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Abstract

All of us are familiar with the negative impact of interference on achieving our task goals. We are

referring to interference by information, which either impinges on our senses from an external

environmental source or is internally generated by our thoughts. Informed by more than a decade

of research on the cognitive and neural processing of interference, we have developed a

framework for understanding how interference impacts our neural systems and especially how it is

regulated and suppressed during efficient on-task performance. Importantly, externally and

internally generated interferences have distinct neural signatures, and further, distinct neural

processing emerges depending on whether individuals must ignore and suppress the interference,

as for distractions, or engage with them in a secondary task, as during multitasking. Here, we

elaborate on this cognitive framework and how it changes throughout the human lifespan,

focusing mostly on research evidence from younger adults and comparing these findings to data

from older adults, children, and cognitively impaired populations. With insights gleaned from our

growing understanding, we then describe three novel translational efforts in our lab directed at

improving distinct aspects of interference resolution using cognitive training. Critically, these

training approaches were specifically developed to target improved interference resolution based

on neuroplasticity principles and have shown much success in randomized controlled first version

evaluations in healthy aging. Our results show not only on-task training improvements but also

robust generalization of benefit to other cognitive control abilities. This research showcases how

an in-depth understanding of neural mechanisms can then inform the development of effective

deficit-targeted interventions, which can in turn benefit both healthy and cognitively impaired

populations.
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1 INTRODUCTION

In our modern-day environment, we are immersed in digital media and related mobile

technologies that constantly barrage us with an overload of sensory information. More than

ever before, there are constant cognitive demands on our neural systems to selectively attend

to sensory inputs that are relevant to immediate goals and critically to ignore or minimize

the priority of other interfering sources of information. Those individuals who can

successfully identify and prioritize relevant information over interference are able to achieve

planned goals and function efficiently in demanding cognitive settings. Understanding

cognitive functions that allow us to integrate with our complex world in a goal-directed way

is the domain of top-down cognitive control research (Bar, 2003; Corbetta and Shulman,

2002; Frith, 2001).

More than a decade of research in the Gazzaley laboratory has revealed that the two sides of

top-down control, enhancement of goal-relevant inputs versus suppression of interference,

are both equally important and notably are distinct in their underlying neural mechanisms

(Clapp et al., 2010, 2011; Gazzaley et al., 2005a, 2008; Zanto et al., 2010). This emerging

research recently inspired a new framework for the characterization of interference (Fig. 1,

Clapp and Gazzaley, 2012). Per this framework, interference can be generated from either

external or internal information sources. External interference occurs from environmental

sensory stimuli and can be further classified into “distractions” and “interruptions.”

Distractions are to-be-ignored sensory information, like the background chatter when

working at a café. Interruptions are external stimuli that need to be attended but are of

secondary priority in our top-down goal sets. Interaction with interruptions while attending

to primary goal-relevant stimuli qualifies as multitasking, such as may occur when

conversing with a copassenger while driving a car. Indeed, research described in the

following sections has shown that distractions and interruptions have distinct neural

processing. Importantly, this framework has helped clarify prior research in the field that

had generated confusing results when both types of external interference were

interchangeably employed in cognitive paradigms.

Similar to external interference, internal interference can also be classified either as

irrelevant internal distractions termed “intrusions,” as may occur during mind-wandering or

daydreaming, or as internal interruptions (i.e., “diversions”) that engage cognitive systems

while another primary goal-relevant task is being performed. Planning today’s dinner while

reading this chapter is an example of an internal diversion, which like external interruptions

involves attempts at multitasking. Note that an understanding of the neural mechanisms that

subserve internal interference processing is still a nascent field. While many new studies

suggest that internal interference engages a known default mode network (DMN) in the

brain (i.e., specific brain regions that are more active during non-task-oriented behaviors;

Andrews-Hanna, 2012; Buckner et al., 2008), the exact neural signatures that distinguish

internal intrusions versus diversions require sophisticated methodologies such as predictive

pattern classification algorithms and are yet to be fully determined.

The following sections serve as an introduction to the basis of the impact of different kinds

of interference on human performance. Note that either external or internal interference can

Mishra et al. Page 2

Prog Brain Res. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



occur while one is engaged in either an external or internal goal-relevant primary task. For

example, the primary task could be an immediate discrimination task in which individuals

must accurately and rapidly respond to relevant stimuli that occur sequentially or

simultaneously intermixed with irrelevant inputs, such as taking possession of the ball in a

soccer game and making a speedy sensorimotor decision that leads to a goal score in the

face of interference from the opponent team. Or the primary task could be a working

memory (WM) task that requires maintenance and manipulation of information in mind for

short time periods, such as remembering a phone number until the end of a conversation.

Alternatively, the primary task could even stretch over longer time scales, drawing on long-

term memory (LTM), where stimulus information is maintained over several minutes to

hours, while other tasks occur in the interim. Here, we review evidence for interference

during each of these multi-time scale cognitive operations: discrimination, WM, and LTM.

Note that the research reviewed here is from the standpoint of behavioral and underlying

neural performance, that is, neural mechanisms that enable the observed behavioral

outcomes. Considering young healthy 20–30-year-old adults as a reference point, we review

evidence for modified interference resolution abilities in older age and in children. The

second portion of the chapter focuses on novel cognitive training strategies that we have

developed as guided by our understanding of interference processing in the brain and the

first set of evidence of the effectiveness of these novel approaches.

2 EXTERNAL INTERFERENCE RESOLUTION ACROSS THE LIFESPAN

2.1 Healthy young adults

Almost a decade ago, Gazzaley et al. (2005a,b, 2008) introduced a novel WM paradigm

involving delayed recognition, which was used to assess behavioral performance and neural

processing of goal-irrelevant distracting images presented in an intermixed sequence with

relevant stimuli. An important component of this paradigm was a passive viewing condition,

which allowed comparison of neural modulations elicited to attended and ignored stimuli

relative to a baseline. These studies showed that healthy young adults enhance sensory

neural processing when encoding goal-relevant stimuli relative to passive viewing and

further suppress neural activity to irrelevant stimuli. Further, both the magnitude of neural

activity and the speed of neural processing were modulated by top-down influences

(Gazzaley et al., 2005b). These findings were consistent in fMRI-based BOLD (blood

oxygen level-dependent) neural activity in visual cortex and in early sensory ERPs (event-

related potentials) and in frontal theta oscillations, which mark top-down engagement with

relevant versus irrelevant information.

A more recent study investigated fMRI functional connectivity during a modified version of

this experimental paradigm, which used overlapping relevant and irrelevant stimuli

presented simultaneously (Chadick and Gazzaley, 2011). This study showed distinct and

dynamic cortical connectivity between sensory and prefrontal cortices based on task goals.

Relevant stimuli engaged neural connections between sensory and frontoparietal networks,

while irrelevant stimuli simultaneously coupled sensory and DMNs. Zanto and Gazzaley

(2009) further demonstrated the ecological importance of the neural findings, as optimal

WM performance within individuals was related to the extent of neural interference
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suppression. Finally, Zanto et al. (2011) tightened this neurobehavioral relationship by

showing a causal link between prefrontal-mediated modulation of the visual cortex activity

during stimulus encoding and WM accuracy, as revealed by a TMS (transcranial magnetic

stimulation)-induced perturbation of the inferior frontal junction (IFJ). Note that prior

research also found IFJ to be a critical site for cognitive control of interference (Brass and

von Cramon, 2004; Brass et al., 2005; Bunge, 2004).

Clapp et al. (2010, 2011) used a different experimental design to probe both types of

external interference, distractions and interruptions, introduced during the delay period of a

WM task. Again, comparisons to a passive baseline were integral to the study. Performance

measures revealed that WM accuracy was significantly reduced in the setting of distraction

and even worse when interrupted by another task. Neural data showed suppressed early

visual processing of ignored distractions in young adults. In contrast, neural activity to

interruptions, which served as stimuli for a secondary discrimination task, was enhanced.

Recently, we replicated these findings for intrasensory interference during auditory WM

(Mishra et al., 2013). Using fMRI-based functional connectivity analyses, Clapp et al.

(2011) further revealed that at the onset of interruptions, connectivity in a visual (visual

association cortex, VAC)–prefrontal (middle frontal gyrus, MFG) memory maintenance

network was disrupted and dynamically reallocated to the attended interruptor. The memory

maintenance network was then reengaged at interruptor offset. Further, the extent of

attention-related enhancement to the interruptor directly correlated with reduced WM

performance accuracy, revealing how neural network dynamics shape cognitive operations

in the face of interference.

Finally, Wais et al. (2010) demonstrated the negative impact of distractions on LTM.

Participants encoded a study list of items and were later probed regarding recognition of

these items. Visual distractors during the recall phase significantly reduced LTM accuracy.

Neurally, diminished recollection was associated with the disruption of functional

connectivity in a network involving the left IFG, hippocampus, and VAC. The authors

concluded that bottom-up influences from visual distractions interfere with the top-down

selection of episodic details mediated by a capacity-limited frontal control region, resulting

in impaired recollection. Subsequently, Wais and Gazzaley (2011) showed a similar impact

of auditory distractions on LTM.

Overall, these studies characterize the impact of external interference on cognition in young

adults. To put this research in context of everyday function, there is growing concern that

the constant presence of media in our daily lives is distracting and diminishing task

productivity. Indeed, a recent study investigated cognition in young adults as a factor of

their media-multitasking index (MMI; Ophir et al., 2009). The MMI probed how often

individuals engaged with more than one form of media simultaneously including print

media, television, online videos, music, nonmusical audio, video games, phone calls, instant

and text messaging, email, web-surfing, and other computer-based applications. Individuals

with high MMIs were significantly more susceptible to interference from irrelevant stimuli

in cognitive tasks and could not filter out interference in memory, relative to those with low

MMIs. Note that while these findings show that high media multitasking is associated with
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poor interference resolution as also recently shown by Sanbonmatsu et al. (2013), this

evidence is not causal.

In contrast to media multitasking, engagement with a single form of media for extended

periods of time and its impact on cognitive control abilities have been extensively studied

for action video games (AVGs). Young adults who are AVG experts (i.e., engage in AVGs

for >5 h per week) have been consistently shown to have superior attention capacities (Dye

et al., 2009; Green and Bavelier, 2003). Interestingly, the neural basis of this superior

performance was shown to be enhanced suppression of distracting sensory information

compared to neural activity in nongamers (Mishra et al., 2011). Of course, from these

findings alone, one must not infer that in order to develop superior interference suppression

capacities, one must play AVGs. This is especially the case as commercial AVGs have

much violent content that has raised popular concern about the negative impact on social

affect. Such concern, however, is not completely based on research. In fact, increasing

video-game play over the last few years has been associated with declining crime rates,

speculated to be due to availability of a safe alternate avenue to vent real-life frustration in

action game play (Puzzanchera et al., 2011). While it was serendipitous that commercial

AVGs were found to benefit attention, they are likely unsuitable as therapeutics because

game dynamics are developed to maximally immerse the user, but are not targeted to

specifically influence or improve neural function. Targeted therapeutics that can selectively

address neural, cognitive, and behavioral deficits are an urgent need; we discuss our first

interventions that address interference suppression in the second half of this chapter. The

next subsection describes alterations in interference processing in healthy aging, which has

been a focus area in the Gazzaley laboratory. We then review a few related studies in this

field in healthy child populations and briefly describe the status of interference suppression

in diverse neuropsychiatric populations.

2.2 Healthy older adults

Several studies from the Gazzaley lab have now supported deficits in interference resolution

as a neural processing impairment in healthy aging (Gazzaley, 2013). In fact, poor

suppression of irrelevant information is postulated to underlie the diverse cognitive deficits

observed in aging spanning multiple functional domains, including perception, attention,

WM, LTM, and action (Hasher et al., 1999). For example, older adults do not suppress

sensory neural processing of irrelevant information during WM encoding (Gazzaley et al.,

2005a, 2008; Zanto et al., 2010) and are susceptible to distractions during WM retention

periods (Clapp and Gazzaley, 2012). Clapp et al. (2011) showed that similar to younger

adults, older adults also engage active sensory–prefrontal memory maintenance networks

that disengage when an interruptor is presented. Notably, however, these networks in older

adults fail to reengage post-interruption, with prefrontal control regions remaining

functionally connected to the interruptor, even though it is no longer relevant. Cashdollar et

al. (2013) behaviorally characterized a prolonged association with distractors to be several

hundreds of milliseconds longer in aging, negatively impacting the processing of

postinterference-relevant inputs. Finally, our lab has also characterized selective age-related

deficits in motor inhibition processes and showed that they seem to be distinct from the

sensory inhibition deficits (Anguera and Gazzaley, 2011). A recent placebo-controlled study
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of a cholinergic enhancer (Donepezil) showed that older adults with mild cognitive

impairments regain interference suppression function and neural network connectivity with

boosted cholinergic transmission (Pa et al., 2013), suggesting a neurochemical basis of the

suppression deficits.

Of note, not all external interference processing seems to be impaired in aging. For example,

we did not find a greater impact of distractions and interruptions in the auditory modality in

older relative to younger adults (Mishra et al., 2013). Older adults also perform equivalently

to younger adults in a multisensory setting, even when the audiovisual stimulus content is

incongruent/conflicting across the two sensory domains (Mishra and Gazzaley, 2013).

Neural data in the audiovisual paradigm, however, suggest that while older adults on

average perform as well as younger adults, only high-performing older adults exhibit

preserved neural signatures with aging. An audiovisual WM task version with irrelevant

stimuli from the auditory modality interleaved between relevant visual stimuli or vice versa

also did not reveal an age-related cross-modal suppression deficit (Guerreiro et al.,

submitted for publication). In general, evidence from these studies agrees with prior cross-

modal research in aging, which consistently demonstrates preserved multisensory

performance in aging in the face of unisensory cognitive decline, notably in the visual

domain (Hugenschmidt et al., 2009a, 2009b; Laurienti et al., 2006). This body of work

suggests that older adults may benefit most when functioning within multisensory than

unisensory environments.

We have now started to apply targeted and innovative cognitive training approaches in an

effort to remediate deficits in interference resolution observed in older adults. These are

reviewed in the second half of this chapter. The next section focuses on our current

knowledge of interference processing in children.

2.3 Children

Managing sources of external interference during childhood is an emerging societal concern,

especially given the tremendous influx of diverse media technologies in modern times that

can present pernicious sources of goal-irrelevant interference (Bavelier et al., 2010; Healy,

1998; Jordan, 2004; Schmidt and Vandewater, 2008). Some research even suggests

associations between diagnoses of attention-deficit hyperactivity disorder (ADHD) and

media use, although this evidence is far from certain (Acevedo-Polakovich et al., 2006;

Chan and Rabinowitz, 2006; Milich and Lorch, 1994). The American Academy of Pediatrics

recommends limiting media exposure in children to 2 h per day or less based on findings

that elevated media use is associated with poor physical, cognitive, and social development

and academic underperformance in children (Johnson et al., 2007; Junco, 2011; Junco and

Cotten, 2011, 2012; Ozmert et al., 2002). From a neurodevelopmental standpoint, the cortex

does not attain full capacity to manage interference until late adolescence/young adulthood

(Giedd, 2012; Hagen and Hale, 1974; Harnishfeger and Bjorklund, 1994; Leon-Carrion et

al., 2004; Spronk and Jonkman, 2012), which makes neural systems all the more prone to

the negative impacts of heightened exposure to interference. Indeed, a recent study showed

that teenagers intentionally engage with sources of interference, such as texting and
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Facebook, even in an observed study environment, which ultimately was associated with

poor outcomes on their academic learning (Rosen et al., 2013).

The interference framework that was recently proposed in adults (Clapp et al., 2010) still

remains to be neurophysiologically investigated in children. In a first replication of the WM

paradigm introduced by Gazzaley et al. (2005a), Wendelken et al. (2011) showed enhanced

fMRI-based BOLD activations for task-relevant stimuli in stimulus-selective visual cortex

and in dorsolateral pre-frontal cortex (DLPFC). The strength of these activations increased

with age from 8 to 14 years, as did improvements in WM accuracy. In contrast to the young

and older adult studies, however, this study did not show modulations in irrelevant-stimulus

processing, suggesting this critical cognitive operation may be underdeveloped in children.

This is not too surprising as top-down control regions, such as the DLPFC, demonstrate

particularly delayed maturation in terms of cortical thickness (Gogtay et al., 2004). Further

myelination processes, white matter tract development, and increases in tract coherence

progressively advance throughout middle childhood and young adulthood (Barnea-Goraly et

al., 2005; Giedd, 2004). Putting these significant developmental structural changes in

perspective, much future work is needed to understand interference processing and

suppression abilities in developing brains. Finally, we note that future research on neural

interference suppression during development is even more imperative from the standpoint of

crucial deficits in this ability in various young special needs populations such as ADHD

(Minear and Shah, 2006) and autism (Adams and Jarrold, 2012; Allen and Courchesne,

2001; Marco et al., 2011). An understanding of the underlying neural correlates and

processing deficits in these neural systems would become important targets for future

therapeutic remediation.

3 INTERNAL INTERFERENCE RESOLUTION ACROSS THE LIFESPAN

3.1 Healthy young adults

Just as goal-directed activities can be derailed by interference from irrelevant stimuli in the

external environment, interference can also arise from the internal milieu in the form of

intrusive thoughts, emotions, and urges (Beauregard et al., 2001; Christoff et al., 2009;

Dolcos and McCarthy, 2006; Kane et al., 2007; Mason et al., 2007). Following our

framework for categorizing different types of external interference, internal interference can

also be categorized in a similar manner as either intrusions that parallel external distractions

or diversions that parallel external interruptions. Again, the fundamental distinction between

intrusions and diversions is the degree of intentionality: intrusions occur spontaneously,

often without awareness, while diversions represent volitional thoughts that we entertain

while also attempting to complete another task or behavior.

The vast majority of research on internal interference has focused on what we refer to as

internal distractions or intrusions. The terminology that appears in the literature, however, is

far from standardized. Intrusions have been conceptualized as “mind-wandering” (Mason et

al., 2007; Smallwood and Schooler, 2006), “stimulus-independent thought” (Teasdale et al.,

1995), “self-generated thought” (Callard et al., 2012), “task-unrelated thought” (Fransson,

2006), “spontaneous cognition” (Andrews-Hanna et al., 2010), “self-focused attention”

(Gentili et al., 2009), “introspectively oriented thought” (Fransson, 2005), and more
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indirectly as “spontaneous fluctuations of attention” (Cohen and Maunsell, 2011). Semantic

differences aside, the fundamental characteristic of internal interference is that attention is

derailed from an original task or goal and instead becomes focused on internal thoughts.

This shift in attentional focus may be either intentional (i.e., diversions) or unintentional

(i.e., intrusions) and can occur with or without awareness.

Studies of the frequency of “mind-wandering” show that between 30% and 50% of our

waking thoughts are “stimulus-independent” or not related to the primary task or goal at

hand (Killingsworth and Gilbert, 2010; McVay et al., 2009; Smilek et al., 2010). These off-

task thoughts occur during almost every type of behavior and task that has been monitored

(Killingsworth and Gilbert, 2010; McVay et al., 2009), and they result in demonstrable costs

in task performance (Smallwood et al., 2007). Internal distractions tend to be

overwhelmingly negative with respect to emotional content (Killingsworth and Gilbert,

2010) and the frequency of mind-wandering is inversely associated to telomere length, a

molecular marker of severe stress and biological aging (Epel et al., 2013).

There is evidence that “mind-wandering” reflects both state-dependent changes in cognitive

status, varying inversely with both task difficulty and arousal (Braboszcz and Delorme,

2011; Smallwood and Schooler, 2006), and trait-level individual differences in executive

function (McVay and Kane, 2010). In general, the frequency of reporting internal

distractions is inversely correlated with executive processes. Mind-wandering increases as

tasks become well practiced (Cunningham et al., 2000; Smallwood et al., 2004); it does not

affect performance on easy, mundane tasks, but negatively impacts tasks that involve

cognitive control such as WM (Teasdale et al., 1995). Further, the frequency of internal

distractions correlates negatively with WM capacity (Kane et al., 2007; Mason et al., 2007;

McVay and Kane, 2009). Finally, individuals with ADHD report more internal distractions

under a variety of conditions (Shaw and Giambra, 1993).

Neuroimaging research has begun to demonstrate some of the neural correlates of internal

distractions, with correlations between mind-wandering and activity in the DMN network as

a primary focus. DMN activity is increased during episodes of mind-wandering (Andrews-

Hanna et al., 2010; Christoff et al., 2009; Preminger et al., 2011) and the general

predilection of participants to mind-wander correlates with increased DMN activity during

cognitive tasks (Christoff et al., 2009; Mason et al., 2007). A recent study further showed

that DMN activity was high during episodes of mind-wandering when the participants were

unaware of the internal distraction but dropped off once the mind-wandering event entered

awareness, at which time activity in frontal cognitive control circuits increased (Christoff et

al., 2009). A subsequent study of functional connectivity showed positive correlations

between DMN activity and cognitive control regions, but a negative correlation with

primary sensory and motor areas (Christoff, 2012). This pattern suggests a decoupling of

sensory and cognitive control cortices during internal distractions—a finding that is also

supported by converging encephalography (EEG) evidence showing attenuated sensory

ERPs during episodes of mind-wandering (Kam et al., 2011).

As internal interference is detrimental to on-task performance, it is an imperative target for

regulation and suppression. In fact, failure to adequately regulate the impact of internal
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interference can lead to significant impairments in cognition, social conduct, and affect

regulation (Beauregard et al., 2001; Dolcos and McCarthy, 2006; Killingsworth and Gilbert,

2010). Pathological failure to regulate this interference likely plays an important role in a

range of mental illnesses (Broyd et al., 2009; Buckner et al., 2008), including ADHD (both

inattentive and hyperactive behaviors, Fassbender et al., 2009), posttraumatic stress disorder

(intrusive recollections triggered by external cues, Pitman et al., 2012; Yehuda and LeDoux,

2007), major depressive disorder (ruminations and impairments in cognition and attention),

traumatic brain injury (executive function deficits), obsessive compulsive disorder

(uncontrollable anxieties/obsessions and compulsive behaviors), and substance dependence

disorders (uncontrollable cravings and contextual triggers for relapse; Sayette et al., 2010).

Because of this vulnerability to disease or trauma, there is much future research needed to

understand the capacity and plasticity of internal interference regulation systems, especially

for developing targeted interventions that remediate deficits in these regulation processes.

3.2 Healthy older adults

Healthy older adults represent one nonclinical population that has been somewhat better

characterized in terms of their susceptibility to internal distractions (Giambra, 1989; Jackson

and Balota, 2012; McVay et al., 2013). It is well documented that healthy older adults show

decreased WM capacity and deficits in executive control (Braver and Barch, 2002; Gazzaley

and D’Esposito, 2007; Salthouse, 1994; Ziegler et al., 2010) and in external distractor

suppression (Gazzaley, 2013). Thus, if mind-wandering is inversely related to executive

function, we might predict an increased susceptibility of older adults to internal distractions.

Surprisingly, several studies have shown that older adults report significantly fewer internal

distractions on a variety of tasks (Giambra, 1989; Jackson and Balota, 2012; McVay et al.,

2013). One interpretation of these findings is that older adults have insufficient resources to

maintain both task-relevant and task-irrelevant thoughts; this notion is consistent with the

view that mind-wandering results from failures of cognitive control.

3.3 Children

Very few studies have explored the frequency and nature of internal interference in children.

A major hurdle to studying this phenomenon is the potential lack of meta-cognitive insight

in children about the target of their attentional focus, although children do appear to have

some intuition about the concept of mind-wandering as early as 5½ years of age (Flavell and

Flavell, 2004). Early studies that used the Imaginal Processes Inventory to assess mind-

wandering and daydreaming found that high school students reported more daydreaming

(i.e., intentional diversions as per our framework) but less uncontrolled mind-wandering,

when compared to older college students (Taylor et al., 1978). Further, emergence of

“constructive daydreaming” and a more positive attitude toward daydreaming occurs

between the ages of 5 and 10 (Gold and Henderson, 1990; Henderson and Gold, 1983).

More recent studies have sought to assess internal interference by examining relative

activity within the DMN during development (Immordino-Yang et al., 2012). In children

between 8 and 14 years of age, DMN activity decreased as task demands increased; further,

children with ADHD failed to show this deactivation (Fassbender et al., 2009). Children

with ADHD showed significantly greater levels of behavioral variability, and this variability

was inversely correlated with the degree of DMN deactivation. Converging evidence comes
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from a study that found that children with ADHD had reduced resting state functional

connectivity between DMN regions (Fair et al., 2010). These studies demonstrate the critical

importance of the DMN for the regulation of internal interference and again point to a

potential neural target for the remediation of deficient interference control in clinical

populations such as ADHD.

Having described the recently developed cognitive framework for interference resolution

and the impact of interference across the lifespan, we now transition to reviewing novel

intervention strategies in this domain. We recently developed these interventions in an

attempt to remediate deficits in interference resolution in a targeted manner.

4 NEUROPLASTICITY-TARGETED INTERVENTIONS FOR THE RECOVERY

OF DEFICITS IN INTERFERENCE RESOLUTION

It is evident from the research reviewed in the prior section that interference control is a vital

component of cognition at every level of cognitive engagement. Also as noted, poor

interference control is a common deficit in many neuropsychiatrically impaired populations.

Further, the negative impacts of interference seem to be increasing in healthy individuals

living in modern environments that are burgeoning with media and mobile technology.

Currently, no therapeutics exist that selectively and effectively address the problem of poor

interference resolution abilities. Development and scientific evaluation of such

interventions, especially in the form of computerized cognitive training that is accessible to

many people, is a major research emphasis at the Gazzaley laboratory.

Brain plasticity research has shown that it is possible to develop cognitive training

approaches that powerfully drive plasticity of specific neural circuits and can be used to

achieve behavioral and neurological remediation (Anguera et al., 2013; Merzenich and

deCharms, 1996; Merzenich et al., 1991). Such neuroplasticity-targeted training is built on

two important principles: (1) continuous performance feedback and (2) performance-

adaptive modulations of task challenge. Punctuated rewarding feedback is provided to the

trainee throughout training at multiple time scales: on every behavioral trial that lasts a few

seconds, summary feedback at end of every training session block that occurs every few

minutes, daily summary feedback provided at end of each day of training, and finally

feedback related to training progress over multiple days. This elaborate scheme of

performance feedback has been empirically found to be vital for engaging the trainee and

providing them insight into their specific cognitive impairments, which can then be

recovered through performance-adaptive training. Per the second principle, the training is

continuously adaptive to each trainee’s performance capacities. Adaptive mechanics scale

up task challenge when performance is accurate and at reasonably fast response times, while

task challenge is reduced when poor performance is encountered. Importantly, the adaptive

staircase algorithms are set such that on average, the training generates 75–85% correct

performance; at these performance levels, it has been observed that the trainee is optimally

engaged, enjoys training, and has high compliance. Thus, continuous performance feedback

and adaptive task challenge uniquely customize the training to the cognitive status of each

individual. These training principles have been previously applied in successful language

learning programs for dyslexic children in over 3.5 million children worldwide by Scientific

Mishra et al. Page 10

Prog Brain Res. Author manuscript; available in PMC 2014 June 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Learning® (Hayes et al., 2003; Tallal et al., 1996; Temple et al., 2003), in more than

200,000 elderly adults to ameliorate declining cognitive function in old age by Posit

Science® (Anderson et al., 2013; Ball et al., 2010; Mahncke et al., 2006; Smith et al., 2009;

Wolinsky et al., 2013), and in WM training for children with attention deficits developed by

CogMed® (Klingberg, 2010; Rutledge et al., 2012), to name a few. Importantly, however,

cognitive training for interference regulation and suppression has not been directly targeted

in past efforts. Notably, there is a need for training that is specifically targeted to the

interference regulation deficit given that nonspecific brain training programs show little or

no transfer of benefit to these critical cognitive functions, especially in the setting of daily

life cognitive tasks (Owen et al., 2010; Zelinski, 2009).

4.1 Adaptive training to remediate external distractibility in older adults

In a recently completed study, we developed a novel cognitive training approach to

specifically address the issue of heightened distractibility—an impactful cognitive deficit in

aging and in many neuropsychiatric populations (Mishra et al., submitted for publication). A

need for a targeted intervention was evident, since despite previous efforts, no training

approach had resulted in reduced distractibility in aging (Berry et al., 2010; Buitenweg et al.,

2012; van Muijden et al., 2012; Wilkinson and Yang, 2012) or in child populations (Stevens

et al., 2008; Thorell et al., 2009). Of note, Berry et al. (2010) did demonstrate successful

cognitive and neurophysiological improvements as a result of visual perceptual training in

aging. Ten hours of training to discriminate simple visual Gabor patches, which expanded or

contracted within short 50–200 ms display durations, not only improved on-task perception

but also benefitted delayed-recognition WM of untrained dot motion kinematogram stimuli.

Moreover, this transfer of benefit was not just confined to WM behavioral accuracy, neural

evidence showed functional plasticity of early sensory processing of the encoded WM

stimuli within the visual N1 ERP component, which correlated with the performance gains.

Thus, this study was unique in showing robust transfer of benefit in both cognitive

performance and underlying neurophysiology. However, an assay of WM in the presence of

distractions conducted in the study did not yield any transfer effects.

We recently approached the problem of heightened distractibility in aging from a neural

perspective with the goal of training participants to suppress the neural processing of

distracting stimuli via engagement in an environment of progressively increasing distractor

challenge. The way to succeed in such training is to discriminate relevant informative targets

amidst irrelevant distractor nontargets, which resemble the target to a greater and greater

extent as performance improves. The degree of distractor challenge is thus adaptively

determined by the discrimination performance of the trainee on each trial. This adaptive

distractor training was conceptualized in collaboration with Merzenich and colleagues, who

had recently shown that aging rats also exhibit a distractor suppression deficit (de Villers-

Sidani et al., 2010). Intriguingly, this rat study revealed that when aging rats are subjected to

adaptive target training (i.e., progressively increased target challenge amidst a fixed

background of distractors), many age-related cortical processing deficits were recovered, but

with the exception of the distraction suppression deficit, again stressing the need for a

targeted intervention approach.
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We thus embarked on adaptive distractor training in parallel experiments on older rats and

older humans. Training was implemented in the auditory modality, given its greater

feasibility in rats. Thirty-six training sessions were undertaken in both species over a 1-

month training period: 1 h per session in rats and 10 min per session in humans. In each

training session block, the rat or human discriminated a new target tone frequency chosen

pseudorandomly in the 0.4–2 kHz frequency range amidst distractor tones that spanned a

0.2–4 kHz range. A triplet tone sequence was presented on each trial and the trainees

discriminated whether the target tone was present within that sequence. Success was

rewarded by a game score increase in humans and a food reward in rats. Critically, each

trial’s performance led to adaptive modification of the distractor frequency range on the next

trial, which was progressively moved within a ±2 to ±0.1 octave range relative to the target.

At the end of the adaptive distractor training, we observed a 43% and 50% improvement in

target discrimination amidst distractors in rats and human, respectively. This translated to

improvements in octave resolution of large effect sizes (Cohen’s d) of 1.06 in rats and 1.48

in humans. A hits versus false alarms analysis showed that training-related discrimination

improvements were specifically driven by diminished distractor-related false-positive errors,

which reduced by 53% and 36% from onset of training in rats and humans, respectively,

while target hit rate remained constant through training.

The neural plasticity underlying these behavioral effects was analyzed in single-and

multiunit neuronal recordings in anesthetized rats and high-density EEG recordings in

awake humans. Neurons in the rat auditory cortex consistently showed suppression of

distractor responses in the trained but not untrained animals, while target responses

measured to “oddball” deviant stimuli were unaffected. Concomitantly, the tonotopic

organization of the rat auditory cortex was improved in its spectral and spatial response

sensitivity as revealed by sharper neuronal tuning bandwidth measures and reduced spatial

receptive field overlap, respectively. Based on prior literature, it is most likely that the

improvements in the organization of the aging auditory tonotopic map are a direct outcome

of the improved distractor response inhibition at the single neuron level (Zheng and

Knudsen, 1999).

In parallel, the neural population recordings in awake humans analyzed using ERPs showed

that early sensory auditory processing of distractors was selectively attenuated in trained, but

not untrained individuals. Moreover, this sensory modulation (i.e., reduced distractor

processing) directly correlated with improved on-task behavioral performance. In humans,

we had the opportunity to probe top-down engagement with distracting information using

frontal theta oscillations. Early 50–150 ms frontal theta power was indiscriminately

enhanced in repeat assessments in untrained individuals suggesting increased overall, but

non-stimulus-selective engagement in the second versus first assessment. In contrast, trained

individuals showed selective enhancement of target-linked theta while distractor-related

theta remained near pretraining levels. These data suggested selectively restrained top-down

engagement with distractors. In fact, individuals with reduced post- versus pretraining

distractor-related frontal theta also showed the most improved sensory signal-to-noise

contrasts in post- versus pretraining ERPs. This early frontal theta localized to known

cognitive control sites that have been shown to be involved in interference regulation in the
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region of the IFJ (Brass et al., 2005; Zanto et al., 2011). Finally, a close link between the

frontal and sensory regions was revealed by theta phase coherence modulations between

frontal and temporal (auditory sensory) regions at peak activity electrode sites. This phase

coherence was exclusively diminished for distractors posttraining and selectively in trained

older humans. This reduced frontosensory phase coherence for trained distractors was

interpreted as reduced distractor encoding in a functional network that represents task-

relevant targets. These coherence effects are in line with recent research from the lab

showing that sensory cortices encoding task-relevant versus distracting information

preferentially connect with different cognitive control networks, the frontoparietal network

and the DMN, respectively (Chadick and Gazzaley, 2011).

Overall, the neural data demonstrated converging and multiple scales of neural plasticity

exhibited in both rats and humans as a result of adaptive distractor training. The

investigation in anesthetized rats provided insight into pure bottom-up sensory plasticity in

the absence of top-down cognitive control influences. This can be rarely achieved in

humans. The neural findings in humans complemented the results in rat data, showing

evidence for improved sensory distractor suppression posttraining. Human neurophysiology

further highlighted that distractor suppression is a dynamic network process, such that top-

down frontal regulation is intimately modulated along with the observed sensory changes.

Finally, in this study, we evaluated transfer of benefit of the tone-based distractor training in

humans on standard measures of cognitive control, which assayed WM span, delayed WM

recognition accuracy in the presence of interference and sustained attention. WM span was

exclusively benefitted in the training group at an effect size of 0.94; it was notable that these

gains were observed for sequence span of letter and number stimuli despite the fact that the

training used elementary tone stimuli. While the other two cognitive tests did not show

group-level improvements, individual-level benefits were observed such that individuals

who improved most in adaptive distractor training also showed the most gains in sustained

attention and in WM recognition in the presence of interference, thus offering some

evidence of improved interference regulation with training. Overall, this training study

showed how adaptive training can be used to selectively tune deficient neural circuits by

focusing the adaptive task challenge on the deficient neurobehavioral process, here

distractor suppression. This critical insight paves the way for the effective development of

future cognitive training and neurotherapeutic approaches that are selectively targeted to

specific neural dysfunctions.

4.2 A multitasking video game to enhance cognitive control in older adults

In our interference framework, external interruptions are induced by multitasking behavior

that demands the performance of a secondary task concurrently with a primary task. In a

recent study of 174 individuals using a custom-designed, targeted 3D video game,

“NeuroRacer,” we showed a rapid decline in multitasking abilities from ages 20 to 79

(Anguera et al., 2013). “NeuroRacer,” developed in the lab in collaboration with

professional game designers, assessed perceptual discrimination abilities (“Sign” task) with

and without concurrent visuomotor tracking (“Drive” task). The “Sign” task required

discrimination of a specific colored shape target (e.g., a green circle) amidst a rapid

sequential stream of eight other colored shapes that had either one or no common features
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with the target shape. During “Sign and Drive,” the “Sign” task had to be performed

concurrently with the “Drive” task to maintain a car in the center of a winding road using a

joystick (Fig. 2). Concurrent “Sign and Drive” performance was compared to “Sign Only”

performance to generate a multitasking cost index. Multitasking performance was observed

to steadily deteriorate in a linear fashion across the lifespan, with an average cost of −26% in

the second decade of life declining to −65% in the seventh decade.

We then used “NeuroRacer” to investigate if multitasking abilities on the game can be

improved through training. In a randomized controlled trial design, 46 older adults (60–85

years) were assigned to one of three groups: multitasking training (MTT; n =16), single-task

training (STT; n =15) as an active control, or no-contact control (NCC; n =15). Training

involved playing an assigned version of “Neuro-Racer” on a laptop at home for 1 h a day,

three times a week for 4 weeks (12 total hours of training), with all groups returning for 1

month posttraining and 6-month follow-up assessments. The MTT group exclusively

engaged in the “Sign and Drive” condition during the training period, while the STT group

divided their time between a “Sign Only” and a “Drive Only” condition trained separately

on each training day. Thus, MTT and STT groups were matched for all factors except for the

presence of simultaneous interference that only occurred for the MTT group. Training

results showed that multitasking performance costs on the game were significantly reduced

exclusively in the MTT group (−64.2% to −16.2% pre- vs. posttraining cost); interestingly,

these improvements reached levels that were superior to performance of a 20-year-old

cohort that performed a single session of “NeuroRacer” (−36.7% cost, p <0.001). Of note,

training-driven multitasking performance improvements on the game remained stable at a

follow-up assessment 6-month after the completion of training (−21.2% cost at follow-up).

Following the training period, we assessed for generalized improvements in cognitive

control abilities that are known to be impaired in aging on untrained tasks of sustained

attention, divided attention, and WM. We found improvements were exclusively present for

the MTT group for both WM (Clapp et al., 2011) and sustained attention (TOVA;

Greenberg, 1996). These important transfer of benefits from “NeuroRacer” to untrained

cognitive control tasks suggested that a common, underlying mechanism of cognitive

control was challenged and enhanced in the MTT group. Of note, these transfer of benefits

brought about by multitasking in an engaging and immersive 3D video game were of larger

scale than observed for prior dual-task training approaches, which have been implemented in

more sparse environments (Erickson et al., 2007; Lussier et al., 2012).

To assess the neural basis of the performance improvements, we quantified event-related

spectral perturbations (ERSPs) and long-range phase coherence time-locked to the

occurrence of “Signs” in an assessment version of “NeuroRacer” at pre- and posttraining.

We specifically assessed ERSP and frontal–occipital coherence measures in midline frontal

theta (4–7 Hz) oscillations that are a known marker of top-down engagement as shown in

previous studies of WM (Onton et al., 2005) and sustained attention (Sauseng et al., 2007).

Separate analyses for theta band power and coherence each revealed significant 3-way

interactions of condition (“Sign and Drive” and “Sign Only”), X session (pre and post), and

X group (MTT, STT, and NCC), with follow-up analyses indicating that only the MTT

group demonstrated a significant increase from pre- to posttraining in both neural measures
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and exclusively for the “Sign and Drive” condition. Notably, midline frontal theta power,

which was deficient relative to theta observed in a younger cohort (20–29 years), was

enhanced to levels comparable to younger adults selectively in the MTT group. These data

clearly demonstrated that selective neuroplastic changes stemmed from the cognitively

demanding interference between the “Sign” and “Drive” tasks when participants were

motivated to engage in them simultaneously. Coupled with previous findings of increased

midline frontal theta on a variety of cognitive control tasks (Mitchell et al., 2008), our

results support a common neural basis for cognitive control processes, which can be

enhanced by immersion in an adaptive, high-interference environment. This interpretation is

bolstered by evidence indicating that MTT-induced increases in midline frontal theta power

during “Sign and Drive” were positively correlated with improvements in the sustained

attention transfer task (Fig. 3). Thus, MTT-induced enhancement of midline frontal theta

power was associated with generalized benefits on an untrained cognitive control task,

reflecting its utility as a neural signature of plasticity in cognitive control processes.

Parallel research has shown that midline frontal theta power is inversely correlated with

activity in medial prefrontal cortex related to the DMN (Scheeringa et al., 2008). Thus, it

can be hypothesized that “NeuroRacer” may benefit cognitive control by improving the

ability of older adults to suppress the DMN during task engagement, a process known to be

compromised in aging (Damoiseaux et al., 2008). Future neurophysiological and

neurochemical studies are imperative to clarify the causal relation between medial prefrontal

activity and the robust performance gains observed here. Overall, the large and sustained

reduction in multitasking costs and the generalization of benefits to untrained cognitive

control abilities evidenced in our immersive, interference-laden video-game training

emphasize the importance of deficit- and circuit-targeted neurotherapeutic approaches to

treat clinical populations with deficient cognitive control (e.g., ADHD, depression, and

dementia).

4.3 Enhancing self-regulation of internal distractions

Very few studies have examined the potential for training humans to improve their ability to

self-regulate against the negative impact of internal interference. A recent study examined

the efficacy of a 2-week mindfulness training course in improving on-task performance and

reducing episodes of mind-wandering (Mrazek et al., 2013). Compared to a control group

that completed a nutrition education program, participants in the training group showed a

significant decline in the number of task-unrelated thoughts measured using both self-report

and thought probe methods. This decrease in mind-wandering was associated with an

increase in reading comprehension scores and WM capacity, a finding consistent with an

earlier study that showed a negative association between scores on a mindfulness inventory

and the frequency of mind-wandering and attentional lapses on a sustained attention task

(Mrazek et al., 2012). Interestingly, a study of long-term meditators found a dynamic

relationship between time spent practicing concentration meditation and DMN activity:

meditators with a moderate amount of training showed greater DMN activity, compared to

novice controls, while expert meditators showed a decrease in DMN activity (Brefczynski-

Lewis et al., 2007). These findings suggest common processes may underlie self-regulation

of internal distractions and some aspects of meditation or mindfulness and support the
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notion that such practices may influence plasticity of internal distractor suppression

networks. A more detailed understanding of the neural underpinnings of internal

interference is bound to inform future training approaches, allowing them to target and drive

remediative plasticity within the specific neural networks that generate aberrant and

unregulated levels of internal interference.

We have recently developed an original meditation-inspired, plasticity-based cognitive

training program for improving self-regulation of attention, metacognitive awareness, and

suppression of internal distractions. Our training paradigm consists of a portable application

deployed on an iPod, which is designed to integrate aspects of meditation training,

specifically, attention to breath and monitoring quality of attention. In addition to

incorporating meditation-based practices, our training application integrates plasticity-based

cognitive training methods, including quantifiable goals, performance feedback, and

performance-driven adaptivity of task challenge. Our approach to studying internal

distraction regulation training is not intended to replace the many physiological benefits that

meditation engenders, including stress reduction, body awareness, and compassion. Instead,

by focusing on a constrained aspect of meditation (i.e., focused attention and awareness of

internal distractions), we reduce the variability involved in standard meditation practice, thus

allowing us to study the effects of directed training on self-regulation of internal

distractions.

We are currently assessing the efficacy of our new internal distraction training paradigm

(Ziegler et al., 2013). In a pilot study, participants completed a 1-week, daily, at-home

training study in which they used our novel interactive iPod application designed to

adaptively increase their ability to sustain attention to their breath while minimizing internal

distractions. Before and after training, healthy younger adults performed a mental rotation

task with and without auditory noise delivered through headphones. After each trial,

participants reported if they were distracted by internal thoughts or by some external factor.

Analyses of baseline behavioral data revealed an interesting pattern whereby internal

distractions were more frequent than external distractions in the no-noise condition, while

presence of external auditory noise led to an increase in external distractions and a decrease

in internal distractions. Focused training was associated with significant increases in the

total distraction-free time over the course of the 1-week training. Following training, we

found a significant decrease in reports of internal distractions during the noise-absent mental

rotation task, while reports of external distractions did not differ significantly between pre-

and posttraining sessions (Fig. 4). These results suggest that internal and external

distractions interact dynamically depending on the stimulus environment. These pilot data

provide additional evidence supporting the idea that regulation of internal distractions can be

modified by a training application that integrates meditation principles with plasticity-based

cognitive training methods. A randomized controlled evaluation of this novel training

paradigm is currently underway.

5 CONCLUSIONS

In this chapter, we describe our recently developed framework for interference in cognitive

processing. Much research from our lab laid the groundwork for the development of the
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interference framework, which divides cognitive interference as either externally or

internally generated. Each of these divisions can then be further subdivided into two levels

based on the extent of required top-down engagement with the external/internal interference.

External and internal distractions imply irrelevant information that must be ignored, while

external and internal interruptions set up multitasking scenarios where the individual must

engage in two simultaneous tasks. Notably, this multilevel classification has helped resolve

much debate in the literature regarding interference processing, as research from our lab has

shown that distractions versus interruptions have distinct underlying neural mechanisms and

neural network dynamics. Critically, we have further elucidated that older adults exhibit

aberrant neural dynamics of both types of interference processing relative to young adults,

which impacts their performance on a variety of cognitive tasks. We are now in the process

of characterizing interference processing in the developing child brain, which notably has

much real-world relevance in our media and technology-heavy, interference-laden modern

environments.

Finally, we describe three novel cognitive training approaches that we recently developed to

selectively target and improve processing of external distractions, external interruptions/

multitasking, and internal distractions. The need for distinct training approaches for each of

these forms of interference follows logically from neuroscientific evidence for distinct

underlying neural networks subserving these interference processes. We principally

demonstrate that neuroplasticity-based training strategies, which provide continuous

performance feedback and adaptively modify interference challenge during training, are

highly successful in the remediation of interference resolution abilities. Thus, we envisage

that our approaches can be potentially applied to benefit clinical populations that have

significant deficits in interference resolution and thus inform the future of targeted

neurotherapeutic interventions.
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FIGURE 1.
The conceptual framework for classification of different types of interference.

Adapted from Clapp and Gazzaley (2012).
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FIGURE 2.
“NeuroRacer” experimental conditions shown as screenshot captures from the training task.

Adapted from Anguera et al. (2013).
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FIGURE 3.
Midline frontal theta activity modulation in “NeuroRacer,” adapted from Anguera et al.

(2013). (A) Theta power 1-month after training improved significantly only for the multitask

training group; and increased power was observed for younger versus older adults. (B)

Correlation in the multitask training group between the change in midline frontal theta

power and behavioral improvement on the TOVA (a test of sustained attention). †p <0.05

within group improvement from pre to post, *p <0.05 between groups.
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FIGURE 4.
Difference in reports of internal and external thoughts between pre- and posttraining

cognitive sessions during performance of a mental rotation task either with auditory

background noise (distraction) or without background noise (no distraction). Errors bars are

standard errors of mean, *p <0.02, one sample t-test.
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