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Abstract

Speech that has been artificially accelerated through time compression produces a notable deficit in recall of the speech con-
tent. This is especially so for adults with cochlear implants (Cl). At the perceptual level, this deficit may be due to the sharply
degraded Cl signal, combined with the reduced richness of compressed speech. At the cognitive level, the rapidity of time-
compressed speech can deprive the listener of the ordinarily available processing time present when speech is delivered at a
normal speech rate. Two experiments are reported. Experiment | was conducted with 27 normal-hearing young adults as a
proof-of-concept demonstration that restoring lost processing time by inserting silent pauses at linguistically salient points
within a time-compressed narrative (“time-restoration”) returns recall accuracy to a level approximating that for a normal
speech rate. Noise vocoder conditions with 10 and 6 channels reduced the effectiveness of time-restoration. Pupil dilation
indicated that additional effort was expended by participants while attempting to process the time-compressed narratives,
with the effortful demand on resources reduced with time restoration. In Experiment 2, |5 adult Cl users tested with the
same (unvocoded) materials showed a similar pattern of behavioral and pupillary responses, but with the notable exception
that meaningful recovery of recall accuracy with time-restoration was limited to a subgroup of Cl users identified by better
working memory spans, and better word and sentence recognition scores. Results are discussed in terms of sensory-cognitive
interactions in data-limited and resource-limited processes among adult users of cochlear implants.
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2010). To put these numbers in perspective, although speech
intelligibility improves as the number of spectral channels
increases up to the maximum of 22 (Croghan et al., 2017),

Introduction

Cochlear implants (CIs) have seen increasing use as a means
of restoring hearing for individuals whose hearing loss
exceeds the restorative capacity of conventional hearing
aids. It is the case, however, that the signal produced by

'Department of Psychology, Brandeis University, Waltham, Massachusetts,

Cls differs markedly from the spectral richness of natural
speech. Although current CIs may contain as many as 22
intra-cochlear electrodes, CI users may not have spectral res-
olution (perceptually separated bands of frequency informa-
tion) beyond the equivalent of four to eight frequency
channels due to factors such as current spread and neural sur-
vival (Friesen et al., 2001; Fu & Nogaki, 2005; Perreau et al.,
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in CI simulations, improvement in word recognition begins
to asymptote beyond eight channels (Faulkner et al., 2001).

Due in large measure to the spectrally limited nature of the
CI signal, even when speech recognition is successful (as
measured in the clinic by the ability to repeat words [e.g.,
CNC word lists; Luxford, 2001; Peterson & Lehiste, 1962]
and short sentences [e.g., AzBio sentences; Spahr et al.,
2012]), this success may not be matched in the presence of
the perturbations and challenges as may be encountered in
everyday listening. One particularly interesting perturbation
is time-compressed speech, such as the auditory “small
print” disclaimers that accompany TV and radio advertise-
ments (Ji et al., 2013).

The most common method of time compression of speech
is uniform compression using the sampling method. In this
method, a speech processing algorithm periodically deletes
small segments of speech and silent periods from the speech
recording, abutting the remaining segments. The result is
speech delivered in less than its original playing time, while
leaving the original pitch (FO) unchanged, as well as maintaining
the relative prosodic cues of inter- and intra-word timing patterns
present in the original utterance that are important for speech
understanding at the linguistic level, such as the relative length-
ening of clause-final words and silent pauses that can signal that
a clause boundary has been reached (Amichetti et al., 2021;
Hoyte et al., 2009; Nooteboom, 1997; Shattuck-Hufnagel &
Turk, 1996). Although time compression has a detrimental
effect on comprehension and recall of speech by individuals
with normal hearing, as might be expected, the effect is drama-
tically increased when combined with the degraded signal of a
CI (Ji et al., 2013).

For normal-hearing adults, small degrees of time-
compression of meaningful sentences (e.g., reproduction to
80—-85% of the original playing time) generally allow for
good comprehension. Increasing compression beyond this
point produces a progressive decrease in speech comprehen-
sion. Depending on the linguistic complexity of the materi-
als, the original speech rate, and the articulatory clarity of
the speaker, major deficits in comprehension can be expected
when a sentence is compressed to less than 50% of the orig-
inal playing time (Wingfield et al., 2003, 2006).

An important feature of work conducted with normal-
hearing adults has been a demonstration that comprehension
and recall of time-compressed speech can be rescued by the
insertion of lengthened silent periods at linguistically salient
points (e.g., clause and sentence boundaries), within a speech
sample to allow listener’s processing to “catch up” while lis-
tening to the compressed speech (Overman, 1971) at least so
long as the degree of time compression is not too great
(Wingfield et al., 1999). The placement of pauses is critical,
such that the insertion of pauses at random points unrelated to
the clausal structure yields little or no improvement in recall
(Wingfield et al., 1999).

Even with the insertion of pauses at linguistically salient
points it would seem intuitively likely that extremely high

degrees of time compression, especially if combined with
the limited spectral richness of the CI signal, would result
in a situation in which no amount of effort or availability
of added processing time would allow speech to be under-
stood. For such a situation, we borrow the term data-limited
process from Norman and Bobrow (1975) to describe a case
where no additional time or resources can rescue comprehen-
sion. By contrast, Norman and Bobrow (1975) employ the
term resource-limited process as one in which performance
will be limited only by the cognitive resources a listener is
able or willing to apply to the task.

In the case of CI users, this distinction takes on not only
theoretical but practical importance. This distinction is the
major focus of the present study. We operationalize the
threshold between a data-limited process and resource-
limited process as the point on the continuum at which no
benefit would be received from aiding processing time. In
this regard, we also take advantage of the association
between pupil dilation and cognitive effort (Zekveld et al.,
2018) to examine the pattern of cognitive effort as the
process shifts from a resource-limited process to one
approaching a data-limited state.

It should be noted that in much of the cognitive literature
the terms effort (often modified as listening effort, cognitive
effort, attentional effort, or more generally, processing
effort, depending on the authors and context) and resources,
have often been used interchangeably. We follow Kahneman
(1973) and Pichora-Fuller et al. (2016) in defining effort as
the intentional allocation of attentional or cognitive resources
to the accomplishment of a particular task or goal (see Peelle,
2018, for a detailed discussion of effort and neurocognitive
resources).

A number of approaches have been taken to the measure-
ment of processing effort in cognitive studies, many of which
have recognized limitations. For example, dual-task studies
have seen frequent use as a measure of processing effort
based on the assumption that the effort needed for success
on a primary speech task will be revealed in a performance
decrement on a concurrent unrelated task (e.g.,
Naveh-Benjamin et al., 2005; Tun et al., 2009). Although
useful (e.g., Pals et al., 2013), dual-task studies can be
prone to trade-offs in the momentary attention given to
each task that may complicate interpretation (Hegarty et al.,
2000). Ratings of subjective effort, although having potential
ecological interest, do not always correlate with dual-task
results. This suggests that subjective ratings of effort and
behavioral deficits in dual-task studies may measure different
features of the effort construct (Abdel-Latif & Meister,
2022). Importantly, like dual task measures, effort ratings
are an inherently off-line measure (see the review in
McGarrigle et al., 2014).

By contrast with the above measures, pupillometry (the
measurement of task-related changes in the size of the
pupil of the eye) can serve as an objective, online physiolog-
ical index of perceptual or cognitive effort. A special value of
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the task-evoked pupillary response (TEPR) is that it can be
measured independently, and does not interfere with, task
performance. The use of pupillometry as a measure of
effort is based on the finding that, in addition to a pupillary
response to changes in ambient light and emotional arousal
(Kim et al., 2000), the pupil has been shown to dilate while
a person is engaged in tasks requiring perceptual or cognitive
effort (Beatty & Lucero-Wagoner, 2000; Kahneman &
Beatty, 1966).

In terms of speech comprehension, there is extensive litera-
ture reporting an increase in pupil dilation while individuals are
processing sentences that increase in linguistic complexity
(Ayasse & Wingfield, 2018; Just & Carpenter, 1993; Piquado
et al., 2010). Increases in pupil size have also been reported
while individuals are processing perceptually challenging
speech due to acoustic masking, or mild-to-moderate hearing
loss (Ayasse et al., 2017; Kuchinsky et al., 2014; Zekveld
et al., 2011). Relevant to our present interests, such increases
in pupil size have also been reported while processing spectrally
impoverished speech associated with CIs (Winn & Teece, 2021;
see also Winn et al., 2015).

The Present Experiments

Two experiments are reported that examine the effects of time
compression and time restoration on the recall of spoken narra-
tives, and the associated differences in processing effort.
Experiment 1 was conducted with normal-hearing young
adults to serve as a best-case baseline to place in context the per-
formance of the CI users tested in Experiment 2.

Our focus in these experiments departs from the more usual
practice in CI outcome studies of testing the repetition of single
words and short sentences. Instead, we used materials more
closely matching the challenges of everyday communication.
In this case, our behavioral measure was accuracy in recalling
the content of multisentence spoken narratives.

Testing memory for narratives as opposed to, for example,
tests of sentence repetition, is useful for three reasons. The
first is pragmatic: in everyday life the listener, whether
with normal hearing or one who hears via a CI, ordinarily
wishes not only to perceive and understand narrative dis-
course but also to remember what they have heard. Second,
there is a clear theoretical framework on which to build our
understanding of resource-limited effects in narrative recall.
Specifically, models such as that of Kahneman (1973) or
the Framework for Understanding Effortful Listening
(Pichora-Fuller et al., 2016) characterize cognitive process-
ing as a limited resource system. Thus, if individuals show
poorer memory for a narrative in the presence of acoustic
challenge relative to easy-to-understand speech, this suggests
that the increased demand for cognitive resources during lis-
tening in the former case will result in fewer resources avail-
able for effective memory encoding.

A final feature of using narrative passages as stimuli is
their conventional structure of a setting, theme, and

resolution, that tells a story unfolding in time (Mandler,
1978). This narrative structure can allow the listener to
make predictions about the kinds of information that will
be presented at each point. This attribute characterizes
much of everyday conversational speech. It may also have
implications for individuals’ distribution of processing
effort as a narrative unfolds in time.

In Experiment 1, we used noise-band vocoding with 10
and 6 vocoder channels to simulate a range of spectral rich-
ness as might be available to CI users. In doing so, it is rec-
ognized that vocoding does not capture all features of the CI
signal, such as perceptual “smearing” and frequency mis-
match as may be experienced by postlingually deaf adults
after implantation (Svirsky et al., 2021). Vocoding has nev-
ertheless received wide use in simulation studies as an
approximation to CI hearing that allows for control of the
spectral information available to the listener.

Based on extant literature, we expect Experiment 1 to
show progressively reduced recall accuracy for narratives
heard with 10- and 6-channel vocoded speech relative to
unprocessed clear speech. Additionally, we expect reduced
accuracy for time-compressed speech relative to speech
delivered at a normal speech rate. We also expect that, com-
pared to nonvocoded time-compressed speech, there will be a
recall advantage when time-compressed speech has had the
lost processing time restored by inserting silent pauses at lin-
guistically salient points in the narrative.

Central to this latter question is the extent to which the
postulated recall decrement due to time compression can
still be rescued by providing a space for additional processing
time at syntactically salient points in a spoken narrative when
the number of vocoder channels (spectral richness) with
which the speech is delivered is varied. The point at which
reduced recovery with fewer vocoder channels is observed
could thus be seen as reflecting the boundary between
resource-limited and data-limited processes. Experiment 2
was conducted with adult CI users tested for recall of the
same time-compressed and time-restored materials, albeit
without vocoding.

In addition to the behavioral measures of passage recall, in
both experiments, pupil size was tracked throughout the
course of each trial as participants were hearing a narrative
passage and preparing to give their spoken recall. Although
pupillometry has seen wide use as a measure of listening
effort for sentence-length materials, there have been few
studies that have tracked pupil size across an entire narrative
passage.

Experiment |

Method

Participants. Participants were 27 young adults (12 males and
15 females), with ages ranging from 18 to 26 (M = 19.72
years, SD = 2.37). The audiometric evaluation was carried
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out for each participant using a Grason-Stadler AudioStar Pro
clinical audiometer (Grason-Stadler, Inc., Madison, WI)
using standard audiometric procedures in a sound-attenuating
testing room. The participants had a mean better-ear pure
tone threshold average (PTA) across 0.5, 1, 2, and 4 kHz
of 8.00 dB HL (SD = 3.31), placing them in a range consid-
ered to be clinically normal hearing for speech (Katz, 2002).

Vocabulary knowledge. Because our study involves lin-
guistic materials we wished to ensure that potentially poorer
performance on the recall task by CI users in Experiment 2
not be due to differences in linguistic ability between the CI
users and the normal-hearing young adults. It has been
shown, in this regard, that vocabulary can serve as a reliable
proxy for general linguistic ability (Anderson & Freebody,
1981). For this purpose, all participants received a 20-item
version of the Shipley vocabulary test (Shipley et al., 2009).
The Shipley is a written multiplechoice test in which the partic-
ipant is asked to indicate which of six listed words has the same
or nearly the same meaning as a given target word. The group’s
mean score was 13.41 (SD = 2.10).

Working memory span. Working memory span was
assessed with the Reading Span (R-Span) task modified
from Daneman and Carpenter (1980; see Stine and
Hindman, 1994). In this task, participants read sets of sen-
tences ranging in succession from one to five sentences.
After each sentence, the participant says whether the sentence
is true or false. After all of the sentences of the set have been
presented, the participant’s task is to recall the last word of
each sentence in the order they were heard. Participants
received three trials for any given number of sentences.
The sets were presented using a stair-step procedure, where
the number of sentences increased from one to five. All par-
ticipants heard up to the length of three sentences, and the
task stopped when a participant was unable to get at least
two out of three trials at a particular set size. As such, the
longer trials (length of four and five sentences) were pre-
sented only if participants were successful with the shorter
trials. McCabe et al.’s (2010) scoring method was used, in
which the working memory score is calculated as the total
number of trials in which all sentence-final words were
recalled correctly in the correct order. The group’s mean
R-Span score was 9.56 (SD = 3.03).

Executive Function/Inhibition. Participants received the
Flanker task (Eriksen & Eriksen, 1974) as an index of the
inhibition component of executive function. Participants
saw a fixation cross-centered on a computer screen for 500
ms. This was followed by a horizontal array of five equally
sized and spaced arrows for 800 ms. Participants were
instructed to attend to the central arrow and to ignore the
four flanking arrows. The task was to press a left key for a
left-facing central arrow and a right key for a right-facing
central arrow. The flanking arrows either all point in the
same direction as the target arrow (congruent trials) or in
the opposite direction (incongruent trials). Participants
received a total of 60 test trials: 30 congruent, and 30

incongruent. The conflict cost was measured as the mean
latency to keypresses in the incongruent trials minus the con-
gruent trials. The participants’ mean conflict cost was 53.16
ms (SD = 46.13).

All participants reported themselves to be native speakers
of American English and no known medical issues that might
interfere with the ability to perform the experimental tasks.
Written informed consent was obtained from all participants
according to a protocol approved by the Institutional Review
Boards of Brandeis University and the New York University
School of Medicine.

Stimuli. The test stimuli consisted of twenty-seven 67- to
97-word narrative passages (M = 81.80 words). The narra-
tives were brief vignettes representing simple stories. For
instance, one passage discussed an American student with
a summer job at a Scottish museum who learned more
from talking with coworkers than from books from the
library, while another discussed a high school athlete who
won a swimming scholarship to a university where she
trained hard and exceeded her best high school racing times.

The narratives contained four to five sentences and five
within-sentence major clause boundaries. The passages
were recorded by a male speaker of American English
using natural prosody onto computer sound files using
Sound Studio v2.2.4 (Felt Tip, Inc., New York, NY) that dig-
itized (16-bit) at a sampling rate of 44.1 kHz. Recordings
were equalized within and across narratives for
root-mean-square (RMS) intensity using Praat (Boersma &
Weenink, 2022). The recorded passage durations ranged
from 23.44s to 34.14s (M = 28.32s) representing an
average speech rate of 173.4 words per minute (wpm).

Time compression. Each of the 27 passages was time-
compressed to be reproduced to 60% of their original
playing time, equivalent to a mean speech rate of 288.71
wpm using Praat (Boersma & Weenink, 2022) that
employs the pitch-synchronous overlap-and-add algorithm.
This compression algorithm uses uniform linear compression
such that both words and silent pauses were reduced equiva-
lently to maintain the normal relative temporal pattern. There
was no disturbance of pitch.

The effect of time compression can be seen in Figure 1 by
comparing the original waveform of a sample sentence taken
from one of the stimulus narratives (top panel) with the same
sentence compressed to 60% of its original playing time
(middle panel). One can see that the relative intra- and inter-
word timing patterns are preserved even as the absolute dura-
tions are reduced.

Time restoration. A second version of each of the time-
compressed passages was constructed in which silent
periods were inserted into the narratives at clause and sen-
tence boundaries. The placement of silent periods in these
positions followed prior studies showing that pauses at lin-
guistically salient points are more effective in aiding recall
than placing pauses at random points with regard to the
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NORMAL RATE =~ 160 WORDS PER MINUTE

Sarah andher friends had just left the classroom,  when she realized she had misplaced  her keys. Sarah...
COMPRESSED TO 60% TIME =~ 266 WORDS PER MINUTE

—
1 Second
Sarah and her friends had just left the classroom, when she realized she had misplaced her keys. ~ Sarah...
TIME RESTORATION
cmuf—:“l:ause Sentence Pause Time 1

Sarah and her friends had just left the classroom, when she realized she had misplaced her keys. Sarah...

Figure 1. Waveform of a sample sentence recorded at its original normal speech rate (top panel), the time-compressed version of the
same sentence (middle panel), and the time-compressed version with silent periods inserted after the main clause and sentence ending to
restore the lost processing time due to the time-compression (lower panel).

linguistic content (Wingfield et al., 1999). In order to respect
the relative importance of the linguistic boundaries, the dura-
tions of the silent periods added at sentence boundaries were
set at twice the duration of the silent periods added at clause
boundaries.

The effect of time-restoration is illustrated in the bottom
panel in Figure 1. One can see, for example, the longer
inserted pause following the sentence-ending ““...misplaced
her keys,” relative to the pause inserted after the clause that
ends with the noun-phrase, “the classroom.” As also seen
in this illustration, the total duration of the silent periods
was set such that the duration of the time-restored com-
pressed passages was equal to the duration of the original
un-compressed recordings (cf., Blumstein et al., 1985;
Chodorow, 1979). The inserted silent periods were taken
and extended from silent moments in the initial recordings
to avoid any possible differences in the ambient background
during speech and silent periods.

Vocoding. Each of the narratives in their original, time-
compressed, and time-restored versions was processed to
produce versions with 10 and 6 vocoder channels. Noise-band
vocoding was conducted using MATLAB (MathWorks, Natick,
MA) following the method described by Shannon et al. (1995).
Broadband speech (141-7,000 Hz) was preemphasis filtered
using a first-order Butterworth high pass filter with a cutoff fre-
quency of 1,200 Hz (Wilson, 2004). Because it was a first-order
filter, its roll-off was 6 dB/octave. This was band pass filtered

using a third-order Butterworth filter (18 dB/octave roll-off) into
logarithmically spaced frequency bands, with the amplitude enve-
lope of each frequency band extracted by Hilbert transform fol-
lowed by a sixth-order Butterworth low pass filter at 300 Hz
(36 dB/octave roll-off). The resultant signals for all of the bands
were then recombined and low pass filtered with 7,000 Hz as
the cut-off to produce the vocoded stimuli (Kong et al., 2015).
The vocoded stimuli were scaled to match the RMS amplitude
of the unprocessed stimuli.

Procedures

Participants were told they would hear a series of brief narra-
tives. Three seconds after a narrative ended, they received an
on-screen visual prompt to recall aloud as much of the narra-
tive as possible without guessing. They were further told that
some of the narratives would be distorted in various ways,
but they were to do their best to accurately recall what they
had heard. Recall responses were audio-recorded for later
transcription and scoring.

Each passage was preceded by a 2-s silent period to serve
as a baseline for the pupillometry as will be described below.
Each trial thus consisted of 2-s of silence for pupillary base-
line acquisition, the stimulus narrative, a 3-s retention inter-
val, and the participant’s spoken recall. After giving their
recall response, the participant pressed a key to initiate the
next trial.
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Percent of Narrative Content Recalled
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Tc TR N TC TR

Figure 2. Mean percentage of narrative content (propositions) recalled from narratives presented in clear speech (left panel), with
10-channel vocoding (middle panel) and with 6-channel vocoding (right panel) when presented at their original normal speech rate (N),
when time-compressed to 60% of their original playing time (TC) and when the lost processing time was restored by inserting silent periods
at clause and sentence boundaries (TR). Error bars are one standard error.

Each participant heard all 27 passages: three in clear
speech (unprocessed) at a normal speech rate, three in clear
speech time-compressed at 60%, three in clear speech time-
compressed with time-restoration, three 10-channel
vocoded passages at a normal speech rate, three 10-channel
time-compressed at 60%, three 10-channel time-compressed
with time restoration, three 6-channel vocoded passages at a
normal rate, three 6-channel time-compressed and three
6-channel time-compressed with time restoration. The partic-
ular passages heard in each of the conditions were counter-
balanced across participants such that, by the end of the
experiment, each passage had been heard an equal number
of times in each of the nine experimental conditions.

The narratives were intermixed in the presentation, with the
participants told before each passage what condition they would
hear. Stimuli were presented binaurally over Eartone 3A insert

earphones (E-A-R  Auditory systems, Aero Company,
Indianapolis, IN) at 65 dB HL. Prior to the main experiment,
participants received a three-part session to familiarize them
with the sound of vocoded speech, the sound of time-
compressed and time-restored speech, and the sound of
speech that was both vocoded and time-compressed.
Participants were also familiarized with the task of recalling
these materials. None of the passages used in this familiarization
session were used in the main experiment.

Pupillometry. Participants’ moment-to-moment pupil
responses were recorded throughout the experiment using
an EyeLink 1000 Plus eye-tracker (SR Research, Ontario,
Canada) using a standard nine-point calibration procedure.
Pupil size data were acquired at a rate of 1,000 Hz, recorded
using the SR Research Experiment Builder, and processed
via MATLAB software (MathWorks, Natick, MA).



O’Leary et al.

Participants placed their heads in a customized individually
adjusted chin rest to reduce head movement and to maintain
a distance of 60 cm from the EyeLink camera.

To further facilitate reliable pupil size measurements, par-
ticipants were instructed to keep their eyes fixated on a contin-
uously displayed 2 cm? black cross centrally located on a
computer screen placed above the EyeLink camera. The com-
puter screen was filled with a medium gray color to avoid
ceiling or floor effects on the pupil size at baseline (Winn
et al., 2018). Eye blinks were detected and removed using the
algorithm described by Hershman et al. (2018) and filled by
means of linear interpolation. Trials in which more than 25%
of the data required interpolation were removed from analyses.
This resulted in a loss of 22 trials (<5% in all conditions). The
pupillometry signal was smoothed using a moving window
average of 2 s and then down-sampled to 1-s bins.

Task-related pupil sizes were baseline corrected to
account for non-task changes in the base pupil size as can
occur across trials (Ayasse & Wingfield, 2020). This was
accomplished by subtracting the mean pupil size measured
over the last 1-s of the 2-s silent period preceding each sen-
tence from the task-related pupil size measures (see Reilly
etal., 2019, for data and a discussion on linear versus propor-
tional baseline scaling). It should be noted that spontaneous
pupillary fluctuations during a baseline period may add unde-
sirable variability to the y-intercept of the subsequent trial, a
potential that may be exacerbated by fewer experimental
trials in each condition. A direct approach to protect
against the effects of baseline fluctuations would be for the
experimenter to examine pupil size in real-time and only ini-
tiate a trial when the participants’ pupil size was stable (Winn
et al., 2018). This was not done in the current experiment.
However, examination of the data confirmed that there was
no significant difference in baseline pupil size across exper-
imental conditions (p = .988).

Adjusting for age differences. When conducting pupillo-
metry with older adults it is important to account for the
smaller base pupil size and smaller dynamic range of older
adults’ pupil size (senile miosis; Bitsios et al., 1996;
Guillon et al., 2016). This difference could lead one to under-
estimate the level of effort associated with a task by older rel-
ative to younger adults. Although all of the participants in
Experiment 1 were young adults, we conducted the same
adjustment process as would be used for the CI users in
Experiment 2 that included older as well as younger adults.

Various methods may be considered to adjust pupillome-
try data for senile miosis when an experiment includes both
young and older adults (cf., McLaughlin et al., 2022;
Seropian et al., 2022; Winn et al., 2018). The method we
chose was to represent task-related pupil sizes as a percentage
of an individual’s independently measured pupillary dynamic
range (Piquado et al., 2010). In order to calculate the dynamic
range of each participant’s pupil, participants were presented
with 60-s displays of a dark screen (0.05 fL) followed by a
light screen (30.0 fL) at the beginning and end of the

experiment. The dynamic range for each participant was
taken as the average of the range measures before and after
the experiment. This allowed representation of the
task-related pupillary response as a percentage ratio of each
individual’s dynamic range. This was calculated as
(dr—d,nin)(dax—Admin)X 100, where d,; was the participant’s
baseline-corrected pupil size at any given moment, d,;,
was the minimum constriction taken as the average pupil
size over the last 10 s of viewing light screen, and d,,..
was the maximum dilatation taken as the average pupil size
over the last 30 s of viewing the dark screen (e.g., Ayasse
et al.,, 2017; Ayasse & Wingfield, 2018; see also Winn
et al., 2018).

The light range adjustment is not intended to necessarily
imply that there is a common circuitry between the light
reflex and the response to a cognitive task (Zhao et al.,
2019). This adjustment is rather an attempt to determine
the relative maximum and minimum range of pupillary
change to normalize individual differences.

Results

Statistical Analyses: Linear Mixed Effect Models (Recall
Performance). Narrative recall data were analyzed using
linear mixed-effects models in R version 3.52 (LMEM’s,
Ime4 package version 1.1-19; Bates et al., 2015, ImerTest
package version 3.1-3; Kuznetsova et al., 2015) with partic-
ipants and narratives included as random intercepts. Rate
(normal rate, time-compression, time-restoration) and
clarity (clear speech, 10 channel, and 6 channel) were
included as factors of three levels and treated as fixed
effects. A reverse selection approach was used to analyze
models, starting with a maximal model including all vari-
ables and interactions. From the maximal model, likelihood
ratio tests were used to contrast models and remove nonsig-
nificant effects to find the most parsimonious model using a
likelihood ratio test (anova function) (Bates et al., 2015).
Reported p-values are the result of likelihood ratio tests
between models unless stated otherwise.

Narrative Recall. Scoring was based on the percentage of
propositions  recalled correctly from each passage.
Propositions (sometimes referred to as “idea units”) were deter-
mined by representing each passage as a propositional text base
using the Kintsch system (Kintsch & Van Dijk, 1978; Turner &
Greene, 1978). This was instantiated using the Computerized
Propositional Idea Density Rater program (Brown et al.,
2008) that translates text into a detailed propositional break-
down using a Monty-Lingua (Liu, 2004) part-of-speech
tagger. This tagger initially identifies all parts of speech, and
then applies a set of corrective rules to determine a proposition
count using IKVM software (see Frijters, 2004). Gist scoring
was used in which credit was given for the recall of propositions
that contained the same meaning as the original proposition
(Turner & Greene, 1978).
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The left panel of Figure 2 shows the mean percentage of
propositions recalled when passages were heard with clear
speech (i.e., nonvocoded) when presented at their original
normal speech rate (N), when time-compressed to 60% of
original playing time (TC), and when the time-compressed
passages had the lost processing time restored by inserting
silent periods at clause and sentence boundaries (TR). The
middle and right panels show these data for passages heard
with 10 and 6 vocoder channels, respectively.

The data shown in Figure 2 were analyzed using a linear
mixed effect model in which likelihood ratio tests were used
to contrast models and remove nonsignificant effects to deter-
mine the most parsimonious model. The final model con-
tained Clarity, Rate, the interaction of Clarity and Rate, and
Shipley Vocabulary as fixed effects with participants and nar-
ratives as random intercepts. The slope of Rate was allowed
to vary by participants. The outcome is given in Table 1.

As would be expected, the accuracy of narrative recall was
greatest when the narratives were heard with clear speech and
progressively declined when heard with 10 and 6 channels,
confirmed by a significant effect of stimulus clarity (p <
.001). The appearance of a decline in recall with time-
compressed and time-restored speech was confirmed by a
significant effect on speech rate (p < .001).

Although overall recall accuracy differed between the
three clarity conditions (clear speech, 10-channel vocoding,
and 6-channel vocoding) it can be seen in Figure 2 that all
three conditions showed a similar V-shaped function.
However, when clarity was progressively reduced, the detri-
mental effect of time compression increased, and the benefit
of time restoration decreased. Consistent with this observa-
tion, there was a significant Stimulus Clarity X Rate interac-
tion (p = .001).

A series of pairwise planned comparisons confirmed that
time compression had a detrimental effect on recall in all
three stimulus clarity conditions (p < .001 in all cases). As
suggested by visual inspection of the left panel of Figure 2,
when passages were heard with clear speech, time-restoration
(TR) raised the level of recall accuracy for otherwise time-
compressed speech 95% of the way back to baseline, a

Table I. Log-Likelihood Model Comparisons for Linear Mixed
Effects Analysis of Normal-Hearing Young Adults’ Narrative Recall.

Predictor Xz df pe
Clarity 140.30 6 <.001
Rate 65.56 6 <.001
Clarity X rate 23.74 4 <.001
Shipley vocabulary 5.53 | 019
Notes.

X2 value for comparisons of each step of the model.

®Degrees of freedom for the X? test.

“Value of p reflects the significance of the change in model fit at each step of
the model.

Significant values of p are indicated in bold.

level that did not differ significantly from the accuracy
level for passages presented with their original normal (N)
speech rate (p = .874).

When heard with 10-channel vocoding (middle panel),
time-restoration raised performance 76% of the way back
to the normal speech-rate baseline (p = .002). The appear-
ance of a gap between the accuracy level for passages pre-
sented at the original normal speech rate and the
compressed passages with time-restoration was not signifi-
cant (p = .125).

It can be seen that 6-channel vocoding (right panel) still
allowed significant recovery for time-compressed speech
with time-restoration when compared with time-compression
without restoration (p = .005). However, for this level of
vocoding, time-restoration only brought the level of recall
accuracy 31% of the way back to normal speech rate. This
resulted in a significant difference still remaining between
time-restored passages and the recall level when passages
were presented at the original normal speech rate (p < .001).

Predictors of Individual Differences in Recall. The effects of age,
hearing acuity (PTA), Shipley vocabulary, R-Span, and
Flanker scores on recall accuracy were examined in the
mixed effects model. Shipley vocabulary score was a signif-
icant predictor of overall recall accuracy (p = .019). For these
normal-hearing young adults, none of the remaining mea-
sures (hearing acuity, age, R-Span, or Flanker) had a sys-
tematic effect on recall accuracy.

Statistical Analyses: Generalized Additive Mixed Models
(Pupillometry). Generalized  Additive Mixed Models
(GAMMs) were used to model pupillometry data (van Rij
etal., 2019). GAMMs are used to estimate nonlinear relation-
ships (“smooths™) over a time course between multiple vari-
ables and covariates. GAMMs estimate fixed parametric
terms between variables, as is done in LMEMs. GAMMs
also estimate smooth terms that use smoothing splines to
model nonlinear effects. These models have two advantages
over growth curve analysis (GCA; Mirman, 2017). First,
GAMMs make no assumption of symmetry around the mid-
point of the pupillometric time series. Second, GAMMs can
account for the within-trial autocorrelation between time
points that may inflate Type 1 error rates in GCA (Huang
& Snedeker, 2020). GAMM modeling was executed using
the mgecv (Wood, 2017) and itsadug (van Rij et al., 2020)
packages in R Studio.

Pupillometry. The pupillometry data are shown in Figure 3. In
all cases, pupil sizes are adjusted for baseline and presented
as a percentage of an individual’s pupillary dynamic range.
Although the time restored and original speech rate condi-
tions occupy the same duration, the time-compression condi-
tion does not. This is illustrated in Figure 3(A) which shows
the mean adjusted pupil sizes as participants listened to nar-
ratives presented with the original normal speech rate, when
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Figure 3. Top two panels show the time course of mean pupil dilations, adjusted to baseline and to each individual’s dynamic range while
normal-hearing young adults listened to narrative passages. Data are shown for narratives that were time-compressed, presented at a
normal speech rate, and in the time-restoration condition. Data are collapsed across vocoder conditions. (A) shows pupillary responses
aligned to the end of the narrative passage, with time 0 indicating the end of the passage. (B) shows these data as a percentage of the
duration of each passage. The three bottom panels show the mean adjusted pupil dilations separately for clear speech (C), 10-channel
vocoding (D), and 6-channel vocoding (E) as a percentage of the passage duration. Error ribbons are one standard error.

time-compressed, and when time-compressed with time-
restoration collapsed across clarity conditions. These data
are aligned to the end of the narrative passage and trimmed
to the mean stimulus length. Figure 2(B) shows these same
data, this case time-normalized by presenting pupil sizes as
a percentage of the duration of each passage. All remaining
pupillometry figures will be shown time-normalized as a per-
centage of passage duration.

Two major features appear by visual inspection of the time
series data shown in both Figure 3(A) and Figure 3(B). The
first is that participants’ adjusted pupil sizes progressively
decline toward the latter part of the passages when heard at

the original normal speech rate, and when time-compressed
passages were heard with time-restoration. The second
major feature observed in Figure 3(A) and (B) is that the
time-restoration condition reduces the level of processing
effort indexed by pupil dilation to a level close to that for pas-
sages heard at a normal speech rate. These patterns are the
same whether or not time normalization is employed.

The lower three panels show the data in Figure 3(B)
decomposed to separate the pupillometry data for time-
compressed speech, time-restored speech and the original
normal speech rate for clear speech (Figure 3(C)), 10
channel vocoding (Figure 3(D)), and 6 channel vocoding
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(Figure 3(E)). Despite increased variability in the time series
curves due to fewer data points per condition, in all cases, the
same general pattern is seen, in which time compression
increases the level of processing effort that is then rescued
by time-restoration. Within this trend one also observes a
general increase in pupil size as spectral clarity was
reduced over 10- and 6-vocoder channels.

The pupillometry data shown in Figure 3(C), (D), and
(E) were analyzed using the above-described generalized
additive mixed models. The final model included Clarity
(clear speech, 10 channel vocoded, 6 channel vocoded)
and Rate (normal rate, time-restored, time-compressed)
as fixed effects, with participants and narratives as factor
“smooths” (random effects). Autocorrelation was calcu-
lated between model residuals and factored into the final
model thus allowing an autoregressive error parameter of
the autocorrelation between time points in each trial.
Inspection of the final model showed that specifying this
parameter appropriately factored out the autocorrelation
between residuals. An additive model was thus chosen
because after addressing autocorrelation there was no sig-
nificant interaction between Clarity and Rate, and the
Akaike Information Criterion (AIC) value was lower for
the final additive model when compared to the interactive
model (AIC difference = —8.27) suggesting that the
simpler model was preferred. The GAMM summary
results for the final model are shown in Table 2.

Inspection of Table 2 confirmed a significant effect of time
compression on pupil dilation relative to the pupillary
response to narratives heard at a normal speech rate (p <
.001). Inserted pauses within time-compressed speech
reduced processing effort to levels comparable to that of
normal speech rate. This was reflected in the absence of a sig-
nificant difference in the pupillary responses to the time-
restored and normal speech rate conditions (p = .604). The
pupillary response for the more severely degraded
6-channel vocoding was significantly larger than those
observed for (p < .001). The observed trend toward larger
pupil sizes when speech was heard with 10-channel vocoding
relative to clear speech was not significant (p = .149).

Time Regions of Significant Differences. Table 2 provides a
convenient summary of the overall effects of speech rate

Table 2. Generalized Additive Mixed Model Summary of Young
Adults’ Pupillary Responses.

Parametric Coefficients Estimate SE  t-Value p-Value

Intercept (normal rate: clear 3.04 .13 270 .007
speech)

Time-restored -0.33 0.62 -0.52 .602

Time-compressed 231 0.62 370 <.001

10-Channel vocoding 094 0.65 1.44 149

6-channel vocoding 232 0.65 3.56 <.001

and noise band vocoding on the pupillary response to the nar-
rative passages. It is also important, however, to examine non-
linear effects that may reveal specific points in time when
significant differences between conditions occurred.

The panels in Figure 4 visualize the time series of
GAMM-estimated differences in pupil size. In all panels,
the y-axis represents the model-estimated difference in
dynamic range adjusted pupil size between conditions, with
the O-point representing no difference. As such, the time
points where the shaded regions do not overlap with the
bold line at the 0 point on the y-axis represent a moment in
the time series where the difference between conditions is
statistically significant. We follow Cychosz et al. (2023) in
showing the significant regions of the time series in red
and the nonsignificant regions in blue using the tidymv
package (Coretta, 2022).

The top three panels of Figure 4 display the difference
curves estimated by the GAMM between participants’
pupil traces for passages when heard with normal speech
rate subtracted from those heard with time-compression
(Figure 4(A)), participants’ pupil traces for passages
heard with at a normal speech rate subtracted from those
heard with time-restoration (Figure 4(B)), and partici-
pants’ pupil traces for passages heard with time-restoration
subtracted from those heard with time-compression
(Figure 4(C)).

The effects of vocoding are shown in the bottom panels,
displaying the difference curves estimated by the GAMM
for participants’ pupil traces when passages were heard
with clear speech subtracted from those heard with
6-channel vocoding (Figure 4(D)), participants’ pupil traces
when passages were heard with clear speech subtracted
from passages heard with 10-channel vocoding
(Figure 4(E)), and participants’ pupil traces when passages
were heard with 10-channel vocoding subtracted those
heard with 6-channel vocoding (Figure 4(F)).

For the normal hearing young adults seen in Figure 4(A),
pupil size when participants were listening to time-
compressed speech was significantly larger than pupil size
when participants listened to passages heard at a normal
speech rate for 69.29% of the passages’ durations, with
these significant differences starting at 30.71% after stimulus
onset and continuing until the passages’ offset. Figure 4(B)
confirms that there is no statistically detectable difference
in pupil size when participants listened to passages heard
with time-restoration as compared with the normal rate at
any point of the passages’ durations. Consistent with this,
Figure 4(C) shows that pupil size for passages heard time-
compression was significantly larger than pupil size for pas-
sages heard with time-restoration for 71.27% of the passages’
durations, with that region of significance beginning at
28.73% after stimulus onset and lasting until the passages’
offset.

As can be seen in Figure 4(D), participants also had signif-
icantly larger pupil size when listening to passages that were
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Figure 4. Generalized additive mixed model predicted difference curves of adjusted pupillary responses when young adults listened to
narrative passages. The top panels show contrasts in predicted pupil size between conditions of time-compression versus normal rate (A),
time-restored versus normal rate (B), and time-compressed versus time-restored (C). The bottom panels display contrasts in predicted
pupil size between conditions of 6-channel vocoding versus clear speech (D), 10-channel vocoding versus clear speech (E), and 6-channel
vocoding versus |0-channel vocoding (F). A higher estimated difference is an indication of the greater difference between compared
conditions, with regions highlighted in red indicating time points where there is a statistically significant difference. Shaded ribbons are 95%

confidence intervals.

heard with 6-channel vocoding as compared to clear speech
for a total of 86.12% of the passages’ durations, in the
range from 6.95% through 93.07% of the passage’ durations.
In contrast, in Figure 4(E), pupil size when participants were
listening to passages heard with 10-channel vocoding was
only significantly larger than pupil size when participants
were listening to clear speech for 7.92% of the passage.
This difference occurred in a brief window toward the begin-
ning of the passage from 7.94% through 15.86% of the pas-
sages’ durations. Finally, when comparing the two vocoder
conditions in Figure 4(F), pupil size was significantly
larger when participants listened to a passage with
6-channel vocoding than when they listened to a passage
heard with 10-channel vocoding for 30.69% of the passage.
This difference occurred in two time windows from
20.81% to 33.68% and 72.28% to 90.10% of the passage’s
durations.

Discussion

Experiment 1 replicates two well-known effects relating to
recall of time-compressed clear speech by young adults
with age-normal hearing. First, accelerating the rate of
speech had a significant detrimental effect on speech recall
(Foulke, 1971). Second, restoring the lost processing time
at linguistically salient points in the time-compressed pas-
sages allowed recall accuracy to return to a level equivalent
to the participant’s baseline accuracy for normal, uncom-
pressed speech (Aronson et al., 1971; Overman, 1971).
Both are robust findings that have been replicated in older
adults with age-normal hearing, albeit with older adults
having a differentially greater recall decrement with time-
compression relative to young adults (Gordon-Salant &
Fitzgibbons, 1993; Konkle et al., 1977; Sticht & Gray,
1969), and a less complete recovery with time-restoration
(Wingfield et al., 1999).
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The use of noise-band vocoding added to these findings in
showing that, although both 10-channel and 6-channel
vocoding produced a V-shaped pattern of effects of time-
compression and time-restoration, the detrimental effects of
time-compression—most notably for 6-channel vocoding—
were larger, and recovery with time-restoration smaller,
than was seen for nonvocoded clear speech.

We can attribute the large effect of time compression, and
the modest level of recovery with time-restoration in the
6-channel vocoding condition, to the combined effects of
the severely reduced spectral richness of 6-channel vocoding,
and a limit on the rate at which this degraded signal can be
perceptually processed and encoded in memory by the lis-
tener. It is also likely that 6-channel vocoding combined
with time compression may lead to an intelligibility decline
at the lexical or sub-lexical level (Heiman et al., 1986).
Within the framework of Norman and Bobrow (1975), we
may thus characterize performance with time-compressed
speech heard with 6-channel vocoding as approaching a
state of data-limited processing, and hence beyond full recov-
ery even with additional time and effort. That is, one may
expect to see poor recall of perceptually challenging speech
rescued by allowing the listener additional processing time,
but only to the extent that there is sufficient input data on
which to operate.

It has been shown that when hearing lists of digits for
recall, pupil size progressively increases with the incremental
arrival of list items, commonly interpreted as reflecting the
build-up of the memory load prior to recall (Granholm
et al., 1996; Kahneman & Beatty, 1966; Peavler, 1974). A
similar progressive increase in pupil dilation has been
shown over the course of hearing a sentence presented for
recall (Amichetti et al., 2021; Piquado et al., 2010). As we
have seen, however, this was not the case for the narrative
passages. Rather, in the case of full narratives, as opposed
to a single sentence, our data show that, following an
initial increase in pupil size in the early part of a passage,
for both normal speech rate and the time-restoration condi-
tion, there was a progressive decrease in adjusted pupil
size as more and more of a narrative was heard.

One possible interpretation is that this decline was associ-
ated with a facilitation effect, in which there was a reduced
need for effort-related processing resources as listeners
developed a progressive understanding of the narrative struc-
ture, with concomitant ease of integrating new information.

We have taken the term, facilitation effect, from the
reading-time literature, where the term is used in reference
to the frequent finding that readers tend to spend shorter
dwell times on the words of a prose passage toward the
end of a passage than at the beginning of the passage
(Ferreira & Henderson, 1990; Stine, 1990; Stine et al.,
1996). This pattern has been interpreted as reflecting the
reader’s development of an understanding of the meaning
of the text that allows the reader to more easily integrate
the new information with what has been read to that point

(Gernsbacher, 1990; Haberlandt & Graesser, 1989; Rayner
et al,, 1989). We suggest that an analogous facilitation
effect operated while participants listened to our spoken nar-
ratives. It is thus possible that, in this case, the ease of pro-
cessing the incoming speech as a narrative unfolded in time
was reflected in a reduced need for processing effort,
indexed here by a progressive reduction in the size of the
pupillary response over the course of the passage. The obser-
vation of a decline in pupil size over the course of a narrative
passage that is less pronounced may be indicative of a failure
to develop an over-arching understanding of the structure and
meaning of the narrative, and/or a failure to take advantage of
this knowledge.

It should be noted in this regard that it is not uncommon to
see a general decline in pupil size over the course of an exper-
iment and in tasks that do not involve narrative comprehension
(cf. Ayasse & Wingfield, 2020; McGarrigle et al., 2021; Zhao
et al., 2019), often interpreted as a decline in arousal. We
cannot deny the possibility that this may underly, at least in
part, the decline we observe over the course of a single narrative.
We suggest that further research is needed to dissociate poten-
tially co-occurrent effects of declining levels of arousal and
declining levels of task-related processing effort as contributors
to such observed declines in pupil size.

Within these overall effects of time-compression and
time-restoration on relative pupil size, there was a general
trend toward 10-channel and 6-channel vocoding to be
accompanied by a progressive increase in pupil diameter rel-
ative to clear nonvocoded speech. This pattern is consistent
with the pupillary response as an indicator of the need to
expend additional effort when the listener is confronted
with perceptually challenging speech stimuli (Ayasse et al.,
2017; Kuchinsky et al., 2014; Winn & Teece, 2021; Winn
et al., 2015; Zekveld et al., 2011).

Experiment 1 offers findings preliminary to our explora-
tion of the effects of time-compression on narrative
memory by CI users in the form of an “existence proof”
for the effects of time-compression and time-restoration,
and the further effects when the spectral richness of the
speech was reduced by noise-band vocoding.

In Experiment 2, we used the same materials and proce-
dures as employed in Experiment 1, with the exception that
the narratives would be presented without vocoding and
that the participants would be users of cochlear implants
rather than normal hearing listeners.

Experiment 2

Method

Participants. The participants in Experiment 2 were 15 CI
users, four men and 11 women, ranging in age from 28 to 78
(M = 57.33 years). Of the 15 participants, 13 had bilateral
implants. Of the two participants who had unilateral implants,
one had a profound hearing loss from 125-8,000 Hz in their
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un-implanted ear as indexed by pure tone thresholds, and one
had hearing thresholds in the moderate range at 125 Hz
sloping to severe at 500 Hz and profound at 1,000-8,000 Hz.

The CI users had a mean Shipley vocabulary score of
15.64 (SD = 1.82), which was as a group superior to that
of the normal-hearing young adults in Experiment 1, #(39)
= 3.38, p = .001. There was no significant difference
between the CI users and the normal-hearing young adults
in Experiment 1 in either mean R-Span (M = 8.38; SD =
3.30; p = .273), or mean Flanker score (M = 68.12 ms; SD
= 33.32; p = .291).

A summary of the CI users’ demographic information is
given in Table 3, ordered by participant age. The first two
columns give the participants’ age and sex, and the next three
columns give their implant information. This is followed by
the etiology of the hearing loss where known and the years of
experience with their CIs. The final two columns give partici-
pants’ percent correct CNC-30 scores and the percent correct
scores for repetition of AzBio sentences in noise.

It should be noted that the CNC-30 scores, used here as an
index of word recognition ability (Luxford, 2001), are on
average 22% lower than the more commonly used CNC
recordings (Skinner et al., 2006). We have used the
CNC-30 version because it is less likely to result in ceiling
effects, an advantage for clinical research. As is common
among CI users, there was a wide range in the effectiveness
of word recognition with CNC-30 word-recognition scores
among our sample that ranged from 20% to 69% correct.

All participants reported themselves to be in good health
with no known history of stroke, Parkinson’s disease, or
other neuropathology that might interfere with their ability
to perform the experimental task. Written informed consent
was obtained from all participants according to a protocol
approved by the Institutional Review Boards of Brandeis
University and the New York University School of Medicine.

Table 3. Cl User Demographic Information.

Stimuli and Procedures

The stimuli and procedures followed those described in
Experiment 1, with two major exceptions. The first is that
all narratives were presented without vocoding. This
increased the number of narratives that would be heard in
each condition. The second exception is that the stimuli
were presented via a sound field loudspeaker. The loud-
speaker was positioned at zero azimuth, 1 m away from the
listener. The sound level was set at 65 dB (C scale), which
was reported to be a comfortable listening level by all the par-
ticipants. Testing was conducted with the participant using
his or her everyday implant program settings.

Results

Narrative Recall. Figure 5 shows the mean percentage of
propositions recalled from the narratives when presented at
the original normal speech rate (N), when time-compressed
to 60% of the original playing time (TC), and with time-
restoration (TR), where silent pauses were inserted into the
compressed passages at clause and sentence boundaries.
(One CI user stopped after the first experimental block. For
this participant, accuracy data was based on three trials in
each condition.)

The data in Figure 5 were submitted to a linear mixed
effects model, with the same model selection and comparison
procedure as described in Experiment 1, with the exception
that the model did not include a clarity (vocoding) factor.
The outcome is given in Table 4. As expected, time compres-
sion significantly reduced recall performance relative to
normal speech rate (p < .001). A significant increase in
recall accuracy was found when time-compressed passages
were heard with time-restoration (p = .003). However, a sig-
nificant difference nevertheless remained between the recall

Years of experience

Age Sex (L/R) Electrode (L/R) Processor (L/R) Etiology CNC30 AzBION
28 F 17.77/14.01 CI24R/CI24RE N7/N7 Congenital 31% 64.24%
32 F 21.59/7.83 CI24 M/CI24RE N6/N6 Congenital 61% 75.08%
33 F 1.61/16.54 Cl632/CI24RE N7/N7 Congenital 20% 32.25%
34 F 18.63/- HiFocus 1)/- Marvel/- Waardenburg 33% 32.06%
38 M 16.66/10.35 HiFocus I)/HiFocus 1] Naida Q90/Naida Q90 Congenital 42% 65.41%
6l F 10.24/8.97 Flex24/Flex24 Rondo2/Rondo2 Unknown progressive ~ 45% 58.20%
62 F 31.59/5.24 HiFocus/HiFocus MS Harmony/Naida Q90  Unknown progressive  75% 91.70%
64 F 2.05/1.12 HiRes Ultra MS/HiRes Ultra MS  Marvel/Marvel Unknown progressive ~ 69% 87.04%
67 M 3.62/495 Flex24/Flex24 Sonnet/Sonnet Unknown progressive 45% 77.69%
68 F 14.16/8.69 CI24RE/CI24RE N7/N7 Unknown progressive  52% 73.92%
72 F 8.47/6.13 CI24RE (CA)/CI512 Kanso/Kanso Unknown progressive  38% 56.53%
72 F -/1.45 -/Cl632 -/Kanso2 Unknown progressive  66% 81.94%
75 F 4.16/9.71 Cl532/CI24RE N7/N7 Unknown progressive 57%  75.72%
76 M 3.95/1.45 Cl622/Cl632 N7/N7 Unknown progressive 38% 19.24%
78 M 13.97/25.23 HiFocus 1)/HiFocus 1) Nadia Q90/Nadia Q90 Unknown progressive 33% 46.21%
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level for the normal speech rate and the recall level in the
time-restoration condition (p < .001).

Predictors of Individual Differences in Recall. For CI users,
AzBio scores predicted overall recall performance for narra-
tives (p = .001), but CNC-30 scores did not (p = .562). None
of the ancillary tests (Shipley vocabulary, R-Span, Flanker),
nor participant age had a systematic effect on overall recall
accuracy, effects of time-compression, or effects of time-
restoration. There was, however, considerable variability
among the CI users in their degree of recovery with time-
restoration that prompted further exploration.
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Figure 5. Mean percentage of narrative content (propositions)
recalled from narratives by Cl users when the narratives were
presented at their original normal speech rate (N), when
time-compressed to 60% of their original playing time (TC) and in
the time-restoration (TR) condition in which the lost processing
time was restored by silent periods inserted at clause and
sentence boundaries. Error bars are one standard error.

Subgroup Differences in the Effect of Time-Restoration. In an
exploratory analysis, each individual’s degree of recovery
with time-restoration was calculated using the equation (TR
— TC)/(N — TC), where TR is the mean recall accuracy
when time-compressed speech was heard with time-restored,
TC is the mean recall when speech was heard with time-
compression, and N is the mean recall accuracy when
speech was heard at a normal rate. Five of the CI users
showed what may be considered to be the meaningful recov-
ery of 50% or more, and five CI users showed little or no
recovery (10% or less).

The two subgroups are shown in Table 5 along with the
three metrics that distinguished the two subgroups followed
by the three metrics that did not. The group we defined as
having meaningful recovery with time-restoration had
higher CNC30 scores, #8) = 5.57, p < .001, AzBio scores,
#(8) = 3.19, p = .006, and R-Span scores, #7) = 2.50, p =
.020, than the group that failed to show meaningful recovery,
but were not significantly different in vocabulary score, #8)
= 1.73, p = .061, Flanker score, #8) = 1.17, p = .137, or
age, #(8) = 0.93, p = .190.

Pupillometry. The pupillometry data for the CI users are
shown in Figure 6 adjusted for presentence baselines and pre-
sented as a percentage of individuals’ pupillary dynamic
range. Figure 6 shows these mean adjusted pupil sizes as par-
ticipants listened to narratives presented with the original
normal speech rate, when time-compressed, and when time-
compressed with time-restoration. These time series data are
again plotted as a percentage of the passage durations to take
into account the reduced duration of the time-compressed
passages.

Although with moment-to-moment variability, one sees
the same three features in the pupillary response for the CI
users as was observed for the normal hearing participants
in Experiment 1. First, time compression of the narratives
resulted in larger pupil dilations relative to when the passages
were heard at a normal speech rate. Second, pupil sizes were
reduced when the compressed passages were heard with
time-restoration. Third, a facilitation effect was observed in

Table 4. Log-Likelihood Model Comparisons for Linear Mixed
Effects Analysis of Cochlear Implant Users’ Narrative Recall.

Predictor X df pe
Rate 31.22 2 <0.001
AzBio 10.71 | .001
CNC30 0.34 | .562
Age 0.17 | .683
Notes:

X2 value for comparisons of each step of the model.

®Degrees of freedom for the X? test.

“Value of p reflects the significance of the change in model fit at each step of
the model.

Significant values of p indicated in bold.
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Table 5. Subgroup Differences in Effect of Time-Restoration.

Effect of restoration CNC30 AzBio Reading span Shipley Flanker Age
228% 69 87.04 10 17 52.65 64
Meaningful 100% 66 81.94 7 17 52.65 71
Recovery 61% 57 75.72 10 17 755 73
59% 75 91.7 13 17 60.18 62
50% 6l 75.08 10 17 104.43 31
9% 45 77.69 - 17 48.53 66
Little or no 6% 20 32.25 8 12 109.1 32
Recovery 6% 38 19.24 3 16 5.83 76
0% 33 32.06 6 15 17.9 34
—18% 42 6541 8 17 44.45 38
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Figure 6. Time course of mean pupil dilations adjusted to baseline and to each individual’s dynamic range while Cl users listened to
narrative passages. Data are shown for narratives that were time-compressed (red), presented at a normal speech rate (blue), and heard
with time-restoration (green). Data are transformed to represent changes in pupil size as a percentage of the passage duration. Error

ribbons are one standard error.

the form of a reduced pupillary response as the passages
proceeded.

The data shown in Figure 6 were analyzed using GAMMs
with the final model containing fixed effects of Rate (normal
rate, time-restored, time-compressed) and factor smooths
(random effects) of both participants and narratives.
Autocorrelation was calculated from an initial model and
used as an autoregressive parameter in the final model.
Inspection of the final model revealed that specifying this
parameter appropriately factored out autocorrelation

between residuals. The results of the final model are summa-
rized in Table 6.

As with the young adults, the CI users showed signifi-
cantly higher pupil sizes when listening to time-
compressed narratives relative to the narratives presented
at a normal speech rate (p < .001). The pupillary
responses for time-compressed narratives heard with
time-restoration were again not significantly different
from the pupillary responses to passages heard at a
normal rate (p = .250).
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Time Regions of Significant Differences. As in Experiment 1,
we once again note that while Table 6 displays a convenient
summary of significant effects, it is also important to examine
the specific points in time when significant differences
between conditions occurred. Figure 7 displays the difference
curves for CI users estimated by the GAMM between the
pupil traces for the passages heard with normal speech rate
subtracted from those heard with time compression
(Figure 7(A)), the pupil traces for passages heard at a
normal speech rate subtracted from the those heard with time-
restoration (Figure 7(B)), and the pupil traces for passages
heard with time-restoration subtracted from those heard
with time-compression (Figure 7(C)).

For CI users, as seen in Figure 7(A), which shows the full-
time series, the pupil size was significantly larger when par-
ticipants heard time-compressed passages compared to pas-
sages at a normal speech rate. This difference occurred for
94.04% of the passage, starting at 5.96% after stimulus
onset and continuing until the offset of the passage. In
Figure 7(B), when comparing the full-time series of pupil
dilation, pupil size was significantly larger when participants

Table 6. Generalized Additive Mixed Model Summary of Cochlear
Implant Users’ Pupillary Responses

heard passages with time-restoration than when participants
heard passages at a normal speech rate for 38.60% of the pas-
sages’ durations. This is notably different than the effect of
time-restoration seen in Table 6, where there is no significant
difference when the full-time series is not considered. The
significant differences occurred in three time windows from
497% to 17.84%, 36.67% to 41.60%, and 45.56% to
64.36% of the passages’ durations. Finally, it can be seen
in Figure 7(C) that pupil size was larger for passages heard
with time-compression compared to passages heard with
time-restoration for 79.19% of the passages’ durations, in
two time windows from 11.90% to 51.49% and 60.40% to
100% of the passages’ durations.

General Discussion

For both normal-hearing young adults in Experiment 1, and
CI users in Experiment 2, the detrimental effects of time-
compression on recall were rescued, albeit to variable
degrees, by the insertion of silent periods at linguistically
salient points in the time-compressed narratives. Because in
the time-restoration condition, the speech itself remained
time-compressed, the improved recall can be attributed to
allowing listeners’ processing additional time to “catch up”
with the input rather than affecting the clarity of the signal

Parametric coefficients Estimate SE t-Value  p-Value
itself.
Intercept (normal rate)  3.79 125 3.03 002 It has been shown in prior research that restoration of the
Time-restored 0.67 058 .15 250 Lrocessing time lost due to time compression is most effec-
Time-compressed 270 058 4.64 <.001 . . . . .
tive when silent periods are added at points corresponding
A Time-Compressed B Time-Restored c Time-Compressed
’ - Normal Rate ’ - Normal Rate " -Time-Restored
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Figure 7. Generalized additive mixed model predicted difference curves of adjusted pupillary responses when Cl users listened to
narrative passages. The top panels show contrasts in predicted pupil size between conditions of time-compression versus normal rate (A),
time-restored versus normal rate (B), and time-compressed versus time-restored (C). A higher estimated difference is an indication of the
greater difference between compared conditions, with regions highlighted in red indicating time points where there is a statistically

significant difference. Shaded ribbons are 95% confidence intervals.
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to major linguistic constituents (Wingfield et al., 1999). This
was done in the present study. The effectiveness of this place-
ment would be expected to the extent that major linguistic
constituents (major clause and sentence boundaries) are pre-
sumed to be natural processing points for connected dis-
course (Ferreira & Anes, 1994). By contrast, adding time
by uniformly expanding the duration of the speech signal
that includes stretching out the duration of individual
words, has failed to show a significant improvement in
speech intelligibility (Winn & Teece, 2021), while other
studies have found a trend toward poorer recall performance
relative to speech presented at a normal speech rate (cf., Ji
et al.,, 2013; Schmitt, 1983; Scmitt & McCroskey, 1981;
Scmitt & Moore, 1989). That is, how one offers the listener
extra processing time is important to its effectiveness.

For normal-hearing young adults, pauses inserted strategi-
cally in rapid speech rescues the listener from the detrimental
effect of rapid speaking rate, with that benefit diminishing as
the signal gets poorer and poorer. The recall decrement
resulting from time compression was fully reversed in the
time-restoration condition for clear speech, and nearly so
when the speech was heard with 10-channel vocoding.
These cases reflect the expectations for a resource-limited
process. That is, in both cases there was sufficient sensory
information available to the listener to allow an effective allo-
cation of processing resources, along with the presence of
periodic silent intervals during which no new information
was arriving, to yield a level of recall approximating that
observed for noncompressed speech.

A different case was observed for the normal-hearing lis-
teners with 6-channel vocoding and for the group effect for
the CI users. Both showed roughly a 20% drop in recall accu-
racy from baseline with time-compression and a significant
but modest 5-10% recovery when the lost processing time
was strategically restored. In both cases, the shift from a
resource-limited process to a data-limited process was
approached but not completely reached. Conceptually, this
would imply that the reduced sensory information due to
the loss of acoustic richness when time-compression was
combined with 6-channel vocoding created a situation
approaching the data-limited end of the resource-limited—
data limited continuum.

It is interesting to note the similar level of relative recov-
ery with time-restoration for CI users and the normal-hearing
listeners with 6-channel vocoding in view of the equivalent
of four to eight channels available to many CI users
(Karoui et al., 2019). It should also be noted, however, that
the overall level of recall performance by CI users with
their everyday implant program settings was lower than
that observed for normal hearing listeners with a 6-channel
vocoder simulation. Consistent with this finding is the possi-
bility raised by O’Neill et al. (2019) that vocoder simulations
with normal-hearing listeners may underestimate the degree
of degradation in the CI signal. As these authors suggest,
such degradation need not be uniform. This lack of

uniformity could occur with unevenness in spectral resolu-
tion along the length of the cochlea due to unevenness in
neural survival, quality of the electrode-neural interface
across the electrode array, or both. (O’Neill et al., 2019). In
this regard, it can also be argued that valid acoustic models
of sound perception by CI users should incorporate individ-
ual amounts of frequency mismatch between the analysis
filters and the output noise bands or tones (Svirsky et al.,
2021). This was not done in the present study.

It is well-recognized that, due to factors such as electrode
placement, current spread, neural survival, duration of CI
experience, and other factors, variability is a virtual hallmark
of outcome performance among adult CI users (e.g., Bierer,
2010; Lenarz et al., 2012; Mahmoud & Ruckenstein, 2014).

This outcome variability may well have overwhelmed the
potential effects that participant age, vocabulary, or executive
function, as measured by flanker scores, might have had on
the effectiveness of time restoration. This is especially
notable given the wide age range among the CI users in
our sample and the important role adult aging is known to
play in a range of speech comprehension domains (see
Gordon-Salant et al., 2020 for a review).

One aspect of this variability was illustrated by the appear-
ance of a subset of CI users who showed meaningful recov-
ery with time-restoration, and a subset that did not. As we
saw, these two subgroups were distinguished by both percep-
tual and cognitive factors. Specifically, those CI users with
better word recognition ability, as indexed by repetition accu-
racy for CNC-30 words and AzBio sentences, and better
working memory capacity, as indexed by R-Span scores,
showed better recovery from the detrimental effects of time
compression when given added processing time in the time-
restoration condition than those that did not.

As noted, pupillometry has seen wide use as a measure of
relative processing effort in a range of speech and
problem-solving tasks (e.g., Van der Wel & Steenbergen,
2018; Zekveld et al., 2018). In the present case, the TEPR
offered objective physiological evidence of greater effort
being allocated to the task when the speech input was very
rapid due to time compression, and reduced processing
effort when the task was made more manageable with the
insertion of silent periods at salient points in the passages
that allowed the listener additional processing time. The
GAMM visualizations revealed that for CI users, complete
recovery of processing effort did not appear until later in
the passage than was the case for normal hearing young
adults. This implies that the effortful demand associated
with rapid speech, combined with the spectrally impover-
ished signal of the CI, delayed the point at which strategic
pauses completely relieved CI users from the effort of listen-
ing to time-compressed speech.

The general decline in pupil size across the duration of a
passage was seen for both the normal-hearing young adults
and the CI users. For the normal hearing young adults in
the normal rate and time-restored conditions within the
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clear speech and the 10-channel vocoding conditions, this
decline resulted in pupil size returning to baseline levels. It
is interesting to note that within the 6-channel condition
for the normal hearing young adults and for the CI users,
the pupil size for the normal rate and time-restored condi-
tion does not entirely return to baseline by the end of the
passage. It is possible that the perceptual challenge repre-
sented in these two cases resulted in participants continu-
ing to show a level of effortful processing for a longer
period.

Conclusion

The compression-restoration paradigm could be seen as
modeling communication in real-world discourse where
speech is often rapid and presented without interruption,
potentially overloading the listener. In this regard, there
is increasing interest in the medical literature on the detri-
mental effect of rapid speech on healthcare providers’
communication with patients, and especially for communi-
cation with patients unfamiliar with medical terms and
procedures (Rainey et al., 2022). One would expect such
effects to be exacerbated when dealing with individuals
with hearing loss, or as in the present case, those who
hear using a cochlear implant.

Extrapolating from the present findings to everyday com-
munication would encourage healthcare providers, and
others, to be mindful of the limitations of human processing
rates and the further decrements to recall of information when
processing the speech requires extra effort.

Numerous studies have shown that factors such as eye
contact can be used by a listener to signal a speaker to
pause in order for the listener to ask a question or to gain
time to process what has been heard (see Degutyte &
Astell, 2021, for a review). A more direct method for meter-
ing the rate of information, however, is for the speaker to
intentionally pause at critical processing points as they
deliver information. In the present case, pauses were inserted
after clauses and sentences within a narrative. Translated into
everyday listening, our present results would encourage con-
versation partners to pause at strategic processing points,
such as extra time between statements or communicative
topics, to allow processing and memory consolidation
before proceeding to a subsequent point.

As we have seen, some CI users might not show a mean-
ingful benefit from a speaker pausing within rapid speech.
Although this list is not exhaustive, the present data
suggest that CI users’ ability to make use of this extra
time is influenced by the postimplantation perceptual
outcome, and also by participants’ working memory
capacity (see Pisoni, 2000, for a discussion of cognitive
factors in CI outcomes). These results emphasize the
importance of sensory-cognitive interactions in individual
tailoring of amelioration tactics for communication
beyond the single sentence level.
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Appendix A

Examples of Levels of Recall Accuracy

Original Narrative:

Joseph was a 19-year-old student from the University of
Southern California who had never been to Europe. He was
very excited because he had family in Scotland. He was
offered a full-time summer job looking after the displays of
jewels and crowns at Edinburgh Castle. He took history
books out of the library but found he learned more from conver-
sations with his coworkers than he did from reading the books.

Participant Responses

64.1% of propositions recalled:

Joseph was a 19-year-old student at the University of
Southern California, and he had never been to Europe but
he was excited to go because he had family in Scotland
and he got a summer job working with jewels and crowns
in the castle in Edinburgh and he got history books and he
felt like he learned more in his conversations with coworkers
than the books.

41.0% of propositions recalled:

Peter was a 19-year-old student from the University of
Southern California who had never been to Europe. He was
excited to go because he had family in Scotland. He went
to Scotland, and he talked with his coworkers.

15.4% of propositions recalled:

A college student is going to Europe for the first time. His
family’s in Scotland. He was offered a summer job involving
tombs and a castle. And then I did not catch the rest of it.
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