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Listening Effort Is Not the Same as Speech
Intelligibility Score

Matthew B. Winn and Katherine H. Teece

Abstract

Listening effort is a valuable and important notion to measure because it is among the primary complaints of people with

hearing loss. It is tempting and intuitive to accept speech intelligibility scores as a proxy for listening effort, but this link is

likely oversimplified and lacks actionable explanatory power. This study was conducted to explain the mechanisms of

listening effort that are not captured by intelligibility scores, using sentence-repetition tasks where specific kinds of mistakes

were prospectively planned or analyzed retrospectively. Effort measured as changes in pupil size among 20 listeners with

normal hearing and 19 listeners with cochlear implants. Experiment 1 demonstrates that mental correction of misperceived

words increases effort even when responses are correct. Experiment 2 shows that for incorrect responses, listening effort is

not a function of the proportion of words correct but is rather driven by the types of errors, position of errors within a

sentence, and the need to resolve ambiguity, reflecting how easily the listener can make sense of a perception. A simple

taxonomy of error types is provided that is both intuitive and consistent with data from these two experiments. The

diversity of errors in these experiments implies that speech perception tasks can be designed prospectively to elicit the

mistakes that are more closely linked with effort. Although mental corrective action and number of mistakes can scale

together in many experiments, it is possible to dissociate them to advance toward a more explanatory (rather than

correlational) account of listening effort.
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To better understanding hearing loss, listening effort
should be examined with equal if not greater emphasis
than speech intelligibility. Hughes et al. (2018) described
in detail the reports of hearing-impaired individuals who
frequently commented on burdensome effort leading to
withdrawal from social communication because of anx-
iety and embarrassment but who did not apparently
complain of low speech intelligibility per se. A likely
explanation is that sentences are not misunderstood
when the listener has simply chosen to avoid the conver-
sation altogether. Apart from the difficulties described
by Hughes et al., listening effort is also thought to lead
to mental fatigue and increased stress (H�etu et al., 1988),
unemployment (J€arvelin et al., 1997), early retirement
(Danermark & Gellerstedt, 2004), need for recovery
time after work (Nachtegaal et al., 2009), and emotional
strain (Alhanbali et al., 2018).

It is tempting and intuitive to accept speech intelligibil-

ity scores as a proxy for listening effort, but this link is

likely oversimplified and lacks actionable explanatory

power. As an analogy, hearing thresholds are correlated

with age, but age is not a sufficient proxy for setting acous-

tic gain for a hearing aid. Similarly, correlations between

effort and intelligibility—if they do arise—do not explain

what makes speech effortful. The current study tracks

changes in effort in speech perception that are linked

with the types, numbers, and positions of intelligibility
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errors, to explore whether these factors are a better expla-

nation of effort than the proportion of words correct.
The common assumption that individuals with poorer

speech intelligibility are the ones suffering with greater

effort has not been established empirically. Zekveld et al.
(2010) demonstrated a relationship between intelligibility

and pupil-related signs of effort in listeners with normal

hearing (NH), but Ohlenforst et al. (2017) and Wendt

et al. (2018) clarified that this relationship is nonmono-

tonic and invited speculation that individuals could avoid

investing effort in very difficult situations (cf. Eckert

et al., 2016; Winn et al., 2018). Setting aside the notion

that effort decreases when a listener gives up, there could

still be questions about the relationship between effort

and intelligibility even in the performance range where

people are still trying. In other words, it is already known

that intelligibility and effort have a nonmonotonic rela-

tionship, but the link deserves further exploration. A per-

son’s reported effort can be entangled with their own

sense of their performance in unpredictable ways.

Moore and Picou (2018) have shown that individuals

report self-assessed performance (i.e., accuracy) when

asked to rate their own listening effort and that these
two constructs can be anticorrelated. In line with that,

O’Neill (2020) has shown that people with cochlear

implants (CIs) can sometimes rate their performance as

not difficult even when their intelligibility scores were in

the range of 40%–60%. These cases provide further evi-

dence that effort does not scale linearly with intelligibility

and should be measured separately.
An additional complication of the effort of speech

perception is that speech unfolds rapidly over time,

with cognitive processing tied to specific landmarks in

a stimulus on the order of hundreds of milliseconds

(Altmann & Kamide, 1999; Altmann & Mirkovi�c,
2009). The effort associated with speech perception
therefore might not be feasible to track subjectively in

real time during the relevant perceptual events.

Similarly, intelligibility scores are an after-the-fact one-

time measurement that fails to indicate the processing

that led up to a final answer. Just as eye-tracking studies

of spoken word recognition have revealed the nature of

incremental perception and perceptual competition

among words (Altmann & Kamide, 1999), it is the

series of cognitive activity that occurs between the per-

ception and the response that will potentially shed light

on the mental effort experienced when understanding

speech.

The Invisible Problem of

Mental Correction

In speech recognition tasks, listeners can safely assume

that they will hear coherent and sensible utterances and

will tend to repeat back coherent responses, with their

guesses guided by the knowledge and constraints of the

language—what R€onnberg et al. (2019) call postdiction.

Even when stimulus materials are designed to specifi-

cally lack linguistic structure, listeners will still process

meaning (Ivanova et al., 2012) and will still impose

structure in their verbal responses both semantically

(Popa, 2018) and phonetically (Herman & Pisoni,

2003). For individuals with hearing loss, this invisible

mental transformation is obviously an adaptive skill
that helps them carry on in conversation. But for audiol-

ogists—or anyone interested in measuring speech per-

ception (hearing scientists, engineers, psychologists,

etc.), this is an insidious problem, because this correction

process is likely the source of the mental energy we seek

to quantify, yet there is no obvious way to detect wheth-

er it has happened, since it can result in an unremarkable

correct response.
The current study focuses on the problem of mental

correction in speech perception because of its relevance

to understanding the experience of people with hearing

loss, who are more likely to misperceive words and

therefore more likely to have their effort driven by
mental correction of those errors. We expect that

speech perception usually involves simplified heuristics

to quickly predict and resolve perceptions without exces-

sive deliberation. When the expected relationships

between words are violated, active intentional cognitive

control can be exerted, bounded by the limited resources

available (Griffiths et al., 2015) and also bounded by the

quick rate of information transmission in speech. It is

important to recognize that not all speech perception

mistakes would result in a violation of linguistic coher-

ence. Therefore, there are opportunities to dissociate

effort and an intelligibility score by separately tracking

the number of errors and the linguistic incoherence.

Classifying Types of Responses in

Speech Intelligibility Tests

Traditional intelligibility scoring treats all errors as lin-

early additive; each error is worth the same as each other

error. This principle simplifies tallying scores and

describing outcome measures, but it overlooks the

potential unequal weighting of errors as they contribute

to effort. Ultimately, a better understanding of the fac-

tors that drive listening effort can guide the development

of evaluation materials (i.e., perception tests) that target

those specific relevant factors rather than testing for

intelligibility in a way that is agnostic to—or worse—
uncorrelated with—listening effort.

As a prelude to the analysis to come, we offer a simple

taxonomy of response/error patterns, with examples dis-

played in Table 1. Response Type 1 is ideal, when the
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listener hears all the words correctly and repeats the

words correctly. Type 2 is when one or more of the

words were not perceived correctly, but the context of

the sentence is sufficient for the listener to correctly

guess. Experienced users of a language can correctly

fill in a missing word based on context or intuition, dis-

guising the fact that the word was not heard correctly, or

perhaps not heard at all. Response Types 1 and 2 are

indistinguishable on intelligibility tests, even though they

are likely unequal in terms of effort, since Type 2

involves extra restorative processing. Explicitly acknowl-

edging response Types 1 and 2 as distinct will ultimately

help move toward a mechanistic account of effort that

also relates to correct responses rather than just incor-

rect responses. That distinction is explored in the current

study in Experiment 1.
Response Type 3 is when a listener repeats a word in a

sentence incorrectly, but the word is a sensible replace-

ment within the context and is also acoustically similar.

For example, the stimulus Airlines require a special staff

repeated as Airlines require a special stash or Airlines

require a special trash. Response Type 4 is when the lis-

tener incorrectly substitutes a word that is sensible but is

acoustically dissimilar to the actual word (e.g., the par-

ticipant’s response is Airlines require a special pilot),

which is a clear example of the influence of language

overriding the input of the auditory system. These

errors invite the listener’s confidence in a false percep-

tion because they are coherent, so they might not neces-

sarily evoke a substantial increase in effort. If effort is

related to the mental activity of substituting one word

with another related word, then error Types 2, 3, and 4

could be similar in terms of effort but would produce

different intelligibility scores, at both the word and pho-

neme levels.
Response Type 5 is when a word is heard incorrectly,

and the listener’s response is not linguistically coherent

or sensible. For example, the sentence The glass had a

chip on the rim repeated as The glass had a check with the

wind is a Type 5 response. We suspect that Type 5 elicits

the greatest effort, since the listener is likely to engage in

some mental activity to ponder how the sentence can be

altered to make sense.
Error Type 6 is arguably the most interesting—it is

when a listener hears a word incorrectly, and then a dif-

ferent part of the sentence is incorrectly transformed to

accommodate that error, perhaps because the listener is

unaware that an error was made. For example, Airlines

require a special staff could be repeated as Air mail

requires a special stamp; both incorrect syllables are

coherent with each other, rendering the response sensi-

ble, even if incorrect. Coherent responses can result from

a larger number of errors as well. For example, She made

the bed with clean sheets was repeated as She made the

bagel with cream cheese. This error could result from

hearing sheets as cheese or from hearing bed as bagel.

Either of these single errors could cause a post hoc

reworking of the sentence to agree with the mistaken

word. From the experimenter’s point of view, this

response has multiple errors, and none of the meaning

of the actual target sentence was retained; it is a failed

perception. But from the listener’s perspective, the

response is more sensible than She made the bed with

clean cheese, even though that nonsense response

would score higher on a test of intelligibility since it

contains one error instead of three. Setting aside the

Table 1. Classification of Specific Response Types in Sentence-Perception Experiments.

Type Description Example stimulus Example response

1 Correct perception, correct

response

2 Misperceived word correctly

filled in by context

She xxxx the candle with a match

The bread is made from whole wheat

She lit the candle with a match

The bird is . . .
The bread is made from whole wheat

3 Semantically sensible replace-

ment of missing word

The doctor prescribed the drug

She used a cloth to dry the dishes

The doctor prescribed the pill

She used a towel to dry the dishes

4 Similar-sounding replacement of

missing word; sentence is

sensible

The most important factor is the clock

Airplanes require a special staff

The most important factor is the plot

Airlines require a special staff

5 Similar-sounding replacement of

word; sentence is nonsense

I can’t guess, so give me a clue

The glass had a chip on the rim

I cut this, so give me a clue

The glass had a check with the wind

6 Multiple mistakes to accommo-

date one mistake

She made the bed with clean sheets

They were considering the cheers

She made the bagel with cream cheese

They were sitting in the chairs
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possibility that the listener genuinely misperceived three

words that were all semantically coherent with each

other by chance, it is likely that these error patterns

arise because of linguistic constraints or postdiction.
These situations are crucial for the current investigation

because they provide the test of whether the effort of

speech understanding scales with linguistic coherence

or the total number of errors. If intelligibility errors

were the source of effort, then the three-error sentence

should be more effortful. But if the linguistic coherence

is the source of effort, then the single-error incoherent
sentence should be more effortful. This hypothesis is

tested in the current study in Experiment 2.

Measuring Listening Effort

Using Pupil Dilation

Task-evoked pupil responses have been used in a wide

variety of cognitive tasks (Beatty, 1982; Laeng et al.,

2012) including numerous studies of speech perception

(see Zekveld et al., 2018 for review). The general trend is

to observe greater pupil dilation in cases where more

effort is exerted, although the measurement can be com-

plicated and nuanced (Winn et al., 2018). Physiological
studies of pupil dilation have suggested its link to the

locus coeruleus (Aston-Jones & Cohen, 2005; Murphy

et al., 2011) and broadly distributed cortical activity

(Reimer et al., 2016). Pupil size has been shown to pre-

dict dynamic cortical states that govern task perfor-

mance (McGinley et al., 2015), underscoring the role

of the cingulo-opercular neural network, which is
involved in monitoring errors and resolving uncertainty

in perception (Eckert et al., 2016; Vaden et al., 2013,

2017). Although the physiological link between pupil

dilation and the cingulo-opercular network is yet to be

fully described in the literature, studies that coregister

both measurements suggest coupled activity (Breeden

et al., 2017; Kuchinsky et al., 2016). Kuipers and
Thierry (2011) simultaneously measured pupil dilation

and electroencephalogram (EEG) responses evoked by

violating semantic predictions, further highlighting the

potential for focused neural localization of the process

under investigation here.
The current study is not the first to examine changes

in pupil dilation linked to aspects of speech perception

other than intelligibility. There are systematic differences

in pupil size elicited by stimuli that vary by factors that

are more subtle than all-or-none correctness, such as

lexical competition (Kuchinsky et al., 2013), speech

accentedness (McLaughlin & Van Engen, 2020), speak-
ing style (e.g., conversational versus clear; Borghini &

Hazan, 2020), sentence structure (Ayasse & Wingfield,

2018; Demberg & Sayeed, 2016), translation from a dif-

ferent language (Hy€on€a et al., 1995), pronoun resolution

(Vogelzang et al., 2016), semantic context (Borghini &

Hazan, 2020; Winn, 2016), and lexical ambiguity

(Kadem et al., 2020). We therefore expect that different

types of perceptual patterns should elicit measurable dif-

ferences in listening effort reflected in pupil dilation, in a

granular fashion, independent of intelligibility scores.

Summary and Hypotheses

Gathering the ideas described earlier, a simple tally of

errors will inevitably lose the rich information about the

structure of the misperception and the work that would

be needed to make sense of it. The results of previous

literature do not disentangle the two competing hypoth-

eses of listening effort being driven by the number of

mistakes versus the degree of linguistic ambiguity/coher-

ence, since the situations that demand mental disambig-

uation are likely to also be the situations that result in a

greater number of mistakes. Using a combination of

prospective experimental design as well as post hoc anal-

yses of previous data, the current study uses two data

sets with a sufficiently high number of errors and a suf-

ficient diversity of errors to map the effort associated

with various patterns of intelligibility. The taxonomy

of response/error types described earlier leads to the fol-

lowing hypotheses:

1. Even if a response is correct, more effort will be

exerted if a listener needs to resolve an ambiguity to

generate a meaningful response (response Type 2 elic-

its greater effort than response Type 1).
2. When a response is incorrect, listening effort will be

only slightly elevated if the incorrect word is sensible

in its context (Types 3 and 4 will elicit similar to effort

for response Type 2 and only slightly higher than

Type 1).
3. A single error could be more effortful than multiple

errors, if that single error leads to a linguistically inco-

herent sentence (Type 5) and if the multiple errors

lead to a coherent/sensible sentence (Type 6). That

is, we expect no main effect of the number of errors,

but we expect an effect of linguistic coherence.
4. Based on the important role of predictive processing

in speech perception, errors that occur earlier in a

sentence should be more costly than errors that

occur later in a sentence.

Taken together, these statements collectively hypoth-

esize a double dissociation between listening effort and

intelligibility, and they propose a more specific associa-

tion between listening effort and resolution of linguistic

ambiguity. Hypothesis A is tested by Experiment 1, and

the other hypotheses are tested by Experiment 2.
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Experiment 1: Elevated Effort for Correct

Responses

Correct responses do not clearly convey whether a sen-
tence was heard correctly, or if it was heard incorrectly
and then mentally corrected before the listener gave their
response. We expect that the need for mental correction
is effortful, but the phenomenon itself is difficult to
verify empirically (i.e., it is the invisible problem
described in the introduction). To address this challenge,
the first experiment used a new stimulus set designed
specifically to demand retroactive perceptual restoration
of a missing word, but not in a way that would affect
intelligibility in any meaningful way. If effort were ele-
vated in such cases, it would partly disentangle effort
from intelligibility by showing that perception could be
effortful despite perfect scores. This approach tests the
hypothesis by R€onnberg et al. (2019) that postdiction—
reconstruction of fragmented perceptions—elicits
increased effort.

Experiment 1: Methods

Participants. There were 20 young adult listeners with NH
thresholds, who all spoke English as their native lan-
guage and who reported no language or learning disabil-
ities. Participants were not evaluated for visual acuity.
All gave informed written consent of procedures that
were approved by the Institutional Review Board at
the University of Minnesota.

Stimuli. Stimuli included 120 sentences, each of which
was designed to have a target word early in the sentence
(2nd, 3rd, or 4th word) that was not predictable based
on preceding words but was narrowly constrained based
on subsequent words, for example, The woman ___ her

candle with a match, where the target word is lit. The
sentences had an average of nine words, and the target
word occurred on average at word position 3.35. The
sentences were divided into four lists of 30, with the
average word length of the sentence and average target
word position within the sentence equalized across lists.
Each sentence was spoken multiple times by a trained
audiologist (the first author) with the explicit intention
of being clear and slow enough to promote excellent
intelligibility even among people with hearing loss (for
a future study). The recordings were examined by a team
of five other listeners who are audiologists or AuD stu-
dents, and then passed on to the subsequent stages of
processing, described later.

To verify the contextual constraint on the target
words, an online test was conducted using the Gorilla
experiment builder (www.gorilla.sc; Anwyl-Irvine et al.,
2019) where 27 participants were presented with the writ-
ten sentences with the target word missing and were
asked to type in the missing word. The proportion of
participants who give the same response (ignoring
changes in tense and plurality) is the cloze probability
(Kutas & Hillyard, 1984). There are varying criteria for
what is considered high and low cloze probability, but
Block and Baldwin (2010) suggest a high probability
answer to be at 67% and above. Using this metric,
there was high cloze probability for 100 of our 120 sen-
tences, with low (< 33%) probability for just one
sentence.

Stimulus Variations. There were three versions of each sen-
tence, illustrated in Figure 1. The intact version was the
plain utterance with all words spoken naturally. There
were two versions that distorted the target word, which
forced the listener to engage in some perceptual

Figure 1. Types of stimuli used in the sentence recognition experiment, including an “intact” form (top) where all the words were
unaltered, a “noise” form (middle) where a single target word was replaced with noise of equal duration and intensity, and a
“mispronounced” form (bottom) where a phoneme in the target word was mispronounced.

Winn and Teece 5
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restoration. In the Noise condition, the target word was
replaced with noise of equivalent duration and intensity,
whose frequency spectrum matched the long-term spec-
trum of the entire stimulus corpus. The second type of
distortion was an intentional mispronunciation of the
first consonant in the target word. This mispronuncia-
tion nearly always was a change in the place of articula-
tion of the consonant, which is the feature most often
misperceived by listeners with hearing loss (Bilger &
Wang, 1976; Dubno et al., 1982), including those who
wear CIs (Munson et al., 2003; Rødvik et al., 2019). The
mispronunciations were intended to be nonwords, but 18
(out of 120) of the mispronunciations produced real
English words. The sentences with mispronunciations
were spoken with the same prosody by the same
talker. The recording of the sentence up to and including
the mispronounced word was spliced onto the intact
form of the sentence starting from the end of the
target word. The effect of this splicing was to ensure
that the audio content following the target word—
which served to disambiguate the target word itself—
was exactly the same in all versions of the stimuli.

Procedure. Each participant completed a sentence-
repetition task with a total of 120 stimuli (40 sentences
each for intact, noise-masked, and mispronounced
trials). These stimuli were divided into four lists of 30
sentences. Each list began with an intact sentence, fol-
lowed by a random ordering of stimulus types, with the
stipulation that the same stimulus type could not appear
in more than three consecutive trials. The presentation
of lists was rotated and counterbalanced across listeners,
and the type of stimulus (intact, noise-masked, or mis-
pronounced) for each item was rotated for each listener,
except for the first trial in each list. Therefore, 80 of the
120 of the sentences contained a word to be disambigu-
ated; however, the ambiguity of the word itself was
extremely low, as verified by the cloze test.

During the experiment, listeners sat in a chair with
their head position stabilized by a chin rest. They visu-
ally fixated on a red cross in the middle of a medium-
dark gray background on a computer screen that was
50 cm away. Each trial was initiated by the experimenter,
and the participant heard a beep marking the onset of
the trial. There was 2 s of silence, and then 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 prompt for the
listener to give their response. They were instructed to
repeat back what they thought was spoken, filling in
missing or distorted words when necessary.

During the task, the participant’s eye position and
pupil size were monitored and recorded by an SR
Research Eyelink 1000 Plus eye tracker recording at
1000Hz sampling rate tracking pupil diameter in the

remote-tracking mode, using the desktop-mounted
25mm camera lens. Lighting in the testing room was
kept constant to minimize influence of the pupillary
light reflex.

Experiment 1: Analysis

Intelligibility. Intelligibility for each word in the sentence
was scored in real time by an experimenter, and the
participant’s verbal responses were audio recorded for
follow-up inspection and verification. For mispro-
nounced stimuli, any word that did not rhyme with the
mispronounced target word was counted as an error, as
well as any errors elsewhere in the sentence. For stimuli
where the target was replaced by noise, errors included
any word that was not semantically coherent with the
stimulus, as well as any errors elsewhere in the sentence.
If the participant’s guess at the word replaced by noise
was not the “intact” word but still made sense (e.g., “The
worker used the ladder to get to the roof” instead of
“The worker climbed the ladder to get to the roof”), it
was counted as correct.

Pupillometry Data Preprocessing. Pupil data were processed
in the style described by Winn et al. (2018). Blinks were
detected as a decrease in pupil size to 0 pixels, and then
the stretch of time corresponding to the blink was
expanded backward by 80ms and forward by 120ms
to account for the partial occlusion of the pupil by the
eyelids during blinks. The signal was processed with a
5Hz low-pass 4th-order Butterworth filter and then dec-
imated to sample once every 40ms. Baseline pupil size
was calculated in time spanning 500ms before stimulus
onset to 500ms after stimulus onset, and each pupil size
data point in the trial was expressed as a proportional
difference from the trial-level baseline. Other methods of
baselining (e.g., linear subtraction) have been proposed,
with debate over which is the best option (Mathôt et al.,
2018; Reilly et al., 2019; Winn et al., 2018). Reilly et al.
(2019) suggests that the pupillary response is linearly
consistent across varying baseline pupil size, though
their study altered baseline size using luminance changes
whose effects have not been verified to generalize to
other baseline influences such as arousal. Pupil data
were tagged with timestamps to enable aggregation by
onset or offset of the sentence, as well as onset/offset of
the target word.

Pupil data were subjected to an algorithm written to
automatically detect and remove potential contamina-
tions or outliers in the morphology. There were several
rules to “flag” potential contamination, such as to detect
hippus activity that could contaminate baseline correc-
tion for the whole trial (e.g., baselines that unusually
deviated from both the previous and the next baseline,
a baseline that deviated from the mean baseline by at

6 Trends in Hearing



least 2 standard deviations, a significant slope of change
in pupil size during the baseline), a steep downward
slope of pupil size immediately after stimulus onset
(which, when combined with the baseline flags, would
confirm contamination stimulus-unrelated dilation
before the trial). Apart from baseline flags, there were
also flags for baseline-proportioned pupil size �3 stan-
dard deviations from the mean, or absolute pupil size 3
standard deviations from the mean. Trials were excluded
if they contained three or more flags, or if they contained
30% missing data during the time period from the start
of the baseline leading to 3 s past the onset of the stim-
ulus. Ten percent of trials were discarded due to these
criteria. Of the discarded trials, 42% were from the
Intact condition, 34% from the Mispronounced condi-
tion, and 24% from the Noise condition.

Pupillometry Data Analysis. Filtered data that were summa-
rized for each individual in each stimulus condition were
estimated using a second-order (quadratic) polynomial
model (see Mirman, 2014; Winn et al., 2015). An alter-
nate model using individual trial-level data was
attempted but ultimately abandoned because the requi-
site computing power and model complexity was not
justifiable by the data. Consistent with previous analyses
in similar studies, there were two windows of analysis,
intended to treat audition and linguistic processing as
two separate processes rather than a singular process.
Window 1 spanned from –1.5 to 0.7 s relative to stimulus
offset, which corresponded to the listening phase of each
trial. Window 2 spanned from 0.7 to 2.2 s relative to
stimulus offset, reflecting the response preparation
phase of the trial. These windows arguably correspond
to auditory encoding versus poststimulus linguistic res-
olution and have been separately analyzed in numerous
previous studies that find distinctly different effects in
each window (Bianchi et al., 2019; Francis et al., 2018;
Piquado et al., 2010; Wendt et al., 2016; Winn, 2016;
Winn et al., 2015; Winn & Moore, 2018; Winn &
Teece, 2020).

Within each analysis window, there were fixed effects
of stimulus type and time. There was a maximal subject-
level random-effects structure, meaning for each fixed
effect, there was a corresponding random effect declared
per listener, to account for dependence between repeated
measures and between samples of the same measure over
time. The prevailing model formula took the following
form for each analysis window:

where poly1 and poly2 are orthogonal polynomial trans-

formations of time relative to stimulus offset, and Type

is stimulus type, with mispronounced as the default con-

figuration. Data_window is the subset of data from

within either the first or the second time window.

Deidentified data are available upon request.

Experiment 1: Results

As expected, intelligibility errors were extremely rare,

with performance at 99.2%. Figure 2 illustrates the

changes in pupil dilation in response to the three types

of stimuli. The summary of Experiment 1 statistical anal-

ysis of the pupil data is in Table 2 (Window 1) and

Table 3 (Window 2), with the Mispronounced condition

set as the model default, to allow comparisons in both

the upward and downward direction. During the first

analysis window, stimuli with intact target words elicited

less overall pupil dilation than those with mispro-

nounced words (Table 2, b4, t¼ –2.72, p¼ .015), and

Noise-masked targets elicited more pupil dilation com-

pared to mispronounced words (b5).
There was shallower growth of pupil size for Intact

sentences compared to the Mispronounced stimuli,

reflected in the linear slope term (b6). The detectable

Avg onset of stimulus
Avg target word onset/offset

0.00

0.05

0.10

0.15

-2 0 2 4
Time (s) relative to sentence offset

Pr
op

or
tio

na
l c

ha
ng

e 
in

 p
up

il 
si

ze

Target word

Noise-masked

Mispronounced

Intact

Figure 2. Proportional Change of Pupil Dilation Over Time in
Response to Stimuli Where an Early-Occurring Target Word Was
Intact (Black), Replaced by Noise (Red), or Intentionally
Mispronounced (Blue). Width of the ribbon around the data rep-
resents �1 standard error. The gray shaded region corresponds to
the 2 s that elapsed between stimulus offset and the response
prompt. The average position of the target word is indicated by
the horizontal error bar along the x-axis, which also indicated the
average stimulus onset time in an open circle.

lmerTest :: lmerðpupil � poly1þ poly2þ Type þ # Main effects
poly1 : Type þ poly2 : Type þ # two� way interactions
ð1þ poly1þ poly2þ Typeþ # main random effects
poly1 : Type þ poly2 : Type j ListenerÞ; # random interactions
data ¼ Data windowÞ
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Table 2. Linear Mixed-Effects Model Accounting for Change in Pupil Size in Experiment 1 for Window 1 (–1.5 to 0.7 s Relative to Stimulus
Offset).

Term Estimate SE df t p

b1 Intercept (Mispronounced) 0.085 0.007 16.00 11.72 <.001

b2 Linear 0.046 0.013 16.01 3.58 .003

b3 Quadratic –0.028 0.004 16.00 –7.28 <.001

b4 Type-Intact –0.015 0.005 16.00 –2.72 .015

b5 Type-Noise 0.024 0.005 16.00 4.79 <.001

b6 Linear:Type-Intact –0.016 0.007 16.00 –2.14 .048

b7 Linear:Type-Noise 0.004 0.011 15.99 0.34 .737

b8 Quadratic:Type-Intact 0.029 0.006 16.00 4.71 <.001

b9 Quadratic:Type-Noise 0.005 0.005 15.99 1.09 .290

Window 1 Random Effect Variance-Covariance Matrix
Correlations

Var SD b1 b2 b3 b4 b5 b6 b7 b8

b1 Intercept (MP) 0.0009 0.030

b2 Linear 0.0028 0.053 0.47

b3 Quadratic 0.0002 0.016 –0.84 –0.34

b4 Type-Intact 0.0005 0.022 –0.74 –0.30 0.67

b5 Type-Noise 0.0004 0.020 0.13 0.33 –0.21 0.20

b6 Linear: Type-Intact 0.0009 0.030 –0.01 –0.65 –0.21 –0.12 0.01

b7 Linear: Type-Noise 0.0021 0.046 0.60 –0.12 –0.55 –0.41 0.30 0.49

b8 Quadratic: Type-Intact 0.0006 0.024 0.64 0.47 –0.79 –0.59 0.19 –0.10 0.21

b9 Quadratic: Type-Noise 0.0004 0.020 0.20 –0.18 –0.49 –0.50 –0.35 0.43 0.06 0.33

Note. SE¼ standard error of the mean estimation; df¼ degrees of freedom estimated using the Satterthwaite approximation (implementation by Kuznetsova

et al. 2017); Var¼Variance; SD¼ standard deviation; MP¼mispronunciation condition (model default).

Table 3. Linear Mixed-Effects Model Accounting for Change in Pupil Size in Experiment 1 for Window 2 (0.7 to 2.2 s Relative to Stimulus
Offset).

Term Estimate SE df t p

b10 Intercept (Mispronounced) 0.072 0.007 16.09 10.03 <.001

b11 Linear –0.023 0.010 15.98 –2.35 .032

b12 Quadratic 0.011 0.002 15.99 4.42 <.001

b13 Type-Intact –0.007 0.003 16.02 –2.41 .028

b14 Type-Noise 0.038 0.007 16.06 5.48 <.001

b15 Linear:Type-Intact 0.003 0.005 15.94 0.61 .554

b16 Linear:Type-Noise 0.003 0.005 16.00 0.59 .565

b17 Quadratic:Type-Intact –0.004 0.002 15.96 –1.55 .140

b18 Quadratic:Type-Noise –0.011 0.002 15.93 –6.00 <.001

Window 2 Random Effect Variance-Covariance Matrix
Correlations

Var SD b10 b11 b12 b13 b14 b15 b16 b17

b10 Intercept (MP) 0.0009 0.030

b11 Linear 0.0016 0.040 –0.33

b12 Quadratic 0.0001 0.009 –0.33 –0.14

b13 Type-Intact 0.0001 0.012 –0.32 0 –0.20

b14 Type-Noise 0.0008 0.029 0.52 –0.58 –0.12 –0.17

b15 Linear: Type-Intact 0.0004 0.021 0.17 –0.61 0.32 0.01 0.21

b16 Linear: Type-Noise 0.0005 0.022 0.37 –0.38 –0.12 0.02 0.15 0.39

b17 Quadratic: Type-Intact 0.0001 0.009 0 0.26 –0.23 –0.05 0.15 –0.52 0.06

b18 Quadratic: Type-Noise 0.0000 0.006 0.07 0.59 –0.22 –0.36 –0.19 –0.24 0.10 0.6

Note. SE¼ standard error of the mean estimation; df¼ degrees of freedom estimated using the Satterthwaite approximation (implementation by Kuznetsova

et al. 2017); Var¼Variance; SD¼ standard deviation; MP¼mispronunciation condition (model default).
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curvature down from the peak was detectable for
Mispronounced targets, reflected in the quadratic term
(b3), and this curvature was not different for sentences
with noise-masked targets (b9). However, this curvature
was completely neutralized for the Intact stimuli, as indi-
cated by an interaction of the same degree but opposite
direction (b8). This result is likely due to the lack of
elevated peak for the Intact stimuli, thus reducing the
potential curvature down from that peak.

During the second analysis window, overall pupil dila-
tion (the intercept term) was statistically smaller for
Intact stimuli compared to dilation for Mispronounced
stimuli (Table 3, b13, t¼ –2.41, p¼ .028). Noise-masked
stimuli elicited the largest pupil dilation, which was sta-
tistically larger than dilation for the Mispronounced
stimuli (b14, t¼ 5.48, p< .001). There were no statistical
differences between conditions for the linear slope term in
the second window. Curvature in the dilation response
was detectable for the Mispronounced stimuli, as
reflected by the quadratic term (b12) and that curvature
was not different for the Intact stimuli (b17). However,
that curvature for the Noise-masked targets was reduced
by a negative interaction of the quadratic term (b18). As a
result of that interaction, the summed quadratic term for
Noise-masked targets was effectively zero. This pattern
of results for the quadratic term refers to the larger down-
ward inflection in pupil size between the sentence and the
verbal response in the Intact and Mispronounced-
Target stimulus conditions, compared to the Noise con-
dition in which the large dilation persisted across the time
interval between stimulus and response.

Experiment 1: Discussion

The main pattern of results in Experiment 1 support
Hypothesis A: The need for mental correction will elicit
greater effort even when a response is correct. Within the
framework of responses described in the Introduction,
the Intact responses correspond to Type 1, and the
Mispronounced and Noise-Masked responses both corre-
spond to Type 2. Within this response type, changes in
pupil size appear to scale with the amount of perceptual
restoration needed, with more dilation for restoring a
whole word compared to restoring one phoneme. The
earlier onset of dilation for theNoise stimuli likely reflects
the difference in mere identification of a distortion (which
is immediately evident for noise-masked words) versus
processing a linguistically inappropriate pronunciation.
However, at least part of the elevated response for sen-
tences with masked words could be attributable to the
mere detection of an acoustic anomaly in the sentence.
But this is unlikely to be the sole effect, given the long time
course of elevated dilation that persisted through the
entire sentence, through the retention interval and into
the verbal response (compared to explicit detection tasks

which elicit dilations that last less than 1 s; Beatty, 1982;
McCloy et al., 2016).

In normal testing circumstances, it is not possible to
know for sure whether a listener engaged in perceptual
restoration when giving a correct response, but in the
current study, the need for retroactive restoration was

built into stimulus design. This ensured that the correct
responses resulted from post hoc restoration rather than
genuine correct perception or prediction. Previous stud-
ies of perceptual restoration (e.g., Bhargava et al., 2014;
Warren, 1970) have also used speech interrupted by peri-

odic noise or selective masking of words, but without the
specificity of targeting specific words or ruling out pre-
dictive use of context. Typically, mistakes resulting from
masking noise, vocoding, reverberation, and so forth are
mistakes outside the experimenter’s control; the mistakes

could be different for different listeners and different for
random iterations of the same stimulus. Conversely,
each perceptual restoration in the current study was pro-
spectively designed so that it could be timestamped and
linked with a particular change in effort and a specific

context for disambiguation.
Two-thirds of the stimuli in Experiment 1 required the

listener to correct something about the perception before

submitting their response. It is therefore possible that the
expectation of the need for active cognitive control elicited
higher-than-normal engagement for the NH listeners who
were tested. Expectations of prolonged or elevated audi-
tory processing could influence the growth of pupil dila-
tion (McCloy et al., 2017; Winn & Moore, 2018).

However, the stimulus types in the current experiment
were randomized rather than blocked and were not sig-
naled before the trial. Therefore, the need for mental cor-
rection was not predictable at the moment of perception.
Despite this randomization, there was a carryover effect of

stimulus type between trials, as Intact sentences elicited
slightly higher pupil dilation following sentences with
noise-masked target words compared to the other condi-
tions, and sentences with noise-masked target words eli-
cited smaller pupil dilation when following sentences that

also had noise-masked target words (see Supplementary
Material 1, and cf. Vaden et al., 2013 for a discussion of
this phenomenon). Further exploring details of the data,
we found that using a subtractive baseline correction
resulted in a pattern of data that was virtually indistin-

guishable from the data shown here, which used a divisive
baseline procedure (see Supplemental Material 2).

Experiment 2: Effort Patterns Associated

With Various Types of Correct and

Incorrect Responses

A previous study (Winn & Teece, 2020) involving CI
participants listening to Revised Speech-in-Noise
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(R-SPiN; Bilger et al., 1984) sentences was reexamined

for the relative frequency of occurrence of various error

types and was found to be a rich source of data to

explore the main issue outlined in the Introduction.

Specifically, there were a substantial number of linguis-

tically coherent and incoherent error types that could

complement the types of responses in Experiment 1

(which had only Type 1 and Type 2 responses) to fill

out the taxonomy described in the Introduction. The

R-SPiN corpus is ideal for this investigation because it

contains both high-predictability and low-predictability

target words in sentence-final position, thus allowing

context to either supplement or override the acoustics

and to promote cognitive processes that demonstrate

when semantic coherence played a role in the partici-

pant’s response.

Experiment 2: Methods

The participants, stimuli, and procedure were described

previously by Winn and Teece (2020), and this is a reex-

amination of their data. The basic sentence-repetition

testing protocol was the same as for Experiment 1

described earlier, with different test stimuli and different

participants.

Participants. Data were collected from 21 adults with CIs

(age range: 23–82 years, average: 61). Two were excluded

from data analysis because of poor camera tracking or

excessive data loss. All participants were native speakers

of North American English. All participants were able to

converse freely during face-to-face communication, and

none reported cognitive or language-learning difficulties.

All but one participant acquired hearing loss after lan-

guage acquisition; the sole peri-lingually deafened indi-

vidual had very good speech intelligibility and was

deemed capable of performing well enough to be includ-

ed in the group. However, as would be expected by their

use of CIs, they exhibited a wide range of perceptual

errors during auditory-only speech perception that

enabled the current analysis, but which would be less

likely to emerge in a study of listeners with NH. The

median length of CI use was 6 years, with a range of

1–28 years. Of the 19 participants whose data were

used, 12 were bilaterally implanted and 7 were unilater-

ally implanted. Two participants routinely wore a hear-

ing aid in the ear contralateral to unilateral

implantation. All were tested using their everyday listen-

ing settings, except that the participants with hearing

aids were asked to remove the aids during testing; one

of these participants preferred to use her hearing aid

during testing and was permitted to do so. Participants

were not evaluated for visual acuity; those who wore

glasses typically removed them for the test, as there

was no visual stimulus of consequence apart from the
basic color change from red to green.

Stimuli. Stimuli were a subset of the R-SPIN materials
(Bilger et al., 1984) used previously by Winn and
Moore (2018) and Winn and Teece (2020). The subset
was selected to avoid examples of outdated language and
to avoid emotional or evocative language that might dis-
proportionately influence pupil dilation measurements.
There was a total of 114 high-context and 118 low-
context sentences. The final word in each sentence is
considered to be the target word. A high-context sen-
tence such as The lion gave an angry roar gives the lis-
tener the chance to predict the target, but a low-context
sentence such as They thought about the roar provides no
help in anticipating the target word.

Procedure. The procedure was the same as for
Experiment 1. Each testing session began with a set of
five sentences to familiarize the listener with the pace of
the test and the style of sentences that they would hear.
Following the practice, there were four blocks of 29 sen-
tences each.

Analysis. Spoken responses were analyzed by the authors
to tag errors with several nonexclusive labels, including
errors based on phonetics (with subgroups of onsets,
vowels, and offsets), semantic coherence, syntactic struc-
ture, names, articles and pronouns, guesses that were
unrelated to the stimulus, guesses that were linguistically
incoherent, and guesses at words that were arguably
more plausible than the ones in the actual target sen-
tence. For each trial, one author scored each sentence,
and then the other author cross-checked the error. After
each error was marked, the authors then convened with
the full data set to finalize the organization. Table 4
contains examples of the various error types.

Among all of the listeners, there were a total of 1,898
trials, out of which 1,766 trials (93%) had viable pupil
data. There were 1,207 trials with correct responses, and
559 trials with at least one error. Some sentences con-
tained multiple errors, and some errors were given mul-
tiple tags. For example, the sentence They were
considering the cheers repeated as They were sitting in
the chairs was tagged as having a phonetic error
(cheers/chairs), a semantic coherence error (sitting, relat-
ed to chairs) and also being more plausible than the
original sentence. In addition, we kept a simpler tally
of the mere presence or absence of an error on the
sentence-final target word, and the presence or absence
of an error on any of the words leading up to the target
word (as explained in previous papers by Winn, 2016;
Winn & Moore, 2018; Winn & Teece, 2020). There was
also a tally of whether a target word error was accom-
panied by an error on the leadup words, and vice versa.
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Pupil data were preprocessed using the same data
cleaning pipeline described for Experiment 1, to
remove blinks and noise. Following preprocessing,
there were two main styles of analysis. The first was
the same as what was used for Experiment 1: baseline-
divisive pupil dilation. To simplify the presentation of
data, the mean proportional change in pupil dilation was
calculated over the window extending from –0.5 to 2.2 s
relative to the sentence offset (rather than expressing the
full time course for each of the many error types that will
be reported). This window includes the growth to peak
dilation and the retention interval up to the point where
the visual prompt affects pupil size.

The second analysis focused on the impact of context
and followed the approach used previously by our lab
(Winn, 2016; Winn & Moore, 2018; Winn & Teece,
2020) to calculate the effect of context on pupil dilation.
Low-context sentences lack the cues that enable predic-
tions of subsequent words and therefore should demand
greater sustained vigilance or extra cognitive control. To
express the reduction of effort resulting from high-
context semantic cues, we calculated the linear difference
between baseline-divisive pupil dilation values (i.e., low-
context response minus high-context response) divided
by the peak pupil dilation value for low-context

sentences. Essentially, this translates to: Given the
range of pupil dilation that is elicited without any con-
text, what proportion of that range is reduced by the
presence of semantic context? Typically, context results
in lower pupil dilation (Winn, 2016), and the degree and
timing of that reduction depend on various properties of
the stimulus (e.g., speaking rate/style; Borghini &
Hazan, 2020) and of the listener (e.g., hearing status:
Winn, 2016; native language: Borghini & Hazan,
2020). The reference point of the peak response for
low-context stimuli results in a calculation that is self-
normalized for differences in language-evoked pupil
reactivity across participants. That is, the measurement
is expressed as a proportion of the same measurement in
the same task in the same listener, elicited by a nominally
neutral stimulus type.

For each of the data comparisons that follow, inter-
pretation of the statistical analyses should be done with
caution due to the combination of many comparisons as
well as the post hoc unbalanced nature of the analysis.
Unlike Experiment 1 which had a roughly equal contri-
bution from each participant in each condition, and
where specific mistakes were planned and elicited, the
second experiment was an unplanned amalgamation of
tagged trials from many listeners, without any a priori

Table 4. Names and Examples of Error Tags.

Phonetic

Stimulus Participant response

You knew about the clip You knew about the click

The ship’s captain summoned his crew The shift captain summoned his crew

Semantic

The bride wore a white veil The bride wore a white gown

We heard the ticking of the clock We heard the chicken and the cluck

Phonetic and Semantic

We are considering the cheers We are sitting in the chairs

We shipped the furniture by truck We sent the furniture by truck

Syntax

Tighten the belt by a notch I’m thinking about buying a watch

The swimmer dove into the pool Swim with Doug into the pool

Segmentation

A bicycle has two wheels The bus only has two wheels

The dealer shuffled the cards The dealership sold the cards

Article/pronoun

We heard the ticking of the clock He heard the ticking of the clock

Her entry should win first prize The entry should win first prize

Total guess

The fruit was shipped in wooden crates The machines were shipped in wooden crates

Ruth poured the water down the drain Ruth paddled across the bay

More plausible

He’s glad you called about the jar He’s glad you could open the jar

We are considering the sheers We are considering the choice

Nonsense

Mary wore her hair in braids May what we get in days

The glass had a chip on the rim The glass had a check with the wind

Note: Bold text refers to word substitutions that represent the specific named error pattern.
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design. In addition, it cannot be known with certainty

that correct responses in Experiment 2 were the result of

correct perceptions or if the listener mentally corrected

misperceptions.

Experiment 2: Results

Intelligibility. Figure 3 illustrates the diversity in the types

of errors that occurred. Phonetic-driven errors were

common, with greater prevalence of errors on word-

final consonants (consistent with results by Dubno &

Levitt, 1981), and relatively fewer errors on vowels.

Notably, there were numerous errors that cannot be rea-

sonably described in terms of phonetic misperceptions.

For example, the stimulus The doctor prescribed the drug,

was repeated with pill substituted for drug; this was clas-

sified as a semantic substitution rather than an acoustic-

phonetic mistake. In many cases, errors driven by

semantic coherence still had some phonetic resemblance

with the actual stimulus (e.g., We heard the ticking of the

clock repeated as We heard the chicken and the cluck).

The prevalence of errors driven by semantic coherence

was unsurprisingly higher in high-context sentences but

was not absent in low-context sentences; nearly, one

tenth of the errors in low-context sentences were of the

semantic variety (typically intrusion of a word earlier in

the sentence that was coherent with the final word).
The patterns in intelligibility demonstrate the lack of

independence of errors across the sentence, illustrated in

Figure 4. First, for both early-occurring and later-

occurring words in a sentence, there is a significantly
higher likelihood of an error when there was an error
elsewhere in the sentence. This pattern was previously
reported by Winn and Teece (2020) as having a statisti-
cal effect on intelligibility that exceeds the effects of
either semantic context or speaking rate. When all pre-
ceding words were repeated correctly, sentence-final
high-context target words were repeated with 97.8%
accuracy, but when there was at least one error before
the final word, scores for the final word dropped to
56.5% (Figure 4, right panel). For low-context senten-
ces, the corresponding accuracy rates were 60.6% and
48.3%, respectively. Together, this pattern shows that
errors on words early in the sentence are more costly
when those words were coherent with the rest of the
sentence; mistakes on words are less costly when the
rest of the sentence did not depend on correct perception
of those words.

The interaction of intelligibility errors across the sen-
tence can also be expressed in the reverse direction; when
the final word in high-context sentences was repeated
correctly, 88.4% of those responses also had no errors
on any of the words leading up to that final word.
Conversely, only 10.1% of responses had perfect intelli-
gibility on leadup words when there was an error on the
final word (Figure 4, black lines in left panel). This pat-
tern is consistent with either misperceived context lead-
ing to a misperceived final word, or a misperceived final
word tempting the listener to substitute one of the pre-
ceding words to render it coherent with the
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Figure 3. Left panels: proportion of sentences that contained various types of errors, which were not mutually exclusive. Right panels:
prevalence of each classification as a proportion of the total number of trials with errors.
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misperception. Unsurprisingly, the effect of the final
word on the success of perceiving preceding words was
very small in low-context sentences, where 89.4% of

responses contained all correct words preceding a cor-
rect target, with only a slight drop to 86.2% correct

when the target was incorrect.

Pupillometry. Figure 5 illustrates the results of several sta-

tistical models conducted to address specific compari-
sons in the data. In each panel, proportional change in
pupil size is indicated by the Standard row, which is the

intercept of the model. Every other effect is the change to
that intercept. An effect whose confidence range that

overlaps with zero is likely not a meaningful effect.
Effects greater than zero are those that increase pupil

size, while effects less than zero are those that decrease
pupil size.

The presence of an error generally led to larger pupil
size (Figure 5, row 2). However, among trials with an

error, the number of errors within the sentence did not
have a statistical effect on pupil size (row 5), being over-

powered by the status of the error being linguistically
incoherent (row 4). For example, the stimulus Jane
wants to speak about the chip was incorrectly repeated

as Gene lost his bag around the gym; this response con-
tained many errors but was still coherent (i.e., a Type 4

response). Conversely, when the stimulus The glass had a
chip on the rim was incorrectly repeated as The glass had

a check with the wind, there were fewer errors but lacked
sensible meaning (i.e., Type 5 response). There appears

to more effort associated with the incoherent responses,
supporting Hypothesis B.

Although the number of total errors did not have a
statistical effect, the number of errors before the final
word did have an effect (Figure 5, row 8), which was
counteracted by a negative interaction when the final
word was also incorrect (row 10). That is, the detrimen-
tal effect of an error before the final word was alleviated

when the final word was also incorrect, presumably
because the two errors were coherent with each other
despite being objectively wrong with regard to the
actual stimulus. Both of these effects were stronger
when tallying the presence (rather than the number) of

errors before the target word, as indicated by rows 12
and 14 (which are respectively stronger than effects in
rows 8 and 10, respectively). Together, these effects are
inconsistent with an account of effort as a function of
the number of errors, and more consistent with an

account of effort resulting from listeners attempting to
construct coherence in their perceptions. Effort is elevat-
ed even when those attempts are successful (Experiment
1), and it appears to be also elevated when the listener
fails to give a coherent reconstruction. One of the limi-

tations of this analysis is that the number of errors was
calculated in the response, but it cannot be known
whether the same number of words were mistaken in
perception, or whether some words were mentally cor-
rected or mentally overruled to cohere with another part

of the sentence.
Context had a predictable effect, with low-context

sentences yielding reliably higher pupil responses even

when repeated correctly (Figure 5, row 16). An error
before the final word (row 17, a reestimation of the
effect in row 12) was detrimental in high-context
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Figure 4. Intelligibility of Two Different Sections of Sentences (Leadup Words: All Words Before the Final Word; Target Word: the Final
Word of the Sentence). Filled points indicate that the other component was repeated correctly, and open points indicate that the other
component contained at least one error.
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sentences (high-context being the default level in the sta-
tistical model, hence the absence of its designation in the
chart row). However, that main effect was counteracted
by a negative-direction interaction with low context (row
18), suggesting that the presence of an error before the
final word is less costly when the sentence is low context.

Erroneous word substitutions were often semantically
coherent with other words in the sentence. For example,
the high-context stimulus Kill the bugs with this spray
was repeated as Fill the bottle with this spray, and the
stimulus The bride wore a white gown was repeated as
The bride wore a white veil. In such cases, there was an
increase in pupil size for high-context sentences (Figure
5, row 21). However, a semantic error is less costly when
the stimulus was originally a low-context sentence, as
indicated by the negative interaction of the error with

low context (row 22). Averaging across both context
types, semantically coherent word substitutions
(response Types 3 and 4) tend to elicit only a moderate
amount of additional effort compared to other errors,
likely because they tend to retain linguistic coherence.
Low-context sentences were sometimes rendered more
coherent (i.e., more plausible) with the addition of
errors early in the sentence. For example, He’s glad
you called about the jar repeated as His dad is thrilled
about the job or He’s glad that you could open the jar.
When responses were more plausible than the original
stimulus, the effect on pupil size was negative, relative to
correct responses (row 25), implying that the tendency to
construct more-likely sequences of words could be an
automatic process that demands less effort than inten-
tional analytic processing of sentences with less-
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predictable sequences. In the case of the sentences being
rendered more plausible, it might not have been a total
reconstruction but rather an automatic process that
associated some key words with other coherent-related
concepts. Hypothesis B (predicting that semantically
coherent errors would be less effortful) was thus partly
supported.

On occasion, a participant would simply not even
offer a guess. Whereas the presence of an error in an
actual verbal response yielded a reliable increase in
pupil dilation compared to correct responses (row 27),
the absence of a guess yielded changes in pupil size that
were inconsistent and not statistically different from cor-
rect responses (row 28). This might be because some
nonguesses result from complete confusion, while
others might result from temporary lack of attention
(cf. Breeden et al., 2017).

A separate statistical model included terms that were
not included in any of the planned comparisons, includ-
ing errors on syntax, articles/pronouns, segmentation
errors, semantically coherent errors, unrelated guesses,
and phonetically-similar errors. None of these types of
errors resulted in any statistical effect (all |t| less than
0.8; all p> .4), implying that their impact is best
expressed as an interaction with the rest of the sentence,
either through linguistic coherence, or through a rela-
tionship with other errors in the sentence. We refrained
from including the full matrix of multiway interactions
in this model, to retain its simplicity and stable
convergence.

Data were analyzed to further illustrate the main pat-
terns described earlier in the statistical results. Figure 6
demonstrates clearly that there is no consistent trend of
pupil dilation across the number of errors, but there is a
consistent trend of greater dilation when the response is

linguistically incoherent, consistent with Hypotheses B
and C. This suggests that Type 5 errors are reliably
more effortful than Type 3 or 4 errors. Specific to
Hypothesis C, a single error that results in an incoherent
response appears to elicit greater effort than more errors
within a coherent response.

As laid out in the Introduction, response Type 6 cor-
responds to the situation where one error appears to
result from the listener’s accommodation of another
error elsewhere in the sentence. Consistent with the pre-
vious examples, Figure 7 displays the trend that when
there are errors earlier in the sentence, an additional
error on the sentence-final word tends to be associated
with reduced pupil dilation, regardless of the number of
leadup-word errors. Taken together with the prevalence
of errors that retain some semantic coherence within a
sentence, the provisional interpretation of this trend is
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that additional errors can decrease listening effort if
those errors are coherent with other (misperceived)
parts of the sentence. Hypothesis C is thus partially
supported.

Breakdown of Errors Earlier and Later in the Sentence,

Interacting With Context. To address Hypothesis D,
Figure 8 illustrates the changes in pupil dilation elicited
by errors at earlier and later parts of high- and low-
context sentences. Section A aggregates over each type
of sentence context. Data from NH listeners in Panel 1
are data collected in the study by Winn (2016) and are
illustrated to represent the ideal case of sentence proc-
essing with no auditory dysfunction; pupil dilation is
reduced when the stimuli are high-context sentences.
The complete data set for CI listeners in Figure
8 (Panel 2) shows less separation between high- and
low-context responses, but this separation is slightly
larger for trials in which all of the words were repeated
correctly (Panel 3). Trials in which the target word was
the only word reported incorrectly yielded data for
which there was essentially no impact of context on
pupil dilation (Panel 4). Conversely, errors among the
words earlier in the sentence led to a much larger change
in pupil dilation. The pattern of smaller relative pupil
dilation for high- versus low-context sentences was not
only nullified, but reversed direction when there was an
error among the words preceding the target word (Panel
5). Surprisingly, the magnitude of this reversal (i.e., the
cost of the leadup word mistake) is diminished when the
target word is also incorrect (Panel 6) but grows even
larger when the target word is correct (Panel 7).
However, one limitation here is that the presence of per-
ceptual errors cannot be ruled out in the case of correct
responses, so the impact of each error type is possibly
underestimated in this analysis.

Figure 8 Section B has the same x-axis (timeline) as
Section A above it, and directly represents the separation
between curves in Section A, proportional to the low-
context reference (described earlier in the analysis sec-
tion). The peak value for the low-context stimuli was
nearly identical across all data subsets, validating its
status as a reliable neutral comparison and simplifying
the comparison across response patterns. In this figure,
the “zero” represents the situation in which high-context
sentences elicit the same pattern of pupil dilation as low-
context sentences. If high-context sentences elicit
reduced dilation (as one would expect), the data fall
below the zero line; this pattern is observed for the
NH listener data set. In previous publications, we have
termed these relative reductions in pupil dilation “effort
release” because it appears that successful perception of
semantic context offers release from effort during speech
processing (similar to how spatial separation between
target and masker offers release from masking). The

current analysis reveals a more complicated picture;

there are circumstances where misperception of context

results in increased pupil dilation (i.e., the data rise

above zero) for high-context stimuli. Specifically, an
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error early in the sentence results in high-context senten-

ces being more effortful to process, likely because the
error was a word that was crucial to the coherence of

the sentence, and is rendered incoherent with the final

word.

Overall Comparison of Many Types of Responses. Experiment

2 contained a diverse set of responses and error types

that could be used to explore the relative difficulty of
mistakes that were not prospectively built into the exper-

iment. These errors were subject to comparison, with the

caveat that they were variable in number, not evenly

represented across participants, and not explicitly con-
trolled as they were in Experiment 1. Figure 9 displays

mean pupil dilation for each response type during the

window spanning from –0.5 to 2.2 s relative to sentence
offset for 32 different non-mutually-exclusive response

patterns. These data were subject to the same prepro-

cessing as each of the other data points elsewhere in

this study. The number of trials contributing to each
data point is indicated by the small numbers below

each bar. The responses that trend toward incoherence

dominate the upper end of the range of pupil dilations,

with no clear pattern for number of errors.
Phonetic errors that still produce a coherent/sensible

sentence (Type 3 response, e.g., Our seats were in the

second row repeated as Our seats were in the center
row) appear to elicit pupil dilation that is barely different

than that from nonphonetic errors (Type 4), and only

slightly more than correct responses. However, when

phonetic errors result in nonsense utterances (Type 5,

e.g., We played a game of cat and mouse repeated as

We played a game as cough and mouse), there is a

much larger increase in pupil dilation. Semantically

coherent errors were further distinguished as intrusion

of contextual words into low-context sentences (which

was relatively less effortful) or migration of semantic

context within a high-context sentence (which was rela-

tively more effortful).
Unlike the errors that resulted in incoherent

responses, incorrect reporting of articles and pronouns

was associated with minimal changes in pupil dilation.

Mild effects were also observed for syntactic errors as

well as the intrusion of semantically coherent words in

low-context sentences. However, errors on word seg-

mentation (e.g., Unlock the door . . . as I locked the

door . . . , The dealer shuffled . . . as The dealership . . .),
result in larger dilations, for reasons that are not imme-

diately clear. This type of error was previously tracked

by Perry and Kwon (2015), who found a relationship

between segmentation strategy and the ability to hear

speech in noise.

Experiment 2: Discussion

There are four main themes that emerge from the second

experiment, which help to clarify the relationship

between listening effort and different types of speech

perception mistakes. First, effort is not related to the

number of errors in a response but is related to whether
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the listener needs to engage in corrective action to pro-
duce a linguistically coherent response (Figures 6 and 9).
Second, errors earlier in a sentence are more costly than
errors late in a sentence (Figure 8). Third, misperceiving
context is more costly than not having any context
(Figure 8). Fourth, the bias toward constructing
responses that are plausible and coherent can override
auditory perception—producing errors that cannot be
predicted by phonetic error patterns and will sometimes
result in more errors that are less effortful to process
(Figures 8 and 9). Unsurprisingly, it appears as though
listeners are biased toward hearing sensible and ordinary
sentences that demand less effort, and they will impose
semantic coherence even when it is lacking in the original
signal. Collectively, these observations help to show that
effort and intelligibility scores are separable concepts.

One of the largest effects observed in Experiment 2
was that errors are more effortful when they occur ear-
lier in a sentence (Figure 8). This trend is consistent with
several foundational ideas in psycholinguistics: Sentence
processing is governed by active predictive processing
(Altmann & Kamide, 1999; Federmeier, 2007; Kamide,
2008), and garden-path sentence parsing that requires
backtracking and rebuilding is especially cumbersome
(Ferreira & Clifton, 1986; Ferreira et al., 2001). The
increased effort likely reflects the cost of overcoming
the initial automatic predictions generated from the mis-
perceived words (Shenhav et al., 2017). There are entire
paradigms of research based on the concept of building
and then intentionally violating a listener’s expectations
to demonstrate the influence of language on predictive
and restorative processing (Kutas & Hillyard, 1984),
including studies that track the resolution of sentence
structure in real time (MacGregor et al., 2019). The
study of speech perception by individuals with hearing
impairment offers a special opportunity to observe the
consequences of these predictions and violations while
still using typical sentences that have the desirable qual-
ity of maintaining the listener’s normal expectation of
coherent sensible stimuli. This result highlights the fact
that a linear sum of errors (traditional intelligibility scor-
ing) overlooks the palpable differences in the consequen-
ces of different errors.

Contextual information within a sentence has a
strong influence on effort and interacts with the presence
of errors. When words allow successful prediction of
later words, this lowers the utility of continued attention
(cf. Shenhav et al., 2013; Tversky & Kahneman, 1974) so
that persistent effort is suboptimal and thus withheld
(Griffiths et al., 2015). Thus, rather than exerting extra
effort to process the language, the semantic cues are used
as a simple heuristic driving downregulation of subse-
quent attention (Gigerenzer, 2008). Consistent with
this, contextual information rapidly reduces effort
during sentence processing if the signal is heard cleanly

but less rapidly when the signal is degraded (Winn,
2016). Context can be detrimental if it leads to the
wrong predictions, such as when an informative word
is misperceived in a way that is no longer compatible
with the rest of the words in the sentence. Some of this
impact can be seen even in the intelligibility scores:
When context was misperceived, intelligibility for high-
context target words was just as poor as for low-context
target words (Figure 4). This observation is consistent
with the analysis and modeling by Marrufo-P�erez et al.
(2019), who showed systematically worse performance
on words in Spanish-Harvard sentences when those
words were immediately preceded by an error on the
previous word. Their study suggests that individual
trial analysis yields rich data that might be lost when
aggregating intelligibility over an entire experimental
condition. In agreement with the conclusions by
Marrufo-P�erez et al., intelligibility of both early- and
late-occurring words in sentences in the current study
were heavily influenced by the presence of an error else-
where in the sentence (Figure 4). As they note, although
speech predictability can facilitate sentence recognition, it
can also result in declines in word recognition as the sen-
tence unfolds because of inaccuracies in prediction
(Marrufo-P�erez et al., 2019, p. 1).

Perhaps the most surprising result of Experiment 2
was that following an error early in the sentence, an
additional error at the end of the sentence resulted in
reduced pupil dilation, while the correct repetition of
the final word resulted in greater pupil dilation
(Figures 7 and 8). A likely explanation for this is that
a single error results in the earlier and later parts of the
sentence to be in conflict, while a second error could
render the sentence coherent, even if it is incorrect. For
example, in stimulus We were considering the cheers
repeated as We were sitting in the chairs is rendered
more plausible because of the second error (chairs
instead of cheers). Although They were sitting in the
cheers would only have one error, it would likely elicit
relatively more effort because the ambiguity was not
resolved. The increased pupil dilation in the case of
single errors could therefore indicate failure to resolve
sensible meaning rather than the mere status of the per-
ception as incorrect.

There are at least two important factors that remain
unexamined in Experiment 2. First, it cannot be deter-
mined whether the stimuli that were repeated accurately
were initially perceived correctly. This means that the
patterns of mistakes organized in the analyses and fig-
ures represent mistakes that were uncorrected and over-
look some mistakes that were corrected by the listener
before giving a response. In addition, part of the elevat-
ed pupil response in the incoherent sentences could have
resulted from the added difficulty of producing an inco-
herent response. Although those elevated responses
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appeared well in advance of the prompt to give a verbal
response, it cannot be determined from these data when
speech motor planning began.

General Discussion

This study was carried out with the goal of understand-
ing changes in listening effort grounded not in correla-
tions with intelligibility scores, but instead based on an
explanatory account of what types of perceptions and
misperceptions arise, and what kind of cognitive load
is demanded or relieved by each type. In numerous dis-
tinct ways, the current study shows that the number of
errors in a response is not a sufficient explanation of
changes in listening effort. Correct responses could be
effortful if they involve mental correction of misper-
ceived words in a sentence (Experiment 1, Figure 2).
Misperceived words are more costly when they occur
earlier in a sentence (Experiment 2, Figure 8), and
when there is an error, the addition of another error
can reliably reduce effort (Experiment 2, Figure 7).
Overall, elevated effort is better explained by the need
to resolve linguistic ambiguity rather than a greater
number of errors. The elevated effort of mentally cor-
recting a misperception is brief when the ambiguity is
successfully resolved (Experiment 1) but is prolonged
and further elevated when the listener has not success-
fully resolved the ambiguity to arrive at a sensible or
meaningful sentence (Experiment 2, Figures 6 and 9).
The importance of linguistic coherence is further sup-
ported by the notion that errors that are more coherent
than the actual stimulus elicit smaller pupil dilation than
genuine correct responses (Experiment 2, Figure 9).
Although percent-correct intelligibility is a much simpler
calculation to make, and will tend to scale with effort
(Wendt et al., 2018; Zekveld et al., 2010), the reason for
this correlation is likely because listening conditions lead
to a greater number of intelligibility errors also gave
listeners a greater number of opportunities to exert
effort by attempting to resolve incoherent mispercep-
tions (rather than the mere fact of the presence of
errors). Although linguistic processing is not the only
source of effort, the contributions of linguistic process-
ing explain more than a linear tally of the number of
errors.

R€onnberg et al. (2013, 2019), suggested that explicit
cognitive resources are selectively activated to recon-
struct fragmented phrases and to support inference-
making. The empirical data in the current study directly
support that idea, both in terms of reconstructing
phrases with missing pieces (Experiment 1) and making
inferences constrained by properties of the language
(Experiment 2). Normal language processing should be
quick and efficient when the signal is clean and well-
formed, and listeners with NH indeed show reduced

effort when listening to sentences with linguistic coher-
ence (Borghini & Hazan, 2020; Winn, 2016). But when
the signal is degraded either systematically via back-
ground noise (Zekveld et al., 2010), spectral degradation
(Winn et al., 2015), divided attention (Koelewijn et al.,
2015, 2017), or selective word masking (Experiment 1 in
the current study), momentary engagement of effort is
observed in the data. This framework is consistent with
previous studies that characterize pupil dilation as
reflecting active decision-making processes (Cavanaugh
et al., 2014). Engagement of those processes appears to
be malleable, as Hsu and Novick (2016) showed that
priming listeners with a task that specifically stimulates
active cognitive control (a Stroop task) can facilitate
earlier recovery of correct perceptions following initial
incorrect perceptions. In both Experiment 1 (explicitly)
and Experiment 2 (implicitly), we suspect that the pro-
cess of generating meaning out of an incomplete percep-
tion was the effortful part of the experience (rather than
the simple fact that an error was made). Because the
largest effects in Experiment 2 resulted from incoherent
responses, we posit that the mental correction process
was not absent in those responses but rather remained
active until the listener simply decided that they were not
able to add any more coherence to the perceived sen-
tence. It is not possible to be certain of this idea,
though it is consistent with the data collected by
Bradshaw (1968) who tracked the timing of solutions
to math problems in a study that also illustrated sus-
tained elevated responses for problems that participants
ultimately failed to solve.

Deconstructing the Reductionist View of Speech

Results of this study suggest that a thorough under-
standing of speech perception cannot be achieved by
an atomic/reductionist model based on perception of
independent units such as consonant and vowel features,
or single words. Even though detailed analyses show
systematic patterns in the perception of phonetic constit-
uents of isolated syllables (e.g., Dubno & Levitt, 1981;
Miller et al., 2017; Toscano & Allen, 2014), the data
presented here suggests that other factors contribute
meaningfully and can override the perception of pho-
nemes. Many of the patterns in the current study could
not emerge without multiword utterances that could
potentially have internal coherence or incoherence.
There was a substantial number of errors that were con-
sistent with the semantics of a sentence but not the pho-
netics of the misperceived word (Figure 3). Among the
high-context sentence trials with errors, 81% contained
at least one error other than a phonetic mistake. The
corresponding number for low-context sentences was
56%, indicating that sentences that were mostly devoid
of semantic processing still contained a very large

Winn and Teece 19



proportion of mistakes that would not be predictable
just from phonetic misperceptions. These patterns are
consistent with previous observations that word errors
are likely not entirely predictable from perceptions of
phonemes in isolation (Boothroyd & Nittrouer, 1988),
especially for listeners with CIs (Gianakas & Winn,
2019). Kaandorp et al. (2017) found that predictors of
sentence recognition were statistically unrelated to pre-
dictors for digit recognition and single-word perception.
In addition to the disconnect between different kinds of
utterances, the examples shared in the current article
suggest that a participant’s auditory perception cannot
be linearly decoded based on verbal responses—both
mistakes and correct repetitions can reflect cognitive
transformations of auditory percepts. Furthermore,
those transformations appear to underlie some of the
larger effects on listening effort observed in this study.

The Implications of This Study for Speech Perception
Testing in General

Emergent linguistic properties in sentence-length utteran-
ces are not merely curiosities or noise in the data—they
appear to carry the load of determining how much effort
is exerted. Therefore, speech stimuli designed to avoid the
linguistic variety of natural speech (e.g., monosyllabic
words, digits) or to avoid the unconstrained variety of
open-ended responses (e.g., the Coordinate Response
Measure by Bolia et al., 2000, and Oldenburg matrix sen-
tence test by Wagener et al., 1999) are not simplifying the
search for listening effort—they are likely addressing dif-
ferent questions unrelated to the effort of language proc-
essing. Such tests can be useful as probes of the auditory
system since they show reliable reductions in performance
with background noise and can elicit effort of signal
detection and digit recognition (Mackersie & Cones,
2011), as well as recognizing the affective response to
noise (Francis et al., 2016; Love et al., 2019). However,
closed-set responses by definition exclude the recognition
of the types of errors that elicit meaningfully different
amounts of effort. Closed-set response tests that enforce
linguistic coherence in the response or are linguistically
inert (e.g., digits) are destined to overlook the type of
linguistic processing highlighted in this study, because
the responses are constrained to all be coherent (i.e.,
response Types 2, 3, or 4), regardless of the listener’s per-
ception. A problematic feature of closed-set tests is that
they do not allow Type 5 or Type 6 errors, which are the
responses that carried much of the load in explaining
effort in the current study. Consistent with the main
idea of the “selective gain” mechanism described by
Kerlin et al. (2010), we contend that speech perception
stimuli should sufficiently engage cognitive decision-
making processes and invite the listener to construct
meaningful coherence if effort is the target measurement.

If effort scales closely with perceived linguistic coher-
ence, then there is extra value in using sentence-length
stimuli that give the listener an opportunity to parse
that coherence, compared to single words or sequences
of unrelated syllables. Functional imaging studies show
brain regions that selectively respond to syntactic organi-
zation and semantic integration (Rogalsky & Hickok,
2009). Predicting and reconciling sentence content on a
full-utterance level (rather than the individual word level)
understandably has a substantial impact on effort. For
example, spectral degradation heavily impacts the effort
of perceiving sentences (Winn, 2016; Winn et al., 2015)
but has no statistical effect of recognition of individual
syllables (McCloy et al., 2017). McCloy et al. describe the
results of the Winn et al. (2015) study as follows:

One might say that signal degradation itself was not the

proximal cause of pupil dilation in those sentence com-

prehension experiments; rather, it was the additional

cogitation or effort needed to construct a coherent lin-

guistic meaning from degraded speech that led to the

pupillary responses they observed.

Echoing the earlier statement about the value of mis-
takes in perceptual tests, it is worth considering how
mistakes arise. The approach used in Experiment 1
does not contain stimulus degradation that will likely
lead to mistakes (e.g., continuous background noise,
spectral degradation) but rather is designed to inevitably
result in specific mistakes so that the ensuing mental
correction process can be experimentally controlled. In
other words, Experiment 1 simulated mistakes directly
rather than imposing conditions that lead to mistakes
outside the experimenter’s control. Experiment 2 was
less controlled; the influence of language processing
means that the responses cannot be taken to be a perfect
representation of the perception, so the analysis for
Experiment 2 should be considered exploratory.

Despite the emphasis on the diversity of intelligibility-
effort patterns in the current study, the current
experiments are still an incomplete representation of
communication in the real world. Conversation involves
connecting meaning within and across utterances, revis-
ing perceptions as new information arrives, and incor-
porating background knowledge, all while preparing a
creative or informative response rather than verbatim
repetition. Gatehouse (1998) advocated for greater real-
ism of linguistic properties in speech perception materi-
als. This view was endorsed by Best et al. (2016) and
Beechey et al. (2019), who made a compelling case for
striving toward more realistic communication scenarios
other than verbatim repetition (including informative
dysfluencies and pragmatics). The effort of communica-
tion is not necessarily related to every word that is
spoken but is also a reflection of the listener’s personal
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experience and comfort with uncertainty (Francis &
Love, 2019). These concepts are all challenging to imple-
ment experimentally but are a necessary part of the mis-
sion of understanding and ultimately alleviating listening
effort.

The Evolving View of Listening Effort

One of the more convincing illustrations of the value of
measuring listening effort is when effort is different
despite equivalent intelligibility scores (e.g., Koelewijn
et al., 2012). The current study highlights how a priori
requirement of matching intelligibility scores is problem-
atic in principle. Put simply, a listener’s response is not a
reliable readout of their initial perception, since the lin-
guistic constraints that govern their perception will
transform their verbal response as well, guiding it
toward a coherent form like an attractor in a dynamical
system. To borrow terminology from signal detection
theory, the intelligibility score as measured by the exper-
imenter is an accumulation of some genuinely correct
perceptions (hits), some incorrect perceptions that were
corrected by context or intuition (misses), some genuine-
ly incorrect responses (correct rejections), and some cor-
rectly perceived words that were repeated incorrectly
because the listener transformed them to be coherent
with something elsewhere in the sentence (false
alarms). There is no assurance that the number of
false-alarm correct perceptions will equal the number
of misses and also no assurance that they play equivalent
roles, even if equal in number. The intelligibility score
thus offers no guarantee as to howmuch of the signal was
accessible, versus how much was reconstructed by the
listener. Equating intelligibility is further complicated
by the fact that different ways of changing intelligibility
present different challenges to the listener, which can lead
to different kinds of effort (Francis et al., 2016; Strauss &
Francis, 2017). Decreasing intelligibility by adding noise
could lead to a qualitatively different experience than lis-
tening to speech whose intelligibility is equated by band-
width reduction, reverberation, spectral distortion,
accentedness, or increased speaking rate. For example,
if the experimenter must impose a very poor signal-to-
noise ratio to reduce digit-recognition performance
down to 50%, there will be changes in effort (Mackersie
& Cones, 2011) but that effort might reflect the nuisance
of noise and source segregation (Love et al., 2019).

Modern frameworks of listening effort (cf.
McGarrigle et al., 2014, Pichora-Fuller et al., 2016) are
complex and multidimensional; the linguistic processing
described in the current study is only a fraction of the
larger problem. In a large-scale study involving seven
different measures of effort, five tests of cognitive func-
tion, and two personality measures, Strand et al. (2018)
showed weak or absent correlations between different

measures, suggesting that they are tapping into different
phenomena. A majority of their cognitive and personal-
ity predictors showed stronger relationships to listening
effort when the speech task was more difficult. Alhanbali
et al. (2019) provided further evidence of the multidi-
mensionality of effort, suggesting that different objective
measurement techniques (e.g., EEG, skin conductance,
pupil dilation) could tap into independent components
of effort and/or fatigue (see also McGarrigle et al.,
2017). It is possible that the effort measured in the cur-
rent study reflects only the cognitive load associated with
decision-making/ambiguity resolution, but not the other
components. Some deeper explorations of listening
effort expand into cognitive factors such as verbal work-
ing memory and attentional-based performance control
(cf. Peelle, 2018). Differences in the effort of detection
and the effort of processing were previously underscored
by Beatty (1982), who showed that a detection task eli-
cited substantially smaller pupil dilations compared to
tasks that involved active cognitive processes and
decision-making. Some listeners can deploy their effort
more efficiently than others, as shown by pupillometry
tasks by van der Wel and van Steenbergen (2018) and
through a variety of behavioral tasks by Strand et al.
(2018). In everyday communication, it is reasonable to
suspect that individuals with hearing loss can momen-
tarily increase engagement for important situations but
would need to be economical with that effort to avoid
debilitating fatigue (cf. Eckert et al., 2016; Winn et al.,
2018). Related to this, individuals with hearing loss
interviewed by Hughes et al. (2018) alluded to the effi-
cacy of effort (not necessarily the amount of effort) as a
strong factor in their willingness to engage in
conversations.

Conclusions

Intelligibility scores are not a sufficient explanation of
listening effort, and in fact, these two concepts can be
doubly dissociated. In sentence intelligibility tests, cor-
rect responses can result from an effortful process of
mentally correcting misperceived words to produce
meaning, and multiple errors can be less effortful than
a single error if that single error results in a linguistically
incoherent perception. Furthermore, sentences with an
error can be rendered less effortful with the addition of
more errors. There is more impact on effort resulting
from an error in a word early in a sentence compared
to an error later in a sentence, suggesting a linear tally of
errors is not an adequate model of effort. Errors are
more costly when they result in incoherence between
earlier and later parts of the sentence, whereas errors
that do not result in incoherence (such as mistaking
the final word in a low-context sentence) do not elicit
much change in effort. Although more intelligibility
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errors will likely elicit greater effort on account of the

larger number of opportunities for cognitive repair, the

correlation between intelligibility and effort does not

provide the explanatory mechanism that emerges when

framing effort in terms of the listener’s need for decision-

making, resolving ambiguity in sentence parsing, cor-

recting mistakes, and reconciling semantic

incompatibilities.
Responses in speech perception tasks often appear to

be unrelated to the acoustics of the speech, and instead

reflect the influence of surrounding semantic context and

basic knowledge about likelihood of certain words or

expressions. Future investigations of speech perception

and listening effort can therefore be useful probes for

auditory processing and yet remain incomplete if they

do not specifically account for these linguistic/cognitive

influences, which are meaningful rather than superflu-

ous. Language-related errors occur with ample frequen-

cy and have a large effect on cognitive load. Rather than

dismissing that fact as an inconvenience, it can be

embraced and explicitly studied, toward a more com-

plete understanding of speech perception and listening

effort.
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