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Editorial on the Research Topic

Cognitive hearing science: Investigating the relationship between

selective attention and brain activity

Introduction

“Everyone knows what attention is. It is the taking possession by the mind in clear

and vivid form, of one out of what seem several simultaneously possible objects or trains

of thought. Focalization, concentration, of consciousness are of its essence. It implies

withdrawal from some things in order to deal effectively with others, and is a condition

which has a real opposite in the confused, dazed, scatterbrained state which in French

is called distraction, and Zerstreutheit in German,” (James, 1890, p. 403–404). How

does such a psychological concept relate to human brain activity? An influential model

in clinical neuropsychology (Sohlberg and Mateer, 2001) differentiates five dissociable

components that are focused, sustained, alternating, selective, and divided attention.

Sustained attention concerns focusing attention on stimulation for an extended period.

Selective attention concerns concentrating on one source of information in exclusion

of another, in the service of some task. Divided attention concerns attending to one

task when there are other attentional demands, such as another parallel task. From a

cognitive hearing science perspective, attention has been a somewhat nebulous concept

that depends partially on working memory (Barrouillet and Camos, 2020; Rönnberg

et al., 2022a,b) and upon related executive control mechanisms (Badre, 2021).
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In the current topic, we include multi-modal attention

studies employing a plethora of measures from several brain-

imaging and behavioral techniques. The topic reveals how

the field is developing, maturing, and diversifying. This

collection assembles world-leading researchers’ more exciting

developments from groundbreaking experiments spanning the

last seven years. This research not only provides us with

new knowledge about attentional processes but also about the

intricacies of perceptual-cognitive interactions.

Sörqvist et al. (2012) make a case for cognitive hearing and

the early attentional-steering of auditory input: Visual working

memory load dampens Wave V of the auditory brainstem

response. Such a visual working memory load also targets

auditory cortex (Sörqvist et al., 2016). Accordingly, conscious

and intentional processing of stimuli, presented cross-modally,

can penetrate modular brain functions performing auditory

processing within the first few milliseconds of the onset of a

sound (see also Ikeda and Campbell, 2021). Generally speaking,

sensory and cognitive processing blend to a much larger

extent than previously acknowledged (Rönnberg et al., 2022a,b).

Cognitive hearing science’s new early filter model explains the

top-down influences upon early sensory processing in relation

to existing corticopetal-corticofugal loops (Marsh andCampbell,

2016; Campbell and Marsh, 2018, 2019).

Selectively attending to perceived dialogue or sounds is

vital for smooth communication processes. Factors that affect

selective attention not only include the source of speech or

nonspeech sound, hearing status, and the listener’s motivation

for attending to the sound, but also effort and listener fatigue

(see Pichora-Fuller et al., 2016). Further, recent research

investigating the attentional processing of speech is revealing

other key factors that affect our selective attention. These

new factors include: the quality of attended speech, semantic

predictability, grammatical complexity, and the number of

competing sources of speech, as well as whether the masker

speech is in the listener’s mother tongue or not. This Research

Topic, therefore, gathers together studies investigating the

effects of what Sohlberg and Mateer (2001) term sustained,

selective, and divided attention upon brain regions that relate

to the aforementioned cognitive and perceptual factors.

To foreshadow the ensuing editorial, on a simple level of

analysis, supramodal cortical regions during audiovisual divided

attention are not the neural equivalent of capacity-limited

bottlenecks. However, selective attention to visual phonological

material exhibits an intermodal character that affects the

brain’s representation of the auditory stimulus. Turning from a

simple to a more complex communicative level, hemodynamic

investigations characterize the different kinds of activation

when selecting or dividing attention concerning auditory and

visual modalities. Intriguing is how that division, particularly

under adverse conditions, can compromise the activation of

the social brain network. On this complex level, we bring

you new EEG approaches to indexing listening effort and

fluctuations in sustained attention, as has a future in brain-

computer interfaces to dynamically steer the signal processing in

hearing-assistive devices according to transient neurocognitive

state. We then introduce you to how cognitive training can

relatively rapidly re-calibrate the perceptual systems dealing

with speech. The editorial then evaluates the successes of

investigations that psychologically characterize inter-individual

differences in attentional effects on hemodynamic measures of

brain activity in special populations. These populations are not

only of elderly individuals but also of adults with attention

deficit hyperactivity disorder (ADHD). We conclude with how

explicit intention can limit the cortical processing of predictable

pitch change, arguably via brain processes relating to the top-

down influence of auditory selective attention. The consensus

in the field hitherto considered such cortical processing of pitch

deviance as largely task-independent, if not preattentive and

impenetrable to volition.

Levels of analysis

Simple levels

In a relatively early functional magnetic resonance imaging

(fMRI) dual-task study centering upon divided attention (Salo

et al.), participants concurrently attended to a time-varying

series of spoken and written letters. Participants perform one

of nine bimodal discrimination tasks, which had a visual

and an auditory task component. Either the auditory or

visual task component, or both, could concern phonological

features, discriminating between whether letters had a name

starting with a vowel or a name starting with a consonant.

Either task component, or both, could concern spatial features,

discriminating whether the stimulus was on the left or right.

Either task component, or both, could also concern simple

features, judging the gender of the voice or the font of the

letter. Of the nine tasks, the baseline dual task, with which to

compare the other dual tasks, involved discriminating the simple

auditory feature of gender of voice whilst discriminating the

simple visual feature of font. This baseline dual task had no

spatial or phonological requirements. A prior study provided the

corresponding unimodal single discrimination task data with

which to also separately compare the other dual tasks.

Comparison of dual tasks with the baseline dual task

revealed different supramodal patterns of activation in the left

medial frontal gyrus and right inferior parietal lobule. These

findings juxtapose with how these supramodal activations were

absent in the comparison with the single task components.

The interpretation offered was that supramodal phonological

and spatial areas are similarly activated during single tasks

requiring phonological or spatial processing in one modality

as during dual tasks that require: (i) both auditory and visual

phonological processing implicating the left medial frontal gyrus
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or (ii) both auditory and visual spatial processing implicating the

right inferior parietal lobule. These supramodal regions are thus

arguably not the seat of some phonological or spatial capacity

limitation serving as a bottleneck at the confluence of auditory

and visual information.

In an electroencephalographic (EEG) investigation, Alho

et al. reveal that the frequency-following response, which

to-be-ignored heard distractor syllables elicit, goes relatively

unaffected by a primary cross-modal task: Across two different

heard syllables, whether that task is either a more challenging

phonological task or a non-phonological task, on which

performance is faster and more accurate, this response’s

amplitude does not differ significantly. This frequency-following

response phase-locks to the vowel’s acoustical fundamental.

As an editorial aside, at first, this null effect of the to-

be-attended task seems uncontentious for the notion that any

biased competition (Desimone and Duncan, 1995) between

distractor and target during selective attention confines to

intramodal filtering (Parks et al., 2011). Such a notion thus

assumes the independence of modality-specific visual and

auditory processing resources. Accordingly, there are no cross-

modal effects on frequency-following responses (Szychowska

and Wiens, 2021). However, deeper scrutiny of Alho et al.’s data

is not so uncontentious for this notion.

The deviance of a rare unexpected syllable, interspersed

amidst a sequence of repeated standard syllables in an

oddball sequence, can cause the frequency-following response’s

amplitude to be higher. The presence of this effect of deviance

seems to depend upon the acoustical content of the standard-

deviant pairing in the oddball sequence of distractors. Crucially,

when that pairing is sufficient for an effect of deviance, the extent

of the effect proves higher when the primary task is phonological

rather than nonphonological. Such a task-dependent influence

may well result from the more demanding cross-modal

phonological task either augmenting the frequency-following

response to the deviant, or suppressing the corresponding

response to the standard, or both. In either case, as a further

editorial aside, this task-dependent influence is difficult to

reconcile theoretically with an independence of visual and

auditory processing resources during selective attention such

that there are no cross-modal effects on frequency-following

responses (Szychowska and Wiens, 2021).

Alho et al. do postulate a top-downmodulation of activity in

subcortical structures via corticofugal connections descending

from the auditory cortex, as does cognitive hearing science’s new

early filter model (Marsh and Campbell, 2016; Campbell and

Marsh, 2018, 2019). Alho et al.’s task-dependent influences upon

frequency-following response phenomena are in more accord

with this model than an independence of visual and auditory

processing resources during selective attention. Although Alho

et al. do demonstrate that the deviant syllable elicits a mismatch

negativity, there is no analogous significant task-dependence of

the amplitude of this component that could have functionally

unrelated cortical generators. While it could thus be tempting to

consider the task-dependent influence on frequency-following

responses as purely subcortical, Alho et al.’s stimuli arguably also

engage cortical generators (Coffey et al., 2019). These generators

are distinct from that of the auditory mismatch negativity and

are capable of tracking modulation frequencies upto 200Hz

(Brugge et al., 2009; Nourski et al., 2013).

In a cross-modal study of a slightly different sort,

Nuernberger et al. investigate how different forms of noise

influence the processing of tactile stimuli during a mechanical

detection threshold task. The results show that whereas

unpleasant everyday noise, “real noise”, leads to an increased

tactile sensitivity, white noise impairs such tactile sensitivity.

Significant differences in brain activity and connectivity in

distributed networks accompany this interaction between

acoustic and tactile stimuli. Rather than invoking notions of

selective and divided attention, the interpretation that the

authors offer is that real noise creates a brain state for enhanced

unimodal processing of tactile stimuli as could be favored by

“phasic attention” (Schlittmeier et al., 2015). In juxtaposition,

white noise increases both activity and connectivity in the

auditory and somatosensory cortices, the association cortex, and

the thalamus. Such white noise thereby impairs tactile sensitivity

cross-modally as could relate to selective attention.

Complex levels

Moisala et al., in a semantic sentence congruency task,

compared activations: (i) selectively attending to only the visual

modality with (ii) selectively attending to only the auditory

modality with (iii) divided attention on a bimodal version of that

task. This task activates left prefrontal cortex activity in selective

attention conditions, whereas the same areas showed significant

activity increases during divided attention. The results suggest

that divided attention tasks interfere with each other, stimulating

increased activity in the same cortical areas without any

compensatory activity in other cortical areas. The cost is

therefore lower performance in the divided attention tasks.

The fMRI studies of Salo et al. and Moisala et al. both

show that comparing selective with divided attention tasks

reveal different brain activation patterns (see also Salo et al.,

2017). However, neither study clarifies whether the division

of attentional tasks rely upon cross-modal or within-modality

interference. Leminen et al., in an ecologically compelling

investigation, demonstrate that selective attention to dialogues

activates not only areas in brain networks for audiovisual

speech processing and understanding, but also a social brain

network. What social knowledge that we use and gain in a

conversational situation depends not only upon what we can

see, hear, and already know, but also upon how we integrate

the information from the two modalities, to an extent pre-

attentively, when one modality is less informative. As well,

Frontiers inNeuroscience 03 frontiersin.org

7

https://doi.org/10.3389/fnins.2022.1098340
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnhum.2019.00245
https://doi.org/10.3389/fnins.2022.930932
https://doi.org/10.3389/fnhum.2015.00086
https://doi.org/10.3389/fnhum.2015.00102
https://doi.org/10.3389/fnhum.2015.00086
https://doi.org/10.3389/fnins.2020.00436
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Rönnberg et al. 10.3389/fnins.2022.1098340

this knowledge depends upon our mental flexibility to direct

intermodal selective attentional resources to alternate between

the auditory and visual modality. Arguably, with hearing-

assistive devices that have a limited number of channels, kindred

to Leminen et al.’s signal processing, the temporal fine structure

of the audio is a valuable source of information in that process

that determines audiovisual quality. Reductions in audiovisual

quality increase the demands upon selective attention that could

relate to Leminen et al.’s observed fronto-parietal activation.

Such pathfinding studies pave the future for a cognitive hearing

science that shall determine how intermodal brain processes

glean socially relevant meanings from heard utterances in

audiovisual contexts under adverse conditions.

Along the lines of more complex communicative levels of

analysis, Jaeger et al.’s participants attended to one story in the

(competing) presence of another. Analysis of intra-individual

variation in EEG-decoding performance over time relates to

behavioral performance together with subjective ratings of

listening effort, motivation, and fatigue. Parameters describing

the individual performance indicated significant differences in

EEG-decoding performance over time, which closely related

to the behavioral performance in the selective listening task.

Those fluctuations could have implications for the control of

hearing-assistive devices via a brain computer interface inmulti-

talker situations.

Shahsavari Baboukani et al. identified an EEG-based

measure of alphaband phase synchrony that arguably indexes

listening effort. This investigation measures the EEG of aided

listeners with hearing impairments during a continuous speech-

in-noise task under conditions of background noise and a

competing talker. This study shows that the activation of noise-

reduction schemes in hearing aids can non-linearly reduce

listening effort in the parietal region-of-interest. Indeed, the

authors propose that the investigation of the phase synchrony

within regions-of-interest over the scalp can reflect the effects

of hearing aids in hearing-impaired individuals under ecological

listening conditions.

Training

A 15-min period of audiovisual spatial training (Hanenberg

et al.) affects participants’ audio-spatial performance on a

selective attention task. The task used by Hanenberg et al.

requires selecting the auditory target from different positions of

three distractor words. Training affected the amplitude of the N2

deflection of the event-related potential (ERP), which is known

to index auditory spatial attention. The N2 is significantly higher

in amplitude after audiovisual-congruency training compared

with other feedback or incongruous training conditions. This

finding was apparent for younger, yet not older, participants.

These findings arguably offer insights into the cross-modal

processes that audiovisual-congruency training alters under

“cocktail-party” conditions. This short-term alteration results

in enhanced correlates of auditory selective spatial attention.

Focusing on the very limited time necessary to improve

neural and behavioral performance, the results by Hanenberg

et al. are in accord with the independent study of Moradi

et al. (2019)—Brief exposure to audiovisual stimulus materials

improves performance on auditory perception tasks. This

finding generalizes to tasks ranging from the simple auditory

gating of vowels and consonants to sentence perception in noise.

Moradi et al. (2019) dub this phenomenon “perceptual doping”.

The brain seems to have the power to rapidly re-calibrate the

perceptual systems dealing with speech.

Attention in special populations

Attention ADHD

ADHD per definitionem affects sustained attention and the

attention networks of the brain. Although distractibility is not

definitively at the core of this syndrome, selective attention

can be an issue (Pelletier et al., 2016). Two investigations

by Blomberg et al. demonstrate how cognitive and attention

networks interact. One of the principal findings of Blomberg,

Johansson Capusan, et al. is that under cognitive load, in a

visual working memory task, the attention networks tend to

become “blended” to a larger extent when working memory

is put under stress. Results indicate that adults with ADHD,

compared to controls, cannot attenuate auditory cortical

responses to the task-irrelevant sound when working memory

demands is high (i.e., as in a 2-back version of an n-back

task). Further, heightened auditory activity to task-irrelevant

sound correlates significantly with both poorer working

memory performance and symptomatic inattentiveness. As

already shown by Blomberg et al. (2019), a behavioral

composite latent working memory capacity measure could

predict performance in different kinds of degraded/noise

conditions. Finally, in a resting state study (Blomberg,

Signoret, et al.), the default mode network still interacts more

with the ventral and auditory attention networks for adults

with ADHD relative to controls, as arguably compromises

selective attention causing higher levels of distraction from

auditory stimuli.

Attention and aging

Schneider et al.’s EEG study revealed that, in young adults,

there is an increase in the early cortical activity generating the

N1 and P2 ERP deflections to a word in babble with longer

masker onset delays. This cortical activity in older adults goes

unaffected by that delay. These results support the hypothesis

that an increase in onset delay improves stream segregation in
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younger adults in both noise and babble. The results also support

the hypothesis that this improvement occurs only in noise for

older adults. These influences upon stream segregation are also

evident in early cortical processes.

As an editorial comment, one may wonder what a

cognitive interpretation of these effects may look like. The

ability to segregate competing speech signals is dependent on

working memory, while the ability to process a speech signal

that competing background (non-speech) noise masks is less

dependent upon working memory (Sörqvist and Rönnberg,

2012). Pertinent are the age-related differences in working

memory capacity (Wingfield et al., 1988) and the role of that

capacity in temporal discrimination and temporal processing

(Broadway and Engle, 2011). As such, differences in working

memory capacity could thus explain the age-related differences

in the ability to make use of the onset delay to support auditory

stream segregation in speech noise. One possibility is that

high working memory capacity is a prerequisite for detecting,

accessing, and utilizing the temporally fine-tuned information

necessary for the segregation of the two speech streams.

Intentional-explicit influence on
attentional processing

Widmann and Schröger employed an oddball paradigm

to investigate intention-based predictive or non-predictive

processing of standard and pitch-deviant sounds. The

manipulation of predictive processing was that the participant

either heard a completely unpredictable oddball sequence

or, on-the-fly, had partial control of the oddball sequence:

The participant’s task was pressing one button occasionally

to produce a predicted deviant tone in the sequence, whereas

pressing another frequently produces a predicted standard

tone, albeit occasionally the system for stimulus presentation

randomly produced a mispredicted deviant instead of that

predicted standard. Intriguingly, both unpredictable deviants

and mispredicted deviants elicited the auditory mismatch

negativity ERP component, but predicted deviants did not.

This elegant procedure shows that intention-based prediction,

which relies upon the top-down influence of the action

intention prediction, attenuates this mismatch negativity.

Thus, even though the predicted deviant violates an auditory

regularity, brain processes that relate to top-down cognitive

predictions limit the generation of the mismatch negativity.

While the sensory-memory trace hypothesis has fallen from

grace and these new findings are difficult to reconcile with

the adaptation hypothesis, a role for working memory

capacity is not an assumption of the predictive-coding account

proliferating extant explanations of the auditory mismatch

negativity findings. Widmann and Schröger’s findings dovetail

with corroborative evidence of a somewhat different sort

concerning the investigation of predictability: Semantic cues

associated with target sentences prime performance on a

speech-perception-in-noise test in which those sentences are

stimuli (Zekveld et al., 2013). Whereas working memory

capacity predicted the extent of this priming effect, an intriguing

open question is how that capacity relates to Widmann and

Schröger’s influence of prediction.

Closing

In sum, this topic’s collection of papers explores the

relationship between factors affecting different forms of

attention and brain activity, as well as the brain regions that

competing audio and audio-visual cues or sources activate.

To evaluate, these papers, together, succeed in substantially

advancing cognitive hearing science’s understanding of

human attention and the related brain processes. Having

attracted mostly multi-modal investigations, our overwhelming

impression from re-reading the articles is that this topic now

sets the scene for new avenues in cognitive hearing science: This

new avenue shall usefully determine how attention relates to the

intermodal brain processes that operate when people extract

meaning under adverse conditions.
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Using functional magnetic resonance imaging (fMRI), we measured brain activity of human
participants while they performed a sentence congruence judgment task in either the
visual or auditory modality separately, or in both modalities simultaneously. Signi�cant
performance decrements were observed when attention was divided between the two
modalities compared with when one modality was selectively attended. Compared with
selective attention (i.e., single tasking), divided attention (i.e., dual-tasking) did not recruit
additional cortical regions, but resulted in increased activity in medial and lateral frontal
regions which were also activated by the component tasks when performed separately.
Areas involved in semantic language processing were revealed predominantly in the left
lateral prefrontal cortex by contrasting incongruent with congruent sentences. These areas
also showed signi�cant activity increases during divided attention in relation to selective
attention. In the sensory cortices, no crossmodal inhibition was observed during divided
attention when compared with selective attention to one modality. Our results suggest
that the observed performance decrements during dual-tasking are due to interference of
the two tasks because they utilize the same part of the cortex. Moreover, semantic dual-
tasking did not appear to recruit additional brain areas in comparison with single tasking,
and no crossmodal inhibition was observed during intermodal divided attention.

Keywords: dual-tasking, divided attention, selective attention, functional MRI, semantic processing

INTRODUCTION
Simultaneously performing several tasks is demanding and
often leads to decrements in performance speed and accuracy
(Pashler, 1994). These decrements may be due to a bottleneck
in executive task-coordination systems recruited by multitasking
(D’Esposito et al., 1995; Collette et al., 2005). Additional
interference may be generated if the component tasks are
presented in different sensory modalities and the corresponding
sensory cortices have to compete for attentional resources
(e.g., Näätänen, 1992). Competition may also occur beyond
the sensory cortices in brain areas related to carrying out
the component tasks in case these component tasks require
similar (e.g., phonological or spatial) processing (Baddeley and
Hitch, 1974). In the current study, we compared performance
and brain activity in conditions requiring intermodal selective
attention to one task with those demanding crossmodal division
of attention between two simultaneous tasks requiring similar
semantic processing. We asked (i) whether dividing attention
recruits specialized executive task-coordinating systems; (ii) how

attention modulates activity in the sensory cortices during
bimodal linguistic stimulation; and (iii) how brain areas
showing attention-related and task-speci�c activations react
when two simultaneous tasks requiring similar processing are
performed.

Previous research has suggested that multitasking recruits
brain areas specialized in task coordination and managing
interfering information from the component tasks (Corbetta
et al., 1991; D’Esposito et al., 1995; Yoo et al., 2004; Stelzel
et al., 2006). It has been suggested that dual-tasking involves
task-coordinating abilities that are distinct from other executive
functions such as shifting or inhibition (Miyake et al., 2000).
Previous studies have highlighted the importance of frontal
and parietal cortical areas as parts of a neural network
involved in coordination of multiple parallel tasks. The involved
frontal areas include the inferior frontal (Herath et al., 2001;
Schubert and Szameitat, 2003; Stelzel et al., 2006) and middle
frontal regions (Szameitat et al., 2002; Yoo et al., 2004)
and the dorsolateral prefrontal cortex (Corbetta et al., 1991;
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D’Esposito et al., 1995; Johnson and Zatorre, 2006). The
involved parietal areas, in turn, include the superior parietal
lobule (Yoo et al., 2004) and intraparietal sulcus (Szameitat
et al., 2002). The existence of specialized multitasking areas
has been questioned, however, by studies failing to show
multitasking-related activity in areas beyond those activated by
the component tasks (Klingberg, 1998; Adcock et al., 2000;
Bunge et al., 2000; Nijboer et al., 2014). These studies have
shown that the performance of two concurrent tasks results
only in a surplus of activation in the regions activated by the
component tasks when performed separately, and no additional
cortical regions are recruited. The former studies suggest that
the main factor limiting performance during multitasking is
the involvement of general coordinating or executive functions,
whereas the latter studies suggest that limited task-speci�c
resources are responsible for the observed interference during
multitasking.

It has been repeatedly shown that when selective attention
is directed to one modality, activity elevations in the sensory
cortical areas processing attended inputs may be accompanied
by diminished activity in the sensory cortical areas processing
unattended inputs (Laurienti et al., 2002; Crottaz-Herbette
et al., 2004; Shomstein and Yantis, 2004; Johnson and Zatorre,
2005; Mittag et al., 2013; Salo et al., 2013). It is less clear,
however, how activity is modulated in the sensory cortices
when attention is divided between two modalities. If there
is a limited attentional resource allocated to the sensory
cortices, sensory activity should decrease during intermodal
divided attention when compared with selective attention to one
modality. Indeed, there are studies showing such an effect during
bimodal attention tasks (Loose et al., 2003; Johnson and Zatorre,
2006).

Many of the previous studies examining multitasking effects
have used component tasks that do not necessarily rely on
the same cortical areas, such as a semantic categorization task
and a face recognition task (Adcock et al., 2000), or a spatial
rotation and semantic judgment task (D’Esposito et al., 1995).
It is therefore still unclear how task-related cortical activations
are affected when several tasks competing for the use of those
areas are performed simultaneously. In the current study, our
participants performed two simultaneous sentence congruence
judgment tasks. This type of task, when performed separately as
a single task, has been shown to activate cortical areas related to
semantic processing (e.g.,Kiehl et al., 2002; Humphries et al.,
2007). Functional magnetic resonance imaging (fMRI) studies
using semantic congruence manipulations have consistently
observed greater hemodynamic activity for incongruent than
congruent sentences. The most commonly found areas to show
this effect are the left superior temporal and left inferior frontal
gyri, both when the sentences are presented as written text
(Baumgaertner et al., 2002; Kuperberg et al., 2003; Service
et al., 2007) and when they are presented as speech (Ni
et al., 2000; Cardillo et al., 2004). These activations might
be related to the N400 event-related potential (ERP) response
elicited, for example, by an incongruent last word of sentence
(e.g., �the pizza was too hot tosing�; Kutas and Hillyard,
1980).

In the present fMRI study, participants performed a sentence
comprehension task involving spoken or written sentences,
or both. The participants’ task was to rate the sentences as
congruent or incongruent in only one modality at a time,
or in both modalities simultaneously. This experimental
setup allowed us to address three separate research questions
related to multitasking. First, we investigated brain activity
during simultaneous performance of two tasks in comparison
with brain activity during the same tasks when performed
separately. This allowed us to determine whether any additional
cortical areas would be recruited during the divided attention
condition. Second, the issue of crossmodal suppression of
sensory cortices during selective attention to one modality
was addressed. By performing a separate analysis in the
auditory and visual cortices, we expected to see crossmodal
suppression in the auditory cortex during selective attention
to the visual modality, and vice versa. Moreover, in accordance
with the hypothesis of limited resources, we expected to
observe smaller attention-related activity in the visual and
auditory cortices during division of attention between the
two modalities than during intermodal selective attention
to the written and spoken sentences, respectively. Third, we
examined modulation of brain activity associated with linguistic
processing when participants perform two simultaneous
sentence comprehension tasks. This was accomplished by
comparing activity elicited by incongruent sentences with
activity elicited by congruent sentences during selective
attention, thereby presumably isolating brain areas related
speci�cally to semantic processing, and then examining activity
modulations in these areas during divided attention. We
hypothesized that as the number of tasks requiring semantic
judgments is increased from one to two, activity in semantic
processing areas increases. We expected to see that this increase
would be non-additive due to limited processing capacity,
leading to de�cits in performing two simultaneous semantic
judgments.

MATERIALS AND METHODS
STIMULI
Visual stimuli
Visual stimuli used in the experiment were written sentences
and sentence-like nonsense text. They were projected onto a
mirror mounted on the head coil and presented in the middle
of the screen (font: Arial, size 14). The size of the sentences at
the viewing distance of�40 cm was �1.4 � vertically and�24 �

horizontally.

Text. Written sentences were either semantically congruent or
incongruent sentences in Finnish. The incongruent sentences
were created by taking a subset of the congruent sentences (e.g.,
�This morning I ate a bowl of cereal�) and replacing the last word of
the sentences with a semantically incongruent (but syntactically
plausible) word (e.g., �This morning I ate a bowl of shoes�).
Each participant saw a total of 192 congruent sentences and
144 incongruent sentences, because in the dual-task conditions
more congruent sentences were needed (for details see Section
Procedure).
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Nonsense text.Sentence-like nonsense text was created by
randomly selecting a subset of the congruent written sentences
and replacing each vowel in those sentences with a different
vowel. This procedure resulted in nonsensical sentences with word
lengths and letter frequencies similar to the Finnish language.
Forty eight different nonsense written sentences were used.

Auditory stimuli
Auditory stimuli used in the experiment consisted of speech,
nonsense speech, and music. All auditory stimuli were presented
binaurally through insert earphones (Sensimetrics model S14;
Sensimetrics, Malden, MA, USA). All auditory stimuli were
broadband stimuli high-pass �ltered with a cut-off at 100 Hz
and low-pass �ltered with a cut-off at 7000 Hz. The intensity of
auditory stimuli was scaled so that their total power in RMS units,
the square root of the mean of the squared signal, was similar
(0.1). The intensity of the sounds was individually set to a loud,
but pleasant level, and was�80 dB SPL as measured from the
tip of the earphones. All adjustments to the auditory stimuli were
made using Audacity1 and Matlab (Mathworks Inc., Natick, MA,
USA) softwares.

Speech.Spoken sentences were semantically congruent or
incongruent Finnish sentences spoken by a female native Finnish
speaker. The incongruent sentences were created in a similar way
as the incongruent written sentences, that is, by replacing the
last word in the congruent sentences. Each participant heard a
total of 192 congruent sentences and 144 incongruent sentences,
because in the dual-task conditions more congruent sentences
were needed (see Section Procedure for details).

Nonsense speech.The nonsense speech stimuli consisted of
recorded nonsensical sentences (see above) spoken by a female
native Finnish speaker. Each participant heard a total of 112
nonsense speech sentences. The lengths of the sentences were
adjusted so that each sentence had a duration of 2.5 s.

Music. 2.5-s excerpts of instrumental music were obtained from a
free-source online music website. The music excerpts represented
various genres from hip-hop to classical music. Forty eight music
clips were used.

Functional localizers
Functional localizers were used in order to accurately localize
the auditory and visual sensory cortices of each participant. The
auditory functional localizer was created by phase-scrambling
spoken sentences by chopping the signal into short (10 ms)
time-windows and shuf�ing the segments (Ellis, 2010). The
visual functional localizer was a contrast-reversing checkerboard
�ickering at 8 Hz. The size of the checkerboard was similar to
written sentences (�1.4� � �24 � ), and it was centered at the
middle of the screen. The auditory and visual localizers were
presented simultaneously for 2.5 s, followed by a 1-s �xation cross
(�1.4 � � �1.4 � ) at the center of screen.

1http://audacity.sourceforge.net

PARTICIPANTS
Participants were 18 healthy volunteering adults (9 females), all
right handed and native Finnish speakers between 21 and 34
years of age (mean age 26 years) with normal hearing, normal
or corrected-to-normal vision, and no history of psychiatric or
neurological illnesses. An informed written consent was obtained
from each participant before the experiment. The experimental
protocol was approved by the Coordinating Ethics Committee of
The Hospital District of Helsinki and Uusimaa, Finland.

fMRI/MRI DATA ACQUISITION
Functional brain imaging was carried out with 3 T MAGNETOM
Skyra whole-body scanner (Siemens Healthcare, Erlangen,
Germany) using a 20-channel head coil. The functional echo
planar (EPI) images were acquired with an imaging area
consisting of 43 contiguous oblique axial slices (TR 2500 ms, TE
32 ms, �ip angle 75� , voxel matrix 64� 64, �eld of view 20 cm,
slice thickness 3.0 mm, in-plane resolution 3.1 mm� 3.1 mm
� 3.0 mm). Image acquisition was performed at a constant rate,
but was asynchronized with stimulus onsets. Four functional runs
of 240 volumes were measured for each participant. A total of
960 functional volumes were obtained in one session (session
duration approximately 37 min).

High-resolution anatomical images (voxel matrix 256� 256,
in-plane resolution 1 mm� 1 mm � 1 mm) were acquired from
each participant between the third and fourth functional runs.

PROCEDURE
A total of ten experimental task blocks (each consisting of
the nine experimental conditions with the divided attention
condition repeated twice), one rest block, and one functional
localizer block were included in each functional run. In the
beginning of each block, instructions for the current task type
were shown for 3.5 s. During the rest and localizer blocks, the
participants were asked to look at the �xation cross. In subsequent
task blocks, 12 sentences (visual or auditory) or sentence pairs
(visual and auditory) were presented, each with a duration of
2.5 s. Each sentence was followed by a 1-s response window
during which the participants were instructed to respond with
an appropriate button press whether the attended sentence was
congruent or not (or during the divided attention task whether
both attended sentences were congruent or not) using their
right index and middle �nger, respectively. During the response
window, a question mark (size 1.4� � 1.0� ) was presented at the
center of screen. The �xation cross preceded each written sentence
for 500 ms on the left side of the screen where the �rst letter of the
sentence subsequently appeared. When only speech stimuli were
presented, the �xation cross was shown at the center of screen
during the entire trial. At the end of each block, the participant
was shown the percentage of correct responses in that block. The
score was shown for 2 s, and followed by 4 s of rest before the next
block.

A total of nine different experimental conditions were used.
In the single-task conditions, the participants were instructed to
attend to the sentences in just one modality (auditory or visual).
There was either no stimuli presented in the other modality
(the unimodal condition, two blocks), or distractor stimuli were
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present in the other modality and the participants were instructed
to ignore them (theselective attention condition, two blocks).
Auditory distractors were spoken sentences (one block), music
(one block) or nonsense speech (one block). The visual distractors
were written sentences (one block), which the participants were
instructed to ignore by holding a steady �xation on a �xation
cross presented in the middle of the screen. Two additional
visual distractor conditions were included in order to control
for eye movements: a moving �xation cross (one block) and the
participants were instructed to follow it while attending to speech;
nonsense written sentences (one block) and the participants were
instructed to scan through the nonsense text while attending
to speech. These two control conditions did not differ from
the condition including written sentences as distractors and
were therefore discarded from further analyses. In thedivided
attention condition(two blocks), the participants were presented
with simultaneous spoken and written sentences and instructed
to attend to both modalities, and asked to decide whether or
not both sentences were congruent (both sentences were never
incongruent).

There were four functional runs, 12 blocks in each run, and
12 trials (i.e., sentences, sentence pairs, or functional localizers)
in each block. Each run included one block of each task type,
except the divided attention task, which was repeated twice.
This was done in order to ensure an equal amount of trials
where the incongruent sentence was in the visual/auditory
modality between the divided attention and the unimodal and
selective attention condition blocks, since in the divided attention
condition only half of the incongruent trials had an incongruent
sentence in the visual/auditory modality. This resulted in a total
of 96 trials for the divided attention task (4� 2 � 12), and 48
trials for all the other task types (4� 1 � 12). The order of tasks
within the run was random, except that the rest block was always
in the middle of the run between the 6th and 7th task block. All
stimuli (sentences and distractors) were presented in randomized
order. The sentences were randomized in the following way. First,
the sentences were divided randomly into 4 sets (1 per run) that
were identical for all participants. Then the order of sentences
within a set was randomized, and the presentation order of these
4 sets was randomized and counterbalanced across participants.
Each sentence was presented only once to each participant. The
congruent and incongruent versions of the same sentence were
never presented within the same run.

fMRI DATA ANALYSIS
Image preprocessing and statistical analysis was performed
using Statistical Parametric Mapping (SPM8) analysis package
(Wellcome Department of Cognitive Neurology, London, UK;
Friston et al., 1994a) as implemented in Matlab. In order to
allow for initial stabilization of the fMRI signal, the �rst four
dummy volumes were excluded from analysis. In pre-processing,
the slice timing was corrected, data were motion corrected, high-
pass �ltered (cut-off at 1/128 Hz), and spatially smoothed with
a 6 mm Gaussian kernel. The EPI images were intra-individually
realigned to the middle image in each time series and un-warping
was performed to correct for the interaction of susceptibility
artifacts and head movements.

For the �rst-level statistical analysis, the general linear model
was set up including a regressor for incongruent and congruent
sentences in each of the 9 different and analyzed experimental
conditions, resulting in 18 regressors. Separate regressors for the
responses of the participants and for instructions (2.5-s periods
between the blocks and a 6-s period at the beginning of each
run) were also included. 6 movement parameters were added to
the model as nuisance regressors. The regressors were convoluted
with the canonical hemodynamic response function.

In the second-level analysis, the anatomical images were
normalized to a canonical T1 template (MNI standard space)
provided by SPM8 and then used as a template to normalize
the contrast images for each participant (tri-linear interpolation,
3 mm � 3 mm � 3 mm using 16 nonlinear iterations). Statistical
parametric maps of individual contrasts between task types and
between tasks and rest were then averaged across participants. A
voxel-wise heightt-value threshold and a cluster size threshold
were set depending on the contrast type (the speci�c values are
stated below each contrast image). The statistical images were
cluster corrected atp < 0.005 (Friston et al., 1994b). Anatomical
regions corresponding to the activity foci were identi�ed using the
xjView toolbox for SPM.2

REGION OF INTEREST ANALYSIS
To study activity modulations in areas speci�cally related to dual-
tasking, the divided attention condition was contrasted separately
with the selective attention to text condition and the selective
attention to speech condition.Dual-tasking regions of interest
(ROIs) were then drawn manually using Freesurfer software
to cover areas showing overlap between these two contrasts.
Further statistical analyses were conducted using repeated-
measures analyses of variance (ANOVAs) for voxels within
these ROIs. Activity modulations between task conditions were
compared by conducting an ANOVA with the factor Condition
(9 levels) for each ROI separately and for data averaged across
the ROIs. To compare activity modulations between the dual-
tasking ROIs in the different task conditions, a 5 (Dual-tasking
ROI) � 9 (Condition) ANOVA was conducted. Laterality effects
in the dual-tasking ROIs were studied using a 2 (Hemisphere
of the dual-tasking ROI)� 9 (Condition) ANOVA. To study
the effects of attention in the unimodal, selective attention and
divided attention conditions, a 5 (Dual-tasking ROI)� 3 (Task
type) ANOVA was carried out. Finally, the effect of attended
modality (irrespective of task type) was examined using a 5
(Dual-tasking ROI) � 3 (Attended modality) ANOVA. Note
that the nine task conditions used in the ANOVAs also include
the three conditions which were used to select dual-tasking
ROIs.

ROI analyses were also conducted to examine activity
modulations in the sensory cortices. To this end, voxels
activated by the functional localizer (family-wise error corrected
p < 0.05) were used as visual- and auditory-cortex ROIs of each
individual participant. The mean percentage of blood-oxygen-
level dependent (BOLD) signal change within the ROIs was
calculated per voxel and normalized by dividing it by the overall

2http://www.alivelearn.net/xjview
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average BOLD signal amplitude within a participant, and then
averaged within each contrast of interest. To address the issue
of possible crossmodal inhibition of the sensory cortices during
selective attention, a 2 (Sensory cortex)� 2 (Attended modality)
ANOVA was carried out for selective attention condition. To
study dual-tasking effects, the divided attention condition was
compared with the unimodal and selective attention conditions
using an ANOVA with a 5 (Condition)� 2 (Hemisphere)� 2
(Sensory cortex) ANOVA.

ROI analysis was also used to study modulations of activity
during divided attention in areas involved in semantic processing
of sentences. In this analysis, contrasts between incongruent and
congruent sentences in the second-level analysis were used to
map areas of enhanced activity separately for written and spoken
sentences. The incongruence contrast for speech sentences was
created by summing together separately for attended incongruent
and congruent sentences all the conditions where attention was
directed to speech sentences (attention to speech in the unimodal
condition, selective attention to speech with a text distractor,
and the two additional visual distractor conditions) and all the
conditions where attention was directed to written sentences
(attention to text in the unimodal condition, selective attention
to text presented together with speech, music or nonspeech
distractors), and then contrasting the incongruent vs. congruent
sentences within each modality.SemanticROIs were drawn
manually using Freesurfer software so that they covered areas
showing overlap between the incongruence contrasts for spoken
and written sentences. The mean percentage of BOLD signal
change within each semantic ROI was calculated and normalized
across the nine experimental conditions, and then averaged for
each contrast of interest. To study the effects of the different task
types on activity in the semantic ROIs, a 2 (Hemisphere of the
ROI) � 3 (Task type)� 2 (Semantic congruence) ANOVA was
carried out. Note that the three tasks types for an ANOVA were
created by averaging the nine conditions used to select semantic
ROIs.

ANALYSIS OF BEHAVIORAL DATA
The total percentage of correct responses per task type was
calculated. The difference in the number of correct responses
between task types was analyzed using a repeated-measures
ANOVA with three Task levels (unimodal conditions vs. selective
attention conditions vs. divided attention condition), where the
two unimodal conditions where averaged together, and the six
selective attention conditions were averaged together. An ANOVA
was conducted on the three selective attention to text conditions
(attention to text with a speech, nonsense speech or music
distractor) in order to determine the effect of Auditory distractor
type, and a similar ANOVA was conducted for the three selective
attention to speech conditions (attention to speech with a text,
nonsense text or moving �xation cross distractor) to study the
effects of Visual distractor type. The effect of Attended modality
was analyzed using an ANOVA with three levels (conditions where
attention was targeted to written sentences vs. speech sentences vs.
both written and speech sentences). The effect of the modality of
incongruent sentences during the divided attention condition was
analyzed using a paired samplet-test.

For all conducted ANOVAs the Greenhouse-Geisserp-value
was used (as indicated by the correction value" ) if the Mauchly’s
test of sphericity showed a signi�cant result for a variable with
more than two levels. However, original degrees of freedom will be
reported with theF-value even in these cases. A 95% con�dence
interval was used in all ANOVAs. When an ANOVA yielded a
signi�cant result, Bonferronipost hoctests were conducted. IBM
SPSS Statistics 21 for Windows (IBM SPSS, Armonk, NY, USA)
was used for statistical analyses.

RESULTS
BEHAVIORAL RESULTS
The mean percentage of correct responses (�standard error
of the mean, SEM) was 97.6%� 0.6% for the unimodal
conditions, 95.3%� 0.95% for the selective attention conditions,
and 90.2%� 1.6% for divided attention condition (Figure 1).
The ANOVA with three Task levels showed a main effect
of Task type (F.2,32/ = 23.69, p < 0.001) and subsequent
post hoctests revealed that the percentage of correct responses
was signi�cantly lower during divided attention than during
attention in the unimodal condition (p< 0.001) or intermodal
selective attention (p< 0.005) conditions, and signi�cantly
lower during selective attention than during attention in the
unimodal condition (p< 0.05). The modality of the attended
sentences did not affect the percentage of correct responses in
single tasks (p= 0.24). The nature of the auditory distractor
during selective attention to written sentences did not affect
performance (p= 0.78). The ANOVA for auditory selective
attention conditions showed a signi�cant main effect of Visual
distractor type (F.2,32/ = 6.31,p < 0.005," = 0.58) andpost hoc
tests indicated that signi�cantly fewer correct responses were
given when the visual distractor was regular written text than
when it was a moving �xation cross or nonsense text (in both
cases,p < 0.05).

FIGURE 1 | Percentages of correct responses in the unimodal
conditions (data combined across auditory and visual conditions),
selective attention conditions (data combined across 6 conditions:
selective attention to speech with a text, nonsense text or moving
�xation cross distractor and selective attention to text with a speech,
nonsense speech or music distractor) and divided attention condition.
Error bars indicate SEMs. Percentages of correct responses in the three
condition types differed signi�cantly from each other (in all cases, p < 0.05).

Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 86 |15

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Moisala et al. Divided and selective attention to sentence tasks

Further analyses were conducted for the divided attention
condition to study possible task strategy biases. These analyses
showed that the percentage of correctly identi�ed incongruent
sentences did not depend on whether the incongruent sentence
was in the visual or auditory modality (p= 0.24). Half of the
participants had slightly higher accuracy rates (max. 12.5%)
when the incongruent sentence was visual, and the other half
when the incongruent sentence was auditory. Two participants
performed at about chance level (46%) for auditory incongruent
sentences, but the remaining participants had high response
accuracies (>70%, mean 89%) for incongruent sentences in both
modalities.

BRAIN ACTIVITY DURING DIVIDED VS. NON-DIVIDED ATTENTION
Cortical networks recruited by selective attention to text with a
speech distractor and selective attention to speech with a text
distractor are shown inFigure 2. Activity during the selective
attention tasks was compared with activity in the rest blocks.
For the selective attention to text condition (Figure 2A), activity
enhancement was seen bilaterally in the visual and auditory
sensory cortices (BA 17/18/19, BA 41/42/22), and in the medial
supplementary motor area (SMA; BA 6), precentral gyrus (BA
4/6), and inferior and middle frontal gyri (IFG and MFG;
BA 44 and BA 46/9, respectively), and in the left superior

and inferior parietal lobule (BA 7 and BA 40, respectively). A
similar cortical network was activated by the selective attention
to speech condition, with the exception of no signi�cant
activations in the visual sensory cortices (Figure 2B).Figure 2C
shows comparisons between the areas recruited by the two
selective attention conditions combined and the divided attention
condition, demonstrating that these two networks largely overlap
with each other. The activation map from the combined selective
attention conditions compared with rest are denoted with red,
and the activation map from the divided attention condition
compared with rest is denoted with yellow. Areas showing overlap
between these two contrasts are denoted with orange. This
overlapping network includes bilaterally the visual and auditory
cortices, medial SMA extending to more anterior regions of the
medial superior frontal gyrus (BA 8/32), and the IFG and MFG, as
well as the left precentral gyrus and superior and inferior parietal
lobules.

Next, we contrasted the divided attention condition separately
with the visual and auditory selective attention conditions with
similar stimulation as during divided attention (i.e., selective
attention to text with a speech distractor and selective attention
to speech with a text distractor). The resulting contrast images
were then overlaid on top of each other (Figure 3). Areas showing
overlap between these two contrasts (orange areas inFigure 3)

FIGURE 2 | Signi�cant activity enhancements in relation to the
rest blocks in the conditions (A) selective attention to text with
a speech distractor and (B) selective attention to speech with a
text distractor. (C) A combination of these two contrasts is
overlaid with the contrast showing activity enhancements during
divided attention compared to rest. Areas showing signi�cant

activation enhancements only in the selective attention conditions
are denoted with red and areas showing activation enhancements
only in the divided attention condition are denoted with yellow.
Areas showing overlap between these enhancements are denoted
with orange. Voxel-wise height threshold t = 4.7, cluster size >
250, cluster-corrected p < 0.001.

Frontiers in Human Neuroscience www.frontiersin.org February 2015 | Volume 9 | Article 86 |16

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


Moisala et al. Divided and selective attention to sentence tasks

FIGURE 3 | Signi�cant activity enhancements during divided attention in relation to selective attention to text with a speech distractor (red), selective
attention to speech with a text distractor (yellow), and both (orange). Voxel-wise height threshold t = 2.5, cluster size > 250, cluster corrected p < 0.001.

included clusters in the dorsolateral and medial portions of the
frontal lobe. More speci�cally, clusters in the MFG (BA 9/6) and
medial SMA (BA 6) showed greater activity bilaterally during
divided attention than in either selective attention condition.
Five dual-tasking ROIs were subsequently drawn to cover these
regions showing overlap: the left and right anterior middle
frontal gyrus (aMFG) ROIs, the left and right SMA ROIs,
and the right posterior middle frontal gyrus (pMFG) ROI.
Subsequent analyses were performed for voxels within these
ROIs.

Figure 4shows mean signal changes in the dual-tasking ROIs
for each task condition. A signi�cant main effect of Condition was
observed for all �ve ROIs (for all ROIs,p < 0.001). There were no
signi�cant effects of Hemisphere for the MFG dual-tasking ROIs
or SMA ROIs, or Condition� Hemisphere interactions. Since
the �ve dual-tasking ROIs displayed a similar general pattern of
activation for the different conditions (Figure 4, top and middle),
and because no other main effects were observed, the data were
averaged across the �ve dual-tasking ROIs in further analyses
(Figure 4, bottom).

An ANOVA including Task type (unimodal vs. selective
attention vs. divided attention) as the factor indicated a main
effect of Task type (F.2,34/ = 47.72, p < 0.001). Post hoc
tests revealed that the selective attention conditions resulted in
signi�cantly larger BOLD signal increases in the dual-tasking
ROIs than the unimodal conditions (p< 0.05) and that
divided attention was associated with greater signal increases
than unimodal and selective attention conditions (in both cases,
p < 0.001), which was expected since the dual-tasking ROIs
were de�ned as areas showing greater activity during divided
attention than selective attention. Another ANOVA with Attended
modality (visual vs. auditory vs. both) as the factor indicated

a signi�cant main effect of Attended modality (F.2,34/ = 61.19,
p < 0.001). Subsequentpost hoctests showed that BOLD signal
increases in the dual-tasking ROIs were smallest in conditions
where speech sentences were attended, followed by conditions
where the text sentences were attended, and greatest when
attention was divided between text and speech (in all cases,
p < 0.001). When an ANOVA was conducted for data that
were averaged across the dual-tasking ROIs (Figure 4, bottom),
attending to text with a nonsense speech distractor caused greater
BOLD signal increases than when no auditory distractor was
present (p< 0.05). When speech was attended, both text and
nonsense text distractors caused a greater signal increase than
when no visual distractor was present (p< 0.05 in both).
When the distractor was a moving �xation cross, signal increases
did not differ from the condition with no visual distractor
(p = 0.13), but were smaller than when a text distractor was
present (p< 0.05).

ATTENTION EFFECTS ON ACTIVITY IN THE SENSORY CORTICES
When the activity in sensory cortices during the selective
attention conditions (attention to text with a speech distractor
and attention to speech with a text distractor) was examined,
the interaction Sensory cortex (visual vs. auditory)� Attended
modality (visual vs. auditory) was signi�cant (F.1,17/ = 15.85,
p < 0.001), that is, the visual cortex showed greater activity when
attention was selectively directed to text than when it was directed
to speech while the auditory cortex showed an opposite pattern.

The results from the ANOVA including the factors Condition
(attention to text in a unimodal condition vs. attention to speech
in a unimodal condition vs. selective attention to text with a
speech distractor vs. selective attention to speech with a text
distractor vs. divided attention), Sensory cortex, and Hemisphere
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FIGURE 4 | Mean signal changes (%) compared with rest in the
�ve dual-tasking ROIs during the nine experimental conditions.
Top: mean signal increases in the left and right SMA ROIs. Middle:
mean signal increases in the left and right anterior MFG ROIs and
the right posterior MFG ROI. Bottom: mean signal increases
averaged across all �ve dual-tasking ROIs. The conditions in each
graph are grouped based on the attended modality (left bar cluster:
visual modality attended, middle bar cluster: auditory modality
attended, rightmost bar: both modalities attended). Error bars
indicate SEMs. Conditions differing signi�cantly from each other are

indicated with asterisks (*p < 0.05). Note that the nine conditions
include the three conditions which were used to select dual-tasking
ROIs. (T = attention to text in a unimodal condition, T+S =
attention to text with a speech distractor, T+NS = attention to text
with a nonsense speech distractor, T+M = attention to text with a
music distractor, S = attention to speech in a unimodal condition,
S+T = attention to speech with a text distractor, S+NT = attention
to speech with a nonsense text distractor, S+MF = attention to
speech with a moving �xation cross distractor, D = divided
attention).
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FIGURE 5 | Mean signal changes (%) in the visual (A) and auditory
(B) cortices in the left and right hemispheres (dark gray and light
gray bars, respectively) during attention to text in the unimodal
condition, attention to speech in the unimodal condition, selective
attention to text (with a speech distractor), selective attention to
speech (with a text distractor), and divided attention. Error bars

indicate SEMs. Conditions differing signi�cantly from the divided
attention condition are indicated with asterisks (*p < 0.05;
**p < 0.005). (T = attention to text in a unimodal condition, S =
attention to speech in a unimodal condition, T+S = attention to text
with a speech distractor, S+T = attention to speech with a text
distractor, D = divided attention).

are illustrated inFigure 5. A signi�cant main effect for Sensory
cortex was observed (F.1,17/ = 43.53,p < 0.001), demonstrating
that, overall, mean signal changes were greater in the auditory
cortex than in the visual cortex. There was no signi�cant main
effect of Hemisphere (although there was some insigni�cant
tendency for the left-hemisphere activity being higher than the
right-hemisphere activity,p = 0.12). However, the main effect of
Condition was signi�cant (F.4,68/ = 63.04,p < 0.001," = 0.85).
Subsequent pairwise comparisons revealed that the BOLD signal
change was greatest during divided attention, followed by selective
attention to text with a speech distractor, then by selective
attention to speech with a text distractor, and lastly by attention
to speech and attention to text in the unimodal conditions. Also,
a signi�cant interaction Condition� Sensory cortex was found
(F.4,68/ = 190.12,p < 0.001," = 0.51). Pairwise comparisons
revealed that in the visual cortex, the mean signal change during
divided attention did not differ signi�cantly from that during
attention to the visual modality in the unimodal (p= 0.27) or
selective attention condition (p= 0.98), but was signi�cantly
greater than that during auditory attention in the unimodal
(p < 0.001) or selective attention condition (p< 0.005). Activity
in the visual cortex during visual attention did not depend
signi�cantly on the presence of an auditory (speech) distractor
(p = 0.27 for attention to text during selective attention vs. during
the unimodal condition). In the auditory cortex, the mean signal
change during divided attention did not differ signi�canly from
that during attention to the auditory modality in the unimodal
(p = 0.84) or selective attention condition (p= 0.83), but
was signifcantly higher than that during visual attention in the
unimodal (p< 0.001) or selective attention condition (p< 0.05).
Activity in the auditory cortex during auditory attention did not
depend signi�cantly on the presence of a visual (text) distractor
(p = 0.70 for attention to speech during selective attention vs.
unimodal condition).

BRAIN ACTIVITY RELATED TO SEMANTIC PROCESSING
As seen inFigure 6, analysis across the auditory single-task
conditions showed that attended spoken incongruent sentences
elicited a greater hemodynamic response than attended spoken
congruent sentences bilaterally in the IFG (BA 44) extending
to the MFG (BA 9/6), and in the superior temporal gyrus (BA
41/42/22). A similar comparison for attended written sentences
in the visual single-task conditions showed activity enhancements
for written incongruent sentences in relation to written congruent
sentences bilaterally in the IFG (BA 44) extending to the MFG
(BA 9/6), and in the posterior part of the left middle temporal
gyrus (BA 21/37). When these two contrasts were overlaid (orange
areas inFigure 6), two clusters corresponding roughly to the
left and right IFG (BA 44) showed overlap between the two
contrasts. In the left hemisphere, the overlap region covered
both the pars opercularis and pars triangularis, and in the right
hemisphere, the region was smaller and extended to the inferior
frontal sulcus. Areas showing overlap were used as semantic ROIs
and subsequent analyses were performed for voxels within these
ROIs.

Mean signal changes in the semantic ROIs for congruent
and incongruent sentences in the different task condition types
are shown inFigure 7. As expected, the signi�cant main effect
of sentence congruence (F.1,17/ = 34.32,p < 0.001) con�rmed
that incongruent sentences caused greater increases in the BOLD
signal than congruent sentences in both the left- and right-
hemisphere semantic ROI. A main effect of Task type (F.2,34/ =
22.41,p < 0.001) revealed a greater increase in overall signal
change during the divided attention condition than during the
unimodal or selective attention conditions (p< 0.001 in both),
and a greater increase during the selective attention conditions
than unimodal conditions (p< 0.05) in the semantic ROI of
each hemisphere. Also a main effect of Laterality was observed
(F.1,17/ = 7.97,p < 0.05), demonstrating a greater signal change
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FIGURE 6 | Brain areas showing signi�cant activity
enhancements for attended incongruent written (red) and
spoken (yellow) sentences (area overlaps shown in orange) in

relation to respective congruent sentences. Data combined
across all single-task conditions for each modality. Voxel-wise height
threshold t = 2.5, cluster size > 250, cluster-corrected p < 0.001.

in the left-hemisphere semantic ROI than in the right-hemisphere
semantic ROI. There were no signi�cant interactions between the
factors.

DISCUSSION
TASK PERFORMANCE
The behavioral results indicate that even though task performance
was signi�cantly worse during divided than during selective
attention, the participants were still able to reach a high
level of performance accuracy while attending to two stimuli
simultaneously (even during divided attention mean response
accuracy was over 90%).

DIVIDED ATTENTION VS. FOCUSED AND SELECTIVE ATTENTION
The difference between the selective attention and divided
attention conditions was examined in order to determine whether
any cortical activity was speci�cally related to dividing attention.
Because in both conditions stimuli were presented in both
modalities, the effect of sensory stimulation was controlled for
in the contrast between these conditions. The results showed
that divided attention recruited a very similar cortical network as
the component tasks performed alone, since the activation maps
showed a high degree of overlap.

When a direct comparison was made between the divided
attention and the selective attention conditions, bilateral
clusters both on the medial and dorsolateral frontal cortex
showed signi�cantly greater BOLD signal increases in the
divided attention condition compared to the selective attention
conditions. More speci�cally, these clusters were situated
in the medial SMA and MFG of both hemispheres. The
MFG has been implicated in memory rehearsal processes
(Awh et al., 1996), rapid adaptation and coordination of
actions required in dual-tasking (Szameitat et al., 2002),

and detection of unexpected relevant stimuli (Corbetta and
Shulman, 2002). The medial SMA, in turn, has been associated
with performance monitoring, pre-response con�ict, decision
uncertainty, response errors, and processing of negative feedback
(for a review, seeRidderinkhof et al., 2004). The need to
inhibit a response to one sentence when it con�icts with
the response to the other sentence, or the overall increase
in dif�culty in choosing the correct response in the divided
attention condition might therefore explain the increase in SMA
activity.

Areas showing higher activity during divided attention
than during both selective attention to text and selective
attention to speech were de�ned as dual-tasking ROIs. These
ROIs were located in the medial SMA and MFG bilaterally.
The smallest BOLD signal increases in these ROIs were
seen during the unimodal conditions. The selective attention
conditions activated these regions to a greater degree, with
some activation differences that depended on the nature of
the distractor stimuli. More speci�cally, nonsense speech as
an auditory distractor and text and nonsense text as visual
distractors caused greater activity increases than when no
distractors were present. Since divided attention activated
these ROIs the most, this might mean that these distractors
were the most effective in drawing attention away from the
actual task and creating a situation where attention was
unintentionally divided between the attended and to-be-ignored
modality.

Taking into account the high degree of overlap between the
cortical networks activated by selective and divided attention,
and the fact that dual-tasking ROIs showed a graded activation
increase related to task dif�culty (unimodal condition< selective
attention < divided attention), our results suggest that at least
semantic dual-tasking does not recruit new cortical areas, but
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FIGURE 7 | Mean signal changes (%) in the semantic ROIs for attended
incongruent and congruent sentences compared with rest during the
unimodal (data combined across the unimodal auditory and visual

conditions), selective attention (data combined across all auditory and
visual selective attention conditions), and divided attention conditions
in the left (A) and right (B) hemisphere. Error bars indicate SEMs.

places more demands on the brain regions already in use
by the component tasks. This �nding is in accordance with
several previous studies showing that no additional neural
regions are activated when interfering information needs to be
coordinated (Klingberg, 1998; Adcock et al., 2000; Bunge et al.,
2000; Nijboer et al., 2014), but rather that the component
tasks compete for resources in a �global neuronal workspace�
most likely located in frontoparietal regions (Hein et al.,
2007). Some studies have reported opposite results, however,
showing that frontal regions are recruited only during divided
attention (Corbetta et al., 1991; D’Esposito et al., 1995; Herath
et al., 2001; Szameitat et al., 2002; Schubert and Szameitat,
2003; Yoo et al., 2004; Johnson and Zatorre, 2006; Stelzel
et al., 2006). These con�icting results may be explained more
by the nature of the single tasks used in the individual
studies than by the need to divide attentionper se. Frontal
recruitment may depend on the speci�c task demands of
the single-tasks and vary from one task combination to the
other. In our study, there are several possible explanations
for the observed frontal recruitment during the component
tasks. First, it could be related to inhibiting the processing of
irrelevant information from the unattended modality. Frontal
regions have been shown to be involved in gating sensory
information according to task-speci�c demands (Miller and
Cohen, 2001; Staines et al., 2002). Another possible explanation
is catching of attention by stimuli in the unattended modality.
It has been shown that a distributed network including
frontal and parietal areas is activated when attention is
involuntarily shifted to events in the sensory environment
(Downar et al., 2000; Corbetta and Shulman, 2002; Salmi
et al., 2009). The sentences in the unattended modality might
therefore have caused an involuntary shift of attention to
the unattended modality, resulting in frontal and parietal
activity increases. Finally, our results might be explained by
the dif�culty of the component tasks used in the study. It
could be argued that since our component tasks were complex
sentence comprehension tasks, performing them required central
executive functions to a great degree even in the absence of

distracting stimuli or a need to divide attention between two
modalities.

The frontoparietal cortical network observed in our selective
attention and divided attention conditions bares a close
resemblance to the multiple-demand (MD) network described
by Duncan (2010). This general-purpose network includes cortex
in and around the inferior frontal sulcus, the pre-SMA and
the intraparietal sulcus, and it is activated by a variety of
demanding cognitive tasks that require the formation of a series
of subtasks. The tasks employed in our experiment can indeed be
broken down into a succession of subtasks: internalizing the task
instructions, evaluating the meaning of the presented sentence,
choosing the correct response option, forming a motor response,
reorienting to the next task instruction, etc. In the case of the
present selective attention conditions, an additional subtask of
inhibiting processing of the unattended stimulus is introduced.
When two streams of stimuli have to be attended simultaneously,
the amount of subtasks is even further increased even though the
time given to complete these subtasks remains unchanged, adding
to the demands placed on the MD network. It might therefore
be that the observed BOLD signal increases in dorsolateral and
medial frontal areas are a result of the task becoming more
complex (i.e., involving more subtasks) and requiring quicker
shifts from one subtask to the next, and not a result of a need
to divide attention between two sensory streams.

The dorsolateral frontal activity increases during divided
attention could also be explained by the recruitment of working
memory when two tasks need to be performed simultaneously
(Johnson et al., 2007). In our divided attention condition, the
participants most likely had to maintain one sentence in a
working memory buffer while making a congruence judgment
concerning the other simultaneously presented sentence, whereas
in the single-task condition no such demands were placed on
working memory. In other words, the participants, at least some
of them, may have adopted a rehearsal strategy during the divided
attention task but not during the single-tasks. This could have
led to the observed frontal activity increase, since the role of the
dorsolateral prefrontal cortex in working memory (D’Esposito
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et al., 1995; Petrides, 2000) and more speci�cally in subvocal
rehearsal (Awh et al., 1996) is well known. An experimental design
speci�cally aimed at teasing apart the effects of increasing working
memory load, divided attention, and overall task dif�culty would
be needed in order to determine the primary role of the
dorsolateral prefrontal cortex in dual-tasking paradigms.

When interpreting our results with regards to dual tasking,
it is important to note that the participants may not have
been performing the divided attention task as the experimenters
intended.

For example, the participants may have been attending to
just one modality in the divided attention condition. Our
behavioral results indicate that this is most likely not the case,
however, because attending selectively to only one modality
and performing at guess level for the other modality would
have resulted in a response accuracy of 63�75%, a rate
which our participants far surpassed. In addition, almost all
participants performed at a high level of accuracy irrespective
of the presentation modality of the incongruent sentence,
demonstrating that there was no clear tendency to attend to
just one modality. Another strategy used by our participants
might have been to �rst attend to the written text and then
switch to the unattended spoken sentence stored in a short-
term memory (Norman, 1969), thus not really dual tasking but
switching between the two tasks. The use of such a strategy might
explain the increased parietal activity during dual tasking, as
parietal regions have been shown to be involved in the voluntary
shifting of attention between vision and audition (Shomstein and
Yantis, 2004). On the other hand, it seems unlikely that such a
strategy could have been used successfully in our experiment due
to the fast pace of stimulus presentation. Participants had a total
of 3.5 s per trial. The average length of the text sentences was
55 characters, which takes around 2.5 s to read at the average
reading speed of Finnish text (Hahn et al., 2006). It is therefore
unlikely that participants had had enough time to read out the
spoken sentence from a short-term memory buffer after reading
the text sentence, as subvocal rehearsal of auditory phonological
material occurs in real time (Baddeley, 1992). In addition, if the
text sentence was evaluated �rst, the participants would have
likely detected incongruent written sentences signi�cantly more
accurately than incongruent spoken sentences, but according to
our behavioral results this was not the case. As a �nal possible task
strategy during dual tasking, our participants may have converted
the written sentences they read into subvocalized speech rehearsed
in the articulatory-phonological loop (Baddeley, 1992). If this
indeed were the case, our divided attention task would not
have been truly a bimodal one. However, even if this were the
case, our main �ndings regarding brain activity associated with
dual tasking would not be undermined, because our participants
would still have been performing two tasks simultaneously albeit
mainly in the same (auditory) modality.

ATTENTION EFFECTS IN THE SENSORY CORTICES
During bimodal stimulation when the participants were attending
to just one sensory modality, the sensory cortical areas subserving
the attended modality showed increased activity and the ignored
sensory cortices showed a decrease in activity compared with

when attention was directed to the other modality. This result is
in accordance with previous studies showing a similar interaction
between the attended modality and activity in the relevant sensory
cortices (Shomstein and Yantis, 2004; Johnson and Zatorre, 2005,
2006; Salo et al., 2013).

The visual cortex was shown to be activated to the same
extent during divided attention as during attention to visual
stimuli in both the unimodal and selective attention conditions,
and this activity was greater than when attention was directed
to the auditory modality. An analogous pattern of results was
observed for the auditory cortex. This result is in contrast to
our initial hypothesis: Since several previous studies suggest that
a common attentional resource is shared between the sensory
modalities (Just et al., 2001; Loose et al., 2003; Johnson and
Zatorre, 2006) we expected to see a decrease in sensory-cortex
activations during divided attention in relation to auditory or
visual selective attention. Our results also indicated that the
addition of a distractor stimulus to the unattended modality
did not affect activity in the sensory cortical areas subserving
the attended modality, even though activity in the cortical areas
processing the unattended stimuli increased signi�cantly. If a
common attentional resource were indeed shared among the
different modalities, this would mean that no resources were
allotted to the unattended modality. This would, however, make
it dif�cult to account for the performance accuracy decrease seen
in the selective attention condition compared with the unimodal
condition. Therefore our results do not support the notion of a
constrained total amount of attentional resources being spread
out to all recruited sensory cortices.

ACTIVITY RELATED TO SEMANTIC PROCESSING DURING DIVIDED
ATTENTION
When only single-task conditions were examined, contrasting
incongruent sentences with congruent sentences revealed an
increase of activity in bilateral inferior frontal clusters for the
written sentences, and in inferior frontal and temporal clusters
for the spoken sentences. These foci of activity are well in line
with the existing literature describing the role temporal and
frontal areas (especially in the left hemisphere) in both semantic
and syntactic language-related processing (Friederici et al., 2003;
Hickok and Poeppel, 2004; for a review, seeVigneau et al., 2006).
The increased activity in these areas in response to incongruent
sentence endings is possibly due to the dif�culty of integrating
the unexpected last word to the preceding information, resulting
in increased processing costs (Kutas and Hillyard, 1980). In
electrophysiological studies, semantic integration was re�ected
as an increase in the amplitude of a speci�c ERP component,
the N400 (Kutas and Hillyard, 1980; for reviews, seeKutas
and Federmeier, 2000; Lau et al., 2008). The temporal activity
clusters observed for the spoken sentences in our study is a likely
candidate source for the N400 component (Humphries et al.,
2006). The observed temporal activity could also be related to
another ERP component, the phonological mismatch negativity
(PMN; Connolly and Phillips, 1994), which is elicited when the
initial phoneme of the last word in a sentence does not match
the phoneme of the expected word (as was the case in our
experiment). This component is elicited only when sentences are
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presented in the auditory modality, and it has been localized to
the anterior superior temporal cortex predominantly in the left
hemisphere (Kujala et al., 2004), and would therefore explain why
we observed the temporal activity clusters only for the spoken
sentences.

The IFG was activated bilaterally by both written and spoken
incongruent sentences, this effect being stronger in the left
than the right hemisphere. The important role of the IFG in
processing the semantic content of linguistic stimuli has been
demonstrated in previous studies (Baumgaertner et al., 2002;
Kiehl et al., 2002). The IFG does not seem to contribute to the
N400 component, however, as lesions to frontal areas including
the IFG do not affect the N400 component (Friederici et al.,
1999). Our results therefore add to the discrepancy between
hemodynamic and electrophysiological studies describing the
contribution of the IFG to semantic processing. Our study makes
a valuable contribution to this debate, since we used both written
and spoken sentence stimuli in the same study, and show that the
IFG was activated for incongruent sentences irrespective of the
presentation modality.

When two tasks that occupy a common part of the cortex are
performed simultaneously, interference can occur at the level of
these common regions (Roland and Zilles, 1998). In the case of
our experiment, ROI analyses were conducted in the semantic
ROIs (i.e., bilaterally in the IFG) during divided attention
in order to study task interference more carefully. During
divided attention, participants had to make two simultaneous
or consecutive congruence judgments, presumably both relying
on the same amodal semantic processing areas. When the
overall activity in the semantic ROIs was examined, our results
pointed to an increase in activity during divided attention when
compared with the unimodal and selective attention conditions.
This suggests that more demands were placed on semantic
processing areas when two semantic tasks were performed in
parallel, which possibly contributed to the observed performance
decrements.

It is important to take into consideration the possibility
that incongruent sentences elicited more IFG activity due to
other cognitive functions than semantic processing. For example,
it has been shown that the IFG is activated when prepotent
responses are inhibited (Menon et al., 2001; Aron et al., 2004).
Reading or listening to sentences where an anomaly occurs
at the very end may create a situation where a response
that the sentence is congruent is always chosen �rst, but
then has to be inhibited and replaced by a new response
when an anomaly is detected. This may explain the observed
IFG activity enhancements. Yet another possible explanation
relates to the observation that the IFG is involved with the
detection of salient stimuli irrespective of task type (Hampshire
et al., 2010). Sentences with semantic violations may represent
such an unexpected and salient stimulus, thus involving the
IFG.

CONCLUSIONS
The participants of our study performed signi�cantly more
errors when they had to make two simultaneous sentence
congruence judgments in separate modalities than when they

performed just one such judgment in one modality. This dual-
task interference could potentially be caused by mutual inhibition
of the sensory cortices, or by the recruitment of additional cortical
areas responsible for additional cognitive operations related to
dual-tasking, or by interference of the two tasks because they
utilize the same part of the cortex. Our results indicate that
crossmodal inhibition of the sensory cortices is not responsible
for the observed performance decrements, and that no dual-task-
speci�c areas are recruited when attention is divided between two
simultaneous semantic tasks involving parallel attention to speech
and written text. Competition for resources in cortical areas used
by both component tasks most likely contributes to dual-tasking
interference.
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We used functional magnetic resonance imaging to investigate brain activations during
nine different dual tasks in which the participants were required to simultaneously
attend to concurrent streams of spoken syllables and written letters. They performed
a phonological, spatial or �simple� (speaker-gender or font-shade) discrimination task
within each modality. We expected to �nd activations associated speci�cally with dual
tasking especially in the frontal and parietal cortices. However, no brain areas showed
systematic dual task enhancements common for all dual tasks. Further analysis revealed
that dual tasks including component tasks that were according to Baddeley�s model
�modality atypical,� that is, the auditory spatial task or the visual phonological task, were
not associated with enhanced frontal activity. In contrast, for other dual tasks, activity
speci�cally associated with dual tasking was found in the left or bilateral frontal cortices.
Enhanced activation in parietal areas, however, appeared not to be speci�cally associated
with dual tasking per se, but rather with intermodal attention switching. We also expected
effects of dual tasking in left frontal supramodal phonological processing areas when both
component tasks required phonological processing and in right parietal supramodal spatial
processing areas when both tasks required spatial processing. However, no such effects
were found during these dual tasks compared with their component tasks performed
separately. Taken together, the current results indicate that activations during dual tasks
depend in a complex manner on speci�c demands of component tasks.

Keywords: dual task, divided attention, fMRI, phonological processing, spatial processing

INTRODUCTION
Performing two or more cognitive tasks simultaneously is
assumed to require executive functions such as coordination
of cognitive resources (Alvarez and Emory, 2006). It has been
proposed that brain activity during dual tasks that cannot be
associated with either of the component tasks would reflect
such functions. Previous functional magnetic resonance imaging
(fMRI) studies suggest that dual tasking would activate prefrontal
cortical areas involved in coordination of limited processing
resources (Corbetta and Shulman, 2002; Schubert and Szameitat,
2003; Johnson and Zatorre, 2006; Stelzel et al., 2006; Johnson
et al., 2007) and posterior parietal cortical areas involved in con-
trol (e.g., shifting) of attention (Corbetta and Shulman, 2002;
Shomstein and Yantis, 2004; Corbetta et al., 2008).

However, performing two cognitively demanding tasks simul-
taneously may deteriorate performance in either task or in both
tasks. It is generally assumed that dual task performance dete-
riorates when the component tasks require the same limited
sensory, cognitive or cortical resources (Welford, 1952; Mowbray,
1953; Pashler, 1994; Roland and Zilles, 1998; Alais et al., 2006).
Furthermore, due to limitations in dividing attention between

two sensory modalities, task related activity in the auditory
and visual cortex is lower during intermodal divided attention
than during auditory or visual selective attention, respectively
(Johnson and Zatorre, 2006). Taken together, these results sug-
gest that dual tasking comprises several processes that are not yet
fully understood.

Previous studies have used a limited number of task combi-
nations (e.g., two unimodal single tasks and one bimodal dual
task) in order to identify activations associated specifically with
dual tasking. Therefore, in the present study, we examined the
effects of three auditory and three visual component tasks and
their nine combinations on brain activity during dual tasking.
The dual tasks comprised an auditory phonological, spatial or
simple (speaker-gender) discrimination task and a visual phono-
logical, spatial or simple (font-shade) discrimination task. All
tasks were performed on identical stimuli and required identical
motor responses to targets. The auditory and visual phonological
tasks (APhon and VPhon, respectively), as well as the auditory and
visual spatial tasks (ASpat and VSpat, respectively), were designed
to be as similar as possible to each other in terms of task require-
ments. The auditory and visual simple tasks (ASimp and VSimp,
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respectively), in turn, were designed to require modality specific
processing (voice and luminance contrast discrimination, respec-
tively). This design allowed us to study the functional significance
of activations associated with different dual tasks. Our previous
study (Salo et al., 2013), using identical stimuli and the same
participants as the present study, investigated activations associ-
ated with the three auditory component tasks and the three visual
component tasks when performed as the only task. To evaluate
whether all dual tasks activate some common brain areas, we
compared the present dual task data with single task data from
our previous study.

We expected that especially dual tasks requiring parallel
phonological or spatial processing would show strong activation
modulations. Our previous study showed that, when performed
separately, the APhon and VPhon tasks activate the same area in
the left prefrontal cortex involved in phonological processing and
that the ASpat and VSpat tasks activate the same area in the right
inferior parietal cortex involved in spatial processing (Salo et al.,
2013). Thus, we expected to find strong modulation of activity
especially in these areas. Finally, we hypothesized that all dual
tasks would show activity enhancements in the same areas of dor-
solateral prefrontal cortex and posterior parietal cortex involved
in task coordination and control of attention, in addition to
some activity decrements in the primary sensory cortices due to
intermodally divided attentional resources.

METHODS
PARTICIPANTS
Participants (N = 15, 8 female) were native Finnish speakers,
between 20 and 35 years of age (mean 25 years). All participants
were right handed, had normal hearing, normal or corrected-
to-normal vision, and no history of psychiatric or neurological
illnesses (all self-reported). An informed written consent was
obtained from each participant before the experiment. The exper-
imental protocol was approved by the Ethical Committee of the
Hospital District of Helsinki and Uusimaa, Finland. One to three
weeks before the present dual task session, all participants had
participated in an fMRI session where all component tasks of the
present study were performed separately in single task conditions
(Salo et al., 2013). In addition, 1–7 days prior the present session
the participants took part in a short practice session to familiarize
them with dual task instructions.

STIMULI
The exact stimulus parameters are reported in our previous study
(Salo et al., 2013). In brief, auditory stimuli consisted of 17 mean-
ingless consonant-vowel and vowel-consonant syllables each hav-
ing a duration of 250 ms. Seven syllables started with a vowel (ab,
ad, ag, ah, ak, ap, at) and 10 started with a consonant (du, fu,
ku, lu, mu, nu, pu, ru, su, vu). The syllables were uttered by four
female and four male native Finnish speakers. Interaural time dif-
ference was used to produce eight spatial locations organized in
two spatial categories: central (four locations, ca. 2.5� or 5� to the
left or right from midline) and peripheral (four locations, ca. 20�

or 25� to the left or right from midline). Visual stimuli (dura-
tion 250 ms) consisted of 17 consonant letters (height ca. 0.018� ).
Participants were required to discriminate between letters with a

namestarting with a vowel and letters with a namestarting with a
consonant (e.g., in English, the name of letter R is pronounced
like “are” and thus starts with a vowel, while the name of let-
ter T is pronounced like “tea” and starts with a consonant). The
Finnish names of seven chosen consonant letters started with a
vowel and ended in a consonant (F, L, M, N, R, S, X) and names of
10 chosen consonant letters started with a consonant and ended
in a vowel (B, C, D, G, H, J, K, P, T, V). The letters were pre-
sented on a gray background (Red, R = 128, Green, G = 128,
Blue, B = 128) in either darker gray (four shades) or a lighter gray
(four shades). Moreover, they occurred in eight locations either
centrally near the fixation asterisk (four diagonal locations ca.
0.029� from fixation) or more peripherally (four diagonal loca-
tions ca. 0.075� from fixation). Asynchronous auditory and visual
sequences were presented in bimodal 30 s blocks that alternated
with 15.3 s breaks. Within each modality, stimulus onset-to-onset
intervals varied randomly between 375 and 625 ms in 10 ms steps
(rectangular distribution).

PROCEDURE
The participants were presented with concurrent asynchronous
streams of spoken syllables and written letters that varied in
their phonological, spatial and modality specific (voice or font
shade) features (Figure 1). For both modalities, there were three
different component tasks. In the auditory phonological, spatial
and simple tasks (APhon, ASpat, and ASimp, respectively), tar-
gets were syllables starting with a vowel, syllables presented at
more peripheral (left or right) locations, and syllables uttered
by a female speaker, respectively. In the visual phonological,
spatial and simple tasks (VPhon, VSpat, and VSimp, respectively),
targets were letters with their name beginning with a vowel,
letters at more peripheral locations, and letters presented with
a darker gray than the background, respectively. The compo-
nent tasks were combined to make nine bimodal dual tasks
(APhonVPhon, APhonVSpat, APhonVSimp, ASpatVPhon, ASpatVSpat,
ASpatVSimp, ASimpVPhon, ASimpVSpat, and ASimpVSimp). During all
dual tasks, the participants were required to focus on a black fix-
ation asterisk constantly shown at the center of the screen and to
press a button with their right index finger to the auditory and
visual targets as fast as possible. During the breaks, they focused
on the fixation asterisk and waited for the next task. Eye position
was monitored with an iView X MEyetrack LR long range camera
and a matching iView X MEyetrack mirror box (SensoMotoric
Instruments, Teltow, Germany).

An instruction chart (including the fixation asterisk) was
shown in the middle of the screen for 5 s before the onset of the
next block. The chart consisted of two rows and four columns
of text (in Finnish). The upper and lower rows of the first col-
umn contained a black letter A (for Auditory tasks) and V (for
Visual tasks), respectively. The rows of the second column con-
tained “female voice” and “dark letter.” The third column had
“vowel beginning” and the fourth column “peripheral” on both
rows. The columns of the chart were identical for all dual task
combinations, except that the target feature for each modality was
indicated with black letters, the text in black on the first row indi-
cating target feature in the auditory modality and the text in black
on the second row indicating target feature in the visual modality.
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FIGURE 1 | Schematic illustration of the auditory and visual stimulus
streams in the present study. In the auditory stream, the targets in
phonological, spatial, and simple tasks were syllables starting (vs. ending)
with a vowel, presented at the left or right lateral (vs. central) loci or spoken
by a female (vs. male) voices. In the �gure, female and male voices are

indicated in italic and bold font, respectively. In the visual stream, the targets
in phonological, spatial, and simple tasks were letters with their name
beginning (vs. ending) with a vowel, letters presented farther off (vs. closer
to) the �xation asterisk or letters written with a font darker (vs. lighter) than
the background.

The other texts were written in gray letters that were darker than
the background.

For each of the nine dual task combinations, there were seven
blocks and thus altogether 63 blocks were presented. All partici-
pants were presented with the same series of 63 stimulus blocks.
However, the order of the tasks to be performed in these blocks
was randomized separately for each participant. Each block con-
tained 60–80 auditory and 60–80 visual stimuli with a target
probability of 0.2 per modality. In both auditory and visual stimu-
lus sequences, stimulus features (17 syllables or letters, 8 auditory
and 8 visual locations, 8 font shades and 8 voices, 4 male and 4
female) varied randomly, except that any feature that was used as
a target in one of the tasks (i.e., syllables starting with a vowel,
peripheral auditory location, female voice, letters with their name
starting with a vowel, peripheral visual location, and darker-
than-background font) had an independent probability of 0.2.
Therefore, a stimulus could contain 0–3 target features, although
only one feature was relevant to the task at hand. This allowed
us to present similar stimulus blocks during all tasks. The audi-
tory and visual stimuli often overlapped partly in time, but a
total overlap was very improbable. The target features of auditory
and visual stimulus sequences were randomized independently
and thus it was possible that also auditory and visual targets
overlapped. In cases where two targets would be presented virtu-
ally simultaneously, the participants were instructed to press the
response button twice.

ANALYSIS OF THE BEHAVIORAL DATA
In order to minimize effects due to response selection (i.e., due
to a response selection bottleneck; Pashler, 1994), responses to

auditory and visual targets were given with the same button.
Targets were considered in temporal order. The first response
occurring within 200–1000 ms from target onset was labeled as
a hit. Each response was classified only once. Hit rate (HR) was
defined as the number of hits divided by the number of tar-
gets. False alarm rate (FaR), in turn, was defined as the number
responses given outside the hit response window divided by the
overall number of responses.

To compare task performance between single and dual task
conditions, mean RTs to auditory targets were calculated for
each participant across the dual tasks including the APhon task
(APhonVPhon, APhonVSpat, and APhonVSimp), across the dual tasks
including the ASpat task (ASpatVPhon, ASpatVSpat, and ASpatVSimp)
and across the dual tasks including the ASimp task (ASimpVPhon,
ASimpVSpat, and ASimpVSimp). These mean RTs were then com-
pared with the RT for the corresponding auditory component
task performed as a single task in our previous study (Salo
et al., 2013). Similarly, mean RTs to visual targets were calcu-
lated across the dual tasks including the VPhon task (APhonVPhon,
ASpatVPhon, ASimpVPhon), across the dual tasks including the
VSpat task (APhonVSpat, ASpatVSpat, ASimpVSpat) and across the
dual tasks including the VSimp task (APhonVSimp, ASpatVSimp,
ASimpVSimp) and then compared with the RT for the corre-
sponding visual component task performed as a single task.
Similar comparisons were made for each participant’s HRs and
FaRs.

In the ANOVAs, the degrees of freedom were Greenhouse-
Geisser corrected when needed. However, the original degrees
of freedom will be reported below together with the corrected
P-value. The reported correction term � implicates corrections.
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fMRI DATA ACQUISITION AND ANALYSIS
Functional brain imaging was carried out with a 3.0 T GE
Signa MRI scanner (GE Medical Systems, USA) using an eight
channel head coil. The functional echo planar (EPI) images
were acquired with an imaging area consisting of 31 contigu-
ous oblique axial slices (TR 2000 ms, TE 32 ms, flip angle 90� ,
voxel matrix 64 × 64, field of view 22 cm, slice thickness 3.0 mm,
in-plane resolution 3.4 × 3.4 × 3.0 mm). Image acquisition was
independent of stimulation, that is, jittered acquisition was
used.

A total of 1436 functional volumes were obtained in one
48 min session. Immediately after the functional scan, a fluid
attenuated inversion recovery image using the same image slices
but with a denser in-plane resolution was acquired for anatomi-
cal co-alignment (FLAIR; TR 10000 ms, TE 120 ms, voxel matrix
320 × 192, field of view 22 cm, slice thickness 3.0 mm, in-plane
resolution 0.7 × 1.1 mm). High-resolution anatomical images
(voxel matrix 256 × 256, slice thickness 1.0 mm, in-plane resolu-
tion 1 × 1 mm) were acquired in a preceding session (Salo et al.,
2013).

The data were analyzed with FSL (4.1.0, www.fmrib.ox.ac.
uk/fsl) using one general linear model (GLM) with 10 explana-
tory variables (nine different tasks and instruction). The first
four volumes of the session were excluded from analysis. The
data were motion corrected, spatially smoothed (7 mm full
width half maximum), and high pass filtered (cutoff 100 s).
The hemodynamic response was modeled using a gamma
function (mean lag 6 s, SD 3 s) and its temporal derivative.
Several contrasts were defined to compare activations dur-
ing dual tasks with those during the dual task baseline. For
group (mixed effects) analysis, the results of lower level analy-
ses were transformed into a standard space (MNI152; Montreal
Neurological Institute). Z-statistic images were thresholded using
clusters determined by Z > 2.3 and a (corrected) cluster sig-
nificance threshold of P < 0.05 (using Gaussian random field
theory).

COMPARISON OF DUAL TASK AND SINGLE TASK DATA
Activity increments and decrements associated with dual tasks
were investigated by comparing activity during the present dual
tasks with activity during the corresponding single tasks mea-
sured in our previous study (Salo et al., 2013). These comparisons
(fixed effects) were conducted in the space of each participant’s
high resolution anatomical image followed by group analysis
(mixed effects) in the MNI152 space. First we contrasted brain
activity during each bimodal dual task with activations during the
corresponding auditory single task. We assumed that these con-
trasts would reveal a combination of activations associated with
dual tasking and the visual component of dual task (because the
visual stimuli were ignored in the auditory single tasks). Then
each dual task was contrasted with the corresponding visual sin-
gle task to reveal activations associated with dual tasking and
with the auditory component of the dual task. The resulting
statistic images were then entered into nine conjunction analy-
ses (using the easythresh script) to reveal significant activation
enhancements (Z > 2.3, cluster corrected P < 0.05) specific to
dual tasking.

RESULTS
DUAL TASK PERFORMANCE
Reaction times (RTs) and hit rates (HRs) for auditory and visual
targets in dual tasks were averaged across dual tasks with a par-
ticular auditory or visual component task, respectively. The RTs
in the dual tasks were comparable to those in our previous study
where each component task was performed as a single task by the
same participants (Salo et al., 2013). For auditory RTs, a repeated-
measures analysis of variance (ANOVA) with factors Condition
(Single task, Dual task) and Task (Phonological, Spatial, Simple)
revealed significant main effect of Task F(2, 28) = 7.02, P < 0.01,
the RTs being higher for ASpat than for APhon or ASimp, but no sig-
nificant effect of Condition. Likewise, a similar ANOVA for visual
RTs revealed a significant main effect of Task F(2, 28) = 103.56,
P < 0.001, but no significant effect of Condition. However,
there was a significant Condition × Task interaction F(2, 28) =
38.53, P < 0.001. As seen in Figure 2 the RTs for VSpat or
VSimp were longer during dual task conditions than during sin-
gle task conditions, while the opposite was true for RTs during
VPhon.

The HRs, in turn, were lower during the present dual tasks
than during the previous single tasks clearly indicating costs
of dual tasking. For auditory targets, an ANOVA with factors
Condition and Task revealed significant main effects of Condition
F(1, 14) = 17.37, P < 0.001 and Task F(2, 28) = 237.88, P < 0.001
and a significant Condition × Task interaction F(2, 28) = 16.01,
P < 0.001. The auditory HRs were lower during dual task con-
ditions than during single task conditions. Within both dual and
single task conditions, the HRs were lowest for ASpat and simi-
lar for APhon and ASimp and the HRs for ASpat differed the least
between the dual and single task conditions. For visual targets,
a similar ANOVA revealed significant main effects of Condition
F(1, 14) = 39.94, P < 0.001) and Task F(2, 28) = 21.11, P < 0.001
and a significant Condition × Task interaction F(2, 28) = 4.91,
P < 0.05. The visual HRs were lower during dual tasking than
during single tasking and highest for VSimp and lowest for VPhon,
and the HR for VPhon differed the least the dual and single task
conditions.

The false alarm rate (FaR) was defined as the number
responses given outside the hit response window divided by the
overall number of responses. For each participant, the FaR in each
dual task was only 7% at the highest and the mean FaR for the
nine dual tasks varied between 2% (±0.5%) and 3% (±0.3%).
For auditory false alarms, an ANOVA with factors Condition
(Single task, Dual task) and Task (Phonological, Spatial, Simple)
revealed significant main effect of Task F(2, 28) = 11.61, P < 0.01,
� = 0.57 and a significant Condition × Task interaction F(2, 28) =
14.21, P < 0.01, � = 0.61. The FaRs were higher for ASpat com-
ponent task than for APhon or ASimp, this effect being stronger in
single task conditions than in dual task conditions.

For visual false alarms, a similar ANOVA revealed significant
main effects of Condition F(1, 14) = 40.33, P < 0.001 and Task
F(2, 28) = 39.21, P < 0.001, and a significant Condition × Task
interaction F(2, 28) = 9.25, P < 0.01, � = 0.63. The visual FaRs
were higher during dual task conditions than during single task
conditions. In single task conditions, the FaRs were highest for
VPhon, intermediate for VSpat and lowest for VSimp, whereas in
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FIGURE 2 | Task performance. Mean reaction times (RTs; includes only hit
responses) and hit rates (HRs) during single (white columns) and dual (gray
columns) task conditions for each auditory and visual component task. Error

bars indicate SEMs (APhon, ASpat, and ASimp = Auditory phonological, spatial
and simple component tasks, respectively and VPhon, VSpat, and VSimp =
Visual phonological, spatial and simple component tasks, respectively).

dual task conditions, the FaRs for VPhon and VSpat did not differ
and the FaR for VSimp remained lowest.

BRAIN ACTIVITY DURING DUAL TASKS IN RELATION TO THE
ASimpVSimp DUAL TASK
ASimpVSimp was used as a baseline dual task with which the other
dual tasks were compared. Brain activity enhancements during
this baseline dual task in relation to resting periods with no stim-
uli and during the other dual tasks in relation to this baseline are
shown in Figure 3(Z > 2.3, cluster corrected P < 0.05, see also
Supplementary Tables 1, 2).

As seen in Figure 3, activity enhancements during the other
dual tasks in comparison with the baseline dual task showed large
variation. In brief, during the APhonVPhon dual task enhanced
activity was detected in a small area of the left middle frontal gyrus
(MFG; Figure 3A, top row) close to the area activated by both
APhon and VPhon in the single task conditions (Salo et al., 2013).
The ASpatVSpat dual task, in turn, showed enhanced activity in
the right inferior parietal lobule (IPL; Figure 3B, middle row, red
areas) activated by both ASpat and VSpat in the single task condi-
tions. In addition, several dual tasks were associated with activity
enhancements in the right IPL and in the left or bilateral superior
parietal lobule (SPL; Figure 3, red areas, see also Supplementary
Table 1). Activity decrements, in turn, were observed especially
in dual tasks including the VPhon component task in the supe-
rior temporal gyrus (STG) and pre- and postcentral gyri in one
or both hemispheres depending on the auditory component task
(Figure 3, top row, blue areas, see also Supplementary Table 2).

To reveal activity enhancements associated systematically
with dual tasks including a certain component tasks, additional
comparisons were implemented. Mean activations across the dual
tasks including the APhon (i.e., across APhonVPhon,APhonVSpat
and APhonVSimp), ASpat(ASpatVPhon, ASpatVSpat and ASpatVSimp),
ASimp(ASimpVPhon and ASimpVSpat), VPhon (APhonVPhon,

ASpatVPhon and ASimpVPhon), VSpat (APhonVSpat, ASpatVSpat and
ASimpVSpat), and VSimp (APhonVSimp and ASpatVSimp) component
task were separately contrasted with ASimpVSimp, the baseline
dual task. The results of these contrasts are shown in Figure 4.
In brief, all component tasks, except VSimp, were associated with
enhanced activity (Z > 2.3, cluster corrected P < 0.05) in the
left posterior parietal cortex. Dual tasks including the ASpat and
VSpat component tasks showed enhanced activity bilaterally in
SPL and in large areas in the right IPL (Figure 4, middle row).
Dual tasks including the VPhon task, in turn, showed enhanced
activity also in the left MFG and were associated with decreased
activity bilaterally in the pre- and postcentral gyri, left SPL and
IPL, left posterior STG, and in the right pars opercularis and
right middle STG.

ACTIVITY ENHANCEMENTS DURING DUAL TASKS IN RELATION TO THE
COMPONENT TASKS
We contrasted the dual tasks with their component tasks per-
formed separately in our previous study (Salo et al., 2013). These
comparisons revealed enhanced activations not directly associ-
ated with either of the component tasks or with bimodal stimulus
presentation. Thus, these activations might be specific to dual
tasking. Interestingly, not all dual tasks were associated with such
activity enhancements.

Four dual tasks, namely APhonVSpat, APhonVSimp, ASimpVSpat,
and ASimpVSimp, each showed enhanced activity in relation to both
its auditory component task and its visual component task (con-
junction analysis, Z > 2.3, cluster corrected P < 0.05, see also
Supplementary Table 3). As seen in Figure 5, all these dual tasks
were associated with such enhanced activity in the left superior
precentral gyrus (for ASimpVSpat and ASimpVSimp there were even
two left precentral enhancement clusters). In addition, APhonVSpat
and ASimpVSimp showed enhanced activity in relation to both
of their component tasks in the left MFG and APhonVSimp in
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FIGURE 3 | Brain activity during dual tasks in relation to the baseline
dual task. Areas showing signi�cant (Z > 2.3, cluster corrected P < 0.05)
activity in relation to the ASimpVSimp dual task (simultaneous speaker-gender
and font-shade discrimination task) used as the baseline. Dual tasks including
the (A) auditory phonological, (B) auditory spatial, and (C) auditory simple
component tasks compared with the baseline dual task. Dual tasks including

the visual phonological, visual spatial and visual simple component tasks
compared with the baseline dual task are shown in top, middle and bottom
rows, respectively. Brain activity during the ASimpVSimp dual task in relation to
brain activity during the resting periods is shown in the right bottom corner.
Cortical activations are superimposed from 10 mm under the cortex on
surface of rendered brain images.

the bilateral MFG. Finally, for both APhonVSimp and ASimpVSimp
there was such activity enhancement even in the right superior
precentral gyrus.

ACTIVITY DECREMENTS DURING DUAL TASKS IN RELATION TO THE
COMPONENT TASKS
To study activation decrements associated with dual task-
ing, mean activations across dual tasks including the APhon
task (APhonVPhon, APhonVSpat, and APhonVSimp), ASpat task
(ASpatVPhon, ASpatVSpat, and ASpatVSimp) and ASimp task
(ASimpVPhon, ASimpVSpat, and ASimpVSimp) were separately
contrasted with activity during the corresponding auditory task
performed as a single task in our previous study (Salo et al.,
2013). As seen in Figure 6A (see also Supplementary Table 4),
all these comparisons showed significantly decreased activity
(Z > 2.3, cluster corrected P < 0.05) during dual tasking than
during auditory single tasking in the left posterior STG. In
addition, for the dual tasks including the ASimp component task,
activity decreased in relation to ASimp performed as a single task
in the right posterior STG and in the ventromedial prefrontal
cortex (VMPC; Figure 6A, bottom row).

Correspondingly, dual tasks including the VPhon task
(APhonVPhon, ASpatVPhon, and ASimpVPhon), VSpat task
(APhonVSpat, ASpatVSpat, and ASimpVSpat) and VSimp task
(APhonVSimp, ASpatVSimp, and ASimpVSimp) were contrasted
with the visual component task performed as a single task. All
these comparisons showed significantly lower activity (Z > 2.3,
cluster corrected P < 0.05) during dual tasking than during
visual single tasking in the left posterior STG (Figure 6B and
Supplementary Table 4). For the dual tasks including the VSpat or
VSimp component task, activity decreased significantly also in the
VMPC (Figure 6B, middle and bottom rows).

TASK DIFFICULTY AS COVARIATE
A separate analysis was performed to investigate the possibility
that task difficulty as such would explain activity observed during
different dual tasks. A behavioral covariate of each participants
HR was included as an additional explanatory variable in the
general linear model (GLM; for other variables and details, see
fMRI data acquisition and analysis). Only the ASpatVPhon dual
task showed significant activity enhancements associated with
higher HRs (Z > 2.3, cluster corrected P < 0.05) and only in
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FIGURE 4 | Brain activity during dual tasks including a certain
component tasks. Areas showing signi�cant (Z > 2.3, cluster
corrected P < 0.05) activity during dual tasks including (A) auditory
phonological (APhonVPhon, APhonVSpat, and APhonVSimp), spatial
(ASpatVPhon, ASpatVSpat, and ASpatVSimp) or simple (ASimpVPhon and

ASimpVSpat) component task and (B) dual tasks including the visual
phonological (APhonVPhon, ASpatVPhon, and ASimpVPhon), spatial
(APhonVSpat, ASpatVSpat, and ASimpVSpat) or simple (APhonVSimp and
ASpatVSimp) component task compared with ASimpVSimp, the baseline
dual task.

the anterior cingulate cortex. However, dual task effects in this
model were nearly identical to those in the original analysis. Thus,
variation in task difficulty did not systematically affect brain
activations during dual tasking.

DISCUSSION
ACTIVITY ENHANCEMENTS DURING DUAL TASKING
We hypothesized that dual task performance is challenging espe-
cially when the two tasks require processing in the same brain
areas. In particular, we assumed that supramodal phonological
and spatial processing areas in the left frontal and right inferior
parietal cortex (cf. Salo et al., 2013), respectively, would either
show enhanced activation reflecting the double effort needed in
the dual tasks where both component tasks are phonological or
spatial, or decreased activation reflecting interference of simul-
taneous auditory and visual phonological or spatial processing.
We found that in relation to ASimpVSimp used as the baseline dual
task, both dual tasks requiring overlapping processing showed
specific activation enhancements not found for the other dual
tasks: APhonVPhon was associated with enhanced activity in the left
MFG (Figure 3A, top row) and ASpatVSpat with enhanced activity
in the right IPL (Figure 3B, middle row). These results appear to
support the idea that the left frontal phonological areas are the
bottleneck for two simultaneous phonological tasks and the right
parietal spatial areas are the bottleneck for two simultaneous spa-
tial tasks, and that activity in these bottleneck areas is enhanced
when they are recruited by parallel phonological or spatial tasks,
respectively.

However, when activations during APhonVPhon and ASpatVSpat
were compared with activations during their component tasks,
no activity enhancements were found for APhonVPhon in the left
frontal cortex or for ASpatVSpat in the right inferior parietal cor-
tex. These results suggest that enhanced left MFG activity during
APhonVPhon and enhanced right IPL activity during ASpatVSpat in
relation to ASimpVSimp were simply due to more intensive phono-
logical processing during APhonVPhon and more intensive spatial
processing during ASpatVSpat than during ASimpVSimp where the
component tasks were nonphonological and nonspatial.

Additional comparisons investigating activity associated with
dual tasks including a certain component task revealed that all
dual tasks, except those including the VSimp component task,
were associated with enhanced activity in the left superior parietal
cortex (Figure 4). Such activations might be explained by pro-
cessing of the spatially varying auditory and visual stimuli, or by
dual tasking in general, since SPL activity is also implicated in
cross-modal shifting of attention (Corbetta and Shulman, 2002;
Shomstein and Yantis, 2004; Corbetta et al., 2008; Salmi et al.,
2009).

The comparisons between dual tasks and their component
tasks performed separately as single tasks revealed no activity
enhancements that were common for all nine dual tasks. Thus,
the present results do not support the assumption that all dual
tasks rely on some specific cortical areas. However, based on the
present results, it is also clear that not all dual tasks are alike and
that activations during a particular dual task depend on the task
combination.
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FIGURE 5 | Activity enhancements during dual tasks in relation to single
tasks. According to conjunction analyses, the colored areas showed higher
activity (Z > 2.3, cluster corrected P < 0.05) for each of the four dual tasks of

the present study in relation to both its auditory component task and its
visual component task when performed separately in our previous study
(Salo et al., 2013).

FIGURE 6 | Activity decrements during dual tasks in relation to single
tasks. Areas showing lower activity (Z > 2.3, cluster corrected P < 0.05)
during dual tasks than during the component tasks performed separately in
our previous study (Salo et al., 2013). (A) Dual tasks including the auditory
phonological (APhonVPhon, APhonVSpat, and APhonVSimp), spatial (ASpatVPhon,
ASpatVSpat, and ASpatVSimp) or simple (ASimpVPhon, ASimpVSpat, and
ASimpVSimp) component task compared with corresponding auditory

component tasks (APhon, ASpat, and ASimp, respectively). (B) Dual tasks
including the visual phonological (APhonVPhon, ASpatVPhon, and ASimpVPhon),
spatial (APhonVSpat, ASpatVSpat, and ASimpVSpat) or simple (APhonVSimp,
ASpatVSimp, and ASimpVSimp) component task compared with corresponding
visual component tasks (VPhon, VSpat,and VSimp, respectively). Note that the
brain images are tilted 20� to the left or right to reveal ventromedial brain
areas.
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FIGURE�7  |  Correlations between Noise and Babble latencies and between Noise and Babble peaks for Onset Delay = 100 ms for both N1 and P2 peaks. The 
circled point in the top left-hand panel was not included when the correlations were conducted because it was too close to the lower boundary for latency and the 
upper boundary for amplitude.
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Young-Babble, and Old-Noise) to be� distinct (have di�erent 
latencies and peak amplitude) from those in which there was 
no release from masking (Old Babble). Figure� 4 (right panel) 
and Table�2 indicate that the results of this experiment support 
this prediction. Hence, the electrophysiological results strongly 
indicate that the automatic release from masking (the segregation 
of the target word from the masker background) due to an 
Onset-Delay between Masker and Word Target, occurs in the 
early stages of acoustic processing of the word.

Because this release from speech masking takes place in the 
early stages of cortical processing and is likely to be� automatic, 
the only remedy available to health-care practitioners to help 
older adults compensate for this speci�c age-related de�cit is 
to improve the SNR. �is can be�accomplished by (1) manipulating 
the acoustic scene to shield older adults from competing speech, 
and/or (2) using directional microphones and/or noise reduction 
technology to improve the SNR. Otherwise, older adults are 
likely to continue struggling with speech recognition in the 
presence of multiple competing talkers, in part, because of their 
limited ability to use temporal onset cues to facilitate stream 
segregation so that they can more readily focus their attention 
on processing the targeted speech.
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Objectives: Comprehension of speech in adverse listening conditions is

challenging for hearing-impaired (HI) individuals. Noise reduction (NR)

schemes in hearing aids (HAs) have demonstrated the capability to help HI to

overcome these challenges. The objective of this study was to investigate the

e�ect of NR processing (inactive, where the NR feature was switched o�, vs.

active, where the NR feature was switched on) on correlates of listening e�ort

across two di�erent background noise levels [+3 dB signal-to-noise ratio (SNR)

and +8 dB SNR] by using a phase synchrony analysis of electroencephalogram

(EEG) signals.

Design: The EEG was recorded while 22 HI participants fitted with HAs

performed a continuous speech in noise (SiN) task in the presence of

background noise and a competing talker. The phase synchrony within eight

regions of interest (ROIs) and four conventional EEG bands was computed by

using a multivariate phase synchrony measure.

Results: The results demonstrated that the activation of NR in HAs a�ects the

EEG phase synchrony in the parietal ROI at low SNR di�erently than that at

high SNR. The relationship between conditions of the listening task and phase

synchrony in the parietal ROI was nonlinear.

Conclusion: We showed that the activation of NR schemes in HAs can

non-linearly reduce correlates of listening e�ort as estimated by EEG-based

phase synchrony. We contend that investigation of the phase synchrony

within ROIs can reflect the e�ects of HAs in HI individuals in ecological

listening conditions.

KEYWORDS

listening e�ort, electroencephalography, noise reduction, phase synchrony, local

connectivity, hearing impaired
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1. Introduction

Hearing impaired (HI) individuals often report that listening

to speech in noisy environments such as competing talkers and

background noise demands greater effort, which can lead to

negative effects such as increased incidence of fatigue (Kramer

et al., 2006;Mattys et al., 2012;Wang et al., 2018), disengagement

from conversations (Jaworski and Stephens, 1998) and social

withdrawal (Weinstein and Ventry, 1982). However, current

measurements which are used to examine the performance of a

listening task (e.g., speech reception threshold) do not typically

consider the cognitive factors related to effortful listening

(Sarampalis et al., 2009; Houben et al., 2013).

Pichora-Fuller et al. (2016) defined the concept of listening

effort in a conceptual model as “the deliberate allocation

of mental resources to overcome obstacles in goal pursuit

when carrying out a task, with listening effort applying

more specifically when tasks involve listening.” The obstacles

include acoustic challenges experienced by the listener, which

is the combination of cognitive factors (e.g., linguistic ability

and memory capacity) and acoustic characteristics (e.g., level

of background noise and competing talker) (Peelle, 2018).

Listening effort can also be modulated by the listener’s

motivation (Pichora-Fuller et al., 2016; Peelle, 2018). The

goal of studying listening effort is to develop a reliable

measurement tool, which can be simultaneously utilized with

speech recognition tests and improve the assessment of hearing

disability (Paul et al., 2021) and enhance the rehabilitation

strategy (Miles et al., 2017).

A wide variety of methods and tools have been used to find

correlates of listening effort. This includes subjective ratings

such as scales (Krueger et al., 2017) and questioners (Hart

and Staveland, 1988), dual tasks (Gagne et al., 2017), and

physiological measures such as pupillometry (Zekveld et al.,

2018), skin conductance (Mackersie and Calderon-Moultrie,

2016), heart rate (Mackersie and Calderon-Moultrie, 2016), and

neuroimaging (Paul et al., 2021). Neuroimaging measures tend

to reflect changes in the brain activity underlying listening

effort. In particular, electroencephalography (EEG) is becoming

popular for measuring correlates of listening effort due to its

non-invasiveness and high temporal resolution (Dimitrijevic

et al., 2019; Seifi Ala et al., 2020; Fiedler et al., 2021; Wisniewski

et al., 2021).

A diverse range of signal processing and information

theoreticmethods have been used to analyze the EEG and extract

correlates of listening effort. Some examples include time-

frequency analysis, speech tracking, and functional connectivity.

The change in power in the alpha (8-12 Hz) frequency band

at the parietal region (Petersen et al., 2015; Dimitrijevic et al.,

2017) and theta (4-8 Hz) frequency band at the frontal region

(Wisniewski et al., 2015, 2018) have been reported by using time-

frequency analysis. The coherence between the speech envelope

and the corresponding brain signal at the left frontal cortex in

the 2–5 Hz frequency range has also been demonstrated that it

can be used for predicting correlates of listening effort in speech

tracking analysis (Dimitrijevic et al., 2019).

Functional connectivity describes the statistical

dependencies between neural data and can give some

information about how the brain functions (Bidelman et al.,

2018). Functional connectivity analysis in EEG signals has been

extensively used to investigate cognitive functions of auditory

processing in the brain. Some examples include perceived audio

quality assessment (Mehta and Kliewer, 2017) and semantic

processing (Zhang et al., 2019). The effect of acoustic challenges,

age-related hearing loss, and comprehension of speech on

functional connectivity were also investigated in Bidelman et al.

(2018, 2019), and Zhu et al. (2020), respectively.

Functional connectivity can be extracted by using several

approaches such as phase synchrony (Bernarding et al., 2013),

transfer entropy (Mehta and Kliewer, 2017; Baboukani et al.,

2020, 2021b), and Pearson correlation (Bidelman et al., 2019).

The phase of neural data tends to reflect the timing of neural

activity, and phase synchrony describes the interaction between

or within brain regions in the neural networks (Wöstmann

et al., 2017a). Correlates of listening effort have been estimated

using phase synchrony analysis. Several methods have been

used to extract the phase synchrony, such as wavelet phase

synchronization stability (Bernarding et al., 2010, 2013), the

distribution of the mapped phase mean vector on the unit circle

(Bernarding et al., 2014) and the entropy of instantaneous phase

of EEG signals (Bernarding et al., 2012, 2017).

The functional connectivity within a localized region of

the brain is called local connectivity. It has been utilized to

classify different motor imagery movements (Baboukani et al.,

2017), estimate the cognitive workload (Zarjam et al., 2013),

investigate schizophrenia (Jalili et al., 2007), and Alzheimer’s

disease (Jalili et al., 2013). Phase synchrony has also been used to

assess the local connectivity. Phase synchrony assessment across

multivariate signals (or channels of EEG) in a localized region

of the brain by averaging over all possible traditional bi-variate

phase synchrony values (e.g., phase coherence, phase locking

value) may not provide a full picture of the global synchrony

within the signals (Oshima et al., 2006; Canolty et al., 2011;

Omidvarnia et al., 2013; Al-Khassaweneh et al., 2016; Baboukani

et al., 2019). Alternatively, multivariate measures generalized the

traditional bi-variate ones to evaluate phase synchrony within

multichannel data (Omidvarnia et al., 2013; Al-Khassaweneh

et al., 2016; Baboukani et al., 2019). Local connectivity estimated

by multivariate phase synchrony has been used in several studies

(Jalili et al., 2013; Al-Khassaweneh et al., 2016; Baboukani et al.,

2017). A new multivariate phase synchrony measure called

circular omega complexity (COC) was recently proposed and

has shown better performance than conventional multivariate

phase synchrony techniques in simulated and real EEG data

(Baboukani et al., 2019). Recently, we showed that local

connectivity estimated by the COC measure can be used to
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estimate the correlates of listening effort (Baboukani et al.,

2021a).

Although HI individuals in real-life encounter listening

situations which involve continuous speech and long sentences,

most of the studies (some exceptions include Alickovic et al.,

2020, 2021; Fiedler et al., 2021) investigate the effect of NR

processing and SNR when the stimuli are single words or short

sentences (Bernarding et al., 2014; Dimitrijevic et al., 2017; Miles

et al., 2017). However, in this study, continuous long stimuli are

used in a speech in noise (SiN) task.

Modern hearing aid (HA) devices can help HI individuals

through various advanced signal processing approaches

(Bernarding et al., 2014, 2017; Winneke et al., 2018). In

particular, noise reduction (NR) processing intends to reduce

the effect of background noise and enhance the signal-to-noise

ratio (SNR). It has shown the capability to free up cognitive

resources for other tasks during listening and reduce the

listening effort (Sarampalis et al., 2009; Ohlenforst et al.,

2018). The activation of NR processing can improve speech

understanding at low SNRs. Furthermore, it has been also shown

that activation of the NR schemes in HAs provides a listening

effort enhancement in addition to any effect associated with

improved intelligibility (Ohlenforst et al., 2018). In addition

to that, NR schemes can improve the performance of the HA

users during a selective attention task (Alickovic et al., 2020,

2021). Alickovic et al. (2020) also showed that the improvement

of selective attention tasks due to NR was different at low SNR

than that at high SNR. Another study on the same data showed

that NR changed correlates of listening effort estimated by pupil

size differently at the two SNR values, while a time-frequency

analysis of EEG signals showed no statistical change due to

SNR, NR, and the interaction between them (Fiedler et al.,

2021). This inspired us to replace conventional power analysis

in the time-frequency domain with local connectivity estimates

based on multivariate phase synchrony to investigate the effect

of NR processing at two SNR values. Inspired by the results in

Alickovic et al. (2020) and Fiedler et al. (2021), we hypothesized:

H1: The use of NR in hearing aids affects the EEG phase

synchrony within localized regions of the brain (i.e., local

connectivity) at low SNR differently than that at high SNR.

H2: The effect of the NR scheme on EEG phase synchrony

within localized regions of the brain at different SNR values

shows a nonlinear (inverted U-shape) trend.

2. Materials and methods

In this section, the EEG data utilized in this study will

be briefly explained. It will be followed by the description

of the COC measure and the steps required to assess local

connectivity. Finally, the statistical test used in this study will

be described.

2.1. EEG data

The EEG data of this study has been utilized for other

analyses by Alickovic et al. (2020) and Fiedler et al. (2021), which

focused on neural tracking and pupil dilation, respectively. The

EEG analysis of listening effort recruited by Fiedler et al. (2021)

was based on alpha power and did not show significant results.

2.1.1. Participants

We recruited 22 (11 men), native Danish-speaking

participants, with hearing loss. The stimuli used in this study

were based on participants-centered language (Nicks et al.,

2022) and consisted of Danish news clips of neutral content.

They aged between 40 and 80 years with the mean and standard

deviation (SD) ages of 69 and 11.2, respectively. The participants

were experienced HA users with more than 3 months of HA

usage. Participants had mild-to-moderate sensorineural hearing

loss. The audiometric thresholds at 500, 1,000, 2,000, and 4,000

Hz ranged from 33 to 58 dB hearing level, with an average

threshold of 45 dB hearing level. The maximum difference

between the left and the right ear’ averaged audiometric

thresholds was less than 8 dB. The experimental procedure

was approved by the ethics committee for the capital region of

Denmark (journal number H-1-2011-033) and all participants

signed written consent before the experiment.

2.1.2. Hearing aid fitting and signal processing

All participants were fitted with identical HA models during

the experiment. Two pairs of HAs were adapted for each

participant: NR inactive and NR active. Rather than NR, all

other signal processing settings did not change between the

conditions. The Voice Aligned Compression (VAC) rationale

(Le Goff, 2015) based on each individual’s hearing threshold

was applied to amplify the sound in both pairs of HAs. In the

NR inactive condition, the omnidirectional setting was applied

with an added natural slight forward effect of the pinna. In the

other pairs, NR active, the combination of minimum variance

distortionless response beamformer and a single channelWiener

post filter was applied before the VAC. The articulation-index-

weighted SNR improvements (Ohlenforst et al., 2018) were 6.24

dB and 5.17 dB at +3 dB SNR and +8 dB SNR, respectively,

for NR active than that for NR inactive (Alickovic et al., 2020;

Fiedler et al., 2021).

2.1.3. Experimental design

The experiment took place in an acoustically shielded

listening booth with controlled light conditions. Participants

were seated on a chair positioned in the middle of six

loudspeakers (Genelec 8040A; Genelec Oy, Iisalmi, Finland)

with a distance of 1.2 m from each loudspeaker (refer
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FIGURE 1

Schematic illustration of (A) experiment design including six loudspeakers. The target streams (colored as purple and orange) and background

noise (colored as blue) were delivered by the two foreground and four background loudspeakers, respectively. The screen located in the middle

of the two foreground speakers shows the to-be-attended talker (colored as orange). (B) trial design in which 5 s of only background noise and

33 s of simultaneous target, masker, and background noise stimuli were delivered in each trial.

to Figure 1A), two loudspeakers in the front (at ±22◦

azimuth) and four loudspeakers in the back (at ±90◦

and ±150◦ azimuth). Each of the background loudspeakers

(B1-B4 in Figure 1A) played four-talker babble. The two

foreground speakers played the target streams which were

spoken by talkers of a different gender. Participants were

asked to gaze at the screen positioned between the two

frontal loudspeakers and were instructed to attend to one

of the talkers in the foreground speakers while ignoring

the other talker on the contralateral side and background

noise. To-be-attended talkers (either the right or the left

side) was indicated by an arrow on the screen (refer to

Figure 1A).

2.1.4. Stimuli

Continuous 33 s long Danish news clips of neutral content

were utilized for talker streams. The organization of the location

(left or right) and gender (male or female) of the target stream

was randomized. Each of the four-talker babble noises delivered

by the background loudspeakers consisted of four unique single

talkers, two women and twomen, speaking different news giving

the impression of the 16 talkers active in the background.

The experiment was a 2 × 2 design: the first factor was NR

(active vs. inactive) and the second factor was the SNR level

(+3 vs. + 8 dB). The SNR in our setup was defined as the ratio

between the signal power of the attended talker and the total

signal power of the background noise, similar to that in Das et al.

(2018) and Alickovic et al. (2020). In order to create real-life

listening conditions at two levels of difficulty (SNR values of +3

and +8 dB), the maskers were set at either 53 or 48 dB, leading to

a total of 59 or 54 dB background Sound Pressure Level (SPL).

Each of the two foreground loudspeakers was always set at a

fixed level of 62 dB SPL, leading to a fixed level of 65 dB for the

foreground talkers.

2.1.5. Procedure

A total of 84 trials were recorded for each participant,

organized in a block design. For each of the four blocks

(experimental conditions including +3 dB NR inactive, +3 dB

NR active, +8 dB NR inactive, and +8 dB NR active), 20

trials were conducted. The remaining four trials were used for

training. Each trial consisted of a short period of silence, 5 s of

only background noise (delivered by background loudspeakers),

and 33 s of the simultaneous target, masker, and background

noise stimuli (refer to Figure 1B). After each trial, participants

were asked to answer a two-choice question about the content of

the attended speech which was displayed on the screen. The HAs

were always removed and replaced again between the blocks.

The participants were given a rest period after five trials.

2.1.6. EEG data acquisition and pre-processing

The BioSemi ActiveTwo amplifier system (Biosemi,

Amsterdam, Netherlands) was used to record EEG data. A total

of 64 electrodes on a cap were mounted on the scalp according

to the 10-20 international system. The driven right leg and

common mode sense electrode were used as a reference for

all other recording electrodes. The EEG data were sampled at

1,024 Hz. All electrodes were mounted by applying conductive

gel to obtain a stable connection and below 50 mv offset voltage.

The pre-processing includes a 0.5 Hz high-pass filter,

95 Hz low-pass filter, and downsampling to 512 Hz. Then,

The EEG channels with excessive noise were visually

identified (on average, 3.1 ± 0.8 channels were rejected)

and interpolated from the surrounding clean EEG channels by

using the nearest neighbor method in Fieldtrip (Oostenveld

et al., 2011). The logistic Infomax independent component

analysis algorithm was applied to reduce artifacts caused

by eye movements, eye blinks, muscle activity, heartbeats,

and single-channel noise, as implemented in Fieldtrip
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(Bell and Sejnowski, 1995; Delorme and Makeig, 2004). The

components were visually inspected and rejected if clearly

reflected as artifacts, on average, 7.9 ± 3.6 of the components

were rejected. Finally, the EEG data were epoched from 8 s

before to 33 s after the onset of the target loudspeakers. The EEG

data for one subject was removed from further analysis due to

being excessively noisy. In addition to that, no data for one block

of one participant was recorded due to technical problems.

2.2. Circular omega complexity

The COC measure is used in this study to extract local

connectivity. This is a multivariate phase synchrony measure

that was recently proposed in Baboukani et al. (2019) and

was shown to perform better than the conventional measures

in a particular setup. The COC assesses the level of phase

dependency within multivariate signals by quantifying the

dimensionality of the state-space formed by their corresponding

instantaneous phases (Baboukani et al., 2019).

Estimating the instantaneous phase of a real valued mono-

component discrete signal X ∈ R
1×N is the first step to calculate

the COC. A Hilbert transform-based approach is commonly

used whereby the instantaneous phase is estimated as Baboukani

et al. (2019):

φX[n] = tan−1

(

ˆX[n]

X[n]

)

, (1)

where ˆX[n] and φX[n] are the Hilbert transform and

instantaneous phase of X[n], respectively. The next step is

calculating the circular correlation matrix. Considering a K-

channels signalX ∈ R
K×N and its corresponding instantaneous

phase signal φX ∈ R
K×N , the circular correlation matrix CX ∈

R
K×K is defined as Baboukani et al. (2019):

CX = [C(m,l)], (2)

where m, l ∈ {1, 2, . . .K}. The circular correlation between

the instantaneous phase φm and φl is noted by C(m,l) where φm

and φl are the m
th and lth rows of φX, respectively. The circular

correlation C(m,l) is given as Baboukani et al. (2019):

C(m,l)
=

∑N
n=1 sin

(

φm[n]− ¯φm
)

sin
(

φl[n]− ¯φl
)

√

∑N
n=1 sin

2
(

φn[n]− ¯φm
)

sin2
(

φl[n]− ¯φl
)

, (3)

where the circular mean ¯φm is given by Baboukani et al.

(2019):

¯φm = arg





N
∑

n=1

expiφm[n]



 . (4)

It was shown by Baboukani et al. (2019) that the eigenvalues

of CX can be used as an index for the dimensionality of the state-

space formed by φX whereby the level of phase synchronization

can be determined. The COC was then defined as Baboukani

et al. (2019):

COC = 1+

∑K
i=1

¯λi log ¯λi
logK

, (5)

where ¯λi =

λm
∑K

j=1 λj
and λi; i = 1, . . . ,K are the

eigenvalues of CX. The COC varies between 0 and 1 where

higher values show that the channels within CX are more phase

synchronized, which means that only fewer eigenvalues of the

CX are significant (Baboukani et al., 2019).

2.3. Local connectivity assessment

The effect of NR at two SNR values on local connectivity

will be explored in this article. Listening in adverse conditions

can possibly engage multiple cognitive processes such as

working memory and distractor inhibition (Wisniewski et al.,

2021), which can possibly change the local connectivity within

different brain regions and frequency bands. We, therefore,

did not restrict our analysis to one specific band or ROI and

local connectivity within eight ROIs and four conventional

EEG bands will be examined. The ROIs include left frontal,

frontal, right frontal, left temporal, central, right temporal,

parietal, and occipital, similar to that in Mehta and Kliewer

(2017). Figure 2 and Table 1 show the electrodes and their

corresponding positions of different ROIs, respectively 1. The

EEG bands consist of Delta (0.5–4 Hz), Theta (4–8 Hz),

Alpha (8–12.5 Hz), and Beta (12.5–25 Hz). The EEG channels

were filtered by using Window-based FIR band-pass filters.

Filtering to narrow frequency bands can also reduce the

multi-component nature of EEG signals and can improve the

estimation of the instantaneous phase signals by using the

Hilbert transform technique (Boashash and Aïssa-El-Bey, 2018).

The EEG channels were common average re-referenced to

reduce the effect of volume conduction.

The local connectivity of each trial of the experiment was

estimated during the time interval that frontal loudspeakers

were presenting the target streams (33 s). We also omitted the

first second of the delivering target streams to minimize the

effects of event-related potential which led to 32 s (1 to 33 s

relative to the onset of the target streams). The 32 s time spanwas

then divided into 16 non-overlapping 2 s windows2. The COC

was then quantified for each of the windows and the average

over all windows was considered as an indicator of the strength

1 An alternative group of electrodes for frontal, central, parietal, and

occipital ROIs, which include the midline electrodes located in the

regions, such as Fz, Pz, Cz, and Oz produced the same trend of results.

2 An alternative longer length (such as 10 s) of time windows leads to

a better estimation of COC. However, the results produced by longer or

equal to 2 s time windows were following the same trend.
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FIGURE 2

In the electrode position of ROIs, di�erent colors show di�erent

ROIs. The lines in the figure show schematic presentations of

the ROIs. The ROIs include left frontal (dark blue), frontal (aqua),

right frontal (light blue), left temporal (yellow), central (green),

right temporal (red), parietal (orange), and occipital (brown).

TABLE 1 Mapping electroencephalogram (EEG) electrodes to regions

of interest (ROIs).

ROI Electrodes ROI Electrodes

Left frontal AF7, AF3, F3 Frontal Fp1, Fp2, AF4

F5, F7, Fp1 AF3, F1, F2

Right frontal AF4, AF8, F8 Central FC1, FC2, C1

F6, F4, Fp2 CP1, C2, CP2

Left temporal FT7, T7, TP7 Parietal CP1, CP2, P1

CP5, FC5, C5 P2, PO4, PO3

Right temporal FT8, T8, TP8 Occipital O1, O2, PO3

CP6, FC6, C6 PO4

of local connectivity. The higher the average of COC values

over time windows is, the more channels within the ROI are

phase synchronized. The higher phase synchrony is considered

as higher local connectivity in this study. The steps required

to assess local connectivity in a specific band and ROI can be

summarized as follows:

S1) Band-pass filters the EEG channels in the ROI to a

conventional EEG band.

S2) Estimate the instantaneous phase of the filtered channels.

S3) Extract the COC value for each of the 2 s time windows.

S4) Average the COC values corresponding to time windows.

The aforementioned steps were repeated for eight ROIs

and four EEG bands leading to 32 local connectivity values for

each trial.

2.4. Statistical test

All the statistical analysis was performed in RStudio Team

(2021). In order to investigate the effect of NR at two SNR values

on local connectivity (our first Hypothesis H1), two-way Linear

mixed effect (LMM) ANOVA was applied by using lme4 (Bates

et al., 2014) and lmerTest (Kuznetsova et al., 2017) packages.

We fitted separate LMM ANOVA models for local connectivity

values estimated at each ROI and band. Local connectivity values

were treated as a continuous variable and normalized by using

COCnormalized =

COC−M
S , where the M and S are the mean

and SD of the local connectivity values at specific band and ROI

calculated over all experimental conditions and all subjects. The

experiment factor NR was treated as a factor variable with two

levels, inactive and active. The experiment factor SNR was also

treated as a factor variable with two levels, high (+8 dB) and low

(+3 dB). The local connectivity was modeled as a function of

fixed factors NR, SNR, and their interaction, and the participants

were treated as a random effect. The analysis was conducted

based on subject-averaged local connectivity values. We will also

report the results based on single trial models for the statistically

significant local connectivity, in which the interaction between

participants and trials was treated as a random effect.

In order to investigate our second hypothesis which is

about the relationship between local connectivity and the four

experimental conditions- +3 dB active, +3 dB inactive, +8 dB

active, and +8 dB inactive, we applied the measured SNR

improvement of the NR processing, refer to Section 2.1.2 for

more details. The SNR improvements of the active NR scheme

were 6.24 dB and 5.17 dB at 3 dB SNR and 8 dB SNR,

respectively. This process reduces the two factors SNR and NR

of the experiment to only one factor SNR, with values of 3, 8,

9.24, and 13.17 dB. Then, one-way LMMANOVA has applied to

model local connectivity as a function of fixed factor SNR which

was treated as a continuous variable. Two models were used for

each local connectivity: the first model included the quadratic

(nonlinear) term alongside the linear term for the fixed factor

SNR and the second model only consisted of the linear term.

The participants were treated as a random effect. Similar to the

two-way LMM ANOVA, the results based on single trial models

for the statistically significant trends will be reported.

Since a series (eight ROIs and four bands leading to 32

models) of LMM ANOVA models were applied, we used

the Bonferroni correction to compensate for the multiple

comparisons effect. The significance levels for all the two-way

and one-way LMM ANOVA models were, therefore, chosen as

α =

0.05
32 = 0.0016.
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TABLE 2 P-values of the two-way LMM ANOVA. (A) P-values for interaction between two factors SNR and NR. (B) P-values of the main factor SNR.

(C) P-values of the main factor NR. The two factors are SNR values, +3 dB and +8 dB, and NR schemes, on and o�. The boldface numbers show the

rejection of the null hypothesis. The significance level was Bonferroni corrected, α =

0.05
32 = 0.0016.

(A)

Left
frontal

Frontal
Right
frontal

Central
Left

temporal
Parietal

Right
temporal

Occipital

Delta 0.3083 0.9577 0.9004 0.2891 0.7109 0.0086 0.5054 0.6982

Theta 0.5986 0.9038 0.8941 0.2419 0.8460 0.0098 0.1991 0.8890

Alpha 0.5811 0.7302 0.6898 0.1370 0.5116 0.0009 0.04 0.6041

Beta 0.6868 0.3757 0.5041 0.2295 0.8981 0.0033 0.1544 0.7814

(B)

Left
frontal

Frontal
Right
frontal

Central
Left

temporal
Parietal

Right
temporal

Occipital

Delta 0.6430 0.1143 0.0535 0.6862 0.4565 0.7421 0.9075 0.7022

Theta 0.4882 0.0497 0.5245 0.3467 0.8811 0.4504 0.1736 0.9586

Alpha 0.6072 0.1096 0.6841 0.8241 0.8235 0.6635 0.0981 0.1719

Beta 0.2794 0.0757 0.9245 0.4805 0.6725 0.9951 0.0260 0.3742

(C)

Left
frontal

Frontal
Right
frontal

Central
Left

temporal
Parietal

Right
temporal

Occipital

Delta 0.5015 0.8633 0.7418 0.4164 0.8241 0.6195 0.6881 0.5722

Theta 0.7668 0.9642 0.5383 0.4872 0.6733 0.3703 0.8001 0.8816

Alpha 0.6963 0.7806 0.2371 0.7766 0.6075 0.4634 0.5812 0.2326

Beta 0.7135 0.5241 0.2805 0.8134 0.7648 0.7150 0.8649 0.4089

3. Results

Participants were prompted with a two-choice question

related to the content of the attended speech after each trial.

They correctly answered 86% of the questions. This indicates

that the participants followed the task as instructed. However,

after applying a two-way LMM ANOVA on the behavioral

performances, there was no statistical effect of NR, SNR,

and their interaction, with the p-values of 0.25, 0.06, and

0.37, respectively.

To test Hypothesis H1, two-way LMM ANOVA was

applied to local connectivity at each ROI and band, which

modeled the normalized local connectivity as a function of

fixed factors NR and SNR. Tables 2A–C summarized the p-

values obtained from applying two-way LMM ANOVA on

the average over trials for each subject local connectivity. As

shown in able Table 2A, we found a significant interaction of

SNR and NR on local connectivity at the parietal region alpha

frequency band (will be referred to as parietal alpha hereinafter),

F(59.02) = 12.28, p = 0.0009. Note that, as mentioned

in Section 2.1.6, the EEG data of one block for one subject

was not recorded. Therefore, our data is unbalanced and the

denominator degree of freedom (DF) is estimated by using

Satterthwaite’s method. As there is no p-value less than 0.0016

in Tables 2B,C, no significant main effect was found for SNR

and NR. The results of applying LMM ANOVA on single trial

data were in line with the average trial analysis. The interaction

between SNR and NR was statistically significant at parietal

alpha, F(1228.5) = 83.59, p < 0.0001.

The one-way LMMANOVAwas applied to average trial data

after applying the SNR improvement of the NR processing to

investigate Hypothesis H2. The normalized local connectivity

was modeled as a function of continuous fixed factor SNR

by using two separate one-way LMM ANOVA to study the

relationship between the normalized local connectivity and

experiment conditions. The first model was based on including

the quadratic term for the fixed factor SNR and the second

model only consisted of the linear term. Table 3A shows the

results of the first model in which quadratic terms alongside

linear terms were included. As shown in Table 3A, the nonlinear

trend between local connectivity and SNR at parietal alpha was

statistically significant, F(60.22) = 11.92, p = 0.0010. We found

no linear relationship between the experimental conditions and

local connectivity, as there is no p-value less than the significant
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TABLE 3 P-values of the one-way LMM ANOVA. (A) P-values for the quadratic term. (B) P-values for the linear term. The local connectivity at

di�erent ROIs and bands is independently modeled by di�erent listening conditions. The conditions are +3 dB inactive (+3 dB), +8 dB inactive (+8

dB), +3 dB active (9.24 dB), and +8 dB active (13.17 dB). The boldface numbers show the rejection of the null hypothesis. The significance level was

Bonferroni corrected, α =

0.05
32 = 0.0016.

(A)

Left
frontal

Frontal
Right
frontal

Central
Left

temporal
Parietal

Right
temporal

Occipital

Delta 0.3358 0.9458 0.9256 0.3253 0.6948 0.0094 0.4790 0.6577

Theta 0.6181 0.9998 0.9405 0.2151 0.8761 0.0129 0.2118 0.8773

Alpha 0.6061 0.7128 0.6102 0.1282 0.5417 0.0010 0.0593 0.5358

Beta 0.7114 0.4093 0.5719 0.2195 0.9201 0.0035 0.1618 0.8435

(B)

Left
frontal

Frontal
Right
frontal

Central
Left

temporal
Parietal

Right
temporal

Occipital

Delta 0.3699 0.2595 0.3415 0.6413 0.7490 0.4511 0.7277 0.5054

Theta 0.8699 0.2342 0.9215 0.2923 0.65551 0.6869 0.5770 0.8868

Alpha 0.9773 0.2288 0.5105 0.7980 0.7522 0.3106 0.6534 0.9599

Beta 0.3135 0.0942 0.3961 0.5875 0.9849 0.6326 0.2555 0.9071

level in Table 3B. The nonlinear trend between local connectivity

and SNR at parietal alpha was also significant by single trial

analysis, F(1229.5) = 76.36, p < 0.0001.

For the purposes of visualization, (Figures 3, 4) plot

regression line and 95% CI for the nonlinear trend between

normalized local connectivity and experimental conditions at

both individual and average trial analyses, respectively. The

inverted U-shaped relationship shows that local connectivity at

parietal alpha is higher for +3 dB active and +8 dB inactive and

lower for +3 dB inactive and +8 dB active. The figures also show

that NR processing at lower SNR (+3 dB) leads to an increase

in the local connectivity at parietal alpha while NR processing at

higher SNR (+8 dB) leads to a decrease.

4. Discussion

4.1. Summary

In a sample of 22 HIs, we studied the effect of NR processing

in HAs on the EEG local connectivity during a continuous SiN

task. Inspired by the results reported in Alickovic et al. (2020)

and Fiedler et al. (2021), we hypothesized that the effect of NR

schemes on local connectivity differs at the two SNR values,

+3 dB and +8 dB, of the experiment. Consistent with our

Hypothesis (H1), we found a significant interaction between the

factors of the experiment, SNR and NR, at parietal alpha by

using both average-trial and single-trial analysis, which would

suggest that NR processing affects the local connectivity at low

SNR differently than that of at high SNR. It should be noted that

FIGURE 3

Parietal alpha local connectivity is regressed based on di�erent

listening conditions. The analysis is performed by single trial

data and the red points show the average over all trials and all

subjects for di�erent listening conditions.

the p-values corresponded to the interaction at the parietal, and

all frequency bands are small. However, the dominant significant

change due to the interaction between SNR and NR appears to

be at the alpha band as only the parietal alpha band survives a

correction for multiple comparisons.

The articulation-index-weighted SNR improvements

(Ohlenforst et al., 2018) of the NR processing were applied,

which reduces the two factors of the experiment to only one

factor SNR with values +3 dB, +8 dB, +9.24, and +13.17 dB.

We then investigated the relationship between the experimental

conditions and local connectivity. We found a significant

inverted U-shaped function at parietal alpha by both single
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FIGURE 4

Parietal alpha local connectivity is regressed based on di�erent

listening conditions. The analysis is performed by average over

trials data. The black points in the figure show the average over

trials for subjects and the red points show the average over

black points for di�erent listening conditions.

and average trial analysis, which was in line with our second

Hypothesis H2. Since this study is the first work, to our

knowledge, that investigates the effect of different levels of

listening effort and NR schemes in HA on local connectivity, the

results will be discussed in terms of hypothesized functions in

the following sections.

4.2. NR schemes in HAs reduce the
listening e�ort

Recent studies have shown that the activation of advanced

signal processing algorithms in HAs provides hearing benefits

for HIs, particularly in adverse listening conditions (Sarampalis

et al., 2009; Ohlenforst et al., 2018; Winneke et al., 2018). Studies

focusing on changes or benefits in speech intelligibility may not

provide a complete picture of the processes involved in speech

recognition (Dillon and Lovegrove, 1993; Sarampalis et al., 2009;

Ohlenforst et al., 2018). In particular, NR processing, which is

the main focus of this study, can reduce listening effort and

free up cognitive resources for other tasks while it may not

have positive effects on speech reception threshold (Sarampalis

et al., 2009). The effects of NR schemes have been investigated

when the stimuli is a single word or sentence (Dimitrijevic et al.,

2017; Miles et al., 2017; Ohlenforst et al., 2018). However, HI

individuals encounter long speech in real ecological situations.

For this reason, long continuous news clips were presented at

different SNR levels. Our first finding based on speech tracking

analysis of the EEG data published in Alickovic et al. (2020)

showed that NR processing can improve the performance of HAs

during a selective auditory attention task. Then, Fiedler et al.

(2021) showed that the NR schemes can also reduce the listening

effort estimated by pupillometry. However, the neural index of

listening effort estimated by spectral power analysis of the EEG

data did not show any statistical change. It inspired us to recruit

a new correlate of listening effort estimated by local connectivity

in EEG data to investigate the effect of NR schemes during a long

continuous SiN task.

As shown in Table 2A, the interaction between SNR and

NR on local connectivity is statistically significant. This suggests

that NR processing affects the local connectivity differently at

the two SNR values of the experiment, which is in line with

pupillometry results reported in Ohlenforst et al. (2018) and

Fiedler et al. (2021) where they also found a different effect of

NR schemes at different SNR values. This result is also consistent

with results published in Alickovic et al. (2020) in which they

found that NR processing improved the performance of the

selective attention task differently at the two SNR values. We

also investigated the relationship between correlates of listening

effort and the experimental conditions by applying the SNR-

improvement of NR processing. As demonstrated in Figures 3, 4

and Table 3A, we found an inverted U-shaped trend. We believe

that this study is the first work that showed the nonlinear trend

of neural estimation of correlates of listening effort as a result of

NR processing at different SNR values during a continuous long

SiN task. This result is consistent with pupil dilation analysis

in Ohlenforst et al. (2018) and EEG analysis in Marsella et al.

(2017), Wisniewski et al. (2017), Decruy et al. (2020), and Paul

et al. (2021) where nonlinear relationship due to NR processing

at different SNR values and different levels of listening difficulty

were found, respectively.

4.3. Local connectivity is modulated by
top-down cognitive functions or changes
of brain networks

Most of the existing studies in the literature which

investigated the listening effort by using EEG signals tend

to focus on spectral power features and particularly event-

related spectral perturbation (ERSP) (c.f Section 4.5). Finding

a relationship between local connectivity estimated at scalp

level, which is the case in this study, and power change can

be controversial and even two features can be significantly

uncorrelated, as is the case in Jalili et al. (2007) study where

no significant correlation was found between power change

and local connectivity in Schizophrenia EEG data analysis.

There might be possibilities to discuss the relationship based

on the Firefly model presented in Burgess (2012) or the model

presented in Jirsa (2009). However, we believe that the local

connectivity estimated in this study can violate the required

assumptions of these models. Nonetheless, the studies which

investigate spectral power changes during effortful listening

described the possible top-down cognitive functions or brain

networks that can lead to the change in the power features. There
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are two theories that can connect top-down cognitive function

or brain networks and local connectivity.

The first theory is based on the phase reset model in which

phase locking of ongoing EEG activity can be a modulatory

effect of top-down functions of the brain (Bernarding et al.,

2017). Peelle et al. (2013) found that neural data and the

envelope of the external acoustic stimuli become more phase-

locked when linguistic information is available. They concluded

that the phase-locking of the neural oscillations does not rely

only on sensory cues and top-down cognitive function can

also modulate phase locking. Dimitrijevic et al. (2019) also

found that the phase-locked cortical representation can be

modulated by top-down cognitive function related to different

levels of listening effort. Bernarding et al. (2017) demonstrated

that the distribution of the phase of the ongoing EEG signal

can be modulated by the top-down cognitive functions related

to different listening efforts. Considering these aspects, one

interpretation can be that local connectivity estimated by

multivariate phase synchrony is alsomodulated by the top-down

cognitive functions related to the listening effort.

The second theory explains that change in local connectivity

estimated by phase synchronization can be one of the

mechanisms for coordinating the information transfer in brain

networks (Helfrich et al., 2016; Olejarczyk et al., 2017). For

example, Helfrich et al. (2016) showed that local parieto-

occipital phase coupling at the alpha band controls the inter-

hemispheric information transfer. Additionally, Olejarczyk et al.

(2017) reported an increase in local phase coupling in closed

eyes compared to open eyes in a resting-state EEG analysis and

they concluded that fronto-parietal information transfer can be

regulated by local phase synchrony. Regarding these aspects, it

can be interpreted that local connectivity estimated by phase

synchrony also coordinates the information transfer related to

effortful listening and NR schemes in HAs.

4.4. Significant change at parietal alpha
local connectivity

Most prior studies that investigated EEG correlates of

listening effort have tended to restrict their analysis to a single

EEG band and region (Wisniewski et al., 2015; Dimitrijevic et al.,

2019; Seifi Ala et al., 2020). However, Wisniewski et al. (2021)

conducted a comprehensive study in which they investigated a

fuller range of the EEG power spectrum and independent source

activities. They found several significant changes in different

regions and bands. They concluded that listening in adverse

conditions can possibly engage multiple cognitive processes.

Consistent with Wisniewski et al. (2021), NR processing can

also engage multiple cognitive processes which can possibly

change the local connectivity. As the effect of NR processing

in HAs on local connectivity in ecologically adverse conditions

was investigated for the first time in this article, we did not

restrict our analysis to one specific EEG band and region. Local

connectivity at a total of eight ROIs and four conventional EEG

bands were, therefore, examined.

Frontal theta and parietal alpha activity at the sensor level

have been mainly reported in the literature as the regions and

bands that can be used to estimate correlates of listening effort

(Wisniewski et al., 2017, 2018; Dimitrijevic et al., 2019; Fiedler

et al., 2021). The change in the frontal theta activity is mostly

observed in experiments in which non-speech stimuli were used

(Wisniewski et al., 2017, 2018). This tends to reflect the internal

attention and it does not show general endogenously exerted

effort related to externally generated object representations (e.g.,

competing speech streams and background noise) (Wisniewski

et al., 2018). As the change of listening effort in this study is

mostly due to changes in externally represented speech stimuli,

we did not observe any significant change in frontal theta local

connectivity, which is in line with the results reported in Seifi Ala

et al. (2020) that significant change of frontal theta change

was not observed as a results changes in the speech stimuli

characteristics. On the other hand, the change of parietal alpha

activity has been widely observed when listening effort was

examined in experiments with speech stimuli (Petersen et al.,

2015; Wöstmann et al., 2015, 2017b; McMahon et al., 2016;

Dimitrijevic et al., 2017, 2019; Marsella et al., 2017; Miles et al.,

2017; Seifi Ala et al., 2020; Fiedler et al., 2021; Paul et al., 2021),

which is line with our results where we only found significant

change at the parietal alpha activity.

4.5. Top-down cognitive functions in
listening e�ort

The direction (i.e., increase, decrease, or inverted U-shape)

of the parietal alpha activity modulation found in the literature

has been controversial. Some studies reported that higher

listening effort leads to an increase in parietal alpha power

(relative to the baseline) arguing that it reflects the inhibition

of neural activity in task-irrelevant brain area (Petersen et al.,

2015; Wöstmann et al., 2015, 2017b; McMahon et al., 2016;

Dimitrijevic et al., 2017, 2019; Marsella et al., 2017; Miles

et al., 2017; Paul et al., 2021). In contrast, other studies showed

that more demanding conditions lead to a decrease in parietal

alpha power (Seifi Ala et al., 2020; Fiedler et al., 2021). The

first explanation for the contradictory results is that multiple

sources of alpha power contribute to parietal alpha power

and the balance between suppression and enhancement can be

determined by the stimuli and task design (Dimitrijevic et al.,

2017; Seifi Ala et al., 2020; Fiedler et al., 2021; Wisniewski

et al., 2021). Seifi Ala et al. (2020) observed lower parietal

alpha power related to more difficult conditions during long

speech listening. It was discussed in Seifi Ala et al. (2020)

Frontiers inNeuroscience frontiersin.org

146

https://doi.org/10.3389/fnins.2022.932959
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Shahsavari Baboukani et al. 10.3389/fnins.2022.932959

that sustained attention and constant update of information

in working memory is required when the stimuli are long,

which would lead to contradictory results. Another explanation

for the opposite direction can be related to the inverted U-

shape relationship. Depending on the level of difficulties of the

experiment, estimated correlates of listening effort can be on

one or the other side of the inverted U’s maximum, which

would result in an increase or decrease in parietal alpha power,

respectively (Fiedler et al., 2021).

The last relationship between listening conditions and

parietal alpha power reported in the literature is an inverted

U-shape (Marsella et al., 2017; Wisniewski et al., 2017; Decruy

et al., 2020; Paul et al., 2021). There are two explanations for

the observed nonlinear trend. One theory is that during difficult

conditions subjects disengaged and gave up to perform the task,

which can influence the parietal alpha changes (Marsella et al.,

2017). The second explanation is that at very high levels of

difficulty, other sensory networks might be activated to help

speech understanding which leads to an inverse direction of

parietal alpha modulation compared to that at lower difficulty

levels (Paul et al., 2021). The supportive sensory networks under

very hard conditions can be related to sustained attention and

constant update of information in working memory as reported

in Seifi Ala et al. (2020).

4.6. Parietal alpha local connectivity is
modulated by listening e�ort

Referring to Figure 3 and Table 3A, we also found a

significant nonlinear trend in local connectivity at parietal

alpha. As shown in Figure 3, an increase in levels of difficulty

in listening (decrease in SNR values) from the condition +8

dB ON (NR: active) to +8 dB off (NR: inactive) leads to an

increase in local connectivity. Consistent with results reported in

Petersen et al. (2015), Wöstmann et al. (2015, 2017b), McMahon

et al. (2016), Dimitrijevic et al. (2017), Marsella et al. (2017),

Miles et al. (2017), Dimitrijevic et al. (2019) and Paul et al.

(2021), the increase of the parietal alpha power can be due

to inhibition cognitive function. Considering the first theory

mentioned in Section 4.3, the inhibition of top-down cognitive

function can lead to the modulation of local connectivity. This

interpretation is in line with the results of Mathewson et al.

(2009) and Paul et al. (2021) where the authors also found

that phase synchronization in parietal alpha increases due to

inhibition of cognitive function. The change of local connectivity

due to inhibition function can also be supported by the second

theory mentioned in Section 4.3. The inhibition function mostly

engages the fronto-parietal network. We interpreted that the

local connectivity at parietal alpha can also coordinate the

fronto-parietal information transfer. This interpretation is in

line with the results reported in Olejarczyk et al. (2017) where

the authors also found that phase synchrony in parietal alpha

coordinates the fronto-parietal information transfer in rest-state

EEG analysis.

As shown in Figure 3, in the more difficult condition (i.e.,

at +3 dB) the local connectivity decreases, whereas in the easier

condition (i.e., at + 8dB) the local connectivity increases. In

line with EEG band power analysis results, this change can

be due to either giving up during more difficult conditions

(Marsella et al., 2017) or other sensory networks that might be

activated to help speech understanding during such listening

conditions (Paul et al., 2021). Our findings provide evidence

that the change from increase to decrease in local connectivity

under more difficult conditions could be due to the activation of

other networks at the lowest SNR value. Considering the second

theory mentioned in Section 4.3 which describes that local

connectivity estimated by phase synchrony can coordinate the

information transfer in brain networks, the change of direction

in local connectivity modulation at +3 dB OFF condition can

also be due to activation of other sensory networks which can be

coordinated by local connectivity at parietal alpha. One possible

sensory network can be due to sustained attention and constant

update of information in working memory which is in line with

the results reported in Seifi Ala et al. (2020). It was discussed

in Seifi Ala et al. (2020) that sustained attention and constant

update of information in working memory are required when

the stimuli are long. This was also observed during a Stenberg

task in which encoding and retention phases were entangled and

a contradictory increase in parietal alpha power was reported as

a result of higher working memory loads (Jensen et al., 2002;

Hjortkjær et al., 2020; Seifi Ala et al., 2020). Kim et al. found that

the brain network involved in updating function engaged in an

n-back level experimental paradigm mostly includes the parietal

cortex which is served as the main hub for the cognitive network

(Kim et al., 2017). They also found a substantially different

pattern during the most demanding condition compared to

easier conditions. Considering the second theory in Section 4.3,

the change of direction of the local connectivity modulation

at the hardest condition in our experiment can also be due to

substantially different networks involved in updating function.

4.7. Limitations

The local connectivity at eight ROIs and four EEG frequency

bands were investigated in this study. The selection of the

ROIs was similar to that in Mehta and Kliewer (2017)

where they used 128 electrodes, and we adapted their ROI

selections with 64 electrodes setup. However, there might

be a better selection of ROIs, which can lead to different

results. Additionally, considering that we had two states of

NR processing and two SNR values, our experiment had four

listening conditions. We checked the relationship between local

connectivity and listening conditions, and we found a nonlinear
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trend. Examination with more SNR values is required, which

can provide more insights, and we expect to observe a complete

inverted U-shape relationship with more SNR values.

Obleser and Kayser (2019) showed that the phase locking

between neural data and the envelope of the speech can be

modulated by the behavioral performance of the task. There

is a possibility that local connectivity is also modulated by the

performance of the task or subjective rating of listening effort

(often referred to as self-report or experienced listening effort)

(Paul et al., 2021), similar to the first theory in Section 4.3. The

behavioral performance evaluation was accomplished by asking

a two-choice question about the to-be-attended speech stream

at the end of each trial in our experiment. Our investigation of

the effect of the experimental factors on behavioral performance

published in Fiedler et al. (2021) did not show any significant

effect of NR, SNR, or their interactions on the behavioral

performance. The behavioral performance was though well

above the chance level (50%) and the participants followed the

task as instructed. However, the lack of valuable behavioral

performance or subjective ratings of listening effort prevented

us from checking the possibility that local connectivity is

modulated by them.

The second theory in Section 4.3 explained that local

connectivity can coordinate the information transfer in brain

networks. We interpreted that local connectivity at parietal

alpha can also coordinate the large-scale connectivity engaged in

inhibition function and constant update of the working memory

and referred to the studies in which these information transfers

were studied. There is a possibility that other brain networks are

also engaged during a continuous long SiN task, which could be

provided by a large-scale connectivity investigation.

5. Conclusion

We investigated the effect of activation of NR processing on

EEG-based phase synchrony measure within localized regions

of the brain at eight regions of interest and four conventional

EEG frequency bands during a longer continuous speech in

noise (SiN) task with two SNR levels. We demonstrated that

the effect of noise reduction (NR) processing algorithms on

EEG-based phase synchrony have a non-linear trend in the

parietal region of interest, specifically in the alpha band. The

interpretation of the phase synchrony modulation is in line

with the literature. These results confirmed that the EEG-based

phase synchrony within localized regions of the brain contains

informative features which can reflect the effects of HA signal

processing algorithms in HA users. Taken together, our study

provided further evidence that the NR processing algorithms

in HAs positively affect HA users in their everyday natural

listening environments.
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Aberrant resting-state
connectivity of auditory, ventral
attention/salience and
default-mode networks in
adults with attention de�cit
hyperactivity disorder
Rina Blomberg 1,2,3* , Carine Signoret 1,2,3, Henrik Danielsson 1,2,3,
Irene Perini 4,5, Jerker Rönnberg 1,2,3,5� and
Andrea Johansson Capusan 4,6�

1Department of Behavioral Sciences and Learning, Linköping University, Linköping, Sweden,
2Linnaeus Center HEAD, Linköping University, Linköping, Sweden, 3Swedish Institute for Disability
Research, Linköping University, Linköping, Sweden, 4Center for Social and Affective Neuroscience,
Department of Biomedical and Clinical Sciences, Linköping University, Linköping, Sweden, 5Center
for Medical Image Science and Visualization, Linköping University, Linköping, Sweden, 6Department
of Psychiatry and Biomedical and Clinical Sciences, Linköping University, Linköping, Sweden

Background: Numerous resting-state studies on attention de�cit hyperactivity
disorder (ADHD) have reported aberrant functional connectivity (FC) between
the default-mode network (DMN) and the ventral attention/salience network
(VA/SN). This �nding has commonly been interpreted as an index of poorer
DMN regulation associated with symptoms of mind wandering in ADHD
literature. However, a competing perspective suggests that dysfunctional
organization of the DMN and VA/SN may additionally index increased
sensitivity to the external environment. The goal of the current study
was to test this latter perspective in relation to auditory distraction by
investigating whether ADHD-adults exhibit aberrant FC between DMN, VA/SN,
and auditory networks.

Methods: Twelve minutes of resting-state fMRI data was collected from
two adult groups: ADHD (n = 17) and controls (n = 17); from which the
FC between prede�ned regions comprising the DMN, VA/SN, and auditory
networks were analyzed.

Results: A weaker anticorrelation between the VA/SN and DMN was observed
in ADHD. DMN and VA/SN hubs also exhibited aberrant FC with the
auditory network in ADHD. Additionally, participants who displayed a stronger
anticorrelation between the VA/SN and auditory network at rest, also
performed better on a cognitively demanding behavioral task that involved
ignoring a distracting auditory stimulus.

Conclusion: Results are consistent with the hypothesis that auditory
distraction in ADHD is linked to aberrant interactions between DMN,
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VA/SN, and auditory systems. Our �ndings support models that
implicate dysfunctional organization of the DMN and VA/SN in the
disorder and encourage more research into sensory interactions with
these major networks.

KEYWORDS

attention de�cit hyperactivity disorder, adults, resting state, functional connectivity,
default mode network, salience network, auditory network

Introduction

Current etiological models of attention de�cit hyperactivity
disorder (ADHD) emphasize dysfunctional interactions
between intrinsic brain networks, rather than regional brain
abnormalities, for explanations of behavioral and clinical
symptoms in the disorder (for reviews see: Konrad and
Eickho�, 2010; Castellanos and Proal, 2012; Posner et al.,
2014; Castellanos and Aoki, 2016; Sutcubasi et al., 2020). Two
particular intrinsic brain networks: the default-mode network
(DMN; Figure 1A), and the ventral attention/salience network
(VA/SN; Figure 1B); are hypothesized to play a pivotal role
in clinical aspects of inattention in ADHD. The DMN is
generally more active when attention is directed internally�
i.e., to introspective, self-referential thought in the absence
of stimulus-driven tasks. The VA/SN is more active when
attention is directed externally, and is heavily implicated in
the vigilant anticipation, detection, and response-mediation
of behaviorally salient stimuli. In healthy individuals, the
DMN and VA/SN show robust anticorrelated (i.e., phasically
negatively correlated) functional connectivity (FC) at rest
(Anticevic et al., 2012). And this anticorrelated relationship is
considered an inherent representation of the opposing resource
demands and attentional states between these networks during
goal directed cognitive tasks (Fox et al., 2005, 2009). A variety
of resting-state fMRI studies on ADHD have reported a weaker
anticorrelated relationship between core DMN and VA/SN
regions compared to controls (e.g., Castellanos et al., 2008; Sun
et al., 2012; Sripada et al., 2014; Lin et al., 2018; Mills et al.,
2018; c.f. also Sato et al., 2012). And these �ndings have had
a notable in�uence over our conceptualization of inattention
in the disorder.

One prevailing perspective for instance suggests that a
weaker anticorrelation between core regions of the DMN
and VA/SN at rest is an index of poorer DMN regulatory
capacity associated with symptoms of mind wandering in the
disorder (see Posner et al., 2014 for a review). The logic here
being that the DMN is more active during introspective, task-
unrelated thought and suppressed during stimulus driven tasks.
Hence observations of aberrant resting-state anticorrelation is
thought to re�ect an inherent susceptibility for attentional lapses

resulting from obtruding interoceptive thought (Castellanos
et al., 2008; Bozhilova et al., 2018). Alternative perspectives
have suggested that the VA/SN plays a pivotal role in the
manifestation of attentional de�cits in the disorder. Aboitiz et al.
(2014) for instance, hypothesized that a loss of anticorrelation
impacts the sensitivity of the VA/SN which can lead to a
bias toward irrelevant/salient stimuli and therein an increased
susceptibility to environmental distraction. Similarly, Menon
(2011) proposed that aberrant intrinsic VA/SN organization
can result in the inappropriate assignment of saliency to either
exogenous stimuli or internal mental events�underpinning,
inter alia, clinical aspects of inattention in many psychiatric
and neurological disorders, including ADHD. Hence, aside
from mind wandering, a disrupted antagonistic balance between
the DMN and VA/SN in the disorder may also be indicative
of an increased sensitivity to the external environment, and
it is this notion which founds the basis of inquiry for
the current study.

Heightened sensory sensitivity is a frequently reported
symptom in adults with ADHD particularly in the auditory
modality (Schulze et al., 2020). However, very few resting-
state analyses have studied auditory network FC in ADHD-
adults. Hence little is known as to whether de�cits in auditory
attention are associable to the aberrant, intrinsic FC of the
DMN and VA/SN implicated in the disorder (Castellanos
and Aoki, 2016). Following through on previous work, the
current study provides us with a unique opportunity to
explore resting-state FC in relation to auditory distraction
in this patient group. Here we analyze resting-state data
from the same sample of adult participants (ADHD and
healthy controls) from Blomberg et al.’s (2021) task-based
fMRI study that utilized a cross modal attention paradigm
to analyze the e�ects of working memory load on auditory
distraction in adults with ADHD. The paradigm involved
two main tasks: an auditory task where the goal was to
actively detect salient oddball tones amidst a stream of
standard tones, and a visualn-back task consisting of 0-,
1-, and 2-back working memory conditions. In all working
memory conditions, participants were instructed to detect
the visual n-back target and ignore the streaming tonal
signal from the auditory task, which continued to play.
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