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Abstract
We examined male and female adolescents (8–18 years of age) that were scanned with structural
brain MRI and looked for a correlation between volume of the right or the left amygdala and
parent-reported ability of emotional control. A sex difference was found in the correlation between
emotional control and the corrected volume of the left amygdala (that is the amygdala volume
adjusted for total cranial volume). In girls, smaller left amygdala volumes were associated with
better emotional control. In boys, larger left amygdala volumes were associated with better
emotional control. These findings suggest that healthy girls and boys show a difference in the
correlation between parental reports of emotional control and the left amygdala volume.
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Introduction
The development of emotion regulation (including the ability to control emotions to meet
situational demands) is an important developmental task [1]. Emotion regulation is
particularly important in adolescence, a time of changes in self, peer, and family domains
that require youth to regulate emotions to meet environmental demands [1,2]. Indeed, the
improvements in affective regulation and identification of emotional cues occur during the
transition of adolescence [3] and are thought to involve the maturation of orbitofrontal [4]
and dorsolateral areas of the frontal lobe [5]. This maturation of frontal areas is thought to
allow for the regulation of subcortical nuclei such as the amygdala [6]. The amygdala, in
particular, through its connections with the autonomic nervous system, leads to
physiological arousal during emotional situations through the activation of β-adrenergic
receptors and aids in the facilitation of memory consolidation, learning, and attention to
emotional qualities [7].

Although the important role of the amygdala in emotional behaviors has been characterized
and emotion regulation is clearly important, few studies describe the role of the amygdala in
emotion regulatory ability during adolescence and with a focus on sex differences [8].
Research with adults suggests that an increase in BOLD functional MRI (fMRI) signal of
frontal regions such as the right ventrolateral frontal lobe negatively correlates with a
functional deactivation, or decrease in BOLD fMRI signal, of the amygdala to aid in top–
down modulation of emotional states. Thus, the deactivation of the amygdala may be part of
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a process associated with improved emotional control [9]. Furthermore, presentation of
emotional distractors involves fMRI deactivation in areas of the brain involved in cognitive
control such as the dorsolateral frontal lobe and a fMRI increase in activation of the
amygdala [10] highlighting a role for both the amygdala and prefrontal cortex in emotional
arousal.

In adolescents, although there are few studies that have examined sex differences, there is a
different pattern of fMRI BOLD signal activity during emotional tasks as compared to
children and adults. Adolescents show an increase in fMRI activation of the amygdala
relative to children and adults during an emotional go/no-go task [6]. The fMRI activation of
the amygdala that occurs when viewing fearful faces is also more pronounced in adolescents
than in adults [11]. Studies also suggest that the changes in both fMRI activity and volume
of the amygdala may result in the risk for or present as a pathology during adolescence. For
example, adolescents at risk for depression show increased amygdala activation during the
processing of fearful faces as compared to those low in risk [12]. In addition, impairments in
emotion regulation along with changes in amygdala volume are described in adolescents
with bipolar disorder [13]. In adolescents, the volume of the amygdala was correlated with
the measurements of fearfulness. Parent-reported fearfulness correlated positively with left
amygdala volume in healthy girls with a positive family history of depression but not in
healthy boys [14]. These studies indicate the importance of studying emotional behaviors
associated with the amygdala during adolescence.

Hypotheses
Given that the regulation of affective states through fMRI deactivation of the amygdala and
activation of frontal subregions occur in adults and frontal subregions are still maturing
during adolescence, we tested the hypothesis that parental reports of emotional control
would correlate to volumes of the amygdala. Furthermore, given the sex differences in brain
morphology and function and in emotion-related psychopathologies (such as depression;
[15]), we examined whether associations between the amygdala volume and emotional
control differ for boys versus girls.

Methods
Participants

Forty healthy girls (ages: 8.77–18.26 years; median: 11.90 years) and 32 healthy boys (ages:
9.16–18.35 years; median: 13.53 years) were included in the study. Handedness information
was not included for this study. These data were the first scans that were available from a
larger cohort of the Pediatric MRI Data Repository created by the NIH MRI Study of
Normal Brain Development [16]. This is a multi-site, longitudinal study of typically
developing children, from birth to young adulthood, conducted by the Brain Development
Cooperative Group.

Pubertal status
The pubertal development scale was administered to each participant [17]. This
questionnaire is a self-report measurement of pubertal stage that shows good validity.
Participants that were in prepubertal, midpubertal, or postpubertal stages were included in
the study. Median pubertal stage for girls and boys was midpubertal. For girls, 24.4% were
prepubertal, 39% were midpubertal, and 36.6% were postpubertal. For boys, 34.4% were
prepubertal, 53.1% were midpubertal, and 12.5% were postpubertal.
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Emotional control
The Behavioral Rating Inventory of Executive Functioning [18] was used to assess
adolescents’ emotional control through parent report. The Behavioral Rating Inventory of
Executive Functioning is comprised of several Likert questions such as ‘mood changes
frequently’, ‘becomes tearful easily’, ‘overreacts to small problems’, and ‘mood is easily
influenced by the situation’. Increasing scores represent low-emotional control whereas
lower scores represent high-emotional control. For girls, the median emotional control score
was 42 (minimum–maximum: 36–59) and for boys the median emotional control score was
43 (minimum–maximum: 36–65).

MRI and region-of-interest analyses
High-resolution three-dimensional T1-weighted SPGR structural MRI scans were collected
from all participants. Image acquisition sequence parameters included a sagittal plane
acquisition (1mm slice thickness), TR= 22–25 ms, TE=10–11 ms, and one excitation. The
image pre-processing involved the correction for image intensity non-uniformity [19],
identification of a binary brain mask in native space, and registration of data to stereotaxic
space using ANIMAL software [20]. Total intracranial volumes (total cranial volume) of
gray, white, and cerebrospinal fluid tissue types were automatically generated using
INSECT [21].

Amygdala nuclei
The left and right amygdala were manually traced by a rater blind to pubertal stage, age,
emotional control scores, and sex in successive 1mm slices in the coronal viewing plane
using Multitracer (http:www.loni.ucla.edu/software). For details of guidelines for
neuroanatomic delineation of the amygdala, please see [22]. In brief, the amygdala nuclei
were traced in a posterior-to-anterior sequence with the first slice being that which grey
matter adjacent and superior to the temporal horn of the lateral ventricle and superior to the
anterior hippocampi was first visualized. The first slice of the amygdala is generally at the
level in which the hippocampus has folded upon itself with the fimbria wrapping around the
temporal horn. The temporal horn of the lateral ventricle and the fimbria were used to
delineate hippocampus from amygdala with all grey matter superior to the temporal horn
and fimbria being the amygdala. This tracing was continued successively until the temporal
horn could no longer be seen and all grey matter thereafter was traced as the amygdala. Both
the axial and sagittal viewing planes were utilized to corroborate neuroanatomy. The
coefficient of variation for intra-rater reliability was 3% and inter-rater reliability showed an
intraclass correlation coefficient of 0.890.

Statistical analyses
Sex differences in amygdala volumes were assessed using an independent t-test. In addition,
sex was used as the independent factor and left and right amygdala volumes as the
dependent measures in an analysis of covariance to test for sex differences in amygdala
volumes with total cranial volumes as the covariate to account for possible differences
because of the head size.

For correlation analyses, we first examined the data to assess the normality of the data
distributions. For girls, emotional control showed slight skewness (1.036), the total cranial
volume of white matter (median=251.401) was found to have both a slight skewness (1.265)
and kurtosis (3.276), and age (median=11.900 years) was found to show slight kurtosis
(−1.178). For boys, only age (median=13.530 years) was found to have slight kurtosis
(−1.377). All other data were normally distributed. As the emotional control data for girls
did not fit a Gaussian distribution, the data were converted to rank-ordered data before the
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statistical analysis and non-parametric correlations were used when possible. Non-
parametric tests were also used for boys when possible so that boys’ data would be
comparable with girls’ data. When non-parametric tests were not available (as in the case of
partial correlations co-varying for total cranial volume), parametric tests were run on the
rank transformed data. Thus, in boys, to examine the relationships between left and right
volumes of the amygdala, emotional control, pubertal stage, and age, a Spearman’s rho
correlation coefficient analysis was used. A Pearson’s partial correlation analysis, using total
cranial volume as a covariate, was used to test for the relations between emotional control
and amygdala volumes.

For girls, a Spearman’s rho correlation coefficient analysis was calculated to examine the
relationships between amygdala volumes, emotional control, pubertal stage, and age
variables. A Pearson’s partial correlation analysis, using total cranial volume as a covariate,
was used to test for relations between emotional control and amygdala volumes in girls.

A Wilcoxon-rank sum test was used to test sex differences using sex as the independent
variable and emotional control, pubertal stage, and age as the dependent variables. To make
statistical comparisons between girls and boys in the independent correlations of the
corrected volume of the amygdala (that is the amygdala volume adjusted for total cranial
volume) and emotional control measurements, a Fisher’s r-to-z transformation was used.

Results
Sex differences in amygdala volume, pubertal stage, and emotional control

Girls showed larger uncorrected right amygdala volumes [t(70)=2.780, P=0.007] relative to
boys. However, after co-varying for total cranial volume there were no sex differences in
amygdala volumes. Girls were more advanced in pubertal stage relative to boys [Ws (n1=40,
n2=32)=996.500, z= −2.091, P=0.037] but there were no sex differences in age. There were
no sex differences in the levels of emotional control.

Correlations between amygdala volume and emotional control
Girls showed a different independent correlation between emotional control and corrected
volume of the left amygdala as compared with boys (girls: r=0.320; boys: r= −0.360; z-
obtained=2.730, P<0.004). Below we present the correlation analyses separately for girls
and boys.

Girls
A positive correlation was found between emotional control scores and both the left and
right amygdala volumes for girls [rs(n=40)=0.453, P=0.003; rs (n= 40)=0.420, P=0.007,
respectively] (Fig. 1). Girls with better emotional control (i.e. lower scores) had smaller
amygdala. Conversely, girls with poor emotional control (i.e. higher scores) were found to
have larger amygdala volumes. Emotional control was also found to positively correlate
with total cranial volume of grey matter [rs (n=40)=0.420, P=0.007] and total cranial volume
[rs (n=40)=0.368, P=0.019], with worse emotional control scores associated with greater
total cranial volume of grey matter and total cranial volume. Neither age nor pubertal status
was correlated with emotional control or volumes of the right or left amygdala.

Corrected volumes—After co-varying for total cranial volume both the left and right
amygdala continued to positively correlate with levels of emotional control in girls
[r(37)=0.317, P= 0.049; r(37)=0.318, P=0.049].
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Boys
There were no correlations between any of the uncorrected brain measurements and
emotional control in boys. Moreover, neither age nor pubertal status was correlated with
emotional control or volumes of the right or left amygdala.

Corrected volumes—After co-varying for total cranial volume, emotional control was
negatively correlated with the volume of the left amygdala in boys [r(29)= −0.363,
P=0.045]. Boys with poorer emotional control (i.e. higher scores) had smaller amygdala.

Discussion
Our results indicate sex differences in the correlation between parental ratings of emotional
control and the corrected volume of the left amygdala. In girls, better emotional control
scores were associated with smaller left amygdala volumes whereas in boys, better
emotional control scores were related to larger left amygdala volumes. There were no
significant sex differences in emotional control ratings. There were no significant
associations between pubertal stage nor age with ratings of emotional control or with
amygdala volumes.

Significant sex differences in the relation between parental ratings of emotional control and
the left amygdala volume were observed. Banks et al. [23] has suggested that improved
emotional control is associated with the attenuation of left amygdala reactivity through
connections with prefrontal regions and that it is the connectivity that allows for the
regulation of emotions and is part of an ‘emotion generation regulation’ circuit.
Furthermore, fMRI studies suggest that during adolescent maturation there is a decline in
left amygdala activity alongside an increase in dorsalateral prefrontal cortex activity during
emotional tasks in girls with a reverse pattern seen in boys [8]. Our anatomical results are
consistent with these functional findings and suggest that in girls, but not in boys, there is a
correlation between smaller left amygdala volumes and parental reports of emotional
control.

Our finding may also suggest sex differences in the pattern of development of amygdala
volumes during adolescence that correlates with emotional control. For example, pruning in
the amygdala, that may co-occur with the interdependent maturation of the prefrontal cortex,
could allow for the regulation of more complex emotional feelings in girls. Pruning might
include a decrease in the number of dendrites, terminal dendritic spine densities or neuronal
pruning. Thus, lack of pruning and larger amygdala volumes in girls may then be a risk
factor for poorer emotional control and could potentially lead to the development of
affective disorders. Enlarged amygdala volumes in pediatric populations are associated with
depression, which preferentially affects female populations during adolescence [15] and
increased fearfulness in girls [14].

Interestingly in boys, less pruning during adolescence could preserve neuronal processes
that are necessary in the male brain to achieve emotion regulation and lead to improved
emotional control. Therefore, if amygdala processes are pruned leading to smaller volumes
it may lead to a risk for psychopathology. For example, smaller amygdala volumes have
been reported in the disorders that preferentially affect boys, such as conduct disorders [24].

We did not find a relationship between emotional control and age nor emotional control and
stage of pubertal development in either girls or boys, although past research suggests an
increase in emotional control ability across adolescence [3]. This is in agreement with
thoughts that adolescence as a time of ‘storm and stress’ might be pertinent only for
adolescents that are at risk [25] and that adolescence does not engender problems in emotion
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regulation. A potential reason why we did not find relations between age and emotional
control is that our assessment of emotional control was based on parental ratings, which may
not capture the more internal regulation of emotion that youth may experience, particularly
as they enter later adolescence. Future studies may benefit from using both parental and self-
report assessments of emotional control.

A potential limitation to our study was that it was cross-sectional in design. A longitudinal
sampling would benefit in the assessment of individual changes in emotional regulatory
ability. Moreover, timing of puberty was not measured and several studies have provided
evidence that early onset of puberty may be a risk factor for emotion dysregulation and
development of disorders such as depression and substance abuse. Nonetheless, the current
findings are the first to document sex differences in the relations of amygdala volumes and
emotional control in adolescence, an important stage for the development of emotion
regulation.

Conclusion
These data suggest sex differences in the correlation of parental reports of emotional control
and the corrected volume of the amygdala in adolescents. A smaller left amygdala volume is
correlated with parental reports of better emotional control in girls and a larger left
amygdala volume is correlated with parental reports of better emotional control in boys.
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Fig. 1.
A significant correlation was found between the uncorrected left and right amygdala
volumes and emotional control scores in adolescent females but not males. B.R.I.E.F.,
Behavioral Rating Inventory of Executive Functioning.
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