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Abstract: This paper reviews the current literature on individual differences in susceptibility to the effects of background sound on

visual-verbal task performance. A large body of evidence suggests that individual differences in working memory capacity (WMC) underpin

individual differences in susceptibility to auditory distraction in most tasks and contexts. Specifically, high WMC is associated with a more

steadfast locus of attention (thus overruling the call for attention that background noise may evoke) and a more constrained auditory-sensory

gating (i.e., less processing of the background sound). The relation between WMC and distractibility is a general framework that may also

explain distractibility differences between populations that differ along variables that covary with WMC (such as age, developmental

disorders, and personality traits). A neurocognitive task-engagement/distraction trade-off (TEDTOFF) model that summarizes current

knowledge is outlined and directions for future research are proposed.
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The scientific investigation of individual differences and

identifying the general principles and underlying mecha-

nisms that explain those differences is not only a valuable

but a necessary endeavor in the pursuit of understanding

human cognition. This paper reviews recent studies that have

used this approach in an attempt to understand how the

human mind creates selective attention.

Try to read this paper in a noisy environment. Are you

distracted? Individual differences in distractibility vary quite

a lot, extending from slight facilitation from a noisy back-

ground to severe disruption (Ellermeier & Zimmer, 1997;

Sörqvist, 2010b). What is the basis of these individual differ-

ences? In a previous review of the current literature, Sörqvist

(2010c) attempted to answer this question. The review

resulted in three general conclusions. First, individual differ-

ences in working memory capacity (WMC) underpin indi-

vidual differences in susceptibility to auditory distraction

across a wide range of tasks and contexts. WMC is typically

measured by so-called complex-span tasks that combine

mnemonic short-term memory processes with distracter

activities (Conway et al., 2005). Complex-span tasks show

tremendous predictive power and are basically able to predict

individual differences on any task that requires some cogni-

tive control, particularly if there is a need to overcome dis-

traction (Engle, 2002). Based on this finding, it has been

argued that WMC actually reflects individual differences in

the ability to control attention and avoid distraction (Conway,

Cowan, & Bunting, 2001; Kane, Bleckley, Conway, & Engle,

2001). Auditory distraction is indeed no exception. By using

complex-span tasks as a measure of WMC and correlating

this variable with person-specific measures of distractibility,

it has, for instance, been shown that high-WMC individuals

are less susceptible to the effects of aircraft noise (Sörqvist,

2010a) and background speech (Beaman, 2004; Sörqvist,

Halin, & Hygge, 2010; Sörqvist, Ljungberg, & Ljung, 2010)

on memory and comprehension of written materials.
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The second conclusion that emerged from a prior review

(Sörqvist, 2010c) is that individual differences in WMC seem

to be able to explain differences between age groups and other

populations. Older adults (Bell, Buchner, & Mund, 2008;

Boman, Enmarker, & Hygge, 2005) and children (Elliott,

2002) are typically more susceptible to auditory distraction

than young adults. As the capacity of working memory

increases throughout adulthood (Gathercole, Pickering,

Ambridge, & Wearing, 2004) and then declines at older

ages (Gazzaley, Cooney, Rissman, & D’Esposito, 2005), it

seems like age differences in distractibility reflect life-span

changes in WMC. Likewise, children with attention-deficit/

hyperactivity disorder (ADHD; Gumenyuk et al., 2005;

Zentall & Shaw, 1980) and children with low intelligence

(Johansson, 1983) are more susceptible to auditory distrac-

tion than their counterparts. This fits well with the finding

that these populations typically demonstrate low WMC

(Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005;

Shelton, Elliott, Matthew, Hill, & Gouvier, 2010) and with the

notion that low WMC makes individuals more distractible.

The third conclusion that was reached in a previous review

(Sörqvist, 2010c) is that WMC—although apparently a very

reliable predictor of individual differences in susceptibility

to distraction in general—is unrelated to a specific form of

distraction, with the key signature being the so-called

changing-state effect (Beaman, 2004; Sörqvist, 2010b). The

changing-state effect is the observation that serial recall of a

visually presented sequence of items (e.g., digits) is more

impaired by a concurrently presented sound stream that

changes across time (e.g., “k l m v r q c”) compared with the

repetitive presentation of the same sound element (e.g., “c c

c c c c c”). Whilst WMC is unrelated to the changing-state

effect, individual differences in perceptual abilities—

specifically the ability to detect subtle changes in tone

streams—appear to underpin the magnitude of this effect

(Macken, Phelps, & Jones, 2009). In contrast, high WMC

attenuates the deviation effect—the observation that serial

recall is more impaired by a sound stream that contains a

single deviating element (e.g., “c c c m c c c”) compared

with a steady-state sound stream (e.g., “c c c c c c c”).

Together, this was regarded as evidence in favor of a duplex-

mechanism account of auditory distraction (Hughes,

Vachon, & Jones, 2007) wherein sound can impair cognitive

performance by two functionally different mechanisms:

either by capturing attention (which underpins the deviation

effect) or by an involuntary (uncontrollable) analysis of

order information that inevitably interferes with the deliber-

ate act of serially rehearing to-be-recalled material (which

underpins the changing-state effect). A distinguishing

feature of the duplex-mechanism account is, hence, that dis-

traction is a function of the characteristics of the sound as

well as a function of the processes that the task entails. For

example, whilst both a changing state sound sequence (e.g.,

“k l m v r q c”) and a deviant sound sequence (e.g., “m m m

v m m m”) are more disruptive to serial short-term memory

(wherein the task is to recall a sequence of visually presented

items in their order of presentation) than a steady-state

sequence (e.g., “m m m m m m m”), only a deviant sound

sequence disrupts short-term memory tasks that do not entail

serial order memory (e.g., when the task is to identify the

missing weekday from a set of six weekdays). This is

because the deviating sound is disruptive owing to it captur-

ing attention, whereas the perceptual processing of a chang-

ing state sequence is only disruptive inasmuch as it comes

into conflict with the processes that are required by the task.

Here, the original review is expanded upon in an attempt

to test whether the same general patterns still hold against

more recent evidence. Furthermore, studies that have tried to

identify the mechanisms and the neural basis of the relation

between WMC and auditory distraction are discussed.

Finally, the current knowledge is integrated into a model that

attempts to describe the role of WMC in auditory distraction

and we discuss the model’s generalizability and future

directions.

Individual differences in distractibility

Working memory capacity
Studies reported under this heading have all measured indi-

vidual differences in WMC directly using complex-span

tasks. A couple of studies have replicated the finding that

high-WMC individuals are less distracted by auditory devi-

ants (Hughes, Hurlstone, Marsh, Vachon, & Jones, 2013;

Sörqvist, Nöstl, & Halin, 2012b). For instance, in a study by

Sörqvist et al. (2012b), the standard cross-modal oddball

paradigm was used, wherein the participants were requested

to categorize visually presented target arrows as either point-

ing to the left or to the right. Each target was preceded by a

task-irrelevant background sound. The sound was identical

on most trials (standard tones), but occasionally it was

replaced by a different sound (a noise burst). The deviant

sound captured attention, as response time to the visual

target was increased. The magnitude of this deviation effect

was larger at the beginning of the experiment compared with
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at the end. However, the habituation process was only

evident in high-WMC individuals. Whilst the deviation

effect was of approximately the same size in high- and low-

WMC individuals at the beginning of the experiment, the

deviation effect was completely abolished in high-WMC

individuals at the end of the experiment but remained at the

same magnitude throughout the experiment in low-WMC

individuals. Thus, individual differences in WMC are related

to individual differences in susceptibility to attentional

capture from background sound.

Evidence in favor of the assumption that WMC is indeed

unrelated to the changing-state effect (i.e., the larger disrup-

tion from an acoustically changing, as compared with an

acoustically nonchanging sound stream to serial short-term

memory) has also grown (Elliott & Briganti, 2012; Hughes

et al., 2013). It does not seem to matter whether the

changing-state sound sequence consists of speech-tokens

(such as words or spoken letters; Elliott & Briganti, 2012;

Hughes et al., 2013) or of tones (Sörqvist, 2010b): Indi-

vidual differences in WMC are unrelated to this type of

distraction. A recent meta-analysis, which spanned across all

experiments that have looked at the relation between WMC

and the changing-state effect to date, found relatively strong

evidence in favor of this conclusion (Sörqvist, Marsh, &

Nöstl, 2013). This meta-analysis used Bayesian statistics

that, contrary to conventional statistical techniques, can

provide quantitative evidence in support of the null hypoth-

esis (i.e., the absence of a relation) by calculating the actual

probability of a hypothesis given the data, namely as

p(H0|D), instead of calculating the probability of the

observed data, as p(D|H0), under the assumption that H0 is

true. Taken together, high WMC appears to protect against

the involuntary capture of attention by sound (e.g., distrac-

tion that is caused by a deviant sound embedded in an oth-

erwise nonchanging sound stream), but not against

distraction that is underpinned by the mechanism respon-

sible for the changing-state effect.

Whether WMC is also related to the magnitude of

semantic auditory distraction (often called “informational

masking” in the auditory-perception literature)—that is,

when the semanticity of background speech is responsible

for the distraction rather than the acoustic properties of the

speech sound—remains to be properly explored. The few

pioneering studies suggest that it is (Beaman, 2004; Sörqvist

& Rönnberg, 2012; Zekveld et al., 2011). For example, we

found that episodic long-term memory for spoken informa-

tion is impaired when the target speech is masked by a

task-irrelevant speech stream in comparison with when the

to-be-attended speech stream is masked by a spectrally

rotated version (acoustically very similar but meaningless)

of the task-irrelevant speech stream (Sörqvist & Rönnberg,

2012). This disruption was smaller in magnitude to high-

WMC individuals. In a related study, Zekveld, Rudner,

Johnsrude, and Rönnberg (2013) used a sentence-in-noise

speech perception task where each sentence was preceded by

a visually presented text cue that was either related or unre-

lated to the semantic contents of the sentence. The text cue

made it easier to identify the noise-masked sentence. The cue

benefit was related to WMC only when the auditory masker

was interfering speech compared with modulated or station-

ary noise backgrounds. Also, better WMC was associated

with enhanced delayed recognition of sentences preceded by

a cue word. This suggests that WMC is not only related to the

magnitude of disruption from informational masking, but it

is also related to the ability to capitalize on semantically

related information, keeping cues in mind while disambigu-

ating sentences, and encoding speech content into episodic

long-term memory.

Age differences
It is quite clear that children are more susceptible to the

effects of noise on task performance than are young adults

(for a review see Klatte, Bergström, & Lachmann, 2013).

This general conclusion has received further support in

recent years (e.g., Elliott & Briganti, 2012; Muenssinger

et al., 2013; but see Ruhnau, Wetzel, Widmann, & Schröger,

2010). Just as low-WMC individuals habituate to auditory

distraction at a slower pace than high-WMC individuals

(Sörqvist et al., 2012b), children appear to habituate at a

slower pace than young adults (Muenssinger et al., 2013).

Similar to Sörqvist et al. (2012b), Muenssinger et al. (2013)

used a cross-modal paradigm, but the participants focused

their attention on a silent movie while passively listening to

tone sequences. The tone sequences consisted of five stan-

dard tones, followed by one deviant tone, followed by two

standard tones. Both children’s and adults’ attention was

captured by the presentation of the first standard tone in the

sequence, as shown in event-related potential recordings.

The expected pattern of habituation was found in adults (a

decreased response to the following standards, and a

dishabituation when the deviant tone was presented), but

there was no evidence of habituation in children.

Age differences in susceptibility to distraction in the

context of serial short-term memory have also been further
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explored. Children are more susceptible to the effects of

background speech on serial short-term memory when com-

pared with a silent condition (Elliott & Briganti, 2012).

However, children seem to be no more susceptible than

adults to the changing-state effect (Elliott, Hughes, Macken,

Briganti, & Kytola, 2012). Taken together, the differences in

distractibility between children and young adults are gener-

ally very similar to the differences that have been found

between adults with low and high WMC respectively (a

greater susceptibility to distraction from attention capture in

children and low-WMC adults, but no relation between age

and susceptibility to the changing-state effect, just as with

individual differences in WMC). This is not surprising con-

sidering that children generally have a lower WMC than

adults, and the finding is well in line with the view advocated

here: The relation between WMC and distractibility is

responsible for systematic differences in distractibility

across individuals, as found in studies wherein WMC has not

been measured directly, but indirectly with variables that

covary with WMC.

Older adults are more susceptible to distraction than are

younger adults, arguably because they have poorer inhibitory

ability (Lustig, Hasher, & Zacks, 2008). In the context of

auditory distraction, a typical finding when older adults are

compared with younger is that older adults are more suscep-

tible to semantic distraction (e.g., Bell et al., 2008) and to

auditory attentional capture (Andrés, Parmentier, & Escera,

2006; Parmentier & Andrés, 2010) but not to the changing-

state effect (Beaman, 2005). However, recent studies have

often failed to confirm the general assumption that older

adults are more susceptible to auditory distraction than

younger adults. In a recent study by P. A. Smith (2010),

participants were asked to make speeded grammaticality

judgments of read sentences in the presence of background

cafeteria noise, narrative background speech, or in silence.

While older participants showed no difference between

the three sound conditions, younger adults made faster

responses in the narrative background speech condition

compared with the other sound conditions. Furthermore, Van

Gerven and Murphy (2010) requested younger and older

adults to undertake a visual counting task in silence or while

being exposed to background speech (random numbers

intermixed either with emotionally neutral words, positive

words or negative words, depending on the condition). The

task-irrelevant speech increased counting time and accuracy,

but to the same extent in younger and older participants.

There was no effect of the emotional valence manipulation.

In a separate study, Guerreiro and Van Gerven (2011) asked

the participants to conduct an n-back task that required

memory of visually presented digits while they listened to

to-be-ignored spoken digits. Again, there was no difference

in auditory distraction susceptibility between younger and

older adults. Comparable results were also reported in a

subsequent study from the same researchers (Guerreiro,

Murphy, & Van Gerven, 2013).

In all, a new body of evidence points towards the possi-

bility that older adults are actually no more susceptible to

auditory distraction than younger adults (cf. Guerreiro &

Van Gerven, 2011). However, in neither of these studies was

the sound specifically designed to elicit attention capture by

embedding a single deviant sound in a steady-state speech

stream as in the studies by Andrés and colleagues (Andrés

et al., 2006; Parmentier & Andrés, 2010). Moreover, the role

of the semantic relation between the task-irrelevant back-

ground speech and the to-be-attended information is unclear.

One study has found that meaningful background speech

that is semantically related to to-be-remembered material is

more distracting to memory than semantically unrelated

background speech, and that this effect is larger in older

adults (Bell et al., 2008). Thus, when controlling for the

semantic relation between target and distracter, older adults

appear to be more distracted than younger adults. In the

studies by Guerreiro and colleagues (Guerreiro et al., 2013;

Guerreiro & Van Gerven, 2011), the distracter was seman-

tically related to the to-be-attended information, but there

was no control condition with a background speech that was

semantically unrelated to the to-be-attended information.

Taken together, the results suggest that older adults are more

susceptible to auditory distraction, at least when the sound

calls for attention. From one standpoint, it might be the

nature of the cognitive processes that the task involves (e.g.,

semantic or rehearsal processes), the nature of the sound, and

the relation between the sound and the task, that modulates

when, and when not, older adults are more distractible than

younger adults. Another possibility is that the complexity/

difficulty of the task, and the participants’ capability to deal

with this difficulty, is what distinguishes younger from older

adults. In the context of more complex/difficult tasks, like

reading prose for later recall, older adults are more suscep-

tible to distraction, perhaps because younger adults can

engage more fully in the task (as they have more cognitive

capacity available), whereas with easier tasks both younger

and older adults reach a high state of task engagement. We

return to this issue later.
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Disorders
Positive effects of noise are rare, but there are notable excep-

tions documented in the literature. A few studies have found

that masking broadband noise can enhance memory of

spoken words in children with ADHD (Söderlund, Sikström,

Loftesnes, & Sonuga-Barke, 2010) and help them keep focus

on a visual task (Lederer et al., 2013), presumably by

helping these individuals reach a more optimal level of

domain release (cf. Sikström & Söderlund, 2007), but oppos-

ing results have also been reported (e.g., Pelletier, Hodgetts,

Lafleur, Vincent, & Tremblay, 2013; Jin, Liu, Li, & Lan,

2013). Pelletier et al. (2013) requested adult participants

with ADHD and controls to undertake serial recall of visu-

ally presented sequences of items, either in silence or against

a background of sound. They found that the ADHD partici-

pants were more distracted by the irrelevant sound. Thus it is

still unclear whether, and under what conditions, sound may

be beneficial or particularly detrimental to persons with

ADHD. One possibility is that, although low WMC is a

disadvantage in most cases, it may actually facilitate positive

effects of background noise in very specific circumstances.

Generally, however, individuals with ADHD appear to be

more impaired by noise than their counterparts and the ben-

eficial effects of noise that have been documented should be

treated with caution. Sikström and Söderlund’s (2007)

model may be valid, in the sense that background stimulation

releases dopamine that facilitates memory processes, but the

literature still indicates that people with ADHD are generally

more susceptible to distraction.

Overall, disorders are typically associated with a greater

susceptibility to auditory distraction, including auditory pro-

cessing disorders (Elliott, Bhagat, & Lynn, 2007) as well as

disorders that are not directly related to auditory processing

such as schizophrenia (Cao et al., 2013; Smucny, Rojas,

Eichman, & Tregellas, 2013), depression (Lepistö et al.,

2004), and anxiety (Eysenck & Derakshan, 2011). Notably,

both schizophrenia (Lee & Park, 2005) and depression and

anxiety (Christopher & MacDonald, 2005) are associated

with working memory deficits. Taken together, these obser-

vations support the hypothesis that the covariation of WMC

and mental disorders is the underpinning mechanism that

makes people with disorders unusually distractible.

Hearing impairment
The relation between hearing impairment and auditory dis-

traction should also be mentioned, as these individual differ-

ences have a natural place in this review even though neither

the risk of acquiring a hearing impairment, or the severity of

it, covaries with WMC (e.g., Lyxell & Rönnberg, 1989).

However, individual differences in WMC influence how

handicapping a hearing impairment becomes as WMC sup-

ports listening in noisy environments (Rönnberg et al., 2013;

Rönnberg, Rudner, Foo, & Lunner, 2008). Particularly in

“mismatching” conditions (i.e., when the perceived signal

does not match the corresponding syllabic representations in

long-term memory) explicit WMC needs to be used to

support attention, inferential processing, and lexical access.

Manipulations of mismatch involve using nonhabitual signal

processing in hearing aids to increase mismatch (Foo,

Rudner, Rönnberg, & Lunner, 2007) and the opposite reduc-

tion of mismatch via acclimatization to a signal processing

algorithm (Ng, Rudner, Lunner, Pedersen, & Rönnberg,

2013; Rudner, Foo, Rönnberg, & Lunner, 2009). Interest-

ingly, the ability to cope with the nonhabitual signal process-

ing in hearing aids is only WMC-dependent in the beginning.

As the signal processing algorithm becomes more familiar

(and thus habitual), the correlation between WMC and

speech comprehension decreases in magnitude (Ng,

Classon, et al., 2013). This may have some commonality

with the relation seen between WMC and habituation to

distraction (Sörqvist et al., 2012b). Together, individual dif-

ferences in WMC appear to underpin people’s ability to

adapt to a changing environment.

With regard to cross-modal auditory distraction, wherein

hearing-impaired persons have a visual task and the sound is

to be ignored, one straightforward assumption is that hearing

impairment should shield against distraction for the simple

reason that the hearing impaired cannot hear the sound as

well as normal-hearing listeners. However, on testing this

hypothesis, the opposite result has been revealed. Hearing-

impaired participants are more distracted by background

noise than their normal-hearing counterparts, at least when

they use their hearing aids (Jahncke & Halin, 2012).

Hearing-impaired individuals also rate visual tasks as more

effortful in noisy environments in comparison with normal-

hearing individuals (Hua, Karlsson, Widén, Möller, &

Lyxell, 2013).

Personality and preferences
Interest in the effects of music on cognitive performance has

been great in recent years (e.g., Schlittmeier, Hellbrück, &

Klatte, 2008; Smith, Waters, & Jones, 2010). For instance, it

has been shown that liked music is just as distracting to

serial short-term memory as disliked music (Perham &
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Vizard, 2011), at least as long as the two sound sources are

acoustically similar. However, some findings indicate that

disliked music can actually be better for performance

(Perham & Sykora, 2012). In the context of individual dif-

ferences, Doyle and Furnham (2012) asked participants to

undertake a reading comprehension task either in silence or

against background music, and found that creative persons

(operationalized as high scores on three creativity measures:

the Biographical Inventory of Creative Behavior, the

Guilford Alternate Uses test, and the Runco Ideational

Behavior Scale) were less impaired by the background

music. The evidence for this finding was weak, but it is

particularly interesting here because high WMC, whilst

strongly linked to analytic thinking, may actually be harmful

to creativity (Wiley & Jarosz, 2012). Extrapolating, one pos-

sibility is therefore that the creative participants in Doyle

and Furnham’s study had relatively low WMC and they, like

persons with ADHD who also tend to experience working

memory deficits, may actually benefit from noisy environ-

ments under specific conditions.

Studies of individual differences in distractibility amongst

extraverts and introverts are more in line with the typical

pattern (Dobbs, Furnham, & McClelland, 2011; Furnham &

Strbac, 2002; Furnham, Trew, & Sneade, 1999; Miyahara &

Goshiki, 2004). Dobbs et al. (2011) reported that the disrup-

tive effects of background music on reading comprehension

are smaller in magnitude in extraverts than in introverts.

However, they also found a positive correlation between

extraversion and intelligence, which suggests that the

smaller distractibility in extraverts reflects the benefit of a

greater WMC.

Interim conclusion
A previous review (Sörqvist, 2010c) concluded that indi-

vidual differences in WMC are generally associated with

individual differences in susceptibility to cross-modal dis-

traction based on a large set of studies (e.g., Beaman, 2004;

Ellermeier & Zimmer, 1997; Elliott, Barrilleaux, & Cowan,

2006; Elliott & Cowan, 2005; Macken et al., 2009; Sörqvist,

2010a, 2010b). The present review shows (a) that this

general pattern still holds for more recent results, (b) that the

pattern of results seems extendable to within-modal forms of

distraction (i.e., when both the target and the to-be-ignored

stimuli is presented in the auditory modality), and (c) that

individual differences in WMC seem to be responsible for

differences seen between a wider range of populations (age

groups, clinical populations, and various personality traits)

than previously considered. We now turn to a discussion of

the possible responsible mechanisms for these individual

differences in susceptibility.

The mechanisms of the relation between
WMC and cross-modal auditory distraction

Increasing task difficulty reduces the effects of sound on that

particular task (e.g., Halin, Marsh, Haga, Holmgren, &

Sörqvist, 2013; Kim, Kim, & Chun, 2005), as sound loses its

ability to capture attention away from the visual task

(Hughes et al., 2013; SanMiguel, Corral, & Escera, 2008)

and the neural processing of the background sound is con-

strained (Regenbogen et al., 2012; Sörqvist, Stenfelt, &

Rönnberg, 2012). This happens whether task difficulty is

increased as a consequence of higher cognitive load (e.g., a

greater memory load; Sörqvist, Stenfelt, & Rönnberg, 2012)

or higher perceptual load (e.g., a greater difficulty identify-

ing the task materials; Halin et al., 2013; Hughes et al.,

2013).

Variations in WMC appear to have a functionally similar

effect on distractibility as variations in task difficulty: Higher

WMC is associated with a more steadfast locus of attention

and less processing of background sound. Strong support for

a more steadfast locus of attention in high-WMC individuals

comes from studies demonstrating that high-WMC individu-

als are less susceptible to the deviation effect (Hughes et al.,

2013; Sörqvist, 2010b; Sörqvist et al., 2013; Sörqvist,

Stenfelt, & Rönnberg, 2012). Thus, high-WMC individuals

are more able to resist the call for attention from deviating

background sound. Support for the assumption that high-

WMC individuals have a more efficient auditory-sensory

gating (i.e., the degree to which the background sound is

processed) comes from neurometric studies. When sound

reaches the ear, it is transformed into a neural signal at the

outer hair cells. Then it passes through the brainstem and the

thalamus before it eventually ends up in the auditory cortex.

The brainstems’ responsiveness to task-irrelevant back-

ground sound depends on individual differences in WMC. In

a study by Sörqvist, Stenfelt, & Rönnberg (2012), partici-

pants were requested to undertake a visual version of the

n-back task wherein sequences of letters were presented and

the participants’ task was to decide whether the presented

letter was identical to that presented one, two, or three steps

back in the sequence. The participants were also concur-

rently presented with a task-irrelevant sound they were

instructed to ignore. The experiment revealed that the
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amplitude of the brainstem response (i.e., the number of

neurons that respond to the sound) gets smaller in magnitude

when the task difficulty increases. Moreover, the difference

in magnitude between the one-back condition and the three-

back condition covaried with individual differences in

WMC. The difference was greater in high-WMC individu-

als, which suggests that they are more able to constrain

processing of task-irrelevant sound. Similar results have

been found for the primary auditory cortex: When visual-

verbal task load is high the primary auditory cortex is deac-

tivated (Regenbogen et al., 2012). Taken together, high-

WMC individuals appear to have a superior ability to

modulate the auditory-perceptual filter in comparison with

their low capacity counterparts at early (subcortical) and at

late (cortical) processing stages.

A neurocognitive task-engagement/distraction
trade-off model
Variations in task difficulty and variations in WMC seem to

have functionally similar consequences for distractibility. We

argue that they both operate on the same psychological con-

structs: the steadfastness of the locus of attention and the

sensory gating of task-irrelevant information. However, an

important difference between task difficulty manipulations

and individual differences in WMC is that a manipulation of

task difficulty influences the current “state” of these con-

structs (e.g., a high task difficulty leads to a more steadfast

locus of attention and a more constrained gating of task-

irrelevant information) whilst individual differences in

WMC reflect a “trait” characteristic of the participants

(Ilkowska & Engle, 2010). Individual differences in WMC

set the limit for how steadfast the locus of attention and how

constrained sensory gating can be for a specific person.

WMC as a person-specific “trait” must be distinguished

from other views of the “working memory” concept in order

to understand the role of WMC in distractibility. One defini-

tion of working memory is that it is the ability to maintain and

manipulate information in immediate memory (D’Esposito,

2007). Working memory, defined this way, plays a role in

distractibility (de Fockert, 2013). For instance, loading the

contents of working memory (i.e., requesting participants to

maintain items in immediate memory) while simultaneously

performing another unrelated task (e.g., visual search) makes

people more susceptible to distraction (as measured by the

cost of presenting distracters in the visual search task to the

time it takes to find a target) in comparison with a condition

with lower working memory load (Lavie, 2010). Here, we

argue that the correlations observed between WMC (as mea-

sured using complex-span tasks or similar tasks) and indi-

vidual differences in distractibility are not reflecting working

memory load. The advantage in high-WMC individuals is,

hence, not that they more easily can handle difficult tasks

(i.e., because they are less cognitively loaded), but rather that

they can reach higher states of focal-task engagement (i.e., a

more steadfast locus of attention and a more constrained

sensory gating of irrelevant materials). For example, it is

difficult to explain why WMC predicts habituation rate in the

context of the classic oddball paradigm (Sörqvist et al.,

2012b)—a task that requires speeded classification of the

direction of visually presented arrows, which involves very

little load on working memory even for low-WMC individu-

als—from the perspective that the advantage of high-WMC

individuals is in lower working memory load. Likewise, it is

difficult to see why the difference in magnitude of the audi-

tory brainstem response to a task-irrelevant background

sound, between a one-back version and a three-back version

of a visual-verbal n-back task, is larger in high-WMC indi-

viduals (Sörqvist, Stenfelt, & Rönnberg, 2012). From a

working memory load perspective, the difference in task

difficulty (or cognitive load) between the one- and the three-

back version should be larger for low-WMC individuals.

On a further note, individual differences in WMC may be

associated with distractibility in its relation to selective

attention abilities (i.e., the steadfastness of the locus of atten-

tion and sensory gating of task-irrelevant information) by

overruling the manifestation of distraction, and in its relation

to compensation processes after distraction has already been

manifested. For example, high-WMC individuals are better

able to search for items in secondary memory that have been

lost from primary memory due to distraction (Unsworth &

Engle, 2007). The relation to postdistraction compensatory

abilities may explain why WMC supports listening in noisy

environments in which lost information in the signal has to

be compensated for by, for example, access to long-term

memory representations (i.e., postdictive processes that

support listening). Moreover, predictions about the target

speech can be helped by a working memory system that can

hold hypotheses online (i.e., predictive processes that

support listening). In all, the ability to process (and compre-

hend) a target signal (such as speech) is working memory

dependent, particularly in noisy environments (Rönnberg

et al., 2013). A key difference between this perspective and

the objectives of the present article is the role for WMC in

target processing, on the one hand, and the role for WMC in
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distracter processing on the other. Here, we restrict our dis-

cussion of the role for WMC in selective attention abilities

and the suppression of the task-irrelevant information.

Figure 1 illustrates a neurocognitive task-engagement/

distraction trade-off (TEDTOFF) model that summarizes

what has been said up until this point about the role for

WMC in selective attention. The model defines focal-task

engagement as a continuum across which the steadfastness

of the locus of attention and sensory gating of task-irrelevant

information can vary. Focal-task engagement can be

manipulated by changing task difficulty (cognitive load and

perceptual load) and the person-specific cap for focal-task

engagement is set by individual differences in WMC (e.g.,

Halin et al., 2013; Hughes et al., 2013; Sörqvist, Stenfelt, &

Rönnberg, 2012). As mentioned above, WMC is typically

assessed using a complex-span task that combines storage

and recall of a set of items with a distracter activity. Accord-

ingly, both storage (e.g., maintaining items in short-term

memory) and cognitive control abilities (e.g., suppression of

items from previous trials) contribute to the person-specific

task score, and the WMC construct is a conglomeration of

these abilities (Sörqvist, Ljungberg, & Ljung, 2010). Whilst

the storage component of WMC seems to have its neural

basis in the parietal areas (e.g., Braver et al., 1997;

Rönnberg, Rudner, & Ingvar, 2004), the cognitive control

component of WMC has its neural basis in the prefrontal

cortex (Cabeza & Nyberg, 2000; D’Esposito et al., 1995;

Kane & Engle, 2002). However, they are related. For

instance, higher storage load (i.e., a need to maintain more

items simultaneously in short-term memory) increases pre-

frontal cortex activity (Braver et al., 1997). The TEDTOFF

model assumes that the cognitive control component of

WMC (i.e., the prefrontal cortex) is responsible for indi-

vidual differences in the ability to shield oneself from dis-

traction as the prefrontal cortex is involved in top-down

modulation and preparation of stimulus-selective sensory

cortices (e.g., Gazzaley & Nobre, 2011; Hopfinger,

Buonocore, & Mangun, 2000; Woldorff et al., 1993; Zanto,

Figure 1. The neurocognitive task-engagement/distraction trade-off (TEDTOFF) model of working memory capacity and cross-modal auditory distraction.
Task difficulty and individual differences in working memory capacity determine the state of focal-task engagement (i.e., the size of the attentional span and
the steadfastness of the locus of attention). The filtering of the task-irrelevant information takes place at early (and late) processing stages. A narrower
attentional span makes background sound gain less access to later, cortical processing stages.
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Rubens, Thangavel, & Gazzaley, 2011). More specifically,

WMC orchestrates networks that (a) lock attention to the

focal target material in other cortex areas (e.g., parietal

cortex) and (b) influences auditory-sensory gating by modu-

lating subcortical (i.e., the brainstem) and cortical (i.e., the

auditory cortex) neural responsiveness to external stimuli.

Some criticism and methodological
considerations
Resource theories have long since been questioned for their

circularity (e.g., Navon, 1984). The TEDTOFF model also

belongs to the family of resource theories and, hence, it can

be argued that the model is ultimately circular and therefore

logically flawed. For example, if participants are less dis-

tracted by background sound in a specific experimental con-

dition (e.g., when reading a text with a hard-to-read font),

wherein it is assumed that the task is difficult, in comparison

with another experimental condition (e.g., when reading a

text in an easy-to-read font), wherein it is assumed that the

task is easy, the results would support the model. Yet, if there

is no independent measure of task difficulty that ensures that

the difficulty manipulation was successful, the reasoning is

circular. Because of this, it is methodologically important to

measure the success of the experimental manipulation when

conducting experiments to test these ideas. This can be done,

for example, through self-reports (e.g., asking the partici-

pants to rate the difficulty of the tasks in the various task

difficulty conditions) and through pupilometric techniques

(because an increase in pupilometric size indicates increased

effort; Koelewijn, Zekveld, Festen, Rönnberg, & Kramer,

2012). As the basic idea is that high task difficulty protects

against the disruptive effects of background sound on peo-

ple’s ability to carry out that particular task, it is also desir-

able to obtain independent measures of background sound

processing rather than relying entirely on task performance.

One way is to measure sound processing by event-related

potentials (Sörqvist, Stenfelt, & Rönnberg, 2012).

It could also be mentioned that many influential theories

of working memory and selective attention have been ques-

tioned for their circularity, such as Baddeley’s working

memory model (Baddeley & Larsen, 2007; Jones, Hughes,

& Macken, 2007), Craik and Lockhart’s (1972) levels-of-

processing ideas (Baddeley, 1978), and Lavie’s (2010) load

theory (Benoni & Tsal, 2013). Moreover, circular theories

may not be as problematic as once believed (e.g., Brown,

1993; Shogenji, 2000), particularly when Bayesian statistics

are used to analyze the results, as it can quantify the support

for the null hypothesis (Hahn & Oaksford, 2007). Indeed, in

the Bayesian meta-analysis mentioned above, WMC was

found to be unrelated to the changing-state effect (Sörqvist

et al., 2013), a finding that (at least at first glance) questions

the TEDTOFF model. Whether this conclusion holds against

more crucial experimental manipulations (outlined below)

still remains to be tested.

Research directions

One research direction for future studies is to identify asso-

ciations between WMC and neural auditory processing

stages other than the brainstem (Sörqvist, Stenfelt, &

Rönnberg, 2012) and the auditory cortex (Regenbogen et al.,

2012; Tsuchida, Katayama, & Murohashi, 2012; Yurgil &

Golob, 2013). Sound is processed in the inner ear before it

reaches the brainstem and thus WMC could perhaps operate

on auditory processing at even earlier stages. In support for

this assumption, selectively attending a specific sound signal

while deliberately ignoring another, or focusing on a visual

aspect of the environment while ignoring the sound, modu-

lates the outer hair cells’ responsiveness to the to-be-ignored

sound (Bauer & Bayles, 1990; de Boer & Thornton, 2007;

Giard, Collet, Bouchet, & Pernier, 1994; Meric & Collet,

1992; but see Michie, LePage, Solowij, Haller, & Terry,

1996). The outer hair cells are less responsive to ignored

sound than to attended sound. Hence, one hypothesis that

could be tested in future experiments is whether greater

focal-task engagement in the visual modality, as a conse-

quence of higher WMC, is associated with lower activity in

the outer hair cells.

The specifics of the TEDTOFF model outlined in Figure 1

describe how WMC is involved in the processing of back-

ground sound while a visual-verbal task is carried out. One

research direction for the future is to delineate how this

model may be expanded to explain the role for WMC when

the task is auditory in nature. As is well-known, WMC sup-

ports listening and speech comprehension in noisy environ-

ments (e.g., Conway et al., 2001; Rönnberg et al., 2013;

Sörqvist & Rönnberg, 2012) and has been linked to indices

of task difficulty, such as arousal level, in these conditions

(Koelewijn et al., 2012). Furthermore, high WMC protects

against cross-modal (Beaman, 2004) as well as within-modal

semantic auditory distraction (Sörqvist & Rönnberg, 2012).

Also, WMC appears to modulate neural responses to to-be-

ignored sound when the task is to attend to another sound

source. Tsuchida et al. (2012) asked participants to either
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attend to or ignore specific tones in a sound stream. They

found that the primary auditory cortex is more responsive to

to-be-attended tones in high-WMC individuals and less

responsive to to-be-ignored tones in high-WMC individuals,

in comparison with their low WMC counterparts. Very

similar results have also been reported by Yurgil and Golob

(2013). Thus, the role for WMC in cross-modal auditory

distraction appears to be quite similar to its role in within-

modal auditory distraction (i.e., when both the to-be-

attended and the to-be-ignored information is sound). One

starting point could be to use a dichotic listening paradigm

(Conway et al., 2001) and manipulate the perceptual load in

the to-be-attended channel (e.g., by manipulating the signal-

to-noise ratio) and measure responsiveness (both neural and

behavioral) to information presented in the to-be-ignored

ear. Higher perceptual load (i.e., higher task difficulty)

should decrease responsiveness to the stimuli in the to-be-

ignored channel, and the magnitude of this effect should be

related to individual differences in WMC.

Another interesting line of research would be to investi-

gate the domain-generality and the direction of the trade-off

between task engagement and distractibility. In the typical

cross-modal paradigm, the task is visual and the sound is to

be ignored (e.g., Macdonald & Lavie, 2011; Zhang, Chen,

Yuan, Zhang, & He, 2006). There are some notable excep-

tions, however, where the task is auditory and the visual

modality is to be ignored. It has, for instance, been shown

that the activity in cortex areas that serve visual processing

decreases when auditory working memory load is increased

(Klemen, Büchel, Bühler, Menz, & Rose, 2010). A more

general version of the TEDTOFF model would predict that

higher cognitive load in the auditory task (e.g., an auditory

version of the n-back task) would protect against the poten-

tially disruptive effects of unexpected information presented

in the visual modality.

In this context, it would be useful to discuss differences

and similarities between the TEDTOFF model and Lavie’s

(2010) load theory. According to the load theory, cognitive

load (i.e., maintaining items in working memory) increases

distractibility, whereas perceptual load (i.e., difficulty iden-

tifying the target materials) decreases distractibility. Whilst

the load theory and the TEDTOFF model agree on the

assumption that perceptual load should decrease distractibil-

ity, the models disagree on the assumption that cognitive load

makes people more susceptible to distraction, because the

TEDTOFF model assumes that higher task difficulty—

whether it is manipulated through perceptual load or through

cognitive load—protects against distraction. An experiment

that would differentiate between the two views is to use a

dichotic listening paradigm and manipulate cognitive load by

presenting an auditory version of an n-back task in the to-be-

attended channel and measure responsiveness to the stimuli

in the to-be-ignored channel. The TEDTOFF model predicts

that distractibility should become smaller when cognitive

load is increased. It should be noted, though, that studies

demonstrating that cognitive load can increase distractibility

typically involve a dual-task setting wherein cognitive load is

manipulated by requesting participants to maintain items in

working memory (e.g., one item in the low load condition and

four items in the high load condition) while they simultane-

ously carry out an unrelated task (e.g., visual search) and the

cost of cognitive load is measured by the effects of attention

capture on the unrelated task (e.g., Lavie, Hirst, de Fockert, &

Viding, 2004). The TEDTOFF model assumes that higher

cognitive load protects against distraction to the particular

task for which cognitive load is high, because the higher

cognitive load (i.e., higher task difficulty) increases focal-

task engagement (i.e., locks attention to the task materials

and attenuates extratask information processing).

Another research direction is to test the generality of the

TEDTOFF model to various forms of cross-modal auditory

distraction. Hughes et al. (2013) have shown that the devia-

tion effect is abolished when the to-be-recalled items are

masked by visual noise. Warning the participants prior to the

trial has the same effect: they abolish the deviation effect.

The authors’ interpretation of these findings is that visual

noise (i.e., perceptual load) and warnings increase focal-task

engagement, which results in a more steadfast locus of atten-

tion and, consequently, a smaller susceptibility to the devia-

tion effect. In contrast, the changing-state effect resisted the

focal-task engagement manipulations. This is in line with the

assumption that the changing-state effect is not a conse-

quence of sound capturing attention but rather a conse-

quence of automatic interference as an inevitable byproduct

of perceptual organization processes (Hughes et al., 2007;

Macken et al., 2009). However, these results challenge the

TEDTOFF model, as the model predicts that higher task

difficulty modulates auditory-sensory gating. A more con-

strained processing of the background sound should influ-

ence how much (order) information is abstracted from the

sound and thus attenuate the magnitude of the changing-state

effect. One possibility is that the state of focal-task engage-

ment, induced by masking visual noise or warning manipu-

lations, was too lenient to abolish the changing-state effect.
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If combined, however, visual noise and warnings may,

together, make the participant reach a high enough state

of focal-task engagement to overrule the changing-state

effect, particularly in high-WMC individuals (as the task-

engagement ceiling is higher in these individuals).

The TEDTOFF model may also have implications for

research fields other than distraction. For instance, higher

task difficulty should abolish (or at least attenuate) incidental

learning from information presented in the background

environment, as the background information is filtered/

suppressed. For example, people have better (incidental)

memory of irrelevant words spoken in the background that

are related to the current processing intentions (Marsh,

Cook, Meeks, Clark-Foos, & Hicks, 2007). Memory of the

task-irrelevant words should be abolished with higher task

difficulty, particularly in high-WMC individuals. Similarly,

when undertaking a visual task in the presence of back-

ground sound, people form expectations of future sound

events as a result of incidental auditory sequence learning

(e.g., Nöstl, Marsh, & Sörqvist, 2012; Parmentier, Elsley,

Andrés, & Barceló, 2011). The TEDTOFF model predicts

that learning should be abolished when engagement in the

visual task increases and suggests that high-WMC individu-

als may be learning less from the background sound.

Finally, the TEDTOFF model delineates several applied

lines of research. One is clinical research. It may, for instance,

be used as a framework for understanding distractibility in

persons with attentional engagement deficits as in schizo-

phrenia (Reilly, Harris, Khine, Keshavan, & Sweeney, 2007)

and ADHD (Gumenyuk et al., 2005) and the model points

toward techniques for how to help these individuals overcome

distraction. A second area of applied research concerns

human factors. Mind-wandering is a major source of acci-

dents (e.g., He, Becic, Lee, & McCarley, 2011), but can be

prevented through perceptual load (Forster & Lavie, 2009)

and top-down executive control (Kane et al., 2007). The

TEDTOFF model provides a framework for understanding

how task difficulty manipulations can be used to prevent mind

wandering and, in extension, potential accidents. A third field

of applied research is the consequences of environmental

noise. Noise is a pervasive source of stress and performance

decrements (A. Smith, 2012; Szalma & Hancock, 2011) as it

impairs many office- and school-related abilities such as

writing (Sörqvist, Nöstl, & Halin, 2012a), reading compre-

hension (Ljung, Sörqvist, & Hygge, 2009; Sörqvist, Halin, &

Hygge, 2010), and long-term memory (Hygge, Evans, &

Bullinger, 2002; Sörqvist, 2010a). A generally accepted view

is that high cognitive load is bad for learning and performance

(Sweller, 1994). However, disfluency can sometimes facili-

tate learning (Diemand-Yauman, Oppenheimer, & Vaughan,

2010) and cognitive load can have other positive effects such

as facilitating physiological restoration processes (Bosch

et al., 2012). In line with the positive effects of cognitive load,

the TEDTOFF model predicts that high cognitive load should

facilitate learning, particularly in noisy environments, as

higher task difficulty attenuates distraction (Halin et al.,

2013). In general, theTEDTOFF model provides a framework

for investigating individual differences in desirable difficul-

ties in noisy and potentially distracting environments.
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