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Adolescence is a critical period of development, in which the increasing social and cognitive demands
of independence need to be met by enhanced self-regulatory abilities. The cultivation of mindfulness
has been associated with improved self-regulation in adult populations, and it is theorized that one neu-
rodevelopmental mechanism that supports this capacity is the development of the prefrontal cortex. The
current study examined the neurodevelopmental mechanisms associated with dispositional mindful-
ness in adolescence. Using a longitudinal within-persons design, 82 participants underwent structural
magnetic resonance imaging (MRI) assessments at approximately ages 16 and 19, and also completed
Brain development self-reported measurements of mindfulness at age 19. It was hypothesized that adolescents who demon-
Mindfulness strated greater thinning of frontal cortical regions between the age of 16 and 19 would exhibit higher
Insula dispositional mindfulness levels at age 19. Results indicated that, contrary to predictions, adolescents
Self-regulation with higher levels of mindfulness demonstrated less thinning in the left anterior insula. By contrast,
Intelligence higher 1Q was associated with greater thinning of the right caudal middle frontal and right superior
frontal regions. The involvement of insula development in mindfulness is consistent with a direct role for
this structure in managing self-regulation, and in doing so concords with recent models of self-referential

interoceptive awareness.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Over the adolescent period, teens spend increasingly less time
under direct adult supervision (Turner et al., 1993). Given this
burgeoning independence, an essential ability to be learnt is self-
regulation - a skill set that involves the cultivation of behavioural
self-control, the capacity to cope with negative emotions, and
the ability to maintain goal-directed behaviour (Blakemore and
Robbins, 2012; Spear, 2010). Failure of self-regulation during the
adolescent period can lead to maladaptive behaviours such as
excessive risk-taking, and poor mental health outcomes such as
depression (Abela and Hankin, 2011; Casey et al., 2008).

The dispositional trait of mindfulness, which reflects the ten-
dency towards present-moment awareness, has been associated
with positive psychological functioning, including enhanced self-
regulation (Brown and Ryan, 2003; Raes and Williams, 2010). Based

* Corresponding author at: Department of Psychology, University of Oregon,
Eugene, OR 97403-1227, USA.
E-mail address: nallen3@uoregon.edu (N.B. Allen).

http://dx.doi.org/10.1016/j.dcn.2015.07.001

on the theoretical accounts introduced by Kabat-Zinn (1982), atwo-
construct model of dispositional mindfulness has been proposed,
capturing individual differences in (1) attention and awareness and
(2) acceptance and non-reactivity (Bishop et al., 2006). However,
Brown and Ryan (2003) have suggested attention to the moment
to be the single most critical construct of mindfulness, subsum-
ing acceptance and non-reactivity. Higher levels of dispositional
mindfulness are thought to facilitate self-regulation, because they
are permissive of present-moment focussed states of conscious-
ness that allow the mind to break free from maladaptive patterns
of thinking and behaviour (Chambers et al., 2009; Kumar et al.,
2008). Further, dispositional mindfulness in adolescents has been
shown to predict recovery from depression (Chambers et al., 2014).
Higher levels of dispositional mindfulness have been measured as
a positive outcome of mindfulness-based intervention (MBI) par-
ticipation - which often involves mindfulness-based meditation
practice (Baer, 2003). However, given the complexity of such inter-
ventions, the exact mechanisms that produce this outcome are
still not understood (Nyklicek and Kuijpers, 2008; Shapiro et al.,
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2008). Given that dispositional mindfulness can be assessed as a
trait within normal populations without specific training, including
adolescent populations, research into the emergence of mindful-
ness over development provides an alternative perspective from
which to investigate the mechanisms that determine dispositional
mindfulness.

The adolescent period is a unique time for the development
of the brain, and specific patterns of maladaptive behaviour that
reflect poor self-regulation during the adolescent period have been
attributed to a normative imbalance between executive frontal
and subcortical development. For example, risk-taking behaviours,
such as dangerous driving, unsafe sex and drug abuse can have
severe health consequences for teens (Arnett, 1992; Erickson and
Chambers, 2007). “Dual systems” models of adolescent develop-
ment have suggested that risk-taking behaviour becomes more
prevalent when subcortical reward and affective systems such
as the nucleus accumbens and amygdala develop quickly and
early over the adolescent period, temporarily dominating the more
slowly developing prefrontal executive systems (Casey et al., 2005;
Gladwin et al., 2011; Somerville et al., 2010; Steinberg, 2010). The
relative over-activity of the subcortical systems is thought to lead to
increased sensation-seeking, impulsivity and emotional reactivity
(Carlo et al., 2012; Cook et al., 2013; Pearson et al., 2013).

One of the ways in which mindfulness is theorized to aid self-
regulation is via interactions that involve both frontal executive
and subcortical brain systems. Creswell et al. (2007), for exam-
ple, examined the link between mindfulness, executive function
and subcortical brain region activity. Using a cross-sectional design,
dispositional mindfulness was measured along with individual dif-
ferences in neural response to affect-labelling during functional
magnetic resonance imaging (fMRI). When other measures of
psychological distress were controlled for, higher levels of disposi-
tional mindfulness were associated with widespread PFC activation
and left insula activation in synchrony with attenuated amygdala
responses during affect-labelling. This apparent synergy between
frontal cortical and subcortical regions was interpreted to reflect
a potential neurobiological pathway through which higher lev-
els of mindfulness could promote adaptation and improve frontal
regulation of subcortical activity. However, without a longitudinal
examination, such adaptive changes over time could not be con-
firmed. Further, this study was performed using a young adult,
rather than an adolescent, sample, and analysis was restricted to
fMRI.

Given the marked, and well-documented developmental
changes in brain structure during adolescence, investigation of
structural brain development, and its relation to the emer-
gence of dispositional mindfulness during adolescence, is of
interest. Cortical grey matter has been documented to follow
an inverted U-shaped trajectory, with cortical thickness and
volume peaking during childhood and then thinning over the
adolescent period to early adulthood (Giedd et al., 2009; Shaw
etal., 2006, 2008). While recent evidence points towards a normat-
ive peak in cortical thickness occurring well before the adolescent
period (Tamnes et al., 2010a,b), examination of cortical develop-
ment in relation to cognitive ability suggests that some individuals
have delayed thickening. For example, in a cohort-sequential study,
it was observed that the cortices of those with superior IQ under-
went protracted and increased thickening into early adolescence,
followed by greater thinning from mid- to late adolescence (Shaw
et al., 2006). The delayed peaking in thickness and subsequently
greater thinning within the higher IQ group were identified in the
frontal cortical regions of the right frontal superior cortex and right
medial prefrontal cortex as well as left temporal gyrus. Moreover,
greater cortical thinning has also been associated with superior
working memory capacity and inhibitory control in adolescents
(Tamnes et al., 2010a,b, 2013). Given the association of superior

cognitive ability with better functional outcomes, greater thin-
ning over late adolescence could be considered to reflect more
adaptive abilities. The above quasi-longitudinal designs reveal
macro changes that would not necessarily be observed within a
cross-sectional analysis. In particular, Shaw and colleagues’ (2006)
finding that the pattern of normative cortical thinning in the frontal
cortices corresponds to quantifiable cognitive outcomes is both an
example of a longitudinal design revealing a trend, as well as an
invitation to examine how patterns of frontal cortical development
over adolescence could vary with other constructs.

While the relationship between structural brain development
during adolescence and the emergence of individual differences
in dispositional mindfulness has not yet been examined in ado-
lescent populations, MRI studies have examined related issues in
adults subsequent to the developmental cortical thinning of ado-
lescence. Increases in cortical thickness have been noted amongst
long term meditators throughout frontal brain areas, in particular
within the medial PFC, inferior PFC, superior frontal cortex, (Kang
et al.,, 2013; Lazar et al., 2005; Vestergaard-Poulsen et al., 2009)
and right orbito-frontal cortex (Luders et al., 2009). The insula has
a particularly salient history in morphological studies of brain-
mindfulness associations, with increased thickness of the right
anterior insula associated with both increased number of years of
meditation (Lazar et al., 2005), as well as dispositional mindfulness
(Murakami et al., 2012). Similarly, increased grey matter concen-
tration within the right anterior insula has been associated with
greater meditation experience (Holzel et al., 2008).

The insula is theorized to have a governing role in the main-
tenance of interoceptive awareness — the subjective awareness
of internal body states (Bar-On et al., 2003; Craig, 2003). The
anterior insula has been associated with subjective feeling states
that may refer to interoceptive information; the posterior insula
appears to be involved in conveying information of a homeostatic
nature, including pressure and touch, and may also contain primary
interoceptive representations (Craig, 2009). While interoceptive
awareness is theorized to be associated with a largely automated
regulatory mechanism, it may also inform higher-order cognitions
that guide decision-making, particularly towards reduced-stress
outcomes (Liotti et al., 2001; Craig, 2003; Critchley, 2005; Singer
et al., 2009; Farb et al., 2013). Since it draws upon deliberate body
scanning practices, mindfulness meditation may tap into the same
(potentially) insular-centric mechanisms that underlie automated
interoceptive awareness.

Given the cross-sectional nature of studies examining the asso-
ciation between mindfulness and brain structure to date, as well as
the absence of standardized measurement of mindfulness across
these studies, it is unclear to what extent brain structural change
is associated with improved dispositional mindfulness levels, or
indeed whether structural change may represent a developmental
marker or precursor of trait mindfulness. Nevertheless, compelling
meta-evidence is presented in these studies of the association
between long-term practises that arguably enhance mindfulness
(Nyklicek and Kuijpers, 2008), with changes in the structure of the
PFC and insula cortex, which are areas of the brain implicated in
capacities that undergo substantial development during adoles-
cence. These capacities include emotional regulation, changes in
self-perspective and conscious awareness (Creswell et al., 2007;
Steinberg, 2005), which have been theorized to have correspond-
ing neurological mechanisms that are related to mindful awareness
(Holzeletal.,2011; Modinos et al.,2010). Therefore, it is reasonable
to speculate that development of the PFC and insula regions dur-
ing adolescence might support the development of dispositional
mindfulness.

Further, the unique neurobiological and developmental changes
that occur over the adolescent period particularly mandate study
of the relationship between brain development and mindfulness



64 S. Friedel et al. / Developmental Cognitive Neuroscience 14 (2015) 62-70

using a truly within-subjects longitudinal design. The current study
examined the association between developmental brain change
and dispositional mindfulness, with particular focus on the frontal
cortices and insula due to the theorized connection of mindful-
ness with self-regulation and awareness. Based on the established
research demonstrating that higher rates of cortical thinning dur-
ing late adolescence occur in association with adaptive measures
and outcomes, including increased intelligence and self-regulation
(Shaw etal.,2006; Tamnes et al.,2010a,b), it was predicted that cor-
tical thinning over a 3-year developmental period between ages 16
and 19, would be positively associated with superior regulatory
abilities as measured by dispositional mindfulness. Accordingly,
it was hypothesized that higher levels of dispositional mindful-
ness at age 19 would be preceded by greater cortical thinning
within the insula and regions of the PFC over the previous 3 years.
Further, in order to evaluate the specificity of these effects to
dispositional mindfulness, the relationship between cortical devel-
opment and IQ was similarly examined in the frontal cortices. Given
the evidence associating cortical thinning in the prefrontal cortex
during the early adolescent period with self-regulatory outcomes
(Vijayakumar et al., 2014a; Tamnes et al., 2010a,b), additional anal-
yses were undertaken to elucidate potential relationships between
cortical thickness change in the frontal cortices from ages 12 to 16
and dispositional mindfulness outcomes at age 19.

1. Method

This study employed a longitudinal within-person design with
adolescent data that was collected as part of the Orygen Adolescent
Development Study conducted by the University of Melbourne. The
final study sample consisted of 82 individuals who participated
in two waves of MRI scanning at ages 16 and 19, respectively, in
addition to completing questionnaires at the time of the second
scanning.

1.1. Participants and recruitment procedure

From a sampling pool of 4587 participants, 2453 6th graders
participated in an initial screening, which involved completion
of the Early Adolescent Temperament Questionnaire - Revised
(EATQ-R) (Capaldi and Rothbart, 1992). As described in Whittle and
colleagues’ (2011) study, an equal sample of males and females
were selected, with a range of EATQ-R scores that oversampled
extreme scores for the four higher order factors of Effortful Con-
trol, Surgency, Affiliativeness, and Negative Affect. This process was
designed to produce a sample that provided a maximized range
of risk and resilience for psychopathology. Based on the EATQ-R
scores, 415 (16%) participants were invited to participate in fur-
ther research, of which 245 (58%) agreed. Socioeconomic status
(SES) was also measured, based on the Australian National Uni-
versity Four (ANU4) 100-point scale (Jones and McMillan, 2001).
Adolescents were invited to participate in MRI and questionnaire
assessments at early (12 years), mid (16 years), and late (19 years)
adolescence. The final sample used in this study comprised 82 par-
ticipants who completed MRI at mid- (T1) and late adolescence (T2).
In addition, secondary analyses were conducted on 77 participants
who completed scans at both early (baseline) and mid-adolescence
(T1). Please refer to the supplementary section for further informa-
tion on the secondary analyses.

MRI scans used for the primary analyses (from T1 and T2) were
acquired at the Royal Children’s Hospital in Parkville, Melbourne.
Baseline scans that were utilized in the secondary analyses were
performed at the Austin and Repatriation Medical Centre, Mel-
bourne. Informed consent was obtained from both the child and
at least one parent/guardian (if under 18 years of age), consistent

with the guidelines of the Human Research Ethics Committee at the
University of Melbourne, Australia. On the day of T2 scanning pro-
cedures, participants had their IQ measured, and were also asked
to fill out a number of questionnaires, including adolescent tem-
perament scales. Dispositional mindfulness was assessed with an
additional questionnaire, on the day of T2 scanning and IQ mea-
surements for the current study were taken at the time of the T2
assessment.

1.2. Design and measures

1.2.1. Image acquisition and processing

MRI scans at T1 and T2 were performed on the identical 3 Tesla
Siemens scanner at the Royal Children’s Hospital, Melbourne,
Australia. A T1-weighted sequence was obtained for high resolu-
tion structural images using the following sequence parameters:
repetition time =1900 ms; echo time =2.24 ms; flip angle =9°, field
of view=23 cm; 176 T1-weighted contiguous 0.9-mm thick slices
(voxel dimensions =0.9 mm?3).

Cortical reconstruction of images was completed on an
SGI/Linux workstation at the University of Melbourne, using
FreeSurfer image analysis suite version 5.3 (http://surfer.nmr.mgh.
harvard.edu/), which has recognized superior robustness with
respect to noise, intensity normalization and outliers when com-
pared to alternative registration tools (Jha et al., 2010). A template
space and average image at T1 and T2 time points was created for
participants using inverse consistent registration — a process that
can deal with different intensity scales as well as detect outlier
regions in the image (Reuter and Fischl, 2011) - thus signifi-
cantly improving the repeatability and power of cortical thickness
measurements. Images were also corrected for tissue signal het-
erogeneity using FreeSurfer’s N3 correction (optimized for 3 Tesla
images), an intensity normalization method, which improves accu-
racy during cortical segmentation (Zheng et al.,2009). The template
was then segmented according to the Desikan-Killiany brain atlas,
which is a standardized gyral-based atlas of well-recognised brain
regions (Desikan et al., 2006). In the current study, the thickness
of eight frontal ROIs was extracted in left and right hemispheres
using the Desikan-Killiany atlas, including caudal middle frontal,
medial orbitofrontal, lateral orbitofrontal, pars orbitalis, pars trian-
gularis, pars opercularis, rostral middle frontal, and superior frontal
regions. The thickness of anterior and posterior insula ROIs were
likewise extracted according to the Destrieux atlas, which is an
alternative atlas that demarcates anterior and posterior subdivi-
sions for separate analysis (Destrieux et al., 2010). This presented
a total of 20 ROIs for further analysis. Average cortical thickness at
T1 was also calculated by averaging the thicknesses of both hemi-
spheres. All cross-sectional, base, and longitudinal output images
were manually inspected, and in most cases, pial surface edits
and/or control points were used to correct for minor errors in cor-
tical surface estimates.

1.2.2. MAAS scale

The Mindfulness Attention Awareness Scale (MAAS)is a 15-item
self-rated questionnaire designed to assess the theorized principal
characteristic of dispositional mindfulness - the open, receptive
awareness and attention to the present (Brown and Ryan, 2003),
in which participants rate on a 6-point Likert scale the frequency
with which they experience everyday accounts of mindfulness. The
MAAS was introduced to capture Brown’s one-construct model of
dispositional mindfulness (Brown and Ryan, 2003) and has demon-
strated high test-retest reliability, discriminant and convergent
validity incremental validity, and criterion validity (Brown et al.,
2011). Higher levels of dispositional mindfulness, as measured
by MAAS, have been associated with positive measures of well-
being, including self-control, life satisfaction and agreeableness
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Table 1
Sample descriptives.

Table 2
Correlation of MAAS score with other measures.

Measure Total? Measure Correlation score
Sample size 82 (43 female) ERQ Cognitive Reappraisal 3037
Age at T1 (years) 16.45; 0.53; 14.95-17.94 ERQ Expressive Suppression —.245
Age at T2 (years) 18.79; 0.47; 17.28-19.96 EATQ Attention 432"
Interscan interval T1-T2 (years)® 2.34;0.21; 1.67-2.88 EATQ Inhibitory Control 288"
Estimate Full Scale IQ 112.10; 11. 53; 82-136 EATQ Frustration -.352"
MAAS score 4.30; 0.807; 2.40-5.93 EATQ Aggression —.300"
Percentage Low SES® 58.76 EATQ Depressive Mood —.568"
Note: 1Q and MAAS scores taken at T2. Full Scale IQ —084
2 Values represent mean; standard deviation; range. " p<.05.
b Delay between baseline and follow-up MRI scan. " p<0.01.

¢ Data missing for one female participant.

(Brown et al., 2007; Thompson and Waltz, 2007), as well as signif-
icant negative correlations with both depression and neuroticism
(Brown et al., 2011; Fetterman et al., 2010; Shapiro et al., 2005).
The one-construct MAAS is the most widely used scale of dis-
positional mindfulness, with an extensive empirical track record
in adult populations, as well as an established track record in
adolescent populations (Black et al., 2012). An adolescent-specific
MAAS-A questionnaire is available (Brown et al., 2011), which has
a single driving-related item removed, however the (adult) MAAS
questionnaire was administered as nearly all participants were at
independent driving age at the time of testing.

1.2.3. Scales measuring temperament, emotion regulation and IQ

Given that a number of adolescent temperament scales were
taken at the same time as MAAS, the opportunity was taken in
the current study to further evaluate the validity of MAAS within
an adolescent population. The Early Adolescent Temperament
Questionnaire - Revised (EATQ-R)(Capaldi and Rothbart, 1992) is
designed to specifically tap experiences common to adolescents,
and was scored by 65 items on a 7-point Likert scale that loads onto
a number of temperament scales, including attention, inhibitory
control, frustration, as well as behavioural scales of aggression and
depressive mood. The Emotional Regulation Questionnaire (ERQ)
(Gross and John, 2003) was administered as a test of emotional
self-regulation within adolescence. Self-reported levels of cognitive
reappraisal - the deliberate reinterpretation of emotional material
via cognitive means - and expressive suppression - the control-
ling of reactions to external events — were measured by scoring 10
items on a 7-point Likert scale. Full scale IQ was estimated using a
short form of WISC-1V, based on three subtests (Vocabulary, Matric
Reasoning, Symbol Search) (O’Donnell et al., 2009).

1.3. Data analysis

1.3.1. Final sample

Three participants were excluded based on poor quality cortical
segmentation. In order to eliminate the possibility of systematic
hemispheric differences, a further nine participants were excluded
on the basis of being left-handed. Following exclusions, the total
number of participants with matched cortical thickness data and
mindfulness measures was 82 (female=43). In the final sample,
outlined in Table 1, there were no gender differences noted for
MAAS and IQ (all p values>0.05), and the sample did not differ
from the initial school screening sample (N=2453) on socioeco-
nomic disadvantage (t(439)=0.592; p=0.550) (Jones and McMillan,
2001) or gender (Pearson’s x2=0.006; p=0.937).

1.4. Statistical analysis

Repeated measures analysis of variance (ANOVA) and hierar-
chical regression analysis were undertaken within IBM Statistical

Package for the Social Sciences (SPSS), Version 21 (SPSS Inc.,
Chicago, IL) in order to examine how the rate of cortical thinning
in frontal brain regions between 16 and 19 years of age influenced
levels of mindfulness measured at age 19. Thickness change (i.e.
thinning) scores were calculated as difference between T1 and T2,
then standardized as change scores per year in order to factor in
discrepancies in interscan interval (T, -T, /Interscan Interval). Aver-
age brain thickness at T1 and gender were used as covariates in the
hierarchical regression analysis to control for physical differences
between participant’s brain sizes.

2. Results
2.1. Investigation of MAAS Scale

While criterion validity of MAAS has been verified in sev-
eral large adolescent population studies, discriminant/convergent
validity appears to have only been systematically confirmed with
one adolescent-specific personality scale (Black et al., 2012; Brown
et al,, 2011). In order to further substantiate the validity of MAAS
within the current adolescent sample, MAAS scores were correlated
with the adolescent-specific descriptive measures from EATQ-R
and ERQ, as well as overall IQ. After controlling for age and gen-
der, Table 2 shows that MAAS scores had a significant positive
correlation with self-reported measures of cognitive reappraisal,
attention and inhibitory control, and significant negative corre-
lation with self-reported frustration, aggression and depressive
mood. The correlation between MAAS and IQ observed in the sam-
ple was non-significant (r=-0.84, n=82). Further, high internal
consistency and reliability of MAAS was demonstrated (15 items;
o =.86).

2.2. Cortical thinning between T1 and T2 in frontal ROIs

In order to verify normative developmental thinning over time
within the frontal regions, including PFC and insula, the follow-
ing frontal brain regions were subjected to two-way repeated
measures ANOVAs (with time and hemisphere as within-subject
variables): caudal middle frontal, medial orbitofrontal, lateral
orbitofrontal, pars orbitalis, pars triangularis, pars opercularis, ros-
tral middle frontal, superior frontal, anterior and posterior insula
(see Fig. 1). As indicated in Table 3, most of these brain regions
demonstrated thinner cortices at T2, compared with T1, with the
exception of pars orbitalis and rostral middle frontal.

2.3. Testing the association between cortical thickness change
and MAAS scores

Cortical thickness change scores between T1 and T2 were cre-
ated for the 10 frontal regions of caudal middle frontal, medial
orbitofrontal, lateral orbitofrontal, pars orbitalis, pars triangularis,
pars opercularis, rostral middle frontal, superior frontal, anterior
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Fig. 1. Visualization of prefrontal regions of interest.

Table 3
Cortical thickness change over time across brain regions.

Frontal region Average thickness at T1 Average thickness at T2

Average thickness change between T1 and T2 Significance of change over time

Caudal Middle Frontal 2.838;.131 2.826;.127
Medial Orbitofrontal 2.695; .144 2.636; .140
Lateral Orbitofrontal 2.893;.134 2.861;.143
Pars Orbitalis 3.006; .047 3.006; .201
Pars Triangularis 2.741; .126 2.707;.133
Pars Opercularis 2.877;.144 2.850;.135
Rostral Middle Frontal 2.620;.128 2.607; .125
Superior Frontal 3.088;.123 3.051;.117
Anterior Insula 3.847;.135 3.782;.132
Posterior Insula 3.575; .221 3.527;.222

-.012 .018
—-.059 <.000"
—-.032 .005"
.000 951
—.034 <.000"
-.027 002"
—-.013 .149
-.037 <.000"
—-.065 <.000"
—.048 <0.000"

Note: Values represent mean (mm); standard deviation.
" p<.05.
" p<.0.01.

and posterior insula, resulting in 20 variables in total for each region
in the left and right hemispheres. Hierarchical regression was used
to test whether cortical thickness change predicted MAAS scores
after controlling for extraneous variables. After controlling for gen-
der and average whole brain cortical thickness at T1, less thinning
in the left anterior insula cortex (R? (R square change)=.067, F(1,
78)=5.91,b=-.263, p=0.017) significantly predicted higher MAAS
scores. Associations between change in other PFC regions and
MAAS were non-significant. IQ scores were regressed onto corti-
cal thickness change using the same analytic strategy as above.
Greater thinning in right caudal middle frontal (R2=.072, K1,
78)=6.972, b=.277, p=.010) and right superior frontal cortical
regions (R2=.053, F(1, 78)=4.973, b=.237, p=.029) significantly
predicted higher IQ scores.

Given the close theoretical and empirical connection of disposi-
tional mindfulness with self-regulation and attention (Brown and
Ryan, 2003; Chambers et al., 2009), further testing was undertaken
to determine whether the above result remained significant when
related attentional and self-regulatory constructs were controlled
for. Attention and inhibitory control were introduced into the above
analysis as covariates (in addition to gender and whole brain thick-
ness at T1) in two separate analyses. After controlling for EATQ
Attention, less thinning in the left anterior insula cortex (R% =.065,
F(1, 77)=5.31, b=-.284, p=0.024) significantly predicted higher
MAAS scores; similarly, after controlling for EATQ Inhibitory Con-
trol, less thinning in the left anterior insula cortex (R? =.055, F(1,
77)=4.46,b=—.247,p=0.038) significantly predicted higher MAAS
scores.

Secondary analyses were conducted to examine whether cor-
tical development during the early adolescent period predicted
mindfulness outcomes at age 19, by comparing the data for the
age 16 scan with a baseline scan obtained on the sample at
age 12 (Whittle et al., 2014). No significant relationships were
found between dispositional mindfulness levels at age 19 and pre-
frontal cortical thinning trajectories between the ages of 12 and 16.

However, due to the lack of proximity between brain scan times and
late adolescent MAAS scores, as well as the fact that a different scan-
ner was used at baseline, these analyses are considered secondary
to the main analyses. Please refer to the supplementary section for
detailed participant characteristics and methodology relevant to
these analyses.

2.4. Exploring the effects of cortical development on mindfulness

In order to describe the nature of the association between corti-
cal thickness change in the left anterior insula and MAAS score, the
main sample was split into three equally sized groups of low, aver-
age and high mindfulness based on the distribution of MAAS scores.
I1Q score was similarly treated in the significant frontal ROIs for IQ.
Score categories were plotted against average thickness change per
year to allow for comparison of differing thinning rates according
to both construct type and construct category score (see Fig. 2).

Participants categorized as high in MAAS score demonstrated
less thinning over time within the left anterior insula, when com-
pared to participants who scored average or low in MAAS score. In
a reversed trend to mindfulness, participants categorized as high
in IQ score demonstrated greater thinning over time within both
the right caudal middle frontal and superior frontal region, when
compared to subjects who scored average and low in IQ.

3. Discussion

The current study is the first to examine the association between
cortical development and levels of dispositional mindfulness over
adolescence. On the basis of previous research on adolescent cor-
tical thinning and cognitive functioning, it was hypothesized that
higher levels of dispositional mindfulness at age 19 would be pre-
ceded by greater cortical thinning in the insula and other regions
of the PFC over the previous 3 years. However, this hypothesis was
not supported. While there was a significant association between
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Fig. 2. MAAS and IQ scores vs. annualized cortical thickness change.

change in cortical thickness in the left anterior insula and mindful-
ness levels, the pattern of thinning was opposite to that predicted.
Participants with higher levels of dispositional mindfulness had
less prior cortical thinning in the left anterior insula when com-
pared to participants with relatively lower levels of mindfulness.
Further, no significant relationship was found between levels of dis-
positional mindfulness and development within areas of the PFC.
As part of an additional analysis, no significant relationships were
found between dispositional mindfulness and cortical thinning tra-
jectories during the earlier developmental period of 12-16 years,
suggesting that the relationship between these patterns of brain
development and dispositional mindfulness in late adolescence are
specific to the mid- to late adolescent years.

The insula has an established empirical relationship with neuro-
biological mechanisms that are theorized to underlie mindfulness.
Functional imaging studies show that higher activation levels in
the leftinsula are associated with greater dispositional mindfulness
(Creswell et al., 2007), and structurally, greater thickness (and grey
matter density)in the right anterior insula has been associated with
both long-term meditation and dispositional mindfulness (Holzel
et al., 2008; Lazar et al., 2005; Murakami et al., 2012). Although
a number of methodological issues weaken the interpretation of
these findings, including small sample sizes and lack of longitudinal
within-group measurements, they are consistent with the current
result.

The present study, with a large sample and within-groups lon-
gitudinal design, adds significant empirical weight to the previous
evidence for the anterior insula as a potential element of the neural
substrate of mindfulness abilities. Further, with systematic meas-
ures of dispositional mindfulness it expands the literature to date
that has examined cortical change and mindful awareness in adult
meditating populations by adding evidence from the adolescent
period and non-meditating populations.

While evidence for anterior insula involvement in adult long-
term meditators has been interpreted to indicate an effect of
mindfulness meditation on insula structure and function, the cur-
rent results suggest that structural development of the anterior
insula may contribute to the development of dispositional mindful-
ness (although as noted below, methodological limitations prevent
us from making any strong causal inferences). Thus, we have evi-
dence of a mindfulness-insula association demonstrated from both
adult and adolescent-specific developmental perspectives, as well
as an association that is in accord with empirical evidence implicat-
ing the insula’s role in interoceptive awareness — a form of attention
that mindfulness meditation deliberately cultivates (Farb et al.,
2013; Holzel et al., 2011).

A further complicating factor in the meta-analysis of
mindfulness-insula associations is the opposing laterality of
the outcome of the studies. The current study’s result of less left
anterior insula thinning over the late adolescent period being
associated with higher mindfulness levels contrasts with previous
research demonstrating altered right anterior insula morphology
in association with long-term adult meditation (Holzel et al.,
2008; Lazar et al., 2005; Murakami et al., 2012). However, key
methodological dissimilarities limit inference as to the cause of
this observed contrast in laterality. These include differing sample
characteristics between studies, and the absence of dispositional
mindfulness measures in the adult structural studies. Further-
more, research has not revealed a clear and systematic relationship
between laterality in the insula and the mechanisms that facilitate
interoceptive awareness. For example, both left and right anterior
insula have been implicated in interoceptive decision-making and
the monitoring of subjective feeling-states (Critchley et al., 2004;
Giuliani et al., 2011; Goldin et al., 2008; Terasawa et al., 2013). So,
although there is now good evidence of a mindfulness-anterior
insula association, further empirical investigation is needed to
understand the laterality differences that characterize this body of
research.

The results from the current study stimulate the need for further
investigation into the neurobiological substructures that govern
different forms of self-regulation in adolescence. Dual systems
models have attributed a lack of coordination between frontal exec-
utive and subcortical centres to self-regulatory failure (Casey et al.,
2005; Gladwinetal.,2011; Somerville et al., 2010; Steinberg, 2010).
However, through its connection with subjective bodily feelings
- which are thought to underlie emotional states - the insula is
theorized to play a greater role that extends beyond basic homeo-
static processing of bodily states to include decision-making and
affective and behavioural control (Craig, 2003; Naqvi and Bechara,
2010; Singer et al., 2009). Given that dispositional mindfulness has
been associated with enhanced self-regulation (Brown and Ryan,
2003; Lakey et al., 2007), our results are congruent with such a con-
ceptualization, and suggest a more vital role for the insula in the
maintenance of self-regulation during the adolescent period than
has been suggested so far.

The current study also examined how cortical thinning in frontal
brain regions related to intelligence. Results were consistent with
those reported in Shaw and colleagues’ (2006) study, with greater
cortical thinning across late adolescence observed in the right
superior cortex and the adjacent right caudal middle cortex in
association with higher IQ. These congruent findings support mod-
els of structural change that associate greater thinning over the
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adolescent period with more adaptive cognitive traits (Shaw et al.,
2006; Tamnes et al., 2010a,b; Vijayakumar et al., 2014b).

In examining how patterns of cortical thinning occur in rela-
tion to both dispositional mindfulness and intelligence, the current
study allows for the comparison of patterns of cortical change
associated with different adaptive measures with a high certainty
that the dissimilarities observed are due to the different adaptive
qualities themselves rather than methodological inconsistencies
between studies. In this light, the current study’s finding of lesser
cortical thinning over time in association with higher levels of dis-
positional mindfulness, when contrasted with intelligence findings,
suggests that greater cortical thinning in later adolescence may
not always be adaptive for all individual qualities (or may not be
adaptive in all brain regions). Indeed, evidence from adult stud-
ies suggests that larger and/or thicker cortices can be adaptive.
For example, enlargement of the hippocampus has been associated
with extra demand for visual-spatial learning and memory (Biegler
et al., 2001; Maguire et al., 2003), and as noted above, meditation
in adults has been associated with thicker insula cortex. Discrep-
ancies have also been reported in previous research on adolescent
cortical thinning, with reduced thinning associated with better per-
formance on attentional, working memory tasks and assessments
of cognitive control (Tamnes et al., 2010a,b, 2013; Vijayakumar
et al.,, 2014b). While greater cortical thinning has been associ-
ated with some poor mental health outcomes, as demonstrated
by evidence within clinical populations relating prefrontal corti-
cal thinning with attention deficits and schizophrenia (Kuperberg
et al., 2003; Narr et al., 2009).

Different patterns of thinning associated with mindfulness and
intelligence suggest that different brain centres and modes of neu-
ral connectivity underlie these qualities. One explanation that could
integrate the experimental results presented here with the previ-
ous evidence is that two competing neurological processes could
influence cortical thickness change over the adolescent period —
a normative developmental thinning process occurring at a macro
level, driven by the unfoldment of genetically determined develop-
mental sequence, and a secondary experience-dependent process
modulated by individual behaviour and environmental stimulus
within select cortical areas. Based on this model, it is possible to
conjecture that a process of neuroplastic change occurs to meet the
demands of higher levels of mindfulness (i.e., cortical thickening in
the insula) that in highly mindful individuals acts to balance out
the normative developmental thinning process. Viewed at a micro-
level, this process could reflect the retention of useful circuits
related to mindfulness against a backdrop of selective develop-
mental synaptic pruning that occurs over time - a process that has
been shown to be a widespread phenomenon within the adolescent
brain (Bourgeois et al., 1989; Bourgeois and Rakic, 1993).

However, the association observed between higher intelligence
and greater cortical thinning in the superior frontal regions may
reflect an increase in neuronal efficiency associated with thinning
(Giedd et al., 1999). Superior cognition as an adaptive outcome of
more efficient connectivity is likely to facilitate general intelligence,
given that IQ assessments consist predominantly of cognitive,
working memory and performance-based tasks that place a consis-
tent emphasis on processing speed (Ackerman et al., 2005; Colom,
2007).In contrast to IQ assessments, measures of mindfulness, such
as the MAAS, assess the ability to be present-centred, which is
conceptualized as an experiential quality of consciousness with
self-regulatory, rather than performance-based, consequences
(Baer, 2003; Brown and Ryan, 2003; Kabat-Zinn, 1982, 2003).
Empirical evidence of the benefits of mindfulness to date sup-
ports this regulatory connection (Baer et al., 2006; Grossman
et al., 2010; Nyklicek and Kuijpers, 2008; van de Weijer-Bergsma
et al., 2012). Therefore, the development of dispositional mindful-
ness as an adaptive individual difference could be expected to be

associated with a quite different set of brain changes in different
brain centres during late adolescence than those that are associ-
ated with intelligence - a conclusion that is further supported by
the non-significant correlation between IQ and MAAS in the current
study.

A number of limitations should be borne in mind with respect
to the current study. The first limitation is the absence of correc-
tion for multiple comparisons. Although the analysis involved the
examination of 20 discrete frontal brain regions, since most frontal
regions were examined as part of an exploratory investigation, with
little expectation of a significant relationship, it was deemed less
essential to employ correction. Second, the MAAS scale may not
have captured all facets of dispositional mindfulness. While the
evidence presented in this study supports the validity of MAAS
for the use for which it was intended - as a measure of present-
centred awareness (Brown et al., 2007), alternate scales such as
the Toronto Mindfulness scale (Bishop et al., 2006; Lau et al., 2006)
could have targeted assessment of individual differences in the the-
orized acceptance and non-reactivity aspect of mindfulness more
efficiently. Another potential - and related - limitation is the fact
that the MAAS measure inattentiveness, and then reverse-scores
to produce a measure of attentiveness; this measurement process
could be viewed as incongruent to the construct of mindfulness.
However, inattentiveness is thought to be more accessible to most
individuals (Brown and Ryan, 2003); thus assessing inattentiveness
may provide the best means to measure the diversity of disposi-
tional mindfulness levels within populations. Other measurements
have been proposed, which include qualitative assessments com-
paring mindfulness practioners and nonpractitioners (Grossman,
2008). However, improving and testing the validity of self-report
scales of dispositional mindfulness is also a vital endeavour, given
the practical utility of such scales. Third, although the current study
focussed on the frontal cortices for theoretical reasons, a number
of other brain regions could potentially have a detectable relation-
ship with mindful awareness. Future research could employ whole
brain analysis to detect other potentially important neurodevelop-
mental predictors of mindfulness. Lastly, measures of mindfulness
were only available in conjunction with the second assessment
at approximately age 19. As such, it is not possible to ascertain
whether cortical change was causally related to levels of disposi-
tional mindfulness - it could just as easily reflect a developmental
process typical of people with that trait; a longitudinal design with
mindfulness measures taken at several time point could elucidate
with greater specificity how dispositional mindfulness levels might
alter over time in relation to cortical developmental trajectories. It
could also allow a more accurate examination of the relationship
between mindfulness and cortical change over early adolescence.
In the current study, no significant relationship was found between
dispositional mindfulness levels at age 19 and cortical development
trajectories during the developmental period between age 12 and
16. However, the lack of proximity between scanning times and the
time that dispositional mindfulness measures were taken could be
a potential confound in this result.

This was the first study to investigate the association between
dispositional mindfulness and cortical development in adoles-
cence using a longitudinal within-subjects design, and was also
the first to compare patterns of thinning that occur in associa-
tion with the markedly differing adaptive qualities of mindfulness
and intelligence. The finding that higher mindfulness levels were
significantly associated with lesser cortical thinning trajectories
over the adolescent period within the insula, a brain region that
has associations with interoceptive awareness and self-regulatory
functions, has further evinced dispositional mindfulness as a dis-
tinct construct with a measurable neurobiological imprint and
self-regulatory implications. Further, the finding that lesser rather
than (the expected) greater cortical thinning between mid- and
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late adolescence is associated with higher levels of dispositional
mindfulness, when contrasted with the greater thinning observed
in association with higher intelligence (albeit in distinct brain
regions), suggests a more complex picture of cortical change dur-
ing adolescence than might be revealed by the study of a single
trait alone. In light of the complex findings of this study, it is con-
jectured that cortical development over the late adolescent period
may be under the influence of both normative-developmental and
experience-adaptive processes, resulting in a variety of observed
relationships between cortical thinning and various adaptive qual-
ities.
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