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Abstract

Objective—Children with attention-deficit/hyperactivity disorder (ADHD) have delayed cortical
maturation, evidenced by regionally specific slower cortical thinning. However, the relationship
between cortical maturation and attention capacities in typically developing children is unknown.
This study examines cortical thickness correlates of inattention symptoms in a large sample of
healthy children.

Method—Data from 357 healthy subjects (6.0-18.4 years of age) were obtained from the NIH
MRI Study of Normal Brain Development. In cross-sectional analysis (first visit, n = 257), Child
Behavior Checklist Attention Problems (AP) scores were linearly regressed against cortical
thickness, controlling for age, gender, total brain volume, and site. For longitudinal data (up to
three visits, n = 357/672 scans), similar analyses were performed using mixed-effects linear
regressions. Interactions of AP with age and gender were tested.

Results—A cross-sectional “AP by age” interaction was found in bilateral orbito-frontal cortex,
right inferior frontal cortex, bilateral ventromedial prefrontal cortex, bilateral dorsolateral
prefrontal cortex, and several additional attention network regions. The interaction was due to
negative associations between AP and thickness in younger subjects (6—10 years of age) that
gradually disappeared over time secondary to slower cortical thinning. Similar trends were present
in longitudinal analyses.
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Conclusions—Higher AP scores were associated with thinner cortex at baseline and slower
cortical thinning with aging in multiple areas involved in attention processes. Similar patterns
have been identified in ADHD, suggesting a dimensional component to the link between attention
and cortical maturation. The identified association between cortical maturation and attention in
healthy development will help to inform studies of neuroimaging biomarkers of ADHD.
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Attention is a crucial cognitive ability that allows efficient processing of environmental
information to modulate and control thoughts and behavior.1:2 Fronto-parietal networks
involved in attention have been identified primarily with functional imaging of attention-
demanding tasks.1:3 One area of weakness in the current literature is a relative lack of data
defining the relationship between the development of attentional capacities and structural
brain development among typically developing children. General intellectual abilities have
been linked to cortical development in healthy children*®. However, there are fewer data on
cortical thickness correlates of specific attention functions. In healthy adults (20-84 years of
age), executive control functions as measured by the Attention Network Test were
associated with anterior cingulate cortex (ACC), lateral prefrontal cortex, and right inferior
frontal gyri cortical thickness, whereas the alerting function was linked to parietal areas
cortical thickness.® In both cases, decreased thickness was associated with poorer test
results, and the effect was independent of aging.® Similar studies have not been done in
healthy children, and data on the link between cortical maturation and attention is largely
derived from studies of attention-deficit/hyperactivity disorder (ADHD).” However, the
knowledge gap in cortical correlates of attention in normative development limits our
capacity to identify meaningful neuroimaging biomarkers of clinical ADHD. We postulate
that a better understanding of the link between attention and normal brain development is of
major importance in delineating processes that have an impact on attentional functioning in
children with a variety of psychiatric disorders.

The clinical syndrome of inattention, impulsivity, hyperactivity, and restlessness has been
putatively associated with executive functions deficits and fronto-striatal abnormalities.8-11
Initial imaging studies pointed to reduced total gray matter and frontal lobe volume as
potential correlates of ADHD.%12-14 These findings have been recently refined by large-
scale investigations of cerebral cortical thickness. Shaw et al. (2006) initially demonstrated
reduced cortical thickness in bilateral dorsolateral prefrontal cortex (DLPFC), right ACC,
and right inferior parietal cortex, structures that are demonstrated to be components of the
attention network.1>-17 Subsequently, in a landmark paper, the same researchers
demonstrated that subjects with ADHD have a normal “inverted U” shape gray matter
development, but with delayed thickness peaks in many regions (mean peak at 10.5 versus
7.5 years of age), especially in the prefrontal cortex (PFC).18:19 In addition, the growth
pattern of the right orbitofrontal cortex (OFC) and inferior frontal cortex (IFC) was found to
be abnormal in children with ADHD.20 Deficits in right OFC function have also been linked
to impaired inhibition in neuropsychological tasks in children with ADHD.2! Although
frontal structures have been most extensively studied and consistently associated with
ADHD, the parietal lobe is also potentially implicated.8:17 The two regions share white
matter connections that are components of the attention system.22:23 Indeed, genetic—
neuroimaging studies report that the DRD4-7-repeat allele, a genetic polymorphism linked
to ADHD, is associated with thinner right OFC/inferior frontal and posterior parietal
cortex.24
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Given that the cortical maturation correlates of attention in typically developing children
have not been clarified, it is questionable whether the above-identified neuroimaging
correlates of ADHD are specific to clinical populations or whether they are proportional to
attention skills even among healthy children. In a recent study, Shaw et al.2> found a
significant interaction between age and symptoms of hyperactivity and impulsivity
(measured with Conner’s Parent Rating Scale) on cortical thickness in a pooled cohort of
children with ADHD and typically developing children and adolescents of 8 to 17 years of
age.2® Those with ADHD had a slower rate of thinning of cortical gray matter, but a similar
phenomenon was observed in controls proportionally to their Conner’s score, which
supported a dimensional view of ADHD. In this study, control subjects were self-selected
and not systematically assessed for confounding variables such as substance use.

Using data from the NIH MRI Study of Normal Brain Development, we examined cortical
thickness correlates of subclinical attention problems as measured by the Parent Child
Behavior Checklist (CBCL) Attention Problems (AP) scale in a large sample of
representative healthy children (6.0-18.4 years of age). AP scores provide a noncategorical
assessment of attention problems in children and demonstrate an excellent agreement with
the clinical diagnosis of ADHD.28-30 We hypothesized that AP scores of healthy children
would interact with age to influence cortical thickness development in a similar pattern than
what has been demonstrated in subjects with ADHD.2° Brain areas a priori identified as
most likely to show this pattern of association were several specific prefrontal structures,
including the OFC, IFC, medial PFC, ACC, and DLPFC.

Sampling and Recruitment

The NIH MRI Study of Normal Brain Development is a multi-site project providing a
normative database to characterize healthy brain maturation in relationship to behavior.3!
Subjects were recruited across the United States with a population-based sampling method
seeking to minimize biases of selection.32 Based on available U.S. Census 2000 data, a
representative healthy sample of subjects was recruited at six pediatric study centers:
Children’s Hospital (Boston), Children’s Hospital Medical Center (Cincinnati), University
of Texas Houston Medical School (Houston), UCLA Neuropsychiatric Institute and Hospital
(Los Angeles), Children’s Hospital of Philadelphia (Philadelphia), and Washington
University (St. Louis). Recruitment was monitored continuously to ensure that the sample
recruited across all pediatric centers was demographically representative of the U.S.
population on the basis of variables that included age, gender, race, ethnicity, and
socioeconomic status. Informed consent from parents and child assent were obtained for all
subjects. The Objective 1 database (release 4.0) used for this study included 433 children
from 4 years 6 months to 18 years 3 months who underwent extensive cognitive,
neuropsychological, and behavioral testing, along with repeated MRI brain imaging at up to
three visits at 2-year intervals. Given that the goal of this project was to study
developmentally healthy typical children, there were extensive exclusion criteria including
current or past treatment for an axis 1 disorder, evidence of most axis | disorders including
ADHD on structured parent or child interview (Diagnostic Interview for Children and
Adolescents) (except for simple phobia, social phobia, adjustment disorder, oppositional
defiant disorder, enuresis, encopresis, nicotine dependency), neurological disorders,
substance dependence other than nicotine, family history of major axis 1 disorder, family
history of inherited neurological disorder or mental retardation due to nontraumatic events,
abnormality on neurological examination, gestational age at birth less than 37 weeks or
more than 42 weeks, intrauterine exposure to substances known or highly suspected to alter
brain structure or function, etc. Structural MRI and clinical/behavioral data were
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consolidated and analyzed within a purpose-built database at the Data Coordinating Center
of the Montreal Neurological Institute (MNI), McGill University.

Child Behavior Checklist

The Child Behavior Checklist (CBCL) is an age-appropriate standardized questionnaire
filled by parents.2%33 |t has a high test—retest reliability, results are stable over time34 and it
has been validated in numerous cultures.3538 The CBCL/6-18 is divided into eight
subscales, including the Attention Problems score (AP).33 At the time of initial enrollment,
all children in this study had t scores of less than 70, which is considered to be the
pathological threshold. Although no subject with ADHD was included at baseline, subjects
would have been kept in the study had they met DSM-1V TR criteria at a follow-up visit.
However, only one subject had a t score of more than 70 on follow-up visits at 9 years of
age.

MRI Protocol

MR images (1.5-T) were obtained with 1-mm in-plane resolution, 1- to 2-mm slice
thickness, whole-brain coverage, and multiple contrasts (T1W, T2W, and PDW).31 A three-
dimensional (3D) T1-weighted spoiled gradient recalled (SPGR) echo sequence was
selected. Intersite reliability was monitored at all sites with the American College of
Radiology phantom. In addition, living phantoms (healthy volunteers) were also scanned
repeatedly at regular intervals at each site confirming between-site reliability of cortical
thickness measurements.3! Importantly, all data processing was done at a single site (MNI).

Automated Image Processing

Quality-controlled native MR images were processed through the CIVET automated
pipeline that includes the CLASP algorithm for generating cortical thickness measurements
at 40,962 vertices per hemisphere.3’-41 Cortical thickness is calculated as the distance
between the “outer CSF—gray matter” and the *“gray matter— white matter” interface.
Subjects with missing values (either anatomical measures or AP scores) were eliminated and
a visual quality control (blinded as to the AP score of the subjects) of the native cortical
thickness images was implemented to ensure that there were no aberrations in values for a
given subject.> Subjects less than 6 years of age who were assessed with the CBCL/1.5-5
were eliminated, as were subjects more than 18 years of age, because attention problems
were assessed with a self-report measure as opposed to the Parent CBCL. Out of this blinded
process, 672 of 955 scans were kept for statistical analyses.

Data Analysis

Statistical analyses were implemented using SurfStat
(http://Iwww.math.mcgill.ca/keith/surfstat/), a statistical toolbox created for MATLAB
(MathWorks, Natick, MA). Analyses were performed both for cross-sectional data (first
visit only) and for longitudinal data (pooled data from all three visits).

For cross-sectional analyses (n = 257, 141 female and 116 male), each subject’s absolute
native-space cortical thickness was linearly regressed against CBCL AP scores at each
cortical point after accounting for the effects of age, total brain volume, gender and MRI
scanner (as different scanners were used at the six sites). This was done both in first-order (Y
=1+ S1AP + frAge + f3Gender + S4TotalBrainVolume + fsScanner) and in higher-order
(quadratic and cubic) models. The “AP by age” (Y = 1 + 51AP + SAge + f3Age*AP +
paGender + pgTotalBrainVolume + fSgScanner), “AP by gender,” and “AP by age by
gender” interactions were also analyzed. 1Q and handedness were tested as potential
confounding variables. To account for multiple comparisons across the whole brain, ap <.
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05 false discovery rate (FDR) was applied. An uncorrected p <.005 threshold was selected
to identify trends in associations. Significant “AP by age” interactions were decomposed
across all age levels by centering.42

For longitudinal analyses (n = 357, 672 total scans; 368 female and 304 male), a similar
strategy was implemented, but using a mixed-effects linear regression model that accounts
for some subjects having repeated measurements over time.2>

Demographics

Table 1 shows basic descriptive statistics of the two analyzed samples (cross-sectional and
longitudinal). Males had higher mean CBCL AP scores in the cross-sectional sample (males
1.94 £0.21, females 1.43 + 0.16, t = 1.97, df = 255, p =.05), and in the longitudinal data
(males 1.98 £ 0.14, females 1.59 + 0.11, t = 2.23, df = 670, p = .026). Although there were
fewer AP raw scores over 8 in older children, the average AP score remained stable over
time.

Cross-Sectional Analysis

There were no direct first-order or higher-order associations between AP scores and cortical
thickness. However, the “AP by age” interaction revealed multiple areas of association with
cortical thickness (Figure 1, p < .05, FDR corrected). The strongest association was located
in the right lateral OFC and right IFC. There were also significant associations in the left
OFC, bilateral ventromedial prefrontal cortex (vmPFC), bilateral premotor/supplementary
motor cortex, bilateral DLPFC, left medial prefrontal cortex (mPFC), left dorsal anterior
midcingulate cortex (dorsal ACC), left posterior cingulate cortex, left medial temporal
gyrus, left parietal somatosensory association cortex and a few other small temporo-parietal
areas. These findings were independent of all control variables, including 1Q and
handedness. There were no “AP by gender” or three-way “AP by age by gender”
interactions, indicating the absence of gender specific effect on this maturational pattern
despite the presence of a slight difference in mean AP scores between sexes (see
unthresholded t map in Figure S1, available online).

The interaction was explained by negative associations between AP and cortical thickness in
the younger subjects up to the age of 10 years. The association then disappeared as children
aged (positive trends at 17 and 18 years). As an illustration, Figure 2 shows the uncorrected t
statistic map (focused on the right OFC/IFC) of the relationship between AP and thickness
centered at ages 6 to 18 years. Scatterplots of the relationship between AP and right OFC
cortical thickness in subjects below and above age 10 years are shown in Figure 3,
demonstrating the negative association in younger subject and the absence of association
above age 10. To further illustrate the impact of age, linear regression models of the mean
cortical thickness of the right lateral OFC cluster were performed with SPSS version 18.0
(SPSS Inc., Chicago, IL) after dividing groups into lower AP scores (0 or 1) and higher AP
scores (=2). The analysis revealed a much stronger negative effect of age in the lower group
(standardized B = —0.340), compared with the higher group (standardized p = 0.022) (see
scatterplots in Figure S2, available online). In other words, subjects with higher AP scores
started with thinner cortices, but this difference disappeared over time because of slower
cortical thinning.

Longitudinal Analysis

No significant association was found between AP scores and cortical thickness. The “Age
by AP” interaction showed trends of association in similar areas than those identified in the
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crosssectional analyses, including the right IFC, bilateral vmPFC, right supplementary motor
area, right DLPFC, left mPFC, and left medial/superior temporal gyri (Figure 4). However,
these associations did not survive the whole-brain FDR correction.

DISCUSSION

In this large neuroanatomical study of healthy children, a cross-sectional association
between the “CBCL AP by age” interaction and cortical thickness was identified in various
components of the attention network.317 Associations were found in the right IFC, bilateral
OFC, bilateral vymPFC, bilateral premotor/supplementary motor cortex, bilateral DLPFC,
left mPFC, left dorsal anterior midcingulate cortex (dorsal ACC), left posterior cingulate
cortex, left medial temporal gyrus, and a few other temporo-parietal areas. Analysis by age
groups revealed a negative association between AP and cortical thickness in the above areas
in children 6 to 9 years of age, followed by a decrease in the strength of the association at
age 10 and a disappearance of any association in teenage years. Further analysis revealed
that children with higher AP scores had thinner cortices at age 6, but this difference was lost
over time in the context of slower cortical thinning. This parallels the Shaw et al.2> results in
which children with ADHD had thinner cortex than controls at baseline but eventually
reached a similar average thickness in later teenage years through a slower thinning
process.?> Our results in healthy children show a similar tendency with subclinical attention
problems in preteen years being associated with thinner cortices at baseline and slower
thinning over the years. These results are compatible with both developmental rates of
cortical maturation and cortical thinning being proportional to inattention symptoms, even in
typically developing children without ADHD.

The presence of associations between attention problems and prefrontal cortical thickness
across the developmental spectrum is biologically plausible, given that these regions have
been consistently found to be hypoactive in functional magnetic resonance imaging studies
of ADHD.#3:44 |n addition, the strongest association in this healthy population was found in
the right lateral OFC/IFC, which has been shown to have both impaired functioning on
neuropsychological testing and an abnormal development pattern in children with
ADHD.20:21 The involvement of the premotor/supplementary motor areas is also logical,
given the motoric component of hyperactivity.> Importantly, a similar analysis of a
different CBCL externalizing scale, the aggressive behavior scores, showed no interaction
with age and cortical thickness, and demonstrated results with different anatomical
distributions, which supports the specificity of the associations between cortical thickness
and AP.%6 Anxiety disorders have also been related to attentional problems and altered
cortical thickness.”4” Given that some anxiety disorders were not exclusion criteria in this
study (simple phobia and social phobia, only if CBCL Anxious/Depressed t scores were
below clinical threshold), anxiety levels could have been a confounding factor in the CBCL
AP results. However, the analysis of the CBCL Anxious/Depressed scores showed an age by
score interaction with a different cortical thickness distribution only circumscribed to the
right ventromedial prefrontal cortex. In addition, controlling for CBCL Anxious/Depressed
scores in the linear regression of CBCL AP against cortical thickness did not change the
above-described results.

Although a similar trend was observed in the longitudinal analysis, the “AP by age”
interaction was not significant after the FDR correction. This can most likely be explained
by the fact that the strongest component of the interaction was the negative association in
younger subjects. In the longitudinal sample, adding data points from visits 2 and 3, which
are respectively taken 2 and 4 years later, shifted the sample toward older subjects that have
a tendency toward smaller variance. This had the impact of “diluting” the impact of the
youngest subjects. In addition, it is important to mention that children in this study were
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strictly screened at entry for any type of psychopathology, meaning that the range for any
behavioral measurement is restricted. This limits the statistical power to detect associations,
as opposed to the Shaw et al. study, in which both typically developing children and children
with ADHD were analyzed.2®

The impact and etiology of this cortical development pattern cannot be determined with this
type of observational study. One hypothesis would be that the gradual disappearance of the
relationship between cortical thickness and AP could be a demonstration of healthy
developmental patterns, potentially related to typically observed improvements in attention
as children get older. In that regard, previous research has suggested that persistence of
decreased thickness in both the left ACC and parietal areas was associated with ADHD
symptoms in later age.1®48 However, it was not possible to replicate this finding in this very
healthy cohort because the mean AP scores (low at baseline) did not significantly change
over time. Further studies examining longitudinal follow-up of cortical thickness in children
with ADHD would be interesting to determine whether cortical changes are related to the
persistence of symptoms in adulthood. Ultimately, we argue that performing neurobiological
research across the continuum of severity (from well to severely ill) is crucial to inform the
pursuit of understanding dimensional considerations of mental disorders, as defined in the
Research Domain Criteria (RDoC) agenda
(http://www.nimh.nih.gov/research-funding/nimh-research-domain-criteria-rdoc.shtml).4°

The limitations of this study include the fact that, although AP scores correlate well with
diagnostic criteria of ADHD,28:30 the Parent CBCL provides only an estimate of the
complex attention skills phenotypes and includes items that are not part of ADHD.
However, the CBCL DSM ADHD scale, which is a variant of the AP score focusing on the
ADHD criteria, gave results identical results to those presented in this article. By analyzing
attention in a large numbers of healthy children in isolation, this study provides a normative
framework against which neuroimaging studies of ADHD can be more meaningfully
compared. Understanding the impact of subclinical attention problems on cortical
development is crucial in order to further investigate delayed cortical maturation and slower
gray matter thinning as potential biomarkers of ADHD. Although this constitutes valuable
information for researchers and clinicians in terms of neurobiological conceptualization,
excluding all children with ADHD limits the generalizability of these findings to clinical
populations. In terms of strength, it is worth mentioning the large sample size for a pediatric
imaging study and the fact that subjects were demographically representative of the U.S.
population. Moreover, we used a precise cortical thickness measurement at more than
80,000 points for each brain. Finally, results were analyzed with whole-brain statistical
corrections for multiple comparisons.

Recent neuroimaging studies focusing on ADHD have increasingly demonstrated alterations
in attention related networks; however there have been limitations to conclusions drawn, as
we have little knowledge about normal brain development associated with attentional
abilities. Clearly it is crucial to understand brain development in typically developing
children and the relationship with various behaviors to identify meaningful correlates of
disorders such as ADHD. This is even more important, given the results from this study and
previous reports, which support at least some dimensional aspect to the neurobiology of this
disorder.2> Data of this type could be integrated into the NIMH RDoC initiative in which
one of the primary goals is to “develop, for research purposes, new ways of classifying
mental disorders based on dimensions of observable behavior and neurobiological
measures.”*? Future research should attempt to correlate cortical development with long-
term longitudinal clinical outcomes in adulthood, in addition to searching for other factors
(genetics, environmental, anatomical, electrophysiological, etc.) that might be additive to an
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abnormal cortical developmental pattern in the etiology of ADHD and its various
comorbidities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Brain areas where local cortical thickness is associated with the “Child Behavior Checklist
Attention Problems by Age” interaction in the cross-sectional analysis (n = 257). Note: The
figure is shown at q < 0.05 with a false discovery rate correction. Controlled for age, gender,
total brain volume, and scanner.
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Ages 11-18

FIGURE 2.

t Scores map (df = 246) of the association between Child Behavior Checklist Attention
Problems and cortical thickness centered from age 6 to 18 years in the cross-sectional
sample (n = 257). Note: The brain is shown from below, and the main association is located
in the right lateral orbitofrontal cortex. Controlled for age, gender, total brain volume, and
scanner.

J Am Acad Child Adolesc Psychiatry. Author manuscript; available in PMC 2013 January 1.




1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ducharme et al.

Page 14

FIGURE 3.

Scatterplots of the right lateral orbitofrontal cortical thickness against Child Behavior
Checklist (CBCL) Attention Problems raw scores in subjects less than age 10 on the left and
of 10 years and older subjects on the right. Note: The negative relationship on the left
scatterplot remained significant even when removing the outlier (subject with cortical
thickness below 1 standard deviation).
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Brain areas where local cortical thickness is associated with the “Child Behavior Checklist
Attention Problems by Age” interaction in a mixed-effects linear regression in the
longitudinal sample (n = 357, 672 scans). Note: The figure is shown at p <.005
(uncorrected). Trends of associations were not statistically significant after a whole-brain
false discovery rate correction. Controlled for age, gender, total brain volume, and scanner.
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Age, Child Behavior Checklist (CBCL) Attention Problems Scores, Gender Distribution, and Hand Used to

Write in the Two Analyzed Samples

Cross-Sectional n = 257

Longitudinal n = 357 (672 scans)

Age (y) 11.8+0.22 (6.0-18.3)
CBCL Attention Problems Score  1.66 + 0.13 (0-11)
Gender Female = 141 (54.9%)
Male = 116 (45.1%)
Hand used to write Right = 232 (90.3%)

Left = 25 (9.7%)

12.0 +0.12 (6.0-18.4)
1.76 +0.09 (0-14)

Females = 368 scans (54.8%)
Males = 304 scans (45.2%)

Right = 601 (89.4%)
Left = 71 (10.6%)
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