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It was of interest to determine if hemispheric differences in orbitofrontal cortex (OFC) volume would be
related to behavioral inhibition observed in a peer-play setting. Magnetic resonance imaging (MRI) was
carried out in 23 individuals (19 males and 4 females) at an average age of 14.87±1.14 years who were
either at high or low risk for alcohol dependence. All subjects had previously been evaluated in a preschool
peer play paradigm (5.03±0.78 years) assessing behavioral inhibition. Region of interest measures were
traced for the OFC and the amygdala, and confirmed with voxel based morphometry. Behavioral inhibition, a
behavioral tendency that often occurs in a novel setting in reaction to strangers, includes the following:
greater time spent next to the mother, greater time staring at another child, and longer latency to begin play
with another child. A significant relationship was seen between greater right OFC volume and indicators of
behavioral inhibition including greater time spent proximal to their mother and greater time staring at the
other child. Also, larger amygdala volume was associated with more time spent proximal to the mother.
Behavioral control, including both over- and under-control, is likely to be subserved by neural circuitry
associated with emotion regulation including the right OFC and the amygdala.
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1. Introduction

Temperament is thought to be relatively stable across infancy,
childhood, adolescence and adulthood within the same individual.
Chess and Thomas (1977) in a landmark study found that infants with
a tendency to withdraw from new situations and unfamiliar people
were at risk for developing avoidant or overanxious disorders in
childhood. Children described as shy or inhibited typically withdraw
when confronted with novelty, stopping their ongoing behavior,
ceasing vocalization, and clinging to a familiar figure. The Harvard
Child/Infant study systematically evaluated children using laboratory
based observations (Kagan et al., 1984, Reznick et al., 1986). A
consistent pattern of approach or withdrawal was determined using
familiar or unfamiliar toys or persons as stimuli. Among the signs of
inhibition typically observedwas a long latency to interact, a tendency
to remain proximal to the parent in new situations, and a tendency to
stare at the other child without speaking or entering into play. From
this effort, it was determined that approximately 10–15% of US born
Caucasian toddlers and young children have a temperamental
disposition to be behaviorally inhibited. Most of these children
remain inhibited in early adolescence (Schwartz et al., 1999)
suggesting that this trait is only partially influenced by environmental
conditions.

Using behavioral observations in a laboratory setting has revealed
that a history of behavioral inhibition in infancy or childhood is
associated with an increased tendency for anxiety disorders in
adolescence (Schwartz et al., 1999; McDermott et al., 2009;
Rosenbaum et al., 1988, Rosenbaum et al., 1991) and is associated
with familial risk for alcohol dependence (Hill et al., 1999). With the
greater tendency for individuals with familial risk for alcohol
dependence to also exhibit impulsive behavior, it may be the case
that both under- and over-control are prominent features of alcohol
dependence susceptibility. Because some alcohol-dependent indivi-
duals exhibit preexisting high levels of anxiety (Koob, 2003; Pandey,
2003), the increased likelihood of having a behaviorally inhibited
temperament among young high risk offspring who have not become
alcohol dependent (Hill et al., 2008) is especially intriguing. Also,
because regions of the amygdala have been shown to be regulatory in
emotional processing and in levels of anxiety (Koob, 2003; Charney
and Deutch, 1996), functional and structural alteration of the
amygdala may be involved in behaviorally inhibited temperament.

Schwartz et al. (2003) found an increased BOLD response in the
amygdala to novel versus familiar faces among young adults who had
been characterized as behaviorally inhibited as children. Guyer et al
(2006), using a monetary reward to assess BOLD response to an
incentive, found an increased response in the striatum, amygdala, and
nucleus accumbens in adolescents who had been judged to be
behaviorally inhibited during infancy. These alterations in BOLD
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response suggest the possibility of underlying structural differences in
the amygdala and associated limbic circuitry involved in modulation
of emotion and reward processing in association with behaviorally
inhibited temperament.

The amygdala and the orbitofrontal cortex (OFC) have been
investigated for possible structural variation in those at higher genetic
risk for developing alcohol dependence (Hill et al., 2001; Benegal
et al., 2007; Hill et al., 2009a). Offspring at genetic risk for alcohol
dependence show reduced volume of the right OFC relative to the left
(Hill et al., 2009) with reduced white matter volume of the right
associated with greater impulsivity. Greater behavioral influence of
the right hemisphere in impulsive behaviors has previously been
shown for the ventromedial prefrontal cortex (PFC), an area that
includes the medial and lateral portions of the OFC (Bechara et al.,
2002, Tranel et al., 2005). Severe deficits in social/emotional and
decision making processes have been shown in rare neurological
patients with unilateral right ventromedial PFC ablation (Tranel et al.,
2005).

Characterizing the brain/behavioral relationship between right
OFC volume and the behavioral tendency to impulsively approach or,
alternatively, cautiously withdraw from new situations or individuals
as a continuum would predict that greater volume of the right OFC
might be associated with cautious restraint or behavioral inhibition.
Accordingly, volumetric differences in the OFC may provide one
source of the neurological underpinnings involved in the network of
structures responsible for extreme variations in temperament that
include behavioral inhibition at one extreme and impulsive behavior
at the other.

An ongoing longitudinal study of offspring from families with
multiple cases of alcohol dependence (AD) or from control families
provided the resource for this study. With the availability of
individuals who had participated in a laboratory-based observational
assessment of behavioral inhibition who continued to be involved in a
longitudinal follow-up study, it was possible to test our hypothesis
using a sample of adolescents who had participated in the peer play
observational study (Hill et al., 1999) as preschoolers. We predicted
that variation in childhood temperament would be related to
structural variation of the OFC and amygdala in adolescence.

2. Methods

2.1. Subjects and assessments

This protocol was approved by the University of Pittsburgh
Institutional Review board. All participating parents signed informed
consent forms for themselves at the time of clinical evaluation
and again at the time of each follow-up evaluation for their minor
children. Adolescent participants signed assent forms for the clinical
interviews, personality assessment, and magnetic resonance imaging
(MRI) procedure. A total of 36 children participated in a peer play
evaluation modeled after procedures used in the Harvard Child/Infant
study. A subset of these (N=23) were scanned as adolescents. All are
members of a larger longitudinal cohort of offspring followed in a
family study.

2.2. Description of the family study

The high- and low-risk (control) children/adolescents are partici-
pants in an ongoing family study in which offspring of parents with
either high genetic loading for alcohol dependence (high risk) or
those whose parents had minimal loading (low risk) are contrasted.
The high-risk families had been identified through a proband pair of
alcohol-dependent brothers. Selection through the parental genera-
tion was achieved by identifying one member of the proband pair
while in a substance abuse treatment facility in the Pittsburgh area at
the time of recruitment and determining that this individual had a
sibling similarly affected with alcohol dependence. Because the high-
risk offspring were from multiplex alcohol dependence families
selected through the presence of a pair of adult alcohol-dependent
brothers, each child had an average of four first and second degree
relatives who were alcohol dependent. Low-risk offspring were
selected on the basis of parental low density of alcohol dependence
and minimal other Axis I psychopathology.
2.3. Inclusion and exclusion criteria for high-risk multiplex families

Identification of male proband pairs with AD and their families
required the screening of approximately 100 families to meet the
present goals, and for the broader goals of the family studies that
included a search for developmental neurobiological markers (Hill
et al., 2009b) and gene finding efforts (Hill et al., 2004).

The Diagnostic Interview Schedule (DIS) (Robins et al 1981) was
administered to all available relatives (adult probands, their siblings
and parents [N90% of first degree relatives]). Unavailable or deceased
relatives were diagnosed using a minimum of two family-history
reports. Targeted families were excluded if the proband or his or her
first-degree relatives showed evidence of primary recurrent Major
Depressive Disorder (MDD), Bipolar Disorder (BD), Primary Drug
Dependence (PDD) (i.e., drug dependence preceded alcohol depen-
dence by 1 or more years) or Schizophrenia by DSM-III criteria, the
diagnostic system in place at the time the studies were initiated.
Presence of Axis II disorders was not used as either an exclusionary or
inclusionary condition. No attempt was made to limit the psychiatric
disorders in “marrying in” spouses who represent the parents of the
children/adolescents reported here. However, available spouses were
diagnosed using the same methods (DIS) as members of the “target”
families.
2.4. Selection of control families

Selection of control families was based on availability of a pair of
male adult siblings. Volunteers were screened for Axis I psychopathol-
ogy including alcohol and drug dependence using the DIS. Control
families were selected if the volunteer's first-degree relatives (parents
and siblings) were similarly free of psychopathology.
2.5. Child/adolescent/young adult assessment

Each child/adolescent and his/her parent were separately adminis-
tered the Kiddie Schedule for Affective Disorders and Schizophrenia (K-
SADS) (Chambers et al., 1985) by trained, Masters' level, clinical
interviewers and an advanced resident in child psychiatry at each
annual evaluation. Using DSM-III criteria that have been used
throughout the follow-up, K-SADS interviewers and the resident
independently provided scores for each diagnosis. A best-estimate
diagnosis based on these four blinded interviews was completed in the
presence of a third clinician who facilitated discussion to resolve
diagnostic disagreements if needed. Nine of the participants have been
followed to their 19th birthday and have entered a young adult follow-
up that includes administration of the Composite International
Diagnostic Interview (CIDI) (Janca et al 1992).
2.6. Adolescent temperament measures

As part of the longitudinal follow-up, subjects were administered
the Multidimensional Personality Questionnaire (MPQ) (Tellegen
et al., 1988). The MPQ provides 11 personality scales and 3 higher
order scales. Assessment was completed within 1 year of the scans.



Fig. 1. The boundaries and landmarks for the orbitofrontal cortex, right, left and total,
followed the guidelines established by Lacerda et al (2003). Outlines for the left OFC are
seen in blue, with the right OFC in red. The yellow line depicts the lateral and medial
portions of the OFC in each hemisphere.
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2.7. Peer play procedure

The peer play study had utilized multiple pairings in which each
child was paired with one other child whom he/she had never met in
up to three separate sessions (Hill et al., 1999). Both children had
mothers present within the test room who were asked to quietly
observe. Observations were made during the 30-minute play session
through a one-way mirrored window supplemented by cameras
which provided additional views of the playroom though monitors
in the observation room where coders were located. All coders met
an interrater reliability criterion of r=0.90 with other coders. The
sessions were scored for: (1) amount of time spent proximal to the
parent (within the parent's reach); (2) the amount of time staring at
the other child, neither speaking nor playingwith the child at the time
staring occurred. Also, latency to speak, latency to touch the playroom
toys and the total amount of speech were also recorded (Hill et al.,
1999).

2.8. Magnetic resonance imaging and image analysis

The MRI scans were performed at the University of Pittsburgh
Medical Center Magnetic Resonance Research Center with a Signa 1.5-
T system (GE Medical Systems, Milwaukee, Wisconsin). A sagittal
scout series verified subject position, cooperation, and image quality.
A three-dimensional, spoiled gradient-recalled acquisition in the
steady state pulse sequence was used to obtain 124 contiguous
images with slice thickness of 1.5 mm in the coronal plane (TE=5 ms,
TR=25 ms, flip angle=40°, acquisition matrix=256×192, number
of excitations=1, field of view=24 cm). Coronal sections were
obtained perpendicular to the anterior/posterior commissure line to
provide a more reproducible guide for image orientation. Axial proton
density and T2 weighted images were obtained to enable exclusion of
structural abnormalities on the MRI scan. All subjects tolerated the
procedure well. No sedation was used.

Regions of interest (ROIs) were drawn using BRAINS2 (Magnotta
et al., 2002), a software that enables trained raters to obtain reliable
and valid volumetric measures for specific structures of interest.
Automated segmentation of grey, white, and cerebrospinal fluid (CSF)
volumes can also be obtained. Two raters (SW and HC) blind to risk
group membership with inter-rater reliability N0.95 manually traced
the volumes of the OFC and amygdala in the coronal plane after first
aligning the T1, T2, and proton density (PD) images. A detailed
description of the ROI methodology has been presented previously
and is only briefly presented here (Hill et al., 2001; Hill et al., 2009).
The most anterior slice in which the temporal stem is first visible
marks the initial slice to be summed to calculate amygdala volume.
The most anterior slice showing the mamillary bodies is used as the
posterior amygdala boundary. This landmark method is commonly
used in psychiatric studies of children and adolescents using MRI
(Castellanos et al 1996). The boundaries and landmarks for the OFC,
right, left, and total, were obtained using the guidelines established by
Lacerda et al. (2003) and are depicted in Fig. 1. Intracranial volume
(ICV) was measured, including cerebral hemispheres, brainstem, and
the CSF surrounding these structures (Prasad et al., 2005). Intracranial
volumes were calculated by summing areas of successive coronal
slices, including grey and white matter and CSF volumes, and
multiplying by slice thickness.

Our primary voxel based morphometry analysis focused on
specific hypotheses concerning the OFC in the right hemisphere and
the amygdala using the ROI methods outlined above. The ROI method,
though labor-intensive, has long been the gold standard of choice
because of its high reliability with experienced raters. However, we
also conducted a whole brain voxel based analysis of the collected
scans to determine if prominent differences would be seen in other
regions of the brain. Also, to confirm our right hemisphere results for
the OFC and total amygdala volume differences, we used masks
corresponding to our ROIs from the Pick Atlas small volume correction
tool (Maldjian et al., 2003). Each image was stripped of the skull using
the FSL brain extraction tool (BET) to remove dura, skull, and scalp
(Smith, 2002). The extracted brains were then normalized to ICBM
space, tissue segmented, and smoothed with an 8-mm kernal using
SPM 5 (Statistical Parametric Mapping, Wellcome Department of
Imaging Neuroscience, London UK). A voxel based morphometric
analysis (Ashburner and Friston, 2000) was conducted using a two-
sample t-test design with separate contrasts to assess between-group
differences. Group placement was based on behavioral differences
observed in the preschool behavioral inhbition paradigm.

2.9. Data analysis

Using a General Linear Model (GLM) (SPSS version 17; SPSS,
Chicago, Illinois) approach, a series of mixed model analyses were
performed with ICV as a covariate, and risk status and measures of
behavioral inhibition as fixed factors for total OFC and right OFC
(covarying left). Because previous results also suggested differences
between high- and low-risk adolescents for right amygdala volume
(Hill et al., 2001), total amygdala volume and amygdala volume in the
right hemisphere were tested for a possible relationship to measures
of behavioral inhibition. Mixed effects models were used to obtain
unbiased estimates of brain volume by using random effects to control
for the nonindependence of data collected from families withmultiple
siblings.

With support from these analyses showing differences by measures
of behavioral inhibition, separate univariate analyses were planned for
the OFC laterality ratio [calculated as (Right–Left)/(Right+Left)] to
determine whether relationships would be seen with measures of
behavioral inhibition. These ratios were of interest because previous
analyses revealed laterality differences in the OFC (decreased right/left
OFC ratios reflecting reductions in right OFC) in high-risk adolescents
and young adults from the larger longitudinal study (Hill et al., 2009a).

The present report is based on two behavioral inhibitionmeasures:
the amount of time spent proximal to the parent, and the amount of
time staring at the other child. Data were analyzed for the first session
and an average measure across sessions. These variables were chosen
for analysis because they had shown significant risk group differences
in a previous investigation (Hill et al., 1999). To accommodate for a
mixed effects model, behavioral measures were dichotomized using
cut-offs that contrasted the upper tercile of scores with the lower
two terciles across the three sessions. The average total time staring



Fig. 2. Orbitofrontal cortex ratios were determined for each participant using the
formula (Right–Left)/(Right+Left). Volumes were adjusted for intracranial volume
before statistical analyses were performed. Depicted here are the adjusted means
(adjustment for age and risk) and the standard errors for those below 15 s for time
spent proximal to the mother and those greater than 15s.
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variable was split by those children staring at others greater than
11.33s and those staring less than 11.32s across the three sessions.
The proximity to mother variable was dichotomized according to the
amount of time each child spent next to the mother using 14.99s
or less, contrasted with 15s or greater averaged across the three
sessions. Behavioral measures were classified using the upper tercile
versus the lower ones to identify those individuals who were most
extreme on measures of behavioral inhibition.

3. Results

3.1. Cohort

At the time the peer play session was conducted, the children
averaged 5.03±0.78 years. The subset of childrenwhowere scanned as
adolescents (N=23) were studied at a mean age of 14.87±1.14 years.
Included were 10 adolescents at high risk for alcohol dependence
(9 males and 1 female) and 13 low-risk adolescents (10 males and 3
females). At the time of the last follow-up visit, participants were
18.09±0.85 years old. Using cases in either the upper tercile for
stare or upper tercile for time spent proximal to themother results in
nine cases that may be considered the most behaviorally inhibited,
versus those with neither behavior in the upper tercile (N=14). Of
the nine cases who were in the upper tercile for either stare or
proximity to the mother, seven were in the upper tercile for both
variables. The breakdown by familial alcohol dependence risk status
and behavioral inhibition is five high-risk and four low-risk subjects
among the nine cases in the upper tercile, and five high-risk cases and
nine low-risk cases in the lower tercile group.

Lifetime incidence of psychiatric disorders for the sample included
43.5% with no disorder, 13.0% with attention deficit hyperactivity
disorder (ADHD), 8.7% with a childhood anxiety disorder (phobia,
overanxious disorder), and 21.7% (5/23) with alcohol dependence,
two of whom also met criteria for drug dependence. In all, 21.7% met
criteria for drug dependence or abuse. Offspring from the high-risk
families showed an especially high rate of substance use disorder
diagnoses with 60.0% meeting criteria for alcohol or drug dependence
(5 cases) and one with drug abuse. In contrast, by age 18 only one of
the control offspring met criteria for alcohol and drug dependence.

3.2. Orbitofrontal cortex

Differences in OFC volume (total and right) by measures of
behavioral inhibition were tested using GLM. Because the subjects
had participated in multiple peer play sessions, the data are presented
for the first session and for the average time across the sessions. Using
a cut-off of 15 s for time spent proximal to the mother at the first
session, a significant effect for proximity to mother (F=10.61, df=1,
17, p=0.005) was observed for the right OFC (covarying left OFC
volume and ICV) in amodel that included testing for familial risk status
as amain effect. Themean right OFC volumes, corrected for covariates,
for children that spent less than 15s within proximity to mother was
15.15 (±1.10) compared to 16.67 (±1.07) for those children that
spent greater than 15s within proximity of mother. The main effect of
familial risk status was also significant (F=6.59, df=1, 17, p=0.02).
However, the interaction between time spent proximal to mother and
familial risk status was not significant. The effect was specific to the
right hemisphere as significant differences for total OFC volume were
not seen for time spent proximal to themother. For average time spent
in close proximity to the mother, risk status was included in a model
that covaried ICV. Here, the right OFC (covarying left) results were also
significant (F=7.87, df=1,17, p=0.01) for proximity to mother. Risk
was also significant (F=4.78, df=1, 17, p=0.04), though the interac-
tion of familial risk and proximity was not significant.

Analyses performed to determine if right OFC volume (covarying
left OFC volume) and time staring at the other child at the first peer
play session would be associated (which also included familial risk
status in the model) did not reveal significant effects. Analyses that
were performed for right OFC volume (covarying left) relating aver-
age time staring at the other child across the sessions also did not
reveal a main effect. However, a significant interaction effect in asso-
ciation with risk status (F=4.25, df=1, 18, p=0.05) was seen.

Analyses were completed to determine if the right/left OFC ratio
calculated for each subject would be related to his/her measures of
behavioral inhibition (time spent proximal to the parent). The
amount of time spent within close proximity to the mother (within
arm's reach) at the first session was significantly associated with
the ICV-adjusted right/left OFC ratios (F=7.55, df=1, 18, p=0.013)
as displayed in Fig. 2. Also, a significant main effect of risk status was
seen (F=5.74, df=1, 18, p=0.028) with high risk status being
associated with smaller right/left OFC ratios, though a significant
interaction was not seen. This tendency for lesser tissue volume in
the right hemisphere has previously been reported for a sample of
107 subjects with familial multiplex alcohol dependence risk status
(Hill et al., 2009a). Although OFC ratios were related to time spent
proximal to the mother at the first peer play visit, this relationship
was not seenwhen tested for the average time proximal to themother
across sessions.

3.3. Amygdala

A linear mixed model analysis for total amygdala volume that
included risk status in the model and utilized the ICV as a covariate
revealed that proximity to mother at the first session was significantly
related to total amygdala volume (F=12.90, df=1, 8.52, p=0.006).
The interaction between familial risk and proximity to mother at this
first session was not significant for total amygdala volume. A
significant relationship between total amygdala volume and the
average time spent proximal to the mother across sessions (covarying
ICV) was also found (F=12.64, df=1, 9.67, p=0.006). The mean
amygdala volume, adjusted for ICV, for children who spent more than
15 s proximal to their mother was 3.27 (±0.17) compared to 2.82
(±0.16) for those children that spent less than 15s within proximity
of mother. However, the interaction between familial risk and
proximity to mother across sessions was not significant. The same
models were evaluated for right amygdala volume and proximity to



Table 1
VBM results using small volume correction for regions found to differ significantly in
the ROI analyses from manual tracings.

Region x y z t value P-valuea

BA 11 Superior Frontal 33 57 −14 2.70 0.007
BA 11 Medial Frontal 5 35 −13 2.59 0.009
Limbic Lobe R Amygdala 29 −11 −17 2.51 0.006
Limbic Lobe L Amygdala −23 −14 −6 2.04 0.027

a This is the uncorrected P value by region. None of the P-values survived FDR
correction for whole brain analysis.
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mother for the first session and for the average time across sessions.
These results did not reach statistical significance.

The amount of time staring averaged across sessions was analyzed
for total and right amygdala volume. A model was evaluated that
included risk as a factor and covaried ICV. The interaction between
familial risk and average time staring across the three sessions was
not related to right or total amygdala volume, though there was a
trend for familial risk to be associated with right amygdala volume
(F=3.34, df=1, 11.66, p=0.09). For the first peer play session, total
time staring at other children was not related to either total or right
amygdala volume.

3.4. VBM results

Whole brain analysis did not reveal any significant differences
other than those found using the ROImeasures of interest, namely, the
OFC and amygdala. To confirm that ROI results obtained for the OFC
were in the right hemisphere, masks corresponding to our OFC region
of interest from the Pick Atlas small volume correction tool were used.
This confirmed that significant differences were obtained for the
right hemisphere for Brodmann areas 10, 11, and 47, regions that
correspond to the OFC (Table 1). These regions were then subjected to
false discovery rate (FDR) corrections. Although the VBM results did
Fig. 3. VBM results (SPM 5) with height threshold T=1.73, p=0.049 and extent threshold
mother at b15 s versus N15s in the peer play setting at average age of 5.03 yrs±0.78 years
not survive the FDR correction procedure, we conclude that the
uncorrected values do show convergence with the ROI manual
tracings and suggest the validity of the findings. Table 1 shows the
significant uncorrected increases in OFC grey matter volume for BA 11
in the inhibited children compared to the uninhibited based on the
proximal to mother variable. Differences are shown in Fig. 3.

3.5. Adolescent personality scale scores

We hypothesized that the offspring who were in the upper tercile
for both proximity to mother and stare would show elevations in the
MPQ Harm Avoidance scale. Using the upper tercile for staring at the
first session, no differences in Harm Avoidance scores were seen.
However, adolescents in the upper tercile for time proximal to their
mother at the first session had significantly lower scores for the Well-
Being scale (F=4.28, df=1, 19.59, p=0.052), a finding that was also
seen when total time staring at the other child was evaluated
(F=5.48, df=1, 18.57, p=0.031).

4. Discussion

The present results indicate that indices of behavioral inhibition in
childhood are related to greater OFC volume in the right hemisphere
and greater total amygdala volume in adolescence. The childhood
behavorial indices include spendingmore timewithin close proximity
to mother rather than engaging in play with the other child and
spending more time staring at the other child. This relationship was
studied accounting for risk status because a previous study had found
differences in behavioral inhibition by familial risk status (Hill et al.,
1999).

The present results add to the extant literature in suggesting that
volumetric differences in the right OFC may be associated with a
continuum of behavior from a disinhibited, impulsive style to an
inhibited, cautiously restrained temperament. Those 5-year-olds who
k=50 voxels for Inhibited versus Uninhibited groups based on time spent proximal to
.
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had shown a more extreme reaction to an unfamiliar child in a peer
play setting by remaining close to their mothers and refraining from
entering into play with the other child at the first peer play session
exhibited greater right/left OFC ratios. Analysis of the right OFC
volume, covarying left volume, was significant for both the first
session and average time across sessions. Additionally, the amount of
time spent staring at the other child, averaged across sessions with
different children, and testing for risk status revealed an interaction
suggesting that those with greater right OFC volume relative to the
left tended to stare more. This is especially interesting because a
previous study that examined OFC right/left ratios in 107 adolescent/
young adult participants found reduced right/left white OFC ratios
were associated with increased impulsivity (Hill et al., 2009a). Other
studies have demonstrated an inverse relationship between OFC grey
matter volume andmeasures of impulsivity in healthy adults (Matsuo
et al., 2009) and healthy boys ages 7–17 (Boes et al., 2009), and white
matter OFC volume and impulsivity in adolescence (Hill et al., 2009a).

Utilizing offspring from families selected for multiple cases of
alcohol dependence, we had previously reported that offspring from
these high risk for AD families at high risk for alcohol dependence are,
on the whole, more likely to be behaviorally inhibited in comparison
to control children in a peer play setting where they are introduced to
a child they have never seen before and measures of interaction
recorded (Hill et al., 1999). The present structural MRI analyses are
based on a subset of children seen in the peer play initiative approxi-
mately 10 years earlier who are currently part of a larger longitudinal
follow-up effort. With an average clinical follow-up to age 18, an
exceptionally high rate of alcohol and drug dependence is seen,
largely due to half of the sample being from multiplex alcohol depen-
dence families. Because multiplex family membership appears to
predispose to smaller OFC volume in the right hemisphere and half of
the subjects in our sample are from such background, we conclude
that larger OFC volume in the right hemisphere in association with
indicators of behavioral inhibition may be especially robust.

The present results also suggest that behaviorally inhibited
children have larger total amygdala volume than those who are less
inhibited. This is consistent with previous studies that have suggested
that reduced volume of the amygdala may predispose individuals to
externalizing forms of behavior including cocaine dependence
(Makris et al., 2004), relapse to alcohol abuse (Wrase et al., 2008),
familial risk for alcohol dependence (Hill et al., 2001), and
externalizing disorders (Benegal et al., 2007). These results are also
consistent with the differential BOLD response of the amygdala to
novel faces in those who are behaviorally inhibited (Schwartz et al.,
2003).

The present results show that the right OFC, in contrast to total OFC
volume, is associated with measures of childhood behavioral
inhibition. This suggests that tissue volume in the right hemisphere
relative to the left may determine the degree to which an individual is
prone to either an inhibited or impulsive temperament. Because the
children were not scanned at the time of the peer play observations,
we do not know if this relationship might have been found at that
time. Also, observational measures of temperament that may be less
susceptible to social desirability factors were not available for the
adolescents at the time of scanning. However, MPQ self-report
measures were analyzed contrasting those who were in the upper
tercile for staring and proximity to the mother versus those who were
in the lower terciles with results suggesting that those most
behaviorally inhibited at age 5 scored lower at age 15 on Well-
Being, an MPQ trait that indicates a tendency for a positive outlook on
one's life. This finding is of interest because of reported associations
between Well-Being and frontal EEG by hemisphere. Specifically,
greater alpha EEG is seen in the left than right hemisphere in those
scoring higher on self-reported Well-Being inventories (Davidson,
2004; Urry et al., 2004; Tomarken et al., 1992). Because MPQ Well-
Being appears to have moderate heritability (h2=0.40) (Finkel and
McGue, 1997), it is likely that the 5-year-olds who scored in the upper
tercile for indices of behavioral inhibition were already showing signs
of lesser positive affect.

A comment is in order with respect to why differences should have
been found by hemisphere for the OFC. Neurodevelopmental changes
in decision making are accompanied by changes in brain morphology
of the OFC that differ by hemisphere. Greater involvement of the right
than left prefrontal cortex is seen in tasks involving response selection
and inhibition, with suboptimal response inhibition in children and
adolescents related to insufficient recruitment of the right ventrolat-
eral PFC (Rubia et al., 2001). Social/emotional and decision making
processes in adults are similarly impaired when unilateral right
hemisphere lesions of the ventrolateral PFC are seen in neurological
patients (Tranel et al., 2005).

Functional differences by hemisphere identified using EEG
asymmetry suggest a relationship to approach and avoidance
behaviors (Fox, 1991; Davidson, 1992). A decrease in alpha power
at electrodes over the right frontal region relative to the left
hemisphere in infants has been associated with greater behavioral
inhibition in comparison to infants with decreased alpha power over
the left frontal region (Fox, 1994). Study of 31-month-old toddlers in a
peer play setting modeled after the Kagan laboratory procedures
identified those who were highly extreme in remaining proximal to
their mothers and found this characteristic to be related to greater
EEG activity in the right hemisphere (Davidson, 1992). EEG asym-
metry has also been observed in 4-year-old children that were
inhibited as infants (Fox et al., 2001), an association that was also
observed at ages 10–12 years (McManis et al., 2002).

Volumetric indices of the OFC and the amygdala may serve as a
marker of biological susceptibility to both behavioral inhibition and
disinhibition. Children and adults with ADHD who exhibit disin-
hibited and impulsive behaviors have smaller OFC volumes compared
with healthy subjects (Hesslinger et al., 2002; Carmona et al., 2005).
Because the OFC appears to be a neural substrate for mechanisms of
inhibition and has been implicated in a variety of impulsive behaviors
(Dom et al., 2005), variation in OFC morphology could be the basis for
a common vulnerability factor for a number of adult psychopatho-
logical conditions including anxiety disorders, depression, alcohol
abuse, and drug dependence. Because OFC projections to the
amygdala provide local inhibitory influences through GABAergic
neurotransmission, it appears likely that the OFC and amygdala are
components of a neural circuit modulating inhibition and impulsivity
through their interaction (Rempel-Clower, 2007).

Limitations of the study include the small sample size that
precluded specifically testing the interaction of behavioral inhibition
and gender on brain morphology. A further limitation of our study
was that three families contributed multiple siblings. Because brain
volume appears to be a heritable trait (Pfefferbaum et al., 2004;
Schmitt et al., 2007), presence of multiple siblings could have
decreased variance among subjects leading to incorrect conclusions.
However, use of the mixed model analysis permitted us to control for
family membership minimizing this limitation.

Although our sample size was modest and precluded specifically
addressing the possible interaction effects of gender and behavioral
inhibition, nevertheless several features appear to suggest the
importance of our findings. First, our analysis was hypothesis driven
and conducted using carefully drawn ROIs by experienced raters.
Second, our findings were confirmed by VBM techniques using small
volume correction masks. Third, our sample was drawn from among
individuals who participated in a peer play procedure that allowed for
direct observation of temperamental traits, a method that is clearly
preferable to questionnaire-based methods (Kagan, 1994), which often
rely on parental reports that can be biased by parental expectations
(Mangelsdorf et al., 2000). Finally, our results show for thefirst time that
larger volumes of the amygdala and right OFC are associated with the
trait-like behavior first described by Kagan and colleagues (Kagan et al.,
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1984) as “behavioral inhibition”. This tendency to be behaviorally
inhibited includes a predisposition to cautious restraint and reduced
levels of impulsivity that increases the likelihood of adolescent anxiety
disorders. In contrast, trait impulsivity is a prominent feature of bipolar
disorder (Swann et al., 2009b), antisocial personality disorder (Swann
et al., 2009a), and alcohol dependence (Rubio et al., 2007). A previous
study from this laboratory using a much larger sample of 107 subjects
demonstrated that smaller OFC volume in the right hemisphere charac-
terizes offspring from families at exceptionally high risk for alcohol
dependence because of theirmultiplex family background in contrast to
low-risk control subjects (Hill et al., 2009a). Moreover, white matter
volume of the right OFC was significantly associated with impulsivity
(lower scores on the MPQ Control scale). The present results indicate
that individuals who show extreme scores (upper tercile) on measures
of behavioral inhibition at age 5 have larger OFC volumes in the right
hemisphere at age 15. The finding appears to be sufficiently robust that
it is seen even in a study in which half of the sample had a high risk for
alcohol dependence background, a factor that is associatedwith smaller
OFC volume in the right hemisphere.
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