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Abstract 1 

During word recognition, listeners must quickly map sounds to meaning, while suppressing 2 

similar sounding competitors. It remains an open question whether domain-general inhibitory 3 

control is recruited for resolving lexical competition. Cochlear implant (CI) users present a 4 

unique population for addressing this question because they are consistently confronted with 5 

degraded auditory input, and therefore may need to rely on domain-general mechanisms to 6 

compensate. We examined spoken word recognition in CI users who were prelingually deaf 7 

(N=21), postlingually deaf (N=50), and normal hearing controls (NH; N=71). Participants 8 

recognized words while their eyes were tracked and completed an inhibitory control task. CI 9 

users were slower to recognize target words and did not resolve competition as fully as NH 10 

controls. Better inhibitory control predicted faster word activation in NH controls and postlingual, 11 

but not prelingual, CI users. Prolonged experience with acoustic language may thus influence 12 

how domain-general mechanisms are recruited for language processing. 13 

 14 
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Introduction 17 

 Spoken word recognition is a critical hub in language processing. It lies at the 18 

intersection of hearing, perception, and meaning, linking incoming speech to ongoing discourse. 19 

A critical question is the extent to which word recognition recruits domain-general mechanisms 20 

like inhibitory control, or whether it is entirely managed by processes internal to the language 21 

system. Three lines of work make a circumstantial case for a role for inhibitory control, but there 22 

is little direct evidence.  23 

 24 

Word Recognition is Served by Competition  25 

Word recognition is served by competition mechanisms. Under ideal conditions, word 26 

recognition begins immediately as the speech signal unfolds and proceeds incrementally as 27 

information accrues (Allopenna et al., 1998; McClelland & Elman, 1986). From the earliest 28 

moments, listeners consider multiple lexical candidates that match the partial incoming signal. 29 

For example, after hearing the “wi-” in wizard they may consider wizard, window, and whistle. 30 

Most of these candidates must then be ruled out for successful recognition. This can be 31 

visualized using eye movements in the Visual World Paradigm (VWP; Allopenna et al., 1998). In 32 

this task, participants match a spoken word to its referent from an array of pictures which 33 

includes the target word and potential candidates (e.g., for wizard: window and lizard). Eye 34 

movements to each competitor are monitored to index the degree to which different words 35 

compete over time; this shows strong evidence for partial activation and competition.  36 

The competition posited in word recognition is superficially similar to the kind of cue- and 37 

response-conflict paradigms commonly invoked in work on domain-general inhibitory control. 38 

Inhibition – the ability to suppress a dominant or prepotent response – is a core executive 39 

function posited by the unity/diversity framework (Miyake et al., 2000; Miyake & Friedman, 40 

2012), and it is distinct from other functions like updating or shifting. Inhibition can be assessed 41 

in tasks like the Stroop task, where participants suppress the impulse to read a conflicting 42 
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written word (e.g., the word blue printed in red) and respond with the color of the text. This is 43 

similar to the need for suppressing lexical candidates during spoken word recognition.  44 

Despite this similarity, most major mechanistic theories of word recognition (TISK; 45 

Hannagan et al., 2013; TRACE; McClelland & Elman, 1986) do not posit a role for domain-46 

general inhibition, instead, proposing inhibitory connections within the lexicon, such that partially 47 

active words directly inhibit each other via lateral connections (Dahan et al., 2001; Luce & 48 

Pisoni, 1998). Unlike domain-general inhibition, this form of inhibition is precisely targeted to 49 

specific words (rather than across the board). These kind of processes can be targeted with 50 

specialized versions of the VWP and these lexical-inhibitory effects are not correlated to 51 

individual differences in domain-general cognitive control (Blomquist & McMurray, 2023; 52 

Kapnoula & McMurray, 2021). 53 

Even if competition is managed by inhibitory processes within the lexicon, this does not 54 

rule out the possibility that domain-general inhibitory control is also involved. There is evidence 55 

that individuals with better inhibitory control are less distracted by orthographic competitors in a 56 

mouse-tracking paradigm (Zhao et al., 2022), suggesting that domain-general inhibitory control 57 

affects lexical competition, though at the level of visual forms not phonological candidates. 58 

Zhang and Samuel (2018) also document changes in lexical competition with resource depletion 59 

(in a dual task paradigm), suggesting some form of domain general involvement. Thus, the 60 

present study fills these gaps by a) directly assessing lexical competition using a standard 61 

variant of the visual world paradigm and b) relating this to a standard index of domain-general 62 

inhibitory control.  63 

 64 

Inhibitory Control Covaries with Development and Communication Disorders 65 

The second rationale for investigating the link between word recognition and inhibitory 66 

control is that word recognition varies across populations. Studies examining the real-time 67 

dynamics of lexical competition across the lifespan suggest it is slow to develop, with changes 68 
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in efficiency well into adolescence and early adulthood (Rigler et al., 2015), and that it declines 69 

with age (Colby & McMurray, 2023). The dynamics of lexical processing are also disrupted by 70 

language disorders (developmental language disorder, aphasia; McMurray et al., 2010; Mirman 71 

et al., 2011; Yee et al., 2008). These changes take distinct forms with development, disorders, 72 

and aging affecting different aspects of competition (e.g., initial activation vs. late resolution of 73 

competition; McMurray et al., 2022). Specifically, development during childhood and 74 

adolescence primarily affects what has been termed “activation rate” – the speed of activating 75 

the target and suppressing the competitor (Figure 1B); language disorders affect the ultimate 76 

resolution of competition (at asymptote, Figure 1C); and aging leads to both slower activation 77 

rate and poorer resolution.  78 

Critically, inhibitory control has a similar lifespan trajectory (Williams et al., 1999), with 79 

growth through adolescence and declines in older adulthood, and inhibitory control deficits have 80 

been linked to language disorders (Lukács et al., 2016). Consequently, understanding the 81 

degree to which domain-general inhibition is relevant to word recognition can reveal if 82 

differences in inhibition may account for these developmental and individual differences in word 83 

recognition. Thus, the present study included a wide age range (from 18 to 73) to capture 84 

Figure 1. Average time course of fixations to different image types. A) Proportion fixations to 
target, cohort, rhyme, and unrelated images averaged across all participants; B) Differences in 
the activation rate appear across multiple components of the curves and are associated with 
typical development; C) Differences in resolution affect the asymptotes and have been linked to 
disrupted language or challenging listening conditions. 
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natural lifespan variation due to aging, as well as a population with known differences in 85 

language. 86 

 87 

Is Inhibitory Control Used in Challenging Listening? 88 

Finally, it has been posited that inhibitory control is recruited to manage difficult 89 

perceptual situations (as in the Framework for Understanding Effortful Listening [FUEL]; 90 

Pichora-Fuller et al., 2016). Ample work suggests that challenging listening may recruit some 91 

domain general resources; this is seen in both work on listening effort and studies showing 92 

recruitment of frontal regions during speech in noise (Du et al., 2014; Wild et al., 2012).  93 

These findings have not been related to specifically to domain-general inhibitory control, 94 

or to the dynamics of lexical processing. Nonetheless, the dynamics of lexical competition are 95 

altered under various types of stimulus degradation (see Mattys et al., 2012 for review). Adverse 96 

conditions like the presence of background noise affect both the rate at which words are initially 97 

activated and the and ultimate resolution of competition (Brouwer & Bradlow, 2016; Hendrickson 98 

et al., 2020). It is not clear whether these adaptations are a natural result of noisy input, or if 99 

broader domain-general processes are involved. 100 

 We thus investigated this question in the context of Cochlear Implant (CI) users. CIs 101 

directly stimulate of the auditory nerve to replace typical (but now lost) acoustic hearing. 102 

However, due to inherent physical limitations of the electrical stimulation, CI users receive a 103 

fairly degraded input. While the majority of CI users lose their hearing in adulthood after 104 

developing language (postlingually deaf CI users), people who lose their hearing in childhood 105 

(prelingually deaf) face the added challenge of learning speech perception and language from a 106 

degraded signal.  107 

 Studies of CI users suggest a mixed role for classic domain-general cognitive variables 108 

in overall accuracy of speech perception. Skidmore (2020), for example, shows a moderate 109 

correlation between cognitive control and sentence recognition accuracy; while Heinrich et al. 110 
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(2016) show correlations of cognitive control only with sentence tasks, not with word 111 

recognition.  112 

Moreover, the profile of lexical competition is altered in CI users. Postlingually deaf 113 

adults generally show slight delays in word recognition, but also fail to fully resolve competition 114 

(Farris-Trimble et al., 2014), what has been termed Sustained Activation. In contrast, 115 

prelingually deaf CI users show what has been termed Wait and See (Klein et al., 2021; 116 

McMurray et al., 2017), typified by a much longer delay in activating target words and reduced 117 

competition (since by the time listeners begin lexical access more of the word has unfolded). 118 

Normal hearing listeners exposed to spectrally-degraded speech can exhibit both these profiles, 119 

depending on the degree of degradation (Farris-Trimble et al., 2014; Hendrickson et al., 2020; 120 

McMurray et al., 2017).  121 

 It is not clear why these processing profiles arise. On one hand, this could simply be 122 

what happens when listeners are confronted with signal degradation. On the other hand, these 123 

profiles might arise from cognitive adaptations deployed to deal with signal degradation. 124 

Sustained activation could be useful, for example, for keeping competitors around in case an 125 

early decision must be revised; and wait and see could help listeners avoid making an early 126 

mistake by waiting for more information. Under this hypothesis, domain-general resources like 127 

inhibitory control might play a role in engaging these strategies. The two distinct profiles, 128 

however, raise a second question: if inhibitory control is involved in word recognition in 129 

challenging situations, does it only alter word recognition in one prescribed way, or can listeners 130 

use inhibitory control to flexibly modify different aspects of lexical competition to achieve their 131 

own listening goals?  132 

 133 

The Present Study 134 

 We examined these possibilities in a group of varied listeners with CIs or normal hearing 135 

(NH). We used a standard variant of the Visual World Paradigm to track online spoken word 136 
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recognition and a spatial Stroop task as a measure of inhibitory control. We examined three 137 

theoretically motivated indices of different components of lexical processing (activation rate, 138 

competition resolution, and peak competitor activation), with the hypothesis that if an effect of 139 

inhibitory control was present, it would primarily affect later aspects of word recognition 140 

(competitor resolution). We tested group membership (NH, prelingually deaf CI, postlingually 141 

deaf CI) as a potential moderator of these relationships. If inhibitory control plays a global and 142 

fixed role in word recognition, it should affect word recognition equally across all groups. 143 

Alternatively, if it is selectively invoked in challenging listening, we might expect larger effects for 144 

CI users. Finally, if the direction of the effect differs between pre- and postlingually deaf CI 145 

users, this suggests it can be deployed flexibly based on listeners needs. This in turn would 146 

support the claim the processing profiles shown by each group are actual cognitive adaptations 147 

and not just the result of the system dealing with degraded input. 148 

  149 

Methods 150 

Participants 151 

 Participants were monolingual adults with no neurological or developmental disorders 152 

(other than hearing loss) and normal or corrected-to-normal vision. CI users were recruited from 153 

the University of Iowa Hospitals and Clinics’ Cochlear Implant Research Center. Seventy-one CI 154 

users completed all the experimental tasks. This group includes listeners with a range of 155 

hearing configurations (e.g., one or two CIs, with and without hearing aids) and device 156 

experience (M = 8.8 years, SD = 7.2) (see Supplementary Table S1). Of these, 21 participants 157 

were diagnosed with profound hearing loss before age 8 and are categorized as prelingual CI 158 

users. The remaining postlingual CI users developed hearing loss after age 18 and received 159 

their first implant later in life (no earlier than age 25).  160 

Seventy-one normal hearing participants completed the study. They were age-matched 161 

+/- 2 years to the CI users (Mage = 52.7 years, SD = 14.8). These participants are a subset of the 162 
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sample reported in Colby and McMurray (2023). These participants passed a hearing screening 163 

at octave frequencies from 0.25 - 8 kHz. All recruitment and experimental protocols were 164 

approved by the Institutional Review Board at the University of Iowa. 165 

Power. This study was part of an ongoing clinical study and used a convenience 166 

sample. Sample size was limited by the number of available CI users which was difficult to 167 

predict. Thus, we did not conduct a traditional power analysis. Instead, sampling was conducted 168 

over a two-year period and stopped at a fixed time. Age-matched NH controls were recruited 169 

during this period with the total number matched to the CI users. Power was then calculated 170 

after the fact as a minimal detectable effect (MDE) size, given the obtained sample size. These 171 

analyses were based on a regression/correlation model which assumed an index from the VWP 172 

as a dependent variable, and with independent variables (IV) including age, inhibitory control, 173 

and processing speed crossed with two contrast codes for listener group (5 total IVs). Assuming 174 

N=142, =0.05 and 1-=0.80, the MDE of an individual variable was r2>.053 so we had 175 

sufficient power to detect small effects.  176 

Procedure 177 

 Participants were seated in a sound-attenuated booth with a 19” computer screen and 178 

two loudspeakers in front of them. The VWP was completed first, and the eye-tracker was 179 

calibrated with a 9-point calibration. Auditory stimuli were presented at 60 dB SPL. Following the 180 

VWP, participants completed the spatial Stroop task. Participants completed these tasks as part 181 

of a longer 2-hour visit to the lab.  182 

 183 

Visual World Paradigm 184 

 Design. The VWP experiment used the same items and materials as reported in Colby 185 

and McMurray (2023). There were 60 item sets, 30 comprised of monosyllabic words, and 30 of 186 

bisyllabic words. Each item set included four words: a target, cohort competitor, rhyme 187 

competitor, and unrelated item (e.g., rocket, rocker, pocket, and necklace). These sets were 188 
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chosen from an original list of 120 sets. After piloting the larger set of materials with 68 NH 189 

young adults, we selected the 60 items with the most prototypical pattern of competition. We 190 

obtained test-retest reliability on the final 60 sets from 29 participants who completed the VWP 191 

task twice with a week delay. Test-retest correlations were moderate-to-strong for our indices of 192 

interest (target timing: r = 0.75; competitor resolution: r = 0.62; competitor peak: r = 0.44). 193 

Each item served as the target word once, with one additional item from each set 194 

chosen at random to serve as the target on an additional trial. This repeated target means that 195 

participants could not eliminate potential targets simply because one of the displayed 196 

competitors was the target on a previous trial (i.e., pocket could be the target again even if it 197 

was heard previously in the experiment). This resulted in 300 total trials (60 sets x 4 items x 198 

1.25 repetitions).  199 

 On each trial, the four images of a set were presented in the four corners of the display, 200 

with a blue circle in the middle. Image placement was pseudo-random, such that every item 201 

type (target, cohort, rhyme, or unrelated) was equally likely to appear in any one quadrant. After 202 

a 500 msec preview of the display, the circle turned red, at which point participants clicked on 203 

the circle to play the target word. Participants then clicked on the image that best matched the 204 

auditory word.  205 

 Auditory Stimuli. Words were recorded by a female speaker of English in a quiet room 206 

at 44.1 kHz. Tokens with a consistent speaking style were chosen and edited to remove 207 

background noise and clicks. Final tokens were amplitude normalized to 70 dB.  208 

 Visual Stimuli. Stimuli consisted of colour clipart-style images. For each word, several 209 

candidate images were downloaded from a commercial clipart database. A small group of lab 210 

members then convened to choose a prototypical image and recommend changes to ensure a 211 

more prototypical depiction. These were then edited to have a cohesive style, ensure more 212 

prototypical orientations, colours (etc.), and remove distracting elements. Final images were 213 

scaled to 300 x 300 pixels relative to a 1024 x 1280 pixel screen. 214 
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 Data Processing. Fixations and saccades recorded by the eyetracker were combined 215 

into looks using EyelinkAnalysis (ver. 4.12; McMurray, 2019). Regions of interest were defined 216 

as the 300  300 area covered by an image and extended by 100 pixels in each direction to 217 

account for any noise in the eye-track. Looks were categorized to one of the four images, or to 218 

nothing if it fell outside of the regions of interest. Only trials where the correct image was 219 

selected were included and any looks launched before the onset of the target word were 220 

ignored.  221 

 Each subject’s mean timecourse of looks was calculated by averaging looks to each 222 

image type (target, cohort, rhyme, unrelated). Nonlinear curves were then fit to these averages 223 

to extract key indices that can be correlated with inhibitory control. A four-parameter logistic 224 

function was fit to the target looks with parameters for the two asymptotes the time of the 225 

crossover and the slope at the crossover. An asymmetric gaussian function (Seedorff et al., 226 

2018) was fit to the cohort, rhyme, and unrelated looks. It has six parameters for the onset and 227 

offset asymptotes, the onset and offset slope, the height and time of the peak. These functions 228 

were fit using a constrained nonlinear curvefitter that minimized the least squared distance 229 

between the function and the data while ensuring that the function remained within reasonable 230 

bounds (ver. 29; McMurray, 2020).  231 

We combined these parameters into theoretically motivated indices of word recognition. 232 

The activation rate of words was indexed by target timing, a composite score of the crossover 233 

and slope of looks to the target image. To construct this index, slope was log scaled (as it is 234 

zero bounded). Next, both parameters were converted to z-scores (relative to the entire 235 

sample), and crossover was multiple by -1 (so that larger values of both are related to faster 236 

activation rates). These were then averaged. Competitor resolution was indexed by the 237 

difference between the asymptote of target looks and the average of the asymptotic looks to the 238 

cohort (or rhyme) competitor and the unrelated image. Peak activation was indexed by the 239 
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difference between the peak of cohort or rhyme activation and the looks to the unrelated image 240 

at the time of the cohort peak. 241 

 242 

Spatial Stroop 243 

 On every trial, a fixation cross appeared for 200 msec and then a large arrow appeared 244 

on either the left or right half of the screen, pointing either to the left or to the right. The 245 

participant’s task was to respond with the arrow keys on a keyboard to the direction that the 246 

arrow was pointing (ignoring the side of the presentation). On congruent trials, the arrow pointed 247 

in the same direction as the side on which it was presented (e.g., a left-pointing arrow on the left 248 

side of the screen). On incongruent trials, there was a mismatch between the direction that the 249 

arrow was pointing and the presentation side (e.g., a right-pointing arrow on the left side of the 250 

screen). The incongruency between the arrow and presentation side was expected to slow 251 

reaction time. The arrow remained on the screen until participants made a response. 252 

Participants were instructed to respond as quickly and accurately as possible. There were 64 253 

congruent trials and 32 incongruent trials presented in a random order. 254 

 Data Processing. Responses were coded as correct if the participant responded with 255 

the arrow key that matched the direction that the arrow was pointing (e.g., right arrow key for 256 

right-pointing arrow). Accuracy in this task was high for all subjects (MNH = 97.5%; MCI-Post = 257 

97.1%; MCI-Pre = 95.2%). Response time was measured as they delay between the appearance 258 

of the arrow and when the participant made a key press. Average response time was slower in 259 

incongruent trials compared to congruent trials for all groups (MCONG = 582 msec; MINCONG = 701 260 

msec), confirming the presence of the Stroop effect. 261 

 To calculate an individual’s Stroop effect, we subtracted the average response time in 262 

congruent trials from their average response time in incongruent trials. Someone with a larger 263 

Stroop score has a larger impact of incongruency (poorer inhibitory control), while someone with 264 
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a smaller score has better inhibitory control. Processing speed was taken as each individual’s 265 

average response time on the congruent trials. 266 

 267 

Analyses 268 

 We ran a series of linear regressions to determine the factors driving changes in spoken 269 

word recognition. The first set of models examined group differences in our three indices of 270 

interest (target timing, cohort and rhyme resolution, and cohort and rhyme peak) and the role of 271 

inhibitory control. Hearing group was contrast coded in two levels: 1) normal hearing controls 272 

(+1) versus all CI users (prelingual and postlingual CI users: -0.5); and 2) postlingual (+0.5) 273 

versus prelingual (-0.5) CI users (with NH controls set to 0). Predictors also included age 274 

(centered), processing speed (centered) and Stroop score (centered). This latter factor also 275 

interacted with hearing group. Standardized beta coefficients are reported throughout for better 276 

comparison of effect sizes. 277 

To better understand the role of inhibitory control, we ran an additional regression 278 

investigating target timing. Hearing group, age, and processing speed were coded as described 279 

above, but Stroop score was split into three separate factors based on hearing group. That is, to 280 

isolate the role of inhibitory control as a main effect, we created one factor for each hearing 281 

group that corresponded to a subject’s Stroop score if they were a member of that group (i.e., 282 

for Prelingual CI users, the Prelingual Stroop factor would be set to their Stroop score and the 283 

Postlingual Stroop factor and NH Stroop factor would be set to 0. For other participants, the 284 

Prelingual Stroop factor would be set to 0). Within these factors, Stroop scores were z-scored. 285 

 286 

Results 287 

 Figure 1A shows fixations to the four image types (target, cohort, rhyme, unrelated) as a 288 

function of time, averaged across all listeners. We observed the typical pattern of fixations; there 289 
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was an increase in looks to all image types around 200 msec after the onset of the stimulus 290 

(approximately the amount of time it takes to launch an eye movement). Looks to the target 291 

increased until reaching asymptote at around 1000 msec, while looks to the competitors quickly 292 

peaked and were suppressed at around 500 msec. Figure 2 breaks down fixations to each 293 

image type by hearing group. As expected from previous work (Farris-Trimble et al., 2014; 294 

McMurray et al., 2017), we observed the fastest timecourse of target fixations in the NH control 295 

group, followed by the postlingual CI users, then the prelingual CI users (Figure 2A). We also 296 

see reduced peak cohort fixations (Figure 2B) in both groups of CI users suggesting both are 297 

exhibiting a partial wait-and-see profile (though the prelinguals showed more delay; Figure 2A). 298 

Similarly, we observed the most complete competitor resolution in the NH controls, with slightly 299 

Figure 2. Proportion looks to (A) the target 
image, (B) the cohort image minus looks to the 
unrelated image, and (C) the rhyme image 
minus looks to the unrelated image, split by 
hearing group. 

A. B. 

C. 
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reduced resolution in postlingually deaf CI users, and prelingually deaf CI users showing 300 

incomplete resolution (later part of Figures 2B and C).  301 

To statistically characterize these group differences and determine whether inhibitory 302 

control moderates these effects, our first regressions predicted one of the indices of word 303 

recognition from hearing group and Stroop congruency, with processing speed and age as 304 

additional factors.  305 

Table 1 summarizes the linear regression predicting target timing. The NH group was 306 

faster to activate target words than the CI users ( = 0.81, t(133) = 8.65, p < .001). There was 307 

no significant difference between the CI users (Post- vs. Prelingual:  = 0.35, t(133) = 1.45, p = 308 

.15). Regardless of hearing group, listeners with faster processing speed were also faster to 309 

activate target words ( = -0.15, t(133) = -2.25, p = .03). The negative relationship is expected 310 

given how the variables are scaled: a higher processing speed corresponds to a slower average 311 

response time, while target timing was scaled such that higher values meant faster target 312 

fixations. Therefore, individuals with slower processing speeds are those who are slower to 313 

fixate targets. While there was no main effect of Stroop congruency ( = -0.06, t(133) = -0.59, p 314 

= .56), there was an interaction with post- versus prelingual hearing group ( = -0.55, t(133) = -315 

2.02, p = .04). This suggests that the role of domain-general inhibitory control differed for the 316 

two CI groups (Figure 3A). 317 

Table 1. Summary of a linear regression predicting target timing from Hearing group (NH vs. All CIs, 
and Post CI vs. Pre CI), Stroop congruency, Processing Speed, and Age. P values > .2 are not 
shown. 

Factor Beta SE t(133) p 

Hearing group (NH vs. All CIs) 0.81 0.09 8.65 < 0.001 

Hearing group (Post CI vs. Pre CI) 0.35 0.24 1.45 0.15 

Stroop Congruency -0.06 0.1 -0.59 - 

Processing Speed -0.15 0.07 -2.25 0.03 

Age 0.06 0.07 0.77 - 

Hearing group (NH vs. All CIs) x Stroop -0.21 0.11 -1.85 0.07 

Hearing group (Post CI vs. Pre CI) x Stroop -0.55 0.27 -2.02 0.04 
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 The results for the resolution indices (cohort and rhyme; Figure 3B and D) are presented 318 

in Table 2. For both competitor types, CI users did not resolve competition as fully as the NH 319 

group (Cohort:  = 0.40, t(133) = 3.15, p = .002; Rhyme:  = 0.41, t(133) = 3.20, p = .002). 320 

Within the CI users, postlingual CI users resolved competition more fully than prelingual users 321 

(Cohort:  = 0.80, t(133) = 2.46, p = .02; Rhyme:  = 0.84, t(133) = 2.59, p = .01). There was no 322 

significant effect of any of the other factors—including inhibitory control (Stroop congruency) on 323 

cohort or rhyme resolution. 324 

 Results of regressions investigating the peak indices (cohort and rhyme; Figure 3C and 325 

E) are presented in Table 3. There were no significant effects of any of the investigated factors 326 

for either the cohort or rhyme peak index. 327 

Figure 3. Indices of spoken word 
recognition by listener group and 
Stroop congruency score. A) 
Composite target timing B) 
Cohort resolution C) Cohort peak 
D) Rhyme resolution E) Rhyme 
peak 

A. B. C. 

D. E. 
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 Given the interaction between inhibitory control and the CI user group for target timing, 328 

we next conducted a follow-up analysis on to determine the nature of the moderation (Table 4). 329 

We again found that NH listeners were faster to activate targets ( = 0.89, t(133) = 10.60, p < 330 

.001). Within CI users, prelingual CI users were slower to activate targets than postlingual ( = 331 

Table 2. Summary of linear regressions predicting cohort and rhyme resolution from Hearing group 
(NH vs. All CIs, and Post CI vs. Pre CI), Stroop congruency, Processing speed, and Age. P values 
> .2 are not shown.  

Analysis Factor Beta SE t p 

Cohort 
Resolution 

Hearing group (NH vs. All CIs) 0.40 0.127 3.15 0.002 

Hearing group (Post CI vs. Pre CI) 0.80 0.326 2.46 0.02 

Stroop Congruency -0.18 0.128 -1.42 0.16 

Processing Speed -0.04 0.091 -0.45 - 

Age -0.07 0.099 -0.66 - 

Hearing group (NH vs. All CIs) x Stroop -0.16 0.151 -1.09 - 

Hearing group (Post CI vs. Pre CI) x Stroop 0.01 0.369 0.04 - 

Rhyme 
Resolution 

Hearing group (NH vs. All CIs) 0.41 0.127 3.20 0.002 

Hearing group (Post CI vs. Pre CI) 0.84 0.326 2.59 0.01 

Stroop Congruency -0.15 0.128 -1.20 - 

Processing Speed -0.016 0.091 -0.18 - 

Age -0.085 0.099 -0.86 - 

Hearing group (NH vs. All CIs) x Stroop -0.184 0.150 -1.22 - 

Hearing group (Post CI vs. Pre CI) x Stroop -0.012 0.369 -0.03 - 

 

Table 3. Summary of linear regressions predicting cohort and rhyme peak from Hearing group (NH 
vs. All CIs, and Post CI vs. Pre CI), Stroop congruency, Processing Speed, and Age. P values > .2 
are not shown. 

Analysis Factor Beta SE t(133) p 

Cohort 
Peak 

Hearing group (NH vs. All CIs) 0.23 0.13 1.72 0.09 

Hearing group (Post CI vs. Pre CI) 0.18 0.34 0.53 - 

Stroop Congruency -0.03 0.13 -0.21 - 

Processing Speed -0.1 0.1 -1.05 - 

Age 0.04 0.10 0.34 - 

Hearing group (NH vs. All CIs) x Stroop -0.23 0.16 -1.49 0.14 

Hearing group (Post CI vs. Pre CI) x Stroop -0.35 0.39 -0.92 - 

Rhyme 
Peak 

Hearing group (NH vs. All CIs) -0.02 0.14 -0.14 - 

Hearing group (Post CI vs. Pre CI) 0.47 0.35 1.34 0.18 

Stroop Congruency 0.06 0.14 0.42 - 

Processing Speed -0.04 0.1 -0.45 - 

Age -0.07 0.11 -0.61 - 

Hearing group (NH vs. All CIs) x Stroop -0.06 0.16 -0.39 - 

Hearing group (Post CI vs. Pre CI) x Stroop -0.32 0.4 -0.80 - 
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0.42, t(133) = 2.12, p = .04). Listeners with slower domain-general processing speed were 332 

slower to activate targets ( = -0.18, t(133) = -2.65, p = .009) i. For the split Stroop congruency 333 

scores, the normal hearing and postlingual CI factors were significant (NH:  = -0.17, t(133) = -334 

2.77, p = .006; Post CI:  = -0.15, t(133) = -2.47, p = .02), suggesting that NH listeners and 335 

postlingual CI users with poorer inhibitory control are slower to recognize words. While the 336 

prelingual CI Stroop congruency factor was not significant ( = 0.07, t(133) = 1.25, p = .21), it is 337 

worth noting that the direction of the relationship reverses for this group, suggesting that there 338 

might be the opposite relationship in prelingual CI users (and with only 21 listeners the MDE for 339 

this group in isolation was r2>.29 – a very large effect). 340 

   341 

Discussion 342 

 Consistent with previous findings (Farris-Trimble et al., 2014; McMurray et al., 2017), we 343 

found that NH listeners were faster to activate words and suppressed competitors more than CI 344 

users, regardless of their onset of deafness. Within CI users, prelingually deaf CI users showed 345 

more extreme delays than postlingual CI users. With respect to competition, postlingual CI 346 

users did not suppress competitors as fully as NH listeners at the end of the timecourse of 347 

processing and the prelingually deaf CI users showed even less competitor resolution. 348 

However, unlike previous findings, there was no statistical difference in the peak activation of 349 

Table 4. Summary of a linear regression predicting target timing from Hearing group (NH vs. All CIs, 
and Post CI vs. Pre CI), Stroop congruency, Processing Speed, and Age. P values > .2 are not 
shown. 

Factor Beta SE t(133) p 

Hearing group (NH vs. All CIs) 0.89 0.08 10.60 < 0.001 

Hearing group (Post CI vs. Pre CI) 0.42 0.20 2.12 0.04 

Processing Speed -0.18 0.07 -2.65 0.009 

Age 0.06 0.07 0.89 - 

NH Stroop Congruency -0.17 0.06 -2.77 0.006 

Post CI Stroop Congruency -0.15 0.06 -2.47 0.02 

Pre CI Stroop Congruency 0.07 0.06 1.25 - 
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the competitors between the listeners groups. These results do not perfectly align with the 350 

previously identified word recognition profiles in CI users (Wait-and-see and Sustained 351 

Activation; Farris-Trimble et al., 2014; McMurray et al., 2017). This is consistent, however, with 352 

recent work highlighting these profiles as continuous dimensions along which word recognition 353 

can vary across many types of listeners (CI and NH), and not standalone cognitive strategies 354 

uniquely associated with one listener group (McMurray et al., 2023).  355 

We consistently found an influence of processing speed on the timing of word activation 356 

(about 22.4% of the explained variance). While this is not surprising, it is the first demonstration 357 

of such an effect (to our knowledge) and may reflect the influence of domain-general properties. 358 

Because of the nature of the VWP, where the cognitive processes underlying word recognition 359 

are inferred from eye movements, it is possible that this effect explains some non-linguistic 360 

variation in the task (e.g., visual search, eye-movement control) and not differences in word 361 

recognition itself. That is, our measure of processing speed is likely explaining differences in a 362 

breadth of abilities, from eye movement control and visual search to decision making. Some of 363 

these abilities are relevant for spoken word recognition, and some are necessary for the VWP 364 

(but not language processing).  365 

 With respect to the role of inhibitory control during word recognition, we found evidence 366 

that inhibitory control has an effect in certain listener groups. Contrary to our prediction, 367 

inhibitory control played an early role in activating target words. Normal hearing listeners and 368 

postlingual CI users with better inhibitory control were faster to recognize words. While it was 369 

not significant, the direction of this effect flipped for prelingual CI users, suggesting that they 370 

may be engaging inhibitory control differently than the other listener groups, to slow down rather 371 

than speed up word recognition. Further work, ideally with a larger sample size, should 372 

investigate the nature of the relationship between inhibition and spoken word recognition in 373 

prelingual CI users. 374 
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 Previous work has inconsistently found a relationship between inhibitory control and 375 

word recognition (Dey & Sommers, 2015; Kapnoula & McMurray, 2021; Zhang & Samuel, 2018; 376 

Zhao et al., 2022). When a relationship has been found, it was with respect to inhibitory ability 377 

and resolution of competition (Dey & Sommers, 2015; Zhao et al., 2022). We do not find the 378 

same relationship here, but rather between inhibition and the earlier metric of target activation. 379 

Our results suggest that domain-general inhibitory control may be used to improve the efficiency 380 

of recognizing a word in listeners who have experience with acoustic language (NH listeners 381 

and postlingual CI users).  382 

However, we also note that the effect of inhibitory control was a small contributor to the 383 

overall explained variance. For example, Stroop congruency accounted for 21% of the 384 

explained variance in postlingual CI users and for 23.3% in NH listeners. In contrast, the 385 

dichotomous NH versus CI contrast code accounted for 67.7% of the variance across the whole 386 

sample. This suggests that domain-general inhibitory control is not a requirement for achieving 387 

efficiency, but rather may play a more supportive role.  388 

 In this regard, there were hints that the role of inhibitory control may break down 389 

differently in different groups. We found a significant interaction between inhibitory control and 390 

language status. Postlingually deaf CI users showed gains in efficiency with better inhibitory 391 

control, while prelingual listeners showed either no effect or even a reversal effect. While our 392 

sample of prelingually deaf listeners was too small for a definitive picture, the fact that this group 393 

has been shown to generally exhibit a distinct profile of word recognition (Wait and See; 394 

McMurray et al, 2023) raises the possibility that they are using inhibitory control differently (and 395 

more flexibly) to achieve this goal, even as postlingually deaf listeners use inhibitory control to 396 

become more NH-like.  397 

 We set out to investigate whether domain-general resources are recruited for word 398 

recognition in challenging listening situations. Our results suggest that inhibitory control is 399 

engaged differently by listeners with varying experiences of hearing loss and language 400 
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development, with normal hearing listeners and postlingual CI users engaging inhibitory control 401 

to improve efficiency in word recognition. We add to a growing body of work that suggests that 402 

there are not discrete strategies for spoken word recognition in challenging listening situations, 403 

but rather flexible dimensions along which listeners can vary. 404 
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i Age was moderately correlated to processing speed (r = .38). We ran the same model after residualizing 

the effect of age from processing speed, and the results did not change. This analysis can be found on 
the OSF repository associated with this project (https://osf.io/4nkpx/). 
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