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The Influence of Hearing Loss
on Cognitive Control in an Auditory

Conflict Task: Behavioral
and Pupillometry Findings
Adriana A. Zekveld,a J. A. M. van Scheepen,a Niek J. Versfeld,a

Sophia E. Kramer,a and Henk van Steenbergenb,c
Purpose: The pupil dilation response is sensitive not only
to auditory task demand but also to cognitive conflict.
Conflict is induced by incompatible trials in auditory Stroop
tasks in which participants have to identify the presentation
location (left or right ear) of the words “left” or “right.” Previous
studies demonstrated that the compatibility effect is
reduced if the trial is preceded by another incompatible
trial (conflict adaptation). Here, we investigated the influence
of hearing status on cognitive conflict and conflict adaptation
in an auditory Stroop task.
Method: Two age-matched groups consisting of 32 normal-
hearing participants (Mage = 52 years, age range: 25–67 years)
and 28 participants with hearing impairment (Mage = 52 years,
age range: 23–64 years) performed an auditory Stroop task.
We assessed the effects of hearing status and stimulus
compatibility on reaction times (RTs) and pupil dilation
responses. We furthermore analyzed the Pearson correlation
coefficients between age, degree of hearing loss, and the
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compatibility effects on the RT and pupil response data
across all participants.
Results: As expected, the RTs were longer and pupil dilation
was larger for incompatible relative to compatible trials.
Furthermore, these effects were reduced for trials following
incompatible (as compared to compatible) trials (conflict
adaptation). No general effect of hearing status was observed,
but the correlations suggested that higher age and a larger
degree of hearing loss were associated with more interference
of current incompatibility on RTs.
Conclusions: Conflict processing and adaptation effects
were observed on the RTs and pupil dilation responses
in an auditory Stroop task. No general effects of hearing
status were observed, but the correlations suggested that
higher age and a greater degree of hearing loss were
related to reduced conflict processing ability. The current
study underlines the relevance of taking into account
cognitive control and conflict adaptation processes.
The measurement of the pupil dilation response is
a means to gain insight into mental effort mobiliza-
tion (Beatty, 1982; Kahneman & Beatty, 1966).

Effort mobilization is the mobilization of energy resources
to complete a (cognitive) task (Gendolla et al., 2011). The
method has been applied to study listening effort (Eckstein
et al., 2017; Schmidtke, 2018; Sirois & Brisson, 2014; for
a review, see Zekveld et al., 2018). The pupil diameter
increases when intelligibility decreases (or when auditory task
demand increases), as long as the listeners continue to try to
perceive the speech (Koelewijn et al., 2012; Ohlenforst et al.,
2017; Zekveld & Kramer, 2014; Zekveld et al., 2018). The pu-
pil response, as a function of a wide range of task demand
levels, follows an inverted U–shaped function (Ohlenforst
et al., 2017; Zekveld & Kramer, 2014). This is in line with
theories postulating that task difficulty and motivation in-
fluence the effort invested in a task (Brehm & Self, 1989;
Richter et al., 2008, 2016). Following these theories, effort
mobilization decreases when the task becomes too difficult.
Several studies have shown that the pupil dilation response
during listening differs between listeners with normal hear-
ing (NH) and those with hearing impairment (HI; Kramer
et al., 1997; Ohlenforst et al., 2017; Wang et al., 2018; Zekveld
Disclosure: The authors have declared that no competing interests existed at the time
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et al., 2011; for a review, see Zekveld et al., 2018). Often,
an interaction with speech intelligibility is observed, such
that the pupil response of listeners with HI is relatively small
in very difficult listening conditions (Ohlenforst et al., 2017;
Wang et al., 2018; Zekveld et al., 2011). This may indicate
a shift in the inverted U–shaped function of pupil dilation
as function of task demand for listeners with HI as com-
pared to NH listeners, or fatigue and/or withdrawal in indi-
viduals with HI in difficult conditions.

Currently, the specific nature of the impact of hearing
loss on the processing of auditory information is unclear
(Peelle, 2018; Pichora-Fuller et al., 2016; Zekveld et al.,
2018). However, several studies point to a potential role
of cognitive control processes. “Cognitive control” is a pro-
cess that facilitates goal-directed behavior and is involved
in the inhibition of automatic response tendencies (Botvinick
et al., 2001). It is relevant for tasks in multiple cognitive do-
mains, including updating, inhibition, and switching (Miyake
et al., 2000).

A classic task specifically tapping into inhibition is
the Stroop task (Stroop, 1935). Participants are asked to
name the color of printed words. In compatible trials, the
color of the words matches the printed name of the color.
In incompatible trials, the names of the colors are printed
in a different color. As a result, the correct response does
not follow the natural response tendency during incompati-
ble trials. This causes “conflict,” which slows down the
response as compared to compatible trials. Once a conflict
arises, cognitive control processes have been assumed to
become activated to facilitate the selection of the correct
response in the next trial, an effect commonly referred
to as “conflict adaptation.” This effect can be assessed by
analyzing “trial-to-trial effects” of conflicting conditions.
Analyses of such sequential effects have shown that the be-
havioral interference arising from a conflict trial is reduced
if the trial is preceded by another conflict trial (Gratton
et al., 1992; Kerns et al., 2004; for reviews, see Duthoo et al.,
2014; Egner, 2007). This possibly reflects an online adapta-
tion process triggered by previous conflict, which continues
to affect the responses on the following trial (Scherbaum
et al., 2011).

The influence of cognitive conflict on effort mobiliza-
tion has been assessed by measuring the pupil dilation re-
sponse. Numerous studies that applied various conflict tasks,
including the Stroop, flanker, and Simon tasks, have ob-
served that incompatible trials are associated with longer
reaction times (RTs) and larger pupil dilation responses as
compared to compatible trials (for a review, see van der
Wel & van Steenbergen, 2018). Furthermore, the analysis
of the trial-to-trial (sequential) compatibility effects has
revealed that the typical conflict adaptation effect in RT
is mirrored by pupil dilation effects (van Steenbergen &
Band, 2013; for a replication, see D’Ascenzo et al., 2016).
Moreover, van Steenbergen et al. (2015) showed that the
magnitude of the behavioral conflict adaptation effect depends
on task difficulty. They observed that increasing perceived
task difficulty eliminated behavioral conflict adaptation.
Specifically, the interaction reflecting a smaller compatibility
2484 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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effect after conflict trials disappeared. Van Steenbergen
et al. suggested that this possibly indicates a failure to recruit
sufficient effort after conflict in difficult conditions, in line
with the inverted U–shaped function of effort mobilization
across task difficulty levels.

The potential role of cognitive control processes during
speech perception in difficult conditions has been suggested
by a few neuroimaging studies. For example, Vaden et al.
(2015) performed a functional magnetic resonance imaging
study and showed that increased activity in the anterior cin-
gulate cortex (ACC) was associated with better perception
of words presented in background babble by both partici-
pants with NH and HI. The ACC is associated with the
monitoring and adjustment of behavior to optimize perfor-
mance, processes that are relevant to cognitive control
(Dosenbach et al., 2006; Roberts & Hall, 2008). Higher
activation in the ACC was associated with increased per-
formance on the next trial, suggesting that cognitive control
processes support word recognition in difficult listening
conditions. This effect was larger for participants with bet-
ter overall performance, and it declined with increasing age.
In general, previous studies have shown that increasing age
is related to worse inhibition ability and cognitive control
(for a review, see Braver & Barch, 2002). Consistent with
the relevance of cognitive conflict during listening, Zekveld
et al. (2014) observed an association between activation in
the ACC and prefrontal areas and the pupil dilation re-
sponse of young NH participants in demanding listening
conditions (Zekveld et al., 2014).
The Current Study
Based on the studies described above, we aimed to in-

vestigate the influence of hearing status on cognitive control
and conflict adaptation processes as evoked by an auditory
Stroop task (Buzzell et al., 2013; Oh et al., 2012). In this
task, the word “left” or “right” was monaurally presented
through headphones to either the left or right ear. The par-
ticipants were instructed to indicate the sound location
while ignoring the meaning of the presented stimuli. In incom-
patible trials (e.g., the word “left” presented to the right ear),
the tendency to indicate the meaning of the word needs to
be inhibited, which results in cognitive conflict (Buzzell et al.,
2013; Oh et al., 2012). In line with a large body of research,
we hypothesized that the response time and pupil dilation
response would be larger for incompatible compared to
compatible trials. Furthermore, we expected that these
compatibility effects would be reduced in trials that were
preceded by other incompatible trials (conflict adaptation
processes; van Steenbergen & Band, 2013). We further hy-
pothesized that hearing status might be associated with al-
tered cognitive control processing in an auditory task. Note
that, theoretically, listeners with HI may experience an ad-
vantage of their hearing loss in this task because any diffi-
culty in perceiving the meaning of the distracting words
may reduce the interference between distractor (word mean-
ing) and target (stimulus location) in incompatible trials.
2483–2492 • July 2020
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Therefore, we adapted the presentation level of the stimuli
to degree of hearing loss separately for both ears.
Method
Participants

Sixty-three participants were included. However, for
three of them, no valid data were collected due to logistic
issues. Of the 60 remaining participants, 32 were with NH
(22 women, 10 men;Mage = 52 years, age range: 25–67 years,
SD = 10.9 years). Furthermore, 28 participants with HI
were included (13 women, 15 men; Mage = 52 years, age
range: 23–64 years, SD = 11.4 years). The participants in
the two groups were matched on age.

NH participants were recruited through flyers posted
around the VU University campus and VU University
Medical Center. The mean pure-tone hearing thresholds
of the NH participants were at most 20 dB HL at octave
frequencies between 500 and 4000 Hz in the best ear. The
thresholds of the other ear were at most 25 dB HL for the
octave frequencies between 500 and 2000 Hz and at most
40 dB HL at 4000 Hz. Figure 1 shows the air-conduction
hearing thresholds at the octave frequencies between 250 and
8000 Hz. All had normal tympanograms.

The adults with HI were recruited among the patients
of the audiology clinic of the VU University Medical Center
and by posting digital flyers on relevant web pages. Pure-
tone, unaided air- and bone-conduction thresholds of both
ears and speech recognition data were available for all par-
ticipants. The pure-tone air-conduction hearing thresholds
averaged across 1000, 2000, and 4000 Hz (pure-tone average
[PTA]) had to be between 35 and 70 dB HL for each ear for
inclusion in the current study. The hearing loss had to be
sensorineural (max of a 10-dB difference between the air-
and bone-conduction thresholds at 500, 1000, and 2000 Hz
Figure 1. Mean (across ears) pure-tone air-conduction thresholds
for each octave frequency. Error bars indicate 1 SD.

Ze
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in each ear and normal tympanograms). Furthermore, the
recognition of Dutch consonant–vowel–consonant words
(Bosman & Smoorenburg, 1995) of both ears had to be
at least 80% for inclusion in the current study to ensure
sufficient hearing acuity to perform the auditory Stroop
tests (see below).

For all participants, additional inclusion criteria were
as follows: using spoken language to communicate in daily
life, being native speakers of Dutch, and not using sign lan-
guage. Exclusion criteria were having neurological, psycho-
logical, endocrine, and cardiovascular diseases or diabetes.
Two listeners with NH and seven listeners with HI had
asymmetrical hearing loss (i.e., their left and right pure-tone
hearing thresholds differed more than 20 dB at one octave
frequency, more than 15 dB at two octave frequencies, or
more than 10 dB at three octave frequencies between 250
and 4000 Hz).

The experiment was approved by the local ethics com-
mittee, and all participants gave written informed consent.
Participants received a small monetary compensation for their
participation and travel expenses related to participation.

The sample size was based on an a priori power
analysis. We were mainly interested in the interaction be-
tween hearing status and the effect of stimulus compatibil-
ity as tested using a repeated-measures analysis of variance
(ANOVA; for details, see the Statistical Analysis section).
As no previous data were available regarding the effect of
hearing status on auditory Stroop effects in age-matched
groups, we assumed a medium effect–sized (f = .15) inter-
action. To detect this effect with α = .05 and power (1 − β) =
.80, 62 participants were required in total (G*Power Version
3.1.9.2; Erdfelder et al., 1996).

Procedure
Participants performed the auditory Stroop task as a

part of an experimental test session consisting of multiple
tests (reported elsewhere; Zekveld et al., 2019). They were
seated behind a PC screen at an approximately 60-cm dis-
tance. The test was performed in a sound-treated room.

Auditory Stroop Task
The auditory stimuli consisted of either the Dutch

word rechts (“right,” duration of 642 ms) or links (“left,”
duration of 616 ms). The words were pronounced by a na-
tive female speaker. Stimuli were presented via headphones
at 65 dB SPL. To optimize audibility for the listeners with
HI, we applied frequency-specific amplification separately
for both ears based on the individual’s audiogram using
the NAL-R algorithm (Byrne & Dillon, 1986). We applied
one third of octave steps within the frequency range of
300–6300 Hz. An audibility check was performed by asking
participants to repeat sentences presented in quiet. There
were no differences between the listeners with NH and those
with HI in their ability to do so.

The stimuli were presented at either the left or right
ear. Participants were instructed to identify the side at
kveld et al.: Cognitive Control in an Auditory Conflict Task 2485
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which they heard the sound as quickly and accurately as
possible. A response box was used with two buttons: one
on the left side of the box and one on the right side of the
box. This answering device rested on the participants’ lap
and fitted comfortably in the participants’ hands. Partici-
pants used both thumbs to answer and did not receive
feedback about their performance.

In total, 80 stimuli were presented to the participants.
Half of the stimuli were presented to the left ear, and half
were presented to the right ear. Forty trials were “compati-
ble,” meaning that the ear and the stimulus matched (e.g.,
the word “left” presented to the left ear). In the remaining
40 “incompatible” trials, the ear and stimulus did not match
(e.g., the word “left” presented to the right ear). For both
types of trials, half (20) were presented to the left ear and
half were presented to the right ear. The order of conditions
was randomized with the restriction that the trial sequence
did not include exact stimulus repetitions, as these can result
in stimulus repetition effects (Mayr et al., 2003). Participants
were allowed to respond directly after stimulus onset, and
after their response, the next stimulus was presented after a
3000-ms interval. Figure 2 illustrates the timing of trials.
We recorded the manual RT and accuracy of the response.

Pupillometry
During the Stroop task, the pupil size was recorded

using a SMI RED remote eyetracker at 60 Hz. First, a
standard gaze calibration procedure was performed. Then,
the ambient illumination level was set to the middle of the
dynamic range of the pupil size of each participant (Beatty &
Lucero-Wagoner, 2000; Hyönä et al., 1995; Janisse, 1977;
Zekveld et al., 2010) and remained at that level during
the experiment. During the test, a gray fixation dot was
visible at the center of the black screen. Participants were
instructed to keep their gaze on the dot to allow optimal
registration of the pupil size and to reduce eye movement–
related artifacts in the measurement of the pupil size.

The pupil data of the right eye were used in the anal-
ysis. For one patient, it was required to use the data of the
left eye due to a medical condition only affecting the right
eye. For all participants, we excluded the data of the first
trial, of the incorrect trials, of the trials following an incor-
rect response, of trials with RTs > 3000 ms, and of trials
with poor quality of the pupil data in the pretrial baseline
Figure 2. Timing of trials. RT = reaction time.
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interval (see below). Pupil diameters below 3 SDs of the
mean diameter during each trial were coded as a blink. If
the data contained more than 50% blinks in the interval of
interest, the data for this trial were also excluded from the
analysis (van Steenbergen & Band, 2013). Eye blinks were
replaced by linear interpolation starting four samples be-
fore and ending eight samples after a blink. The data were
then passed through a 5-point moving average smoothing
filter. The pretrial baseline pupil size was the average pupil
size in the 500-ms window prior to stimulus presentation.
We averaged the pupil data over trials for each condition
and individual. Subsequently, we calculated the mean pupil
dilation and maximum (peak) pupil dilation relative to the
baseline pupil size in the interval between the onset of the
stimulus and the end of the trial (fastest RT in that particu-
lar condition plus 2500 ms).

Statistical Analysis
In the first repeated-measures ANOVA analysis, we

tested the effects of “hearing status” (NH, HI) and “compat-
ibility” (incompatible, compatible) on RT. For the second
analysis, the trials were grouped into four sequential condi-
tions: current compatible after previous compatible trials
(cC), current incompatible after previous compatible trials
(cI), current incompatible after previous incompatible trials
(iI), and current compatible after previous incompatible
trials (iC). We performed a repeated-measures ANOVA
on these data testing for the effects of the compatibility of the
current trial (current compatibility: compatible vs. incompati-
ble), the compatibility of the previous trial (previous com-
patibility: compatible vs. incompatible), and hearing status
(NH vs. HI) on RT. Similar repeated-measures multivariate
ANOVAs (MANOVAs) were performed on the pupil re-
sponse data (mean and peak pupil dilation response). We
decided to include both the peak and mean pupil dilation
response to improve the generalizability of the results, as
previous studies have been using both measures interchange-
ably. As the peak and mean pupil dilation response are asso-
ciated with each other, a multivariate analysis approach was
appropriate. Finally, we tested the effects of hearing status,
current compatibility, and previous compatibility on the
baseline pupil size to check that any sequential effects on
the mean and peak pupil response were not caused by sus-
tained effects of the previous trial on the baseline pupil size.
2483–2492 • July 2020
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To assess the hypothesized effect of degree of hearing
loss on conflict processing and conflict adaptation, we further-
more calculated the correlation coefficients between degree of
hearing loss (mean PTA across ears), age, the compatibility
effect (incompatible trials minus compatible trials), and the
conflict adaptation effect on the RT as well as mean and peak
pupil dilation data across all participants (with NH and HI).

Results
Table 1 shows the descriptive statistics of the error

rates, RTs, mean pupil dilation, and peak pupil dilation
relative to the baseline pupil size.

Behavioral Results
We did not perform statistical analyses on the error

rate data, as the participants only made a few errors and
these data were not normally distributed. The error rate was
relatively low (on average, less than 1%) as compared to those
in previous studies (Rondeel et al., 2015; van Steenbergen
& Band, 2013).

The repeated-measures ANOVA testing the effects of
hearing status (NH vs. HI) and compatibility (compatible
vs. incompatible) on the RTs indicated a main effect of
compatibility, F(1, 58) = 89.2, p < .001, partial η2 = .61,
but no other effects (all partial η2 values < .05). The com-
patibility effect indicated that RTs for incompatible trials
were slower than those for compatible trials, indicating
the task successfully induced conflict.

Pupil Dilation Response
Figure 3 shows the pupil dilation response to com-

patible and incompatible trials, separately for the listeners
with NH and HI. A repeated-measures MANOVA with
the factors compatibility and hearing status was performed
on the mean and peak pupil dilation response. It indicated
a main multivariate effect of compatibility, with a larger
mean pupil dilation for incompatible relative to compatible
trials, F(2, 57) = 7.2, p < .01, partial η2 = .20. There was no
multivariate effect of hearing status or an interaction be-
tween compatibility and hearing status (all partial η2 values
< .006). The pattern of multivariate results was similar to
the univariate results that included either the mean or peak
pupil dilation response data: main effect of compatibility
on the mean pupil dilation response, F(1, 58) = 14.6, p < .001,
partial η2 = .20, and on the peak pupil dilation response,
F(1, 58) = 11.2, p < .001, partial η2 = .16.
Table 1. Means (standard deviations) of the error rate, reaction times (RTs), a
size for compatible (Comp.) and incompatible (Incomp.) trials, separately for th

Group

Error rate (no. incorrect) RT (ms)

Comp. Incomp. Comp. Incomp.

NH 0.02 (0.09) 0.5 (0.8) 708 (115) 786 (142)
HI 0.04 (0.1) 0.9 (30.0) 737 (165) 847 (221)

Ze
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Sequential Effects
Table 2 shows the descriptive statistics of the RTs as

well as mean and peak pupil dilation data for the analysis
of the sequential effects.

Sequential Effects of RTs
A repeated-measures ANOVA with factors hearing

status (NH vs. HI), current compatibility (compatible vs.
incompatible), and previous compatibility (compatible vs.
incompatible) on the RT data indicated a main effect of
current compatibility, F(1, 58) = 77.5, p < .001, partial η2 =
.57, and an interaction effect between current compatibility
and previous compatibility, F(1, 58) = 24.8, p < .00, par-
tial η2 = .30. The main effects of previous compatibility
and hearing status and the other interaction effects were
not statistically significant (all partial η2 < .04). Figure 4
shows the RTs organized relative to current and previous
compatibility. These results indicated the standard conflict
adaptation effect: incompatible trials were associated with
longer RTs than compatible trials, but this effect was re-
duced after incompatible trials.

Paired-samples t tests were performed to test for
pairwise differences in RT across previous and current
compatibility conditions. The results are presented in
Table 3.

Sequential Effects of Pupil Dilation Response
A MANOVA with the same factors was performed

on the mean and peak pupil dilation response data (see
Figure 5). The MANOVA indicated a main effect of cur-
rent compatibility, F(2, 57) = 3.5, p = .039, partial η2 = .11,
as well as a main effect of previous compatibility, F(2, 57)
= 5.2, p < .01, partial η2 = .15. Furthermore, the interaction
between previous and current compatibility was significant,
F(2, 57) = 5.9, p < .01, partial η2 = .17, reflecting a smaller
effect of current compatibility after incompatible trials rela-
tive to compatible trials.

The subsequent univariate analyses of the mean and
peak pupil dilation response data indicated that both main
multivariate effects were based on the mean and peak pupil
dilation. Namely, we observed a main effect of current com-
patibility on the mean pupil dilation response, F(1, 58) = 7.0,
p = .01, partial η2 = .11, and on the peak dilation response,
F(1, 58) = 4.9, p = .03, partial η2 = .08. Also, the univariate
effect of previous compatibility was significant for both the
mean pupil dilation response, F(1, 58) = 6.9, p = .01, partial
nd mean and peak pupil dilation response relative to the baseline pupil
e best and worst ear. NH = normal hearing; HI = hearing impairment.

Mean pupil dilation (mm) Peak pupil dilation (mm)

Comp. Incomp. Comp. Incomp.

0.06 (0.05) 0.09 (0.06) 0.16 (0.09) 0.18 (0.09)
0.06 (0.06) 0.09 (0.06) 0.16 (0.09) 0.18 (0.09)

kveld et al.: Cognitive Control in an Auditory Conflict Task 2487
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Figure 3. Pupil dilation response during listening. The pupil dilation response (mm) is relative to the average pupil size in the baseline interval
between −0.5 and 0 s. NH = normal hearing; HI = hearing impairment.
η2 = .11, and for the peak pupil dilation response, F(1, 58) =
10.4, p < .01, partial η2 = .15. The multivariate interaction
between previous and current compatibility was driven by the
mean pupil dilation response data, for which the interaction
approached significance, F1, 58) = 2.9, p = .09, partial η2 = .05.

These main and interaction effects of previous and
current compatibility on the pupil response were not associ-
ated with a larger pupil baseline diameter after incompati-
ble trials. Also, the effects of hearing status on the baseline
pupil size were not significant (all partial η2 < .03).
Correlation Analyses
In order to test our hypothesis that age and degree of

hearing loss influence cognitive control processes, we calcu-
lated the Pearson correlation coefficients between age,
degree of hearing loss (mean PTA across ears), and the
compatibility effect of the current trial (incompatible tri-
als minus compatible trials) on the RT as well as mean
and peak pupil dilation data (see Table 4). These coefficients
Table 2. Mean number of trials per participant in each group (normal heari
and peak pupil dilation response (mm) relative to the baseline pupil size fo
incompatible trials (iC), incompatible after compatible trials (cI), and incom

Variable

cC iC

NH HI NH

Mean number of trials 12.2 11.9 24.4
RT (ms) 684 (128) 710 (159) 718 (113) 7
Mean pupil response (mm) 0.06 (0.07) 0.08 (0.06) 0.07 (0.05) 0
Peak pupil response (mm) 0.17 (0.11) 0.19 (0.09) 0.17 (0.08) 0

Note. Standard deviations are presented inside parentheses.

2488 Journal of Speech, Language, and Hearing Research • Vol. 63 •
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were calculated across all participants (with NH and HI).
Table 4 also shows the correlation coefficients between age,
degree of hearing loss, and the conflict adaptation effect
(i.e., the difference in the compatibility effect on the RT
as well as mean and peak pupil dilation between trials
preceded by compatible relative to incompatible trials: [cI
− cC] − [iI − iC]). A larger conflict adaptation effect indi-
cates that the current compatibility effect was reduced after
incompatible relative to compatible trials.

The results indicated that higher age and more severe
hearing loss were associated with a stronger current compati-
bility effect on the RT data (longer RTs for incompatible vs.
compatible current trials). Thus, although the audibility of
the auditory stimuli was adapted to the degree of hearing
loss, participants with more severe hearing loss showed
more cognitive control impairment on the task.

Neither age nor the degree of hearing loss was asso-
ciated with the average RT across conditions, suggesting
that the relationships described above were not due to
general age- or hearing-related slowing.
ng [NH], hearing impairment [HI]), reaction times (RTs; ms), mean
r compatible after compatible trials (cC), compatible after
patible after incompatible trials (iI).

cI iI

HI NH HI NH HI

24.3 24.3 24.4 11.6 11.5
50 (169) 799 (145) 860 (218) 761 (156) 819 (249)
.05 (0.07) 0.10 (0.06) 0.09 (0.07) 0.07 (0.07) 0.07 (0.06)
.15 (0.10) 0.20 (0.10) 0.20 (0.10) 0.17 (0.09) 0.18 (0.07)
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Figure 4. Reaction time (RT) data as a function of previous and
current compatibility. Error bars indicate 1 SD. cC = compatible
after compatible trials; cI = incompatible after compatible trials;
iC = compatible after incompatible trials; iI = incompatible after
incompatible trials.

Figure 5. Mean pupil response data as a function of previous and
current compatibility. Error bars indicate 1 SD. cC = compatible
after compatible trials; cI = incompatible after compatible trials;
iC = compatible after incompatible trials; iI = incompatible after
incompatible trials.
Also, the compatibility effect observed on the RT
data was positively associated with the compatibility effect
on the mean and peak pupil response data. This indicates
that individuals with relatively long RTs to incompatible
trials (relative to compatible trials) had relatively large
pupil dilation responses for these trials as well. Further-
more, those individuals also had a relatively small conflict
adaptation effect as reflected in the mean and peak pupil
dilation response. In other words, those who experienced
less interference from incompatibility on the current trial
also showed relatively small compatibility effects on the
pupil data in subsequent trials. Finally, the compatibil-
ity and conflict adaptation effects in the mean pupil
dilation were associated with those effects in the peak pupil
dilation.
Discussion
The main result of this study was that an auditory

Stroop task evoked cognitive conflict processes as well as
conflict adaptation processes in listeners with NH and HI.
The cognitive conflict was reflected in longer RTs and larger
pupil dilation responses for trials in which the identity of
Table 3. Pairwise differences (two-sided paired-samples t tests,
Bonferroni-corrected p values are reported) between the RTs for
compatible after compatible trials (cC), compatible after incompatible
trials (iC), incompatible after compatible trials (cI), and incompatible
after incompatible trials (iI).

Comparison Pairwise test statistic

cC < iC t(59) = −5.3**
cC < cI t(59) = −11.1***
iI < cI t(59) = −2.86*
iC < iI t(59) = −3.79**

*p < .05. **p < .01. ***p < .001.
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the auditory word did not match the presentation side of
the stimulus. As a larger pupil dilation response has been
associated with larger effort mobilization, this suggests that
incompatibility between stimulus identity and presentation
location increases the effort required to perform the task.
This replicates previous studies that demonstrated such com-
patibility effects in conflict tasks using behavioral and physio-
logical measures (e.g., Duthoo et al., 2014; Egner, 2007;
van der Wel & van Steenbergen, 2018). We did not observe
a general effect of hearing status on the compatibility effect
observed in the auditory Stroop task. This suggests that
cognitive control processes were not affected in listeners with
HI in comparison to NH listeners. However, the correlation
analysis did suggest that higher age and a larger degree of
hearing loss were associated with slower RTs to incompati-
ble (relative to compatible) trials. Note that age and hearing
loss were not associated in this age-matched sample. Previ-
ous studies suggested that increasing age is indeed related to
worse inhibition ability and cognitive control (Vaden et al.,
2015, 2013; for a review see Braver & Barch, 2002).

A main finding of the current study was the sequen-
tial effect observed in the RT and pupil response data. RTs
were slower, and the pupil response was larger for incom-
patible than compatible trials, but this compatibility effect
was reduced after a previous incompatible (relative to com-
patible) trial. This interaction was in line with the expected
effect of conflict adaptation processes and replicates previ-
ous findings (e.g., Donohue et al., 2012). This implies that
both the performance (RTs) and the pupil response ob-
served in auditory tasks that induce cognitive conflict may
be influenced by transient processes evoked in the previous
trial. This is relevant for studies that apply cognitive control
tests and assess the factors influencing the performance
and/or effort mobilization during such tasks (e.g., Knight
& Heinrich, 2017). Moreover, as more general speech per-
ception tasks likely also tap into cognitive control (Tai &
Husain, 2019; Vaden et al., 2015, 2016), the current study
supports the relevance of taking into account potential
kveld et al.: Cognitive Control in an Auditory Conflict Task 2489
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Table 4. Pearson correlation coefficients between age, mean pure-tone average (PTA) across ears, and difference in reaction time (RT), mean
and peak pupil data for incompatible minus compatible current (compatibility effect), and conflict adaption effects (difference in compatibility
effect between trial preceded by compatible vs. incompatible trials: [cI − cC] − [iI − iC]).

Variable 1 2 3 4 5 6 7

1. Age —
2. PTA .00 —
3. Compatibility effect on RT .32* .27* —
4. Compatibility effect on mean pupil response .10 .09 .28* —
5. Compatibility effect on peak pupil response .11 .10 .32* .90** —
6. Conflict adaptation effect on RT .01 .00 −.06 .04 .10 —
7. Conflict adaptation on mean pupil dilation response −.17 −.15 −.31* .08 .18 −.03 —
8. Conflict adaptation effect on peak pupil dilation response −.11 −.19 −.28* .08 .14 −.03 .88**

*p < . 05. **p < .001.
sequential effects when analyzing performance and physio-
logical data of listeners with NH and HI during speech per-
ception. Such effects may be relatively large when speech
perception tasks are applied that depend to a larger extent
on inhibition, updating, or switching ability. These tasks
may include tests with varying difficulty levels between tri-
als, such as in the adaptive speech reception threshold tests
(Plomp & Mimpen, 1979). Future studies should further
examine the occurrence of conflict adaption processes in
speech perception tests.

Finally, the current study replicates previous findings
demonstrating that interindividual differences in the increase
in RT in response to conflict are associated with interindi-
vidual differences in the increase in pupil response related to
the conflict (Laeng et al., 2011; Rondeel et al., 2015). This
study further shows that individuals who show a smaller
effect of current compatibility in their RTs also show
stronger conflict adaptation effects on the pupil dilation
response. Hence, cognitive control in a conflict task is
associated with a transient ability to recruit cognitive effort
after conflict performance. In this study, the performance
was very high for both groups. In more difficult tests, the
opposite relationship (i.e., a failure to recruit cognitive
effort after conflict) has been observed (van Steenbergen
et al., 2015).

Note that, apart from the association between higher
age and larger degree of hearing loss with a larger effect of
current compatibility on the RTs, we did not observe a main
or interaction effect of hearing status on cognitive conflict
and conflict adaptation effects. Thus, these processes are
likely similarly effective in listeners with NH and HI. As
described in the introduction, previous studies have suggested
that the influence of hearing loss on the pupil dilation re-
sponse is especially pronounced in difficult conditions
(Ohlenforst et al., 2017; Zekveld et al., 2011). Therefore,
more research is needed to assess whether the relatively
small pupil dilation response of listeners with HI in such
conditions is associated with altered conflict processing.
Namely, as hearing loss often leads to increased listening
difficulty, this may reduce the effort mobilization after
conflict and thereby reduce the strength of conflict adap-
tation effects (van Steenbergen et al., 2015).
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Downloaded from: https://pubs.asha.org Leids Univ Waleus Library on 11/19/
One of the limitations of the current study was the
relatively small number of trials. This may explain the absent
interaction between hearing status and stimulus compatibil-
ity on the RTs in the ANOVA, despite the significant corre-
lation between degree of hearing loss and this effect. An
increase in the number of trials would increase the reliabil-
ity of the results as several trials had to be omitted from the
analysis (e.g., incorrect trials and trials following an incorrect
response). Furthermore, it would be interesting to apply an
auditory Stroop task in which the participants would have
to identify the word instead of the presentation location, as
hearing loss may differentially affect this task as compared
to the current localization task. Finally, the application of a
visual conflict task may allow testing whether any effects of
hearing status generalize to the visual modality.

In conclusion, this is the first study demonstrating the
effects of current and previous stimulus compatibility in an
auditory Stroop task on RT and pupillometry data in lis-
teners with NH and HI. Incompatibility between the loca-
tion and identity of the stimulus words resulted in a slower
response and larger pupil dilation responses as compared to
compatible stimuli. The correlation analysis suggested that
this interference effect was stronger with increasing age and
increasing degree of hearing loss. The RT and pupillometry
data further demonstrated conflict adaptation processes.
The current study may inspire future research assessing the
effects of hearing acuity on conflict processing and their po-
tential impact on behavioral and pupillometry findings in
more standard speech perception tasks.
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