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The current study examined the neural mechanisms for mental effort and its correlation to speech perception
using functional near-infrared spectroscopy (fNIRS) in listeners with normal hearing (NH). Data were collected
while participants listened and responded to unprocessed and degraded sentences, where words were presented
in grammatically correct or shuffled order. Effortful listening and task difficulty due to stimulus manipulations
was confirmed using a subjective questionnaire and a well-established objective measure of mental effort —
pupillometry. fNIRS measures focused on cortical responses in two a priori regions of interest, the left auditory
cortex (AC) and lateral frontal cortex (LFC), which are closely related to auditory speech perception and listening
effort, respectively. We examined the relations between the two objective measures and behavioral measures of
speech perception (task performance) and task difficulty.

Results: demonstrated that changes in pupil dilation were positively correlated with the self-reported task dif-
ficulty levels and negatively correlated with the task performance scores. A significant and negative correlation
between the two behavioral measures was also found. That is, as perceived task demands increased and task
performance scores decreased, pupils dilated more. fNIRS measures (cerebral oxygenation) in the left AC and LFC
were both negatively correlated with the self-reported task difficulty levels and positively correlated with task
performance scores. These results suggest that pupillometry measures can indicate task demands and listening
effort; whereas, fNIRS measures using a similar paradigm seem to reflect speech processing, but not effort.

1. Introduction viability of using fNIRS to identify neural markers for effortful speech

perception in normal hearing (NH) listeners to serve as a baseline for

Listening effort is defined as “the deliberate allocation of mental re-
sources to overcome obstacles in goal pursuit when carrying out listening
tasks” (Pichora-Fuller et al., 2016). Long-term elevated listening effort
has been related to fatigue, social isolation, and decreased quality of life
(Alhanbali et al., 2017; Bess and Hornsby, 2014; Hughes et al., 2018;
McGarrigle et al., 2014). Listeners affected by hearing loss typically
report having to expend greater listening effort to understand speech in
noisy environments (Alhanbali et al., 2017; Krueger et al., 2017).
However, there is a dearth of knowledge regarding the neural mecha-
nisms involved in effortful speech perception in listeners who are
hearing impaired such as those who use cochlear implants. Functional
near-infrared spectroscopy (fNIRS) is a promising technology for un-
derstanding effortful listening in a wide range of listeners and is
compatible with cochlear implants (see perspectives in Bortfeld, 2019;
for reviews see Butler et al., 2020). This study aimed to examine the
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future studies in hearing-impaired populations. fNIRS responses were
collected using a newly designed stimulus paradigm that systematically
controlled task difficulty. To assess listening effort exerted for this
paradigm, task-evoked pupillometry, which is a well-established tech-
nique for assessing listening effort (see reviews by Laeng et al., 2012;
Zekveld et al., 2018), was measured and compared with speech
perception (task performance) and self-reported task difficulty. The
same stimulus paradigm, once validated, was then used for fNIRS data
collection to test the hypothesis that fNIRS can also provide a robust
objective measure of listening effort.

1.1. Listening effort and pupillometry

Based on empirical data and a model of attention and effort by
Kahneman (1973), Pichora-Fuller et al. (2016) proposed that listening
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effort involves a combination of cognitive capacity demands needed to
perform a task as well as listener’s motivation. When the task demands
are low, increasing motivation does not lead to increased listening effort.
Similarly, when listeners’ motivation to succeed in the task is low, the
amount of listening effort expended is low regardless of the task de-
mands. On the other hand, when listeners’ motivation is high, increasing
task demand results in greater listening effort being expended. However,
if task demands become too high, listeners may lose motivation and
listening effort subsides. Thus, listening effort is dependent upon a
critical combination of task demands and situation that engages lis-
teners’ motivation.

Task-evoked pupillometry has been used to quantify effortful
cognitive processing for more than 50 years (see review by Laeng et al.,
2012). Pupillometry refers to the science of measuring pupillary changes
during a task, resulting from a neural inhibitory mechanism acting on
the parasympathetic oculomotor complex, or Edinger-Westphal nu-
cleus, by the noradrenergic system’s locus coeruleus (Beatty and
Lucero-Wagoner, 2000). Prior research has shown that changes in pupil
dilation correlate with task engagement and listening effort in response
to distorted speech or speech in noise (Engelhardt et al., 2010;
Kuchinsky et al., 2013; Piquado et al., 2010; Winn et al., 2015; Zekveld
etal., 2014; Zekveld et al., 2010, 2011), or when listening to speech with
low and high context (Winn and Moore, 2018). In line with the listening
effort model proposed by Pichora-Fuller et al. (2016), when the task is
too difficult and speech intelligibility is at floor level, pupil dilation
decreases (Zekveld and Kramer, 2014), suggesting possible disengage-
ment from the task and a decrease in effort being exerted. In other
words, listeners simply “give up” on the idea that they might be suc-
cessful on the task and stop paying attention to the content of the
stimuli. These studies have established pupillometry as a reliable
objective measure of listening effort and task demands as long as con-
ditions are controlled to maintain listeners’ motivation.

The first goal of the current study was to establish whether a newly
designed paradigm would provide a systematic change in listening effort
with varying task demands. For this paradigm, speech materials were
spectrally degraded, i.e., vocoded which simulated the input from
cochlear implants (Shannon et al., 1995) in three conditions, with two of
them being further shuffled or interrupted. Listeners were also tested in
a condition with clear (non-vocoded) sentences that were shuffled. Task
demands were evaluated based on self-reported task difficulty levels and
percent correct performance. The latter also confirmed listeners’ moti-
vation (engagement in task), as it was assumed that when task demand is
high, high motivation was required to achieve good performance.
Listening effort was assessed using pupillometry. Based on prior litera-
ture, we expected that pupil dilation would be greater in conditions
when the task was reported harder and performance was poorer, thereby
indicating higher effortful listening. Once these relationships were
validated for the manipulations in the current study, fNIRS measures of
cortical activity were collected in the same individuals with the same
stimuli to investigate the abilities of fNIRS to quantify effortful speech
perception.

1.2. fNIRS measures and regions of interest (ROIs)

fNIRS measures concentration changes of hemoglobin in the cerebral
blood flow, which indirectly reveals task-evoked changes in local
neuronal activity through neurovascular coupling (Ledn-Carrion and
Leon-Dominguez, 2012). fNIRS measures are highly correlated with the
measure of blood-oxygen-level-dependent signals using functional
magnetic resonance imaging (fMRI), which is the current gold standard
of brain imaging in research and clinical assessment (Duan et al., 2012;
Noah et al., 2015; Steinbrink et al., 2006). Because of the utilization of
near-infrared light, fNIRS has the advantages over fMRI of being quiet,
more tolerable with study designs involving noise, compatible with
ferrous materials, and more tolerable with motion artifacts. Hence,
fNIRS has been implemented to examine auditory perception and
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cognitive functions in populations that are challenging for fMRI such as
children and infants (Cabrera and Gervain, 2020; Cristia et al., 2014;
Lloyd-Fox et al., 2014, 2019; Mao et al., 2021), or patients implanted
with magnetic devices such as cochlear implants (Anderson et al., 2016;
Chen et al., 2017; Chen et al., 2016; McKay et al., 2016; Saliba et al.,
2016; van de Rijt et al., 2016; Zhou et al., 2018). In the present study, we
used fNIRS measures to examine cortical ROIs where neural markers of
listening effort and speech intelligibility have been identified in NH
listeners in previous studies using both fMRI and fNIRS.

The first cortical ROI was the left lateral frontal cortex (LFC). A meta-
analysis of 485 neuroimaging studies by Liakakis et al. (2011) identified
three main distinct clusters of ROIs in the left inferior frontal gyrus (IFG)
within the LFC, with one ROI for language processing including se-
mantic and phonological processing, one ROI for working memory, and
one ROI for inhibitory response and executive function. As speech
comprehension involves processing language at phonological, semantic,
and syntactic levels, and short-term memory to retrieve one’s knowl-
edge of language, the ROIs in the left IFG are of specific interest when
investigating a neural marker of effortful speech perception. Further, NH
adults have been reported to show greater cortical activity in the left IFG
when listening to spectrally degraded but intelligible speech (Lawrence
etal., 2018; Wijayasiri et al., 2017; Wild et al., 2012b) or speech in noise
(Alain et al., 2018), compared to unprocessed speech, suggesting a
relation between cortical activity in the left IFG and listening effort. Due
to the limited spatial resolution of fNIRS, this study aimed to measure
cortical responses to effortful speech processing from the left LFC that
covers the IFG.

The second cortical ROI was the left auditory cortex (AC). Results
from meta-analyses of 128 neuroimaging studies (Vigneau et al., 2006,
2011) suggest that comprehension of speech includes sound perception
in the primary AC and phonological processing in the middle and pos-
terior superior temporal sulcus (STS). Arguments have long existed
about which aspects of speech processing are left-lateralized, and which
involve both hemispheres (Poeppel, 2014). Nonetheless, it is agreeable
that, while the right AC might also be a host of lexical and context
processing, it may not be specifically involved in phonological repre-
sentation or working memory. Using positron emission tomography
(PET), Scott et al. (2000) found that cortical activity in the left superior
temporal gyrus (STG), but not in the right, was sensitive to passive
listening of speech. However, when participants were required to
actively listen and provide responses, intelligible speech produced
greater cortical activity compared to unintelligible speech in the bilat-
eral posterior STSs or STGs (Okada et al., 2010; Wild et al., 2012a). The
above-mentioned studies support the idea that the left AC is sensitive to
the intelligibility of speech stimuli. Inconsistencies regarding activity in
the right AC could reflect differences between passive and active
listening, and the variances in acoustics used across studies. That is,
attention and active responses during speech perception might activate
the right AC to promote clarity of auditory input.

The left AC and the left LFC are closely connected for auditory
perception and semantic processing (see meta-analyses by Binder et al.,
2009; see review by Hickok and Poeppel, 2007). An fNIRS study by
Lawrence et al. (2018) examined the cortical responses in a group of NH
listeners for spectrally degraded speech, and found that, as the intelli-
gibility increased from 25% correct to 100% correct, responses in the
ACs increased and responses in the left LFC (in the IFG) decreased. As
speech intelligibility decreased (but remained above zero) and the task
demands increased, greater effort was exerted to understand the speech
compared to when speech was more intelligible. The opposite patterns
of responses between AC and left IFG suggest that they contribute
differently to the effortful perception of spectrally degraded speech.

The ultimate goal of the current study was to establish if fNIRS can
provide a measure of effortful speech perception, by comparing fNIRS
data with pupillometry and behavioral measures. We first examined the
relations between pupillometry measures and the behavioral assess-
ments of task difficulty and task performance (i.e., speech perception) to
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validate our stimulus paradigm. Using the same stimulus paradigm, we
then examined fNIRS measures in the left LFC and AC. As cortical ac-
tivity in the left LFC has been associated with listening effort, and ac-
tivity in the left AC has been associated with speech intelligibility, we
hypothesized that fNIRS measures in these two regions would reveal
similar relations with behavioral measures of effortful listening, in
correspondence with pupillometry measures. Specifically, we predicted
that fNIRS responses in the left LFC would increase as task difficulty was
elevated, while activity in the left AC would decrease as task perfor-
mance was reduced. We also considered the possibility that fNIRS
measures in the left AC and LFC and pupillometry measures might yield
different outcomes related to our stimulus paradigm. There were some
unavoidable methodological differences between the two objective
measures. If listening effort measures are particularly sensitive to these
methods, then the associations between fNIRS and pupillometry might
be weakened.

2. General methods
2.1. Participants

Twenty-eight (17 females, 25 right-handed) NH listeners, 18-27
years old, with a mean age of 21.6 years, and standard deviation (SD) of
2.3 years, were recruited for this study. This sample size was determined
based on the sample sizes reported in previous studies also using fNIRS.
For all listeners, hearing within normal limits was verified at octave
frequencies between 125 Hz and 8000 Hz, with no more than 20 dB HL
audiometric thresholds in each ear and with less than 10 dB difference
between the two ears at any frequency. All listeners were native English-
speaking students from the University of Wisconsin-Madison and were
paid for their time. Experimental protocols were within standards set by
the National Institutes of Health and approved by the University of
Wisconsin-Madison’s Health Sciences Institutional Review Board. All
participants gave written consent. Data for all listeners were collected in
two separate sessions a few days apart, with one session for study 1
(pupillometry) and one session for study 2 (fNIRS). The order of the two
sessions was counterbalanced across participants.

2.2. Stimuli and conditions

Stimuli consisted of a subset of AuSTIN sentences (Dawson et al.,
2013) with five or six words, with 3-4 keywords each, recorded by an
American female speaker. AuSTIN sentences are modeled based on the
simple and short Bamford-Kowal-Bench (BKB) sentences (Bench et al.,
1979), and are suitable to test speech intelligibility in hearing-impaired
children. An example AuSTIN sentence is ‘He LOCKED the CAR DOOR’,
with the keywords in upper case. NH listeners were tested with sen-
tences in quiet in four listening conditions that varied in task difficulty:
vocoded w), shuffled S, shuffled-vocoded (vS), or
vocoded-interrupted (VI). In the vocoded condition, the sentences were
processed in AngelSim™ (TigerCIS) software using a white-noise carrier
whereby the spectrum was divided into eight frequency bands between
200 Hz and 7000 Hz, with filters based on Greenwood functions
(Shannon et al., 1995). The vocoded sentences were to simulate the
spectrally degraded input from cochlear implants, with the envelope
information being transmitted but temporal fine information being
compromised. For the vocoded-interrupted condition, 31.25 ms silence
periods replaced speech segments every 62.5 ms. The sentences were
interrupted to further reduce the temporal information contained in
speech, compared to the vocoded condition. In the two shuffled condi-
tions, the last three words of the sentence were changed to produce a
grammatically incorrect sentence. For instance, participants might hear
‘He LOCKED CAR the DOOR’ instead of the original sentence ‘He
LOCKED the CAR DOOR’. The sentences were shuffled for two reasons.
First, listening to natural AuSTIN sentences in quiet is effortless for NH
hearing adults, hence resulting in ceiling performance and minimal
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pupil dilation (Zekveld and Kramer, 2014). Second, sentences were
shuffle-vocoded at the word level to simulate the scenario in which
hearing-impaired listeners are around multiple persons, and they may
confuse words from different people but have to fill the gap to follow the
conversations. Speech stimuli were presented through a loudspeaker
positioned at 0° azimuth and a distance of 1.5 m in front of participants.

Task difficulty for each stimulus condition was reported by partici-
pants using a difficulty scale between O and 10 [0 (effortless), 1
(extremely easy), 2 (very easy), 3 (easy), 4 (moderate), 5 (somewhat
hard), 6 (moderately hard), 7 (hard), 8 (very hard), 9 (very, very hard),
or 10 (extremely hard)]. The difficulty scale was shown on a monitor in
front of the listener.

3. Study 1 - validating the designed paradigm

The goal of the first study was to establish whether our designed
stimulus paradigm could be used to measure systematic changes in
listening effort and task difficulty. Task-evoked pupillometry responses
were measured and compared with self-reported task difficulty and task
performance. Agreement across measures would validate this stimulus
paradigm designed for the fNIRS component of the study.

3.1. Methods

3.1.1. Data collection

The pupillometry session was conducted in a sound booth (Interna-
tional Acoustics Company; IAC) with lighting in the room calibrated to
provide a luminance of 46 lux at participants’ eye position. An eye
tracker (Eyelink 1000, SR research) was used for collecting pupil dila-
tion data at a sampling frequency of 1000 Hz. After being seated in a
chair with their chin and forehead supported by a headrest, a series of
eye tracker calibration procedures were conducted to optimize the pu-
pillary response measures. Pupillary data were collected from the left
eye of all participants, except for one participant who reported having a
dominant right eye. The dynamic range of pupil size for each participant
was measured by having them look at a cross at the center of a screen
that varied from dim (1.3 lux, Fig. 1A) to bright (137.5 lux, Fig. 1B)
luminance for 11 s, which caused pupil dilation and constriction,
respectively (Piquado et al., 2010). Both before and after the speech
perception task, five trials of pupillary response in the same luminance
condition (dim or bright), were collected in a row with a 10-20 s break
between trials. The order of luminance conditions was randomized.

Speech-related pupillary data were collected in separate trials that
started with a 3 s silent baseline period before the presentation of a 2-s
sentence, followed by a 1.5 s waiting period (Fig. 1C). Then an audio
prompt (a 200 ms beep) was used to indicate to the participant to
verbally repeat back the sentence they heard. Participants had a
maximum of 6.5 s window to respond after the prompt. In the shuffled
conditions, as mentioned above, participants had to mentally reorder
the sentences and report a grammatically correct sentence before
responding. During the trial, a fixation marker (cross) was shown on a
gray background on a monitor that was mounted above the eye tracker
in front of participants. The luminance of the monitor measured at
participants’ eye position was 50.6 lux. The cross changed color to
provide a visual indication of each phase of the trial.

Trials for each stimulus condition were grouped into blocks of five
sentences, and conditions were presented in a random order that was
counterbalanced across participants. In total, five blocks (25 trials total)
of data were collected for each listening condition. The pupillometry
session took about 1.5-2 h per person.

3.1.2. Assessments of self-reported task difficulty and task performance
Task performance scores in the pupillometry session were calculated
for each condition as the number of whole sentences correctly repeated
back divided by the total number of trials (n = 25). Whenever partici-
pants incorrectly repeated back any single word in the sentence, the trial
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(A) Screen with dim light
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(B) Screen with bright light
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Fig. 1. Schematic diagram of pupillometry data collection. The figure shows the stimulus timeline for measuring an individual’s pupil dynamic range when exposed
to (A) dim and (B) bright screens, respectively, and (C) shows the timeline of a trial of the speech perception task. Each trial started with a baseline period, followed
by a speech sentence, then a waiting period, and finally a response period when participants verbally repeated back the sentence they heard.

was counted as wrong. In the shuffled conditions, responses were
counted as correct when participants successfully reordered the words
and repeated back a coherent sentence. We used the term ‘task perfor-
mance’ instead of ‘speech intelligibility’ as we believe that in the shuf-
fled condition, sentences out of order were still intelligible but incorrect.
Task performance scores were then transformed using a rationalized
arcsine transform to alleviate ceiling effects (Studebaker, 1985). After
each block of five sentences, participants were asked to report the task
difficulty level between 0 and 10. The self-reported task difficulty level
per condition was the average across five blocks for each stimulus
condition.

3.1.3. Pupillometry data analysis

Pupillometry data analyses were conducted in MATLAB (R2017, The
MathWorks, Inc.) with functions from CHAP toolbox used to de-blink
and exclude trials of poor data quality (Hershman et al., 2019). The
pupillometry data were pre-processed to account for eye blinks. Blinks in

the pupil data were first identified by detecting pupil measurements
(<100 ms) that were outside 3.5 SD of the mean pupil dilation in a trial.
Then, to de-blink, a linear interpolation was applied based on the
neighbor samples. Trials with more than 30% eye blinks were consid-
ered too noisy and were excluded from further analysis (Winn et al.,
2018). Trials that had gaps (>100 ms) when the stimulus was being
presented (likely due to participants closing their eyes or looking away
from the monitor) were also excluded from further analyses. The pupil
data were then down-sampled from 1000 Hz to 100 Hz and smoothed
using a locally weighted linear regression MATLAB function (LOWESS,
Burkey, 2013). This smoothing method was proposed in the studies by
Cleveland (1979, 1981). Further, for each participant, trials that were
outside 1.5 SD of the grand average of pupil responses across all 25 trials
within 1-5 s after stimulus onset were considered outliers and were
excluded from further analysis. The group mean =+ SD of trials that were
excluded was 2.10 + 1.47, 2.45 + 1.40, 2.17 + 1.44, and 2.42 + 1.24 in
the shuffled, vocoded, shuffled-vocoded, and vocoded-interrupted

Fig. 2. Diagram of pupillometry data analysis. Panel
(A) shows the pupil dilation to dim (black) and bright
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conditions, respectively.

The dynamic range of pupil sizes for individual participants was
estimated by averaging the pupillary data across 10 repetitions in the
dim and bright conditions, separately, as shown in Fig. 2A. From these
averaged responses, the maximum and minimum pupil sizes were
calculated as the mean pupil size within 2-10 s of the dim and bright
conditions, respectively. The dynamic range of pupil size was then
calculated as the difference between the maximum and minimum of
pupil sizes (Fig. 2B, between the two horizontal dash lines).

To calculate speech-related pupil dilation, the baseline pupil sizes
within 1 s preceding speech onset of each trial were averaged and then
subtracted from the whole trial of pupillary data. After baseline
correction, the pupil responses per listening condition were averaged
across trials (Fig. 2C). As pupillary responses are the results of changes in
luminance, (para)sympathetic nervous activity, arousal, attention, and
effort (Laeng et al., 2012; Pichora-Fuller et al., 2016; Stanners et al.,
1979), it is important to control the confounds in the experimental
setup. To normalize the confounding effects on non-task-evoked pupil-
lary responses in individuals, the proportional pupil dilation (Fig. 2D)
was calculated as the change in pupil size divided by individual par-
ticipants’ dynamic range (Fig. 2B) for each listening condition. This is to
account for the fact that the same change in pupil size might indicate
different amounts of effort across individuals. For someone who has a
small dynamic range of pupil sizes, a small task-evoked change in pupil
size can be a large portion of his/her own dynamic range, indicating a
large change in effort. Whereas for someone who has a large dynamic
range, a small change in pupil size likely indicates little effort being
exerted.

The proportional change in pupil size during the post-stimulus silent
period of each trial (within t = 1.5-3.5 s relative to speech onset,
Fig. 2D) was considered of interest because pupil dilation continues to
change as listeners recall the speech information, conceptualize, and
formulate a response. The magnitude of the first peak of the proportional
change in pupil size within this window (t = 1.5 s-3.5 s) was calculated
as the amount of pupil dilation per condition for individuals and used as
a proxy measure of listening effort (see reviews by Winn et al., 2018).

3.1.4. Statistical analyses

Statistical analyses were carried out using R (version 3.6.0, R Core
Team, 2019). To address our first goal of validating our designed stim-
ulus paradigm, we conducted aligned rank transform (ART) analyses of
variance (ANOVA) using ARTool (Wobbrock et al., 2011). ART tests
were conducted on 1) the self-reported difficulty levels, 2) the task
performance scores in the pupillometry session, and 3) the proportional
peak amplitudes of pupil dilation. ART tests, which are nonparametric
factorial analyses, were conducted for two reasons: (1) the self-reported
task difficulty levels were ordinal measures; and (2) pupillometry data
were not normally distributed, nor were their variances spherical. For
follow-up pairwise comparisons, estimated marginal means (emmeans
package) were examined and were Tukey’s HSD corrected. Repeated
measures correlations (Bakdash and Marusich, 2017) were calculated
using rmcorr package to examine the relations between objective mea-
sures (peak pupil dilation) and behavioral measures (self-reported dif-
ficulty levels or task performance scores) of effortful speech perception.
Rmcorr reveals the common regression slope, the association shared
among individuals, without the violation of the independence of
observations.

4. Results

Fig. 3 shows the self-reported task difficulty levels (Fig. 3A) and
speech intelligibility scores (Fig. 3 B) collected during the pupillometry
session for all participants. Listeners’ report of task difficulty from the
easiest to the most difficult was: shuffled, vocoded, shuffled-vocoded,
and vocoded-interrupted (Fig. 3A). As self-reported difficulty
increased, task performance in the corresponding listening condition
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Fig. 3. Results from study 1 (pupillometry session). Violin plots show the self-
reported task difficulty levels in panel (A) and percent correct task performance
scores (RAU) in panel (B). The white dots indicate the group medians for each
condition. Between O and 10, larger numbers indicate greater task difficulty
levels. “** with connection lines indicate the significance of pairwise compari-
son results with “** for p < 0.05, “*** for p < 0.01, and “***’ for p < 0.001. Panel
(C) plots the group means (lines) and standard error of the means (SEMs,
shaded areas) of proportional pupil dilation. The two blue lines indicate the
window within which the peaks of proportional pupil dilation were identified.
Panel (D) plots the peak of proportional pupil dilation for individuals (dots) in
the shuffled (S), vocoded (V), shuffled-vocoded (SV), and vocoded-interrupted
(VD) conditions; the white dots indicate the median results for each condition.
The repeated measure correlations between the peaks of pupil dilation and self-
reported task difficulty levels and task performance scores in individuals are
shown in panels (E) and (F), respectively. Gray dots and lines show results in
individuals in four conditions. The orange lines in panels (E) and (F) indicate
the common association between pupillometry measures and behavioral mea-
sures among individuals. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

decreased (Fig. 3B), with a significant and negative correlation between
the two measures (r = —0.0.90, p < 0.001). Detailed statistical results
are reported in Table 1. The grand mean and standard error of mean
(SEM) of proportional pupil dilation across trials are shown in Fig. 3C.
After stimulus onset (t = 0 s), pupil dilation increased, peaking for the
first time during the waiting period (the second black vertical dash line
and the green dash line) and for the second time when participants
verbally repeated the sentence they heard. The median of peaks of the
proportional pupil dilation is shown as the white dot in Fig. 3D. Results
from the ART test found significant differences across conditions, with
greater proportional peaks of pupil dilation in vocoded-interrupted and
shuffled-vocoded compared to in the shuffled and vocoded conditions
(see Table 1). These results indicate that the shuffled-vocoded and
vocoded-interrupted conditions required higher effort compared to the
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Table 1

Statistical results for the NH group for the behavioral and objective measures.
For each measure, results were compared between four listening conditions, i.e.,
vocoded (V), shuffled (S), shuffled-vocoded (SV), and vocoded-interrupted (VI).

Post hoc results
(Tukey’s HSD
corrected)

Differences across conditions
(results from ART test)

Measures

Self-reported task F(3, 81) = 171,63, p < 0.001 (S and V) < (SV and

difficulty VI); p < 0.001
(pupillometry S<V;p<0.01
session)
Self-reported task F(3, 78) = 91,89, p < 0.001 (S and V) < (SV and
difficulty VI); p < 0.001
(fNIRS session)
Speech intelligibility F(3, 81) = 288.08, p < 0.001 S>V>SV>VLp<
scores 0.001
(pupillometry
session)
Pupil dilation F(3, 81) = 34.49, p < 0.001 S < SV; t(81) = —5.52,
p < 0.001
S < VI; t(81) = —654,p
< 0.001
V < SV; t(81) = -7.22,
p < 0.001
V < VI (81) = —8.24,
p < 0.001
fNIRS left F(3, 81) = 5.18, p = 0.003 S > VI; t(81) = 3.45,p
measures LFC = 0.005
SV > VI; t(81) = 3.28,p
= 0.008
V > VL (81) = 2.78,p
=0.034

left F(3, 81) = 2.96, p = 0.037 S> VL t(81) = 2.84,p
AC =0.029

vocoded sentence and shuffled conditions. The repeated measures cor-
relation results between the peaks of pupil dilation and the two
behavioral measures are shown in Fig. 3 (E and F). Results found that the
pupillometry measures were significantly positively correlated with self-
reported difficulty levels were (Fig. 3E, r = 0.60, p < 0.001) and nega-
tively correlated with the task performance scores (Fig. 3F, r = —0.63, p
< 0.001).

To summarize, the behavioral measures revealed significantly
different task difficulty levels and task performance scores between the
four conditions, with the self-reported task difficulty increased and task
performance decreased in the order of, shuffled, vocoded, shuffled-
vocoded and vocoded-interrupted conditions. In line with the behav-
ioral measures, we found greater pupil dilation in the shuffled-vocoded
and vocoded-interrupted conditions, compared to in the shuffled and
vocoded conditions, but there were no significant differences between
the former or the latter two conditions. Further, results from repeated
measure correlations found that as the perceived task demands
increased and task performance decreased, changes in pupil dilation
were greater. Overall, our pupil results suggest that the designed stim-
ulus paradigm was able to elicit varying levels of listening effort in a
group of NH listeners.

5. Study 2 - fNIRS

The second study tested the hypothesis that fNIRS could provide a
robust objective measure of listening effort by comparing fNIRS mea-
sures from the left AC and LFC with behavioral measures of task diffi-
culty and speech intelligibility scores.

5.1. Methods

5.1.1. Data collection

The fNIRS data collection was designed to be as similar to the
pupillometry data collection as possible but with the constraints that
listeners could not verbally repeat back sentences as it would disturb the

Current Research in Neurobiology 3 (2022) 100052

fNIRS measurement and that hemoglobin response changes are typically
slower than that of pupil dilation. The fNIRS session was conducted in a
second standard IAC sound booth equipped with a NIRScout (NIRx
Medical Technologies, LLC) system for data collection. fNIRS uses near-
infrared light to measure concentration changes of oxygenated and
deoxygenated hemoglobin (here called AHbO and AHDR, respectively)
in multiple capillary beds in extracerebral and cerebral brain tissues
(Jobsis, 1977; Villringer et al., 1993). The NIRScout system had 16 LED
light sources that emitted near-infrared light at wavelengths of 760 and
850 nm, 16 avalanche photodiode (APD) detectors, and a bundle of 8
short channels. Fig. 4A shows the connection between light sources
(red), detectors (blue), and short channels (green circles) on the left
hemisphere. A symmetric montage (not shown) was placed on the right
hemisphere. The optodes were held in place by a NIRScap matched to
the head circumference for each participant, and were located based on
the standardized 10-10 system (Acharya et al., 2016). As the distances
between some source-detector pairs could be above the optimal distance
(30 mm) for fNIRS data recording, plastic spacers were used to keep the
channel distances at 30 mm. To center the NIRScap and correctly posit
the optodes on the head, the Cz was positioned halfway between the
Nasion and Inion, and halfway between the two pre-auricular points.
Further, the frontal location Fpl was positioned at 10% of the
Nasion-Inion distance (a few centimeters above the eyebrows). The cap
was attached to a chest wrap for fixation. Then, gains for all the channels
set by the NIRScout system were checked. Gains between 4 and 7 suggest
good light intensity, as a maximum gain of 8 indicates that detectors
receive little or no light from the source. Whereas gains between 0 and 3
indicate that the light detected may have taken a more direct route from
the source to detector rather than being scattered through layers of the
cortex as required. When channels did not show good intensity, it was
most likely the optodes were not perpendicular to the skin or due to hair
artifacts. In this case, the optodes were taken out and the hair under-
neath was pushed away before replacing the optodes. The procedure was
repeated until most of the channels had gains between 4 and 7 (good
light intensity).

A pseudo-random block design was used for fNIRS data collection.
Five 2-s long sentences in the same listening condition were grouped in a
12.6 s long block, with a 0.65 s interval between each sentence (Fig. 4C).
At the end of each block, a sentence was shown on the monitor (no
audio), which may or may not have been one of the previous five sen-
tences. Across all the blocks, half of the sentences shown on the monitor
were not presented in the preceding block of five sentences. In the
shuffled conditions, the sentence on the monitor was shown unshuffled
(grammatically correct). Participants were given 7 s to indicate whether
the sentence on the monitor was one of the sentences presented in the
preceding block by clicking a mouse button; yes (left click) or no (right
click). Immediately after a mouse click, or until the end of 7 s when no
response was made, a baseline period (ranging from 25 to 35 s) started.
Blocks of different listening conditions were presented in a random
order and counterbalanced across listeners. After each testing period,
participants were required to report the task difficulty level of each
testing condition using the same scale as the pupillometry task. To help
with recalling the difficulty and stimuli, participants listened to an
additional block of sentences for each condition before responding. A
total of ten blocks per listening condition were collected across four
testing periods within 1-1.5 h.

5.1.2. Assessments of self-reported task difficulty and response accuracy
In the fNIRS session, the self-reported task difficulty level in each
listening condition was calculated as the mean across the 4 testing pe-
riods. Participants’ response accuracy in each condition was scored as
the number of correct mouse clicks in response to the sentences on the
monitor divided by the total number of blocks (n = 10), which was only
used to indicate whether participants were engaged during the task.
One-sample t-tests (one-way) were conducted on the response accu-
racies in the fNIRS session versus the chance level (50% correct) for each
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5.1.3. fNIRS data analysis

The fNIRS signals recorded by the NIRScout system were imported
into MATLAB, with scripts written by the authors to pre-process data
and exclude channels of poor data quality, and scripts from Homer2
software (Huppert et al., 2009) for computing AHbO and AHbR. The
differences between AHbO and AHbR responses, i.e., AHbO - AHbR,
were calculated, which indicates cerebral oxygenation, here called
AHbC (Izzetoglu et al., 2004). Further statistics were conducted on
AHbC amplitudes for two reasons. First, AHbC amplitudes combined
information from both AHbO and AHbR measures. Running statistics on
one (AHbC) not only revealed information from both measures but also
reduced the complexity of reporting results from both measures, sepa-
rately. Second, AHbC responses have revealed changes in neuronal ac-
tivity in the prefrontal cortex related to mental effort (Ayaz et al., 2012;
Liang et al., 2016; Nazeer et al., 2020; Rovetti et al,, 2019). To
pre-process the fNIRS data, step-like noises in each channel were iden-
tified as gaps in the data that were 2 SDs above or lower than the mean in
a trial and were removed. These step-like noises can be caused by a
sudden loss of contact between optodes and the skin, or the interposition
of hair. To exclude fNIRS data of poor quality, the heartbeat signals in all
channels were examined. As heartbeats are a salient signal in the fNIRS
measurements, channels that fail to record a heartbeat signal is also
unlikely to record other physiological or neural responses (Pollonini
et al., 2014). fNIRS channels that showed correlations poorer than 0.35
between the heartbeat signal in the light intensity data of two different
NIR wavelengths were excluded from further analysis. A lower cut-off
threshold was chosen here compared to the recommendation of 0.75
in Pollonini et al. (2014), for three reasons. First, a cut-off threshold of
0.35 ensured at least 4 short channels were included for the GLM-PCA
method, as recommended in Sato et al. (2016), which can provide a
robust estimation of cerebral activity after denoising. Second, in a pre-
vious study (Zhou et al., 2020), a lower cut-off threshold (e.g., 0.15)
yielded similar statistical conclusions compared to a cut-off threshold of
0.75. Third, across 28 participants in the current study, most of the
participants showed good data quality. The medians (pso) of SCI values
were generally above 0.8, and the 25 percentile (pgs) of SCI values were
above 0.6, except for two participants (Subj7 and Subj25). A cut-off at
SCI = 0.35 would exclude no more than 25% channels per person per
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o Fig. 4. fNIRS montage and schematic diagram of
data collection. Panel (A) plots the anatomical loca-

05 tions of light sources (S1 — S8, red dots) and detectors
(D1 - D8, blue dots) and the connections between

-1 them that provide fNIRS channels. The locations of
sources and detectors on the 10-10 system were

1.5 labeled in light blue. Only the left hemisphere is
shown here, with a symmetric montage on the right.

.2 Green circles show the locations where short channels
(8 mm) are located. Panel (B) shows the sensitivity
map (with a logl0 unit of mm ') of near-infrared
light in measuring local chromophores in two re-
gions of interest (ROISs), i.e., the lateral frontal cortex
(LFC), and auditory cortex (AC). The more reddish
color refers to the better sensitivity; the map was
generated using AtlasViewer toolbox (Aasted et al.,
2015). Panel (C) shows the timeline of a speech
perception block in the fNIRS session, which started
with a baseline, followed by a block of 5 sentences,
and then a response period when participants
responded to the sentence on the monitor by clicking
mouse buttons. (For interpretation of the references
to color in this figure legend, the reader is referred to
the Web version of this article.)

session. Please see supplementary materials. For LFC and AC across both
hemispheres, with a total of 8 channels for each, the mean + SD
numbers of regular channels included across participants were 7.54 +
0.79 and 7.72 + 0.62, respectively. The mean + SD numbers of short
channels (with a total of 8) included for further analysis were 7.29 +
1.23. Using scripts from Homer2, the NIR light intensity data for the two
wavelengths in each channel were divided by the mean intensity value
per wavelength, and then log-transformed, to compute optical density.
To correct for motion artifacts in the optical density data, a wavelet
analysis was then performed based on the method proposed in Molavi
and Dumont (2010). Coefficients from wavelet analysis that were above
0.1 interquartile range indicated noise in the data and were set to zero.
Finally, the concentration changes in AHbO and AHDR responses were
calculated from the optical density data using the modified
Beer-Lambert law (Delpy et al.,, 1988), with the effect of age and
wavelengths of near-infrared light on the calculation of differential
pathlength factor adjusted (Scholkmann and Wolf, 2013).

To reduce the systemic responses in the extracerebral tissue in the
fNIRS data, a short-channel subtraction method was performed using a
principal component analysis (PCA) method on short channels using
scripts written by the authors. The first two principal components (PCs)
that contributed the most to responses in short channels were assumed
to be the ‘global’ systemic response component that also existed in the
regular fNIRS channels. The first two PCs were treated as regressors for a
general linear model to fit AHbO or AHDR signal in each channel. The
product of the first two PCs and the corresponding coefficient from
linear regression were then subtracted from AHbO or AHbR, separately,
for each channel (Noah et al., 2021; Zhou et al., 2020). A third-order
Butterworth band-pass filter (cut-off frequency at 0.01-0.5 Hz) was
applied to remove the high-frequency physiological signals and low
frequency drifts in the AHbO, AHbR, and AHbC (Yucel et al., 2021).

Finally, the block-average responses were calculated after subtract-
ing the average of 5 s baseline before stimulus onset for each block of
AHbO, AHbR and AHDC, separately. Individual blocks with values
above or below the mean + 2.5 SDs across ten blocks were excluded. For
LFC and AC on two hemispheres, with a total of 8 channels for each, the
mean + SD numbers of regular channels included across participants
were 7.54 + 0.79 and 7.72 + 0.62, respectively. The mean + SD
numbers of short channels (with a total of 8) included for further anal-
ysis were 7.29 + 1.23. The block-average responses for each ROI were
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calculated by averaging responses across the channels within that ROL
To quantify individuals’ fNIRS responses, the amplitudes of AHbC re-
sponses were calculated by first identifying the peak of response 5-20 s
after stimulus onset and then calculating the average of responses within
a 5 s window centered at the identified peak.

5.1.4. Statistical analyses

To address our second goal of establishing fNIRS as a measure of
effortful speech perception, we also conducted ART tests on fNIRS data
(AHDbC amplitudes), in the four conditions for all a priori ROIs on both
hemispheres. ART tests were conducted because fNIRS measures were
not normally distributed, nor were their variances spherical. As signif-
icant differences were found between ROIs and among conditions, with
no significant differences between the two hemispheres, ART tests were
conducted on the two a priori ROIs — left LFC and AC separately to
examine the differences between conditions. For follow-up pairwise
comparisons, estimated marginal means were examined and were
Tukey’s HSD corrected to account for multiple comparisons. For ROIs
that showed a significant effect of condition, repeated measures corre-
lations were calculated to examine the relations between AHbC ampli-
tudes and the two behavioral measures (self-reported difficulty levels or
task performance scores recorded from the pupillometry session). The
Holm-Bonferroni method was used for multiple comparison corrections.

5.2. Results in study 2

Fig. 5 shows the group means (lines) and SEMs (shaded areas) of
block-averaged fNIRS responses in the LFC (panel A) and AC (panel B)
on the left and right hemispheres. After stimulus onset (t = 0 s), AHbO
responses (red) slowly increased and AHbR responses (blue) decreased,
with both returning to baseline (horizontal dash lines) after stimulus
offset. The result that AHbO and AHbR changed in opposite directions, i.

Left

vi

LFC
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e., anti-correlated, was consistent with the profile of changes in hemo-
globin related to neuronal activity. The cerebral oxygenation (AHbC) is
also plotted (green). The group means + SEMs of AHbC amplitudes in
four conditions for each a priori ROI are shown in Fig. 5C. Results from
ART tests on the AHbC amplitudes found a significant effect of ROI (F(1,
405) = 28.51, p < 0.001) and significant differences between conditions
(F(3, 405) = 4.95, p = 0.002) but no significant effect of hemisphere (F
(1, 405) = 0.27, p = 0.61), with no significant interaction between any
of them.

For our a priori analysis, we conducted ART tests for fNIRS measures
in the left LFC and AC to further examine the effect of effortful speech
perception. Results from ART tests found a significant effect of condition
on the AHbC amplitudes in the left LFC (Table 1). Interestingly, AHbC
amplitudes in the left LFC were the smallest in the vocoded-interrupted
(Fig. 5C), with no significant difference between the vocoded versus the
two shuffled conditions. The group mean response accuracies were
above the chance level of 50% correct (p < 0.001, Fig. 6B) in all con-
ditions indicating that, on average, listeners remained engaged
throughout the task in the fNIRS session. Although, a few participants
showed lower than chance level response accuracy (below 50% correct)
in the vocoded-interrupted condition. Further, participants reported the
task difficulty in four conditions from the easiest to the hardiest in the
order of shuffled, vocoded, shuffled-vocoded, and vocoded-interrupted
(Fig. 6A) in the fNIRS session. The order of self-reported difficulty has
a similar trend to that in the pupillometry session (Fig. 3A), except that
there was no significant difference between the shuffled and vocoded
conditions in the fNIRS session. The AC on both sides showed a trend of
reduced AHbC amplitudes in the following order: shuffled, vocoded,
shuffled-vocoded, vocoded-interrupted conditions (Fig. 5D). This trend
corresponded to the decreasing task performance scores measured in the
pupillometry session (Fig. 3B). Results from ART tests found a signifi-
cant effect of condition on the AHbC amplitudes in the left AC, with
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Fig. 5. Block-averaged fNIRS responses from study 2. Panels (A) and (B) plot the group means (lines) and standard error of the means (SEMs, shaded areas) of the
AHDO (red, solid lines), AHbR responses (blue, dot lines), and the cerebral oxygenation (yellow, dash lines), i.e., AHbC, in the shuffled (S), vocoded (V), shuffled-
vocoded (SV), and vocoded-interrupted (VI) conditions in two ROIs on the left and right hemispheres, respectively. In each subpanel, the two vertical dash lines plot
the onset and offset of stimulation. Panel (C) plots the group mean (bars) and SEM (error bars) of the AHbC amplitudes in three ROIs on the left and right hemi-
spheres. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Results from study 2 (fNIRS session). Panel
(A) plots the self-reported task difficulty levels in the
shuffled (S), vocoded (V), shuffled-vocoded (SV), and
vocoded-interrupted (VI) conditions in the fNIRS
session. Panel (B) plots the response accuracy in the
fNIRS session; “***’ indicates the significance of re-
sults (p < 0.001) from one-sample tests on the
response accuracies versus 50%, i.e., chance level,
(black horizontal lines). Panel (C-F) show the
repeated measures correlations (rmcorr) between
AHbC amplitudes in two ROIs and the self-reported
task difficulty levels (from study 2) and task perfor-
mance scores (from study 1). Gray dots and lines
show results in individuals in four conditions. The
orange lines in panels (C-F) indicate the common

[ Shuffled
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[IShuffle-Vocoded
["Vocoded-Interrupted

association between fNIRS measures in two ROIs and
behavioral measures among individuals. (For inter-
pretation of the references to color in this figure
legend, the reader is referred to the Web version of
this article.)

=
— 13}
[ o 100 -
H 5 /’...\\ - /[:‘L\
§-10' f y N ‘: 80} [me ..> be \“ @ og coss
S %% S / / ‘
2 8 \ \‘ ,:. : \o -// \;‘n - ° :. r-}
E . 4 A R _ Lo dee/
: 6" \‘n ol g r .1’ w [
A o0 I \
g \ /."\ \'}a < l ..\\ 8 40 \.1
C e\ oo la?
qg; oohe 1 \ %}f/ P/ ]
AR I- s \'1 L S 20
o =% W3 o
© A 4 Y &
" 0 1 0 |
S v sV Vi o
10 120
8+ 100
80
— 6 E:
£ =)
2 60
<
24 c
3 ) 1? 40
= S 20
T o g
o VI © O
5 E
. =
g r=-0.23 S
L1010 oo 4 p=0036 8 120
(7] WS »n
8+ 100
6 80
4 60
40
2
20
or 0

1.5 -0.5
A HbC amplitude (;:Mol)

0

greater amplitudes in the shuffled compared to in the vocoded-
interrupted conditions (Fig. 5D).

As both the left LFC and AC showed a significant effect of listening
condition, repeated measures correlations were examined for AHbC
amplitudes in the two ROIs with behavioral measures. The AHbC am-
plitudes in both the left LFC (Fig. 6C) and AC (Fig. 6E) were significantly
and negatively correlated with task difficulty levels recorded in the fNIRS
session, and positively correlated with task performance scores measured
in the pupillometry session (Fig. 6, D and F), with p-values Holm-
Bonferroni corrected. That is, greater change in cerebral oxygenation
in the left LFC and AC predicted lower self-reported task difficulty and
better task performance. These results were surprising to us as we pre-
dicted opposite fNIRS response patterns between the left LFC and AC.
Specifically, we predicted that response in the left LFC would increase
with the task difficulty level, whereas response in the AC would increase
with the speech intelligibility score as tasks became easier. The results in
the LFC were driven by greater responses in the two shuffled conditions
compared to the unshuffled and vocoded-interrupted conditions, sug-
gesting that responses in the LFC were not related to task demands, but
related to other perspectives of speech processing such as syntactic
processing.

We also explored the relations between fNIRS responses in the left
LFC and AC, respectively, with peak pupil dilation, as both fNIRS and
pupillometry measures were correlated with behavioral measures of
task difficulty and speech intelligibility. However, pupillometry

1.5

measures were not correlated with fNIRS measures in the left LFC (r =
—0.05, p = 0.681) or AC (r = —0.10, p = 0.386).

6. Discussion

We examined effortful speech perception using fNIRS and pupill-
ometry to address two research goals in two separate studies. Our goal
for study 1 was to validate our study-specific paradigm, which was
designed to vary listening effort in a group of young NH listeners,
measured using pupillometry, by manipulating the task difficulty and
task performance (sentence understanding). In line with our expecta-
tions, as listeners reported higher task difficulty, task performance

Task
demands

Task
performance

r=-0.63

Fig. 7. Summary of relations between objective and behavioral measures of
effortful speech perception.



X. Zhou et al.

scores decreased, and peaks of proportional pupil dilation increased
(Fig. 7). Using the same stimuli and similar study design for the same
individuals as in study 1, our goal for study 2 was to understand whether
fNIRS could provide robust measures of listening effort that correlated
with pupillometry and behavioral measures. Our results found that the
cerebral oxygenation (AHbC) amplitudes in the left LFC and AC were
both significantly and negatively correlated with self-reported task dif-
ficulty levels, and positively correlated with task performance scores
(Fig. 7). However, fNIRS measures in the left LFC and AC were not
related to pupillometry measures. These results suggest that fNIRS
measures in the left LFC and AC were related to task demands and task
performance, but might not reveal changes in listening effort
specifically.

6.1. Pupillometry measures of effortful speech perception

Given the limited information about fNIRS measures of cognitive
load, this study investigated whether fNIRS might provide a reasonable
objective measure of listening effort, by comparing results from fNIRS
with that from pupillometry. Pupillometry provides a continuous mea-
sure of pupil size, has been reported to reveal cognitive load (Beatty,
1982) and has been utilized extensively for speech perception tasks in
previous studies (e.g., Koelewijn et al., 2012; Winn et al., 2015; Zekveld
et al., 2010). To examine listening effort, the current study manipulated
speech sentences, by degrading the speech spectrum, shuffling the order
of words in the sentences, or periodically interrupting the speech seg-
ments to vary task demands. While pupillometry has been utilized to
investigate listening effort for decades, the current study was, to our
knowledge, the first one to use this approach to examine the impact of
shuffled sentences or interrupted speech.

Interrupting speech by keeping segments on and off (silent) has been
reported to decrease speech intelligibility depending on the interrupting
rate (Cherry and Taylor, 1954; Miller and Licklider, 1950), as listeners
may miss essential parts of some phonemes and syllable hence hard to
identify the words they hear. When speech was vocoded to simulate the
input from a cochlear implant, the loss of temporal-spectral information
can further reduce the speech intelligibility of the interrupted speech. In
a previous study, Bhargava et al. (2016) interrupted speech at varying
rates between 1.5 and 24 Hz and presented to listeners with NH and
cochlear implants. They found that NH listeners outperformed cochlear
implant listeners at each single interrupting rates. Whereas when
listening to interrupted speech that were eight-channel vocoded, the
performance of NH listeners deteriorated and was quite similar that of
cochlear implant listeners listening to interrupted speech at the same
rates. Consistent with those results, NH listeners in the current study had
low performance in the vocoded-interrupted condition with a median
task performance score of 48 RAU versus ceiling scores when speech
clean but shuffled (Fig. 3A). Coupled with the poorer task performance,
NH listeners also reported the vocoded-interrupted condition the hard-
est among four conditions and showed the greatest peaks of proportional
pupil dilation. These results confirmed that listening to
vocoded-interrupted speech was demanding and NH listeners exerted
increased listening effort for speech perception.

Our pupillometry measures found that degrading the temporal
(comparing the vocoded-interrupted versus vocoded conditions) or
spectral (comparing shuffle-vocoded versus shuffled conditions), infor-
mation, both increased task difficulty, decreased behavioral perfor-
mance, and resulted in more effort being exerted, manifested as greater
pupil dilation (Fig. 3D). Though, our result showed significant differ-
ences in the task difficulty levels and task performances (Fig. 3A and B)
between the shuffled and vocoded, and between shuffled-vocoded and
vocoded-interrupted conditions, with no significant differences in the
pupil dilation. In fact, NH listeners had a trend of greater pupil dilation
in the shuffled versus vocoded conditions, i.e., opposite to the behav-
ioral measures. These results could be due to that in the shuffled versus
unshuffled conditions, listeners needed to reorder the words in the
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sentences before responding. The extra processing needed to reorganize
a sentence may not have been perceived as having greater difficulty
despite needing greater mental resources, and potentially long time and
greater latency to peak when listening to sentences (Fig. 3C). None-
theless, our results found significant differences in behavioral measures
of task performance and self-reported task difficulty levels between four
conditions, both of which were significantly correlated with pupillom-
etry measures. Despite the differences in syntactic processing, these
results suggest that the designed four conditions in the current study
were of significantly varying task demands, and that listening effort
exerted to understand these sentences, measured using pupillometry,
was a function of task difficulty and speech intelligibility.

6.2. fNIRS measures of speech processing but not effort

Using the same stimulus manipulations, we expected that the
changes in pupil dilation and fNIRS responses in a priori ROIs would
reveal consistent trends across conditions, and that both measures
would be associated with the behavioral measures of task difficulty and
task performance. The fNIRS responses were first examined for the left
LFC where cortical activity has been reported as a neural marker for
listening effort in previous studies using fMRI (Alain et al., 2018; Wild
et al., 2012b) and fNIRS (Wijayasiri et al., 2017). We expected that, as
the conditions became more difficult, cerebral oxygenation in the left
LFC would correspondingly increase. However, counter to our expec-
tation, the cerebral oxygenation in the left LFC showed a significantly
negative correlation with the self-reported task difficulty levels, and a
significantly positive correlation with the task performance scores
measured in the pupillometry session. Our results also demonstrated
significantly smaller cerebral oxygenation amplitudes in the left IFG in
the self-reported most difficult condition where the sentence was
vocoded-interrupted compared to the other conditions (Fig. 5). We posit
again that the extra processing needed to reorganize a sentence in the
shuffled versus unshuffled conditions may have consumed greater
mental resources, which was manifested as greater changes in the fNIRS
measures in the shuffled conditions in the left LFC, which is essential for
processing speech information including syntax and semantics (Frie-
derici, 2012). In support of this theory, an fMRI study (Kristensen et al.,
2013) that investigated the context/syntax on speech processing also
reported greater activation in the left IFG when processing sentences
with word order being manipulated. They presented written sentences
in the canonical (subject-before-object) and shuffled order (object-initial
clauses) and demonstrated greater activity in the left IFG in the shuffled
condition compared to the canonical condition.

An alternate interpretation of the results may be that fNIRS measures
in the LFC in the current study reflected changes in speech processing
rather than changes in effort resulting from these manipulations. The
two shuffled conditions, which were not self-reported as the hardest,
involved more syntactic processing compared to the unshuffled condi-
tions. Additionally, in the vocoded-interrupted condition, which was
self-reported as the hardest, the amount of acoustic processing was
reduced to half due to the interruptions. Therefore, the LFC responses,
which were negatively correlated with task demands here, may in fact
reveal a positive relation with the amount of speech processing. This
interpretation is further supported by a significant and positive correla-
tion between the left LFC and AC responses (repeated measure corre-
lation, r = 0.49, p < 0.001, Fig. 7). As the LFC and AC are at lower and
higher nodes of the speech processing pathways, respectively, this sig-
nificant and positive correlation suggests that LFC may be involved in
multiple aspects of speech perception. Contrary to our results, previous
studies that have examined effortful speech perception of degraded
speech found greater LFC responses in more effortful conditions in the
LFC (Lawrence et al., 2018; Wijayasiri et al., 2017; Wild et al., 2012b),
opposite to that in the AC. For instance, Lawrence et al. (2018) varied
the degrees of degradation in the speech spectrum and found that, as the
intelligibility increased from 25% correct to 100% correct, responses in
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the ACs increased and responses in the left LFC (IFG) decreased. They
interpreted the results as changes in the left IFG being related to effortful
perception, and the changes in the AC being related to speech intelli-
gibility. The results in the current study and in previous studies suggest
that different configurations of stimulation among studies such as
spectral degradation, interrupting or shuffling the order of words, or
speech with different types or levels of masking noise could reveal some
roles of the left LFC more for speech processing compared to the varying
effort related to these manipulations.

The fNIRS responses in the AC were in line with our expectations, as
task performance scores decreased across conditions, the cerebral
oxygenation in the left AC decreased (Fig. 6). We were specifically
interested in the left AC as previous studies have demonstrated markers
of speech intelligibility in the left AC (Davis and Johnsrude, 2003;
Narain et al., 2003; Scott et al., 2000). However, our results did not find
a significant difference between the two hemispheres. Poeppel (2014)
proposed that speech processing might be less left-lateralized than once
believed, as speech perception and lexical level comprehension have
been demonstrated in both hemispheres. In line with our results and the
perspective of Poeppel (2014), ACs in both hemispheres have been re-
ported to show greater activity to speech with better intelligibility or
clarity (Lawrence et al., 2018; Obleser et al., 2007; Okada et al., 2010;
Wild et al., 2012a). Studies that reported greater activity to more
intelligible speech in both the left and right AC required participants to
perform speech perception tasks related to the stimuli. Conversely,
studies that only found activity in the left AC to be related to speech
intelligibility across conditions had participants listening passively to
the stimuli (Narain et al., 2003; Scott et al., 2000) or just indicating
whether the speech was intelligible (Davis and Johnsrude, 2003). These
results suggest that speech comprehension mainly involves the left AC,
and the right AC contributes to certain degrees in varying configurations
that require attentional listening.

6.3. Differences across fNIRS and pupillometry paradigms, and
limitations

As noted above, peak proportional pupil dilation and fNIRS in the left
AC and IFG were each correlated with self-reported task difficulty levels,
and with task performance scores. However, the two objective measures
were not correlated with each other. We will first consider the differ-
ences in methodologies. We must acknowledge that, while the study was
intentionally designed to maximize similarity across the two measures,
the tasks that participants performed were unavoidably different in the
two situations. In the pupillometry session, participants listened to one
sentence at a time, and verbally repeated back what they recognized
after a 1.5 s waiting period. Each trial (sentence) was presented at
participants’ pace and pupil dilation in response to each sentence was
measured. In the fNIRS session, designed for reliable fNIRS measure-
ments, participants listened to five sentences in a block, with a 0.75 s
interval between sentences. In this way, pupil dilation revealed effortful
perception when listening to individual sentences in the degraded con-
ditions. Whereas fNIRS measures reflected the continuous exposure to
degraded speech and the cumulative change in cortical hemoglobin to
blocks of stimuli; in fNIRS there was likely a greater amount of working
memory involved to successfully perform the task. Further, sentences in
the fNIRS session were presented more rapidly with shorter breaks,
hence shorter time for recovery compared to in the pupillometry session.
The short breaks between sentences and the great demand for working
memory in the fNIRS session could have made the tasks more difficult,
compared to that in the corresponding condition in the pupillometry
session. Therefore, in the vocoded-interrupted condition when the task
became too demanding (Fig. 6A), participants could have lost motiva-
tion, resulting in less listening effort being expended in the fNIRS ses-
sion, but not in the pupillometry session for the same condition. There
were also differences in the tasks between the two sessions. At the end of
the block during the fNIRS session, a sentence was presented on the
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monitor, and participants were required to push a mouse button to
indicate whether it was one of the sentences they had just heard. The use
of a button-press response was done in order to avoid articulation which
can cause motion artifacts from the movement of the temporalis muscle,
resulting in contaminated fNIRS recordings in both frontal and temporal
regions. However, the button-press could have made it a decision-
making task, rather than a speech perception and recall task in the
pupillometry session. These differences could have contributed to the
lack of correlations between fNIRS measures in the left LFC and AC and
pupillometry measures. Future work on this topic would be needed to
determine whether more similar tasks can be developed or whether
simultaneous data collection methods will produce parallel findings in
pupillometry and fNIRS.

It is also possible that pupillometry measures revealed both effortful
speech perception and non-effort-related changes in the physiological
activity, including arousal, attention, and emotion (Sirois and Brisson,
2014; Winn et al., 2018). The effort and non-effort-related changes in
physiology might be associated with cortical activation in different re-
gions not limited to the left LFC and AC that were investigated in the
current study, such as the working memory and meta-cognition
network. To test this, future studies will need to implement a wider
coverage of brain ROIs compared to the present study. Alternatively,
fNIRS measures in the LFC in the current study might reveal speech
processing rather than changes in effort resulting from these manipu-
lations, as discussed earlier. This theory could also explain why our
fNIRS measures in the LFC and AC were not correlated with pupillom-
etry measures. Further, pupillometry measures showed greater pupil
dilation for temporally degraded speech (by comparing
vocoded-interrupted versus vocoded conditions) and for spectrally
degraded speech (by comparing the shuffle-vocoded versus shuffled
conditions). Whereas no such differences were observed in the fNIRS
measures between the two pairs of conditions. These results further
support that pupillometry measures reveal the relation between task
demand and effort exerted, whereas fNIRS measures of the LFC may
reflect the amount of speech processing involved. To further investigate
the role of LFC in speech processing, future studies will need to better
control the amount of speech processing and vary effort, or vice versa, to
disassociate one from the other.

7. Conclusion

The current study investigated fNIRS measures of effortful speech
perception in study-specific conditions that were designed to vary task
demands. We validated these conditions in eliciting varying listening
effort, by comparing task-evoked pupil dilation with behavioral mea-
sures of task difficulty and (speech perception) task performance from
the same individuals. With the same stimuli and a similar protocol for
the same individuals, fNIRS measures in the left LFC and AC were both
significantly and negatively correlated with self-reported task difficulty
levels, positively correlated with the task performance scores, but not
correlated with pupillometry measures. The relation between cortical
activity in the left AC and speech perception performance is consistent
with what has been demonstrated in previous studies. Whereas, the
unexpected relations between cortical activity in the left LFC and the
two behavioral measures, and non-significant correlations between
fNIRS and pupillometry measures suggest that our fNIRS measure in the
LFC and AC revealed speech processing but not effort.

Data and code availability

fNIRS amplitude data, self-reported measures of task difficulty level,
and (speech perception) task performance data that support the findings
of this study are publicly available on Open Science Framework: htt
ps://osf.io/hvjsn/?view_only=036eel9a4{34452bb42f429abda32b06.
The demographic information has been removed to protect the partici-
pants’ privacy.
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