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ABSTRACT ARTICLE HISTORY
Word-finding difficulty (WFD) is a common cognitive complaint in Received 14 August 2023
aging, manifesting both in natural speech and in controlled labora- Accepted 17 November 2023

tory tests. Various theories of cognitive aging have addressed WFD, KEYWORDS

and understanding its underlying mechanisms can help to clarify Word-finding difficulty;
whether it has diagnostic value for neurodegenerative disease. Two aging; processing speed
influential “information-universal” theories attribute it to rather broad theory; inhibition deficit
changes in cognition. The processing speed theory posits a general hypothesis; transmission
slowdown of all cognitive processes, while the inhibitory deficit deficit hypothesis
hypothesis (IDH) predicts a specific problem in suppressing irrelevant

information. One “information specific” theory of language produc-

tion, the transmission deficit hypothesis (TDH), posits a breakdown in

retrieval of phonological word forms from a corresponding lemma.

To adjudicate between these accounts, we administered an online

gamified covert naming task featuring picture-word interference

(PWI), previously validated to elicit similar semantic interference

and phonological facilitation effects as overt naming tasks. 125

healthy adults aged 18 to 85 completed the task, along with

a battery of executive function tasks and a naturalistic speech sample

to quantify WFD in connected speech. PWI effects provided strong

support for the TDH but limited support for IDH, in that semantic

interference increased and phonological facilitation decreased across

the lifespan. However, neither of these effects on single-word retrie-

val associated with WFD measured in connected speech. Rather,

overall reaction time for word retrieval (controlling for psychomotor

slowing) was the best predictor of spontaneous WFD and executive

function decline, suggesting processing speed as the key factor, and

that verbal reaction time may be an important clinical measure.

1. Introduction

As one of the most common cognitive complaints associated with aging (R. Brown &
McNeill, 1966; Cohen, 1994; James & Burke, 2000), word-finding difficulty (WFD) has
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a ubiquitous presence in neurodegenerative pathologies such as frontotemporal demen-
tia and Alzheimer’s Disease (AD) (Faber-Langendoen et al., 1988; Kirshner, 2012; Rohrer
et al,, 2008). Therefore, the severity of WFD may hold diagnostic value in distinguishing
healthy aging from incipient neuropathology. To better understand the cognitive com-
ponents behind age-related WFD, an extensive amount of research on word production in
aging has contributed to the development of two distinct viewpoints of cognitive aging -
information-universal versus information-specific theories. One main difference between
the two approaches in explaining WFD concerns whether the age-related decline in word
production arises from deficits specific to the domain of language processing (informa-
tion-specific) or a more global decline that manifests in many different cognitive domains
(information-universal).

1.1. Processing speed theory

One of the earliest information-universal theories advocates decreased processing speed as
the common factor that contributes to most of the age-related changes in fluid intelligence,
impacting performance on many cognitive tasks (T. Salthouse, 1996). Cognitive slowing is
assumed to lower task performance through either time limitation, where the required
mental operations cannot be executed within the limited time given, or through
a simultaneity failure, where required information is no longer available by the time the
mental operation is ready to complete (T. Salthouse, 1996). One finding that is interpreted as
supporting processing speed theory is that, when factoring out the general effect of
processing speed, age-related differences in more specific cognitive measures (e.g., atten-
tion, perception, memory) tend to be removed or at least attenuated (T. Salthouse, 1996;
T. A. Salthouse, 2001, 2017). Nonetheless, some domain specific slowing has been observed;
for example, age related slowing has been found to be stronger for non-lexical tasks
compared to lexical tasks (Hale & Myerson, 1996; Lima et al., 1991). It is likely that a process-
specific slowing can exist as an additional layer that modulates, but does not negate, the
generalized slowing mechanism (Madden & Allen, 2015; T. Salthouse, 1996). It is clear that
older adults are significantly slower than younger adults in completing various cognitive
tasks, including word-production tasks such as picture naming, answering questions, or
reading written words (see Amrhein, 1995 for a review). In natural speech, older adults also
tend to produce more dysfluencies such as unfilled and filled pauses (e.g., “uh” and “um”) in
between speech and have a generally slower speech rate (Bortfeld et al., 2001; Dennis &
Hess, 2016; Horton et al., 2010). Although age is not always a strong predictor of speech
disfluencies (e.g., pauses), it does lead to changes in speech characteristics such as speech
rate and lexical complexity that in turn predict the production of disfluencies longitudinally
(Beier et al., 2023). Explained within the processing speed theory, the word-finding struggles
in retrieval tasks and natural discourse likely result from general slowing in activating the
mental subprocesses required for word retrieval.

1.2. Inhibition deficit hypothesis

The inhibitory deficit hypothesis (IDH) is an alternative information-universal account
that focuses on an age-related decrease in the inhibitory mechanism that filters out
unwanted distractions which compete for limited attentional resources (Hasher &
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Zacks, 1988). It has garnered support in various cognitive domains, such as visual
attention, executive function, and language processing, showing how older adults’
decreased ability to ignore distraction can either improve or hinder their task perfor-
mance depending on the goal of the task. For tasks where attending to distractions
leads to better task performance, older adults showed greater benefits than younger
adults (Kim et al., 2007; May, 1999; Rowe et al., 2006). For other tasks where distrac-
tions hinder performance, older adults exhibited greater difficulties than younger
adults (Arbuckle et al., 2000; Pichora-Fuller et al., 1995; Sommers, 1996; Sommers &
Danielson, 1999; Tun et al., 2002). Pertaining to the discussion of word production in
aging, the IDH postulates that older adults fail to recall names because of their
inability to suppress irrelevant associations or competing words during retrieval
(Zacks & Hasher, 1994). One piece of evidence against the IDH account, however, is
that older adults report fewer alternative words coming to mind when experiencing
a tip-of-the-tongue state (TOT), a subtype of WFD in which a person experiences
a “feeling of knowing” a desired word without being able to retrieve it (D. M. Burke
et al.,, 1991). Additionally, language comprehension, unlike language production, is
well preserved during the aging process (Thornton & Light, 2006), seemingly incon-
sistent with the information universal framework.

1.3. Transmission deficit hypothesis

In contrast, the information-specific account of aging includes theories that suggest
specific cognitive aging mechanisms associated with different types and structures of
information (D. M. Burke et al., 1997). The transmission deficit hypothesis (TDH) is
a major information-specific theory, providing an explanation for the asymmetrical
decline of language production versus comprehension during aging (D. Burke et al.,
2012; MacKay & Burke, 1990). The TDH is derived from Node Structure Theory (NST)
(Mackay, 1988), which describes the word production process as a top-down activation
structure. The top-level nodes represent the sentential system, which contains seman-
tic and syntactic representations. The lower-level nodes reference the phonological
system, which includes the phonemes and syllables that comprise a word. The nodes
within the sentential system have a many-to-one connection between the proposi-
tional nodes (relevant concepts) and the lexical node, resulting in a rather robust top-
down activation since excitation of a lexical node can be received through multiple
propositions. However, the top-down activation from the sentential to the phonologi-
cal system relies on a one-to-one connection between the activated lexical representa-
tion and its phonological representations, rendering this transmission vulnerable.
Importantly, this one-to-one vulnerability only exists during a top-down diverging
activation (language production) but not a bottom-up converging activation (language
comprehension), explaining the asymmetrical age decline between language produc-
tion and comprehension (D. Burke et al., 2012; MacKay & Burke, 1990). Based on NST,
the transmission deficit hypothesis postulates that, aside from the frequency and
recency of word usage, age is another factor that weakens the connections between
nodes, causing increased deficits in the vulnerable transmission from lexical to pho-
nological activation of the top-down structure activation, and thereby increasing WFD
(MacKay & Burke, 1990).
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1.4. Picture-word interference paradigm

As depicted in NST, picture naming can theoretically be segmented into a series of
cognitive processing stages (Indefrey, 2011; Indefrey & Levelt, 2004; Levelt et al., 1999;
see also Dell et al., 1997; Hillis, 2013). Overall, in the influential language production
models such as the Levelt model, the WEAVER++ model (Roelofs, 2003, 2008), there is
a consensus that picture naming entails visual recognition and selection of the lexical
concept followed by selection of the lemma, retrieval and encoding of the phonological
word form, and phonetic encoding and articulation of the picture name. Thus, it is
possible to distinguish inhibition and transmission deficit hypotheses-related effects at
different stages of a picture-naming task; while the overall RT of word retrieval can reveal
cognitive processing speed. Picture-word interference (PWI) is an ideal paradigm to probe
different stages of the picture naming process. By manipulating the relationship, and the
stimulus onset asynchrony (SOA), between the target picture and distractor word in a PWI
paradigm, picture naming reaction time (RT) and accuracy can be influenced in different
directions. When the distractor word is categorically-related to the target picture (e.g., cat
when the target is dog) and the distractor word coincides or precedes the picture by a few
hundred milliseconds, the picture naming process is usually slowed by the competing
word (Abel et al., 2009; Alario et al., 2000; Schriefers et al., 1990; Wei et al., 2022) during the
lexical selection stage (Abdel Rahman & Melinger, 2011; Belke et al., 2005; Damian et al.,
2001; Schnur et al., 2006). This slowing effect is termed categorical interference (Cl). On
the other hand, when the distractor word is phonologically-related to the target picture
(e.g., fog when the target is dog) and the distractor word coincides or lags the picture by
a few hundred milliseconds, the picture naming process is usually sped up by a priming
effect (Abel et al., 2009; Jescheniak & Schriefers, 2001; Schriefers et al., 1990) at the stage of
phonological activation (de Zubicaray & McMahon, 2009; de Zubicaray et al., 2002; Meyer,
1996; Meyer & Schriefers, 1991; Roelofs, 1992; Schriefers et al., 1990). This speeding effect
is termed phonological facilitation (PF).

Wei et al. (2022) designed a PWI paradigm with covert naming (ending sound judg-
ment with button press) and its corresponding gamified version. They observed that both
the experimental and the gamified versions of the PWI covert naming task successfully
induced the Cl effect at an earlier picture-word SOA and the PF effect at a later SOA. The
latency and direction of the Cl and PF effects replicated previous findings using the
traditional overt naming PWI task (e.g., see review in Abel et al., 2009). The results
suggested that even when participants covertly named pictures and judged the ending
sound of the picture names, they went through the two main mental stages of word
retrieval expected for an overt naming task - lexical selection and phonological activation.
The distinct optimal SOAs also supported the proposition that Cl happens at an earlier
stage of word retrieval during lexical selection (distractor word precedes target picture by
200 ms), while PF happens at a later stage during phonological activation (distractor word
coincides with target picture). The ending phoneme was chosen as the judgment target
since the ending sound by itself (the coda of a the last syllable), especially without the
preceding nucleus/vowel of the syllable, has been found to have no priming effect to
target names (e.g., Dumay et al., 2001). Moreover, evidence from PWI phonological
priming tasks showed that ending syllable overlap would only elicit picture naming
facilitation if the ending syllable prime was given hundreds of milliseconds after picture
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onset, supporting a serial word form retrieval during picture naming (Wilshire et al., 2016).
Thus, having the design of a covert picture naming task with ending phoneme judgment
can maximize the likelihood of a complete word form activation without overt output.
Wei et al. (2022) also demonstrated that adding gamification elements (compared to
traditional experiments) can promote engagement in online experiments and potentially
mitigate the boredom and inattention inherent to remote/unsupervised testing condi-
tions (Brehman et al.,, 2009; Semmelmann & Weigelt, 2017), with greater engagement in
the task behaviorally reflected in an overall faster RT (Wei et al., 2022). Moreover, PWI
gamification can be an ideal assessment that measures both naming accuracy and
reaction time (RT) of the word retrieval processes. The measurement of both accuracy
and RT is potentially more sensitive for word-finding difficulties than the mere focus on
word-finding failures in confrontational naming tests included in traditional clinical
assessments such as the Montreal Cognitive Assessment (MoCA) (Nasreddine et al.,
2005) and Mini-Mental State Examination (MMSE) (Folstein et al., 1975).

1.5. Current study

This study tests the transmission deficit, inhibition deficit, and processing speed hypoth-
eses on age-related word-finding through three levels of investigation. First, utilizing the
gamified picture-word interference task (Wei et al., 2022), we fitted multiple linear
regression models to measure the effects of distractor condition and age on naming
performance to reveal how the phonological facilitation, categorical interference, and
overall picture naming performance change with age across the adult lifespan. Next, to
see if the picture-word interference game can index word-finding abilities in real-life
natural speech, we fitted multiple regression models to explain picture naming perfor-
mance with the effects of distractor condition, age, and speech disfluency obtained from
automated analysis of naturalistic speech samples. Speech disfluencies characterized in
connected speech, usually induced through picture description or prompted conversa-
tions, have been identified as one of the most prominent speech aspects that differentiate
older from younger adults (Bortfeld et al., 2001; Castro & James, 2014; Horton et al., 2010),
and identify mild cognitive impairment and AD patients (e.g., see reviews Filiou et al,,
2020; Mueller et al., 2018; Slegers et al., 2018). Moreover, Yeung et al. (2021) characterized
a number of speech features and validated them with clinician ratings of different aspects
of connected speech. Amongst all speech aspects, features that point to word-finding
difficulty, such as rate of speech, word duration, and length and the number of unfilled
(silent) pauses, have the highest correlation with clinician ratings (Yeung et al., 2021).
Utilizing these word-finding measures from natural speech, we explored the relationship
between participants’ picture naming performance in the game and their speech dis-
fluencies measured in picture description recordings. Last but not least, to investigate the
information universal prediction that language-domain deficits stem from a more general
decline in cognitive control, regression models were also used to assess executive func-
tions’ effect on picture naming game performance, on top of the effects of age and motor
speed.

Assuming that no tip-of-the-tongue state is being elicited during picture naming, the
same phonological primes are used across age groups, and the grammatical category of
the primes matches the target, the transmission deficit hypothesis could have two
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different predictions for the degree of PF across age. Since phonological priming operates
through a bottom-up converging activation (many-to-one), this direction of activation is
less vulnerable to age-related failure although all node-to-node connections are wea-
kened by age (Mackay, 1988; MacKay & Burke, 1990). Therefore, older adults may either
benefit from phonological primes to the same extent as young adults (Taylor & Burke,
2002), or to a lesser extent since the node connection strength is still weakened by age
(MacKay & Burke, 1990). Meanwhile, older adults likely have an enriched semantic net-
work through life experience with more extensive shared features amongst conceptually
similar words, supported by evidence on stronger semantic priming effect during word
recognition in older adults (see meta-analysis Laver & Burke, 1993). Therefore, the trans-
mission deficit hypothesis would predict a larger degree of Cl effect from categorical
distractors with older age due to increased priming toward semantically-related words. If
Cl increases with age and/or PF decreases with age as the transmission deficit hypothesis
would predict, the amount of that increase/decrease should be associated with the
degree of disfluency in natural speech, thereby supporting the assertion that transmission
deficit is the reason behind age-related word-finding struggles.

On the other hand, the inhibition deficit hypothesis would predict that older adults not
only experience interference from categorical distractors, but also benefit from phonolo-
gical primes more than young adults, due to their increased susceptibility to distraction
(Healey et al., 2008; Zacks & Hasher, 1994). Moreover, if an inhibition deficit is the reason
behind age-related word-finding difficulties, we expect the increase of categorical inter-
ference and phonological facilitation to correlate with disfluency in natural speech.
Alternatively, if general slowing in processing speed is the cause of age-related word-
finding difficulty, we would anticipate the overall picture naming RT to increase with age
as well as being associated with disfluencies in natural speech after controlling for non-
cognitive slowing such as motor reaction time. Furthermore, the inhibition deficit and
processing speed theories, advocating an information-universal mechanism behind dif-
ferent domains of cognitive aging, would predict that the degree of Cl (Lustig et al., 2001;
May et al., 1999), and overall picture naming RT (T. Salthouse, 1996), will be related to
levels of executive functioning.

2. Material and method
2.1. Data availability statement

We report all data exclusion, all manipulation, and all measures in the study. All data,
materials, codes, and supplementary materials, behind this analysis have been made
publicly available on Open Science Framework (https://osf.io/yc7jm/?view_only=
40bbaf6d13314b0dbee81ce41b0aa757). Data were analyzed using R, version 4.1.2 (R
Core Team, 2021). This study’s design and its analysis were not pre-registered.

2.2. Participants

One hundred and eighty-six North American English native speakers were recruited via Prolific
(www.prolific.co), the University of Toronto participant pool, and the Baycrest Hospital
participant database. Fifteen participants were excluded due to technical issues (e.g., video
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call cutoff, WIFI drop off, experimental software glitches), two participants were excluded due
to preexisting neurological disorders, one participant who fell asleep halfway through parti-
cipation was excluded, and two participants were excluded due to low MoCA scores (<21).
Note that we cannot exclude the possibility of including some older adults with mild cognitive
impairment or prodromal AD since MoCA is not a foolproof screening test. The Carson et al.
(2018) and Waldron-Perrine & Axelrod (2012) noted that a significant number of false positives
are commonly observed with the traditional 26/30 MoCA cutoff. Thus the lower MoCA cutoff
of 21/30 was used in this study. For confirmation, data analyses with a 26/30 MoCA cutoff
score are included in Supplementary 4.1, but they do not contradict the results reported
below. To control for the interference level of the audio distractors (in the PWI game) intrinsic
to the hardware, all participants without headphones or earphones were excluded. This latter
criterion excluded 5 young (age 18-35), 4 middle (age 36-63), and 32 older adults (age 64-90).
Many older adults, especially those above 75-years-old, did not use headphones or earphones
due to discomfort or incompatibility with their hearing aids. The final sample consisted of 125
participants — 36 young (age M = 26; SD =5.63; sex: 22 females), 38 middle-aged (age M =
48.34; SD =8.61; sex: 24 females), and 51 older (age M =70.43; SD =5.22; sex: 28 females)
adults with normal or corrected to normal vision and hearing, and without neurological or
psychological disorders. The percentage of biological females in each age group was roughly
matched (young: 61%, middle: 63%, older: 54% female) as indicated by a chi-squared test of
the association between sex and age group, which was found to be non-significant (Chi-
Squared[2] = 0.69, p =.71). The remaining older adults had a mean MoCA score of 26.24 (SD =
2.16). Overall, 10 out of 36 young (28%), 4 out of 38 (11%) middle, and 13 out of 51 (25%) older
adults were multilinguals, forming comparable percentages between young and older age
groups while the middle-aged group had a lower percentage of multilingualism. Given the
multilingualism pattern in our participants, any U-shaped relationship with age should be
interpreted with caution. Young (M = 15.94 + 2.67), middle (M = 16.55 + 2.13), and older (M =
16.14 + 2.24) participant groups had matched years of education (F(2,122)=.67, p=.52).
Moreover, semantic knowledge as measured by the categorical fluency task (Delis et al.,
2001; Fine & Delis, 2011; Shao et al,, 2014; Zemla, 2022) did not differ across age (r=—0.094,
R? =0.0088, p = .30) (see Table 2).

A priori power analyses were conducted using G*power version 3.1.9.6 (Faul et al., 2007)
for sample size estimation for the three steps of investigations in the current study. First,
based on data from T. A. Salthouse and Meinz (1995) (N = 242), which revealed significant
age-related changes in interference (r=.47) and facilitation effects (r=.36) during Stroop-
like tasks, minimum sample sizes of 53 and 94 were needed to reveal age-related changes in
distractor interference and facilitation effects with a=0.5 and power =.80. Second, to the
best of our knowledge, the literature investigating the association between picture naming
and connected speech fluency in healthy adults is very limited; thus, sample size estimation
for this research question is difficult to implement. Nonetheless, this research question has
been investigated frequently in post-stroke aphasia. According to Mayer and Murray (2003)
(N=14), a number of connected speech features reflecting word finding difficulties were
related to picture naming task performance in aphasic patients with the lowest correlation
being r=.68.With a = 0.5, and power = .80, the minimum sample size needed for this effect
size is 14. Third, we consulted the study of Higby et al. (2019) (N = 305), which examined the
relationship between a number of executive function tasks and picture naming perfor-
mance. The different executive composite scores had significant correlations with the



8 (& H.T.WEIETAL

Boston Naming task RT ranging from .45 to .15, with an average correlation of .31. Using the
average r=.31, a=0.5, and power =.80, the minimum sample size needed for this effect
size is 79. Thus, the final sample size of the current study (N=125) is greater than the
samples sizes suggested by effect sizes previously found in related research. The Research
Ethics Boards of Baycrest Hospital and the University of Toronto approved the study, and all
methods were carried out in accordance with Health Canada guidelines and regulations.
Informed consent was obtained from all participants electronically, using an online survey
platform (project-redcap.org).

2.3. Procedure and measures

Participants started their participation through a video call on the Zoom videoconfer-
encing software. Once they joined the video call, the experimenter sent participants
a google form that laid out all the subcomponents of the study and walked them
through it step-by-step. After confirming their eligibility, participants clicked on
a RedCap link for the informed consent form. The experimenter explained the study,
and the participants gave their verbal consent and checked the corresponding state-
ments on the form. After the informed consent, participants carried out 3 phases of
the study sequentially. Phase 1 was the PWI game with covert naming. Phase 2
involved two natural speech sample elicitations through a picture description task.
Phase 3 included administration of a set of executive function measures, consisting of
a reading span task, a motor and perceptual inhibition task, and verbal fluency tasks.
For older adults, their cognitive ability was assessed using the Montreal Cognitive
Assessment (MoCA) test (Nasreddine et al., 2005) between phases 1 and 2. The order
of the phases/tasks was designed to avoid carry-over effects on word-generation tasks.
Since the PWI game, the reading span task, and the verbal fluency tasks required
generation and memorization of words, other tasks (picture description, motor and
perceptual inhibition tasks) were inserted between them to reduce potential inter-task
interference.

2.3.1. Phase 1: Picture-Word Interference (PWI) game

The PWI game included in the current study was adopted from Wei et al. (2022), who
observed Cl and PF effects during covert picture naming at similar picture-word SOAs as
those observed in other psycholinguistic studies employing overt naming with vocal
reaction time as the outcome measure (see review in Abel et al., 2009). Specifically, a Cl
effect was induced using an earlier SOA, when an auditory distractor word precedes the
target picture (i.e.,, —200 SOA), while a PF effect was induced when an auditory distractor
word and target picture were presented simultaneously (i.e,, 0 SOA). In the PWI game,
participants covertly named pictures of common objects. Each trial was composed of
a 500 ms fixation cross and a 2500 ms picture presentation in the middle of the screen.
Participants were instructed to ignore the audio words they heard and to focus on
judging whether the picture names ended in the target sound assigned for the block
by “whacking” the “yes” or “no” mole through a single key press (see Figure 1). The speed
and accuracy of the button responses were the target measurements. At the beginning of
each block, a target phoneme (i.e., /k/,/|/,/n/,/x/,/s/, or/t/) was presented to the participants
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Figure 1. Picture-word interference game.

both visually and auditorily for 5000 ms. The experiment contained 6 blocks in total, and
each block had 24 trials, totaling 144 trials. The trials included 4 different picture-word
conditions adopted from Wei et al. (2022) - unrelated condition with —200 ms SOA
(UN_200), unrelated condition with 0 ms SOA (UN_O0), categorically-related condition
with —200 ms SOA (C_200), phonologically-related condition with 0 ms SOA (P_0). The
two unrelated conditions were set at different SOAs to serve as the respective baseline
condition for the categorical and phonological conditions with matching SOA. The
picture-word pairs that elicited the strongest categorical slowing (C_200gr — UN_200g7)
and phonological speeding (UN_Ogt — P_Ogy) effects in the Wei et al. (2022) study 4 were
included in this study (see Supplementary 1.1 for the picture-word pairs). The 36 trials for
each condition were evenly split into 6 blocks, with each block containing 6 trials per
condition.

The picture-word trials under each target phoneme block were put into 4 pre-randomized
lists and counterbalanced across participants. Each picture was paired with a unique audio
distractor word, and was therefore limited to one experimental condition. A fully balanced
design (e.g., Latin Squares) was not used because many pictures did not have suitable
distractor words available for multiple conditions (i.e,, phonological and categorical) that
met our criteria of high frequency and low syllable count. Kruskal — Wallis tests indicated
that the syllable count (ranging from 1 to 4 syllables) and word frequency of the pictures were
matched between the 4 picture-word conditions (syllable count H(3) = .91, p =.82; word
frequency H(3)=4.531, p=.21;). The speech duration ranged between 720 and 1,300 ms
(mean 937 ms) and was matched between conditions (H(3) = 3.5, p = 0.32). Under each block,
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half of the trials per condition were “yes” trials (picture name ends in the target phoneme) and
the other half were “no” trials (picture name does not end in the target phoneme). The
distractor words never had the same ending phoneme as the paired target pictures. The
ending phoneme judgment was made by pressing the “yes” and “no” keys (corresponding to
the “F” and “J” keys) on the keyboard as quickly as possible within a maximum reaction time of
2500 ms. The mapping of “yes” and “no” keys’ to the left (the “F” key) and right (the “J” key)
hands, or vice versa, was counterbalanced across participants. Although we cannot control for
each participant’s hardware refresh rate, it ranged between 60-240 Hz, mostly at multiples of
60 Hz. All the stimuli (pictures and audio files) were pre-downloaded by the website and all
participants were required to use Chrome as their web-browser. To control for the auditory
volume of the distractors, participants went through a headphone/earphone volume calibra-
tion procedure (Woods et al., 2017) to set the volume to a subjectively loud but comfortable
level before starting the game.

2.3.2. Phase 2: picture descriptions

Two black-and-white drawings depicting complex scenarios were presented to the parti-
cipants one by one through the share-screen function on Zoom. These drawings are
similar to the “Cookie Theft” picture description task from the widely-used Boston
Diagnostic Aphasia Examination (Goodglass & Kaplan, 1983) but original and proprietary
to Winterlight Labs, developers of the speech analysis software used in this study, and the
exact pictures (See Figure 2) have been validated in multiple studies detecting patholo-
gical aging such as AD (Curcic et al., 2022; Robin et al., 2021). Participants were instructed
to describe everything they saw in the pictures until we asked them to stop. They
described the events in each picture in natural speech for 60 seconds, 2 pictures in
total. Analyses of naturalistic speech samples have been used to develop natural lan-
guage algorithms that extract acoustic and linguistic features, which can index language
abilities such as semantic and syntactic complexity, discourse repetition, speech coher-
ency, word-finding difficulties, etc (see Fraser et al., 2015; Robin et al., 2021). The picture
description speech samples recorded from each participant were manually transcribed by
professionally trained transcribers. Data processing and feature extraction were per-
formed using the Winterlight Labs pipeline (www.winterlightlabs.com) with Python-

Figure 2. Winterlight Labs© picture description stimuli.
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based standard acoustic and language processing libraries and proprietary custom code.
The number of non-identifiable words, average word duration, number of filled pauses,
hesitation, long pause (>2s) count, medium pause (1-2s) count, pause word ratio, short
pause (<1s) count, short pause duration, speech rate, number of ‘uh’s and ‘um’s, and
number of unfilled pauses were extracted from their picture description audio and
transcription files (see Supplementary 2.1 for the definition of these features). These 13
speech features have been categorized as indicative of the degree of speech disfluencies/
word-finding difficulty (Rohrer et al., 2008; Yeung et al., 2021).

2.3.3. Phase 3: Executive function measures

2.3.3.1. Reading span. The reading span task was adapted from Klaus and Schriefers
(2006), created using the PsychoPy Builder interface (Peirce et al., 2019), output to
a PsycholS experiment (Bridges et al., 2020), and implemented online through Pavlovia
(https://pavlovia.org/). In each trial of the task, participants saw a sentence to read out
loud and judged whether it was sensical (e.g., “People in our town are more giving and
cheerful at Christmas time.”) or non-sensical (e.g., “During the week of final spaghetti | felt
like I was losing my mind.”) within 10 seconds. Following the sentence judgment, a word
showed up in the middle of the screen for them to read out loud and memorize. Half of
the time, the words for memorization were concrete nouns, while the other times they
were abstract nouns. Each pair of sentence judgment and word memorization is a trial,
and multiple trials consisted of a set. The set size increased incrementally from 2 to 6 trials
over the course of the task, and each set size was repeated twice before moving on to the
next set size. At the end of each set, participants were prompted to type out all the words
that they still remember in the set. This task measures working memory capacity as the
ability to remember a rolling list of words while actively processing sentences (Daneman
& Carpenter,1980; Gick et al., 1988). The working memory score was calculated using the
proportion words method suggested by Friedman and Miyake (2005). For example,
remembering 2 out of 5 words in a set gets 0.4 points. The mean score over all sets was
the final reading span score.

2.3.3.2. Motor and perceptual inhibition. This task adapted the design by Nassauer
and Halperin (2003) to disassociate two types of cognitive inhibition - termed motor
inhibition and perceptual inhibition (see also Germain & Collette, 2008; Jennings et al.,
2011). This task was created using the Psychopy Builder interface (Peirce et al., 2019),
output as a PsycholS experiment, and implemented online through Pavlovia (https://
pavlovia.org/). To control for the dimensions of each participant’s screen display, partici-
pants adjusted a standard credit card image on the screen to match with a physical credit
card in their hands (8.6 cm wide and 5.4 cm tall; Morys-Carter, 2020). These measured
parameters allowed Psychopy to scale the stimuli and their location consistently across all
participants. Then, participants were instructed to keep their left hand, and right hand,
index fingers on the keyboard “F” and “)” keys, respectively. This task was composed of 5
runs. In run 1, an arrow pointing either left or right showed up in the middle of the screen.
Participants were asked to press the keys according to the arrow-pointing direction as
quickly as possible. In run 2, a rectangle showed up on either the left or right side of the
screen. Participants were instructed to press the keys according to the rectangle location
as quickly as possible, measuring simple motor RT. In run 3, an arrow pointing either left or
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right showed up on either the left or right side of the screen, creating the congruent (i.e.,
when the arrow-pointing direction is the same as the location) and incongruent (i.e., when
the arrow-pointing direction is the opposite of the location) conditions. Participants were
instructed to ignore the location of the arrow but respond according to the arrow-
pointing direction. Run 4 repeated run 1 to re-familiarize participants to respond to the
arrow-pointing direction. Lastly, in run 5, an arrow pointing either left or right showed up
in the middle of the screen. However, in contrast to runs 1 and 4, participants needed to
press the keys corresponding to the opposite direction of the arrow-pointing direction.
Perceptual inhibition (PI) was calculated as the RT difference between the congruent and
incongruent conditions in run 3. Perceptual incongruent inhibition (Pli) was calculated as
the RT difference between the incongruent condition in run 3 and the no-conflict condi-
tion in runs 1 and 4. On the other hand, motor inhibition (MI) was calculated as the RT
difference between reacting to the opposite of the arrow-pointing direction (run 5) versus
simply reacting to the arrow-pointing direction (runs 1 and 4). Pl and Pli measured the
ability to focus attention when interfering stimuli are present while MI represented the
ability to suppress the incorrect response that may be triggered by the presented stimulus
(Germain & Collette, 2008; Jennings et al., 2011; Nassauer & Halperin, 2003).

2.3.3.3. Verbal fluency. This task was based on the DKEFS battery (Delis et al., 2001),
implemented through verbal instructions given in the video call. The DKEFS battery has
three conditions - letter fluency, categorical fluency, and categorical switching. In each
condition, two prompts were given to the participants. In the letter fluency condition,
participants were asked to generate as many words in 60 seconds as possible based on
a starting letter provided to them. This task was conducted first with the letter “F” and
then with “A”. In the categorical fluency condition, participants were asked to think of as
many animals’ and boys’ names as possible within 60 seconds each. In the categorical
switching condition, participants needed to alternate between fruits and pieces of furni-
ture (e.g., apple, table, pear, chair ...), naming as many members of the two categories as
possible within 60 seconds. This task measured participants’ ability to generate words
fluently in an effortful, phonemic format (letter fluency), from overlearned concepts
(categorical fluency), and shifting between overlearned concepts (categorical switching)
while self-monitoring for the rules and restrictions. The number of times participants
deviated from the rules and the number of repetitions was also recorded as error
measures. Letter fluency can reveal participants’ verbal knowledge, systematic retrieval
of lexical items, and simultaneous processing and monitoring (Delis et al., 2001; Fine &
Delis, 2011; Shao et al., 2014). Categorical fluency can measure participants’ semantic
network/knowledge and categorical switches also index shifting ability (Delis et al., 2001;
Fine & Delis, 2011; Shao et al., 2014; Zemla, 2022).

3. Results

Descriptive data on the game and executive measures and their correlations with age are
summarized in Tables 1 and 2, respectively.

For the multiple regression models fitted for the 3 steps of the investigation (i.e.,, game
performance explained by age, by natural speech disfluency, and by executive function),
to control for type | error during multiple comparison, we corrected our alpha level using
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Table 1. Descriptive statistics for game measures, showing means and standard deviations in
parentheses, as well as correlations with age.

Young adults ~ Middle-aged adults

Game measures (N = 36) (N =38) Older adults (N = 52)  Correlation with age (N = 126)
Accuracy-based (%)

C_200acc 85.95 (7.15) 79.58 (12.98) 72.73 (13.65) r=—.50, R? = .25, p < 0.001***
P_Opcc 94.91 (4.58) 91.81 (8.99) 86.99 (12.15) r=-.39, R® = .15, p < 0.001***
UN_200pcc 94.06 (4.89) 89.16 (10.29) 85.03 (10.82) r=-.42,R? =18, p < 0.001***
UN_Oacc 88.66 (7.29) 84.82 (14.53) 80.7 (11.91) r=-35R>=.12, p < 0.001***
AllCondacc 90.89 (4.56) 86.34 (10.68) 81.36 (10.92) r=-.46,R> = 21, p < 0.0071***

RT-based (ms)

C_200gr 1331.8 (184.53) 1435.51 (268.62) 1650.28 (226.43) r=.54,R? = .29, p < 0.001***

P_Ogr 1131.96 (167.3) 1259.49 (266.03) 1490.91 (243.15) r=.58, R’ = .34, p < 0.001%**

UN_200gr 1132.11 (166.07)  1237.87 (237.09) 1476.49 (235.77) r=.59, R? = 35, p < 0.001%**

UN_Ogr 1339.05 (191.67)  1428.63 (261.74) 1618.08 (241.56) r=.50, R* = .25, p < 0.001%**
) )

AllCondgy 1233.73 (168.92)  1340.37 (250.84

1558.94 (227.87 r=.57,R? = .32, p < 0.001%**

Notes. AllCondacc and AllCondgr are the mean accuracy and RT, taken as the overall picture-naming accuracy and RT,

across all distractor conditions (i

.e., C_200, P_0, UN_200, UN_0). Pearson’s correlation coefficient was used for

correlations between executive measures and age.

Table 2. Descriptive statistics

for executive measures, showing means and standard deviations in

parentheses, as well as correlations with age.

Middle-aged
Young adults adults Older adults Correlation with age (N=
Executive measures (N=36) (N=138) (N=52) 126)
Reading span (working memory)
Proportional word recall 70 (.111) .64 (.14) .58 (.14) r=-.46,R*= 21,
p < 0.001%**
Sentence accuracy (%) 93.61(3.57) 94.52 (2.82) 93.33 (4.01) r=-0.064, R =0.0041,
p=.48
Sentence RT (s) 4.68 (.70) 4.97 (.84) 4.89 (.65) r=.12,R*=0.015,p=.17
Motor and perceptual inhibition (inhibition control)
Simple detection RT (ms) 367.43 398.69 (67.50) 458.5(91.18) r=.48, R*= .23, p < 0.001%**
(71.82)
MI (ms) 82.64 (82.36) 144.6 (121.07) 172.29 r=.32, R>=.10, p < 0.0071***
(149.92)
Pl (ms) 30.8 (47.40) 52.01 (45.77) 75.35 (72.09) r=.32, R>=.10, p < 0.0071***
Pli (ms) 154.79 190.78 (96.41) 235.78 r=.32,R*=.10, p < 0.001%***
(71.73) (127.35)

Verbal fluency (vocabulary, switching, self-monitoring)

Letter fluency
Categorical fluency

Categorical switching total
correct

Categorical switching total
switch

Total set loss

Total repetition

47.03 (13.07) 49.03 (14.13) 49.22 (13.00) r=0.061, R*=0.0037, p=.50
46.75 (8.27) 46.71 (12.44) 44.82 (10.83) r=-0.094, R* = 0.0088,

p=.30
16.03 (3.18) 16.26 (2.86) 14.63 (2.89) r=-.19,R*=0.036, p < 0.05*
15.58 (3.27) 15.42 (2.98) 14.2 (2.95) r=-0.18, R?=0.032,
p < 0.05*
.78 (1.15) 1.18 (1.74) 1.61 (1.43) r=.21, R*=0.045, p < 0.05*
1 (.96) 1.03 (1.17) 292 (2.82) r=.25R?*=0.061, p<0.01%

Notes. Pearson’s correlation coefficient was used to calculate correlations reported in this table.

Bonferroni correction (0.05/number of tests). Since the Cl and PF effects should be elicited
through different game conditions, separate models were implemented with the 0 SOA
conditions (P_0, UN_0) and the —200 SOA conditions (C_200, UN_200) as predictors for
game performance (RT or accuracy). Therefore, each investigation involved fitting 4
separate multiple regression models, 2 game measures (RT & accuracy) x 2 game condi-
tion SOAs (0 and —200), the corrected p-value threshold was set at 0.0125.
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3.1. Game performance explained by age

To investigate the categorical interference (Cl) and phonological facilitation (PF) effects, as
well as their changes with age, a series of multiple linear regression models were
conducted to predict picture naming game performance with age, game condition, and
their interaction while controlling for simple motor RT. The models were fitted in R using
the aov() function (R Core Team, 2021) as shown below, with the error term specifying
game condition as a within-subject variable:

0 SOA : aov(game measure ~ age * game condition (UN_0 VS. P_0) + simple motor RT + Error
(subject/game condition))

-200 SOA : aov(game measure ~ age * game condition (UN_200 vs. C_200) + simple motor RT +
Error(subject/game condition))

The simple motor RT was measured in session 2 of the motor and perceptual inhibition
task, which required participants to press the corresponding keys by detecting the
location of a rectangle as quickly as possible.

As expected, picture naming speed and accuracy decreased with age in all game conditions
(RT 0 SOA: F(1) = 61.09, p < 0.001, n, = .33; RT =200 SOA: F(1) = 70.01, p < 0.001, n?, = .36;
Accuracy 0 SOA: F(1) =21.01, p < 0.001, nzp =.15; Accuracy —200 SOA: F(1) =40.31, p < 0.001,
r]zp = .25) (see Figure 3). Moreover, categorical distractors at —200 SOA significantly slowed
picture naming speed (F(1) = 451.42, p < 0.001, nz,, =.79) and interfered with picture naming
accuracy (F(1)=157.35,p < 0.001, nzp =.56) compared to unrelated distractors at the same SOA
see Figure 3(a,c). Meanwhile, phonological distractors at 0 SOA significantly sped up picture
naming (F(1) = 359.88, p < 0.001, nzp = .75) and facilitated picture naming accuracy (F(1) =
81.64,p <0.001, r]zp =.40) compared to unrelated distractors at the same SOA see Figure 3(b,d).
See Supplementary Table S4 and 5 for the full model outputs. These results suggested that the
PWI game successfully elicited the Cl and PF effects, as seen in our previous studies restricted to
healthy young adults (Wei et al,, 2022). Additionally, significant interactions between game
conditions and age in predicting picture naming speed and accuracy indicated that the
magnitude of Cl and PF effects changed across the adult lifespan. The degree of phonological
speeding significantly decreased as age increased (F(1) =13.11, p < 0.001, nzp =.10), suggesting
that older adults benefited less from phonological primes compared to young adults (observe
that the distance between the two lines decreases with age in Figure 3(b).

On the other hand, the degree of categorical interference in picture naming accuracy
significantly increased with age (F(1) = 8.43, p = 0.004, nzp = 0.06), showing an increased
susceptibility to categorical distractors in older compared to young adults (see the
increase of line distance with age in Figure 3(c). In other words, older adults made more
naming errors than young adults when categorical distractors were present. Since each
trial has a maximum response time of 2500 ms and missed responses were encoded as
incorrect, both RT and accuracy are important measures of the picture naming game.
Younger adults (age 18-64) had a 2.3% no response rate and older adults (age 64-90) had
a 8.4% no response rate. A composite score combining RT and accuracy was computed as
an inverse efficiency score (J. Townsend & Ashby, 1983; J. T. Townsend & Ashby, 1978),
which also suggested a significant increase of Cl with age but an age-invariant PF effect
(see Supplementary 2.2). Overall, the results showed that Cl increased with age, while PF
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Figure 3. Game RT and accuracy with age by game condition.

either decreased with age when looking at naming RT alone, or remained stable across
age when looking at the composite score of RT and accuracy.

3.2. Game performance explained by disfluency measured in natural speech

3.2.1. Factor analysis on speech disfluency features

To decrease feature dimensionality, an exploratory factor analysis using the maximum
likelihood factor solution was implemented on the 13 speech disfluency features, plus
speech feature scores on long, medium, and short pause durations (a total of 16 features).
(See supplementary 2.3.1 for data suitability checks.) Originally, a parallel analysis (Horn,
1965), which generates random correlation matrices and compares their eigenvalues with
the eigenvalue of the observed data, suggested 3 factors (see Supplementary 2.4 for the
3-factor model pattern matrix). Eventually, a 2-factor model was chosen for better inter-
pretability. The only difference between the 2-factor and 3-factor models was that the
3-factor model separated longer-pause and shorter-pause-related speech features, while
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the 2-factor model simply extracted one pause-related factor. An oblique rotation (obli-
min) was performed to allow for inter-factor correlation and the 2 factors were positively
correlated (Pearson’s r = .48, p < 0.001), suggesting that more pauses was associated with
slower speech speed. The obtained pattern matrix is shown in Table 3.

The first factor had an initial eigenvalue of 6.54 (sum of squared loading of 5.10), and it
accounted for 40.89% of the total variance in the data. Factor two had an eigenvalue of
2.49 (sum of squared loading of 2.84) and accounted for a further 15.55% of the total
variance. In sum, the two factors accounted for 56.44% of the total variance. Loadings
were high on Factor 1 for the eight pausing-related speech features. The higher the factor
1 value, the more pausing tended to occur between speech elements. On the other hand,
factor 2 was heavily loaded by the main measures of speech speed. The higher the factor 2
value, the slower the speech rate. In summary, the two factors can be interpreted as
underlying aspects of speech disfluency.

3.2.2. Game performance explained by speech disfluency factors

With the underlying factors for speech disfluency extracted, the associations between these
factors and game performance were investigated using a series of multiple linear regression
models. Each participant’s factor score on the 2 disfluency factors were estimated by
multiplying the data matrix with the weighting matrix calculated with the default
“Thurstone” regression method using the fa() function of the “psych” package (Revelle,
2021) in R. In other words, the factor scores represent how high or low a participant scores
(i.e., relative spacing/standing) on the latent factors. In each model, a game measure (RT or
accuracy) was specified as the predicted value, while the predictors were the disfluency
factor score, game condition, age, simple motor RT, and the 2-way and 3-way interactions
between disfluency factor, game condition, and age. The focuses of the results were the
main effect of disfluency factor, and its interactions with game condition and age on
predicting naming game performance, while controlling for the main effect of simple
motor RT. These analyses can reveal whether the disfluency factors were associated with
picture naming game RT or accuracy, and whether the associations differ across age or

Table 3. Two-factor model on disfluency speech features.

Factors

Features 1 2 Interpretation
Medium pause duration (s) 1.00 -0.01 Pausing
Mean pause duration (s) .89 0.08

Long pause count .87 —-0.06

Long pause duration (s) .84 -0.04

Medium pause count 72 —-0.03

Short pause duration (s) .66 0.08

Pause-word ratio .62 .20

Short pause count .36 —-0.01

Speech rate 0.02 -1.00 Speech speed
Average word duration (s) 0.02 .98

Unfilled pause count .30 .56

Filled pause count -33 42

Hesitation .20 40

Non-identifiable word count 22 -22

“uh” count -.18 27

“um” count -25 25

Notes. Maximum likelihood extraction; Oblimin rotation; Loadings larger than .34 are in bold.
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game condition due to Cl and PF effects. Again, the 0 SOA and —200 SOA game conditions
were specified in separate models. The models were implemented in R as below, with the
error term specifying game condition as a within-subject variable:

0 SOA : aov(game measure ~ speech disfluency factor * game condition (UN_0 VS. P_0) * age +
simple motor RT + Error(subject/game condition))

-200 SOA : aov(game measure ~ speech disfluency factor * game condition (UN_200 vs. C_200) *
age + simple motor RT + Error(subject/game condition))

The model results suggested that disfluency factor 1 (pausing in speech) did not explain
a significant amount of variance in picture naming speed or accuracy with both 0 and
—200 SOA game conditions (RT 0 SOA: F(1) = 91, p = .34, nzp = 0.01; RT -200 SOA:
F(1) =1.75,p = .19, n°, = 0.01; Accuracy 0 SOA: F(1) = 0.08, p = .78, n°, = 0.00; Accuracy
—200 SOA: F(1) = 0.09, p = .76, nzp = 0.00) (see Figure 4). Neither did disfluency factor 1
(pausing in speech) interact with age (RT 0 SOA: F(1) = .28, p = .60, nzp = 0.00; RT -200
SOA: F(1) = 0.03, p = .87, n°, = 0.00; Accuracy 0 SOA: F(1) = .29, p = .59, n°, = 0.00;
Accuracy -200 SOA: F(1) = .42, p = .52, nzp = 0.00) or interact with game condition (RT 0
SOA: F(1) =0.02, p = .88, n°, = 0.00; RT —200 SOA: F(1) = .74, p = .39, n°, = 0.01; Accuracy
0 SOA: F(1) = 0.04, p = .84, n°, = 0.00; Accuracy —200 SOA: F(1) = 1.00, p = .32, n*, = 0.01)
in predicting picture naming speed and accuracy (see Figure 4). See Supplementary Table
S6 and 7 for full model outputs with disfluency factor 1 as a predictor.

(a) UN_200 and C_200 RT with WFD FA1 (b) UN_0 and P_0 RT with WFD FA1

cond C_200 [SE=ass UN_200 cond PO UN_O
2000
1800-
fo ~
wl 7]
& 1500] 1t ae—i—— & 1600
~ o - : o -
A B P o [25
1200] WRETTC % 1200
900 500
-1 0 1 2 3 -1 0 1 2 3
(¢) UN_200 and C_200 accuracy with WFD FA1 (d) UN_0 and P_0 accuracy with WFD FA1
cond C_200_acc |[s===ss UN_200_acc cond P_0_acc UN_0_acc
100 = - ) 100
S |t <
S vy S g
N — = 8
Q . . Q
& £
3 8 60
O
< 60 j:’
40
40
-1 0 1 2 3 -1 0 1 2 3

WEFD factor 1 (Pausing in speech)

Figure 4. Game RT and accuracy with speech disfluency factor 1 by game condition.
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On the other hand, although disfluency factor 2 (speed of speech) did not interact with age
(RT 0 SOA: F(1) =.73, p = .40, n°, = 0.01; RT =200 SOA: F(1) = .75, p = .39, n>, = 0.01; Accuracy
0 SOA: F(1) = 0.05, p = .82, n°, = 0.00; Accuracy —200 SOA: F(1) = .13, p = .71, n°, = 0.00) or
game condition (RT 0 SOA: F(1) = 007, p = .79, n’, = 0.00; RT -200 SOA:
F(1) = .12, p = .73, n?, = 0.00; Accuracy 0 SOA: F(1) = .71, p = .40, n*, = 0.01; Accuracy
—200 SOA: (1) = 1.15, p = .28, nzp = 0.01) in explaining picture naming speed or accuracy, it
did explain a significant amount of variance in picture naming speed in all game conditions
via a main effect of speech disfluency (RT 0 SOA: F(1) = 7.85, p < 0.01, r12p = 0.06; RT —200
SOA: F(1) = 13.06, p < 0.001, nzp = .10) (see Figure 5(a,b), suggesting that slower picture
naming RT in the game is associated with slower speech rate in natural speech. Unlike picture
naming RT, picture naming accuracy did not associate with speech disfluency factor 2 (speed
of speech) (Accuracy 0 SOA: F(1) = 1.85, p =.17, nzp = 0.02; Accuracy —200 SOA: F(1) = 2.81,
p=.10, nzp = 0.02) see Figure 5(c,d). See Supplementary Table S8 and 9 for full model outputs
with disfluency factor 2 as a predictor. These results suggested that the game condition
effects for Cl and PF did not interact with either of the speech disfluency factors. In other
words, no association between the degree of CI/PF and natural speech disfluency was found.
Nonetheless, the speed of speech aspect of disfluency in natural speech can predict picture
naming RT, but not naming accuracy, in the game. The lack of association between disfluency
in natural speech and picture naming accuracy could potentially result from a ceiling effect
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Figure 5. Game RT and accuracy with speech disfluency factor 2 by game condition.
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where the majority of participants had accuracy above 85%, as can be expected in
a cognitively healthy population. Overall, picture naming RT demonstrated stronger associa-
tion with natural speech disfluency compared to naming accuracy, Cl, and PF measures.

3.3. Game performance explained by executive function

3.3.1. Factor analysis on executive measures

Given that the executive function tests produced a number of output measures, we
conducted an exploratory factor analysis using a principal axes factor solution, to see if
those measures could be combined into meaningful composites reflecting underlying
cognitive abilities. (See supplementary 2.3.2 for data suitability checks.) Initially, a parallel
analysis (Horn, 1965) suggested the presence of 4 factors. However, retention of 3 or 4
factors in the model rendered an ultra-Heywood case where the common factors
explained more than 100% of the variance in an observed variable, potentially indicating
too many common factors were retained and that the factor results were unreliable. Thus,
2 factors were extracted in the exploratory factor analysis in order to maximize interpret-
ability of the results. An oblique rotation (oblimin) was performed to allow for inter-factor
correlations and the 2 factors were negatively correlated (Pearson’s r = —.26, p < 0.01),
suggested that better verbal fluency, switching, and working memory was related to
better inhibition function. The obtained pattern matrix is shown in Table 4.

The first factor had an eigenvalue of 3.23 (sum of squared loading of 2.60), and it
accounted for 32.34% of the variance in the data. Factor two had an eigenvalue of 1.78
(sum of squared loading of 1.50) and accounted for a further 17.77% of the variance. In
sum, the two factors accounted for 50.11% of the total variance. Verbal fluency, switching,
and working memory (WM) related variables had high loadings on Factor 1. Thus, the
higher the factor 1 value, the better the verbal fluency, switching, and WM function. On
the other hand, factor 2 was associated with inhibition-related variables. Since higher
inhibition RT indicates worse inhibitory functioning, high values on Factor 2 indicate
lower inhibition ability. Overall, only two items were not associated with the two
extracted factors. These items involved failures to self-monitor for instructions, and
repetitions.

Table 4. Two-factor model on executive measures.

Factors
Features 1 2 Interpretation
Category switching total correct .88 0.03 Verbal fluency, switching, WM
Categorical switching total switch .87 -0.02
Categorical fluency 73 0.00
Letter fluency .60 0.00
Working memory (proportion word recall) .30 -29
Perceptual incongruent inhibition (ms) -0.02 .81 Inhibition
Perceptual inhibition (ms) 0.04 77
Motor inhibition (ms) -1 35
Set loss total count -17 -.21
Repetition total count .16 -0.02

Notes. Principal factor extraction; Varimax rotation; Loadings larger than .30 are in bold.
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3.3.2. Executive factor effects on game performance

A series of multiple linear regression models were implemented to investigate the
effects of executive factor, game condition, age, and their interactions on game
performance, while controlling for the effect of simple motor RT. Each participant’s
factor score on the 2 executive factors were estimated by multiplying the data
matrix with the weighting matrix calculated with the default “Thurstone” regres-
sion method using fa() function under “psych” package (Revelle, 2021) in R. The
predicted value of the model was the specific game measure (RT or accuracy), with
the predictors including the specific executive factor score, game condition, age,
simple motor RT, and the 2-way and 3-way interactions between executive factor,
game condition, and age. These models aimed to reveal associations between
executive function and the picture naming game performance, interactions
between age and executive function on game performance, as well as associations
between executive function and the CI/PF effects (measured through the executive
factor x game condition interaction) on game performance. The models were
specified in R as below, with the error term specifying game condition as a within-
subject variable:

0 SOA : aov(game measure ~ executive factor * game condition (UN_0 VS. P_0) * age + simple
motor RT + Error(subject/game condition))

-200 SOA : aov(game measure ~ executive factor * game condition (UN_200 vs. C_200) * age +
simple motor RT + Error(subject/game condition))

When predicting game performance with the first executive factor (verbal fluency, switch-
ing, & WM factor), significant effects were observed on picture naming RT and accuracy for
all game conditions (RT 0 SOA: F(1) = 67.64, p < 0.001, nzp = .36; RT -200 SOA:
F(1) = 67.54, p < 0.001, n°, = .36; Accuracy 0 SOA: F(1) = 23.37, p < 0.001, n?, = .16;
Accuracy —200 SOA: F(1) = 30.44, p < 0.001, nzp =.20), showing that better verbal fluency,
switching &WM ability is associated with faster and more accurate picture naming (see
Figure 6). Furthermore, a significant interaction between the verbal fluency, switching &
WM factor and —200 SOA game conditions was found on picture naming accuracy (F(1) =
11.95, p < 0.001, nzp = 0.09), suggesting that better verbal executive function (fluency,
switching, WM) corresponds to weaker categorical interference during picture naming
(observe that the distance between the two lines decreases as executive function
increases in Figure 6(c). No other significant interaction between game condition and
the verbal fluency, switching & WM factor was found (RT 0 SOA: F(1) = 93, p = .34,
n’, = 0.01; RT =200 SOA: F(1) = 1.93, p = .17, n?, = 0.02; Accuracy 0 SOA: F(1) = 5.31,
p =0.023, r]zp = 0.04) see Figure 6(a-c). No interaction between age and the verbal fluency,
switching & WM factor was found in explaining naming performance (RT 0 SOA: F(1) =.11,
p = .74, n°, = 0.00; RT —200 SOA: F(1) = .24, p = .63, n°, = 0.00; Accuracy 0 SOA:
F(1) = 2.14, p = .15, n°, = 0.02; Accuracy —200 SOA: F(1) = 2.01, p = .16, n°, = 0.02),
suggesting independent effects of age and executive function on picture naming. See
Supplementary Table S10 and 11 for the full model outputs with executive factor 1 as
a predictor.
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Figure 6. Game RT and accuracy with executive factor 1.

When predicting game performance with the second executive factor (inhibition),
significant effects were also observed on picture naming RT and accuracy for all game
conditions (RT 0 SOA: F(1) = 55.88, p < 0.001, nzp = .32; RT -200 SOA: F(1) = 42.80,
p < 0.001, n°, = .26; Accuracy 0 SOA: F(1) = 14.87, p < 0.001, n°, = .11; Accuracy —200
SOA: F(1) = 13.17, p < 0.001, nzp = .10), showing that better inhibition function is
associated with faster and more accurate picture naming (see Figure 7). Inhibition factor
did not interact with age (RT 0 SOA: F(1) = 0.00, p < 1.00, nzp = 0.00; RT —200 SOA:
F(1) = 0.05, p = .82, n°, = 0.00; Accuracy 0 SOA: F(1) = .91, p = .34, n°, = 0.01; Accuracy
—200 SOA: F(1) = .24, p = .63, r]zp = 0.00) in explaining game performance, suggesting
additive effects of age and inhibition function on picture naming. On the other hand, the
inhibition factor had no interaction with game condition in all but one model (RT —200
SOA: F(1) = 4.28, p = 0.04, n’, = 0.03; Accuracy 0 SOA: F(1) = 1.08, p = .30, n°, = 0.01;
Accuracy —200 SOA: F(1) =1.88,p=.17, r]zp =0.02) (see Supplementary Table S12 and 13
for full model outputs). The inhibition factor interacted with the 0 SOA game conditions in
predicting picture naming RT in the game (F(1) = 7.90, p < 0.01, nzp = 0.056) (observe that
the two lines converge as the executive factor score increases in Figure 7(b). This inter-
action suggests that worse inhibition ability (higher factor score) was associated with
smaller phonological facilitation during picture naming.
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Figure 7. Game RT and accuracy with executive factor 2

4, Discussion

Through the three levels of investigations, this study demonstrated how age, speech
disfluency, and executive function interact with the performance of a covert PWI game.
The Cl and PF effects were successfully induced using the gamification design of the
covert PWI task. Cl was increased with age, while PF in RT decreased with age and
remained invariant across age in the speed and accuracy combined measure. Two speech
disfluency factors were extracted from the picture description speech samples. The speed
of speech factor significantly explained picture naming RT but not accuracy. Meanwhile,
all executive abilities decreased with age. Two executive factors were extracted from the
set of executive measures. Both executive factors significantly explained picture naming
performance and some CI/PF effects. Further discussion of these findings are framed
within their theoretical significance below.

4.1. Age-related changes in PWI supported transmission deficit and processing
speed theories

Age-related deficits in phonological activation (MacKay & Burke, 1990), competitor
inhibition (Hasher & Zacks, 1988; Zacks & Hasher, 1994), and processing speed (T.
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Salthouse, 1996) have been proposed as distinct cognitive mechanisms to account
for age-related increases in word-finding difficulty. Three stages of investigation
were implemented in the current study to compare these cognitive aging theories.
First, using a novel gamified PWI paradigm (Wei et al., 2022), this study demon-
strated how measuring the levels of interference from categorical distractors (i.e.,
Cl) and facilitation from phonological primes (i.e., PF) across the adult lifespan
allows us to probe the two main stages of word retrieval that may degrade in
advanced age. Meanwhile, as expected from processing speed theory, we observed
that the overall picture naming speed and accuracy linearly decreased with age
beyond the psychomotor slowing, replicating the widely established age-related
decline in word-finding ability (A. S. Brown & Nix, 1996; D. M. Burke et al., 1991,
2004; Maylor, 1990, 1997; T. A. Salthouse & Mandell, 2013). With Cl indexing the
potential inhibition deficit that happens at the stage of lexical selection (Abdel
Rahman & Melinger, 2011; Belke et al., 2005; Damian et al., 2001; Schnur et al,,
2006), we found that older adults experience increased Cl, reflecting an increased
interference from competing distractors. This result was aligned with the prediction
of both the inhibition and transmission deficit hypotheses.

On the other hand, changes in the degree of PF across age can inform the age-
related alterations that occur during phonological activation (de Zubicaray &
McMahon, 2009; de Zubicaray et al., 2002; Meyer, 1996; Meyer & Schriefers, 1991;
Roelofs, 1992; Schriefers et al., 1990). Our analysis showed that the degree of PF in
naming RT decreased with age. That is, older adults benefited less from phonological
primes compared to young adults in the speed of word retrieval. This result is
inconsistent with the inhibition deficit hypothesis’s prediction that PF would increase
across age due to older adults’ increased susceptibility to distractors (Healey et al.,
2008). However, a PF increase with age may be intrinsically difficult to observe since
younger adults likely already perform at ceiling during primed picture naming,
leaving less room for improvement across age. As observed in the picture naming
RT and accuracy composite score (see Supplementary 2.2), the degree of PF
remained stable across age. Although the PF trajectories across age yielded
a rather inconclusive argument against the inhibition deficit hypothesis, they can
be explained within the framework of transmission deficit hypothesis. The PF
decrease with age is consistent with the assertion that older adults have a weaker
connection between nodes; therefore, despite the bottom-up converging activation
of the phonological primes being less vulnerable to age-related deterioration, older
adults still have a less efficient top-down lemma to phonology activation process
(MacKay & Burke, 1990). Moreover, the age-invariant PF in the composite score (see
Supplementary 2.2) replicated previous studies supporting the transmission deficit
hypothesis that top-down lemma to phonology activation is resistant to the effect of
aging (i.e., Taylor & Burke, 2002). Summarizing the first step of the study, processing
speed theory was supported by the overall picture naming speed and accuracy
decrease across age. Transmission deficit hypothesis was supported by both the age-
related Cl increase and the PF decrease during lemma selection and phonological
activation, respectively. Meanwhile, although the Cl increase with age also con-
formed to the inhibition deficit hypothesis, the PF decrease with age contradicted
the inhibition deficit prediction.
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4.2. Connected speech disfluency explained picture naming speed but not
accuracy, Cl, or PF

If distractor activation during lemma selection, or the top-down connection from lemma
to phonology explained observed word-finding difficulties, as the transmission deficit
hypothesis would argue, then the degree of Cl and PF should be associated with
measurements of word-finding difficulties. In the recent decades, one increasingly pop-
ular way of measuring word-finding difficulties in healthy and pathological aging is
connected speech characterization (Bortfeld et al., 2001; Castro & James, 2014; Horton
et al., 2010; Slegers et al., 2018). Studies on aphasic patients have also related these
natural speech disfluencies with picture naming performance (see Mason & Nickels, 2022
for a review) and clinician ratings of word-finding difficulties (Yeung et al,, 2021). The
current study explored the associations between the CI/PF effects in the picture naming
game performance and speech disfluencies measured in natural speech across young and
older adults. The results suggested that although the Cl and PF trajectories with age
supported the transmission deficit hypothesis, no significant association between CI/PF
and natural speech disfluency was observed. On the other hand, a robust relationship
between overall picture naming speed and disfluency in natural speech existed. Our
analysis showed that faster picture naming RT was associated with less speech disfluency,
especially in the aspects related to the speed of speech (e.g., speech rate and average
word duration).

Although this association is seemingly unsurprising, previous studies investigating the
relations between single-word confrontational naming and word-finding features in
natural speech in healthy and aphasic adults concluded that these two types of word-
finding measures (single-word retrieval vs. connected speech) do not measure the same
word-finding mechanism (see Kavé & Goral, 2017 for a review). Clearly, there are major
differences between single word retrieval and connected speech, in part because com-
pensatory strategies such as substitution words and circumlocutions can be used during
connected speech when experiencing word-finding difficulties, and there is not
a particular correct answer in connected speech, as there is in a single-word retrieval
task. However, most previous studies only measured single-word confrontational naming
accuracy when examining its relation to connected speech features. Interestingly, the
findings in the current study suggest the possibility that single-word retrieval RT, but not
accuracy, allows us to tap into the shared mechanism behind age-related word-finding
difficulty measured in single-word production and connected speech. Although picture
naming accuracy was likely to be at ceiling for healthy adults, there was still a robust
positive correlation between faster covert picture naming and faster, more fluent natural
speech, reflecting a well-maintained word-finding ability. Hence, the association that
exists between the game measures and word-finding in natural speech seems to involve
overall speed of picture naming rather than naming accuracy, or the level of Cl and PF.

4.3. Both verbal and non-verbal executive factors associated with PWI
performance

Based on our results showing age-related changes in picture naming performance and
their relationship with disfluency in natural speech, processing speed theory seems to
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play an important role in age-related decline in word-finding ability. Nonetheless, since
processing speed theory is an information-universal theory, associations between the
domain-specific picture naming ability and general executive function need to be further
investigated. In the third step of the study, we collected a set of executive measures and
associated them with picture naming performance in the PWI game, to investigate the
relationship between executive function and word-retrieval ability. As expected, all
executive functions declined with age. When we extracted factors from the executive
measures, all the verbal fluency, switching, and WM related measures loaded onto the first
factor. For the second factor, inhibition (perceptual and motor inhibition) measures
loaded together. Thus, the factor analysis separated the verbal executive tasks from the
non-verbal measures. When predicting picture naming accuracy with executive factors,
the interaction between game condition and executive factor 1 indicated that verbal
fluency, switching, and WM ability were associated with the amount of Cl during picture
naming. In other words, the less fluent someone is in generating and switching between
words with phonological or categorical relations, the more interference from competing
words she experiences during word retrieval. This suggests that people who experience
more interference between closely connected words in their mental lexicon will show
slower RT and lower accuracy in tasks that require smooth navigation between words. The
opposing relationship between inhibition and shifting ability has also been observed in
a large number of studies, suggesting a trade-off between the stability (strong mainte-
nance of goal) and flexibility (switching between goals) aspects of executive function (see
Friedman & Miyake, 2017).

On the other hand, an interaction between game condition and the second executive
factor (motor and perceptual inhibition), in predicting picture naming RT was also
observed, suggesting that better inhibition ability corresponds to a stronger picture
naming facilitation from phonological primes. This association found between word
retrieval and general cognitive ability suggests that the inhibitory factor may explain
the decline in phonological activation efficiency, showing some evidence of a shared
mechanism behind word retrieval and non-verbal cognitive control. Furthermore, we
observed that not only verbal fluency, switching, and WM, but also motor and perceptual
inhibition, helped predict the overall picture naming speed and accuracy. The more
impaired the executive functioning (in all measured cognitive aspects), the more slowly
and less accurately participants retrieved picture names. These results support the infor-
mation universal account that all domains of cognitive ability are likely linked to
a common mechanism where when one aspect deteriorates, other aspects deteriorate
as well.

4.4, Limitations

One potential limitation of the study concerns the design of the PWI task. The participants
were required to covertly name pictures while monitoring the rule of responding based
on the ending sound. This additional retention of the response rule may have made the
PWI task somewhat of a “dual task,” given that the difficulty of dual processing has its
unique interaction with age during language production (Kemper et al., 2009, 2011). It is
possible that the age-related decrease in PF reflects the age-related difference in dual-
processing where young adults can benefit more from phonological primes due to their
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higher ability to dual-process compared to older adults. We cannot completely account
and control for the additional cognitive load imposed by this design of the PWI task in our
analysis. Nonetheless, it is important to point out that the task design replicated the
latency difference between the optimal elicitation of Cl and PF (Wei et al., 2022), suggest-
ing that the measured effects match the timeline theorized for the distinct stages of word
retrieval during overt naming. Moreover, unlike most of the dual processing studies in
language production where participants are required to monitor two distinct cognitive
processes (e.g., a language production task paired with a visuo-motor task) (Kemper et al.,
2009, 2011), the ending sound matching design in our PWI task arguably focuses on only
one cognitive task at a given moment. Participants were not required to memorize the
target sound of the block since it was always shown on the screen. When they completely
activated the phonologies of the picture names, they naturally ended the picture naming
mental process on the ending sound of the name, forming the basis of their manual
response. Future studies with a simpler design of overt picture naming may be beneficial
to ensure that the age-related effects observed in the PWI task exist without the ending
sound judgment design. Nevertheless, the current design of the PWI has proven quite
convenient for a large-scale online investigation of word production processes across the
lifespan, together with measurements of natural speech and executive function.

5. Conclusion

Summarizing the three steps of investigation in this study, Cl and PF trajectories across
age supported the transmission deficit hypothesis but not the inhibition deficit
hypothesis, while the overall picture naming speech and accuracy aligned with the
processing speed theory. However, no association between CI/PF and word-finding
disfluencies in natural speech was observed, limiting the support for the transmission
deficit hypothesis. On the other hand, a robust association was found between picture
naming RT in the game and natural speech disfluency, highlighting the role of
processing speed in revealing word-finding struggles in both single-word and in-
context word retrieval. Moreover, picture naming RT and accuracy were associated
with both the verbal fluency, switching, and WM factor and the (non-verbal) motor
and perceptual inhibition factor, while Cl was related to the verbal executive factor
and PF to the non-verbal inhibition factor. Overall, the findings of this study suggest
that (1) more evidence was revealed for the information-universal than the informa-
tion-specific angle of aging theory, and that (2) the common mechanism behind age-
related decline in word finding and executive control, if it truly exists, is more likely to
be cognitive slowing (T. Salthouse, 1996) rather than deficits in cognitive inhibition
(Zacks & Hasher, 1994). Theoretically speaking, this study suggested the possibility that
the processing speed theory could supersede inhibition and transmission deficit
hypotheses in not only explaining but also measuring age-related word-finding diffi-
culty. In the application of this research, the present study indicates that the most
sensitive age-related word-finding difficulty measure is likely picture naming RT
instead of accuracy, even though the latter is usually the focus of traditional naming
measures implemented on standard cognitive exams such as the MoCA (Nasreddine
et al., 2005) (see Supplementary 3.1 for MoCA’s bias toward naming accuracy in our
dataset). As suggested by the theoretical implications and the empirical findings of
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this study, if processing speed lies at the center of cognitive decline that can beha-
viorally reflect as word-finding difficulty, it is crucially important to incorporate picture
naming RT into standard cognitive assessments to facilitate earlier detection of pro-
gression into pathological aging.
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