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Pre-adolescence is a key developmental period in which complex intrinsic
volitional methods of self-regulation are acquired as a result of rapid maturation
within the brain networks underlying the self-regulatory processes of attention control
and emotion regulation. Fostering adaptive self-regulation skills during this stage of
development has strong implications for physical health, emotional and socio-
economic outcomes during adulthood. There is a growing interest in mindfulness-
based programmes for pre-adolescents with initial findings suggesting self-regulation
improvements, however, neurodevelopmental studies on mindfulness with pre-
adolescents are scarce. This analytical review outlines an integrative neuro-
developmental approach, which combines self-report and behavioural assessments
with event related brain potentials (ERPS) to provide systemic multilevel
understanding of the neurocognitive mechanisms of mindfulness in pre-adolescence.
We specifically focus on the N2, error related negativity (ERN), error positivity (Pe),
P3a, P3b and late positive potential (LPP) ERP components as indexes of
mindfulness related modulations in non-volitional bottom-up self-regulatory
processes (salience detection, stimulus driven orienting and mind wandering) and
volitional top-down self-regulatory processes (endogenous orienting and executive

attention).

Mindfulness; self-regulation; pre-adolescents; event-related potential; emotion
regulation; attention control; mechanisms; development; neuroscience;

neurocognitive; theory; children



1. Introduction

Early and middle childhood has been highlighted as a key developmental
period in which skills in self-regulation are fostered (Berger et al., 2007; Fjell et al.,
2012; Marsh et al., 2009; Posner & Rothbart, 2009). Self-regulation skills facilitate
goal oriented behaviour and optimal responding to emotionally and cognitively
demanding stimuli through the effective regulation of cognitions, feelings and
behaviours (Fjell et al., 2012; Posner et al., 2007; Zelazo & Lyons, 2012). There are
two key processes of self-regulation: attention control as the capacity to resolve
conflicts, inhibit processes and shift the focus of attention (Muris et al., 2007; Rueda
et al., 2004a, 2005), and emotion regulation, the ability to modify how emotions are
experienced and expressed (Gross & Thompson, 2007; Lewis & Todd, 2007;

Thompson, 1994).

Self-regulation has a pivotal impact on developmental outcomes including
social and emotional wellbeing and academic functioning (Blair & Razza, 2007,
Gross & John, 2003; Liew, 2012; Ursache et al., 2012); children who exhibit
ineffective self-regulation skills are at increased risk of physical and mental health
disorders as adults (Althoff et al., 2010). Indeed, self-regulation abilities present
during childhood predict adult health problems, substance dependence,
socioeconomic position and the likelihood of committing a criminal offence in
adulthood (Moffitt et al., 2011). Higher levels of self-regulation are associated with
enhanced well-being including better mental health, the ability to maintain effective
social relationships and global adaptive functioning in home and school life (Buckner

et al., 2009; Checa et al., 2008; Graziano et al., 2007).



Effective self-regulation hinges upon an optimal balance between “bottom-up”
emotional reactivity (ventral system; involving brain regions lower down the
neuroaxis including the limbic areas; Blair & Dennis, 2010; Blair & Urasche, 2011,
Dennis, 2010; Lewis & Todd, 2007; Zelazo & Lyons, 2012) and “top-down” cognitive
and attention control (dorsal system; involving brain regions higher up the neuroaxis
including the prefrontal cortex; PFC). Bottom-up regulation involves unconscious,
non-volitional processes which are driven by the salient behaviourally relevant
properties of stimuli (i.e. novel, unexpected or emotionally arousing; Buschman &
Miller, 2007; Lewis & Todd, 2007). Bottom-up self-regulatory processes can be
externally directed, i.e. the rapid detection and re-orientation of attention resources
to salient stimuli within the environment (Buschman & Miller, 2007; Corbetta &
Shulman, 2002) or internally directed, i.e. the automatic orientation of attention away
from a goal towards task irrelevant internal thoughts (mind wandering) (Smallwood &
Schooler, 2006). Top-down regulation involves the conscious, volitional goal oriented
regulation of cognitions and emotions (Corbetta & Shulman, 2002; Lewis & Todd,
2007). Endogenous orienting is a top-down process which involves the orienting of
attention towards goal relevant stimuli (Corbetta & Shulman, 2002). Top-down
executive attention abilities include conflict monitoring and resolution -- the detection
of behaviour which is incongruent to a goal, resulting modification of behaviour to
align it with a goal and inhibition of goal-irrelevant stimuli (Berger et al., 2007;
Gonzalez et al., 2001; Mezzacappa, 2004; Posner & Rothbart, 2007; Rueda et al.,
2005). The connection between top-down and bottom-up neural systems is mediated
by the anterior cingulate cortex (ACC); the dorsal caudal ACC increases attention
control when conflicts between competing stimuli are detected and the ventral rostral

ACC assesses the emotional salience of a stimulus to aid the formation of regulatory



responses (Bush et al., 2000; Dennis, 2010; Yeung et al., 2004). Inefficient
interactions between these neural systems are associated with psychopathological
disorders such as anxiety, depression, aggression and impulsivity (Lewis et al.,

2008; Pagliaccio et al., 2014).

During pre-adolescence the brain networks underlying self-regulation
undergo considerable maturation (Berger et al., 2007; Posner et al., 2007). Bottom-
up self-regulatory processes develop earlier in childhood than top-down self-
regulatory processes due to the protracted development of the PFC (Lewis & Todd,
2007; McRae et al., 2012; Qin et al., 2012). Accordingly, the self-regulatory
strategies employed by children are often more short term and inflexible compared
with adults (DeCicco et al., 2012; Rothbart et al., 2011). During pre-adolescence
considerable maturational brain changes occur including synaptic pruning of
ineffective local neural connections and neuronal myelination of longer range neural
connections (Kelly et al., 2009; Stevens, 2009). This enables the top-down
regulatory regions of the PFC and the bottom-up sensory areas of the parietal cortex
to become increasingly connected (Fair et al., 2007; Kelly et al., 2009; Rothbart et
al., 2011, Stevens, 2009), facilitating the ability to employ complex, long term

strategic methods of self-regulation (Rothbart et al., 2011).

These maturational developments are strongly shaped by childhood
experiences (Blair & Diamond, 2008; Evans & Kim, 2013; Fonagy & Target, 2002).
For instance, exposure to cumulative environmental stressors, such as being raised
in socially and emotionally deprived home environments, can heighten stress
reactivity through impairing the stress regulatory response formulated by the
hypothalamic-adrenal stress axis (Blair, 2010; Evans & Kim, 2013; Fonagy & Target,

2002). This increased sensitivity to stress can have a maladaptive impact on



development within brain regions underlying top-down self-regulation including
reduced efficiency of the executive attention network (Kishiyama et al., 2009; Kolb et
al., 2012; Loman et al., 2013; McDermott et al., 2012) and over activation of the
amygdala (Arnsten, 2009; Noble et al., 2012; Tottenham et al., 2010). Some
consequences which have been documented include an increased vulnerability to
internalising and externalising psychopathological disorders (Blair & Raver, 2012;
Davidson & McEwen, 2012; Gunnar & Fisher, 2006; Leve et al., 2005), heightened
negativity biases (Pollak et al., 1997), a reduced ability to effectively cognitively
reappraise situations (Kim et al., 2013), and impairments in response inhibition
(Evans & Kim, 2013). However, bolstering self-regulation skills during childhood may
potentially ameliorate adverse outcomes during adulthood (Durlak et al., 2011;
Greenberg et al., 2003; Greenberg et al., 2001). Hence not surprisingly, promotion of
self-regulation during childhood is high on educational policy agendas (e.g. in the
United Kingdom: Connolly et al., 2011; Department of Education Northern Ireland,
2007; Hyland, 2014; Public Health England, 2015; The Scottish Government, 2013;

Welsh Assembly Government, 2010).

Initial evidence suggests that mindfulness training can improve well-being
and nurture a wide range of effective self-regulatory skills in pre-adolescents with
and without clinical disorders (Harnett & Dawe, 2012; Meiklejohn et al., 2012;
Schonert-Reichl et al., 2015; Tang et al., 2012). Mindfulness is, within the Buddhist
context where it originated, often described as a technique or a neutral mental
faculty supporting the development of introspective awareness and attention stability
(Dorjee, 2010; Thera, 1962). The construct of mindfulness seems more
encompassing within the secular context (Kabat-Zinn, 2003) where it is described as

awareness of experiences arising in the present moment whilst attending to them in



an open and accepting way without judgement or evaluation (Bishop et al., 2004a;
Shapiro et al., 2006). Secular conceptualisations of mindfulness are adopted in the
majority of mindfulness-based interventions with pre-adolescents. Mindfulness is
conceptualised as both a state and trait, and accordingly, levels of mindfulness can
vary both between and within individuals (Brown & Ryan, 2003; Cahn & Polich,
2006). State mindfulness is a mind-set which occurs during mindfulness meditation
and fluctuates over time; trait mindfulness is a relatively stable disposition which is
present outside of actual meditation practice (Brown & Ryan, 2003; Cahn & Polich,

2006).

To date, schools have been the most frequent setting for studies
investigating the impact of mindfulness training in pre-adolescents aged between 7
and 12 years (Black et al., 2009; Burke, 2010; Felver et al., 2016; Felver & Jennings,
2016; Harnett & Dawe, 2012; Zenner et al., 2014); 16 studies have been conducted
within a classroom setting (for a full review of these studies see Felver et al., 2016;
Felver & Jennings, 2016). A recent meta-analysis of 24 school based mindfulness
studies conducted across both pre-adolescent and adolescent years reported large
effect sizes on measures of cognitive performance and small to medium effect sizes
on stress reduction and resilience (Zenner et al., 2014). Interestingly, a study with
pre-adolescents found that the largest improvements in executive functions after
mindfulness training were found in children who initially had the poorest skills (Flook
et al., 2010). This is important because physical and psychological outcomes during
adulthood are better than expected for those children who show self-regulatory

improvements over the course of development (Moffitt et al., 2011).

A recent analytical review of adult imaging literature highlighted

enhancement in self-regulation as the main mechanism of change with mindfulness



training (Tang et al., 2015). It has been proposed that the extent to which
mindfulness training modulates top-down and bottom-up regulatory processes
depends on the amount of mindfulness experience, with initial changes first
observed for top-down regulatory abilities followed by bottom-up modulations after
extensive mindfulness experience (Chiesa et al., 2013). In comparison to
mindfulness research with adults, investigation of the neurocognitive self-regulatory
mechanisms of change underlying the effects of mindfulness in pre-adolescents
greatly lags behind and there is no developmentally specific theoretical framework to
guide further systematic investigation of how mindfulness training modifies self-

regulation in children.

This review aims to contribute to the theoretical foundations of
neurodevelopmental research on mindfulness training by examining possible
neurocognitive mechanisms of change in attention control and emotion regulation of
pre-adolescents aged between 7 and 12 years. The review will primarily focus on
stable trait shifts in attention control and emotion regulation resulting from
mindfulness training with pre-adolescents. Studies investigating brief inductions of
mindfulness associated with state effects will only be discussed where trait-related
research on mindfulness is limited. In what follows, we will first summarise the
current mindfulness training programmes for pre-adolescents. We will then discuss
the importance of adopting an integrative neurodevelopmental approach in research
on mindfulness with pre-adolescents; this involves the integration of self-report,
behavioural and neural assessments. We will then outline the brain networks
underlying self-regulation processes in pre-adolescents and review current findings
on the impact of mindfulness training on these. Finally, we will highlight the

advantages of using event-related potential methodology to study the neurocognitive



impact of mindfulness training on self-regulation processes in pre-adolescents (for a
review of the neuropsychological impact of mindfulness with adolescents see Sanger

& Dorjee, 2015).

2. Mindfulness training for pre-adolescents

An array of mindfulness training programmes has been investigated in
studies with pre-adolescents aged between 7 and 12 years (Meiklejohn et al., 2012;
Zoogman et al., 2015). These include the Attention Academy program (Napoli et al.,
2005), Inner Kids program (Flook et al., 2010; Greenland, 2010), Integrative
contemplative pedagogy (Britton et al., 2014; Roth, 2014), Integrative Body-Mind
Training (IBMT; Tang et al., 2012; Tang & Posner, 2009), Mindful Education (ME)
(Schonert-Reichl & Lawlor, 2010), Mindfulness-Based Cognitive Therapy for children
(MBCT-C; Semple et al., 2010), Mindful Family Stress Reduction (MFSR; Felver &
Tipsord, 2011; Felver et al., 2014a), Mindful Schools (MS; Black & Fernando, 2014;
Liehr & Diaz, 2010; Mindful Schools, 2012), MindUP (Hawn Foundation, 2011,
Schonert-Reichl et al., 2015), Move-Into-Learning (Klatt et al., 2013), Paws b
(Mindfulness in Schools Project, 2015; Vickery & Dorjee, 2015), Soles of the Feet
(Felver et al., 2014b; Singh et al., 2003), Still Quiet Place (Saltzman & Goldin, 2008),

and a yoga-based mindfulness curriculum (Mendelson et al., 2010).

Mindfulness programmes for pre-adolescents vary in format, content and
length, for instance, programmes range from 3 to 12 minute daily sessions over 6
weeks (Britton et al, 2014) to 45 minute fortnightly sessions over 24 weeks (Napoli et
al., 2005). The experience of the mindfulness teacher also varies greatly; some
programmes are delivered by experienced mindfulness trainers (Felver et al., 2014a;

Flook et al., 2010; Klatt et al., 2013; Mendelson et al., 2010) whilst others are
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delivered by school teachers with different levels of training in mindfulness (Britton et
al., 2014; Schonert-Reichl & Lawlor, 2010; Schonert-Reichl et al., 2015; Vickery &
Dorjee, 2015). Overall, a meta-analysis of mindfulness studies with youths aged
between 6 and 18 years found that the clinical nature of samples and types of
outcome measures (not mindfulness training format or other variables) were the only
aspect of the studies’ design which significantly moderated the effect sizes of

outcomes (Zoogman et al., 2015).

Many mindfulness programmes for pre-adolescents include practices adapted
from secular standardised mindfulness courses for adults including mindfulness-
based stress reduction (MBSR; Kabat Zinn, 1990) and mindfulness-based cognitive
therapy (MBCT; Segal et al., 2002). Both of these programmes have a strong
evidence base in the treatment of anxiety, depression and well-being enhancement
in adults (Chiesa & Serretti, 2010; Hofmann et al., 2010; Keng et al., 2011). In
programmes with pre-adolescents, the practices are adapted to be age appropriate,
for example, there is less depth of inquiry and shorter time spent in mindfulness
meditation (Meiklejohn et al., 2012; Thompson & Gauntlett-Gilbert, 2008; Zelazo &
Lyons, 2012). This is due to developmental differences in the ability to focus and
sustain attention on the present moment (Mezzacappa, 2004; Rueda et al., 2004b)
and the capacity for metacognitive awareness of mental phenomena (Davis et al.,
2010; Dignath & Buttner, 2008; Greenberg & Harris, 2012).

However, similarly to MBSR and MBCT (Kabat-Zinn, 1990; Segal et al.,
2002), mindfulness courses for pre-adolescents include practices which train aspects
of self-regulation including attention control and emotion regulation. Breath
awareness practices guide attention to focus on a stimulus such as an object or the

breath to anchor attention in the present moment. Learning to reengage attention on
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the stimulus after recognising that attention has drifted away from the present
moment towards a distraction (a habitual process called mind wandering), is another
skill cultivated during practices (Britton et al., 2014; Felver et al., 2014a; Flook et al.,
2010; Mindfulness in Schools Project, 2015; Schonert-Reichl et al, 2015; Thompson
& Gauntlett-Gilbert, 2008). Mindfulness programmes also often include practices
which enhance awareness of thoughts, emotions and bodily sensations and involve
observing that these states are transient and change over time (Flook et al., 2010;
Mindfulness in Schools, 2015; Saltzman & Goldin, 2008), as well as practices such
as guided visualisation which promote an attitude of kindness and compassion to the
self and others (Flook et al., 2010; Mindfulness in Schools, 2015; Schonert-Reichl et
al., 2015). This suggests that despite the diverse range of mindfulness programmes
available for pre-adolescents, similar mechanisms may underlie the impact of

mindfulness on self-regulatory abilities.

3. An integrative neurodevelopmental framework for research on mindfulness

As developmental studies of mindfulness are a relatively new emerging area
of research in comparison to adult research, many studies have methodological
limitations including lack of active control groups and limited sample sizes (Felver et
al., 2016; Greenberg & Harris, 2012, Rempel et al., 2012). And whilst we can
assume similar underlying mechanisms across mindfulness interventions with pre-
adolescents, the overall lack of standardisation across programmes may make it
difficult to isolate and compare the effective active ingredients of mindfulness
programmes for pre-adolescents. In addition, most studies on mindfulness with
children have used questionnaire based measures including child, parent and
teacher reports, which makes the challenge of isolating active ingredients and

underlying mechanisms even more difficult (Flook et al., 2010; Greco et al.,



12

2011; Schonert-Reichl & Lawlor, 2010; Semple et al., 2010). Whilst questionnaire
measures clearly have their merits, their limitations include reliance on the individual
having an accurate awareness of their own or others’ internal and external states,
which can be changeable over time and with mindfulness training (Brown & Ryan,
2003), particularly in children (Boekaerts & Corno, 2005). This highlights the need to
employ an array of research methodologies in developmental research on

mindfulness, particularly methods not reliant on self-reports.

Experimental paradigms measuring reaction time, neurocognitive changes
and psychophysiological changes, can usefully broaden the spectrum of currently
used techniques (Greenberg & Harris, 2012). Only a few mindfulness studies with
children aged between 7 and 12 years have employed experimental tasks (Felver et
al., 2014a; Napoli et al., 2005; Schonert-Reichl et al., 2015) and no published studies
with this age group have so far used neuroscientific methods. Neurocognitive
approaches may provide insights into the neurodevelopmental mechanisms
underlying mindfulness and measure changes in pre-adolescents which may not be
detected by self-reports and behavioural assessments alone (Banaschewski &
Brandeis, 2007). More importantly, concurrent employment of self-report, other-
report, behavioural, neural and physiological measures may enhance our
understanding of multi-level (cognitive, social, neural and psychophysiological)
developmental changes relevant to self-regulation. Such an approach can provide
converging evidence and result in a more complete understanding of how
mindfulness impacts development at different levels. Theory driven research
hypotheses and converging evidence obtained from integrating different research
methodologies could reduce the incidences of problematic reverse inferences

(inaccurately inferring the engagement of cognitive processes from neural activity)
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(Hutzler, 2014; Plassmann et al., 2015; Poldrark, 2006). This approach could also be
particularly helpful in disambiguating conflicting inferences about modulations of
neurocognitive markers with mindfulness training (for example, see the discussion
about contradictory ERP findings in section 5.1, 5.2 and 5.4). Such understanding
can help further improve the efficacy of mindfulness interventions for pre-
adolescents and maximise possible long-term preventative effects of mindfulness
through the enhancement of specific neurocognitive processes which underlie self-

regulation, such as attention control and emotion regulation.

Event-related brain potentials (ERPs), a non-invasive measure of the post
synaptic activity from populations of synchronised neurons time locked to the onset
of specific stimuli (Luck, 2014), could be particularly useful when measuring
neurodevelopmental changes with mindfulness. ERPs are cost-effective compared
with other neuroscientific methodologies (Luck, 2014) and can provide a measure of
the time course of neurocognitive processes underlying self-regulation with
millisecond accuracy (Hajcak et al., 2010; Sur & Sinha, 2009). Whilst ERPs have
excellent temporal resolution, they do not have the spatial resolution of neuroimaging
techniques such as fMRI (Luck, 2014; Woodman, 2010). Locating the neural source
of ERPs can be difficult as it is possible that the signal is generated by multiple
undetermined neural generators. Therefore, the scalp topography of the ERP does
not necessarily reflect activity from the brain regions directly underneath (Burle et al.,
2015; Woodman et al., 2010; Zani & Proverbio, 2003). It is however possible to
provide an estimate of the likely neural generators underlying ERPs using post-hoc
techniques such as dipole source modelling (Grech et al., 2008; Hallez et al., 2007,
Swick et al., 1994). ERPs are also a valuable tool for tracking developmental brain

changes and detecting potential self-regulatory difficulties which may arise during
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childhood (Dennis et al., 2009; Lewis et al., 2008; Stieben et al., 2007). Whilst there
are a variety of ERP components which can index attention control and emotion
regulation, this review will focus on ERP markers which are modulated by
developmental changes in attention and emotion regulation and have previously
been sensitive to mindfulness-induced changes in adults or adolescents. Several
ERP components meet this criteria (see table 1) including the N2, error related
negativity (ERN), error positivity (Pe), P3a, P3b and the late positive potential (LPP)
ERP components (e.g. Brown et al., 2013; Cahn & Polich, 2009; Larson et al., 2013;

Moore et al., 2012; Teper & Inzlicht, 2013).

The following sections will consider how mindfulness training could potentially
improve self-regulation during pre-adolescence via the modulation of bottom-up and
top-down neurocognitive self-regulatory processes. Bottom-up processes include
salience detection, stimulus driven orienting of attention and mind wandering, top-
down processes include volitional endogenous orienting and executive attention.
Due to the absence of experimental neurocognitive studies on mechanisms of
mindfulness in children, we will explore possible changes with mindfulness training in
pre-adolescents by considering theories of self-regulation development in childhood,
findings from adult mindfulness studies, and initial behavioural and self-report
evidence from mindfulness intervention research with children. Following this, we
outline how ERP components could be used to index mindfulness induced
modulations of these self-regulatory processes in order to stimulate further

experimental research within an integrative neurodevelopmental framework.

4. Possible modulation of neurocognitive self-regulation by mindfulness practice in

pre-adolescence
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4.1. Bottom-up and top-down self-regulatory processes

Due to the limited capacity of attention; bottom-up stimulus driven attention
processes compete with top-down goal oriented attention processes for cognitive
resources (Berger et al., 2005). An effective balance between these processes is
needed to enable flexible responding to the environment (Bishop et al., 2004b;
Corbetta et al., 2008; Seeley et al., 2007; Sylvester et al., 2012; Vossel et al., 2014).
Salient, novel or unexpected stimuli outside the field of awareness can activate
bottom-up stimulus driven processes as they have the potential to be behaviourally
relevant (Corbetta et al., 2008; Corbetta & Shulman, 2002; Farrant & Uddin, 2015;
Schupp et al., 2007). Detection of these stimuli disrupts the top-down task related
endogenous focus of attention and rapidly diverts these attention resources to the
salient event (Carretié, 2014; Corbetta et al., 2008; Corbetta & Shulman, 2002;
Vossel et al., 2014). For behaviourally relevant stimuli, this can enhance perceptual
clarity, interoceptive awareness and goal oriented behaviour through prioritising the
attention focus towards important aspects of an environment (Corbetta & Shulman,
2002; Seeley et al., 2007; Vossel et al., 2014). At times, attention can be also
inappropriately distracted (exogenously oriented) away from a task towards salient
external stimuli or task unrelated thoughts (mind wandering), leading to interference
with cognitive processes (Carreti€, 2014; Dennis & Chen, 2007; Gross & Thompson,

2007; Smallwood & Schooler, 2006).

Top-down attention control processes such as endogenous orienting can
reduce the detection of and re-orienting towards task irrelevant stimuli through
sending top-down filtering signals which bias stimulus driven processes towards
stimuli which are behaviourally relevant (Corbetta et al., 2008; Vossel et al., 2014).

Top-down executive attention skills including conflict monitoring and resolution
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together with response inhibition can modulate attention deployment through
monitoring the stream of consciousness for conflicts and inhibiting the influence of
distracting salient stimuli (Berger et al., 2007; Gonzélez et al., 2001; Mezzacappa,
2004; Rueda et al., 2005; Wadlinger & Isaacowitz, 2010). Deficits in these top-down
attention control abilities including response inhibition and updating of working
memory are linked with greater mind wandering (Kam & Handy, 2014) due to an
inadequate ability to monitor and filter task unrelated thoughts (McVay & Kane,

2012).

Several models have been proposed to explain the neural networks underling
the bottom-up stimulus driven processes of salience detection, stimulus driven
orienting and mind wandering and top-down attention control processes of
endogenous orienting and executive attention. One prominent approach is the three
network model of attention (Posner & Rothbart, 2007, 2009) which suggests that
alerting, orienting and executive attention networks underlie the different facets of
attention. The alerting network is involved in bottom-up vigilance and stimulus
detection. The orienting attention network underlies top-down orienting of attention
towards or away from salient or goal relevant stimuli and the executive attention
network underlies the top-down monitoring for and resolution of conflicts and

response inhibition (Posner & Rothbart, 2007, 2009).

Other models further elaborated on the three network model of attention, a
model by Corbetta and Shulman (2002) includes a dorsal and ventral attention
network. The dorsal attention network has a similar role to the orienting attention
network (Kim, 2014) and is involved in top-down volitional orienting of attention in
relation to a goal (Corbetta & Shulman, 2002; Farrant & Uddin, 2015). The ventral

attention network, which shares similarities with the alerting attention network



17

(Corbetta et al., 2008; Kim, 2014), underlies the bottom-up detection of and
reorientation towards salient behaviourally relevant stimuli (Corbetta & Shulman,
2002; Farrant & Uddin, 2015; Sylvester et al., 2012). Regarding the executive
attention network, a model by Dosenbach et al., (2008) divided this into a fronto-
parietal network, which is activated for rapid top-down strategic control and a
cingulo-opercular network which is responsible for sustained top-down regulation
(Dosenbach et al., 2008; Fair et al., 2007; Power & Petersen, 2013; Voss et al.,

2011).

Finally, another model (Seeley et al., 2007) suggests that the salience
network, which shares similar neural underpinnings to the cingulo-opercular network
(Uddin et al., 2011) plays a key role in bottom-up processes such as salience
detection. This network acts as a circuit breaker between the default mode network
and central executive network (Menon & Uddin, 2010). The default mode network is
activated during periods in which the mind is engaged in internal task irrelevant
thoughts (i.e. mind wandering) (Christoff et al., 2009; Menon & Uddin, 2010;
Sridharan et al., 2008). The central executive network which has similarities to the
fronto-parietal network (Sridharan et al., 2008), underlies top-down goal directed
behaviour (Menon & Uddin, 2010; Seeley et al., 2007). Whilst there is some debate
regarding the overlap between the neural networks discussed in the different models
(Uddin et al., 2011; Uddin, 2015), Power and Petersen (2013) made clear
distinctions between the ventral attention, dorsal attention, salience, default mode,

fronto-parietal and cingulo-opercular networks.

The ventral attention network, comprised of the right lateralised temporo-
parietal junction (TPJ), right ventral frontal cortex and middle and superior temporal

gyrus (Corbetta & Shulman, 2002; Sylvester et al., 2012), has a role in bottom-up
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salience detection. This network disrupts the volitional endogenous goal oriented
focus of attention sub served by the dorsal attention network (consisting of the
bilateral frontal eye fields and bilateral intraparietal sulcus; Corbetta & Shulman,
2002; Farrant & Uddin, 2015). The ventral attention network, in collaboration with the
dorsal attention network, facilitates the re-orientation of attention resources towards
unexpected behaviourally relevant stimuli outside the field of awareness (Corbetta et
al., 2008; Corbetta & Shulman, 2002; Farrant & Uddin, 2015, Vossel et al., 2014).
Greater activation of the ventral attention network has been found for task relevant
target oddballs compared to task irrelevant distractor oddballs in an oddball
paradigm (Kim, 2014). This suggests that the ventral attention network is sensitive to
the influence of top-down factors such as task relevance (Kim, 2014). Indeed, the
dorsal attention network has been proposed to act as a filtering system which sends
biasing signals to the ventral attention network to prioritise the processing of

behaviourally relevant stimuli (Corbetta et al., 2008; Vossel et al., 2014).

The extent to which the ventral attention network is activated for task
irrelevant distractors depends on task demands. Nodes of the ventral attention
network such as the TPJ are suppressed during demanding tasks in order to reduce
distractibility and increase the attention resources allocated towards the task; this is
linked with improvements in behavioural performance (Corbetta, 2008; Frank &
Sabatinelli, 2012). In contrast, during passive tasks the ventral attention network is
activated for salient irrelevant stimuli (exogenous attention) in addition to
behaviourally relevant stimuli. This suggests that distractibility increases when task
demands are lower (Corbetta, 2008; Frank & Sabatinelli, 2012). In addition, the right
TPJ of the ventral attention network was found to be involved in later stages of

stimulus processing, specifically context updating (the updating the internal
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representation of the environment based on the incoming external stimulus; Geng &

Vossel, 2013; Vossel et al., 2014).

Heightened sensitivity to salient stimuli during the early bottom-up stages of
stimulus processing and a reduced ability to effectively employ attention control
during the later top-down stages of stimulus processing has been reported in
individuals with anxiety who display a threat bias (Bar-Haim et al., 2007; Mogg et al.,
1997; Pérez-Edgar et al., 2007; Sylvester et al., 2016). This bias can be towards
threat related stimuli and neutral stimuli (which they perceive as threat related due to
their biased perception of the environment) and can contribute to the severity and
maintenance of anxiety disorders (Bar-Haim et al., 2007; Sylvester et al., 2012;
Waters et al., 2010). In terms of bottom-up stimulus detection; this heightened
sensitivity to threat may be due to over activation of the salience network (Eckert et
al., 2009; Menon, 2011) and ventral attention network and increased engagement
between the ventral attention network and amygdala (Sylvester et al., 2012).
Interventions which target bottom-up stimuli processing could reduce the initial
reactivity to salient stimuli and enable more adaptive engagement with the

environment.

The salience network (Seeley et al., 2007) and the ventral attention network
(Corbetta & Shulman, 2002), likely have a similar role in bottom-up salience
detection (Farrant & Uddin, 2015). The salience network consists of the fronto-
insular cortex (FIC) and ACC (Menon & Uddin, 2010; Seeley et al., 2007; Sridharan
et al., 2008). The right FIC of the salience network is involved in the detection of
salient stimuli and also acts as a task switcher which along with the ACC facilitates
task relevant responses during a cognitively demanding task (Menon & Uddin,

2010). This occurs through reduced activation in the default mode network coupled
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with increased activation within the fronto-parietal network (also known as the central
executive network; Menon & Uddin, 2010; Seeley et al., 2007; Sridharan et al.,
2008). Specialised von Economo neurons present within the FIC and ACC of the
salience network facilitate the ability to rapidly switch between the salience network,
fronto-parietal network and the default mode network (Uddin, 2015; Watson et al.,

2006).

The default mode network consists of the posterior cingulate cortex (PCC)
and ventromedial PFC and is activated during episodes of mind wandering (Christoff
et al., 2009; Hasenkamp et al., 2012; Uddin et al., 2009). This network is most active
during situations in which the brain can engage in internally focused self-referential
processing such as self-monitoring and reflection in the absence of a demanding
cognitive task or at rest (Gruberger et al., 2011). Ineffective deactivation of the
default mode network has been linked with a decrement in task performance
(Weissman et al., 2006) and higher self-reports of mind wandering (Mason et al.,

2007).

The fronto-parietal network consists of the dorsolateral PFC, intraparietal
sulcus, inferior parietal lobule, precuneus, midcingulate gyrus and dorsal frontal
cortex (Dosenbach et al., 2008; Fair et al., 2007). This network is activated for rapid
short term flexible self-regulation including the initiation of regulatory control in task
switching and rapid behavioural adjustment in response to performance feedback
such as error related information (Dosenbach et al., 2008; Fair et al., 2007; Petersen
& Posner, 2012; Power & Petersen, 2013). The fronto-parietal network has a
collaborative role in self-regulation alongside the cingulo-opercular network
(Dosenbach et al., 2008; Voss et al., 2011) which is comprised of the dorsal ACC,

anterior PFC, medial superior frontal cortex, bilateral anterior insula, frontal
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operculum and thalamus (Dosenbach et al., 2008; Fair et al., 2007; Power &
Petersen, 2013; Voss et al., 2011). This network is activated during situations
requiring long term self-regulation including stable maintenance of goal focused
behaviour over the course of a task (Dosenbach et al., 2008) through the detection
of distracting conflicts or errors (Sylvester et al., 2012). Once a potential conflict is
detected, the cingulo-opercular network signals the need to increase regulatory
control to the fronto-parietal network which then adjusts regulation levels (Sylvester
et al., 2012). Inefficient interactions between the fronto-parietal and cingulo-opercular
network are associated with psychological disorders such as anxiety and major
depression (Sylvester et al., 2012). For example, over activation of the cingulo-
opercular network could lead to a heightened sensitivity to the need to exert control,
such as when an error is made. Under activation of the fronto-parietal network could

reduce the ability to initiate an increase in control (Sylvester et al., 2012).

4.2 Self-regulation development during pre-adolescence

Pre-adolescence is a key developmental period in which the brain networks
underlying self-regulation undergo substantial maturational development (Fair et al.,
2007; Farrant & Uddin, 2015). During development self-regulatory strategies
progress from being short-term and inflexible to being increasingly strategic and
complex due to an increase in efficient connectivity between bottom-up stimulus
driven processes and top-down attention control processes (Fair et al., 2007; Farrant
& Uddin, 2015; Rothbart et al., 2011). During early infancy self-regulatory strategies
are short-term and inflexible and involve the orienting of attention towards goal
relevant stimuli and away from task irrelevant salient stimuli (Corbetta & Shulman,
2002; Posner et al., 2014; Rueda et al., 2004b). In comparison to other forms of top-

down regulation involving executive attention, orienting attention skills have an early
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prominent role in self-regulation as these skills develop sooner (Rothbart et al., 2011;

Rueda et al., 2004b; Ishigami & Klein, 2011).

The dorsal and ventral attention networks underlying orienting attention skills
show the same topography for pre-adolescents and adults (Farrant & Uddin, 2015).
However, whilst the dorsal and ventral networks are formed by pre-adolescence,
maturational development of these networks continues beyond pre-adolescence
(Farrant & Uddin, 2015). In comparison to adults, pre-adolescents have increased
connectivity between the ventral attention network and salience network, which
underlies bottom-up salience detection. In addition, less efficient connectivity within
the dorsal attention network which underlies top-down endogenous attention was
found in pre-adolescents (Farrant & Uddin, 2015; Uddin et al., 2011). This imbalance
reflects a disproportionately larger capacity for bottom-up salience detection in
comparison to top-down attention control during pre-adolescence (Farrant & Uddin,
2015). Whilst orienting attention can offer effective short term regulation, this
strategy has limited long-term effectiveness (Petersen & Posner, 2012) and is too
reactive and inflexible as the primary form of self-regulation (Posner et al., 2014;
Rothbart et al., 2011). As more complex self-regulatory abilities develop, orienting

attention takes on an important supporting role (Rothbart et al., 2011).

During pre-adolescence, complex and strategic self-regulatory abilities, which
involve executive attention skills such as conflict monitoring, resolution and response
inhibition, play an increasingly prominent role in top-down self-regulation (Rothbart et
al., 2011). This is due to maturational changes within the fronto-parietal and cingulo-
opercular network. The fronto-parietal network supporting short-term regulation
develops earlier than the cingulo-opercular network, which is involved in more

sustained regulatory responses (Fair et al., 2007). Short-term self-regulation
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strategies are more prominently used during childhood due to the greater overlap
between the dorso-parietal network and the dorsal attention network (Fair et al.,
2007; Petersen & Posner, 2012). During development, the increased integration
between the fronto-parietal network and the cingulo-opercular network (Fair et al.,
2007) and segregation between the fronto-parietal network and dorsal attention
network (Petersen & Posner, 2012) facilitates the progression from reactive and
short term self-regulation to the ability to implement long-terms strategic control

(Voss et al., 2011).

The connections between the right FIC of the salience network, fronto-parietal
network and nodes of the default mode network strengthen with development (Uddin
et al., 2011). This facilitates the task switching abilities of the salience network to
flexibly respond to environmental demands by reducing mind wandering and
initiating top-down goal oriented behaviour. Mind wandering is pertinent for pre-
adolescence as it has a strong relevance to educational learning (Smallwood et al.,
2007). Indeed, it has been suggested that mind wandering can interfere with memory
processes supporting encoding (Smallwood et al., 2007) as well as consolidation of
information (Smallwood & Andrews-Hanna, 2013) and has been linked with higher
levels of negative affect (Mrazek et al., 2012). Mind wandering can, however, also
contribute to creativity and problem solving, when it occurs during relatively low
cognitively demanding tasks (Baird et al., 2012). This suggests that mind wandering
can be both adaptive and maladaptive depending on the context, the task at hand
and the content of thoughts during mind wandering (Smallwood & Andrews-Hanna,
2013). Interventions which strengthen the connectivity between the salience network
and the default mode network could enable flexible engagement and disengagement

from mind wandering. Pre-adolescents aged between 7 and 9 years have less
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mature structural and functional connectivity between the PCC and medial PFC
regions of the default mode network compared with adults (Supekar et al., 2010),
indicating that the ability for self-monitoring and reflection improves with

development.

From a cognitive perspective, the formation of complex forms of self-
regulation during development increasingly provides pre-adolescents with strategic
skills for regulating emotions (Rothbart et al., 2011). The process model of emotion
regulation (Gross, 2002; Gross & John, 2003) suggests that emotion regulatory
strategies can have an impact during several stages of an emotional response.
Regulatory strategies which impact the early stages of emotion processing are
effective as they act before full activation of the emotional response and are
therefore able to modulate how emotions are perceived and expressed. These
strategies are called antecedent focused strategies (Gross, 2002; Gross & John,

2003).

Orienting attention abilities can have a regulatory impact during the early
antecedent stages of emotion processing, at the attention deployment stage
(Wadlinger & Isaacowitz, 2010). This involves regulation of emotions through the
orienting of attention towards or away from emotionally arousing stimuli (Posner et
al., 2014; Rothbart et al., 2011; Waters et al., 2010). Strategies which adaptively
modulate the attention deployment stage of emotion processing can act as a
gateway to facilitate later cognitive forms of regulation (Wadlinger & Isaacowitz,
2010). Efficiency within the orienting attention network may influence the recruitment
of the executive attention network which underlies complex self-regulation strategies

(Callejas et al., 2005; Posner et al., 2014). Therefore, training these orienting
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attention skills could facilitate the development of adaptive short term and long term

self-regulatory skills.

In comparison to orienting skills, executive attention skills are involved in the
formation of intrinsically motivated, complex “top-down” emotion regulation (Rothbart
et al., 2011; Simonds et al., 2007; Thompson et al., 2008) and can modify emotions
during several antecedent focused stages of emotion processing. This includes
modulating attention deployment through monitoring for and inhibiting distracting
emotional stimuli (Teper et al., 2013; Wadlinger & Isaacowitz, 2010), and through
cognitive change by reappraising emotion related thoughts in line with intrinsic goals

(Gross & Thompson, 2007; McRae et al., 2012).

4.3. Mindfulness training and self-regulatory processes in pre-adolescents

During mindfulness training, self-regulatory abilities are trained through
practices with internal attention focus such as breath awareness or external object
focus such as sound. In both types of practices attention is anchored with emphasis
on the present moment experience (Dickenson et al., 2012; Hasenkamp et al., 2012)
and with a non-judgemental attitude towards thoughts, feelings and behaviours
(Shapiro et al., 2006; Zeidan et al., 2010). During mindfulness practice attention can
drift away from the present moment towards task irrelevant thoughts resulting in
mind wandering (Hasenkamp et al., 2012). The ability to detect when the focus of
attention has diverted towards a distractor is a key skill training during mindfulness

practice (Malinowski, 2013).

Literature on mindfulness with adults suggests that the salience network plays
a significant role in the recognition of these episodes of mind wandering. This

network signals the need to return the focus of attention to the present moment using
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top-down executive attention networks such as the fronto-parietal network and nodes
of the cingulo-opercular network (Hasenkamp et al., 2012; Malinowski, 2013). This
helps to maintain goal oriented behaviour through recognising and inhibiting task
irrelevant distractors (Dosenbach et al., 2008). Volitional endogenous orienting skills
of the dorsal attention network are involved in the act of re-engaging with the object
of mindfulness practice after recognising that the mind has wandered towards a task
irrelevant distractor (Jha et al., 2007; Malinowski, 2013; van den Hurk et al., 2010).
The TPJ of the ventral attention network is also active during focused mindfulness
practice (e.g., breath focus) and enables the re-orientation of attention away from the
distractor and back to the meditation object (Dickenson et al., 2012). With continuous
mindfulness training, self-regulatory skills are refined and the ability to effortlessly
sustain attention in the present moment whilst disengaging from distractions
increases (Brefczynski-Lewis et al., 2007; Jha et al., 2007; Malinowski, 2013).
Overall, based on these findings from adults, mindfulness training facilitates a state
of moment-by-moment monitoring and cognitive flexibility by the adaptive regulation
of attention and emotions based on current mental content and situational context,

associated with effective self-regulation (Moore & Malinowski, 2009).

To date, no neurocognitive studies have examined the impact of mindfulness
training on the brain networks that underlie self-regulatory abilities in pre-
adolescents. However, some improvements have been seen in cognitive studies
(Felver et al., 2014a; Napoli et al., 2005; Schonert-Reichl et al., 2015). Specifically,
mindfulness studies with pre-adolescents have found improvements in orienting
attention on the selective attention subscale of the test of everyday attention (Tea-
Ch) for children aged between 6 and 9 years after a twelve session mindfulness

program delivered over 24 weeks (Napoli et al., 2005). Furthermore, a marginal
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improvement in orienting attention performance for the Attention network test (ANT)
(Fan et al., 2002; Rueda et al., 2004b) was found for 9 to 12 year olds after 8 weeks
of mindfulness family stress reduction (MFSR), an adapted version of MBSR suitable

for children and their parents (Felver et al., 2014a).

With regards to the impact of mindfulness training on complex top-down
executive attention abilities with pre-adolescents, children aged between 9 and 12
years showed enhanced performance on the executive attention trials of the ANT
(Felver et al., 2014a). In another study, mindfulness training was more effective at
improving aspects of executive attention including inhibitory control and cognitive
flexibility on the Flanker task and Hearts and Flowers task for pre-adolescents aged
between 9 and 11 years compared with a social responsibility curriculum (Schonert-
Reichl et al., 2015). Training these abilities during pre-adolescence is of great
importance as adaptive executive attention skills are needed for school readiness
and academic performance (Checa et al., 2008; Posner & Rothbart, 2014; Razza et
al., 2010; Rueda et al., 2012; Steinmayr et al., 2010). Executive attention
deficiencies are found in children with anxiety disorders (Mogg et al., 2015) and

linked with academic difficulties (Blair & Diamond, 2008; Checa & Rueda, 2011).

During mindfulness training for pre-adolescents, emotional flexibility that
allows emotions to be attended to or inhibited depending on the task requirements is
improved with the use of executive attention skills and an attitude of acceptance and
non-judgement to experiences (De Raedt et al., 2012; Schonert-Reichl et al., 2015).
Improvements in executive attention may also enable emotions to be adaptively
regulated earlier in the time course of emotion processing through promoting an
earlier awareness of emotional thoughts (Quaglia et al., 2015; Teper et al, 2013).

The inhibition of automatic maladaptive regulatory responses (De Raedt et al., 2012;
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Ortner et al., 2007; Quaglia et al., 2015; Wadlinger & Isaacowitz, 2010) increases the
ability to experience emotions without the filter of avoidance or rumination (DeRaedt
et al., 2012; Wadlinger & Isaacowitz, 2010). While studies investigating these
mechanisms with pre-adolescents are lacking, in adults an increased ability to
rapidly inhibit emotional distracter stimuli has been linked with reduced emotional
interference during a task following mindfulness training (De Raedt et al., 2012;
Ortner et al., 2007) and in individuals with high dispositional mindfulness (Quaglia et
al., 2015). It is to be seen whether similar effects will be observed in pre-

adolescents.

Pre-adolescent mindfulness programmes guide attention towards noticing the
transient nature of emotions (Flook et al., 2010; Mindfulness in Schools, 2015;
Saltzman & Goldin, 2008). This metacognitive awareness of emotions as fluctuating
states rather than inherent self-traits could positively impact on how experiences are
cognitively appraised (Garland et al., 2011). Young pre-adolescents are not always
able to regulate emotions using complex top-down regulatory strategies such as
cognitive reappraisal due to maturational limitations within the PFC (DeCicco et al.,
2012; McRae et al., 2012; Qin et al., 2012). In adults, both mindfulness and cognitive
reappraisal strategies recruit brain areas involved in attention and cognitive control
including the dorsal medial, dorsal lateral and ventromedial PFC, to exert a “top-
down” inhibition of the amygdala (Goldin et al., 2008; Modinos et al., 2010; Opialla et
al., 2014). However, in contrast to cognitive reappraisal, mindfulness acts earlier in
the emotion generation process (Gross & John, 2003; Quaglia et al., 2015; Teper et
al., 2013). An earlier regulatory strategy can have a more efficient impact, as it
requires less effort and resources (Sheppes & Gross, 2011). Indeed, mindfulness is

associated with lower cognitive costs than cognitive reappraisal (Kaunhoven &
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Dorjee, unpublished results; Keng et al., 2013). This suggests that mindfulness
training may enable more efficient modulation of emotions via top-down mechanisms
in pre-adolescents since it might be less effortful than cognitive reappraisal, thus

more readily implementable by this age group.

Mindfulness training can also modulate the intensity and duration of an
emotional response to an environmental stressor in the absence of top-down
regulatory engagement (Carthy et al., 2010; Chiesa et al., 2013), This is of particular
importance for pre-adolescence due to the diminished top-down regulatory capacity
observed in this developmental period. This involves modulation of “bottom-up” brain
responses associated with sensory awareness including the ACC, insula and
somatosensory cortex (Chiesa et al., 2013; Farb et al., 2012; Goldin & Gross, 2010).
In adults, modulations of top-down regulatory processes have been found after short
term mindfulness training, whereas bottom-up modulations of emotion processing
generally occur after more extensive mindfulness practice (Chiesa et al., 2013). For
example, a reduction in PFC activation has been found for experienced meditators
during emotion processing compared to novice meditators (Taylor et al., 2011). This
suggests that with mindfulness training, self-regulatory skills are refined and the
ability to effortlessly sustain attention in the present moment whilst disengaging from
distractions increases (Brefczynski-Lewis et al., 2007; Jha et al., 2007; Malinowski,
2013). It is not clear whether the recruitment of the bottom-up regulatory capacities
in this type of emotion regulation needs to be preceded by a progression from initial
top-down pattern of regulation. This is particularly relevant to the pre-adolescent bias
towards recruitment of bottom-up regulatory strategies and raises the possibility that
bottom up pathways may be preferentially engaged when pre-adolescents are

trained in mindfulness.
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Indeed, initial research suggests that for individuals with deficits in top-down
control, it is possible that mindfulness may regulate emotions via bottom-up
mechanisms linked with sensory awareness. For example, adults with social anxiety,
a disorder associated with reduced cognitive and attention control abilities, showed
modulations of emotion processing via bottom-up regulation after only 8 weeks of
MBSR. Specifically, the findings reported increased activity in visual attention areas
including the middle occipital gyrus, superior and inferior parietal lobules, cuneus
and pre-cuneus areas, alongside a reduction in amygdala activity (Goldin & Gross,
2010). This could have important implications for pre-adolescents with immature
cognitive control processes (Luna & Sweeney, 2004; Rothbart et al., 2011) as
mindfulness training may support adaptive emotional responding without strong

involvement of brain networks linked with top-down attention control.

Importantly, mindfulness training aims to foster metacognitive awareness of
thoughts, feelings and behaviours with a kind and curious attitude (Shapiro et al.,
2006; Zeidan et al., 2010). Enhancements in metacognitive awareness have
previously been found after mindfulness training for pre-adolescents based on
teacher reports (Vickery & Dorjee, 2015) and for children with the lowest baseline
levels on parent and teacher reports (Flook et al., 2010). A lack of metacognitive
awareness can be indicative of mind wandering (Smallwood et al., 2007),
interestingly, a negative correlation between mind wandering and mindfulness was
found in a study with adolescents aged between 12 and 18 years (Luo et al., 2016).
Reductions in mind wandering were found to mediate the effects of mindfulness on
task performance during a working memory task and a GRE reading comprehension
task in adults with a high tendency to mind wander prior to mindfulness training

(Mrazek et al., 2013). The development of metacognitive monitoring skills combined



31

with attention control and a non-judgmental attitude towards thoughts through
mindfulness training, may enable flexible disengagement or engagement in mind

wandering based on the requirements of the academic context.

In the following section we will consider how ERPs can provide a measure of
the potential impact of mindfulness training on attention control and emotion

regulation with pre-adolescents.

5. ERP measures of mindfulness on attention and emotion processing

5.1. N2.

The N2 ERP component indexes the executive attention processes of conflict
monitoring and response inhibition (Buss et al., 2011; Dennis & Chen, 2007; Stieben
et al., 2007). The N2 is a fronto-central negativity elicited approximately between 200
and 400ms after stimulus onset which is associated with neural generators in the
dorsal caudal ACC (Lewis et al., 2006a; Van Veen & Carter, 2002a; Van Veen &
Carter, 2002b) which is a node of cingulo-opercular network (Dosenbach et al.,
2008; Fair et al., 2007). A more negative N2 is elicited after the successful inhibition
of a pre-potent response (Bokura et al., 2001; Falkenstein et al., 1999) and in
situations which require increased inhibitory control, such as performing an executive
attention task under negative emotional demands (Dennis & Chen, 2007; Lewis et
al., 2006a; Lewis & Stieben, 2004). The N2 component is measured during tasks
targeting conflict monitoring and response inhibition including the Go/No-go tasks,
Stroop tasks and the executive attention trials of the ANT (Espinet et al., 2012; Jha

et al., 2007, Lewis et al., 2006a; Lewis et al., 2007).
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During childhood the N2 latency decreases and the amplitude becomes less
negative, reflecting a developmental increase in neural efficiency within the
executive attention networks (Chapman et al., 2010; Espinet et al., 2012; Lewis et
al., 2006a; Lamm et al., 2006). The N2 topography also shifts during development
from centromedial sites with likely neural generators in the PCC to frontal sites with
proposed generators in the dorsal ACC (Lewis et al., 2006a), and this shift is linked
with the enhancement of executive attention abilities in pre-adolescents (Lamm et
al., 2006). For 3 to 5 year olds who showed an increased ability to solve conflicts and
adapt to new rules during a dimensional change card sort task, less negative N2
amplitudes were elicited compared with children unable to effectively task switch
(Espinet et al., 2012). In addition, enhanced performance on the lowa gambling task
and Stroop task predicted a less negative N2 amplitude for children aged 7 to 16

years with age effects controlled for (Lamm et al., 2006).

These developmental findings suggest that for pre-adolescents, who are
undergoing a rapid maturation within the fronto-parietal and cingulo-opercular
networks underlying executive attention (Fair et al., 2007; Kelly et al., 2009; Posner
et al., 2014; Rothbart et al., 2011), a less positive N2 amplitude after mindfulness
training would reflect increased cortical efficiency. Interestingly, the opposite pattern
was found for older adolescents after mindfulness training, a more negative frontal
N2 amplitudes for distracter and frequent stimuli in an oddball paradigm was
associated with improvements in mental uncontrollability and cognitive confidence
after mindfulness training (Sanger & Dorjee, 2016). Older adolescents have more
advanced conflict monitoring and response inhibition skills compared with pre-
adolescents (Chapman et al., 2010; Lewis et al., 2006a; Luna & Sweeney, 2004).

Therefore, the more negative N2 observed may be more in line with findings from
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adults, where a more negative N2 indexes increased executive attention abilities
(Falkenstein et al., 1999; Schmajuk et al., 2006). To deconstruct the developmental
patterns of N2 modulation further future studies need to measure ERP amplitudes in

conjunction with self-reports and behavioural performance.

The emotion regulation improvements which accompany the maturational
changes in executive attention during pre-adolescents can also be measured using
the N2 (Lewis, et al., 2007; Lewis et al., 2008). The patterns of N2 modulation can be
impacted by individual differences and task performance (Dennis, 2010). Two
studies examined N2 modulations for non-clinical samples of children during emotion
inducing and non-emotion inducing blocks of a Go/No-go task (Chapman et al.,
2010; Lewis et al., 2006a). During non-emotion inducing trials the N2 amplitude for
no-go trials became less negative with development (suggesting increased cortical
efficiency) (Chapman et al., 2010; Lewis et al., 2006a). Different patterns of N2
modulations were found across the two studies for the negative emotion-inducing
blocks. Specifically, Chapman et al., (2010) found that for 8 to 17 year olds a less
negative N2 for no-go trials and greater accuracy rates across go and no-go trials
was linked with more adaptive physiological emotion regulation abilities (measured
by reactive respiratory sinus arrhythmia; RSA). This suggests that a less negative N2
indexes more efficient emotion regulation abilities. In comparison, Lewis et al.,
(2006a) found that the N2 amplitudes for 7 to 16 year olds did not follow a linear
developmental trajectory. Adolescents showed a more negative N2 for no-go trials
and this was associated with more frontal generators in the right orbitofrontal cortex,
temporal pole and PCC. Younger pre-adolescents showed no emotion induced N2
modulations and this was linked with generators in the PCC. Adolescents in this

study also showed higher performance abilities, suggesting that those with the
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capacity to enhance executive attention resources during emotionally demanding
situations (more negative N2) had more adaptive emotion regulation abilities

(enhanced behavioural performance).

N2 modulations during the negative emotion inducing Go/No-go task has also
been used to index emotion regulatory difficulties in pre-adolescents aged between 8
and 12 years. Stieben et al., (2007) found that healthy controls showed a similar N2
amplitude for no-go trials across emotion inducing and non-emotion inducing blocks
of the Go/No-go task. Children with self-regulatory difficulties (comorbid externalising
and internalising disorders) showed a similar N2 amplitude to healthy controls for
non-emotion inducing blocks. The N2 amplitude did however became more negative
during negative emotion induction. This was attributed to an increased need to
recruit executive attention abilities in children with self-regulatory difficulties who may
have found the task more demanding. Similarly, Lewis et al., (2006b) found that for
children aged between 8 and 12 years with self-regulatory problems, an enhanced
and more frontal N2 during an emotion inducing task was linked with greater
behavioural flexibility. This reflected an increased ability to formulate complex
regulatory strategies through recruitment of brain areas underlying executive
attention such as the ACC (Lewis et al., 2006b). These studies suggest that for
children with self-regulatory difficulties, more cognitive resources are required in
order to effectively regulate emotions and this is reflected in an enhanced N2

amplitude.

The outlined discrepancies in developmental patterns suggest that any
predictions regarding how mindfulness training could modulate the N2 for pre-
adolescents need to take into account task demand, the emotional or non-emotional

nature of the stimuli and the pre-existing self-regulatory abilities of children. A
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decreased N2 in healthy children in emotionally neutral tasks could be predicted, but
more a negative N2 would be expected in emotionally demanding tasks, reflecting an
increased ability to recruit executive attention resources. This pattern should be
coupled with improvements in behavioural performance and self-reported or
physiological measures of emotion regulation. Indeed, higher levels of dispositional
mindfulness were found to predict higher N2 amplitudes alongside fasters reaction
times (without a decrement in accuracy) during an emotional Go/No-go task in adults
(Quaglia et al.,2015). In children with self-regulatory difficulties, mindfulness training
could enhance executive control and emotion regulation, resulting in a pattern of less
negative N2 amplitudes which would be more aligned with the performance of
healthy children. Such reductions in N2 should be associated with decreases in

anxiety and other clinical symptoms as well as improved behavioural performance.

5.2. Error related negativity (ERN) and error positivity (Pe)

Another ERP marker associated with executive attention is the ERN, a fronto-
central negativity elicited 50ms after an error response (Hajcak, 2012). The ERN is
thought to reflect the monitoring for, and, detection of errors (van Veen & Carter,
2002a; van Veen & Carter, 2002b; Yeung et al., 2004). A more negative ERN is
elicited when the consequence of committing an error is meaningful (Hajcak, 2012,
Teper & Inzlicht, 2013). Debate remains regarding whether the N2 and ERN share
the same dorsal caudal ACC neural source (Ladouceur et al., 2006; Lewis &
Stieben, 2004; van Veen & Carter, 2002b) or whether the ERN reflects ventral rostral
ACC activity (Mathalon et al., 2003). This is of functional significance since the
dorsal caudal ACC is linked with attention control (Bush et al., 2000; Yeung et al.,
2004) whilst the ventral rostral ACC is linked with emotional appraisal of errors

(Mathalon et al., 2003). Another ERP component which is linked with error
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processing is the error positivity (Pe), a parietal positivity elicited approximately
between 200 and 400ms after an error response (ERN) (Olvet & Hajcak, 2012). The
Pe indexes the conscious detection of, and emotional reactivity to an error; the
amplitude is more positive when the emotional salience of an error is high (Endrass
et al., 2007; Santesso et al., 2006). The Pe is linked with neural sources in the rostral

ACC and parietal cortex (Herrmann et al., 2004; van Veen & Carter, 200b).

The Pe component is observed early in childhood and does not significantly
vary over the course of development (Davies et al., 2004; Meyer et al., 2012), the
ERN however, does undergo maturational changes. During middle childhood the
ERN becomes more negative, reflecting an increase in error processing efficiency
resulting from maturation within the ACC (Meyer et al., 2012; Segalowitz & Davies,
2004; Segalowitz & Dywan, 2009; Wiersema et al., 2007). However, this
developmental trend is affected by individual differences, task complexity and
motivation (Davies et al., 2004; Kim et al., 2007). Abnormal ERNs can index the
presence or risk of self-regulatory disorders which arise from impairments in
executive attention (Meyer et al., 2012; Olvet & Hajcak, 2008; Torpey et al., 2013). A
less negative ERN was associated with more externalising ADHD behaviours and
academic performance deficits for children raised in foster care (McDermott et al.,
2013). Interestingly, these deficits were not exhibited for foster care children who
elicited a more negative ERN, suggesting that the development of attention control
during childhood may have a protective effect for children raised in adverse
environments (McDermott et al., 2013). Whilst a more negative ERN can be
adaptive, it is also found in individuals with anxiety (Moser et al., 2013; Olvet &
Hajcak, 2008). This is possibly due to an increased sensitivity to errors alongside a

reduced ability to effectively respond to this performance feedback due to ineffective



37

interactions between the cingulo-opercular and fronto-parietal network (Sylvester et
al., 2012; Voss et al., 2011). Only converging evidence from assessments of anxiety

and ERN can discern maladaptive from adaptive ERN responses of similar patterns.

A link between error processing abilities indexed by the ERN and empathy
(prosocial behaviour which involves the ability to understand and respond to others
emotional experiences) has also been previously found (Larson et al., 2010; Thoma
& Bellebaum, 2012). For adults higher self-reported trait empathy was linked with a
more negative ERN during a Stroop task (Larson et al., 2010) and Flanker task
(Santesso & Segalowitz, 2009). Mindfulness programmes for pre-adolescents
include practices aimed at increasing kindness and compassion to the self and
others (Flook et al., 2010; Mindfulness in Schools, 2015; Schonert-Reichl et al.,
2015) and self-reported improvement in empathy has been reported for pre-
adolescents after mindfulness training (Schonert-Reichl et al., 2015). Correlational
analysis between the ERN and self-reports of empathy could provide a marker of the
impact of mindfulness training on empathy and error processing with pre-
adolescence.

The ERN is thought to reflect a disposition which is not consistently
modulated by state changes (Moser et al., 2005; Riesel et al., 2013), the Pe is
however, sensitive to changes in emotional states (Moser et al., 2005). The impact of
mindfulness training on the different stages of error processing indexed by the ERN
and Pe may therefore change depending on the duration of mindfulness training
(shorter versus longer term mindfulness training). For experienced meditators, an
enhancement in the detection of errors (more negative ERN), was not accompanied
by an increase in emotional reaction to errors (no change in Pe amplitude) during a

Stroop task (Teper & Inzlicht, 2013). Also emotional acceptance in conjunction with
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ERN amplitude was found to be the mediating link between mindfulness experience
and Stroop test performance (Teper & Inzlicht, 2013). An accepting attitude may
enable pleasant, neutral and negative experiences to be attended to without
engaging in rumination (Inzlicht et al., 2014); this in turn can increase the attention
resources available to actively monitor for errors whilst disengaging from the
emotional reaction associated with the error (Teper & Inzlicht, 2013). In contrast,
after a brief induction of mindful breathing an attenuation of the Pe was found but no
ERN modulation was observed during a modified Flanker (Larson et al., 2013). This
suggests that whilst modulations in emotional appraisal of errors (indexed by the Pe)
could occur after brief inductions of mindfulness, trait changes in error processing

(indexed by the ERN) occur after extensive mindfulness training.

Whilst the duration of mindfulness training is an important factor to consider,
the type of mindfulness meditation (thought focused versus emotion focused) is also
important when considering the role of mindfulness training on error processing.
Saunders et al., (2016) compared the impact of brief inductions of thought focused
and emotion focused mindfulness practices on ERN and Pe modulations. An
enhanced ERN followed by no Pe modulation was found after the emotion focused
practices, in contrast, no ERN or Pe modulations were observed after the thought
focused practice during a Go/No-go task. This suggests that having a mindful
acceptance of emotions can modulate early stages of error processing, even after
brief inductions of mindfulness. Whilst similar ERN/Pe modulations were found for
experienced meditators (Teper & Inzlicht, 2013) and participants who received the
brief mindfulness induction (Saunders et al., 2016), improvements in behavioural
performance were only observed for experienced meditators (Teper & Inzlicht,

2013). This indicates that longer duration practices are required to improve error
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processing performance. For pre-adolescence introspective practices which involve
bringing attention to emotional experiences are often introduced gradually during
mindfulness training (Flook et al., 2010; Mindfulness in Schools, 2015) and therefore
it would be expected that ERN modulations for pre-adolescents would be observed

after longer durations of mindfulness training.

The ERN and Pe may be useful in the assessment of clinically relevant shifts
in emotional responses which directly impact on attention efficacy. For instance, for
children with ADHD who error frequently the ERN is less negative and the Pe is
attenuated in comparison to heathy controls (Senderecka et al., 2012). A deficiency
in the ability to emotionally appraise errors may underlie their limited error sensitivity
and resulting high error rates (Wiersema et al., 2007). Mindfulness training was
found to modulate the Pe in adults with ADHD; an enhancement in the Pe amplitude
after mindfulness training correlated with a decrease in hyperactivity and impulsivity
and an increase in acting with awareness (Schoenberg et al., 2014). Mindfulness
training may therefore encourage adaptive emotional appraisal of errors for pre-
adolescents who have attention deficits and this would be associated with a more
positive Pe. No ERN modulations were found after mindfulness training, medication
status was proposed to be a confound and further research is needed to assess the
ERN’s sensitivity to changes in error processing for clinical samples after

mindfulness training.

With regards to mindfulness research with pre-adolescents, the ERN could be
a potentially useful marker of changes in executive attention abilities and their impact
on academic performance since the ERN has been linked to these in previous non-
intervention research (McDermott et al., 2013). The research with pre-adolescents

could assess possible links between an enhancement in ERN and improvements in
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empathy and acceptance resulting from sustained mindfulness training. Assessing
whether the duration of mindfulness training or the type of mindfulness training
employed changes the interplay of ERN and Pe modulations for pre-adolescents
could hence also provide new insights into the interactions between neurocognitive

shifts specific to emotional appraisal (Pe) and attention control (ERN).

5.3. P3a

The P3a ERP component can provide a measure of the later stages of
exogenous attention (Bledowski et al., 2004; Carretie, 2014; Linden, 2005),
particularly the reorienting of attention to salient stimuli (Bledowski et al., 2004; Volpe
et al., 2007; Wetzel & Schroger, 2007). The P3a is a frontal medial positivity which is
usually elicited between 300-400ms after stimulus presentation (Bush et al., 2000)
for infrequent distracter stimuli during an oddball paradigm (Polich, 2007). A more
positive P3a amplitude is found for salient stimuli which are novel or of an emotional
nature (Delplanque et al., 2005; Thierry & Roberts, 2007) reflecting increased
automatic allocation of attention resources to these stimuli (Polich, 2007). Activations
in both the ventral attention network (linked with salience detection) and dorsal
attention network (linked with reorienting of attention resources) have been found for
oddball distractors (Bledowski, 2004; Kim, 2014). Specific neural generators
associated with the P3a include the medial and superior frontal gyrus, the right

parietal lobe (Volpe et al., 2007) and the ACC (Liotti et al., 2005; Volpe et al., 2007).

Developmental changes in P3a amplitude have been found; an anterior shift
in topography from central to frontal sites (Gumenyuk et al., 2001; Lewis et al.,
2006a) and an attenuation of the P3a amplitude (Stige et al., 2007) occurs with

development, reflecting a reduction in the automatic orientation of attention towards
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distracting stimuli. Pre-adolescents aged between 7 and 10 years who elicited a
more positive P3a to novel distracter sounds preceding a visual target exhibited
greater distractibility in the form of longer reaction times to the proceeding target
(Gumenyuk et al., 2001). In comparison with pre-adolescents, adults were better
able to reduce automatic orientation of attention towards auditory sounds when
instructed to change from attending to ignoring the auditory sounds, resulting in an

attenuation of the P3a (Wetzel et al., 2006).

Modulations of the P3a amplitude for distracter stimuli in an oddball task is a
marker of the vulnerability to, or presence of, psychopathological disorders in adults.
A more positive P3a to distracter stimuli was found for adults with anxiety (Bruder et
al., 2002) and a less positive P3a to novel distracters was found for adults with
depression (Bruder et al., 2009). However, research has not established whether the
P3a can index psychopathological disorders in pre-adolescents, with some

suggesting no relationship between trait anxiety and the P3a (Hogan et al., 2007).

In relation to mindfulness research, to date, the P3a has only been used to
study state meditation effects in experienced meditators. Specifically, when
experienced Vipassana practitioners were asked to meditate (instructed to adopt a
non-reactive detached observation towards the environment) during a passive
oddball task with frequent and infrequent distracter tones, an attenuated P3a was
elicited in response to distracter stimuli in comparison to a mind-wandering state
(instructed to freely think of non-emotional thoughts) (Cahn & Polich, 2009). This
suggests that the non-reactive attitude adopted during the meditative state may
facilitate the reduction in attention resources automatically oriented towards

distractor stimuli (attenuated P3a) in comparison to a state of mind-wandering.
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Regarding pre-adolescents, it would be a methodological challenge to use the P3a
as an index of state effects during a meditative state given that meditation practices
for pre-adolescents are short in duration (Thompson & Gauntlett-Gilbert, 2008).
Mindfulness training programmes for pre-adolescents aim to reduce distractibility by
training attention to stabilise in the present moment through breath or object focused
mindfulness practices (Flook et al., 2010; Mindfulness in Schools, 2015; Schonert-
Reichl et al., 2015). The P3a could potentially provide a developmental marker of
trait changes in exogenous orienting to distracting stimuli after mindfulness training
during tasks which do not require a meditative state. For example, during an active
oddball task, which requires participants to respond to targets whilst inhibiting
responses to distractors, an attenuation of the P3a for distractor oddballs after
mindfulness training would index a reduction in exogenous attention. The elicitation
of a less positive P3a for emotional distractors after mindfulness training could reflect

reduced emotional reactivity towards salient non-targets.

5.4. P3b

The P3b, a positive peak with a parietal distribution elicited between 300 and
500ms after stimulus onset (Hajcak et al., 2010; Polich, 2007), can provide a
measure of top-down attentional control abilities including the endogenous allocation
of attention resources towards task relevant stimuli (Chennu et al., 2013; Linden,
2005; Moser et al., 2005), attention resource availability (Hajcak et al., 2010; Moser
et al., 2005; Polich, 2007 Delplanque et al., 2005; Hillman et al., 2005; St-Louis-
Deschénes et al., 2015; Willner et al., 2015) and context updating (Geng & Vossel,
2013; Polich, 2007). The P3b is often elicited in an oddball paradigm for infrequent
target stimuli requiring a response (Kok, 1997; Polich, 2007). A more positive P3b to

task relevant stimuli has been linked with a greater availability of attention resources
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to allocate during a task (Hillman et al., 2005; Willner et al., 2015). The allocation of
attention towards task relevant stimuli can be depleted by the presentation of
distracting task irrelevant stimuli and this results in an attenuation of the P3b (Hajcak
et al., 2010; Moser et al., 2005). For example, a less positive P3b has been linked
with greater mind wandering during a sustained attention to response task
(Smallwood et al., 2008), an oddball task (Barron et al., 2011), and a time estimation
task (Kam et al., 2012). This reflects a reduction in attention resources available for
task relevant processing due to the reorienting of attention resources towards task

irrelevant thoughts.

A recent meta-analysis found that whilst the dorsal attention network was
active throughout an oddball task, for all stimuli, the ventral attention network was
strongly linked with target oddball detection (Kim, 2014). The P3b is often associated
with neural generators in the right TPJ (Linden, 2005), a node of the ventral attention
network which is more active for task relevant stimuli (Bledowski et al., 2004) and
has a role in post perceptual context updating (DiQuattro et al., 2014; Geng &

Vossel, 2013).

During child development the P3b latency decreases (Hillman et al., 2005;
Ridderinkhof & van der Stelt, 2000; van Dinteren et al., 2014) in conjunction with
faster reaction times and increased accuracy rates for targets, reflecting more
efficient stimulus evaluation (Hillman et al., 2005; Ridderinkhof & van der Stelt,
2000). No consistent age-related developmental changes in P3b amplitude have
however been reported; studies argue for amplitude modulation in either direction or
no modulation at all (Hillman et al., 2005; Segalowitz & Davies, 2004; Willner et al.,

2015).
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The P3b amplitude has not been used as a marker of the impact of
mindfulness on attention resource efficiency in pre-adolescents so far. In adults, this
component was sensitive to varying levels of mindfulness training in adults, however,
inconsistent trends have been found. A less positive P3b has been reported as an
index of increased attention efficiency (Moore et al., 2012) and reduced attention
engagement (Jo et al., 2016). There are possible explanations for the differential
modulations of the P3b amplitude in these two studies including differences in the
intensity of mindfulness training and differences in task design. Due to the cross
sectional design of the Jo et al., (2016) study, baseline group differences other than
meditation training cannot be ruled out as having an impact. One potential
explanation for the differences in P3b modulation is that as the P3b amplitude is
sensitive to task difficulty (Polich, 2007), mindfulness training may increase attention
flexibility and adjust attention resource allocation depending on the task demands.
Specifically, Moore et al., (2012) found a reduced P3b for incongruent stimuli on a
Stroop test after 16 weeks of brief mindfulness practice, this could index an increase
in attention efficiency given that no deficit in behavioural performance accompanied
the P3b attenuation. In contrast, Jo et al., (2016) found no difference in P3b
responses between incongruent and congruent stimuli of the ANT task in
experienced meditators, whereas non-meditators showed less positive P3b
amplitudes to incongruent trials in comparison to congruent trials in the same task.
This pattern of findings was associated with higher accuracy rates for incongruent
stimuli in meditators. Therefore, overall, when a task is difficult and requires
enhanced attention control the elicitation of a more positive P3b is adaptive and
linked with increased behavioural performance. In tasks of a lower difficulty a

decreased P3b together with no decrement in attention performance could reflect
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increased task efficiency. Indeed, in an attention blink paradigm Slagter et al., (2007)
found decreased P3b to the first target (less attention demand) coupled with
increased P3b and greater accuracy to the second (higher attention demand) in
practitioners after 3 months of intensive focused attention Vipassana training. The
P3b modulations found after 16 weeks of brief mindful breathing practices (Moore et
al., 2012) are encouraging for research with pre-adolescents. The mindfulness
practices included in training courses for pre-adolescents are often brief in duration
(several minutes) and mindful breathing is included as a core practice (Flook et al.,

2010; Mindfulness in Schools, 2015; Schonert-Reichl et al., 2015).

When considering the impact of mindfulness training on the P3b in pre-
adolescents, developmental differences in attention control skills need to be taken
into account. For instance, a study comparing the impact of fithess levels on
attention control in adults and pre-adolescents found that for pre-adolescents’ better
task performance was accompanied by an enhanced P3b (suggesting greater need
to recruit task relevant attention resources), whilst for adults’ better task performance
did not elicit a more positive P3b (suggesting greater attention resource efficiency)
(Hillman et al., 2005). It would be expected that in pre-adolescents, whose attention
controls skills are still undergoing some development (Farrant & Uddin, 2015; Rueda
et al., 2004b), the elicitation of a more positive P3b to targets during a demanding
oddball task after mindfulness training would reflect an increased ability to focus on
task relevant stimuli. This would be expected to be accompanied by faster P3b
latencies, enhanced accuracy rates and faster reaction times. This prediction would
support previous intervention findings for 5 to 7 year olds from socioeconomically
disadvantaged backgrounds who were enrolled on a PATHS to success programme

(Willner et al., 2015). During this study a more positive P3b to correct targets in a
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Go/No-go task was linked with less false alarms and longer reaction times to targets
(this contradictory finding of longer reaction times might be due to more demand on
impulse control in this particular group). The enhanced P3b was also associated with
greater teacher and experimenter rated learning engagement which in turn predicted
greater academic performance a year later. In addition to these trait changes in
attention control, a more positive P3b for correct targets in a visual oddball task was
found for pre-adolescents aged 8 to 12 years after 30 minutes of exercise compared
with rest (St-Louis-Deschénes et al., 2015), suggesting the P3b is sensitive to both
state and trait changes in attention control. These previous findings suggest that a
similar modulation, i.e., enhanced P3b, would be expected during a demanding task

in pre-adolescents after mindfulness training.

The P3b has not been used to index the impact of mindfulness training on
mind wandering in pre-adolescents, however for adult Vipassana meditators a more
positive P3b to target stimuli was found during a state of meditation compared with
episodes of mind wandering during an auditory oddball paradigm (Delgado-Pastor et
al., 2013). This suggests that meditation can improve the ability to sustain attention
in the present moment and reduce episodes of mind wandering (Delgado-Pastor et
al., 2013). In addition, adults with ADHD, a disorder characterised by deficiencies in
attention control, showed an increased parietal positivity for target trials together with
increased target accuracy in a continuous performance task after mindfulness
training. This increase in amplitude was correlated with an increase in mindfulness
scores (Schoenberg et al., 2014). Hence, in future studies the P3b could provide a
marker of the impact of mindfulness training on mind wandering for pre-adolescents
with clinical levels of regulatory difficulties in attention control. Incidences of mind

wandering are higher during tasks which are low in cognitive demands (Mason et al.,
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2007) and therefore continuous performance tasks which require long periods of
repetitive low demanding responses or oddball tasks which involve long periods of
non-responses are likely to induce episodes of mind wandering (Cahn & Polich,
2009; Smallwood et al., 2008). For pre-adolescents it could be expected that
mindfulness training would result in higher P3b coupled with higher target accuracy
in tasks such as the SART, reflecting less mind wandering and better sustained

attention.

The P3b could also provide a possible index of how mindfulness impacts on a
child’s deployment of attention towards affective stimuli. For non-clinical samples of
children, the P3b amplitude is similar for happy, angry and sad faces (Kujawa et al.,
2013Db; Pollak et al., 1997; Shackman et al., 2007). This is because they don’t have
an attention bias towards threat related stimuli (Bar-Haim et al., 2007; Waters et al.,
2008). In comparison, for children with a history of maternal maltreatment an
attenuated P3b to happy target stimuli (Pollak et al.,1997) and an enhanced P3b for
angry targets (Shackman et al., 2007) during oddball tasks was found. This
enhanced P3b for angry targets mediated the relationship between experiences of
abuse and anxiety (Shackman et al., 2007) suggesting that the P3b amplitude can
index unhealthy engagement with emotional stimuli (Pollack, et al., 1997; Shackman
et al., 2007). For adults after a brief mindfulness induction of mindful breathing a
greater attenuation of the P3b to angry images relative to neutral images during a
passive picture paradigm was linked with higher levels of state decentering (ability to
observe emotional states and choose how to respond to them) (Eddy et al., 2015).
Hence, increasing attention control through mindfulness training could enhance the
ability to adaptively regulate deployment of attention towards negative stimuli (and

attenuate the P3b for such target stimuli) during pre-adolescence. We could expect
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these P3b modulations after mindfulness training to be associated with reductions in

anxiety symptomatology, especially for children exposed to adverse social stressors.

5.5. Late positive potential (LPP)

The LPP, a broad sustained central parietal positivity elicited between 300
and 2000ms after stimulus onset can provide a developmentally sensitive marker of
bottom-up non volitional emotional reactivity (DeCicco et al., 2012; Hajcak et al.,
2010; Solomon et al., 2012) and top-down volitional emotion regulation in pre-
adolescents (DeCicco et al., 2014; DeCicco et al., 2012; Dennis & Hajcak, 2009).
Tasks such as passive picture paradigms, where participants passively attend to the
emotional features of affective images without actively regulating their response,
have been associated with bottom up emotional reactivity (Carthy et al., 2010;
Domes et al., 2010; Hajcak & Dennis, 2009; Ochsner et al., 2009; Solomon et al.,
2012). In these tasks, a more positive LPP is found for emotionally arousing positive
and negatively valenced stimuli (Hajcak & Dennis, 2009; Hajcak et al., 2006; Schupp
et al., 2004; Solomon et al., 2012). In comparison, tasks which involve explicit
instructions to implement emotion regulation strategies when viewing emotional
stimuli are linked with top-down volitional regulation. Greater activation of the PFC
has been found during the implementation of top-down regulatory strategies in
comparison to passive viewing tasks (Domes et al., 2010; Ochsner et al., 2009).
Successful regulation of the emotional response to negative stimuli is associated
with an attenuation of the LPP amplitude for pre-adolescents (Dennis & Hajcak,

2009; Hua et al., 2015).

Developmentally sensitive modulations of the LPP have also been found

during active tasks assessing emotional reactivity including the emotional interrupt
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task. This task involves participants responding to a non-emotional target stimulus
preceded and followed by a non-target emotional stimulus (Kujawa et al., 2012b).
For pre-adolescents aged between 8 and 13 years, an enhanced LPP for positive
pre-target distracters was linked with slower reaction times to targets (Kujawa et al.,
2013a) and lower target accuracy (Kujawa et al., 2012b). Similarly, an enhanced
LPP for negative pre-target distracters was associated with reduced accuracy
(Kujawa et al., 2013a). This suggests that enhanced emotional reactivity towards the
pre-target distracter (indexed by a heightened LPP) can interfere with the attention
resources available for subsequent target processing resulting in a decrement in task

performance.

The LPP amplitude can reflect individual differences in emotional reactivity,
for instance a reduced differentiation between the LPP elicited for emotional and
neutral faces during a passive faces paradigm was found for 6-year-old children with
a maternal history of depression (Kujawa et al., 2012a), this is consistent with
findings that depression is associated with reduced processing of emotional stimuli
(Bylsma et al., 2008). In addition, children aged 5 to 7 years who were rated as
exhibiting higher fearful behaviour, had prolonged emotional reactivity to negative
stimuli (more positive LPP for negative versus neutral stimuli during the later LPP
time window 1200-2000ms) (Solomon et al., 2012). Mixed results have been found
with regards to anxiety, Solomon et al., (2012) found the LPP was not associated
with maternal reports of fear and anxiety. In contrast Kujawa et al., (2015) found that
children with a current diagnosis of social anxiety elicited a heightened LPP between

1000-2000ms to angry and fearful faces in an emotional face matching task.
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Developmental changes in top-down volitional regulation have also been
found for pre-adolescents asked to regulate their responses to negative pictures
using cognitive reappraisal during an affective picture paradigm. Greater attenuation
of the LPP to negative stimuli was linked with lower maternal reports of anxiety and
depression in children aged 5 to 10 years (Dennis & Hajcak, 2009) and lower self-
reported anxiety in children aged 7 to 9 years (DeCicco et al., 2014). This suggests
the LPP is a stable index of emotion regulation in older pre-adolescence and the
ability to effectively implement complex volitional strategies such as cognitive
reappraisal increases between 7 and 9 years (DeCicco et al., 2014). The LPP is not
always modulated by cognitive reappraisal for younger children aged between 5 and
7 years (DeCicco et al., 2012; Dennis & Hajcak, 2009). This possibly reflects an
inability to consistently employ complex regulatory strategies in younger pre-
adolescents as a result of immature development of the PFC (McRae et al., 2012;
Qin et al., 2012). Hua et al., (2015) found that the LPP was sensitive to cognitive
reappraisal in children aged 4 to 5 years of age when the regulation instructions
were simplified and made age appropriate. This highlights that children can
effectively employ top-down regulatory strategies when the cognitive costs

associated with these strategies is reduced.

During childhood a shift in the LPP topography from occipital to parietal sites
may reflect a maturational change in the response to emotional stimuli. Increasing
connectivity between top-down frontal brain regions and bottom-up parietal brain
regions during development may reduce the reliance on bottom-up occipital areas
(Kujawa et al., 2012b; Kujawa et al., 2013a; Kujawa et al., 2013b). Correspondingly,
for children aged 8 to 14 years, occipital cortex activity decreased during

development. In addition, increased occipital activity and reduced dorsal PFC activity
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was linked with higher self-reported trait anxiety and a reduced ability to adaptive

regulate emotional responses (Wessing et al., 2015).

Modulations in the LPP have been found to index changes in emotion
processing resulting from psychosocial interventions in adults (Gootjes et al., 2011)
and in adolescents (Pincham et al., 2016). The LPP has not been used to document
changes in emotional reactivity after mindfulness training for pre-adolescents,
however, findings from mindfulness studies with adult suggest the LPP could be a
suitable marker. Less positive LPP amplitudes for negative stimuli were found during
a passive picture paradigm after a brief induction of open monitoring mindfulness
practice (bringing mindful awareness to all experiences in the present moment)
(Uusberg et al., 2016). This was also found for Buddhist meditators with extensive
meditation experience (Sobolewski et al., 2011). In addition, individuals with high
dispositional levels of mindfulness (acting with awareness subscale of five facet of
mindfulness questionnaire) also elicited a less positive LPP (Brown et al., 2013; Lin
et al., 2016). Whilst mindfulness practices for pre-adolescents are often brief in
duration, the LPP modulations observed after short inductions of mindfulness
suggest the LPP may be sensitive to mindfulness related changes with pre-
adolescents. It should be noted that no LPP modulations were observed after a brief
induction of mindful breathing (Eddy et al., 2015), perhaps training in mindful

emotional awareness is needed to modulate LPP indexes of emotional reactivity.

Mindfulness based programmes for pre-adolescence often have practices
which involve mindfully attending to emotional experiences in a kind and accepting
way (Flook et al., 2010; Mindfulness in Schools; 2015; Schonert-Reichl et al., 2015).
For pre-adolescents, attenuations of the LPP amplitude to emotional stimuli during a

passive picture paradigm could be expected after mindfulness training, reflecting a



52

reduction in emotional reactivity. Along with using the amplitude of the LPP as a
measure of emotion processing, the rise time to peak measurement and recovery
time (Hajcak et al., 2010) can also provide a measure of how mindfulness impacts

upon the trajectory of an emotional response.

Much of the LPP research with pre-adolescents has focused on the impact of
cognitive reappraisal as a volitional emotion regulation strategy, this strategy aims to
induce changes in thoughts through reappraising the interpretation of experiences
(DeCicco et al., 2012; Dennis & Hajcak, 2009). LPP modulations were also found for
pre-adolescents aged 8 to 13 year olds with spider phobias after attending a 4-hour
Cognitive behavioural therapy (CBT) session (Leutgeb et al., 2012). CBT involves
changing the thoughts and behaviours associated with a situation (Arch et al., 2008).
Prior to CBT training the LPP elicited for spider pictures in a passive picture
paradigm was attenuated compared to neutral pictures, reflecting increased
avoidance of spider imagery. After a 4 hour CBT session a week later the LPP for
spider pictures increased in comparison to a spider phobic control group suggesting

increased exposure to the fear inducing stimuli.

Mindfulness training has been proposed to facilitate the reinterpretations of
experiences through enabling the disengagement from initial emotional appraisals
(Garland et al., 2011; Garland et al., 2009). In adults, improvements in trait
mindfulness were associated with improvements in cognitive reappraisal after 8
weeks of mindfulness training (Garland et al., 2011). There are also similarities in the
brain regions recruited by these strategies (Opialla et al., 2014). However, the
distinct difference is that rather than changing thoughts and feelings associated with
an emotional experience, mindfulness modulates the relationship to them by

cultivating a non-judgemental and accepting perspective (Chambers et al., 2012;
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Farb et al., 2012). A comparison between cognitive reappraisal and mindfulness in
adults found that the cognitive costs for a Stroop task were lower after regulating
emotions using mindfulness compared to cognitive reappraisal (Keng et al., 2013).
Similarly, Kaunhoven and Dorjee (unpublished results) found less positive LPP
amplitudes when adults were implementing a mindful (non-judgemental and non-
evaluative) approach to the emotional experience (in comparison to cognitive
reappraisal) to regulate their emotional responses to negative and neutral pictures.
The lower cognitive costs associated with mindfulness may possibly make this a
regulatory strategy which pre-adolescents can implement more easily than cognitive
reappraisal. Overall, these findings suggest that the LPP modulations resulting from
mindfulness training are likely non-specific to cognitive conditioning. Further research
should consider a direct comparison between CBT and mindfulness to further the
understanding of how these interventions impact emotion processing abilities as

indexed by the LPP.

With regards to the ability to volitionally implement mindfulness as a
regulatory strategy, Lin et al., (2016) found in adults that a brief induction of
mindfulness did not modulate the ability to implement mindfulness as a regulatory
strategy. Longer periods of mindfulness training may therefore be required for such
abilities to arise. An improvement in volitional mindful emotion regulation for pre-
adolescents could be indexed by less positive LPP for negative stimuli during active
emotion regulation tasks. These LPP modulations should be found in conjunction

with self-reported reductions in state anxiety, depression and negative affect.

6. Conclusions
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Initial evidence suggests that mindfulness training can beneficially impact on a
range of self-regulatory abilities in pre-adolescents (Flook et al., 2010; Schonert-
Reichl et al., 2015, Tang et al., 2012). However, our understanding of the underlying
neurodevelopmental modulations is virtually absent. To stimulate further systematic,
theory-driven investigations, this review proposed an integrative neurodevelopmental
framework for examining mindfulness-related changes in pre-adolescence. This
framework integrates self-report and other-report assessments with evaluations of
neurocognitive markers of self-regulation elicited in established cognitive paradigms.
We specifically considered how mindfulness could improve self-regulation in pre-
adolescents through modulating both top-down volitional self-regulatory processes
including endogenous orienting of attention and executive attention and bottom-up
automatic self-regulatory processes of stimulus driven orienting of attention, salience
detection and mind wandering.

We hope that the clear predictions regarding modulations in ERP markers,
self-report, and behavioural measures of self-regulation will help guide further
research on mindfulness with pre-adolescents. The potential for mindfulness training
to modulate both top-down and bottom-up self-regulatory processes highlights that
mindfulness could be an adaptive and flexible self-regulation strategy. This has
important implications for groups with reduced self-regulation capacity due to
maturation (e.g., pre-adolescents) or pathology. Overall, we suggest that
neurocognitive research on mindfulness can not only enrich our limited
understanding of the neurodevelopmental changes associated with mindfulness, but
also help tailor mindfulness training to developmental trajectories and needs. This in
turn, has strong implications for implementation efforts targeting enhancements in

self-regulation and educational attainment in children.
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