related decline is most apparent in semantic fluency tasks (Gordon et al.,
2018; Vaughan et al., 2016), and that category fluency may be particularly sensitive to aging
effects. It is also possible that aging effects are most obvious in the ASL category task in the
current study because this was the language in which the category animals was presented.
Animals is a large semantic category and may be more susceptible to age-related decline. The
lack of an association between age and performance in the English category or letter fluency
tasks may be because English verbal fluency was more strongly associated with English
language proficiency than with age in deaf ASL-English bilinguals. One possible explanation for
this pattern is that most deaf individuals acquire English as an L2 through print and receive much
of their education in English. This may be particularly true for older deaf individuals who only
had access to oral education due to U.S. policies that limited or forbade the use of sign language
in education (Moores, 2010). As a result, more years of education leads to higher levels of
English proficiency and larger vocabulary which influences the number of correct responses
produced on English fluency tasks. Also notable was that the oldest-old participants scored
highest on average on the English picture naming test (see Table 1) but did not obtain the highest
semantic fluency scores in English (see Table 3). Thus, higher English proficiency may have

offset aging effects on semantic fluency in English in this population.
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Limitations

Several studies have pointed out that category size can impact the number of correct
items produced in verbal fluency tasks (Azuma et al., 1997), and some have even shown that
certain categories (e.g., larger semantic categories such as animals) are more vulnerable to
cognitive decline (Diaz et al., 2004). A primary goal of the study was to provide normative data
on verbal fluency performance in ASL, the most accessible language for many deaf individuals.
As aresult, categories were not counterbalanced across language in order to maximize data
collected on the category animals for ASL. Therefore, it is possible that differences in category

size may have impacted verbal fluency performance in ASL compared to English.

Another limitation in the present study was the inclusion of just two categories per task (2
semantic in each language, and 2 in each type of English fluency task). This limited our ability to
compare semantic to letter fluency with respect to overall difficulty in deaf participants, which
could be of interest to examine in future studies because of the potential sensitivity to
Alzheimer’s disease (Salmon et al., 1999). The relative difficulty of semantic versus letter
fluency is also determined in part by category size (Azuma et al., 1997; Gollan et al., 2002). For
example, college aged Spanish-English bilinguals in the study by Gollan et al., (2002) produced
fewer animals in English than did young participants in the present study in ASL (16.8 versus
19.1 respectively), but the same number of fruits (12.0 in both cases), and virtually the same
number of clothing (14.0 and 14.3 respectively) and vegetables responses even though deaf
bilinguals completed these categories in their nondominant language (whereas participants in
Gollan et al were tested in their dominant language). By contrast, the same deaf participants
produced fewer English " and S words (10.6 and 12.1) compared to Spanish-English bilinguals

(12.0 and 13.9 respectively). Direct comparison across studies is difficult for many reasons, in
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addition to the difference in which language was dominant (ASL in the present study versus
English for the Spanish-English bilinguals), young participants in the present study were about
10 years older than young bilinguals in Gollan et al., (2002). However, the presence of higher
semantic category scores but lower letter fluency scores in deaf ASL-English bilinguals versus in
Spanish-English bilinguals in the previous study, could suggest that letter fluency is a more

difficult task for deaf than for hearing participants.

Conclusions

The findings from the current study provide preliminary normative data on verbal fluency
performance in deaf ASL-English bilinguals across a wide age range and offer some insights into
factors that may contribute to this population performs on different types of verbal fluency tasks.
ASL category fluency appears to be more sensitive to age-related declines compared to English
category and letter fluency. This result may reflect larger vocabularies and semantic networks in
ASL compared to English, which would result in poorer ASL category fluency for older
participants because larger semantic categories are more vulnerable to decline. English verbal
fluency tasks were closely related to English proficiency and education level, factors that vary
across the deaf population. Levels of English proficiency and education level should be taken
into account when using these tasks clinically with this population. Future longitudinal and
patient studies are needed to confirm which categories are most sensitive to cognitive decline

over and above the effects of typical aging.
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CHAPTER 5: General Discussion

This dissertation investigated the cognitive and linguistic outcomes of aging in a group of
deaf ASL-English bilinguals by testing performance on three widely used neuropsychological
tasks. Study one examined list memory performance in both ASL and English and found that
participants showed different recall patterns based on age. Older bilinguals exhibited a unique
memory pattern: they were able to recall more English words during immediate learning but also
showed higher rates of forgetting in English compared to ASL. Study two investigated Stroop
performance and found larger Stroop effects when participants responded to English rather than
ASL stimuli, a difference that was magnified in older bilinguals. Study three explored ASL and
English verbal fluency and found that ASL category fluency was most sensitive to aging effects,
while English category and letter fluency were more closely linked to education and English
proficiency levels. These findings together demonstrate that deaf bimodal bilinguals’
performance on cognitive and linguistic tasks often deviates from what might be expected in
hearing, unimodal bilinguals. In addition, these studies indicate testing language and educational
background need to be considered when interpreting test results from this population - arguably
even more so than in hearing bilinguals of two spoken languages. Finally, the three studies show
that it is possible to develop culturally and linguistically appropriate neuropsychological tests for
use with deaf ASL-English bilinguals, and that aspects of these tests are sensitive to aging
effects.

Several common themes were apparent across the findings of these studies. Many of the
results found in this dissertation diverged from what would be expected based on literature
surrounding neuropsychological evaluation in hearing, unimodal bilinguals. While the common

recommendation for bilingual evaluation is to test in the dominant language to maximize
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sensitivity and performance (Gollan et al., 2024), the deaf bilinguals here showed the opposite
pattern in some cases, such as in showing better initial learning for English list memory or larger
Stroop effects to English compared to ASL stimuli. On the other hand, some observed effects
align with what is expected for unbalanced bilinguals, such as the finding that category fluency
in English (non-dominant language) was worse than category fluency in ASL (dominant
language, and that there was no advantage for category fluency over letter fluency when tested in
English (nondominant language). However, for other tasks, such as list memory, participants’
self-ratings and recall performance were more reflective of how balanced bilinguals might
perform. Taken together, this pattern of results suggests that deaf bimodal bilinguals have
language dominance profiles that differ from unimodal bilinguals due to variable levels of
language proficiency in both their first and second languages, as well as the vastly different
contexts in which deaf signers learn and use English which sets them apart from hearing L2
learners.

Some of the differences observed here may be attributed to modality differences between
signed and written languages. For example, distinct processing speeds for signed vs. written
stimuli likely contributed to the language asymmetry observed in Stroop effects, and the
potential for speech-based encoding strategies may have benefited English list learning.
Interestingly, some of these modality differences are only apparent when examining the
performance of older deaf bilinguals: the heightened learning and forgetting in English list
memory, larger differences between English and ASL Stroop effects, and worse ASL than
English category fluency performance. In contrast, some findings were consistent across older

and younger bilinguals (e.g., similar rates of Stroop error production across ages).
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The question of which aspects of performance are able to best predict early signs of
cognitive decline remains to be investigated, but these findings presented here are foundational
for understanding typical aging patterns in this population. The tasks in this dissertation provide
several opportunities for identifying decline either through performance that shows exaggerated
decline over and above the effects of typical aging (e.g., delayed list memory and ASL category
fluency) or through worse performance on tasks that seemed to show no aging effects in the
current sample which was living independently and had no specific cognitive or memory
complaints (e.g., Stroop errors).

As seen throughout this set of studies, differences in the educational and language
backgrounds of deaf signers impact neuropsychological testing. Educational experiences for deaf
individuals in America vary widely, and older deaf individuals in particular are likely to have
had oralist educations that focused on speech and English instruction while limiting or
forbidding access to sign language. Some of the cohort differences observed in performance on
English tasks may be attributable to these educational differences. Even for younger deaf
individuals who were much more likely to have access to sign-based education, the experience of
learning English through print is quite distinct from that of hearing individuals learning English
as an L2. These differences may have lasting effects on the ways in which deaf individuals
process written language.

Age of acquisition (AoA) of ASL is also an important consideration, as it can be variable
in deaf populations, and can impact some cognitive and linguistic tasks. In the current studies,
we found no significant effects of AoA on performance on list memory, Stroop, or verbal
fluency tasks. However, there was a significant association between AoA and ASL proficiency,

and ASL proficiency impacted some aspects of test performance. Further work should
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investigate other variables, such as the quality of early language input, the degree of sign access
deaf individuals had in different contexts growing up, or the amount of interaction with deaf
signing peers to add to the understanding of how different experiences of language acquisition
may influence performance on these tests. These results demonstrate that it is necessary to take
into account unique circumstances of modality, language access, and educational backgrounds
when studying deaf bimodal bilinguals, and suggest that comparisons to the performance of
hearing, unimodal bilinguals or monolinguals may not be appropriate.

Finally, through the development and implementation of the tasks developed in this
dissertation, it became apparent that there are important considerations that must be made when
attempting to use these neuropsychological tests with deaf signers. The findings highlight the
caution needed when choosing the language of test administration for this population, as several
of the results would typically be interpreted as signs of cognitive decline (e.g., rapid forgetting in
English list memory) whereas testing in both languages may reveal different patterns. Response
mode should also be considered when administering neuropsychological tests to this population
to ensure that appropriate options are provided (e.g., allowing fingerspelling, signing, or writing
(when possible), rather than requiring speech). Clinicians should also ensure they are not
inhibiting any natural strategies that signers may utilize (e.g., using list buoys during recall or
fingerspelling during ASL category fluency).

The studies presented in this dissertation constitute a starting point for understanding how
typical aging influences performance on cognitive and linguistic tasks which is critical for the
later evaluation of these tasks’ efficacy in assessing for cognitive decline. Future studies should
compare performance of deaf ASL-English bilinguals with and without cognitive decline to

determine which tasks are most sensitive to decline, while controlling for typical aging effects,
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education, and language proficiency. The development of these potentially clinically applicable
tasks as well as the normative data provided here represent a first step in addressing the gaps in
research and assessment tools that are currently available for describing and identifying cognitive

decline in deaf bilingual populations.
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