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a b s t r a c t 
Everyday challenges impact our ability to hear and comprehend spoken language with ease, such as accented 
speech (source factors), spectral degradation (transmission factors), complex or unfamiliar language use (message 
factors), and predictability (context factors). Auditory degradation and linguistic complexity in the brain and 
behavior have been well investigated, and several computational models have emerged. The work here provides 
a novel test of the hypotheses that listening effort is partially reliant on higher cognitive auditory attention and 
working memory mechanisms in the frontal lobe, and partially reliant on hierarchical linguistic computation 
in the brain’s left hemisphere. We specifically hypothesize that these models are robust and can be applied 
in ecologically relevant and coarse-grain contexts that rigorously control for acoustic and linguistic listening 
challenges. Using functional near-infrared spectroscopy during an auditory plausibility judgment task, we show 
the hierarchical cortical organization for listening effort in the frontal and left temporal-parietal brain regions. In 
response to increasing levels of cognitive demand, we found (i) poorer comprehension, (ii) slower reaction times, 
(iii) increasing levels of perceived mental effort, (iv) increasing levels of brain activity in the prefrontal cortex, 
(v) hierarchical modulation of core language processing regions that reflect increasingly higher-order auditory- 
linguistic processing, and (vi) a correlation between participants’ mental effort ratings and their performance 
on the task. Our results demonstrate that listening effort is partly reliant on higher cognitive auditory attention 
and working memory mechanisms in the frontal lobe and partly reliant on hierarchical linguistic computation in 
the brain’s left hemisphere. Further, listening effort is driven by a voluntary, motivation-based attention system 
for which our results validate the use of a single-item post-task questionnaire for measuring perceived levels 
of mental effort and predicting listening performance. We anticipate our study to be a starting point for more 
sophisticated models of listening effort and even cognitive neuroplasticity in hearing aid and cochlear implant 
users. 

1. Introduction 
Everyday listening often occurs under a wide range of suboptimal 

and adverse listening conditions, such as competing background noise 
(e.g., the cocktail party effect), challenges from the spectral quality of 
the speech signal (e.g., listening through a telephone or through a hear- 
ing amplification or prosthetic device), accented speech, and complex or 
unfamiliar language use. These challenges impact our listening perfor- 
mance and the amount of cognitive energy we exert for comprehension 
( Blanco-Elorrieta et al., 2020 ; Mattys et al., 2012 ; Peelle, 2018 ; Van En- 
gen and Peelle, 2014 ). The greater the challenge, the larger the demand 
on cognitive executive resources for information processing (within lim- 
its; Pichora-Fuller et al., 2016 ; Wingfield, 2016 ). Listening in the pres- 
ence of auditory and linguistic challenges has been the focus of much re- 
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search, and thus, several computational models have emerged. Here, we 
test novel hypotheses that listening effort is partially reliant on higher 
cognitive auditory attention and working memory mechanisms in the 
frontal lobe and partially reliant on hierarchical linguistic processing 
mechanisms in the left temporal-parietal cortices. We uniquely hypoth- 
esize that these models are robust and can be applied in ecologically 
relevant and coarse-grain contexts that rigorously control for acoustic 
and linguistic listening challenges. Therefore, as a unique design feature, 
the present study utilized simulated hearing aid (wide-bandwidth) and 
cochlear implant (narrow-bandwidth) speech signals that systematically 
varied in acoustic (spectral and temporal) and linguistic (syntactic) chal- 
lenges which are experienced by actual hearing aid and cochlear implant 
users every day. Further, we investigate the use of a single-item post-task 
usability questionnaire for predicting listening performance, which, to 
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our knowledge, has never been done on a neurocognitive level. These 
findings serve as basis for further testing of these models with differ- 
ent populations that experience protracted effortful listening, such as 
hearing aid and cochlear implant users. 
2. Background 
2.1. Core speech and language processing 

The neural networks involved in spoken language comprehension 
have been largely investigated by contrasting intelligible and unin- 
telligible speech ( Mattys et al., 2012 ). Functional neuroimaging stud- 
ies consistently find evidence that intelligible sentences are processed 
by the bilateral temporal cortices, with occasional recruitment of the 
inferior frontal gyrus (IFG; Crinion et al., 2003 ; Davis et al., 2011 ; 
Davis and Johnsrude, 2003 ; Evans et al., 2016 ; Hassanpour et al., 
2015 ; McGettigan et al., 2012 ; Obleser et al., 2007 ; Okada et al., 2010 ; 
Peelle et al., 2010 ; Rodd et al., 2005 ; Rodd et al., 2010 ). These regions 
come together to form pathways and function as hierarchical networks 
for information transfer and processing. Regions closer in proximity to 
the auditory cortex show increased sensitivity to the acoustic features 
of sound ( Davis and Johnsrude, 2003 ; Friederici, 2011 ; Friederici and 
Gierhan, 2013 ; Peelle, 2019 ; Rauschecker, 2012 ; Rauschecker and 
Scott, 2009 ; Rauschecker and Tian, 2000 ; White, 2019 ), whereas higher 
level processing of language (e.g., syntax) has greater representation 
in posterior temporal cortices (e.g., perisylvian association cortex) and 
frontal lobe (particularly the bilateral IFG and superior temporal gryrus, 
STG; Caplan, 2007 ; Just et al., 1996 ). 

Rapid processing of fine-grained acoustic features is constructed into 
larger units spanning phonemic segments (e.g., suprasegmental tone), 
and constructed into words and then sentences. Processing of the lan- 
guage signal does not solely proceed in this simplistic “bottom-up ” se- 
quence. Fine-grained processes of the speech signal also receive “top- 
down ” predictive information. The network of language-related process- 
ing is posited to be mainly represented by a ventral and a dorsal flow. 
The ventral pathways in both human and non-human primates function 
in the decoding of complex sounds, such as speech sounds and their 
connection to meaning ( Hickok and Poeppel, 2004 ; Rauschecker, 2012 ). 
The dorsal pathways, on the other hand, aid in speech production, motor 
planning, and some online processing of spoken language ( Hickok and 
Poeppel, 2004 ; Rauschecker, 2012 ). However, spoken language con- 
stantly relies on both ventral and dorsal stream processing, often alter- 
nating or working harmoniously (partially or wholly) to perceive and 
produce speech and language ( Indefrey and Levelt, 2004 ). 
2.1.1. Syntactic processing 

In behavioral research studies contrasting clause structures, slower 
reaction times and reduced accuracy were observed for object-relative 
(OS; e.g., houses that men build are strong ) compared to subject-relative 
(SO; e.g., men that build houses are strong ) clause structures when adults 
either read ( Just and Carpenter, 1992 ; Vos et al., 2001 ) or listened 
to ( Wingfield et al., 2003 ) sentences and were asked to make de- 
cisions about them. In a series of functional positron emission to- 
mography (PET) and magnetic resonance imaging (MRI) studies, the 
left IFG has been identified as playing a key role in the process- 
ing of syntactically complex (OS) sentences compared to syntacti- 
cally simple (SO) sentences ( Alain et al., 2018 ; Bilenko et al., 2008 ; 
Caplan, 2001 , 2008 ; Caplan et al., 1998 , 2000 , 2003 ; Caplan et al., 
2008 ; Friederici et al., 2006 ; Stromswold et al., 1996 ). Although the left 
IFG appears to be the primary processing area for syntactic complex- 
ity, Caplan et al. (2002) and Stromswold et al. (1996) observe greater 
regional cerebral blood flow in the left perisylvian language regions 
when individuals were asked to decide whether sentences were possi- 
ble compared to when individuals had to decide whether syntactically 
identical sentences contained a nonsense word. These scientific find- 
ings suggest that the left IFG, which is recruited for processing syn- 

tactically complex sentences, plays a role in mediating greater mem- 
ory loads associated with processing these kinds of sentence structures 
( Caplan et al., 2002 ; Stromswold et al., 1996 ). The perisylvian associ- 
ation cortex, which is recruited for general sentence processing, is sug- 
gested to relate to language-general processes. 
2.1.2. Information processing and listening effort 

As the acoustic environment becomes more challenging, it becomes 
increasingly more difficult to perceive the target signal, and thus, the 
neural networks for listening, language, and attention processes are 
modulated. Specifically, listeners rely on cognitive systems to a greater 
extent for successful extraction of meaning from distorted speech sig- 
nals. These neural network changes are posited to reflect manipula- 
tions of mechanisms that “(i) establish and maintain behavioral goals 
and listening to targets, (ii) prioritize target signals (i.e., sensory gain), 
and (iii) suppress interfering sound sources and distracting information ”
( Obleser and Erb, 2020 , p. 2). Distinct types of listening challenges result 
in distinct neural network patterns. 

In a classic study, Rabbitt (1968) found that understanding speech in 
adverse listening conditions interfered with other cognitive processes, 
such as those used for short-term verbal working memory encoding. 
In subsequent studies with hearing adults, accuracy in speech sound 
identification has been inversely related to the amount of background 
noise present (i.e., accuracy increases as noise decreases; Gosselin and 
Gagné, 2011 ; Zekveld et al., 2011 ). Similarly, comprehension decreases 
with decreasing amounts of spectral information in studies manipu- 
lating the spectral features or quality of speech sounds (i.e., noise- 
vocoded speech; Shannon et al. 1995 ). Even when speech is understood, 
Heinrich et al. (2008) and Surprenant (1999) observed that acoustically 
degraded words and syllables are more difficult to remember. In the 
presence of adverse listening conditions, DeCaro, Peelle, Grossman, and 
Wingfield (2016) and Wingfield et al. (2006) found that sentence pro- 
cessing is also impacted. 

Listening under adverse conditions modulates a widely distributed 
network with major contributions from the prefrontal cortex, suggest- 
ing that listening effort relies in part on cognitive control, attention, 
and working memory processes ( Du et al., 2016 ; Erb and Obleser, 2013 ; 
Love et al., 2006 ; Mattys et al., 2012 ; Peelle, 2018 , 2019 ; Peelle et al., 
2009 ; Rodd et al., 2010 ; Vaden et al., 2015 ; Zekveld et al., 2012 ). Func- 
tional MRI and PET studies investigating the effect of listening to spec- 
trally degraded speech (e.g., noise vocoded speech) observed increased 
activation in the left IFG, bilateral STG, and bilateral middle tempo- 
ral gyrus (MTG; Davis and Johnsrude, 2003 ; Evans and Davis, 2015 ; 
Meyer et al., 2004 ; Scott et al., 2006 ; Vaden et al., 2011 ; Wild et al., 
2012 ). These findings suggest that accurate processing of challenging 
speech relies on a widely distributed language processing network in 
the brain. 

The orbitofrontal cortex, specifically the right middle frontal 
gyrus (MFG), has also been implicated in mediating auditory atten- 
tional, memory, and decision-making processes ( Euston et al., 2012 ; 
Vigneau et al., 2011 ). In a meta-analysis of right-hemisphere contribu- 
tion to linguistic processing, Vigneau et al. (2011) observed fMRI ac- 
tivation clusters in the right anterior MFG that are involved with se- 
lective auditory attention processing. The right MFG has been impli- 
cated in mediating auditory attention processes for both linguistic and 
non-linguistic tasks (e.g., Bavelier et al., 2000 ; Jäncke and Shah, 2002 ; 
Lipschutz et al., 2002 ; Poldrack et al., 1999 ; Vigneau et al., 2011 ). A 
large body of neurocognitive research studies have also suggested that 
the orbital right MFG and adjacent brain areas supplement the medi- 
ation of hard, but not easy, working and episodic memory processes, 
including online monitoring of information and the ability to temporar- 
ily access, reason with, and manipulate or make decisions about stored 
information ( Aron et al., 2004 ; Frey and Petrides, 2002 ; Henson et al., 
1999 ; Lipschutz et al., 2002 ; Nyberg et al., 1995 ; Okuda et al., 1998 ; 
Olesen et al., 2004 ; Petrides et al., 2002 ; Rypma et al., 1999 ). 

2 



B.E. White and C. Langdon NeuroImage 240 (2021) 118324 
2.2. Listening with hearing aids and cochlear implants 

Hearing aids uniquely compress the speech signal and limit spectral 
range (wide-bandwidth), and cochlear implants transpose and reduce 
the amount of spectral information (narrow-bandwidth). Both types of 
signal degradation impact behavioral performance and cognitive pro- 
cessing for speech comprehension. These listening challenges are the 
result of a bottom-up or signal-driven processing failure when attempt- 
ing to construct lexical units from mapping acoustic-phonetic features 
to segmental representations. The consequences of these failures result 
in uncertainty (e.g., weak lexical activation of a larger lexical neigh- 
borhood of a single lexical item). These challenges, to some extent, are 
ameliorated by top-down or knowledge-driven processing demands that 
rely on contextual information for lexical selection. Taken together, lis- 
teners with reduced hearing acuity experience a systems-level challenge 
that persistently requires the allocation of executive cognitive resources 
for speech understanding ( Peelle, 2018 ). Thus, by using these signal 
types (wide-band hearing aid and narrow-band cochlear implant), our 
findings can inform and advance scientific inquiry about cortical speech 
processing and cognitive neuroplasticity in hearing aid and cochlear im- 
plant users using fNIRS brain imaging. 
2.3. Hypotheses and predictions 

Auditory degradation and linguistic complexity in the brain and be- 
havior have been well investigated. The work here provides a novel test 
of the hypotheses that listening effort is partially reliant on higher cogni- 
tive auditory attention and working memory mechanisms in the frontal 
lobe ( Pichora-Fuller et al., 2016 ; Rabbitt, 1968 ; Rönnberg et al., 2008 , 
2013 ), and partially reliant on hierarchical linguistic computation in the 
brain’s left hemisphere ( Friederici and Gierhan, 2013 ; Hickok and Poep- 
pel, 2007 ; Peelle, 2018 ; Rauschecker and Scott, 2009 ). Here, we specif- 
ically hypothesize that these models are robust and can be applied in 
ecologically relevant and coarse-grain contexts developed here that rig- 
orously control for acoustic and linguistic listening challenges. To our 
knowledge, this is the first investigation of the computational organiza- 
tion of sustained and motivated speech comprehension in hierarchically 
challenging conditions. Notably, to our knowledge, this is also the first 
investigation of the relationship between the brain, task performance, 
and internal perceptions of mental workload. We predict that neural 
tissues in the antero-ventral information processing stream will be most 
active during everyday listening with low cognitive demand, whereas 
tissues in the postero-dorsal stream will be most active during difficult 
listening with high cognitive demand. In response to increasing levels 
of cognitive demand, we predict (i) poorer comprehension, (ii) slower 
reaction times, (iii) increasing levels of perceived mental effort, (iv) in- 
creasing levels of brain activity in the prefrontal cortex, (v) hierarchical 
modulation of core language processing regions that reflect increasingly 
higher-order auditory-linguistic processing, and (vi) recruitment of right 
hemisphere auditory and homologous language regions. 
3. Experimental design 
3.1. Participants 

Behavioral and optical brain imaging data were analyzed from 29 
young, right-handed, healthy, monolingual adults with clinically de- 
fined typical hearing, characterized by audiometric three-frequency 
pure-tone averages ≤ 25 dB HL at 500 Hz, 1 and 2 kHz ( Hall and 
Mueller, 1997 ). All participants demonstrated excellent speech recog- 
nition abilities and were native speakers of Standard American English 
with little to no experience with a second language. Additionally, all par- 
ticipants were matched based on psychometric measures of nonverbal 
intelligence and English language understanding (see Table 1 for par- 
ticipant demographics). Participants in this study comprise a subset of 

Table 1 
Participant demographics. 

Demographic M ( SD ) 
N 29 
Sex 18 F, 11 M 
Age 30.88 (6.12) 
Speech Recognition a 99.66 (1.20) 
Physical Health b 54.85 (7.09) 
Mental Health b 53.18 (9.66) 
Nonverbal Intelligence c 104.4 (13.88) 
English Comprehension d 96.93 (13.33) 
a CID Everyday Sentences Test. 
b PROMIS Global Health Short Form. 
c Kaufman Brief Intelligence Test II: Matrices. 
d Woodcock-Johnson IV Tests of Achievement: Passage Comprehension. 

data from a larger research project with multiple groups ( White, 2019 ; 
White and Langdon, 2019 ). 

Our rigorous screening and assessment battery consisted of six com- 
ponents: (i) screening of audiometric pure-tone thresholds, (ii) the CID 
Everyday Sentences Test ( Davis and Silverman, 1970 ; Silverman and 
Hirsh, 1955 ), (iii) the PROMIS Global Health Short Form ( Hays et al., 
2009 ), (iv) the Language Background and Use Questionnaire (e.g., 
Kovelman et al., 2008 ), (v) the Kaufman Brief Intelligence Test II: Ma- 
trices ( Kaufman and Kaufman, 2004 ), and (vi) the Woodcock-Johnson 
IV Test of Achievement: Passage Comprehension ( Schrank et al., 2014 ). 
3.2. Materials 

Participants were presented with a classic Plausibility Judgment 
Task (for a review, see Caplan, 2007 ). We used a total of 300 unique 
sentences (12 practice, and 288 experimental). All sentences were con- 
structed to vary in four features: 
(i) Semantic plausibility: plausible and implausible (e.g., people feeding 

birds and birds feeding people ). 
(ii) Syntactic complexity: subject-relative and object-relative clauses 

( Just et al., 1996 ). 
(iii) Acoustic clarity: undegraded, hearing aid simulation, and cochlear 

implant simulation. 
(iv) Speech rate: typical (205 wpm) and fast (273–410 wpm). 

The semantic plausibility feature presents participants with a basic 
linguistic task to attend to. The other features allow us to construct stim- 
uli that are increasingly difficult to perceive and comprehend. For ex- 
ample, we expect that a subject-relative sentence presented at a typical 
speech rate and without degradation would be the easiest listening con- 
dition, whereas an object-relative sentence presented at a fast speech 
rate and with a cochlear implant simulation would be the most diffi- 
cult. 
3.2.1. Syntactic structure 

The stimuli were constructed from 72 plausible and 72 implausi- 
ble, syntactically appropriate, subject-relative (SO) clause structures. 
For each of these sentences, a counterpart sentence was constructed that 
had the same content words and characters performing the action as the 
original, but with an object-relative (OS) clause structure. All sentences 
were matched for the number of total syllables (ranging from seven to 
nine syllables), length (six words), and subject and object animacy (i.e., 
human, animal, object). Sentences containing a human subject or object 
were balanced for male and female nouns. This procedure resulted in a 
total of 288 sentences, 72 of each of the following types: 
(i) Subject-relative clause, plausible: Women that feed birds are nice. 

(ii) Object-relative clause, plausible: Birds that women feed are nice. 
(iii) Subject-relative clause, implausible: Baseballs that eat keys are nasty. 
(iv) Object-relative, implausible: Keys that baseballs eat are nasty. 
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All the sentences were recorded by a female native speaker of Stan- 

dard American English at an average speech rate of 205 words per 
minute (wpm) and at a sampling rate of 44.1 kHz in an acoustically 
treated, professional audio recording studio (e.g., Fig. A2.a ). Prior to 
manipulating the sentences to create the experimental stimuli, all sen- 
tences were trimmed to remove silence at the beginning and end of the 
recording. 
3.2.2. Hearing aid simulation 

We created a hearing aid simulation from each of the 288 sentences 
using the Hearing Loss and Prosthesis Simulator (HeLPS) v2 (Sensimet- 
rics Corp., Malden, MA). To do this, we programmed a simulated three- 
band digital omnidirectional HA with automatic gain and compression 
(i.e., automatically selected by the HeLPS v2 software) to an audiogram 
reflecting a symmetric, flat 65 dB HL hearing loss at all frequencies 
(moderately-severe hearing loss; see Fig. A1 ). This procedure resulted 
in a compressed-speech signal with limited spectral range, resembling 
speech through a hearing aid (see Fig. A2.b .; Zurek and Desloge, 2007 ). 
3.2.3. Cochlear implant simulation 

We also created a cochlear implant simulation from each of the 288 
sentences using MATLAB (MathWorks, Natick, MA). To do this, we ap- 
plied an eight-channel noise-vocoding algorithm with logarithmic spac- 
ing between frequency bands to each of the audio files ( Peelle, 2016 ; 
Shannon et al., 1995 ). This noise-vocoding procedure reduces the 
amount of spectral information and speech clarity while simultane- 
ously preserving the temporal information in the speech envelope (see 
Fig. A2.c ). We chose eight-channel noise-vocoded speech because it 
is significantly more intelligible than lower numbers of channels and 
comparably as intelligible as higher numbers of channels ( Chen and 
Loizou, 2011 ; Fishman et al., 1997 ; Friesen et al., 2001 ; Obleser et al., 
2007 ; Scott et al., 2006 ). Therefore, eight-channel noise-vocoded speech 
is challenging, but it is not so challenging that it makes speech com- 
pletely unintelligible or reduces the participants’ motivation to listen; it 
is an ideal condition to investigate listening effort. 
3.2.4. Tempo alterations 

For each of the 288 sentences across all three listening conditions 
(undegraded, hearing aid simulation, and cochlear implant simulation), 
we created a version of the sentence that was faster than the original. 
For the undegraded speech condition, we created a version that was 50% 
of the original recording time (i.e., twice as fast, or 410 wpm). For the 
hearing aid and cochlear implant simulations, we created a version that 
was 66% of the originally recorded time (i.e., one-third as fast, or 273 
wpm). In-lab testing of speeded acoustically-degraded stimuli suggested 
that hearing aid and cochlear implant simulations were too difficult to 
process at 50% of the original time, thus reducing motivation to try 
and perform well on the task. However, degraded signals at 66% of the 
original time did not exhibit this effect. All tempo alterations were made 
using Audacity (Audacity Team, Boston, MA) and the software’s built- 
in “Change Tempo ” effect with high quality stretching. Audacity uses 
sub-band sinusoidal modeling synthesis and pitch scaling to speed-up 
or slow-down audio files while simultaneously preserving the pitch of 
the audio recording ( Audacity Team, 2018 ). 
3.2.5. Equalization and calibration 

In addition to the sentence stimuli, our speech model recorded 12 
unique practice sentences and a version of “The Rainbow Passage ”
( Fairbanks, 1960 , pp. 124–139). All 301 recordings were equalized 
based on the average root mean square, and the passage was then used 
for establishing the participants’ most comfortable listening levels and 
for calibrating the volume for the entire experiment. 
3.3. Plausibility judgment task 

Participants were presented with a total of 300 audio-recorded sen- 
tences, 12 unique practice sentences and 288 experimental sentences 

(see Fig. A3 ). Experimental trials were divided into three runs of 96 sen- 
tences each: (i) undegraded, (ii) hearing aid simulated, and (iii) cochlear 
implant simulated speech. Each run contained four blocks: (i) 24 subject- 
relative sentences presented at a typical rate (205 wpm), (ii) 24 object- 
relative sentences presented at a typical rate (205 wpm), (iii) 24 subject- 
relative sentences presented at a fast rate (273–410 wpm), and (iv) 24 
object-relative sentences presented at a fast rate (273–410 wpm). Trials 
in blocks were pseudorandomized. Blocks across all 3 runs were ran- 
domized. The task lasted approximately 25 min, and no sentences were 
repeated. 

Participants were asked to carefully listen to sentences at their most 
comfortable listening level and make judgments about their plausibil- 
ity or implausibility by pressing a button on a Serial Response Box (SR 
Box; Psychology Software Tools, Sharpsburg, PA). The leftmost button 
on the SR Box was green and labeled with a black “Y ”, and the button 
to the right of the green button was red and labeled with a black “N ”. 
Participants were asked to indicate their responses by pressing the green 
button for “Yes ” (i.e., plausible) or a red button for “No ” (i.e., implau- 
sible). After each block, participants were administered the Subjective 
Mental Effort Question (SMEQ; see 3.4.). 
3.4. Subjective mental effort question 

The Subjective Mental Effort Question (SMEQ) is a single-item, post- 
task questionnaire for measuring perceived cognitive load ( Sauro and 
Dumas, 2009 ; Zijlstra, 1993 ; Zijlstra and van Doorn, 1985 ). The SMEQ 
consists of a vertical number line with “0 ″ labeled at the bottom- 
most end and “150 ″ labeled at the top-most end. Nine descriptive, 
scaled labels are marked on the line. These labels were chosen based 
on psychometrically calibrating them against tasks ( Zijlstra, 1993 ; 
Zijlstra and van Doorn, 1985 ). Although the original scale was devel- 
oped in Dutch as a paper-based task, it has since been translated into 
English and converted into a computer-based rating scale ( Sauro and 
Dumas, 2009 ). Previous studies have found the SMEQ to be a reliable 
and easy to use tool for measuring perceived cognitive load ( Sauro and 
Dumas, 2009 ; Zijlstra, 1993 ; Zijlstra and van Doorn, 1985 ). We ad- 
ministered a computer-based version of the SMEQ. Participants were 
prompted with “On average, this task was: (select any point on the line) ”
and instructed to use a computer mouse to indicate their response. The 
mouse cursor appeared in the top right of the screen only after the par- 
ticipant had moved the mouse to reduce priming of responses based on 
initial cursor location. The mouse cursor disappeared after a response 
was recorded. Participant responses were rounded to the nearest integer. 
3.5. Functional NIRS brain imaging 

Functional near-infrared spectroscopy (fNIRS) is a non-invasive op- 
tical brain imaging technique that uses red to near-infrared light (650–
900 nm) to measure changes in the optical properties of cortical tissues, 
specifically hemoglobin oxygen saturation and total hemoglobin vol- 
ume ( Ferrari and Quaresima, 2012 ; Scholkmann et al., 2014 ; Wolf et al., 
2007 ). A series of light-emitting sources and light-measuring detectors 
(collectively referred to as optodes) are arranged into a probe array and 
placed on the surface of the scalp in strict adherence to the interna- 
tional 10–20 system ( Klem et al., 1999 ). Positioning the optodes in this 
way allows the fNIRS system to measure changes in the absorption of 
light as it passes along a diffuse path between adjacent source and de- 
tector optodes, thus inferences about underlying brain activity in dif- 
ferent brain regions can be made based on the localized hemodynamic 
response ( Ferrari and Quaresima, 2012 ). Furthermore, fNIRS has been 
shown to be especially well suited for language and cognition research 
( Quaresima et al., 2012 ; Rossi et al., 2012 ), especially in people who 
use listening devices ( Basura et al., 2018 ). One primary benefit of using 
fNIRS brain imaging is that the equipment is virtually silent, allowing for 
a truer quiet listening baseline and less confounding equipment sound 
during the experiment. 
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Fig. 1. Images depicting the fNIRS probe: (a) 
situated on the scalp in adherence with the 
international 10–20 system and (b) mapped 
in standard sensor space using AtlasViewer 
( Aasted et al., 2015 ). Source optodes are indi- 
cated by red circles, detector optodes are in- 
dicated by blue circles, and channels are indi- 
cated by yellow (3 cm) and green (3–4 cm) lines 
between adjacent source and detector optodes. 
(For interpretation of the references to color in 
this figure legend, the reader is referred to the 
web version of this article.) 

We used a continuous-wave NIRScout fNIRS system (NIRx Mediz- 
intechnik GmbH, Berlin, Germany). A total of 16 LED light-emitting 
sources and 16 avalanche photodiode light-measuring detectors were 
arranged 3 cm apart (3–4 cm apart in the frontal cortex) to collect data 
from 50 measurement channels at 7.812 Hz (referred to as the probe; 
see Fig. 1 ). The light sources emitted near-infrared light at two factory- 
default wavelengths, 760 and 850 nm. Oxygenated hemoglobin (HbO 2 ) 
and deoxygenated hemoglobin (HbR) have distinct absorption proper- 
ties; thus, it is possible to determine concentration changes in HbO 2 and 
HbR by using these two separate wavelengths. With each measurement, 
a ratio of light emitted from the source optode to light received by the 
detector optode for each wavelength is recorded. These raw signal in- 
tensity ratios give insight into the probable absorption of light by the 
tissue (optical density) and are related to HbO 2 and HbR concentration 
changes ( Jacques, 2013 ). 
4. Procedures 
4.1. Experimental data collection 

This study was approved by and carried out in accordance with the 
policies and procedures of the Institutional Review Board at Gallaudet 
University. After obtaining written informed consent, participants were 
administered the first four components of the screening and assessment 
battery (see 3.1.): (i) screening of audiometric pure-tone thresholds, (ii) 
the CID Everyday Sentences Test, (iii) the PROMIS Global Health Short 
Form, (iv) the Language Background and Use Questionnaire. Only a por- 
tion of the assessment battery was administered prior to the experiment 
to control for fatigue. The pure-tone hearing screening and the CID Ev- 
eryday Sentences Test were administered before the experiment to en- 
sure that participants met the inclusion criteria and were able to com- 
plete the Plausibility Judgment Task. The PROMIS Global Health Scale 
was administered before the experiment so that participants were more 
likely to respond to items about their overall life and health without fac- 
toring in their participation in the research study. Finally, the Language 
Background and Use Questionnaire was administered before the exper- 
iment, to keep the participant occupied while the researchers set up the 
fNIRS apparatus. Unless noted otherwise, all screening and assessment 
battery components were administered according to their standard ad- 
ministration protocols ( White, 2019 ). 

Participants were seated in a stationary chair facing a 68.58 cm mon- 
itor with speakers positioned on both sides. The participants’ heads were 
positioned approximately 65 cm away from the monitor. The volume 
for the experiment was adjusted by the participant to match their most 
comfortable listening level using a calibrated recording of “The Rainbow 
Passage, ” which had been previously equalized to match the intensity 
of the experimental sentences. 

An fNIRS EasyCap (Brain Products GmbH, Gilching, Germany) 
with the probe configuration was then placed on the participants’ 
scalps strictly according to the international 10–20 system (See 
Fig. 1 ; Klem et al., 1999 ) and according to standard fNIRS protocols 
( Shalinsky et al., 2009 ). The light sources and detectors were held in the 
cap using spring-loaded grommets, and a black cloth was placed over 
the probe to mitigate interference from ambient light sources, including 
the experimental monitor. Prior to recording, the room’s overhead lights 
were turned off and the signal quality of every channel was assessed for 
optimal connectivity (i.e., signal-to-noise ratio) using the NIRx NIRStar 
native computer software for data acquisition. The experiment was ad- 
ministered and controlled using a Python-based stimulus presentation 
software, PsychoPy v1.85.6 ( Peirce, 2009 ). Instructions for the Plausi- 
bility Judgment Task and SMEQ were given verbally and in writing on 
the experiment monitor. The neuroimaging task lasted approximately 
25–30 min. Once finished, the researcher removed the fNIRS EasyCap 
and light sources and detectors. 

Finally, the researcher administered the last two components of the 
screening and assessment battery (see 3.1.): (v) the Kaufman Brief In- 
telligence Test II: Matrices, and (vi) the Woodcock-Johnson IV Test 
of Achievement: Passage Comprehension. The administration order of 
these assessments was counterbalanced across all participants but was 
always administered after the experiment had completed. This was done 
to limit the number of activities before the experiment, which may tire 
or fatigue the participant before the experiment begins. All participants 
were compensated for their time at the rate of $20.00 per hour. 

All original behavioral and fNIRS brain imaging data are part 
of a larger study and dataset. All data presented in this paper 
are available as supplemental documents. All original source code 
for behavioral and brain-behavioral analyses are available in the 
appendices. Functional NIRS brain imaging data were converted, 
analyzed, and verified using the NIRS Brain AnalyzIR Toolbox 
(April 26, 2019) with MATLAB R2017b: https://github.com/huppertt/ 
nirs-toolbox/tree/1c1d70b52f261ad7353d7f5bd893f4011b40cbb2 . 
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4.2. Data analyses 
4.2.1. Behavioral analyses 

We performed restricted maximum likelihood (ReML) linear mixed- 
effects statistical modeling ( Bates et al., 2015 ) with Welch-Satterthwaite 
approximation Kenward and Roger (1997) in R ( R Core Team, 2017 ). 
Speech clarity, speed, and syntax were modeled as fixed effects to pre- 
dict participants’ average accuracy, reaction times, and SMEQ ratings, 
where each participant was treated as a random effect. We used a full 
factorial combination model to demonstrate the impact of each hier- 
archical level of listening challenge (see Appendix A for Models and 
Appendix B for Behavioral Analysis R Source Code). 
4.2.2. Functional NIRS source localization 

Detector optodes one and six and source optode four were anchored 
at T7, Fpz, and T8 international 10–20 scalp positions, respectively (see 
Fig. 1 ). We virtually registered the probe in standard sensor space us- 
ing AtlasViewer ( Aasted et al., 2015 ). Channel locations were identified 
by calculating the centroid between adjacent source and detector op- 
tode pairs using custom MATLAB (Mathworks, Natick, MA) scripts. The 
estimated positions of the channels were projected from the scalp to 
the brain and registered to the Montreal Neurological Institute (MNI) 
probabilistic reference system ( Mazziotta et al., 2001 ; Okamoto et al., 
2004 ; Okamoto and Dan, 2005 ; Tsuzuki et al., 2012 ). Brain cytoarchi- 
tectural labels were assigned to a spherical region around each projected 
point with a radius of 5 mm using Automated Anatomical Labeling (AAL; 
Tzourio-Mazoyer et al., 2002 ). Probabilistic registration of fNIRS probes 
to standard coordinate systems is essential for comparing channel-wise 
results to other fNIRS and fMRI studies (see Appendix C for fNIRS Source 
Localization Results). 
4.2.3. Functional NIRS channel-wise analysis 

Functional NIRS data were analyzed using the NIRS Brain Ana- 
lyzIR Toolbox ( Santosa et al., 2018 ). Raw fNIRS signal intensity was 
first converted to optical density and then to oxygenated and deoxy- 
genated hemoglobin concentration using the Modified Beer-Lambert 
Law ( Jacques, 2013 ; Santosa et al., 2018 ). We employed a novel analy- 
sis approach that renders the minimum number of manipulations to the 
data possible ( Santosa et al., 2018 , p. 29). No channels were pruned, 
and we did not attempt to remove or pre-process physiological or mo- 
tion artifacts prior to analysis. Rather, we used statistical models that 
are more robust to the effects of these artifacts and are better at con- 
trolling false-positive rates. At the subject-level, we used general linear 
regression modeling (GLM) with an autoregressive iterative reweighted 
least squares (AR-IRLS) pre-whitening approach ( Barker et al., 2013 ). 
We used a canonical hemodynamic response function model (double 
gamma function) with default parameters (peak, 4 s; dispersion times 
constants, 1 s -1 ; Santosa et al., 2018 ). At the group-level, we used linear 
mixed-effects statistical modeling to calculate the group mean for each 
condition, where each participant was treated as a random effect (see 
Appendix A for Models). The channel-wise estimated regression coef- 
ficients (i.e., the absolute estimated “strength ” of hemodynamic activ- 
ity, !) for each condition were calculated and compared using Student’s 
t -statistic estimates. These statistical tests allow us to make inferences 
about how brain areas respond to different listening conditions. We per- 
formed six comparisons to demonstrate brain activity during increasing 
levels of cognitive demand: 

(A) Undegraded, OS (205 wpm) > SO (205 wpm). 
(B) Undegraded, OS (410 wpm) > SO (205 wpm). 
(C) HA Simulation, OS (205 wpm) > SO (205 wpm). 
(D) HA Simulation, OS (273 wpm) > SO (205 wpm). 
(E) CI Simulation, OS (205 wpm) > SO (205 wpm). 
(F) CI Simulation, OS (273 wpm) > SO (205 wpm). 

We performed the easiest comparison (A) as a control and in order 
to verify brain activation reported in previous fMRI studies. The ex- 

ploratory comparisons (B–F) increased incrementally in listening chal- 
lenge in order to test the hypotheses. Multiple comparisons and false 
discovery rates were controlled for using the Benjamini-Hochberg cor- 
rection ( pFDR ). Due to the interdependent nature of HbO 2 and HbR, 
we performed statistical modeling with both hemoglobin chromophores. 
HbO 2 results are available in full in the supplemental documents. How- 
ever, HbO 2 has been shown to be more sensitive to global components 
and physiological noise than HbR ( Kirilina et al., 2012 ; Strangman et al., 
2002 ; Tachtsidis and Scholkmann, 2016 ; Zhang et al., 2016 ). Addition- 
ally, fNIRS HbR measurements most closely correlate with and resem- 
ble the blood oxygen level dependent (BOLD) measurements acquired 
by fMRI and are thus reported here ( Huppert et al., 2006 ; Ogawa et al., 
1990 ; Sato et al., 2013 ). fNIRS studies have found discrepancies between 
HbO 2 and HbR measurements and further support reporting HbR for 
speech and listening studies ( Hirsch et al., 2018 , 2020 ). Combined with 
fNIRS Source Localization and a control comparison (A), this allows us 
to most reliably make comparisons to the fMRI BOLD literature we re- 
viewed. 
4.2.4. Brain-behavior correlation analysis 

Lastly, we used Pearson’s Product Moment Correlation to test the re- 
lationship (i.e., correlation coefficient, r ) between brain activity and the 
behavioral response variables (i.e., accuracy, reaction time, and SMEQ 
rating). We computed subjects’ brain activity using a post hoc cerebral 
region of interest, namely the orbital right MFG where we identified 
a pattern of metabolic expenditure indicative of effort in the previous 
channel-wise analysis (see Appendix B for Brain-Behavior Correlation 
Analysis R Source Code). Subject-level unweighted HbR beta values 
were first extracted from the NIRS Brain AnalyzIR Toolbox in MAT- 
LAB, then outliers were removed before correlating the values with the 
subject-level unweighted response variables in R. We were particularly 
interested in relationships with the SMEQ Rating Scale, which could 
provide important insight into the psychophysiological nature of self- 
reported effort measures ( McGarrigle et al., 2014 ). 
5. Results 
5.1. Behavioral results 

We performed ReML linear mixed effects statistical modeling (see 
4.2.1.). Speech clarity and speed significantly predicted task accuracy, 
reaction time, and SMEQ Rating (see Table 2 and Fig. 2 ). Addition- 
ally, there were 2-way (i.e., Clarity CISim :Syntax OS ) and 3-way (i.e., 
Clarity CISim :Speed Fast :Syntax OS ) interactions that significantly predicted 
task accuracy. 
5.2. Functional NIRS channel-wise results 

We performed channel-wise analysis of fNIRS HbR brain imaging 
data in MATLAB (see 4.2.3.). Specifically, we made six comparisons to 
demonstrate brain activity during increasing levels of cognitive demand 
(see Fig. 3 ). We observed significant activation in the left IFG (BA44) 
and right STG (BA22) for the classic contrast A (OS > SO; Caplan, 2007 ; 
Just et al., 1996 ). We also observed increasing levels of activation in the 
orbital right MFG from contrasts A–E, with a decrease in activation for 
the most challenging conditions in contrast F (see Fig. 4.a ). Additionally, 
we observed a pattern of activation in the left hemisphere that follows 
the ventral and then dorsal auditory processing streams as the level of 
cognitive demand increases (see Fig. 4.b ). This pattern starts with sig- 
nificant recruitment of the left IFG (BA44) in contrasts A–B, then the 
left supramarginal gyrus (SMG, BA40) in contrast C, the left postcentral 
gyrus (BA1,2,3) in contrast D, the left MFG (BA9) in contrast E, and 
finally the orbital right MFG (BA10) in contrast F. 
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Fig. 2. The impact of clarity, speed, and 
syntax on task accuracy, reaction time, and 
SMEQ rating (see Table 2 ). Index: SO, subject- 
relative clause structure; OS, object-relative 
clause structure. 

Fig. 3. Channel-wise HbR regression coefficient 
maps depicting the t -score ( t ) for each contrast 
( c ). Index. HA, hearing aid; CI, cochlear implant; 
OS, object-relative clause structure; SO, subject- 
relative clause structure; BA, Brodmann area(s). 

Fig. 4. (a) Channel-wise HbR regression co- 
efficient ( !, ‘brain activity strength’) and t - 
statistic values ( T ) in the orbital right MFG 
for each contrast. Index: ∗ ∗ ∗ , p < 0.001; •, p 
< 0.05. (b) Left hemisphere pattern of signif- 
icant brain activation ( pFDR < 0.05) for con- 
trasts A–E within ventral (green) and dorsal 
(red) processing streams. (For interpretation 
of the references to color in this figure leg- 
end, the reader is referred to the web version 
of this article.) 

5.3. Brain-behavior correlation results 
We performed correlation analysis between brain activity and the 

behavioral response variables (i.e., accuracy, reaction time, and SMEQ 
rating; see 4.2.4.). We observed significant correlations between the be- 
havioral response variables (see Fig. 5 ). There were significant moderate 
negative correlations between accuracy and reaction time ( r = − 0.452, 
p < 0.001) and between accuracy and SMEQ rating ( r = − 0.475, p < 
0.001), as well as a significant weak positive correlation between reac- 
tion time and SMEQ rating ( r = 0.309, p < 0.001). Lastly, we observed 

no significant correlations between brain activity ( ! HbR) in the orbital 
right MFG and responses. 
6. Discussion 

Using fNIRS brain imaging during a plausibility judgment task, we 
observed two distinct patterns of neural activity while hearing listeners 
attended to increasingly challenging speech signals. The first pattern 
appeared in the frontopolar cortex, specifically the right orbital MFG 
(BA10), and appears to reflect the manipulation of auditory attentional 
resources expended by the participant during the task. The second pat- 
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Fig. 5. Matrix depicting the Pearson Product 
Moment Correlation Coefficients ( r ) and signifi- 
cance values ( p ) between brain activity ( ! HbR) 
in the orbital right MFG and the behavioral re- 
sponse variables (accuracy, reaction time, and 
SMEQ rating). Index: ∗∗∗ , p < 0.001. 

tern appears in the left hemisphere’s core speech and language network 
and reflects a clear hierarchical organization for processing linguistic 
information in the presence of increasing listening challenge. Fascinat- 
ingly, this pattern can be easily traced along the ventral and dorsal 
auditory pathways, yielding new insight into the computational orga- 
nization of the human cortex for speech and language. Lastly, partic- 
ipant’s ratings of perceived mental effort significantly correlated with 
their performance on the task, highlighting the validity of using sin- 
gle item post-task questionnaires to assess listening effort and listening 
performance. 
6.1. Auditory attention processing 

The first distinct pattern of neural activity that we observed was in 
the frontopolar cortex, specifically the right orbital MFG (BA10). This 
cortical site has been well documented as the primary relay area for com- 
plex auditory information between the frontal lobe and auditory cortices 
in the STG in both humans and non-human primates ( Medalla and Bar- 
bas, 2014 ). Further, BA10 is thought to be the core functional node 
responsible for delegating attentional resources and maintaining infor- 
mation for decision making (see 2.1.3.; Medalla and Barbas, 2014 ). As 
listening became more difficult during the task, activity in BA10 became 
stronger. However, during the most difficult condition, we observed a 
steep decrease in activation. Taken together, these findings suggest that 
participants were investing a greater amount of attentional resources 
for processing complex auditory and linguistic information but started 
to lose motivation as the task became too difficult to perform. One possi- 
ble explanation for this is that the cognitive demand in the speech signal 

exceeded the available cognitive resources necessary for successful com- 
prehension. This interpretation is supported by our behavioral findings, 
which reflect a similar pattern, as well as current models of auditory cog- 
nition and listening effort (e.g., Peelle, 2018 ; Pichora-Fuller et al., 1995 ). 
To the best of our knowledge, this is the first study to identify a 
possible neural signature for sustained auditory attention, or listening 
effort. 
6.2. Auditory linguistic processing 

We also observed a second distinct pattern of neural activity in the 
left hemisphere’s core speech and language processing areas. The pat- 
tern begins with expected neural activation in the left IFG (BA44) and 
right STG (BA22) for the classic contrast between complex and sim- 
ple syntax constructions ( Caplan, 2007 ; Stromswold et al., 1996 ). These 
brain regions are functionally specialized for mediating longer memory 
traces associated with processing more complex OS syntactic structures. 
As listening became more difficult, neural activation pivoted posteri- 
orly to the left SMG (BA40), to the left postcentral gyrus (BA1,2,3), 
to the left MFG of the dorsolateral prefrontal cortex (DLPFC; BA9), 
and finally terminating in the orbital right MFG (BA10). In relation to 
classic computational models for speech and language processing (e.g., 
Rauschecker and Scott, 2009 ), this neural pattern of activation can be 
traced along the ventral (easier conditions) to increasingly more dorsal 
(more difficult conditions) processing streams. One possible explana- 
tion for observing this pattern is that easier listening conditions allow 
for easier mapping of speech sounds to meaning, whereas more difficult 
listening conditions interfere with this mapping process and increas- 
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Table 2 
Linear mixed effects coefficients for task accuracy, reaction time, and SMEQ 
rating. 

Fixed Effect ReML Est. SE t p 
Accuracy 
Clarity Clear(Intercept) 89.22 2.48 36.04 < 2e-16 
Clarity HASim − 19.54 2.67 − 7.33 2.03e-12 
Clarity CISim − 15.23 2.67 − 5.71 2.61e-8 
Speed Fast − 9.77 2.67 − 3.67 2.91e-4 
Syntax OS − 1.87 2.67 − 0.70 0.484 
Speed Fast :Syntax OS 3.31 3.77 0.88 0.381 
Clarity HASim :Speed Fast − 5.32 3.77 − 1.41 0.159 
Clarity HASim :Syntax OS − 1.15 3.77 − 0.31 0.761 
Clarity CISim :Speed Fast 3.74 3.77 0.99 0.322 
Clarity CISim :Syntax OS − 8.19 3.77 − 2.17 0.031 
Clarity HASim :Speed Fast :Syntax OS 4.60 5.33 0.86 0.389 
Clarity CISim :Speed Fast :Syntax OS − 11.06 5.33 − 2.08 0.039 
Reaction Time 
Clarity Clear(Intercept) 795.24 58.38 13.62 < 2e-16 
Clarity HASim 316.15 58.47 5.41 1.29e-7 
Clarity CISim 251.91 58.47 4.31 2.22e-5 
Speed Fast 192.61 58.47 3.29 0.001 
Syntax OS 47.59 58.47 0.81 0.416 
Speed Fast :Syntax OS − 44.39 82.70 − 0.54 0.592 
Clarity HASim :Speed Fast − 31.87 82.70 − 0.39 0.700 
Clarity HASim :Syntax OS 98.31 82.70 1.19 0.235 
Clarity CISim :Speed Fast − 138.76 82.70 − 1.68 0.094 
Clarity CISim :Syntax OS 61.84 82.70 0.75 0.455 
Clarity HASim :Speed Fast :Syntax OS − 67.40 116.95 − 0.576 0.565 
Clarity CISim :Speed Fast :Syntax OS 40.05 116.95 0.342 0.732 
SMEQ Rating 
Clarity Clear(Intercept) 14.31 5.41 2.65 0.0097 
Clarity HASim 37.24 5.33 6.99 1.76e-11 
Clarity CISim 35.62 5.33 6.68 1.11e-10 
Speed Fast 23.07 5.33 4.33 2.05e-5 
Syntax OS 8.66 5.33 1.62 0.106 
Speed Fast :Syntax OS − 12.79 7.54 − 1.70 0.091 
Clarity HASim :Speed Fast 5.41 7.54 0.72 0.473 
Clarity HASim :Syntax OS − 1.24 7.54 − 0.17 0.869 
Clarity CISim :Speed Fast 1.10 7.54 0.15 0.884 
Clarity CISim :Syntax OS 2.03 7.54 0.27 0.787 
Clarity HASim :Speed Fast :Syntax OS 12.17 10.66 1.14 0.255 
Clarity CISim :Speed Fast :Syntax OS 11.69 10.66 1.10 0.274 

Index. Clear, undegraded; HASim, hearing aid simulation; CISim, cochlear im- 
plant simulation; OS, object-relative clause structure. 

ingly rely on the brain’s ability to derive meaning and make decisions 
from predictive and controlling contexts ( Hickok and Poeppel, 2004 ). 
The left SMG (BA40) of the IPL is also associated with linguistic func- 
tions ( Caplan et al., 1992 ), such as the phonological-articulatory loop 
( Baddeley et al., 1984 ). However, some evidence suggests that activity 
in this area is driven by higher-order linguistic processes for improv- 
ing speech comprehension as opposed to acoustic processing to recover 
intelligibility of the degraded speech signal ( Obleser et al., 2007 ). The 
postcentral gyrus (BA1,2,3) has also been uniquely implicated in lin- 
guistic processing, specifically phonological ( Schwartz et al., 2012 ), se- 
mantic ( Sabri et al., 2008 ), and syntactic processing ( Lee et al., 2016 ), 
with a strong interaction effect with attention (e.g., Sabri et al., 2008 ) 
and Wild et al., 2012 ). Lastly, the left MFG of the DLPFC (BA9) is 
a region that has been typically associated with short-term verbal 
working memory for linguistic processing ( Baddeley, 2003 ; Curtis and 
D’Esposito, 2003 ; D’Esposito, 2007 ). Taken together, we conclude that 
motivated processing of complex speech signals relies on a distributed 
network of cortical brain regions. Crucially, this network is hierarchical 
and can be traced in terms of current computational models of speech 
and language processing. Easy listening conditions with easy mapping of 
speech sounds to meaning are processed ventrally and closer to the au- 
ditory cortex, whereas difficult listening conditions rely on increasingly 
dorsal higher-order linguistic mechanisms that are further in proxim- 
ity from the auditory cortex (i.e., from phonological-articulatory buffer- 

ing in the IPL, to syntactic-attention recovery in the postcentral parietal 
lobe, to short-term-verbal working memory in the left DLPFC). Crucially, 
this network is hierarchical and can be mapped in terms of current com- 
putational models of speech and language processing. To the best of our 
knowledge, this is the first study to demonstrate the hierarchical com- 
position of neural activation patterns for motivated and effortful speech 
processing in these contexts. 
6.3. Brain-behavior correlations 

Participants’ mental effort ratings were significantly correlated with 
their accuracy and reaction times on the task. Voluntary attention af- 
fects performance in both task accuracy and reaction time, whereas 
involuntary attention affects task reaction time but not task accuracy 
( Prinzmetal et al., 2005 , 2009 ). Taken together, our findings support 
the view that perceived mental effort is largely dependent on motivated, 
voluntary allocation of attentional resources. Additionally, this further 
validates the use of off-line single item usability questionnaires for as- 
sessing listening effort. 

Of important note, we also found no significant correlations between 
neural activity in BA10 and the response variables. There are three pos- 
sible reasons why we did not observe stronger brain-behavior correla- 
tions. First, the patterns of task performance and activation in BA10 ap- 
pear to be nonlinear. Our brain-behavior correlation analysis only tests 
for linear relationships between variables. Indeed, this is supported by 
current models of auditory cognition and listening effort that are also 
nonlinear in nature (e.g., Peelle, 2018 ; Pichora-Fuller et al., 2016 ). Sec- 
ond, there exists an inherent inter-subject variability in cognitive per- 
ception and cognitive performance abilities (e.g., Peelle, 2018 ), as well 
as participant ratings for mental effort. Psychometrically, mental effort 
is also very difficult to interpret based on absolute or individual ratings 
and measurements. Between-group analyses may be more appropriate 
and statistically robust ( Zijlstra, 1993 , p. 59). This is partly due to an ill- 
defined nil-point (i.e., baseline), where even the simplest baseline mea- 
sures require some degree of effort and are not rated at “0 ″ on the scale 
across participants. Lastly, we used subject-level unweighted brain ac- 
tivation beta values and response variables. It is possible that weighted 
brain activation beta and response variables could provide more reli- 
able population estimates. Further investigation is warranted to explore 
‘why’ a relationship between brain and behavior was not found in our 
analyses. 

Interestingly, hearing participants rated hearing aid and cochlear 
implant simulations to be comparably difficult. However, we observed 
distinct cortical processing patterns for each simulation. In BA10, we 
observed greater activation when listening to cochlear implant simula- 
tions than hearing aid simulations. In the left hemisphere, we observed 
recruitment of posterior temporal-parietal areas for processing hearing 
aid simulations (BA1,2,3,40) and anterior temporal-parietal areas for 
cochlear implant simulations (BA9,10). These findings suggest that the 
relationship between the brain and human behavior for listening ef- 
fort is highly complex, and there may exist some similarities and differ- 
ences between naïve listening of different types of acoustic distortions 
(e.g., hearing aid and cochlear implant simulations; Alain et al., 2018 ; 
Mattys et al., 2012 ). 
6.4. Limitations 

While our findings provide new evidence for the cortical and cog- 
nitive processing of complex speech signals, some limitations of this 
study must be noted. First, fNIRS brain imaging is a region-of-interest 
technique that is limited to the outer surface of cortical tissue. There- 
fore, we are not able to investigate additional, subcortical brain regions 
that might play an important role in auditory cognitive processes. The 
cingulo-opercular network, including the anterior cingulate and bilat- 
eral, but primarily the right, insula, are suggested to play an impor- 
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tant role in attention-based performance monitoring and the flexible 
allocation of neurocognitive resources for online information process- 
ing ( Alain et al., 2018 ; Eckert et al., 2009 ; Erb and Obleser, 2013 ; 
Peelle, 2018 ; Vaden et al., 2013 ; Wild et al., 2012 ). Studies that in- 
tegrate fNIRS and fMRI brain imaging techniques are promising to in- 
vestigate the relationship between the cingulo-opercular network and 
listening effort. However, introducing magnetic resonance or another 
electromagnetic-based imaging technique would diminish the compat- 
ibility to investigate this line of research questioning with hearing aid 
and cochlear implant users. Future studies are planned to integrate other 
optical imaging approaches, such as fNIRS with functional infrared ther- 
mography (fIRT), which is sensitive for measuring different emotional- 
attentional states ( Ioannou et al., 2014 ) but not affected by the use of 
hearing aids or cochlear implants during the experiment. Second, this 
study utilizes variations in spectral (i.e., wide-band vs. narrow-band 
speech) and temporal (i.e., normal vs. fast) domains. There are also other 
listening challenges that impact auditory attention that this study does 
not address, such as many different kinds of noise and multi-talker bab- 
ble. The goal of this investigation was to isolate the cognitive effects of 
spectral degradation experienced everyday by hearing aid and cochlear 
implant users in the absence of additional acoustic challenge (i.e., com- 
peting acoustic signals). Further, cognitive processing in both hearing 
aid and cochlear implant users is uniquely challenged by speech rate 
( Piquado et al., 2012 ). However, typical listening often occurs in the 
presence of competing acoustic signals, and future studies would benefit 
from exploring the cognitive impacts of overlapping challenges within 
the acoustic domain. Lastly, all participants in this study were naïve lis- 
teners of distorted speech, and some research has documented a training 
effect in naïve listeners of noise-vocoded speech (e.g., Davis et al., 2005 ). 
This raises interesting theoretical questions about the role of sensorimo- 
tor feedback in the acquisition of speech and language by early-deafened 
hearing aid and cochlear implant users. Modern computational models 
suggest that adequate access to afferent inputs is necessary to complete 
the internal models in dorsal stream auditory processing and to facili- 
tate neuroplasticity (e.g., Rauschecker, 1995 ). Future studies of early, 
long-term hearing aid and cochlear implant users are planned to fur- 
ther investigate the impact of sensory feedback in auditory linguistic 
processing. 
7. Conclusion 

In the present study, participants carried out a plausibility judg- 
ment task while undergoing fNIRS brain imaging. Sentences included 
a range of acoustic and linguistic challenges in order to increase cogni- 
tive demand (listening effort) and test the hypothesis that the ventral 
and dorsal auditory processing streams, with recruitment of the pre- 
frontal cortex, have distinct contributions to motivated, effortful listen- 
ing. We assessed the behavioral and neural impacts of listening to clear 
speech spoken at a normal rate with low syntactic complexity in compar- 
ison to degraded speech (i.e., wide-bandwidth hearing aid simulation, 
narrow-bandwidth cochlear implant simulation, temporal compression) 
spoken at a fast rate with high syntactic complexity (i.e., object-relative 
clauses). This experimental design of hierarchically challenging condi- 
tions permits a novel investigation with fNIRS brain imaging into the 
computational organization of sustained and motivated speech compre- 
hension. Notably, to our knowledge, this is also the first investigation 
of the relationship between the brain, task performance, and internal 
perceptions of mental workload. 

Here, we found that when mapping speech sounds to meaning is 
unimpeded, listening processes are carried out ventrally and closer to 
the auditory cortex. In comparison, difficult listening conditions are in- 
creasingly processed in dorsal higher-order linguistic mechanisms that 
are further in proximity from the auditory cortex. Specifically, neural 
networks for speech perception are modulated to reflect changing de- 
mands in the speech signal, from phonological-articulatory buffering in 

the IPL, to syntactic-attention recovery in the postcentral parietal lobe, 
to short-term-verbal working memory in the left DLPFC. Taken together 
with the “inverted-V ” pattern of activation in BA10 that reflects increas- 
ing demands on auditory attention processing, these findings contribute 
towards a better understanding of the hierarchical cortical organiza- 
tion for cognitive processes that underlie not only clear, easily perceived 
speech, but also motivated, effortful listening. Our findings can further 
inform and advance scientific inquiry about cortical speech process- 
ing and cognitive neuroplasticity in hearing aid and cochlear implant 
users. 
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Appendix A. Models 

Models are expressed in Wilkinson-Rogers notation. 
1 Behavioral Analysis estimate ~ 1 + clarity ∗ syntax ∗ speed + (1|sub- 

ject) 
2 Group-Level fNIRS Analysis beta ~ − 1 + condition + (1|subject) 
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Appendix B. Behavioral and brain-behavior correlation analysis, R source code 

# ReML LME Statistics with WS Approximation 
library(tidyverse) 
library(lme4) 
library(lmerTest) 
# Import data 
statsData < - read_csv("~/statsData.csv", col_names = TRUE, na = c ("", "NA"), quoted_na = TRUE) 
# Define data class 
statsData$clarity < - factor(statsData$clarity, levels = c ("C", "D", "V"), ordered = FALSE) 
statsData$speed < - factor(statsData$speed, levels = c ("N", "F"), ordered = FALSE) 
statsData$syntax < - factor(statsData$syntax, levels = c ("S", "O"), ordered = FALSE) 
statsData$subject < - factor(statsData$subject) 
# LME Models 
acc.lmer < - lmer(acc ~ 1 + clarity ∗ syntax ∗ speed + (1|subject), data = statsData) 
summary(acc.lmer) 
rt.lmer < - lmer(rt ~ 1 + clarity ∗ syntax ∗ speed + (1|subject), data = statsData) 
summary(rt.lmer) 
smeq.lmer < - lmer(smeq ~ 1 + clarity ∗ syntax ∗ speed + (1|subject), data = statsData) 
summary(smeq.lmer) 
# Pearson Product Moment Correlation Matrix 
library(dplyr) 
outliers < - boxplot(statsData$ch13hbrB, plot = FALSE)$out 
statsData2 < - statsData[-which(statsData$ch13hbrB %in% outliers),] 
chart.Correlation(select(statsData2, acc, rt, smeq, ch13hbrB), method = "pearson", pch = 46) 

Appendix C. Functional NIRS source localization results 
Table A1 reports the results from the fNIRS source localization analyzis presented in §4.2.2. 

Table A1 
Channel probabilistic brain MNI coordinates and AAL cytoarchitectural labels. 

MNI Coordinates 
Ch. Src. Det. X Y X Cytoarchitecture a Prob. 
1 1 1 − 70.00 − 33.67 8.67 Temporal Mid L 0.83 

Temporal Sup L 0.18 
2 1 7 − 67.00 − 46.33 26.67 SupraMarginal L 0.83 

Temporal Sup L 0.18 
3 2 1 − 66.00 − 7.67 5.33 Temporal Sup L 0.79 

Heschl L 0.08 
Temporal Mid L 0.08 
Rolandic Oper L 0.05 

4 2 2 − 58.00 20.67 3.67 Frontal Inf Tri L 0.90 
Frontal Inf Oper L 0.11 

5 2 8 − 63.00 9.00 18.00 Frontal Inf Oper L 0.70 
Precentral L 0.23 
Postcentral L 0.07 

6 3 2 − 52.00 44.67 − 3.33 Frontal Inf Orb L 0.67 
Frontal Inf Tri L 0.29 
Frontal Mid Orb L 0.04 

7 3 3 − 34.33 65.00 − 4.67 Frontal Mid Orb L 0.72 
Frontal Sup L 0.23 
Frontal Sup Orb L 0.06 

8 3 9 − 37.67 62.00 7.00 Frontal Mid L 0.95 
Frontal Sup L 0.05 

9 4 3 − 11.00 72.00 − 7.00 Frontal Sup Orb L 0.62 
Frontal Mid Orb L 0.38 

10 4 4 14.33 73.00 − 5.67 Frontal Sup Orb R 0.69 
Frontal Mid Orb R 0.30 
Frontal Sup R 0.01 

11 4 9 − 15.00 73.00 5.00 Frontal Sup L 0.90 
Frontal Sup Medial L 0.10 

12 4 10 17.67 73.00 5.67 Frontal Sup R 0.82 
Frontal Sup Medial R 0.18 

13 5 4 37.67 65.33 − 3.33 Frontal Mid Orb R 0.54 
Frontal Sup Orb R 0.32 
Frontal Mid R 0.13 
Frontal Sup R 0.01 

( continued on next page ) 
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Table A1 ( continued ) 
MNI Coordinates 

Ch. Src. Det. X Y X Cytoarchitecture a Prob. 
14 5 5 53.33 46.67 − 1.67 Frontal Inf Orb R 0.48 

Frontal Inf Tri R 0.47 
Frontal Mid R 0.03 
Frontal Mid Orb R 0.03 

15 5 10 40.67 62.33 8.33 Frontal Mid R 0.92 
Frontal Sup R 0.08 

16 6 5 60.33 22.67 5.33 Frontal Inf Tri R 0.82 
Frontal Inf Oper R 0.18 

17 6 6 69.00 − 7.33 8.33 Temporal Sup R 0.82 
Rolandic Oper R 0.17 
Heschl R 0.01 

18 6 11 65.33 10.67 20.67 Precentral R 0.84 
Frontal Inf Oper R 0.16 

19 7 6 72.00 − 33.33 11.33 Temporal Sup R 0.98 
Temporal Mid R 0.02 

20 7 12 68.00 − 44.67 28.67 SupraMarginal R 0.94 
Temporal Sup R 0.06 

21 8 1 − 68.67 − 18.67 22.67 Postcentral L 0.69 
SupraMarginal L 0.31 

22 8 7 − 66.00 − 33.00 41.00 SupraMarginal L 1.00 
23 8 8 − 63.67 − 4.67 34.67 Postcentral L 1.00 
24 8 13 − 59.00 − 17.33 50.67 Postcentral L 0.62 

Parietal Inf L 0.36 
SupraMarginal L 0.02 

25 9 2 − 55.00 35.00 10.00 Frontal Inf Tri L 1.00 
26 9 8 − 56.67 22.67 26.33 Frontal Inf Tri L 0.99 

Frontal Inf Oper L 0.01 
27 9 9 − 42.67 52.33 20.67 Frontal Mid L 1.00 
28 9 14 − 45.67 39.00 32.00 Frontal Mid L 1.00 
29 10 3 − 10.67 73.00 11.67 Frontal Sup L 0.58 

Frontal Sup Medial L 0.42 
30 10 4 14.67 73.00 12.33 Frontal Sup Medial R 0.79 

Frontal Sup R 0.21 
31 10 9 − 14.00 68.00 23.67 Frontal Sup L 0.96 

Frontal Sup Medial L 0.04 
32 10 10 17.00 68.67 24.00 Frontal Sup R 1.00 
33 11 5 57.33 36.67 11.67 Frontal Inf Tri R 1.00 
34 11 10 44.33 52.67 22.33 Frontal Mid R 1.00 
35 11 11 57.33 25.33 28.33 Frontal Inf Tri R 0.78 

Frontal Inf Oper R 0.22 
36 11 15 47.33 39.33 33.33 Frontal Mid R 1.00 
37 12 6 70.00 − 18.33 26.33 SupraMarginal R 0.99 

Postcentral R 0.01 
38 12 11 65.00 − 2.33 37.67 Postcentral R 0.97 

Precentral R 0.03 
39 12 12 68.00 − 31.33 42.67 SupraMarginal R 1.00 
40 12 16 59.00 − 16.00 53.67 Postcentral R 1.00 
41 13 7 − 58.00 − 46.33 52.33 Parietal Inf L 1.00 
42 13 13 − 49.67 − 30.67 63.33 Postcentral L 1.00 
43 14 8 − 52.67 11.67 43.33 Precentral L 0.76 

Frontal Mid L 0.24 
44 14 13 − 47.67 − 1.67 57.33 Precentral L 1.00 
45 14 14 − 41.67 26.67 48.67 Frontal Mid L 1.00 
46 15 11 54.00 13.33 44.33 Precentral R 0.55 

Frontal Mid R 0.42 
Frontal Inf Oper R 0.03 

47 15 15 43.67 27.67 48.67 Frontal Mid R 1.00 
48 15 16 48.33 − 0.67 58.67 Frontal Mid R 0.93 

Precentral R 0.07 
49 16 12 58.33 − 44.33 54.67 Parietal Inf R 1.00 
50 16 16 49.67 − 29.67 64.33 Postcentral R 1.00 

Index. Ch., Channel; Src., Source Optode; Det., Detector Optode; Prob., Coverage Probability. 
a For a reference to AAL cytoarchitectural labels, see Tzourio-Mazoyer et al. (2002) . 
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Appendix D. Functional NIRS channel-wise results 

Table A2 reports the fNIRS channel-wise HbR regression coefficient contrast results presented in Figs. 3 and 4 . 
Table A2 
Channel-wise HbR regression coefficient contrast results. 

MNI Coord. 
C a Ch. b X Y X ! t pFDR Prob. Cytoarchitecture c 
A 5 − 63 9 18 11.54 3.58 0.003 0.70 Frontal Inf Oper L 

0.23 Precentral L 
0.07 Postcentral L 

19 72 − 33 11 5.33 2.44 0.046 0.98 Temporal Sup R 
0.02 Temporal Mid R 

B 5 − 63 9 18 9.20 2.86 0.020 0.70 Frontal Inf Oper L 
0.23 Precentral L 
0.07 Postcentral L 

13 38 65 − 3 4.03 2.59 0.033 0.54 Frontal Mid Orb R 
0.32 Frontal Sup Orb R 
0.13 Frontal Mid R 
0.01 Frontal Sup R 

C 13 38 65 − 3 6.49 4.47 1.44e-4 0.54 Frontal Mid Orb R 
0.32 Frontal Sup Orb R 
0.13 Frontal Mid R 
0.01 Frontal Sup R 

22 − 66 − 33 41 4.90 2.57 0.034 1.00 SupraMarginal L 
D 13 38 65 − 3 8.94 5.99 1.24e-7 0.54 Frontal Mid Orb R 

0.32 Frontal Sup Orb R 
0.13 Frontal Mid R 
0.01 Frontal Sup R 

23 − 64 − 5 35 5.98 2.56 0.035 1.00 Postcentral L 
E 13 38 65 − 3 11.05 7.32 6.84e-11 0.54 Frontal Mid Orb R 

0.32 Frontal Sup Orb R 
0.13 Frontal Mid R 
0.01 Frontal Sup R 

28 − 46 39 32 6.18 5.27 4.08e-6 1.00 Frontal Mid L 
F 13 38 65 − 3 7.21 4.71 5.33e-5 0.54 Frontal Mid Orb R 

0.32 Frontal Sup Orb R 
0.13 Frontal Mid R 
0.01 Frontal Sup R 

Index. C, Contrast; Ch., Channel; MNI Coord., MNI Coordinates; Prob., Coverage Probability. 
a For a reference to contrast labels, see 4.2.3. and Fig. 3 . 
b For a reference to channel labels, see Table A1 . 
c For a reference to AAL cytoarchitectural labels, see Tzourio-Mazoyer et al. (2002) . 

Appendix E. Figures 
Fig. A1 depicts the parameters for the simulated digital hearing aid used to make the hearing aid simulation. Fig. A2 depicts an example of the 

undegraded, hearing aid simulated, and cochlear implant simulated speech conditions. Fig. A3 depicts the trial and block designs. 
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Fig. A1. A screen capture image depicting the 
parameters for the programmed simulated dig- 
ital hearing aid using the “AutoFit ” feature 
within the HeLPS v2 computer software. 

Fig. A2. Spectrograms depicting the: (a) orig- 
inal speech signal, (b) speech signal pro- 
cessed through a simulated hearing aid, and 
(c) speech signal processed through an eight- 
channel noise-vocoder algorithm (simulated 
cochlear implant). All images depict the sen- 
tence, “Letters that fathers write are caring. ”. 

. 
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Fig. A3. A schematic of (a) the block design 
and (b) the trial design. There were 4 main 
conditions in the block design: (a) 24 subject- 
relative sentences presented at a typical rate 
(205 wpm), (b) 24 object-relative sentences 
presented at a typical rate (205 wpm), (c) 
24 subject-relative sentences presented at a 
fast rate (273–410 wpm), and (d) 24 object- 
relative sentences presented at a fast rate (273–
410 wpm). All conditions were presented in 3 
unique runs: (i) undegraded, (ii) hearing aid 
simulated, and (iii) cochlear implant simulated 
speech. Trials in blocks were pseudorandom- 
ized. Blocks across all 3 runs were randomized. 
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