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The Effort of Repairing a Misperceived Word Can Impair 
Perception of Following Words, Especially for Listeners 

With Cochlear Implants
Matthew B. Winn1

Objectives: In clinical and laboratory settings, speech recognition is typi-
cally assessed in a way that cannot distinguish accurate auditory perception 
from misperception that was mentally repaired or inferred from context. 
Previous work showed that the process of repairing misperceptions elicits 
greater listening effort, and that this elevated effort lingers well after the sen-
tence is heard. That result suggests that cognitive repair strategies might 
appear successful when testing a single utterance but fail for everyday 
continuous conversational speech. The present study tested the hypothesis 
that the effort of repairing misperceptions has the consequence of carrying 
over to interfere with perception of later words after the sentence.

Design: Stimuli were open-set coherent sentences that were presented 
intact or with a word early in the sentence replaced with noise, forcing 
the listener to use later context to mentally repair the missing word. 
Sentences were immediately followed by digit triplets, which served to 
probe carryover effort from the sentence. Control conditions allowed for 
the comparison to intact sentences that did not demand mental repair, 
as well as to listening conditions that removed the need to attend to the 
post-sentence stimuli, or removed the post-sentence digits altogether. 
Intelligibility scores for the sentences and digits were accompanied by 
time-series measurements of pupil dilation to assess cognitive load dur-
ing the task, as well as subjective rating of effort. Participants included 
adults with cochlear implants (CIs), as well as an age-matched group 
and a younger group of listeners with typical hearing for comparison.

Results: For the CI group, needing to repair a missing word during a 
sentence resulted in more errors on the digits after the sentence, espe-
cially when the repair process did not result in a coherent sensible per-
ception. Sentences that needed repair also contained more errors on the 
words that were unmasked. All groups showed substantial increase of 
pupil dilation when sentences required repair, even when the repair was 
successful. Younger typical hearing listeners showed clear differences in 
moment-to-moment allocation of effort in the different conditions, while 
the other groups did not.

Conclusions: For CI listeners, the effort of needing to repair mispercep-
tions in a sentence can last long enough to interfere with words that 
follow the sentence. This pattern could pose a serious problem for 
regular communication but would go overlooked in typical testing with 
single utterances, where a listener has a chance to repair misperceptions 
before responding. Carryover effort was not predictable by basic intel-
ligibility scores, but can be revealed in behavioral data when sentences 
are followed immediately by extra probe words such as digits.
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INTRODUCTION

A major methodological limitation in audiology and speech 
perception research is that most outcome measures are the end-
product of an entire chain of cognitive processing, where accurate 
auditory perception cannot be distinguished from misperception 
that was mentally repaired or inferred from context. The common 
practice of quantifying success by measuring repetition accuracy 
for sentences neglects the increased effort involved in the mental 
repair process, and also neglects the downstream implications 
for the listener’s readiness to hear the next sentence. Considering 
the greater likelihood of auditory perceptual errors by people 
who are deaf or hard-of-hearing, there could be continual risk of 
carryover effort from one sentence to the next. The present study 
is designed to address this important issue by implementing a 
testing design where listeners must mentally repair mispercep-
tions while continuing to listen to ongoing speech immediately 
after the sentence. Following recent work on this topic, the pres-
ent study specifically examines individuals who use cochlear 
implants (CIs), assuming that the testing method will apply more 
broadly to others who are deaf or hard-of-hearing.

CIs are famously successful for improving speech communi-
cation, but CI users still have hearing difficulties worthy of rec-
ognition and further understanding. The effort of listening with 
a CI can lead to severe psychological barriers to communica-
tion and social participation, as reported directly from patients 
with CIs (Hughes et al. 2018). The social aspects of hearing are 
linked strongly with effort (McRackan et al. 2017; Hughes et al. 
2021) and also predict negative psychological symptoms better 
than audiometric factors (Crowson et al. 2021). Elevated listen-
ing effort has been linked to increased fatigue, mental strain, 
burnout, medical sick leave, and increased time to recover from 
daily activities (Kramer et al. 2006; Nachtegaal et al. 2009, 
2012), underscoring how listening effort extends far beyond 
audition to affect quality of life in important ways.

The effort of mentally repairing misperceptions is likely to be 
underappreciated if outcome measures focus mainly on a tally 
on the percentage of words correctly repeated. Unsurprisingly, 
the importance of mental repair has been recognized in popular 
frameworks of listening effort such as the Ease of Language 
Understanding model (Rönnberg et al. 2019), which highlights 
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the concept of “postdiction” as a key component of cognitive 
load when listening to speech. Winn and Teece (2022) validated 
that notion in an experiment that presented listeners with sen-
tence stimuli where key target words were completely masked 
by noise, but recoverable from later context (distinct from per-
ceptual restoration, where the listener has an illusory experi-
ence of having actually perceived the original word or phoneme 
that was masked—see Warren 1970; Balling et al. 2017). In the 
study by Winn and Teece, the “correct” response could only 
have occurred because of mental repair because words were not 
predictable from previous context. This repair process resulted 
in increased effort even if the full sentence was repeated cor-
rectly, for both listeners with typical hearing (TH, defined as 
pure-tone thresholds better than 25 dB HL) (Winn & Teece 
2021) and listeners with CIs (Winn & Teece 2022). Notably, 
the effort of repairing the missing target word was often mal-
adaptive for the CI listeners; even when the missing word was 
repaired, there was a greater likelihood to make mistakes else-
where in the sentence, suggesting a spreading burden of effort 
that partly motivates the present work.

In the present study, we focus on the possibility that mentally 
repairing misperceptions could invoke effortful cognitive pro-
cesses that persist for long enough to impair perception of the 
next utterance that would be heard. The carryover impact from 
one sentence to the next is not recognized in standard clinical 
and laboratory tests of speech recognition, which typically use 
a single utterance per trial, allowing the listener to freely engage 
any mental repair processes without any competing demands. 
Although this testing method enables easier quantification of 
intelligibility and can avoid complications of remembering long 
stimuli, results can give the appearance of successful hearing 
because of a strategy that would not be feasible in real-time con-
versation. Szostak and Pitt (2013) show that words impact per-
ception of later words downstream, suggesting that perception 
tasks should account for long-lasting processing time.

Numerous studies have highlighted the importance of extra 
moments of processing time that support speech comprehen-
sion. (Wingfield et al. 1999) found that performance deficits for 
older compared with younger listeners were neutralized with 
the introduction of extra silence at syntactic boundaries dur-
ing the speech, suggesting that the age-related deficits resulted 
from lack of sufficient processing time. Listeners will adjust 
incoming speech to add pauses when given the opportunity 
(Piquado et al. 2012), and this alteration can partially reduce 
the effort of listening to longer passages (O’Leary et al. 2023). 
Natural pauses during continuous speech also allow a listener 
to handle more severe amounts of time compression, and this 
effect is most clearly observed in listeners who have hearing 
loss (Schurman, Reference Note 1). Even single sentences 
are recognized more successfully when followed by moments 
of silence versus moments of noise disruption—even when 
the sentence itself is free from any noise masking (Gianakas 
et al. 2022). Collectively these studies support the notion that 
moments of processing time during speech comprehension can 
play a vital role in listener success.

Carryover effects from one utterance to the next have rarely 
been examined directly. In one recent study, Svirsky et al. (2024) 
presented listeners with two sentences sequentially instead of just 
one, finding that the detrimental impact on two-sentence repetition 
performance ranged up to 45% points. In that study, more than half 
of CI listeners’ scores dropped by 10 or more percentage points, 

and over a third declined by more than 20 points when adding the 
second sentence. Notably, the impact of the second sentence was 
not predictable from the CI users’ performance in standard clinical 
tests like word recognition and AzBio sentence scores, suggesting 
that carryover effort should be measured directly rather than being 
inferred from some other outcome measure.

Design of a Task to Measure Carryover Effort
The present study introduces an outcome metric for carry-

over effort that avoids the potential memory/semantic compli-
cations of sequencing two sentences, and avoids the need for 
discourse-length stimuli that might constrain the granularity of 
a performance measure (i.e., a small number of comprehension 
questions). Carryover effort is expected to not merely lower 
performance overall, but to specifically jeopardize percep-
tion at the moment immediately after an effortful event. This 
approach was previously attempted by Winn and Moore (2018), 
who introduced a random digit triplet after high- or low-context 
sentences. They found poorer performance in digit recognition 
following low-context sentences, which was consistent with 
prolonged elevated pupil dilations elicited by those sentences 
(Winn 2016). However, that study could not provide definitive 
proof that any mental repair took place during the sentence, as 
a repaired stimulus could not be differentiated from one that 
was simply heard correctly. Combining methods from multiple 
aforementioned studies, the present experiment uses sentences 
that were designed prospectively to demand mental repair, fol-
lowed immediately by a digit triplet to probe whether the effort 
of that report carried forward in time.

Although digit sequences are unlikely to be a good probe for 
listening effort on their own (because they are perceived so reliably 
well compared with other auditory stimuli), they are an attractive 
probe stimulus for carryover effort, because they are unlikely to 
semantically interact with the sentence, and because digit errors 
should reflect cognitive interference rather than auditory misper-
ception. Digits can be placed at a specific time because they are 
relatively short in duration, and therefore can be used to examine 
cognitive load at a specific moment during a listening task.

Previous work has used digits before a sentence as an extra 
layer of cognitive load, as measured by response times for the 
sentence (Hunter 2021) as well as accuracy for the digits serv-
ing as the pre-sentence load (Hunter & Pisoni 2018). In those 
studies, pre-sentence cognitive load interfered with the benefit of 
contextual semantic cues in the sentence. In the present study, 
we expand on that work by exploring whether extra load of pro-
cessing a sentence—specifically when it invokes context-driven 
mental repair—will impair the processing of extra digit stimuli 
presented immediately after the sentence. Toward understanding 
the potential effect of the mere presence of the digits as an addi-
tional burden, the present study includes a variety of conditions, 
including one where digits are to be repeated along with the sen-
tence, a condition where the digits are to be ignored, and a condi-
tion where there are no digits—just silence after the sentence.

Hypotheses
There were several hypotheses for the present study based on 

the previous work.

 1. When a sentence demands mental repair, we expected lis-
teners to make more errors on the digit triplet that imme-
diately follows that sentence. If true, this would suggest 
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that the process of mental repair will carry over to com-
pete with ongoing auditory attention, but if false, it would 
suggest a protected memory buffer that accommodates 
mental repair without compromising ongoing listening.

 2. We expected to replicate findings relating to intelligi-
bility established by Winn and Teece (2022)—specifi-
cally that sentences demanding mental repair would 
yield more errors on words other than the repaired target 
word, and would yield more responses that are linguisti-
cally incoherent. This would suggest that mental repair 
and ongoing listening/language processing demand 
shared cognitive resources, that is, the effort devoted to 
repair would otherwise be used to attend to the rest of 
the sentence and generate a feasible construction from 
an incomplete perception. Failure to observe this result 
would suggest that the words in the sentences are per-
ceived essentially independently.

 3. We expected that perception would be more effort-
ful (will elicit greater pupil dilation) when a sentence 
demands mental repair, even when the listener success-
fully figures out the missing word. This would suggest 
that the effort of sentence perception would be governed 
more strongly by the process of generating feasible can-
didate perceptions, whereas failure to observe this result 
would suggest that effort is governed more strongly by 
ultimate accuracy in repetition.

 4. Because listeners are expected to preserve some cogni-
tive resources to hear upcoming stimuli, sentence repeti-
tion accuracy was expected to decrease when listeners 
were required to attend to digits after the sentence. If 
true, this result would suggest that anticipatory attention 
can disrupt ongoing listening, but if this result were not 
found, it would suggest that the sentence is given prior-
ity over the digits.

MATERIALS AND METHODS

Participants
The study included three groups of listeners, including 

21 young adults with TH thresholds, 22 adults with CIs, and 
18 adults with TH who were approximately age-matched to 
the CI group (see Fig. 1 for a display of participant ages). 
Audiometric criteria for the TH group were bilateral pure-tone 
thresholds at or better than 25 dB HL at octave frequencies 
between 250 and 8000 Hz, with thresholds of 35 dB at 8000 
Hz accepted for 2 older listeners. Two younger TH adults and 
1 CI listener were excluded because of data quality (see Pupil 
data preprocessing).

CI listeners all had at least 3.5 year’s experience with their device 
(median experience: 10 years). There was a median of 25 years 
duration of deafness until first implantation among the CI group, 
which included 10 unilaterally and 12 bilaterally implanted indi-
viduals. Among the 10 unilateral users, 5 regularly used a hearing 
aid in the contralateral ear to manage moderate to profound hearing 
loss, and continued using the hearing aid during the experiment.

All participants spoke English fluently, and none had 
acquired a hearing or language disorder before acquiring spo-
ken language in childhood. Each participant provided informed 
consent to a procedure that was approved by the Institutional 
Review Board of the University of Minnesota.

Stimuli
Stimuli included 150 target sentences developed and recorded 

by Winn & Teece (2021) who provided a detailed description in 
their 2021 paper. Each sentence contained a target word early 
in the sentence (second, third, or fourth word) that was not 
predictable based on preceding words but was narrowly con-
strained based on subsequent words. The context would enable 
mental repair of the word in the case that it was masked dur-
ing audio presentation. For example, “Please ____ the floor with 
this broom,” where the target word is “sweep.” The contextual 
constraint on the words was verified using a cloze test (where 
participants fill in the missing word in the written text of the sen-
tence, and their responses are aggregated to verify the common-
ality of responses). The sentences were originally spoken slowly 
and clearly by an audiologist (the author) with explicit effort to 
facilitate high intelligibility, with the best recording of each sen-
tence used for testing. The sentences were divided into five lists 
of 30, equalized for word length and position of the target word, 
with all sentenced equalized for root-mean-square amplitude. 
All of the sentence stimuli are available on the Open Science 
Framework website at the following URL: https://osf.io/ctnrj/.

Stimulus Types • There are two versions of each sentence, 
illustrated in Figure 2. The “Intact” version was the full utter-
ance with all words spoken naturally. In the “Masked/Repair” 
version, the target word was replaced with noise that was 
matched in duration and intensity, whose frequency spectrum 
matched the long-term spectrum of the entire stimulus corpus.

Digit Triplets • Digits (excluding the bisyllabic number 
seven) were recorded by the same talker who produced the tar-
get sentences. Each digit was padded with silence at the offset 
to result in an audio file that was 2/3 sec long, so that there were 
always 2 sec separating the end of the sentence from the verbal 
response prompt that followed the digits.

Listening Conditions • Each sentence was followed by either 
2 sec of silence or a digit triplet that lasted 2 sec. The listener was 
instructed to either ignore the digits or to repeat them along with 
the sentence; instructions applied to an entire block of 25 sen-
tence stimuli. All stimuli were presented in quiet. Participants 
were always aware of the listening condition (digits-ignored, 
digits-repeated, or no digits), as they were blocked together and 
described to the participant before each block.

Procedure
Participants completed a sentence repetition task organized 

into blocks of 25 stimuli each. The blocks contained a random 
mix of intact and masked versions of the target sentences, Fig. 1. Ages of participants in 3 listener groups.

https://osf.io/ctnrj/
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and no sentence was repeated for any participant. They were 
instructed to always repeat the full sentence, and to guess if 
they were unsure (specifically: “repeat what you thought the 
talker said”).

Each TH participant heard 25 sentences for both of the 
unique stimulus types (intact/masked) for each listening condi-
tion (most CI listeners heard 40 in each condition, in an attempt 
to prioritize stability of their data). Blocks were presented in 
randomized order to mitigate the effect of total testing time on 
each listening condition. Each list began with an intact sen-
tence, followed by a random ordering of stimulus types, with 
no more than three consecutive trials of the same type. The pre-
sentation of lists was rotated and counterbalanced across listen-
ers, and the type of stimulus for each item was rotated for each 
listener, except for the first trial in each list, which was always 
an intact sentence. Figure 2 illustrates the sequence of testing 
blocks completed by the participant groups.

In the CI group, 17 of the 22 participants had already com-
pleted the “no-digits” condition for a previous experiment, so 
their data for that condition were inherited for the analysis in 
the present study, and they only completed conditions involv-
ing digits after the sentence. For all of them, more than a year 
had passed because participating in the first condition, mitigat-
ing concern about remembering specific sentences. For all of 
these listeners, the no-digits condition was not repeated, in an 
attempt to reduce the overall number of test stimuli to mitigate 
listening fatigue (because this was a study of momentary effort 
rather than fatigue). The remaining 5 CI listeners followed the 
protocol as described earlier, where all three conditions were 
presented in the same test session.

After each block of sentences, CI participants completed the 
National Aeronautics and Space Administration (NASA) task 
load index (TLX), which is a multidimensional scale of sub-
jective effort. The TLX includes dimensions for effort, mental 
demand, frustration, physical demand, and temporal demand. 

Although this questionnaire is not expected to be sensitive 
to the timing aspects of listening effort, it was used to gauge 
whether subjective perception of effort would change as a result 
of the overall listening condition.

During the experiment, participants sat in a chair with their 
forehead position stabilized by a cushioned bar. No chinrest 
was used, so that participants could comfortably move their 
jaw for speaking. Participants visually fixated on a red cross in 
the middle of a medium-dark gray background on a computer 
screen that was 50 cm away. Lighting in the testing room was 
kept constant. Each trial was initiated by the experimenter with 
at least 5 sec because the previous trial ended. The participant 
heard two beeps when the trial was about to begin. Two seconds 
after the beeps, the sentence was played at 65 dBA through a 
single loudspeaker in front of the listener. Two seconds after 
the sentence, the red cross turned green, which was the cue for 
the listener to give their response. If the testing block included 
digit triplets after the sentence, they were played during that 
2-sec retention interval. The participants’ verbal responses were 
scored on paper and also audio recorded for later inspection. 
The participant’s eye position and pupil size were recorded by 
an SR Research Eyelink 1000 Plus eye tracker recording at 
1000 Hz sampling rate, tracking pupil diameter in the remote-
tracking mode, using the desktop-mounted 25 mm camera lens.

Analysis of Behavioral Data
Sentence Repetition • Repetition accuracy was scored in 
real time by an experimenter and documented for analysis. For 
stimuli where the target was replaced by noise, if the substituted 
word was not semantically coherent with the stimulus, it was 
counted as an error. If the participant’s guess at the word that 
was replaced by noise was not the “intact” version of the word 
but still made sense (e.g., “The player shot the soccer ball into 
the goal” instead of “The player kicked the soccer ball into the 

Fig. 2. Diagram of testing blocks in this study. Listeners with typical hearing heard all three stimulus types in the same session. CI listeners underwent testing 
for the stimuli followed by silence. At least 1 yr elapsed before completing the conditions with the sentences followed by digits. CI listeners also completed a 
NASA task load index questionnaire following each block of stimuli with digits. CI indicates cochlear implant.
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goal”), it was counted as correct. For all stimuli, we also tracked 
the presence of errors away from the target word, and whether 
participant responses were linguistically coherent. An example 
of an incoherent response would be “The plant hit the soccer 
ball with the door” (see Winn & Teece 2021 for further discus-
sion of incoherent responses).

The main goal of the scoring system was to track whether 
the participant response had any error, rather than counting 
the number of word-specific errors within the response. This 
approach was taken specifically because the words in these 
high-context sentences were not independent; multiple errors 
within a sentence were not a conclusive sign that multiple 
words were misperceived. For example, misperception of a 
word might result from the listener trying to create coherence 
with an earlier word that was misperceived, and participants 
tend to produce these secondary errors (see Winn & Teece 
2021; Gianakas et al. 2022 for evidence of this effect in both 
forward- and backward-direction within the sentence, and sug-
gestion that a secondary error tends to reduce effort because it 
promotes coherence).

Sentence repetition scores were analyzed using a series of 
statistical models that estimated various outcome measures 
including (1) the presence of any error within the response, 
(2) errors specifically on the target word, (3) errors on words 
other than the target word, and (4) whether the response was 
incoherent. Errors were estimated on a per-trial level using a 
binomial (i.e., logistic) mixed-effects model that included fixed 
effects and interactions between the all three terms of listener 
group, stimulus type, and condition, as well as random inter-
cepts and random effects of stimulus type and condition per lis-
tener (listener group was not a random effect for each listener 
because each listener contributed data to only a single group). 
The model formula was declared as follows:

glmer (any � erro ∼ Condition × StimType × Group

+ (1+Condition × StimType | Listener))

In this style of model, the glmer function is used to gener-
alize the principles of a linear model to nonlinear data using 
the binomial linking function. The binomial outcome vari-
able results in outcome (β/beta) coefficients that correspond 
to changes in the natural-log-odds of a change in response. 
This method of analysis accounts for the tendency to observe 
greater variability in the central range of performance, and 
magnifies differences at the extremes (i.e., the difference 
between 45% and 55% is treated as smaller than the differ-
ence between 85% and 95%), consistent with the distribution 
of this outcome. The model for estimating the presence of an 
error on words other than the target had the same structure as 
the model for any errors.

Models for true target errors and for incoherent responses 
were restricted only to CI listeners because there were not 
enough of these responses in the other groups (models included 
estimates for values at or close to zero, resulting in implausi-
bly high- or low-β estimates). In the case of intact sentences, 
the target word was defined as the word that would have been 
masked by noise in the alternate version of the stimulus, to 
facilitate fair comparison across stimulus types. These models 
included fixed effects of listening condition and stimulus type, 
as well as correlated random intercepts and random slopes and 

interactions for listening condition and stimulus type, using the 
following formulae:

glmer (target � error ∼ Condition × StimType
+ (1+Condition × StimType | Listener))

glmer (incoherent ∼ Condition × StimType
+ (1+Condition × StimType | Listener))

For the digits-repeated listening condition, the number of 
digits correctly repeated was estimated in a linear mixed-effects 
model (because it was not restricted to a binomial 0 or 1) using 
a fixed effects and interactions of listener group and stimulus 
type, as well as random intercepts and random effect for stimu-
lus type for listeners, using the following formula:

lmer (num � digit � errors ∼ Group × StimType

+ (1+ StimType | Listener))

For all models, when a specific comparison was not available 
in the original model because both sides of the comparison were 
deviations from the default (and therefore not directly com-
pared with each other), comparisons were obtained by rotating 
the same model with the default reassigned, rather than running 
a formal post-hoc model limited to the specific comparison of 
interest.

Subjective Effort Analysis • NASA-TLX subjective scales of 
effort range from 0 to 20; responses were fit with a linear mixed-
effects model that included fixed effects of condition (digits-
ignored or digits-repeated) and listener group, along with a 
random intercept and random slope for condition (Plus Random 
Condition × Interaction Effect) for each participant. This model 
could not include a term for stimulus type, as the effort ratings 
were solicited only at the ends of blocks that contained a ran-
dom mix of both stimulus types. The formula was as follows:

lmer (rating ∼ condition × tlx � dimension

+ (1+Condition × tlx � dimension | Listener))

Analysis of Pupillometry Data
Pupil Data Preprocessing • Pupil data were preprocessed 
in the style described by Winn and Teece (2022). Blinks were 
detected as a decrease in pupil size to 0 pixels, and then the 
stretch of time corresponding to the blink was expanded back-
ward by 80 msec and forward by 120 msec to account for the 
partial occlusion of the pupil by the eyelids during blinks. The 
blink was linearly interpolated, and then the signal was low-pass 
filtered at 5 Hz using a fourth-order Butterworth filter and then 
downsampled to 25 Hz. The baseline pupil size was calculated 
as the mean pupil size in the time spanning 500 msec before 
stimulus onset to 500 msec after sentence onset, and each pupil 
size data point in the trial was expressed as a proportional dif-
ference from the trial-level baseline.

Trials were discarded if 30% or more data points were miss-
ing between the start of the baseline to 3 sec past the onset of 
the stimulus. For all three listener groups, less than 3% of trials 
overall were dropped because of missing data. However, 1 CI 
listener, 1 older TH listener, and 2 younger TH listeners had 
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more than 10% of data dropped for this reason. Other outli-
ers/contaminations were automatically detected through an 
algorithm that accumulated multiple “flags” to detect some of 
the artifacts discussed previously by Winn et al. (2018) and 
in greater depth by Mathôt et al. (2018) and Steinhauer et al. 
(2022), including: high-intensity pupil size oscillations (hip-
pus) during baseline; baselines that had anomalous deviation 
(greater than 16% change) from both the previous and the next 
baseline; significant slope of change in pupil size during the 
baseline (more than 2.5 SD difference from the rest of trials); 
or a significant negative dilation immediately after the stimu-
lus onset. More than two flags resulted in the entire trial being 
dropped. A total of 321 trials were dropped out of 8910 that 
were recorded, resulting in a drop rate of 3.6%. If any partici-
pant had fewer than 13 trials remaining in any single listening 
condition following outlier detection, that participant’s entire 
dataset was dropped; 2 younger TH listeners were excluded for 
this reason.

Pupil Data Analysis • Pupil data were modeled using general-
ized additive mixed-effects models (GAMMs), which have been 
used in previous studies of time-series changes in pupil dila-
tion (Poretta & Tucker 2019; Van Rij et al. 2019; Pandža et al. 
2020), and eye-tracking data (Cychosz et al. 2023). GAMMs 
are similar to traditional generalized linear models, but the lin-
ear predictor partly depends on smoothing functions consist-
ing of a combination of Gaussian (or other) basis functions 
that combine to form the nonlinear shape of the modeled data. 
GAMMs offer some distinct advantages over reporting mean 
or peak pupil dilation in that they account for the entire time 
course of the data, which is a key focus of the present experi-
ment. In addition, GAMMs provide estimates of the timeline of 
differences rather than the mere existence of differences, as one 
might obtain from polynomial growth curve analysis. Statistical 
differences are identified when the 95% confidence interval of 
the estimated time-series data does not overlap with the esti-
mate of the comparison series.

Another major strength of GAMMs is that they account for 
autocorrelation (the relation of each timepoint to the previous 
one), which is a notoriously challenging aspect of time-series 
data (like pupil size) that can lead to inflated risk for type-I 
errors (Baayen et al. 2022). The problem is that the value of each 
data point is highly related to neighboring data points, which 
are not independent observations. By estimating the degree of 
autocorrelation, the influence of the underlying parameters can 
be estimated more conservatively. Following the methods of 
previous work (Sóskuthy 2017, 2021), a two-step process was 
conducted to address this issue. First, the autocorrelation value 
was extracted from the model and then fed into the next genera-
tion of the model as the parameter rho, with the same fixed and 
random-effect terms. This two-generation approach to modeling 
allows the autocorrelation correction factor to be informed by 
the same parameters used in the prevailing model, but with the 
assumption that the errors for adjacent observations (i.e., time 
points of pupil data) are correlated.

All pupillometry data models were created in the R software 
using the bam function in the mgcv package (version 1.9; Wood 
2017), with model evaluation done using the itsadug package 
(version 2.4.1; van Rij et al. 2022). Each model included para-
metric effects of stimulus type, a smooth interaction between 
time and stimulus type, as well as with random time smooths 

for each listener that interacted with stimulus type, as reflected 
in the model formula later.

bam( pupi �dilation ∼ StimType +

s (time, by = StimType, k = 26)+
s(time, Listener, by = StimType, bs = fs, m = 1),
family = scat, method= fREML, discrete = TRUE,
AR.start = start�of�trial, rho
= rho�from�no�ac�model)

Note that in this model, the rho (autocorrelation control) 
parameter was calculated using the previous generation of the 
model that did not account for autocorrelation. The parameter k 
indicates the number of knots in the composite estimation of the 
data shape. The line that includes bs = ‘fs’ is the declaration of the 
random time smooths per listener, varying across stimulus types.

A follow-up model estimated the subtracted differences 
between curves for the intact versus repair-type stimuli directly, 
so that the cost of the mental repair process could be compared 
across groups and listening conditions. This model contained 
fixed parametric effects of listener group and listening condition 
and their interaction, along with separate time smooths for each 
listening condition, with random time smooths for each listen-
ing condition for each listener.

bam(dif f�curve ∼ group�x�Condition +

s (time, by = group�x�Condition, k = 26)+
s(time, Listener, by = Condition, bs = fs, m = 1),
AR.start = start�of�trial, rho
= rho�from�no�ac�dif fcurve�model)

RESULTS

Sentence Repetition Errors
Errors Anywhere in the Response • Sentence repetition per-
formance is displayed in Figure 3, broken down into a variety 
of error patterns. The CI group had statistically more errors 
than the older TH group (β = 1.9, z = 4.77, p < 0.001) and the 
younger TH group (β = 1.6, z = 4.72, p < 0.001). This effect of 
listener group was not statistically different in any of the lis-
tening conditions (|z| < 0.9 and p > 0.38 for All Condition × 
Group Interactions). The need to mentally repair target words 
had a substantial impact for CI listeners (red bars in Fig. 3A), 
leading to a roughly 17 percentage-point increase in mistaken 
trials compared with intact stimuli that was statistically detect-
able (β = 1.07, z = 6.9, p < 0.001). This effect for CI listeners 
was consistent across all listening conditions, as there was no 
significant interaction of stimulus type with the listening condi-
tion (|z| < 0.7, p > 0.48 for both Listening Condition × Stimulus-
Type Interaction Terms).

In contrast to the CI group, the effect of stimulus type was 
significantly reduced (i.e., less detrimental) for the younger TH 
group, almost completely counteracting the effect observed in 
the CI group (group interaction β = −1.01, z = −3.09, p = 0.002). 
The impact of stimulus type on sentence repetition errors for the 
older TH group and was intermediate to that of the other two 
groups; the difference between older TH and CI groups in terms 
of the effect of stimulus type was close to but did not surpass 
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the conventional threshold for statistical detection (β = −0.67, 
z = −1.9, p = 0.058). The Group × Stimulus Type Interactions 
for both TH groups were not statistically different across any of 
the listening conditions (|z| < 0.79 and p > 0.43 for all Group × 
Stimulus-Type × Condition Interactions).

On its own, the listening condition (i.e., digits after the sen-
tence) generally had no substantial effect on the rate of sentence 
errors, with one exception; CI listeners made more errors repeat-
ing sentences that were followed by digits that were recalled 
compared with sentences followed by no digits (β = 0.56, z = 
2.86, p = 0.004). When there were digits presented after the 
sentence, the instructions to repeat rather than ignore the digits 
resulted in an increase in errors that were not statistically signifi-
cant (β = 0.32, z = 1.6, p = 0.11). A simplified view of all of the 
statistical effects described earlier is available in Supplemental 
Digital Content 1, http://links.lww.com/EANDH/B431, where 
estimated marginal means of all model terms are visualized 
along with a transformation of log-odds into proportional data.

Errors on the Target Word Versus Elsewhere in the 
Sentence • The right panel of Figure 3 splits sentence repeti-
tion errors among the CI group into errors on the target word 
versus words elsewhere in the sentence. These listeners were 
more likely to make errors on the target word when it was 
masked by noise than when it was not (β = 2.42, z = 5.08, p 
< 0.001), despite the highly constraining contextual words 
that were used by the other listener groups to infer those target 
words successfully. The need to repair a word in the stimulus 
also significantly increased the likelihood of errors elsewhere 
in the sentence for CI listeners (β = 0.95, z = 5.99, p < 0.001).

CI listeners consistently made more errors on words other 
than the target word compared with the older TH listener group 
(β = 1.92, z = 4.73, p < 0.001) and the younger TH group (β = 
1.54, z = 4.56, p < 0.001). The interacting effect of stimulus type 
was significantly reduced (less detrimental) for the younger TH 
listeners (β = −0.92, z = −2.78, p = 0.005), but for the older TH 
listeners it was reduced by an amount that was not statistically 
different from the CI group (β = −0.18, z = −0.46, p = 0.65).

The Impact of Target Word Performance on Success 
Elsewhere in the Sentence

For CI listeners, success on the target word itself had down-
stream effects on words elsewhere in the stimulus. Although 

trials with error on the target word were relatively rare overall 
(2 out of 40 trials for intact sentences, and 6 out of 40 trials for 
sentences with the target masked), the presence of those tar-
get errors significantly increased the likelihood of making an 
error elsewhere in the sentence (β = 2.68, z = 7.88, p < 0.001). 
Supplemental Digital Content 2, http://links.lww.com/EANDH/
B432, illustrates this effect, showing a roughly 40 to 60% point 
increase in non-target word error rate when target words were 
mistaken. This effect was not statistically different across the 
three listening conditions nor across the two stimulus types (β = 
0.14, z = 0.42, p = 0.68). This pattern replicates and extends pre-
vious work showing the presence of an error early in a sentence 
is associated with a large increase in the rate of errors later in 
the sentence (Gianakas et al. 2022). Even when accounting for 
target word correctness, the status of the target word as masked 
(i.e., the need for repair) still resulted in a statistically higher 
likelihood of making errors on non-target words (β = 0.6, z = 
6.84, p < 0.001), suggesting that even when repair was success-
ful, there was a downstream cost that could not be explained by 
the absence of the contextual information that would have been 
provided by the target word itself.

Incoherent Responses Among CI Listeners
Figure 4 shows that CI listeners were more likely to give 

incoherent responses when the stimulus required mental repair. 
There was a roughly 7% increased risk of incoherent perceptions 
resulting from the need to mentally repair a sentence, which was 
statistically significant (β = 2.27, z = 3.14, p = 0.002). There was 
a higher rate of incoherent responses for stimuli where digits 
were recalled compared with when they were ignored, although 
this increase did not reach conventional threshold for statistical 
significance (β = 1.48, z = 1.77, p = 0.076).

Errors on Digits After the Sentence
The main novel outcome measure for this study was the 

performance for repeating digit triplets following the sentence 
(Fig. 5). For the older TH group, digit errors were more likely 
when the preceding sentence demanded mental repair (β = 0.11, 
t = 2.4, p = 0.018). The same effect was observed for the CI 
listeners, and was even larger (group interaction β = 0.13, t = 
2.12, p = 0.037). Conversely, digit performance for the younger 
TH group was not affected by mental repair, with the rate of 

Fig. 3. Intelligibility results, showing the percentage of trials that contain various types of errors during sentence repetition. A (left), The proportion of trials with 
at least one error in the sentence. B (right), Breaks down these errors by the CI group into errors on the target word (the word that was masked and intended to 
be repaired in the repair condition, and its counterpart in the intact condition), vs. the presence of any errors elsewhere in the sentence. CI indicates cochlear 
implant.

http://links.lww.com/EANDH/B431
http://links.lww.com/EANDH/B432
http://links.lww.com/EANDH/B432
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digit errors increasing only by an average of only 0.02 digits per 
trial when the stimulus demanded mental repair, which was not 
statistically different from zero (β = 0.02, t = 0.58, p = 0.56). 
The older group with TH had performance on the digits that 
were statistically indistinguishable from the performance of the 
younger TH group, both for the digits following intact sentences 
(β = −0.07, t = −1.16, p = 0.249) and for digits following sen-
tences that demanded mental repair (β = 0.09, t = 1.45, p = 
0.151). These results collectively suggest a downstream cost of 
mental repair for older listeners, which is exacerbated when the 
listener uses a CI.

Although not shown in Figure 5, there were reduced digit 
errors on the first digit (suggesting a primacy benefit) and 
reduced errors on the final digit (suggesting a recency benefit); 
detailed analysis of this pattern is available in Supplemental 
Digital Content 3, http://links.lww.com/EANDH/B433.

The rate of downstream digit errors for CI listeners was 
further broken down into specific stimulus-response patterns 
in Figure 6 (with specific statistical comparisons available in 
Supplemental Digital Content 3, http://links.lww.com/EANDH/

B433). This analysis shows that the mere need for mental 
repair in the sentence had only a modest effect on downstream 
digit errors, and that effect slightly increased when there was a 
genuine error that was still coherent with the meaning of the 
sentence. However, a much larger effect emerged when the lis-
tener’s response was incoherent (i.e., not successfully repaired 
into a meaningful utterance); in that situation, the error rate 
on the digits more than doubled compared with when the sen-
tence was repaired coherently, and increased more than fourfold 
compared with the performance following correctly-perceived 
intact sentences. This overpowering effect of response coher-
ence is consistent with results of the previous studies related to 
the present work (Winn & Teece 2021, 2022), where response 
coherence was the largest effect of any that was evaluated.

Subjective Report of Effort
CI listeners’ subjective reporting of effort is displayed in 

Figure 7, split by the separate dimensions of effort named by the 
TLX. In each dimension, the cognitive load was reported to be 
higher following blocks of trials where post-sentence digit trip-
lets were repeated compared with when the digits were ignored. 
The smallest impact of listening condition was for the dimen-
sion Temporal Demand (the model default), where the effect of 
listening condition was still statistically detectable (β = 1.6, t = 
3.04, p = 0.005). The impact of listening condition was statisti-
cally greater for the dimensions Effort (β = 3.47, t = 4.17, p < 
0.001) and Mental Demand (β = 2.64, t = 3.3, p = 0.003), and 
the impact of listening condition was not statistically differen-
tiable across the other three TLX dimensions.

Pupil Dilation
Responses to Intact Stimuli Versus Stimuli Demanding 
Mental Repair • Patterns of pupil dilation in each condition 
for all listener groups are illustrated in Figure 8A. For all lis-
tener groups, the need to mentally repair masked words in a 
sentence resulted in substantial increase in pupil dilation com-
pared with sentences that were presented intact. Stretches of 
time where the curves were different are indicated by a gold bar 
at the bottom of each panel in Figure 8A.

Comparing the Cost of the Mental Repair Process Across 
Listening Conditions • The effect of mentally repairing a 
masked word in the sentence is illustrated directly in Figure 8B, 
with each line reflecting the differences between curves for each 
panel in Figure 8A. This analysis compares the cost of mental 
repair across the listening conditions. For all listener groups, 
the repair cost was statistically larger when the sentence was 
followed by silence rather than a digit triplet (the blue and pink 
lines are lower than the black line). In the plot, these differ-
ences are illustrated by alternating black/blue and black/pink 
dashed lines denoting the stretch of time where the difference 
between curves was found to be statistically detectable. For all 
three groups, there was no statistical difference in the repair cost 
between the digits-ignored and digits-repeated conditions.

Effort Reallocation During the Sentence • A novel ques-
tion in this study was whether overall patterns of pupil dilation 
would change when the sentence was accompanied by silence, 
the presence of digits, and the need to recall the digits. These 
data are visualized in Figure 9, showing changes in pupil size 
averaged across both stimulus types (repair/intact) to more 

Fig. 4. Rate of linguistically incoherent responses in the CI group split by 
listening condition. CI indicates cochlear implant.

Fig. 5. Downstream errors on digit triplets following sentences. CI indicates 
cochlear implant.

http://links.lww.com/EANDH/B433
http://links.lww.com/EANDH/B433
http://links.lww.com/EANDH/B433
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easily view the effect of listening condition on its own. Data for 
the no-digits condition for CI listeners were not estimated in 
this analysis due to the large gap between testing times for this 
specific component of the experiment (i.e., the sessions were far 
enough apart that there could be concerns about comparisons of 
data that reflect physiological engagement).

A GAMM was constructed to estimate pupil size in 
Figure 9 as a product of parametric terms for listening con-
dition and group, as well as an ordered-factor difference-
smooth term for stimulus type so that the effect of condition 
could be estimated separately from the main effect of interest. 
Random effects included time-smooth interactions with stim-
ulus type for each listener, with correction for autocorrelation 
as described earlier. Results of the model are visualized in the 
lower panel of Figure 9, showing a difference in the timing of 
pupil dilation depending on the instructions in the listening 
condition. The younger TH listeners showed increased pupil 

size for the digits-ignored condition in the early part of the 
trial (specifically between −1.1 and 0.68 sec relative to sen-
tence offset), and then this relationship flipped, with greater 
pupil size for the digits-repeated condition in the later part of 
the trial (from 1.06 sec relative to sentence offset, all the way 
through the end of the analysis window). The other two lis-
tener groups showed only half of this pattern, lacking any sta-
tistical difference between listening conditions until 1.5 and 
1.88 sec after sentence offset for the TH-older and CI groups, 
respectively. In other words, only the younger TH listeners 
showed “front-loading” of increased pupil size for the digits-
ignored condition. This result replicates earlier findings by 
Winn and Moore (2018), who observed differences in the tim-
ing of pupil dilation based on task instructions for TH but not 
for CI listeners.

DISCUSSION

The Main Hypotheses
Results verified hypothesis No. 1, which was the most 

important novel aspect of the present study: when sentences 
demanded mental repair, CI listeners were more likely to make 
mistakes on the digits that immediately followed the sentence 
(Figs. 5 and 6). This was also true to a slightly lesser extent 
for older TH listeners. These results suggest that carryover 
effort from the mental repair process might last long enough to 
potentially jeopardize ongoing conversation, which would have 
more complex demands than the simple digit triplet task used 
in the present study. This effect was driven largely by incoherent 
responses. In contrast, results for younger TH listeners failed to 
show any impact of mental repair on downstream listening, sug-
gesting that the process of mental repair can be quick enough to 
spare these listeners from any disruptive effects in this task. It 
is possible that the younger TH listeners capitalized on the clar-
ity of the supporting contextual information after the missing 
target word to recover more quickly.

Hunter (2021) suggested that easier sentence process-
ing facilitated by contextual cues would rescue the listener 
from the competing demands of a secondary task, so long 

Fig. 6. Downstream errors on digit triplets following sentences, broken down by stimulus-response patterns. Numbers above each response category indicate 
the numbers of unique participants who contributed data to that category (i.e., not all listeners gave incoherent responses, so that number is lower than the 
total number of participants).

Fig. 7. Subjective ratings of cognitive load reported by CI participants for 
the listening conditions where digits followed each sentence (many listen-
ers completed the no-digits condition before the TLX was adopted into 
the protocol, so that condition is not displayed in the plot). CI indicates 
cochlear implant; GAMM, generalized additive mixed-effects model; TLX, 
task load index.
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as that secondary task was not overly demanding. The pres-
ent study supports and expands this notion, showing that 
easier sentence processing (because there is no need to repair 
misperceptions) reduced errors on the secondary task of digit 
recognition after the sentence for CI listeners and older TH 
listeners.

When sentences needed to be mentally repaired, CI listeners 
were more likely to make errors elsewhere within the sentence 
(right panel of Fig. 3), supporting hypothesis No. 2. This was 
observed even when the target word was repaired correctly, sug-
gesting an impact of the mental repair process itself. However, 
non-target errors were driven even more strongly by an actual 
error on the target, opening up various potential interpretations. 
For example, non-target errors might result from the listener 
trying to coerce coherence with the mistaken target (consistent 
with Winn & Teece 2021), or result from the relatively reduced 
amount of contextual information that would have been pro-
vided by a correctly-perceived target word. Regardless, this 
pattern supports the notion that words in sentences are not per-
ceived independently.

Mental repair of missing words also led to a greater likeli-
hood of responses that were linguistically incoherent (Fig. 4). 
Although incoherent responses were relatively rare, they are 

important because they have been found in two previous studies 
to be a larger driver of listening effort than any experimenter-
controlled variable (Winn & Teece 2021, 2022). The present 
results suggest that these incoherent perceptions also have 
downstream consequences for later listening, as shown by 
reduced performance for the digits after sentences that were 
perceived incoherently. It is possible that mental repair demands 
cognitive resources that might otherwise be used to generate 
feasible alternative perceptions.

The burden of mental repair was observed as elevated 
pupil dilation (Fig. 8A) even when sentences were ultimately 
reported correctly, validating hypothesis No. 3. This supports 
the notion that successful sentence repetition by itself does 
not protect against elevated listening effort, which is likely 
better explained by the process of generating and evaluating 
candidate perceptions. For the TH listener groups, there was 
an unexpected increase in repair cost for the no-digits condi-
tion. Although this might result from the greater opportunity 
to devote attention to the sentence (as opposed to splitting 
resources across the sentence and subsequent digits), it might 
have also resulted from smaller pupil dilation for the intact 
stimuli in this condition, compared with the same stimuli in 
the conditions with post-sentence digits. The presence of digits 

Fig. 8. Pupil dilation responses for the two stimulus types (intact or repaired) in each of three conditions. The light tan boxes indicate the 2 sec after the offset of 
the sentence (which would either be quiet or contain the digit triplet). A, The solid lines show responses for intact stimuli, while dashed lines reflect responses 
for stimuli with masked words, demanding mental repair. Yellow regions along the bottom of each panel denote stretches of time when those lines were statisti-
cally different in the GAMM. B (bottom), The lines reflect the linear differences between each corresponding line in the top section, operationalizing the cost 
of mentally repairing the sentence. In those panels, dotted lines reflect regions of statistical differences between the lines whose colors match the dots (e.g., 
black and blue dotted lines show intervals where the black line is different than the blue line). GAMM indicates generalized additive mixed-effects model.
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at all in the stimulus—even if ignored—might have elevated 
arousal to an extent that reduced the differences in responses to 
the two stimulus types.

Hypothesis No. 4 was not verified, as sentence repetition 
accuracy was not substantially affected by the anticipation of 
upcoming digit triplets after the sentence, regardless of whether 
the digits were ignored or repeated (Figs. 3 and 4). This result 
contrasts with results reported by Hunter (2021), where digits 
before the sentence impose measurable detrimental effects on 
sentence repetition. The competing demands of the sentences 
and pre-sentence digits in Hunter’s (2018, 2021) studies were 
bi-directional, suggesting that one could not perfectly isolate 
the contributions of either stimulus.

Subjective reporting of effort suggested that the need to 
repeat digits after the sentence resulted in greater perceived 
effort across all dimensions of the NASA-TLX questionnaire, 
with the task most strongly affecting the dimensions of Effort 
and Mental Demand regardless of listening condition.

Speech Repetition Scores Do Not Reflect 
Carryover Effort

As a group, the CI listeners in the present study made more 
errors in repeating back sentences and also made more errors 
on the digits that followed the sentences. However, these two 
outcomes were not correlated within the CI group (r2 = 0.0005, 
p = 0.931). Trials that contained a sentence repetition error were 
not consistently the trials that contained an error on the digit 
probe after the sentence, and the listeners who demonstrate 
lower repetition scores for the sentences overall were not the 
listeners who show greater tendency to make errors on the dig-
its. Carryover effort therefore cannot be predicted purely on the 
basis of the repetition errors made on basic sentence stimuli.

The notion that carryover effects from one sentence to the 
next cannot be predicted from correct repetition of the individ-
ual components has been found in numerous previous studies, 
including those where the difficulty of continuous speech mate-
rials is driven by background noise (Nagaraj 2017) or by the 
talker’s dysarthria (Hustad 2008). Furthermore, the cognitive 
factors that were associated with speech repetition accuracy in a 
study by Nagaraj (2017) were found to not add any explanatory 
power when modeling comprehension of continuous speech. 
Auditory distortions (e.g., noise, visual cues) known to impair 
repetition scores do not have an equivalent effect on discourse 
comprehension (Tye-Murray et al. 2008). Collectively, these 
studies demonstrate that the demands of multi-utterance listen-
ing cannot be understood on the basis of performance of single 
utterances; there is a need for direct testing, using methods 
designed specifically to be sensitive to carryover effects from 
one utterance to the next.

Performance scores for isolated word recognition in quiet 
and AzBio sentences do not have any consistent relationship 
with patient-reported activity limitations, social interactions, 
perceived emotional handicap, or self-esteem (Capretta & 
Moberly 2016). In addition, McRackan et al (2018) found 
essentially no correlation of hearing-related quality of life 
with repetition of isolated words in quiet (r2 = 0.05), repeti-
tion of sentences in quiet (r2 = 0.06), or sentences in noise 
(r2 = 0.07). Although quality of life has a potential relation-
ship with audiovisual speech perception and complex sentence 
recognition (Moberly et al. 2018), the basic task of speech rep-
etition assessments falls short of capturing factors that drive 
perceived handicap among people who use CIs. These results 
highlight the need to evaluate effort directly, rather than hop-
ing it will be revealed indirectly while pursuing some other 
measurement (c.f. Beechey 2022).

Fig. 9. Pupil dilation responses for the three listening conditions. The light tan boxes indicate the 2 sec after the offset of the sentence (which would either be 
quiet or contain the digit triplet). The upper row represents the data, and the bottom rows show the extracted difference curves from the generalized additive 
mixed-effects model. Stretches of time where the two curves were statistically difference (95% confidence interval of the difference-smooth curve excluded 
zero) are indicated by the color of the line that was greater in magnitude. Gray dashed stretches of the line indicate regions of non-significance.
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Designing Tasks Intentionally to Detect Effort
Reflecting on a combination of listening effort studies that 

measured EEG alpha suppression, Wisniewski et al. (2021) 
pointed to the oversimplification of the concept of effort as a 
contributor to a literature of seemingly ambivalent results that 
limit the progress of understanding effort. Calling for more 
careful critique of task design, they highlighted how quanti-
fication of effort for a task cannot be disentangled from the 
variety of different approaches that a person can take to com-
plete the task. Furthermore, they reinforced the concept of 
listening effort as decomposable into a series of events that 
engage multiple components of effort, rejecting the attraction 
of a unidimensional construct. Their approach is especially 
amenable to understanding speech, which is a series of events 
that build over time in nonlinear ways. In addition to the tem-
poral components, Strauss and Francis (2017) further decom-
posed effort into sources arising internally or externally. In the 
present study, internal attention was aimed mainly at resolving 
ambiguity in perception by making inferences about a miss-
ing piece of the signal (the effect of stimulus type), whereas 
the effect of listening condition involved suppressing atten-
tion to digit triplets after a target sentence, which by contrast 
would be deemed external attention. The signature of external 
attention was mainly a reallocation of pupil dilation that was 
observed in the younger TH group but not the other groups. 
Perhaps pupil dilation is sensitive to the aspect of listening 
relating to the uncertainty and timing of making decisions 
(Satterthwaite et al. 2007; Lempert et al. 2015), but less sen-
sitive to other factors that make perception difficult, such as 
external drivers of effort.

Response Coherence Drives Effort More Than 
Repetition Accuracy

In recent studies, sentence repetition accuracy scores were 
found to be an inadequate reflection of the effort of sentence 
recognition (Winn & Teece 2021, 2022), with whole-utterance 
coherence being a more powerful driver of cognitive load. 
Consistent with that notion, the performance for post-sentence 
digit recall (i.e., the listening effort carryover) in the present 
study was virtually unaffected by the mere presence of a mistake 
in the sentence recall, but was affected to a greater extent by the 
need for mental repair (i.e., need to build coherence) and even 
more by the inability to resolve a coherent sensible meaning in 
the sentence (Fig. 6). The lack of impact of a mere repetition 
error on its own is consistent with Hunter’s (2021) study, where 
secondary task measures (digit recall and reaction times) were 
facilitated by coherent sentence context regardless of sentence 
repetition accuracy scores.

The importance of linguistic coherence as a driver of lis-
tening effort across multiple studies implies that test stimuli 
ought to have the possibility of incoherence for this effect to 
emerge. Previous results support the utility of complex mate-
rials to detect effects that are overlooked with simpler stimuli 
(McRackan et al. 2018; Moberly et al. 2018). However, a simple 
carrier phrase (e.g., “say the word … ”) can create sentence-
length stimuli but without the key ingredient of building mean-
ing out of coherence across words. Supporting this notion, Ryan 
et al. (2023) tested perception of individual target words embed-
ded in that carrier phrase, finding decreased attentional engage-
ment (theta oscillatory power) during the carrier phrase itself. 
The authors suggested that meaningful sentences would likely 

show more robust changes in measures of theta and alpha power 
because they would be more cognitively engaging. It is not clear 
whether an incoherent perception would elicit effort only if it is 
unexpected; experiment designs that feature all or mostly inco-
herent stimuli (c.f. Mechtenberg et al. 2023) might diminish 
this effect because the drive to create coherence might be sup-
pressed. Despite the focus on semantic coherence and inference 
in the present study, there are still other factors that influence 
effort that can emerge with shorter stimuli like single words 
(Kuchinsky et al. 2013; Colby & McMurray 2021; McLaughlin 
et al. 2022). Therefore there is certainly room for a wide variety 
of auditory tasks to detect varying levels of hearing difficulty.

Effort Anticipation and the Allocation of Effort 
Across Time

Younger TH listeners in the present study showed patterns 
pupil dilation that indicate strategic timing of their auditory 
attention. Pupil dilation rose earlier for stimuli where the key 
information was earlier (where later information was ignored), 
and dilation grew at a slower rate when the key information 
was spread out over a longer stretch of time (when they needed 
to attend to a sentence and the following digits). Considering 
that the conditions were blocked separately, the slope of pupil 
dilation might reflect the listener’s anticipation of how long 
the relevant stimulus would last. Conversely, the CI listeners 
and older TH listeners did not clearly show this pattern, having 
roughly similar responses to the digits-ignored and the digits-
repeated conditions with respect to the growth of pupil dilation 
leading to the peak. These results replicate findings by Winn 
and Moore (2018) who used the same task instructions with 
a different set of stimuli. The present results also substantiate 
the recommendation by Wisniewski et al. (2021) to consider 
the timing of effortful events rather than collapsing them into 
a single dimension.

Variation in the conditional front-loading or pacing of effort 
was also observed by Svirsky et al. (2024). In their experiment, 
the pupil response during the presentation of a sentence grew at 
a slower rate when listeners were cued to anticipate two sequen-
tial sentences. This result suggested that listeners might reserve 
some capacity for later moments of listening so that cognitive 
resources are not exhausted during the first utterance. Notably, 
this result emerged only for those CI listeners whose speech 
recognition score was minimally affected by the presence of 
the second sentence in the series; CI listeners who showed a 
two-sentence decrement failed to show this effort allocation pat-
tern. Gathering observations by Svirsky et al., Winn and Moore 
(2018), and the present study, it appears that listeners who excel 
at speech recognition (either younger TH listeners or better-
performing CI listeners) show temporal allocation of listening 
effort that reflects the demands of the task and in-the-moment 
anticipation. The absence of this effect might be explained by 
a phenomenon observed by Zekveld et al. (2019) who found 
that the reliable effects of SNR/sentence intelligibility for pupil 
responses were entirely overridden by the presence of an extra 
memory load task during the experiment.

Supporting the notion that effort allocation reflects strategic 
use of cognitive resources, recent results by Johns et al. (2024) 
suggest that listening effort depends at least partly on the extent 
to which individuals have mobilized their attention in anticipa-
tion of the difficulty of the upcoming task. Vaden et al. (2022) 
suggest that listeners might modulate cognitive resources in 
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anticipation of needing them for an upcoming task, finding bet-
ter performance when trials were preceded by greater activity 
in the cingulo-opercular frontal network. Consistent with this, 
Mechtenberg et al. (2023) found increased pupil dilation before 
predictably difficult trials, and Micula et al. (2022) found a 
tendency for greater pupil dilation during trials that were cor-
rectly recalled, suggesting that increased engagement in the 
moment preceding the stimulus might promote better percep-
tion. Distinct patterns can arise when examining responses to 
several sentences as well (Bönitz et al. 2021). Exploring the 
allocation of listening effort might continue to reveal additional 
insights not available when tracking the overall peak magnitude 
of pupil dilation.

Limitations on Data Collection
The present study had an imbalance of protocol across the 

groups, requiring some caution before truly solidifying conclu-
sions about the effect of using a CI. Specifically, much of the 
CI data for the no-digits condition were collected more than a 
year before data for the other conditions, while the other listener 
groups heard all three conditions in the same session. Although 
this presents a limitation for some comparisons of condition 
effects across the groups—particularly those that depend on 
comparisons of the magnitude of dilation—there is no obvious 
reason to discount these data. Incidentally, the reduction of stim-
uli because of the inclusion of two rather than three conditions 
offered the advantage of potentially mitigating listening fatigue 
in the CI group, whereas the other groups did not show any obvi-
ous signs of fatigue while doing three conditions. The effects of 
fatigue cannot be known from this study because of the nature of 
the protocol, but intentional choices to reduce fatigue could be a 
way to protect the deterioration of the phasic event-level signa-
tures of effort like those sought in the present study.

Translating the Results to Everyday Life
There is potential for applying these results to audiological 

counseling and assessment. Regular conversation partners of 
people who are deaf or hard-of-hearing can better ensure the 
intelligibility of their own speech (and perhaps reduce the effort 
of listening to their speech) by including pauses that allow the 
listener to repair any recent misperceptions and arrive at coher-
ent understanding of the message. Wingfield et al. (1999) dem-
onstrated the protective effect of strategic pauses for improving 
speech repetition accuracy, and there is potential to find protec-
tive effect against effort as well.

Audiological assessment stands to improve detection of 
hearing difficulty by introducing post-sentence probes to test 
the listener’s reliance on an extra moment to solidify the per-
ception (c.f. Gianakas et al. 2022) or to test whether the effort 
of auditory processing might last long enough to interfere with 
upcoming speech (as in the present study). The main added 
value of this approach is to detect the listener who appears to 
function successfully for single words or sentences, but does so 
using a listening strategy that would not enable perception of 
continuous speech. Even in absence of an immediate solution 
to carryover effort, there could be value in communicating this 
difficulty that might not be intuitive to communication partners 
who have TH. Ultimately these efforts can drive toward test-
ing a wider range of abilities involved in speech perception, as 
described by Beechey (2022).

CONCLUSIONS

Mentally repairing misperceived words has an immediate cost 
of greater effort. For CI listeners, mental repair also leads to a 
downstream cost of being more likely to miss the next thing that 
would be heard. That carryover effect is not predictable based on 
repetition accuracy for the sentence but is substantially greater 
when the listener cannot arrive at a sensible perception from the 
previous sentence. These results imply that listeners with CIs are 
likely to benefit from the insertion of pauses in speech to resolve 
any lingering perceptual ambiguities. Younger TH listeners 
appear to reallocate effort dynamically in response to specific task 
demands, but that ability is not clearly observed in CI listeners.
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