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This study examines listening effort, as indexed by pupil dilation, needed for processing

foreign-accented speech that varies in intelligibility. Previous research has shown that

the magnitude of pupil dilation is influenced by various factors, crucially the amount

of noise added to speech. However, the method has not yet been used to examine

foreign-accented speech. Here, we determine if the full range of foreign accent

intelligibility induces a similar increase in cognitive processing effort as that seen for

speech in noise. Further, we examine whether listener experience with the accent

mitigates this increase in cognitive effort. The results indicate that as speech becomes

less intelligible due to accent, pupil dilation increases. Additionally, experience not

only reduces the overall magnitude of pupil dilation, it shifts the threshold at which

decreased intelligibility begins to incur additional processing effort. We discuss the

present results in terms of listening effort when processing spoken variability. The present

study establishes pupillometry as an informative method for investigating the processing

demands associated with foreign-accented speech.
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INTRODUCTION

With recent increases in global travel and immigration, interactions with foreign-accented speakers
has become a part of the everyday experience of many language users. Foreign-accented speech
is highly variable and can lead to differences in the intelligibility of the message intended
by non-native speakers (see Bradlow and Bent, 2008). However, despite the challenges, native
listeners can accommodate this variability, generally understanding what their conversation
partner is attempting to communicate. While this may initially require additional effort and
concentration, comprehension can improve over time (see Bradlow and Bent, 2008). Because
effective communication relies on successful comprehension, it is important to understand how
accented speech is processed and ultimately understood by listeners. In this study, we use pupil
dilation as a measure of the listening effort associated with cognitive processing load to examine
how varying intelligibility—due to foreign accentedness—influences the extent and time-course
of processing. We further examine how the amount of experience listeners have interacting with
non-native speakers also influences processing.

Significant research has been conducted in the area of accented speech processing (see Cristia
et al., 2012, for a general overview). That body of research has repeatedly demonstrated that
the presence of a foreign accent generally leads to a disruption in processing, which has been
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observed in both offline processing (i.e., transcription accuracy,
see, for example, Bradlow and Bent, 2008) and online processing,
including reaction time and eye-tracking (see, for example,
Floccia et al., 2009; Porretta et al., 2016), and EEG (see,
for example, Hanulíková et al., 2012; Porretta et al., 2017).
Importantly, the observed processing costs associated with non-
native speech appear to depend on the strength of the accent (see
Porretta et al., 2016 for an example using accentedness ratings;
Witteman et al., 2013, for an example using vowel substitutions).
While processing costs have been repeatedly demonstrated, the
precise nature of these costs is still not fully understood. However,
recent work has indicated that these processing costs may be
due to the underlying dynamics of lexical competition; namely,
increased accentedness leads to strong and diffuse activation
throughout the lexicon which requires more processing time
and effort to resolve the additional competition among words
(Porretta and Kyröläinen, 2019).

Despite the processing challenges introduced by foreign-
accented speech, both rapid, talker-specific adaptation (Clarke
and Garrett, 2004) and gradual, talker-independent adaptation
(Bradlow and Bent, 2008) have been shown using online
and offline measures. For example, in a cross-modal word
verification task—in which reaction time was measured for
decisions assessing if a written word matched the final word of
an auditory sentence—Clarke and Garrett (2004) showed that
participants adapted to a new accent in 2–4 sentences, indicating
rapid adaptation to one specific accented talker. Further, Bradlow
and Bent (2008) showed that transcription accuracy to a new
talker improved if participants had previously been exposed to
multiple other talkers of the same accent, suggesting a more
generalized adaptation to the accent more broadly, rather than
to the specific talker (see Kleinschmidt and Jaeger, 2015, for
discussion on generalized adaptation). These studies suggest the
importance of listener experience with the accent in question,
which has been further investigated using online measures (see
Witteman et al., 2013; Porretta et al., 2016).

In both cross-modal identity priming and visual world
paradigm eye-tracking to native- and Chinese-accented English,
Porretta et al. (2016) showed a significant interaction between
gradient foreign accentedness and listener experience interacting
with Chinese-accented speakers. With regard to reaction times
in the cross-modal identity priming task, stronger accentedness
of the auditory prime led to longer reaction times to the
written form of the word, indicating that greater accentedness
reduced the effectiveness of the prime. Further, regarding looking
behavior in the visual world paradigm eye-tracking task, the
likelihood of fixating the written form of the word, decreased as
accentedness of the auditory token increased, further indicating
that accent strength influences certainty within the word
recognition process. Both of those patterns interacted with
the amount of experience listeners had with Chinese-accented
speakers. Specifically, reaction times decreased for listeners with
more experience, and likelihood of fixating the written word
increased for listeners with greater experience.

Foreign-accents have been likened to a type of noise imposed
on the speech stream (see Goslin et al., 2012), because
listeners must still perceive sufficient cues in the signal in

order to understand the intended message. Research on speech
comprehension has shown that the presence of various types of
noise (both energetic, in which the mask causes the nature of
the target signal to become imperceptible, and informational, in
which the mask competes with the target signal) generally leads
to diminished intelligibility (see, for example, Sumby and Pollack,
1954). Intelligibility is one way of norming samples of speech
(including non-native speech) by calculating the likelihood
that the intended message will be understood correctly. As
indicated by Munro and Derwing (1995b), while intelligibility
and accentedness are related and partially correlated dimensions
of foreign-accented speech, they are not one and the same. Using
a transcription task, Porretta and Tucker (2015) underscored the
partially independent relationship of these two dimensions. In
that study they found that the relationship between intelligibility
and accentedness is nonlinear, such that intelligibility decreases
at a faster rate at higher levels of accentedness. While foreign-
accented speech has been shown to influence both intelligibility
and processing speed, it is unclear how it is related to the
amount of effort listeners must exert in order to process
non-native speech.

Previous research on foreign-accented speech has used
both offline measures (e.g., transcriptions, ratings) and online
measures (e.g., reaction times, eye-tracking, and EEG). These
measures all provide interesting perspectives on the processing
of foreign-accented speech. Relatively recently, pupillometry—
the measurement of pupil dilation—has been employed as
a measure of cognitive processing associated with spoken
language comprehension. Specifically, pupil dilation represents
a physiological correlate of cognitive load which allows for
a measurement of cognitive effort during spoken language
processing that does not depend on a behavioral response (see
Mathôt, 2018, for overview). To the best of our knowledge,
pupillometry has not yet been applied to the study of foreign-
accented speech processing. Applying pupil dilation to accented
speech allows us to gain insight into the magnitude and duration
of the cognitive load incurred during processing which, in
behavioral studies (e.g., Floccia et al., 2009; Porretta et al., 2016),
has been shown to manifest as pervasive processing cost. In
particular, the present study applies pupillometry to address
questions regarding the extent to which a foreign accent impacts
the amount of effort listeners must exert in order to understand
non-native speech, and if (and how) challenges related to
understanding this naturally occurring form of variability can be
overcome through daily life experience.

Cognitive load is generally defined as the extent to which task
demands consume available resources for successful completion
of the task (Pichora-Fuller et al., 2016). The pupil is commonly
known to constrict and dilate with changes in luminance.
However, early work in the cognitive domain showed that
dilation can measure emotional arousal (Hess and Polt, 1960;
Hess et al., 1965; Fitzgerald, 1968; Beatty, 1982). This work
was later extended to show that small changes (<1mm) in
dilation also reflect changes in cognitive processing (Beatty
and Lucero-Wagoner, 2000; Kafkas and Montaldi, 2012). This
pupillary response is believed to be related to neural activity in
the locus coeruleus (Kahneman and Beatty, 1966; Kahneman,
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1973). This structure, located in the brainstem, controls part
of the central nervous system and plays an important role in
attentional processes (Laeng et al., 2012). The response is linked
to two distinct modes of activity: tonic and phasic. Tonic (or
baseline) dilation is slow-changing and is related to general
state of arousal or vigilance. Phasic (or event-related) dilation
is fast-changing and is related to the processing of task relevant
events and stimuli. Generally, this time-locked, stimulus-related
phasic response is the variable of interest in psycholinguistic
studies. This is typically measured using peak dilation amplitude
(maximal dilation value within a given time window), peak
latency (the time point of the maximum dilation within a given
time window), and mean pupil dilation (average dilation within
a given window).

With regard to language processing, pupillary response is
sensitive to a host of linguistic variables. Kuchinke et al. (2007)
showed that pupillary response varies with lexical frequency such
that peak dilation is greater for low frequency words than for
high frequency words. Pupillary response is also sensitive to
temporary syntactic ambiguity; Engelhardt et al. (2010) showed
that when prosodic structure conflicts with syntactic structure,
pupil dilation increases, and this is modulated by the presence
of a visual context which is either consistent or inconsistent with
the correct interpretation. The results of those studies indicate
that aspects of language influence the allocation of processing
resources and that pupil dilation can index processing load
and effort.

It has been shown that pupillary response is larger for auditory
stimuli than for visual stimuli (Klingner et al., 2011), and more
specifically, pupil dilation can be used to measure cognitive
processing load for speech perception (Beatty, 1982). Pertinent
to the present research questions, pupillary response has been
shown to change with listening effort (see Winn et al., 2018, for
discussion on the application of pupillometry to the study of
listening effort). These changes have been shown to be systematic
and relate to the intelligibility of speech in noise (Zekveld
et al., 2010; Kramer et al., 2013; Zekveld and Kramer, 2014).
Specifically, peak dilation amplitude, peak latency, and mean
pupil dilation all increase as noise reduces intelligibility. This
indicates that the presence and intensity of noise leads to greater
listening effort. It should be noted that this type of noise can be
characterized as signal degradation related to listening condition.

As pointed out by Van Engen and McLaughlin (2018),
currently, little-to-no research has been done examining the use
of pupillometry to study talker-related challenges (e.g., accented
speech) in speech recognition. However, one study has examined
pupil dilation in response to native speaker mispronunciations.
Tamási et al. (2017) showed that pupillary response in 30-month-
old children changes with the detection of mispronunciations.
In their study, pictures of objects were followed by a spoken
word which was manipulated for the number of articulatory
feature changed in the word-initial consonant. For example, the
word baby was paired with three mispronunciations: daby (1
feature change), faby (2 feature changes), and shaby (3 feature
changes). The results showed that mispronounced words elicit a
larger dilation than correct forms and this dilation increased for
mispronunciations that were more distant from the correct form.

Lastly, pupil dilation in response to linguistic stimuli may
also reflect individual differences. Lõo et al. (2016) showed that
pupil dilation during a word naming task reflects individual
differences in the frequency effect among participants. In that
study, variation was found in both the magnitude and the
direction of dilation, suggesting that subjects engaged differently
with the task. In a listening task, Zekveld and Kramer (2014)
found that individual differences in text reception threshold
influenced pupil dilation to spoken stimuli in noise. Specifically,
they found that participants who were better at understanding
text presented with a visual mask displayed greater dilation. The
authors suggested that participants who performed better on the
text reception put inmore effort, which was then reflected in their
pupillary response.

In summary, foreign accent can be described as a type
of signal-intrinsic noise, i.e., variability in the signal that is
attributable to the speaker, and likely requires increased listening
effort. Because of this, accented speech must also be considered
within a framework of listening effort, as pointed out by Van
Engen and Peelle (2014). Pupillary response has been shown to
provide an objective physiological measure of online cognitive
processing during listening and has, at least for speech in noise,
been shown to reflect listening effort (Zekveld andKramer, 2014).
Given that non-native speech has been likened to speech in noise,
pupillometry may provide an informative means for studying
the cognitive load and listening effort induced by foreign-
accented speech, as suggested by Van Engen and McLaughlin
(2018). To the best of our knowledge, this is the first study to
apply this method to the study of non-native speech. Further,
given that experience with foreign-accented speech has been
shown to influence behavioral and electrophysiological measures
of processing, and that individual differences may also be
indexed by pupil dilation, pupillometry may provide a window
into how linguistic experience influences cognitive load and
listening effort.

These points taken together lead to our primary research
question: Does pupillary response to Chinese-accented speech
correspond to previous work examining the processing
load induced by reduced intelligibility due to noise? If the
listening effort required for foreign-accented speech of varying
intelligibility coincides with that required for speech in noise, we
expect that as intelligibility falls, pupil dilation will increase. As
noted by Zekveld and Kramer (2014), it may be that at very low
levels of intelligibility, pupil dilation may diminish, reflecting
an overload in which processing demands exceed the available
resources. To test this we employ a listen-and-repeat task (similar
to that of Zekveld et al., 2010 and Zekveld and Kramer, 2014),
in which participants hear a token and must repeat the word
they heard. This task provides a simple way for listeners to focus
on the stimulus while attempting to comprehend it, in order
to ensure that the pupil dilation corresponds to the processing
associated with listening effort.

Subsequent to the first question, we ask: Is the observed
pattern influenced by experience with the accent in question? If
listeners with greater experience with the accent are better able
to decode the signal, thus requiring less effort, we expect that
as experience increases, the overall effect of intelligibility will be
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reduced. Additionally, if cognitive overload is reflected in pupil
dilation, this may be reflected only in participants with the least
amount of experience. Tomeasure experience we ask participants
to report the frequency with which they interact with non-native
speakers and, more specifically, speakers with a Chinese accent.

With regard to both intelligibility and listener experience, we
also examine the time course of the pupillary response. Therefore,
we further ask if the time course of pupil dilation—rather than
simply peak dilation or peak latency—is modulated by both
intelligibility and listener experience. If reduced intelligibility
requires additional processing time, we expect that listening
effort (as indexed by pupil dilation) will be sustained relative to
fully intelligible speech (as measured by transcription accuracy),
following the peak of dilation. However, if listener experience
attenuates peak pupil dilation, we also expect that the pattern
of sustained dilation will be reduced for listeners with greater
experience, indicating reduced listening effort later in time.
To address these questions we present a pupil dilation study
using foreign-accented speech which has been normed for
intelligibility. As a part of this, we assess the amount of experience
listeners have interacting with non-native speakers.

METHODOLOGY

Participants
Eighty-five native speakers of North American English (65
female) were recruited from the University of Alberta
Department of Linguistics participant pool and ranged in
age from 17 to 42 years old (M = 20.01, SD= 3.80). All reported
having normal hearing. All participants provided written
informed consent in accordance with study approval by the
Research Ethics Board at the University of Alberta.

Stimuli
The auditory stimuli used here were a subset of those used by
Porretta et al. (2015) and Porretta and Tucker (2015). These
consisted of 40 monosyllabic English words retrieved from the
NUWildcat Corpus of native- and foreign-accented English (Van
Engen et al., 2010). This subset contained 5 talkers (1 male native
English speaker and 4 male native Mandarin Chinese speakers),
sampled to reflect the characteristics of the larger group in
terms of the distribution of both accentedness and intelligibility.
The items included in the present study (n = 200) had mean
intelligibility scores ranging from zero to one (M = 0.72,
SD = 0.33) and mean accentedness ratings ranging from 1.03 to
8.73 (M = 4.51, SD = 1.87), on a scale from one (completely
native) to nine (completely non-native). Five counterbalanced
lists were created to ensure that lexical items were not repeated,
while still guaranteeing that each participant would hear words
spoken by each talker. Specifically, each participant heard a total
of 40 words, eight from each talker. Stimuli were blocked by
talker and the presentation of these blocks was randomized.
Further, items within blocks were presented in a random order.

Procedure
A listen-and-repeat task, similar to the one used by Zekveld et al.
(2010), was employed here. Stimuli were presented using SR

Research Experiment Builder (version 1.10.165) via ER-1 insert
earphones (Etymotic Research, Inc.), with gaze and pupil data
time-locked to the onset of the auditory stimulus. Gaze location
and pupil size were sampled at 250Hz, using an Eyelink II
head-mounted eye-tracker (SR Research Ltd.) Prior to beginning
the experiment, the system was calibrated to the participants’
right eye using a 9-point calibration procedure. A head-mounted
Countryman microphone and Korg digital recorder were used to
record participants’ repetitions.

Participants completed the task in a quiet, windowless room
seated in front of a 23-inch LCD computer monitor. Written
instructions were provided along with three practice items (from
the Native English talker) for familiarization with the task. Prior
to each trial, a drift correction was performed. A black fixation
cross was displayed on a gray background prior to the onset of
the auditory stimulus and remained on screen for the duration
of the trial. Following the offset of the auditory stimulus there
was a pause of 2,500ms to allow the pupil dilation to subside.
A 500ms beep then prompted the participant to repeat the
word. After the experiment, participants responded to a brief
language experience questionnaire—identical to the one used by
Porretta et al. (2016)—which was designed to gather information
regarding participants’ interactions with non-native (specifically
Chinese-accented) speakers.

Dependent Variable
The sample data were exported using SR Research Data Viewer
(version 2.2.1), relative to the onset of the auditory stimulus, and
were further processed in the statistical environment R, version
3.3.3 (R Development Core Team, 2018) using the package
PupilPre, version 0.5.0 (Kyröläinen et al., in preparation). Blinks
in the pupillary data were first cleaned semi-automatically in
100ms windows around marked blinks by removing data points
in which the participant was entering or exiting a blink. These
semi-cleaned data were then manually checked and remaining
blink artifacts were cleaned by hand. Trials with more than 20%
missing data due to blinks were removed, resulting in the loss of
6.26% of the data set. The data were then downsampled to a rate
of 25Hz and the dilation was baseline normalized (individually
by trial) using the average of the 500ms preceding the onset of the
stimulus. Figure 1 shows the average pupil dilation, displaying a
typical phasic pupil dilation in response to the auditory stimulus
(see Beatty, 1982). These preprocessed pupil dilation data were
taken as the dependent variable of interest.

Independent Variables
The primary variables of interest were intelligibility and listener
experience. As stated above, the intelligibility scores of the
auditory stimuli relate to the mean intelligibility of each token
and were obtained from Porretta and Tucker (2015). In that
study, mean intelligibility was calculated by taking the average of
transcription accuracy; that is, word transcriptions were scored
as correct (1) or incorrect (0), and this was averaged by token
across respondents1. Listener experience was evaluated using

1The verbal responses from the participants in the present study were coded for

accuracy by the first author and averaged by token across participants. These
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FIGURE 1 | Time-course of pupil dilation. Zero ms represents onset of the auditory stimulus. Shaded bands represent 95% simultaneous confidence intervals. Vertical

lines at 200 and 2,000ms indicate the subsequent analysis window.

participant responses to the language experience questionnaire,
following Porretta et al. (2016). Specifically, the answers to two
questions—“On a weekly basis, how often do you interact with
non-native speakers of English?” and “What percentage of those
interactions include speakers with a Chinese accent?”—were
used to calculate a composite score, representing the amount of
experience interacting with Chinese-accented speakers on a scale
from zero to 100. The measure (0–100, M = 22.08, SD = 27.92)
contained a right skew. Therefore, as in Porretta et al. (2016), a
log transformation was employed with a constant of one added
prior to the transformation to accommodate zero values (0–
4.62, M = 2.09, SD = 1.67). As the time course of processing
was of critical interest, time (in milliseconds) was included as
a covariate. A window from 200 to 2,000ms was selected for
analysis. Two hundred milliseconds is the point at which the
pupil can begin to respond to auditory stimuli (see Aston-Jones
and Cohen, 2005). Two thousand milliseconds was chosen based
on visual inspection of the results and it was deemed sufficiently
long to capture the decline of the dilation after the peak while still
temporally preceding the response prompt.

Additionally, control variables were included, namely, list
(with five levels), trial, log frequency of the item (obtained
from the Corpus of Contemporary American English, COCA,
Davies, 2008), gaze coordinates, and baseline dilation. While the
lists were fully counterbalanced, list was included to control for
the possibility of differences among the lists. Trial order was
included to control for possible habituation to the task. Log word
frequency was included to account for any differences in lexical
frequency (see Kuchinke et al., 2007). Gaze coordinates (X and
Y positions on the screen) were included to account for changes
in recorded pupil size due solely to eye gaze relative to the eye-
tracking camera. The baseline dilation of each trial was included
to control for differential dilation, as high baseline values restrict
the upper limit of dilation during the trial and may be related to
decreased phasic response (see Aston-Jones and Cohen, 2005).

Statistical Considerations
To investigate processing load incurred by varying foreign accent
intelligibility, baseline-normalized pupil dilation (200–2,000ms)

intelligibility scores were highly correlated, r(198) = 0.85, p < 0.001) with those

from Porretta and Tucker (2015).

was modeled using Generalized Additive MixedModeling (mgcv,
version 1.8–17, Wood, 2018) in R. Generalized Additive Mixed
Modeling provides a straightforward and robust framework for
modeling possible nonlinear effects along continuous variables
while also allowing for the inclusion random-effect structure.
This method has been employed in modeling the time course
pupillometric data (van Rij, forthcoming; Lõo et al., 2016).
The input variables described above were fitted to the response
variable with by-subject and by-item factor smooths for time as
well as by-event random intercepts. Factor smooths allow for
the shape of the average time-course to vary by participant and
item. Random intercepts for event (the combination of subject
and trial, indexing each unique time-series) allow each unique
time-course to have its own intercept in the model. List was
included as a parametric component. For log frequency, trial, and
baseline value, nonlinear functional relations with the response
variable were allowed using smooth functions (Wood, 2006;
Baayen, 2010). The interaction of X and Y gaze coordinates was
included using an isometric smooth interaction. Intelligibility,
time and experience were included as a three-way interaction
using a tensor product. Additionally, as autocorrelation in the
time-series data can lead to overconfidence of model estimates
(Baayen et al., 2018), an AR-1 correlation parameter, ρ = 0.937,
estimated from the data, was included.

The model was fit using a backwards step-wise elimination
procedure (Zuur et al., 2009). The inclusion of predictors in the
model was evaluated using two criteria. The first criterion was
the estimated p-value of the smoothing parameter or parametric
component. The second criterion was Maximum Likelihood
(ML) score comparison of model variants. Through this process,
only list was eliminated from the model. This model was refitted
for data within ±2.5 standard deviations of the residuals of the
model−2.40% removed, 3,524 data points—(see Baayen, 2008).

RESULTS

The final model accounted for 77.80% of deviance explained,
indicating that the model was able to capture important
facets of variation in pupil dilation over time. The estimated
parameters of the final model are found in Table 1. After
controlling for frequency of the word, trial, baseline dilation, and
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gaze coordinates, there was a significant three-way interaction
between time, intelligibility, and experience. Here we focus on
this interaction, however, the significant effects of the control
variables are presented in the Appendix.

Figure 2 displays the effect of the three-way interaction on
pupil dilation. In order to best characterize the central aspects
of this interaction for the purposes of the present study, it is
presented as a multi-panel plot showing the contour surfaces
of predicted pupil dilation across time and intelligibility at four
values of experience, namely the minimum, first tercile, second
tercile, and maximum. In the visualization, dark blue/purple
indicate smaller dilation while yellow/white indicate larger
dilation. The contour lines represent the model-predicted pupil
dilation values. Readily noticeable in all four plots is that,
as time progressed, pupil dilation increased. Two important
aspects of the dilation are also visible in each plot. First, as
intelligibility decreased, pupil dilation increased. For example,
looking between 1,000 and 2,000ms in each plot, a clear
increase in dilation occurred as the intelligibility of the stimulus
decreased. Second, the duration of the dilation tended to persist
longer for low intelligibility stimuli. Following the full time-
course for high intelligibility items (near 1 on the y-axis), the
dilation rises and then falls, as indicated by the values on
the contour lines which increase and then decrease as time
progresses. By comparison, the dilation rises and stays large for
the time-course for low intelligibility items (near 0 in the y-axis).

Also noticeable is that the patterns of dilation related to
intelligibility were not uniform across the values of listener
experience. Compare, for example, the minimum and maximum
experience plots after 1,000ms. The shape of the effect appears
very different, particularly along intelligibility. In the minimum
experience plot, this increase in pupil dilation began to increase
as soon as intelligibility began to drop. However, in themaximum
experience plot, the increase in pupil dilation was slight until

TABLE 1 | Generalized additive mixed model reporting parametric coefficient and

Estimated degrees of Freedom (Edf ), Reference Degrees of Freedom (Ref.df ), F,

and p-Values for the Tensor Product, Smooth Terms, and Random Effects for the

Final Model.

Estimate SE t-value p-value

PARAMETRIC COEFFICIENTS

Intercept 0.09 0.02 4.98 <0.0001

Edf Ref.df F value p value

SMOOTH TERMS

Tensor product: time,

intelligibility, and experience

88.80 96.61 9.40 <0.0001

Smooth: frequency 2.99 3.03 5.30 0.0011

Smooth: trial 7.74 7.81 67.02 <0.0001

Smooth: baseline 8.23 8.28 172.49 <0.0001

Smooth: X, Y 28.26 28.90 91.15 <0.0001

Random effect: subjects over

time

708.40 763.00 337.40 <0.0001

Random effect: items over time 1397.56 1797.00 21.93 <0.0001

Random effect: events 2749.57 3180.00 11.64 <0.0001

intelligibility was at its lowest values. Examining the plots for
experience values in between the two extremes, this effect was
gradual, with the threshold for the increase of pupil dilation
slowly shifting down the intelligibility continuum.

To examine more closely aspects of this three-way interaction
we present Figures 3, 4. Each makes post-hoc comparisons
based on predicted values from the model indicating differences
between curves presented with 95% confidence intervals. The
difference between the estimated curves is statistically significant
when the curves do not lie within each other’s confidence
intervals. Figure 3 presents the effect of intelligibility by
experience. Specifically, it presents the difference between
minimum and maximum experience at three values of
intelligibility, namely, zero, 0.5, and one. As can be seen in
the middle panel (when intelligibility is 0.5), the difference
is significant from ∼1,000–1,400ms, i.e., the span of time
capturing the average peak dilation of the data. Figure 4 presents
the effect of experience by intelligibility. That is, it presents the
difference between items that were fully intelligible (i.e., when
intelligibility is one) and completely unintelligible (i.e., when
intelligibility is zero) for both minimum experience listeners
and maximum experience listeners. In the maximum experience
panel, a significant difference arose starting at ∼1400ms. Taken
together, the results indicate that the shape of the time-course
of pupil dilation depends both on an item’s overall intelligibility
and the experience of the listener.

DISCUSSION

The present study examined the pupillary response elicited
during the comprehension of spoken words that varied in
intelligibility due to foreign accentedness. Based on work
examining speech in noise (see Zekveld et al., 2010; Kramer
et al., 2013; Zekveld and Kramer, 2014), we predicted that
as intelligibility decreases, processing load, as indexed by
pupil dilation would increase. Additionally, we asked whether
individual differences—in listener experience interacting with
speakers with a Chinese accent—would modulate any effect of
intelligibility on pupil dilation. Given previous work showing
the influence of listener experience on other measures of online
processing (see Witteman et al., 2013; Porretta et al., 2016, 2017),
we predicted that greater reported accent experience would
modulate the effect of intelligibility.

The analysis of the pupil dilation data indicated that as
foreign-accent related intelligibility began to fall, pupil dilation
increased in a gradual pattern. This indicates that the processing
load related to listening effort increased as it became more
difficult to understand non-native talkers. Importantly, this
mirrors the results obtained for speech in noise. Zekveld and
Kramer (2014) found a similar effect in which pupil dilation
increases as more noise was added to the speech signal. Zekveld
and Kramer (2014) anticipated reduced dilation for speech in the
greatest amount of noise, based on previous research (Granholm
et al., 1996) suggesting that in conditions of cognitive overload,
the pupil would not respond. This was not the case in Zekveld
and Kramer’s study; nor was it the case here. Instead, it seems
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FIGURE 2 | Contour plots of the interaction between intelligibility and time at different values of experience. The plots presented represent experience at the minimum

value, the first tercile, the second tercile, and the maximum value. Dark blue/purple indicate smaller dilation while yellow/white indicate larger dilation. The contour lines

represent pupil dilation values predicted by the model.

FIGURE 3 | Time-course plots of pupil dilation values predicted by the model at three values of intelligibility (0, 0.5, and 1), each comparing minimum experience and

maximum experience. Shaded bands indicate 95% confidence intervals.

that the listeners always attempt to process the speech regardless
of difficulty.

Additionally, the present results suggest that the duration of
the dilation also increases as intelligibility falls. Therefore, not
only does themagnitude of listening effort increase, but this effort
appears to be sustained in time as speech is more difficult to

understand. It should be noted that Zekveld and Kramer (2014)
did not test the duration the pupillary response; however, based
on the plot of data they provided, it appears this would also be
the case for speech in noise. The sustained effort observed here
may be related to the process of eliminating competing lexical
items during spoken word recognition. During spoken word
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FIGURE 4 | Time-course plots of pupil dilation values predicted by the model for minimum experience (left panel) and maximum experience (right panel), each

comparing completely unintelligible and fully intelligible stimuli. Shaded bands indicate 95% confidence intervals.

recognition, multiple possible candidates for the ultimate identity
of the word become activated. As more auditory information
becomes available, the number of candidates becomes smaller
until one of the candidates is selected. If stronger and more
diffuse competition occurs in the presence of a stronger accent,
this competitive process will take longer to be resolved. Porretta
and Kyröläinen (2019) found that the duration of lexical
competition was positively correlated with the strength of foreign
accent, and a similar effect was found for speech in noise
(Brouwer and Bradlow, 2016). So, this increase in the duration of
cognitive load may be due to underlying processes, such as effects
associated with lexical competition.

Similarly, Tamási et al. (2017) established that pupil dilation
can be used as a measure of mispronunciation detection in small
children. Mispronunciations elicited greater dilation, and this
increase was a function of how distant the mispronunciation
was from the correct form based on phonological distance.
The foreign accentedness of non-native speech can be broadly
thought of as the global effect of mispronunciation, which is
gradient at the acoustic level (Porretta et al., 2015). Additionally,
accentedness and intelligibility are inherently correlated—at least
partially (see Munro and Derwing, 1995b; Porretta and Tucker,
2015). As accentedness increases, intelligibility tends to fall.
Therefore, the present results also speak to pupil dilation as a
measure of the processing load induced by foreign accent at large,
with results in the same direction of as those of Tamási et al.
(2017) who examined native speaker mispronunciations.

Previous research has shown that individual differences
in listener experience influence the processing of foreign-
accented speech (see Witteman et al., 2013; Porretta
et al., 2016, 2017). Specifically, greater amounts of accent
experience facilitates processing of non-native speech. Using
the same measure of listener experience interacting with
Chinese-accented speakers, the present results also indicate
that individual differences influenced pupil dilation when
listening to Chinese-accented speech. Listeners with more
experience interacting with Chinese-accented speakers displayed

reduced dilation overall. Further, high experience listeners
reacted differently to decreased intelligibility; the threshold
at which reduced intelligibility elicited greater dilation
shifted such that these listeners better tolerated tokens with
lower intelligibility.

This pattern suggests that accent-specific experience allows
listeners to put forth less effort during listening. People who
interact more with non-native speakers do not appear to
simply put in more effort to understand; instead, it seems that
experience leads to reduced effort in the long run. This is
further highlighted by differences across experience early in time,
which may relate to lower baseline dilation. As pointed out
by Laeng et al. (2012), tonic (baseline) dilation relates to task
difficulty, mental effort, and state of arousal or vigilance. These
early differences suggest that low experience listeners might
exert more attentional resources in order to remain engaged
with the task. Thus, prior experience with the accent reduces
processing load and processing duration, suggesting that listeners
with the most experience have developed a generalized, accent-
specific adaptation to variability in intelligibility. This type of
generalized adaptation has been reported in offline measures
of comprehension (see Bradlow and Bent, 2008). This effect
of listener experience fits within the ideal adapter framework
proposed by Kleinschmidt and Jaeger (2015). The ideal adapter
model is a distributional learning model of incremental
adaptation and also accounts for generalization across talkers
and groups (e.g., accents), particularly when similarities exist. In
this way, the measure of listener experience can be viewed as
an index of incremental learning. Lastly, there was an effect of
trial order (see Appendix) such that as participants progressed
through the experiment, overall pupil dilation decreased. While
this was not the focus of this study, the result coincides with
behavioral studies (e.g., Clarke and Garrett, 2004) which have
shown rapid adaptation to foreign-accented speech.

Zekveld andKramer (2014) showed that individual differences
can influence pupil dilation. Their participants completed
an adaptive text reception threshold test as a measure of
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noise tolerance. In this test, participants are required to
read sentences with varying levels of visual masking and an
individual’s threshold is calculated as the mean percentage
of unmasked text required to correctly identify the sentence.
Thus, lower thresholds indicated better performance. They
found that participants who were better at understanding text
presented with a visual mask displayed greater dilation in
the low intelligibility condition. They explained this in terms
of effort; participants performed better on the text reception
because they put in more effort, which was also reflected
in their patterns of dilation when listening in very difficult
conditions. Importantly, the present study also demonstrates that
individual differences—here, in accent experience—influence
the pattern of pupil dilation. Specifically, the current results
show that the accumulation of accent experience, as measured
by self-reported amount of interaction with speakers with
a Chinese accent, results in reduced listening effort. This
difference is particularly stark in the mid-range of intelligibility
(Figure 3). It should be noted that the current study was
not meant to make a direct comparison with Zekveld and
Kramer (2014) with regard to individual differences, given the
fundamental differences between the measures. Therefore, we
cannot directly compare the results related to the text reception
threshold and those related to accent experience. What can
be said is that individual differences in linguistic experience
also modulate pupillary response for foreign-accented speech.
However, further research is required to better understand
how various measures of individual differences influence
listening effort.

Accented speech has been compared to speech presented in
noise and Van Engen and Peelle (2014) suggest that accented
speech should be included with noise within the framework
of listening effort. This is reasonable as noise (both energetic
and informational) and foreign accent are naturally occurring
forms of variability that listeners must handle during everyday
communication. While research within the area of speech in
noise has demonstrated dissociable effects between energetic
masking and informational masking (see Garcia Lecumberri and
Cooke, 2006), when comparing speech in noise (particularly
energetic masking) and accented speech, there are notable
similarities. Both speech in noise and accented speech have been
shown to increase lexical competition (see Brouwer and Bradlow,
2016, for speech in noise, and Porretta and Kyröläinen, 2019, for
accented speech). Further, the two have demonstrated increased
listening effort (see Zekveld and Kramer, 2014, for speech in
noise, and the present study for accented speech). Given the
similarity in results—especially with regard to pupil dilation—
it might seem reasonable to equate noise and foreign accent.
However, while they both require increased listening effort, there
may be a valuable distinction to be made with regard to the
nature of what leads to these difficult listening situations: source-
attributable variability vs. context-attributable variability. The
perceived variability associated with foreign-accented speech can
be attributed to the source of the signal (i.e., the talker), while
the perceived variability associated with noise can be attributed to
the listening context. Listeners may be sensitive to the distinction
between these two types of variability.

Listeners make use of all available information when
determining if variability in the signal is relevant or not. For
example, Kraljic et al. (2008) showed, using a perceptual learning
paradigm, that listeners suspend adaptation to variant forms
when it is evident (based on visual information, e.g., seeing a
pen in the speaker’s mouth) that the variability in production
is not due to a characteristic inherent to the speaker. Thus,
if variability is relevant, learned statistical regularities can be
used to track and later harness the regularities present within
that variability (see Idemaru and Holt, 2011). Accented speech
(both regional and non-native) is arguably more likely to contain
regularities than various types of noise. These learned regularities
likely lead to the effect of listener experience seen in the present
data (see Kleinschmidt and Jaeger, 2015 for discussion related
to adaptation to accents). However, further work is required
to have a more fine-grained understanding of how differences
and similarities between these two types of variability may
affect listening effort, including a direct comparison between the
subtypes of accent (regional and non-native) and noise (energetic
and informational).

Finally, we would like to comment on the use of pupillometry
for the investigation of foreign-accented speech and spoken
language processing in general. While the measurement of pupil
dilation has been used to investigate various aspects of spoken
language, this study represents the first application of the method
to the examination of non-native variability (Van Engen and
McLaughlin, 2018). Here we focused broadly on the influence
of foreign accent intelligibility for comparability with existing
literature. However, foreign-accented speech encompasses many
different aspects of language such as phonetic, phonotactic,
phonological, lexical, and suprasegmental level (Cristia et al.,
2012), which affect broader constructs like intelligibility,
accentedness, and comprehensibility (see Munro and Derwing,
1995a). Pupillometry now affords researchers the possibility
to investigate specific questions regarding the influence of
these aspects of foreign-accented speech on the magnitude and
duration of processing. Additionally, because the measurement
of pupil dilation does not require an overt task or behavioral
response, it can be used to investigate spoken language processing
in a variety of populations (Laeng et al., 2012), including
pre-verbal children or elderly adults who would have difficult
performing a specific task. While there are some studies that
have examined the processing of foreign-accented speech across
the life span (see Cristia et al., 2012), pupillometry provides an
established, non-invasive method for studying the developmental
trajectory of the processing of accented speech across age groups
ranging from toddlers to the elderly.

CONCLUSION

In summary, this study demonstrated that pupillometry can
be used as an informative research tool for investigating the
processing of foreign-accented speech, as suggested by Van
Engen and McLaughlin (2018). Specifically, listening effort
increases as intelligibility decreases due to foreign accentedness
and that this effect is mitigated by prior experience with
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the accent in question. These results align with previous
research and provide new insight into the processing of the
naturalistic variability listeners encounter during daily life. The
difficulty listeners experience when comprehending foreign-
accented speech, which is commonly observed in behavioral
response times, lies in part with the underlying effort required
to overcome the cognitive load of decoding non-native speech,
as well as the amount of time that effort is exerted. However,
listeners who actively engage with non-native speakers on a

regular basis appear to benefit in the long-run in terms of
required listening effort.
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APPENDIX

In the analysis of the pupil dilation data, various control
predictors were included in the model. The primary purpose for
their inclusion was to statistically control for their influence on
pupil dilation and thus were not the focus of this study. However,
because they were statistically significant predictors in the model,
we report the effects here. The effects are visualized in Figure A1.

Figure A1A presents the main effect of log word frequency.
While the effect is relatively weak, pupil dilation was greater for
words with lower lexical frequency. This generally coincides with
the results of Kuchinke et al. (2007). Figure A1B presents the
main effect of trial order. As participants progressed through the
experiment, pupil dilation decreased. This would be expected if
participants habituated to the demands of the task.

FIGURE 1A | Visualization of the effect of control variables on pupil dilation values predicted by the model: (A) Log word frequency, (B) Trial order, (C) Baseline

dilation, (D) Gaze coordinates (X and Y). Note that the scale in (C) is different due to the size of the effect.

Figure A1C presents the main effect of baseline dilation. Baseline
pupil size had an inverse relationship with pupil dilation for
a given trial; that is, pupil dilation increased more when the
baseline was low. This would generally be expected as the pupil
cannot increase without limit and coincides with studies that
indicate that increased tonic (baseline) dilation may reduce
phasic dilation response (Aston-Jones and Cohen, 2005).
Figure A1D presents the interaction gaze coordinates X and Y.
The interaction indicates that recorded pupil dilation changed
depending on gaze location on the screen. This is to be expected;
when the eye moves relative to the eye-tracking camera, the
recorded size of the pupil changes, even if the pupil itself does
not change in dilation.
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