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Abstract
Objective—There is considerable epidemiological and neuropsychological evidence that
attention deficit hyperactivity disorder (ADHD) is best considered dimensionally, lying at the
extreme end of a continuous distribution of symptoms and underlying cognitive impairments. The
authors investigated whether cortical brain development in typically developing children with
symptoms of hyperactivity and impulsivity resembles that found in the syndrome of ADHD.
Specifically, they examined whether a slower rate of cortical thinning during late childhood and
adolescence, which they previously found in ADHD, is also linked to the severity of symptoms of
hyperactivity and impulsivity in typically developing children.

Method—In a longitudinal analysis, a total of 193 typically developing children with 389
neuroanatomic magnetic resonance images and varying levels of symptoms of hyperactivity and
impulsivity (measured with the Conners’ Parent Rating Scale) were contrasted with 197 children
with ADHD with 337 imaging scans. The relationship between the rates of regional cortical
thinning and severity of symptoms of hyperactivity/impulsivity was determined.

Results—Youth with higher levels of hyperactivity/impulsivity had a slower rate of cortical
thinning, predominantly in prefrontal cortical regions, bilaterally in the middle frontal/premotor
gyri, extending down the medial prefrontal wall to the anterior cingulate; the orbitofrontal cortex;
and the right inferior frontal gyrus. For each increase of one point in the hyperactivity/impulsivity
score, there was a decrease in the rate of regional cortical thinning of 0.0054 mm/year (SE=0.0019
mm/year). Children with ADHD had the slowest rate of cortical thinning.

Conclusions—Slower cortical thinning during adolescence characterizes the presence of both
the symptoms and syndrome of ADHD, providing neurobiological evidence for dimensionality of
the disorder.

There is considerable debate over whether attention deficit hyperactivity disorder (ADHD)
represents a diagnostic category with distinct boundaries between the disorder and health or
is better understood dimensionally, with those who have the disorder lying at the extreme
end of a continuum of symptoms (1–3). Much evidence supports a dimensional view,
including several taxonometric studies suggesting that symptoms of ADHD and associated
neuropsychological deficits lie on a continuum (4, 5). Further support for a dimensional
view would be gained from linking symptom dimensions to biological constructs such as

Address correspondence and reprint requests to Dr. Shaw, Child Psychiatry Branch, National Institute of Mental Health, Rm. 3N202,
Bldg. 10, Center Dr., Bethesda, MD 20892; shawp@mail.nih.gov.
The authors report no financial relationships with commercial interests.

NIH Public Access
Author Manuscript
Am J Psychiatry. Author manuscript; available in PMC 2012 January 30.

Published in final edited form as:
Am J Psychiatry. 2011 February ; 168(2): 143–151. doi:10.1176/appi.ajp.2010.10030385.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



brain development. In the present study, we used neuroanatomic imaging data acquired from
typically developing children with no psychiatric diagnoses to explore whether high levels
of hyperactive/impulsive symptoms are underpinned by neurodevelopmental patterns that
resemble those seen in children with the syndrome of ADHD.

In this study, a dynamic measure of cortical change was used, since previous studies suggest
that there are ADHD diagnostic differences in trajectories of cortical development (6–9).
Using a measure of cortical thickness, we previously reported that in both typically
developing children and youth with ADHD, an early childhood phase of cortical increase
eventually reached a peak—attained later in those with ADHD in the fronto-temporal cortex
—before giving way to a phase of cortical thinning (7). There were diagnostic differences in
the phase of cortical thinning, with the velocity of thinning being consistently slower in
youth with ADHD (see Results section). Given that cortical thinning dominates most of late
childhood and early adolescence and most of our neuroimaging data lie within the same age
range, cortical thinning emerges as a potential neuroanatomic marker for ADHD.

For the present study, we inquired whether similar differences in the rate of cortical thinning
would occur in a typically developing group of children who have varying levels of
hyperactive and impulsive symptoms. We used a version of the Conners’ Rating Scales (10),
which includes a factor reflecting hyperactive and impulsive symptoms. This version does
not include a factor reflecting purely inattentive symptoms, but rather a factor of learning
difficulties, which while consisting of several items that reflect inattention and
distractibility, includes more general learning difficulties. We did not include this learning
problems factor and focused instead on the factor reflecting hyperactive and impulsive
symptoms. We hypothesized that typically developing children with higher levels of
hyperactive and impulsive symptoms would show cortical trajectories resembling those
found in ADHD, specifically a slower rate of cortical thinning during late childhood and
adolescence. To assess symptom specificity, the cortical changes associated with a measure
of conduct problems in the same participants were determined, with the prediction of
distinct cortical correlates for the different symptom domains.

Method
Participants

A total of 193 typically developing youth with no personal history of psychiatric or
neurological disorders had a total of 389 neuroanatomic magnetic resonance images.
Recruitment was conducted through local advertisements aimed at local parenting groups,
schools, and community groups. Each participant underwent a structured diagnostic
interview by a child psychiatrist to rule out any psychiatric or neurological diagnoses (11).
Data from any participant who developed a mental illness during the course of the study
were excluded, and all participants were free of psychotropic medications. After complete
description of the study, written informed consent and assent were obtained from parents
and children.

Comparison was made with a group of 197 youths with DSM-IV-defined ADHD. Diagnosis
was based on the Diagnostic Interview for Children and Adolescents, Parent version (12),
previously described elsewhere (6). This group of youths is a subset of our larger ADHD
cohort (7), selected because their neuroanatomic data (total of 337 scans) were for the same
age range as the data from participants in the present study and they had available Conners’
Rating Scales data.

All participants completed a version of the Conners’ Parent Rating Scale (10), which
assesses symptoms of hyperactivity/impulsivity and conduct problems. This questionnaire is
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composed of 48 items, from which parents are asked to select from four possible responses
based on the child’s behavior. Responses of “not at all,” “just a little,” “pretty much,” and
“very much” return scores of 0 to 3, respectively. A factor analytic study (10) showed that
four items load onto a factor reflecting hyperactive/impulsive symptoms, and thus the
maximum score for hyperactive/impulsive symptoms is 12. Conduct problems were also
measured using the same scale, with a maximum score of 24, reflecting the eight items that
load onto this factor.

Neuroimaging
T1-weighted images with contiguous 1.5-mm axial slices were obtained using three-
dimensional spoiled gradient recalled echo in the steady state on a 1.5-Tesla GE Signa
scanner (General Electric Co., Milwaukee). Imaging parameters were as follows: echo
time=5 msec, repetition time=24 msec, flip angle=45°, acquisition matrix=256×192, number
of excitations=1, field of view=24 cm. The same scanner was utilized throughout the study.
Native magnetic resonance imaging (MRI) scans were masked using the Brain Extraction
Tool (13), registered into standardized stereotaxic space (14) using a nine-parameter linear
transformation (15), corrected for nonuniformity artifacts (16) and segmented (17). The
Constrained Laplacian Anatomic Segmentation using Proximity surface extraction
procedure generated surface meshes representing white and gray matter interfaces (18). The
root mean square thickness between corresponding nodes on the surface meshes was
calculated in native space (19). Thickness measurements were aligned using surface
registration to maximize thickness value correspondence between participants in terms of
gyral patterning (20). A 30-mm surface blurring algorithm, which preserves cortical
topologic features, was used to reduce noise in thickness measurements (21).

Phenotype
In a previous study of our entire cohort (223 youths with ADHD and age-, sex-, and IQ-
matched typically developing subjects, with a total of 824 neuroanatomic scans), we
demonstrated distinct trajectories of cortical growth, particularly in the prefrontal and lateral
temporal cortices (7). As shown in Figure 1, which is derived from these earlier data, the
ADHD group attained its peak cortical thickness later than the typically developing group
throughout most of the prefrontal and lateral temporal cortices (with the exception of the
superior portions of the motor strip). Additionally, by examining the rate of cortical change,
the ADHD group was found to have a slower rate of cortical thinning in the regions with a
delayed peak thickness, throughout all of late childhood and adolescence. Between the ages
of 8 and 18 years, the estimated rate of thinning for the typically developing group was
−0.027 mm/year, compared with −0.011 mm/year for the ADHD group. Thus, a slower rate
of prefrontal cortical thinning during late childhood and adolescence characterizes most of
the lateral prefrontal and temporal cortices in ADHD. In the present study, we examined
whether a similar slowing of cortical thinning would be associated with the presence of
hyperactive/impulsive symptoms in typically developing children. Data in this study were
restricted to neuroanatomic scans that lay within the period of cortical thinning (≥8 years of
age).

Longitudinal Analyses
We examined whether the rate of cortical thinning varies as a function of the number of
hyperactive/impulsive symptoms by regressing cortical thickness against the hyperactive/
impulsive symptom score, age, and interaction between the hyperactive/impulsive symptom
score and age using mixed-model regression (22). This approach was used because our data
contain both multiple observations per participant, measured at different and irregular time
periods, and single observations per participant. Such unbalanced longitudinal data can be
explored statistically by applying mixed-effect models (23). A random effect for each
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individual was included to account for within-person dependence. Thus, for cortical points,
the jth cortical thickness of the ith individual was modeled using the following equation, in
which di is a random effects modeling within-person dependence; the intercept and β terms
are fixed effects, and eij represents the residual error:

The interaction between age and hyperactive/impulsive symptoms is given by the β3 fixed
effect. This parameter provides an estimate of how the relationship between cortical
thickness and age varies as a function of the hyperactive/impulsive symptom score. The
false discovery rate procedure was applied to control for multiple comparisons with a q
value of 0.05 (24). A one-tailed adjustment was used, given the directional prediction of a
slower rate of thinning in those participants with more hyperactive/impulsive symptoms. At
every cortical point, t statistics were visualized through projection onto a standard brain
template.

We further explored any significant interactions by splitting the typically developing sample
into the following three groups: asymptomatic group (hyperactive/impulsive score=0),
minimal symptoms group (hyperactive/impulsive score=1 or 2), and moderate symptoms
group (hyperactive/impulsive score=3–6 [maximum score among typically developing
youth]). Direct comparison was made with a group of 197 ADHD youth, with a total of 337
neuroanatomic scans, whose neuroimaging data were for the same age range as data for the
typically developing youth. In these analyses, group (typically developing youth with no
symptoms, minimal symptoms, and moderate symptoms and youth with ADHD) and group
interaction with age were entered as fixed effects, using the aforementioned model. The β3
fixed effect was used to estimate how the relationship between cortical thickness and age
varied as a function of group.

To determine the specificity of the hyperactive/impulsive symptom dimension on cortical
change, we conducted parallel analyses examining the effects on cortical thickness
associated with the conduct problems symptom score and interaction between this score and
age.

Results
Among typically developing youth, hyperactive/impulsive symptom scores did not differ
significantly by sex (boys: mean=1.43 [SD=1.59]; girls: mean=1.35 [SD=1.36]) and did not
correlate with IQ (r=0.008, p=0.91). The ADHD group had greatly elevated hyperactive/
impulsive symptom scores (mean=9.2 [SD=1.7]), and there was no overlap between the
range of scores for the typically developing and ADHD groups (difference between groups:
t=48.6, df=388, p<0.0001), in keeping with the severe phenotype of ADHD selected for this
study. For the ADHD group, hyperactive/impulsive symptom scores also did not differ
significantly with regard to sex (boys: mean=9.13 [SD=1.7]; girls: mean=9.3 [SD=1.7]) and
did not correlate with IQ (r=0.05, p=0.53). Further details are presented in Table 1 and Table
2 of the data supplement accompanying the online version of this article, which also give the
number of hyperactive/impulsive symptoms and participants’ ages at each wave of scan
acquisition.

For the three subgroups of typically developing youth, the mean conduct problems score
was 1.6 (SD=1.9 [minimum, 0; maximum, 8]). Scores for conduct problems were higher for
boys (mean=1.81 [SD=2]) than girls (mean=1.4 [SD=1.8]) but with no statistical
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significance. Additionally, IQ did not correlate with scores for conduct problems (r=−0.007,
p=0.92).

Neuroanatomic Findings
The rate of cortical thinning, predominantly in prefrontal cortical regions, varied
significantly with the hyperactive/impulsive symptom score, with adjustment made for
multiple comparisons using the false discovery rate procedure. There were clusters
bilaterally in the middle frontal gryus, extending on the right toward the supplementary
motor area and motor strip; the medial prefrontal wall, extending toward the anterior
cingulate and superior frontal gyrus; the orbitofrontal cortex; and the right inferior frontal
gyrus (Figure 2). More posteriorly, cortical thinning rates differed with hyperactive/
impulsive symptom scores in the right middle/inferior temporal gyrus, parahippocampal
gyrus, and precuneus as well as in the left superior gyrus. For each increase of one point in
the hyperactive/impulsive symptom score, the estimated change in the rate of cortical
thinning in the right prefrontal cortical regions, shown in Figure 2, was 0.0054 mm/year
(SE=0.0019 mm/year; t=2.91, df=194, p=0.004), and the estimated change in the left
prefrontal cortical regions was 0.0055 mm/year (SE=0.0019 mm/year; t=2.9, df=194,
p=0.004). Extent and coordinates of the local maxima of the clusters are presented in Table
1.

The effect of hyperactive/impulsive symptom severity can be clearly seen by comparing the
rates of cortical thinning in participants who were grouped by the number of symptoms with
the rates for those who had a diagnosis of ADHD (Figure 3). For both the right and left
prefrontal cortical regions (Figure 2), the rate of cortical thinning changed in a stepwise
manner with the degree of symptom severity. The rate of cortical thinning was slowest in
participants with a diagnosis of ADHD and increased progressively in typically developing
youth, with the moderate symptoms group having a higher rate than the ADHD group and
the minimal symptoms group having a higher rate than those with moderate symptoms.
Asymptomatic, typically developing youth had the highest rate of cortical thinning. In the
right and left prefrontal cortical regions, pairwise contrasts showed that the asymptomatic
group had a significantly higher rate of cortical thinning than both the moderately
symptomatic group (right: t=2.4, df=194, p=0.02; left: t=2.3, df=194, p=0.02) and the
clinical group with ADHD (right: t=3.5, df=194, p=0.0005; left: t=4.2, df=194, p<0.0001).
Typically developing subjects with minimal symptoms had a significantly higher rate of
cortical thinning than the ADHD group (right: t=2.2, df=194, p=0.03; left: t=3.1, df=194,
p=0.002). For the posterior regions, the stepwise slowing of cortical change was less
pronounced, since the ADHD group showed a similar rate of cortical thinning to typically
developing subjects with moderate symptoms. However, participants in the ADHD group
still had a significantly lower rate of cortical thinning than typically developing youth with
no (t=3.2, df=194, p=0.001) or minimal (t=2.5, df=194, p=0.01) symptoms. This pattern of
results remained when sex and IQ were entered as covariates.

The cortical regions that varied significantly with the conduct problems score (following
adjustment for multiple comparisons) were less extensive than those varying significantly
with hyperactive/impulsive symptoms and centered on the superior portions of the motor
and supplementary motor areas, extending into the middle prefrontal cortex on the right
(Figure 4). Here, an increasing conduct problems symptom score was associated with a
slower rate of cortical thinning (for each increase of one point, the rate of thinning decreased
by −0.037 mm/year [SE=0.01], t=3.2, df=194, p=0.002). In the right motor/supplementary
motor and middle frontal regions, growth rates were linked to both conduct problems and
hyperactive/impulsive symptom severity. However, most of the regions (89%) where
cortical thinning varied significantly with the hyperactive/impulsive symptom score did not
vary with the conduct problems score.
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Discussion
The present study gives neurobiological support to the dimensional view of ADHD that
typically developing children with no psychiatric diagnoses who have hyperactive/impulsive
symptoms demonstrate neurodevelopmental changes resembling those found in youth with
the syndrome of ADHD. Specifically, we found that the rate of cortical thinning during late
childhood and adolescence was linked to the severity of hyperactive and impulsive
symptoms. More symptoms accompanied a slower rate of cortical thinning in predominantly
prefrontal cortical regions, mirroring the slower rate of adolescent cortical thinning seen in
ADHD. This study also lends support to the concept of a perturbation of cortical trajectory
as a fundamental deficit in the pathogenesis of ADHD, rather than reflecting features such as
its treatment or comorbidities or the effects of nondisorder-specific functional impairments.

The localization of this effect may have dual significance. First, the regions overlap with
cortical areas frequently reported to be structurally compromised in ADHD. Studies of gray
matter density or thickness report deficits in the lateral prefrontal cortex, particularly in the
right inferior and superior gyri (25–30), as well as prefrontal medial wall deficits extending
to the anterior cingulate gyrus (26, 31, 32). Similarly, for some of the posterior regions
showing a sensitivity to hyperactive/impulsive symptoms, structural alteration is reported,
especially in the right middle/inferior temporal lobe (29, 30) and posterior cingulate/
precuneus (25, 31, 33). Second, many of the cortical regions highlighted in this study are
components of the neural substrates supporting certain key cognitive processes, and
impairments in these domains are in turn linked to hyperactive and impulsive symptoms.
These cognitive functions include the ability to inhibit responses in order to achieve later,
internally represented goals (34, 35). This cognitive control skill recruits a distributed
cortico-striatal network with key involvement of the lateral prefrontal cortex, particularly the
right inferior frontal gyrus (36, 37). Aberrant processing of reward and punishment, with a
tendency to prefer immediate over delayed but larger rewards, has also been reported in
ADHD (38, 39). Studies in healthy subjects implicate a neural network incorporating
interactions between the ventral striatum and the limbic system, including orbitofrontal
regions (40), where we find cortical development to be linked to hyperactive/impulsive
symptoms. Other investigators argue that ADHD partly results from anomalies of the
spontaneous intrinsic brain activity that typifies nontask-related cognition (default-mode
network), specifically its tendency to intrude into periods of active task-specific processing
(41). The default mode network in healthy subjects is thought to comprise medial (medial
prefrontal cortex, posterior cingulate/precuneus) and lateral (posterior parietal) brain
regions. Interestingly, anomalous resting state activity of the posterior cingulate has been
reported in ADHD (42, 43), a region where, again, we link severity of hyperactive/impulsive
symptoms to cortical change. It is noteworthy that there was no effect of hyperactive/
impulsive symptoms in the superior portions of the motor strip bilaterally. We reported in a
previous study that this superior region of the motor strip had the distinction of attaining a
peak cortical thickness earlier in ADHD (7) and it also did not show a diagnostic difference
in the rate of adolescent cortical change. Thus, we would predict and indeed found that there
was no effect of the severity of hyperactivity/impulsive symptoms on cortical change in this
region. The association with symptoms was confined to the middle and inferior portions of
the motor strip.

In the present study, the stepwise decrease in the rate of prefrontal cortical thinning in
typically developing youth, moving from those with no symptoms to those with mild
symptoms and then to those with moderate symptoms, was found to extend to youth with a
diagnosis of ADHD. This is in keeping with the more severe symptoms of hyperactivity and
impulsivity in the clinical group, which had slower rates of thinning than the typically
developing youth, affording more support for dimensionality. In the posterior cortical
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region, this stepwise effect was not found because the ADHD group had rates of cortical
thinning comparable to typically developing youth with mild and moderate symptoms. This
is not unexpected, since we found less evidence in previous work for diagnostic differences
in the properties of cortical trajectories in the posterior cortex (7).

Rates of cortical thinning also showed some links with the presence of conduct problems in
typically developing youth, albeit in less extensive cortical regions. Both conduct problems
and hyperactive/impulsive symptoms were linked to cortical thinning rates in the right
motor/supplementary area, and some degree of overlap is unsurprising given the correlation
between these symptom domains. Perhaps more striking is the degree of specificity to
symptom domain: the regions where cortical thinning was linked to hyperactive/impulsive
symptoms were mostly spatially distinct from those linked to conduct problems. This is
congruent with reports of distinct anomalies of brain activation in children with conduct
disorder and ADHD (44) and with the lack of similarity between the structural brain
anomalies reported in children with conduct disorder and those most frequently reported in
ADHD (45, 46).

The 48-item Conners’ Parent Rating Scale we utilized has many strengths, including its
psychometric robustness, especially regarding the factor analyses used to derive the
subscales for hyperactive/impulsive and conduct problem symptoms (10). During the course
of this longitudinal study, the scale was updated (47), but in the interest of maximizing data
we continued to use the 48-item version. Both the revised and 48-item versions are similar
in their composition, particularly regarding the items loading onto the factor reflecting
hyperactivity/impulsivity. As mentioned earlier, the version we used did not return a factor
that reflects purely inattentive symptoms. Additionally, while there is evidence from latent
class analyses of the 18 DSM-IV symptoms of ADHD that the dimensions of hyperactivity
and impulsivity may be in part separable (48–50), the Conners’ Rating Scales do not allow
for independent assessment of these domains nor the possibility of partly distinct neural
correlates.

We expected that any differences in cortical dynamics within the typically developing youth
would be subtle, and thus we focused on the age period with the greatest data density,
namely late childhood and adolescence. Previous investigations have established that the
dominant effect of age is linear during this age period (51, 52). Further, when our typically
developing cohort was divided on the basis of symptom score, there were insufficient data to
examine higher-order effects of age because of a relative lack of data for this very young age
group. Future inclusion of more data from a younger age group would allow consideration
of more complex growth trajectory differences. Our cohort had a relatively high
socioeconomic status and IQ, reflecting the self-selected nature, the relative affluence of the
geographical area surrounding the study center, and the absence of any mental illness in
typically developing participants, which are factors that may limit the generalizability of the
findings. We also did not systematically collect measures of potentially important
environmental and lifestyle factors such as diet and tobacco, alcohol, and illicit drug use.

Alterations in cortical growth rates will be only one of the many neural changes shown to
reflect or drive ADHD. Many perturbations of brain structure and function have been found
in the disorder, and it is unclear whether these will also show the dimensionality we report
for cortical change.
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Conclusion
We demonstrate that the severity of symptoms of hyperactivity and impulsivity in typically
developing children affects regional cortical trajectories in a manner similar to that found in
the syndrome itself. This gives neurobiological support to the dimensionality of ADHD.
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FIGURE 1.
Cortical Thickness in Typically Developing Youths With Symptoms of Hyperactivity/
Impulsivity Relative to Those With ADHDa
a The top graph depicts the change in cortical thickness in the bilateral superior and middle
frontal gyri in children with ADHD and in typically developing youths, from which the rate
of change of cortical thickness is derived (bottom). At all ages, the rate of cortical thinning
is greater for the typically developing youths.
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FIGURE 2.
Regions Depicting Significant Differences Between Rates of Cortical Thinning and
Hyperactive/Impulsive Symptoms in Typically Developing and ADHD Youtha
a The brain images depict T values for the interaction between the symptom severity score
and age, which were significant following a false discovery rate procedure (right
hemisphere: t>2.04, df=194, p<0.05; left hemisphere: t>−2.14, df=194, p<0.05). In all
regions, an increasing number of hyperactive/impulsive symptoms was linked to slower
cortical thinning. L=left; R=right.
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FIGURE 3.
Estimated Rate of Cortical Thinning in Typically Developing Youth With Minimal,
Moderate, and No Hyperactive/Impulsive Symptoms and Youth With ADHDa
a The graphs depict the right prefrontal region (top), left prefrontal region (center), and right
temporal region (bottom) (error bars show 95% confidence intervals, derived from standard
errors of the estimates).
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FIGURE 4.
Cortical Regions Where Rate of Change Varied Significantly With Conduct Problems Only,
Hyperactive/Impulsive Symptoms Only, and Both Symptom Domains
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