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Research into the neural underpinnings of fear and fear-related pathology has highlighted the role of the amygdala. For instance,
bilateral damage to the amygdaloid complex is associated with decreased appreciation of danger and recognition of fear in
humans, whereas enlarged amygdala volume is associated with internalizing syndromes. It is unknown whether amygdala volume
and fearfulness are related in the absence of pathology. We examined the correlation between normal fearfulness and amygdala
morphology in 116 healthy children and adolescents (60 boys, 56 girls, age 7–17 years). Fearfulness was measured using the
parent ratings on the Pediatric Behavior Scale and amygdala volumes were determined by manual tracing. We found a positive
correlation between right amygdala volume in girls (r¼0.29). This relationship was more robust and present bilaterally when
analyses were limited to girls with a positive nuclear family history of depression (for left r¼0.63; for right r¼0.58). In boys there
was no significant relationship which may suggest that biological mechanisms differ between sexes. Given the role of enlarged
amygdala volume in pathology, these findings may indicate that variation in amygdala morphology marks susceptibility to
internalizing disorders.
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INTRODUCTION
Fearfulness is a continuously distributed temperamental

trait in the population (Lesch et al., 1996) and high levels

of fearfulness are particularly common in girls (Smider et al.,

2002; Else-Quest et al., 2006; Zahn-Waxler et al., 2008). A

fearful or inhibited temperament, characterized by shyness

and withdrawal in response to novelty (Kagan et al., 1988),

has a biological basis and is heritable (Else-Quest et al., 2006;

Zahn-Waxler et al., 2008). Pathological fear, such as anxiety

disorders and post-traumatic stress disorder, can be found

at the extreme end of the continuum (Khan et al., 2005;

Zahn-Waxler et al., 2008). Thus, fearfulness represents

a spectrum of behavior in which the extreme ends of the

spectrum constitute psychopathology with abnormally low

fearfulness manifesting as extreme novelty seeking, whereas

abnormally high fearfulness would represent anxiety disor-

ders (Khan et al., 2005).

A key region of the brain that is known to play a crucial

role in processing fear is the amygdala [e.g. (Adolphs et al.,

1995; Davis, 1992)]. It mediates the ability to associate emo-

tional significance to a formerly neutral stimulus (Nestler

et al., 2002). Subsequently, the amygdala triggers a host of

adaptive responses to threatening stimuli, for example, by

regulating the magnitude and duration of serotonergic

responses (Saudou et al., 1994; Lesch et al., 1996), which

in turn trigger behavioral inhibition (Davis, 1992).

Different lines of research have established the role

of the amygdala in fear at a behavioral level. Specifically,

bilateral amygdala damage in humans is associated with

impaired recognition, recall and visual imagery of fearful

facial expressions (Adolphs et al., 1995), and impaired clas-

sical fear conditioning (Bechara et al., 1995). In the absence

of the amygdala complex, patients do not seem to appreciate

danger to the same extent as healthy comparisons partici-

pants (Tranel et al., 2006). For example, patients with bilat-

eral amygdala damage judged faces who were rated as

untrustworthy and unapproachable by healthy subjects, as

more approachable and more trustworthy (Adolphs et al.,

1998; Tranel et al., 2006). Similarly, monkeys with bilateral

amygdala damage show a marked decrease in freezing behav-

ior to formerly threatening stimuli (Machado and

Bachevalier, 2008). The role of the amygdala in fear process-

ing has also been supported by studies using functional ima-

ging (Morris et al., 1996; Tavares et al., 2008) and by direct

electrical stimulation (Lanteaume et al., 2007).

The amygdala is also implicated in the neurobiology

of pathologic fear. That is, disorders that are commonly

related to a fearful temperament such as major depressive

and anxiety disorder (De Bellis et al., 2000; Pezawas et al.,

2005; Zahn-Waxler et al., 2008) are associated with greater

amygdala volume (De Bellis et al., 2000; van Elst et al., 2000).

This is particularly true in the early stages of the disease

(Frodl et al., 2003). Furthermore, functional imaging studies

have shown higher metabolism in the amygdala in subjects
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with major depressive disorder (Tavares van Elst et al., 2008;

Fales et al., 2009). Interestingly, evidence from studies with

rats suggests that hypertrophy of amygdala neurons is related

to increased anxiety (Vyas et al., 2003), suggesting patholog-

ical enhancement of function (McEwen, 2003).

Thus, previous studies showed that structural abnormal-

ities of the amygdala are associated with behavioral out-

comes, with decreased appreciation of danger in the

absence of the amygdala complex (Adolphs et al., 1998;

Machado and Bachevalier, 2008; Tranel et al., 2006) and

pathological fear with enlarged amygdala volume (Tebartz

van Elst et al., 1999; De Bellis et al., 2000; Frodl et al., 2003).

However, it is unknown whether there is a direct correlation

between amygdala volume and fearfulness in the absence of

pathology. Given the results of previous research described

above, one may expect smaller amygdala volume to be asso-

ciated with decreased fearfulness and enlarged amygdala

volume with increased fearfulness. If this relationship is

indeed present, it raises an intriguing question: can we iden-

tify structural variation within the ‘normal’ range of fearful-

ness that marks an individual’s vulnerability to develop

pathology (Gottesman and Gould, 2003). Furthermore,

disease susceptibility is commonly highly correlated with

genetic liability (Gottesman and Gould, 2003; Zahn-Waxler

et al., 2008). It is therefore important to examine whether a

potential relationship between amygdala morphology and

fearfulness is modulated by genetic liability to internalizing

disorders.

The aims of the current study were to address the follow-

ing questions: (i) does the volume of the amygdala have a

direct relationship with differences in normal fearfulness and

(ii) is there any modulation of this relationship by genetic

liability to anxiety disorders? Since internalizing disorders

tend manifest during adolescence and early adult years

(Zahn-Waxler et al., 2008) we addressed our research ques-

tions in healthy children and adolescents (age 7–17 years).

We predicted a positive correlation between amygdala

volume and fearfulness, which is based on evidence that

damage is related with decreased fearfulness, whereas

enlargement is associated with increased fearfulness. This

relationship was expected to be more robust in participants

with a genetic liability for internalizing disorders.

METHOD
Participants
The sample consisted of 116 healthy children and adoles-

cents (60 boys, 56 girls, age 7–17 years; see Table 1 for

more details). This sample was not gathered specifically for

the purposes of the current study aims, but subjects were

recruited as a comparison group for a study of brain struc-

ture and function in children and adolescents with oral clefts

(Nopoulos et al., 2007). Exclusionary criteria included: any

serious medical condition, psychiatric diagnosis, neurologic

disorder, learning disorder or special services needs.

Demographics
Demographic data included sex, age, IQ, parental socio-

economic status (SES) and family history of psychiatric dis-

orders. IQ was estimated using the full-scale Wechsler

Intelligence Scale for Children (Wechsler, 1991) and SES

was determined using a modified Hollingshead scale of

1–5, with a lower number corresponding to a higher social

class (Hollingshead, 1975). Finally, family history of psychi-

atric disease was obtained using a standardized question-

naire. The participant’s parent was instructed to list all the

relatives that had received a formal psychiatric diagnosis,

and to indicate the relationship of the relative to the child.

The questionnaire asks for the presence of specific diagnoses

including depression, learning disabilities, autism, mental

retardation, schizophrenia, bipolar affective disorder, sub-

stance abuse or incarceration. In addition the number of

relatives, their relationship to the participant and the

nature of their disorder (e.g. treatment, duration) were rec-

orded. Anxiety disorders were not explicitly inquired about,

but instead listed within a category designated as ‘other’.

Behavioral measure
The behavioral measure used in the present study was

the Pediatric Behavior Scale (PBS) that is adapted from

Table 1 Descriptive demographic data

Measure Boys Girls

All boys
(n¼ 60)

(�) Nuclear
FHD (n¼ 44)

(þ) Nuclear
FHD (n¼ 16)

All girls
(n¼ 56)

(�) Nuclear
FHD (n¼ 41)

(þ) Nuclear
FHD (n¼ 15)

Age
Range 7.75–17.92 7.75–17 8.08–17.92 7.08–17.58 7.08–17.58 7.17–14.83
Mean (s.d.) 12.15 (2.71) 12.03 (2.51) 12.46 (3.28) 12.51 (2.89) 12.80 (3.14) 11.71 (1.95)

IQ
Mean (s.d.) 113 (16.65) 111.45 (17.39) 117.06 (14.21) 108.45 (14.53) 110.10 (14.33) 103.64 (14.54)

SES
Mean (s.d.) 2.32 (0.57) 2.32 (0.61) 2.31 (0.48) 2.28 (0.52) 2.18 (0.44) 2.53 (0.64)

FDH, family history of depression: (�), negative; (þ), positive; IQ, intelligence quotient; SES, parental socio-economic status.
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the Child Behavior Checklist (CBCL) (Achenbach and

Edelbrock, 1983). In the current study, a 30-item screening

version of the long-form PBS was used.

The PBS is used for evaluating emotional and behav-

ioral problems, and it assesses opposition–aggression,

hyperactivity–inattention, depression–anxiety and physical

health. Items in each scale do not cross-load to any signifi-

cant degree (<0.30) with other PBS scales. For each partic-

ipant, a parent rated the child’s behavior on a four-point

Likert scale (0–3), with a higher score indicating more

problems.

The behaviors of interest in the current study include

items related to the spectrum of anxiety, with the following

individual questions: (i) fearful, anxious or worried, (ii)

self-conscious or easily embarrassed and (iii) afraid to try

new things for fear of making mistakes. Note that the PBS is

a proxy to assess whether participants were fearful; it is not

appropriate for a formal psychiatric evaluation.

The PBS scales can be used in children aged 6–16 years,

and normative data were collected on 600 Iowa children.

The scales were obtained from a four-factor solution with

all eigenvalues greater than one. A comprehensive review of

other parent rating scales, and in particular the CBCL was

used to guide the format of the items (Lindgren and Koeppl,

1987). The internal consistency coefficient (established in a

sample of 106 children) of the depression/anxiety scale from

which we derived our fearfulness items is 0.84 (Lindgren and

Koeppl, 1987; McCarthy et al., 2002). Finally, the interrater

reliability for the depression/anxiety scale is 0.73 (Lindgren

and Koeppl, 1987).

MRI acquisition
Magnetic resonance imaging scans were obtained using a

1.5 T General Electric SIGNA System (GE Medical Systems,

Milwaukee, WI, USA). Three-dimensional (3D) T1-weighted

images were acquired in the coronal plane using a spoiled

grass sequence with the following parameters: 1.5 mm cor-

onal slices, 408 flip angle, 24 ms repetition time (TR), 5 ms

echo time (TE), two numbers of extinctions (NEX), 26 cm

field of view (FOV) and a 256� 192 matrix. The proton

density (PD) and T2-weighted images were acquired with

the following parameters: 3.0 mm coronal slices, 36 ms TE

(for PD) or 96 ms TE (for T2), 3000 ms TR, 1 NEX, 26 cm

FOV, 256� 192 matrix and an echo train length¼ 1.

Image processing
MRI data were processed using BRAINS2 (Brain Research:

Analysis of Images, Networks and Systems) (Magnotta et al.,

2002). T1-weighted images were bias-field corrected and

re-sampled to 1.01 mm3 voxels. The anterior–posterior axis

of the brain was realigned parallel to the anterior–posterior

commissure line. The interhemispheric fissure was aligned

by selecting points along the fissure in the coronal and axial

views. T2- and PD-weighted images were aligned to the spa-

tially normalized T1-weighted image (Magnotta et al., 2002)

to allow the use of a multimodal discriminant classifier. The

resulting classified image was used for the application of an

artificial neural network that creates an automated brain

mask (Woods et al., 1992). This mask was visually inspected

and manually edited by trained, reliable technicians. The

resulting intracranial volume (ICV) mask includes all brain

tissue and both internal and surface cerebrospinal fluid.

Amygdala volumes were generated by manual tracing in

the BRAINS2 environment, and the Mai atlas (Mai et al.,

2007) was used as the main anatomical reference. Tracing

was done in the coronal plane. For further details of the

anatomical boundaries see Boes (2008). A neuroanatomist

with expertise in amygdala anatomy reviewed the amygdala

parcellation technique prior to tracing. A.D.B. established

intra-rater reliability on separate set of 20 amygdalae (intra-

class R coefficient of 0.95 for right and 0.92 for left). The

rater was blind to subject identity.

Statistical analyses
We separated boys and girls for the main analysis�i.e. the

relationship between amygdala morphology and fearfulness,

due to evidence of sex differences present in the amygdala in

terms of structure (Tebartz van Elst et al., 1999; Goldstein

et al., 2001; Good et al., 2003), development (Giedd et al.,

1996) and function (Cahill et al., 2001; Tranel and Bechara,

2009) in this particular structure.

Furthermore, we used subjects’ nuclear family history of

depression (FHD) as a proxy for genetic liability to deter-

mine whether genetic risk changes the relationship between

amygdala volume and fearfulness. That is, it was determined

whether parent(s) and/or siblings (hence the term ‘nuclear’)

have been diagnosed with depression. Family history for

anxiety disorders may have a more obvious relationship to

fearfulness; however, anxiety disorders are less frequent than

depression (Neale and Kendler, 1995) that was reflected in

the absence of family history of anxiety disorders in our

sample. This is due to both lower prevalence of family his-

tory of anxiety disorders, but also in the structure of the

questionnaire. That is, depression is asked about explicitly

and anxiety mentioned as a possible ‘other’ category.

The use of FHD as a proxy for genetic liability for inter-

nalizing disorders is further supported by different lines of

evidence. First, individuals with a fearful temperament are

more likely to develop depression (Hariri et al., 2005; Khan

et al., 2005; Pini et al., 1997). Second, anxiety disorders and

depression are highly co-morbid (Lewinsohn et al., 1997).

Also, anxiety disorders typically precede depression (Neale

and Kendler, 1995).

For exploratory purposes, we conducted analyses of vari-

ance (ANOVAs) separately in boys and girls to determine

whether subjects with a nuclear FHD differed from those

without a nuclear FHD in terms of age, SES, IQ, amygdala

volume or degree of fearfulness. Variables that showed sig-

nificant differences between subjects with and without

426 SCAN (2010) E. A. A. van der Plas et al.



nuclear FHD were entered as control variables in the partial

correlation analysis.

Second, it was determined whether age, SES and IQ cor-

related significantly with amygdala volume and fearfulness

using Pearson product-moment coefficient. Furthermore, we

determined whether overall brain size (i.e. ICV) correlated

significantly with amygdala volume. If any of the demo-

graphic variables or ICV were to correlate significantly

with either amygdala volume or fearfulness, they were

entered as control variables in subsequent partial correlation

analyses.

Partial correlation analyses were then conducted to

evaluate the relationship between amygdala volume and fear-

fulness while controlling for variables that could potentially

influence this correlation. The first set of partial correlations

was conducted in the entire sample of either boys or girls,

thus regardless of nuclear FHD. Hereafter, within each group

subjects were compared according to nuclear FHD.

RESULTS
Exploratory analyses
Demographic information is shown in Table 1, whereas

Table 2 displays fearfulness ratings and volumetric data

(in cubic centimeters) for all groups. Results will first be

discussed for girls and then for boys.

The ANOVA for girls showed that those with nuclear

FHD did not differ from girls without nuclear FHD in

terms of age or IQ (all P > 0.15). However, girls with nuclear

FHD had a lower social class relative to girls without nuclear

FHD (see Table 1), F (1,54)¼ 5.35, P < 0.05. We entered SES

as a control variable in subsequent analyses.

Furthermore, girls with nuclear FHD did not differ

from those without a nuclear family of depression in terms

of fearfulness (P¼ 0.95; see Table 2). This implies that

depressed parents do not seem to endorse higher ratings of

fearfulness in their children. Finally, amygdala volumes for

girls with and without nuclear FHD were comparable and

did not differ significantly (both, P > 0.21; see Table 2).

We then determined whether any of these variables corre-

lated with the amygdala volume or fearfulness. In girls, sig-

nificant correlations were found for IQ, which correlated

significantly with the right amygdala volume (r¼ 0.27,

P < 0.05), and ICV, which correlated significantly with left

(r¼ 0.39) and right (r¼ 0.29) amygdala volume (P < 0.05).

For subsequent partial correlation analyses in girls, we

entered SES, IQ and ICV as control variables.

The analyses of variance in boys revealed that those with

nuclear FHD did not differ from those individuals without

nuclear FHD in terms of age, IQ or SES (Table 1). In addi-

tion, there was no statistical evidence that boys with and

without nuclear FHD differed in fearfulness (P¼ 0.44) or

amygdala volume (P¼ 0.15; see Table 2).

The exploratory correlation analysis revealed a significant

correlation between age and right amygdala volume in boys

(r¼ 0.36, P < 0.05). Furthermore, ICV correlated signifi-

cantly with left (r¼ 0.29) and right (r¼ 0.34) amygdala

volume (both, P < 0.05). Age and ICV were entered as con-

trol variables the partial correlation analysis in boys.

Relationship between fearfulness and amygdala
volume
For girls there was a significant positive correlation between

right amygdala volume and fearfulness, suggesting that larger

volume is associated with higher fearfulness, r¼ 0.29,

P¼ 0.034 (Table 3). The correlation for the left amygdala

was not significant however, r¼ 0.16, P¼ 0.26. Fisher’s

R–Z transformations showed that the correlation for the

left amygdala and fearfulness (r¼ 0.16) was not significantly

different from the correlation of the right amygdala

(r¼ 0.29) (z¼ 0.71, P¼ 0.48), suggesting that the effect is

not unique to right amygdala.

To examine the role of genetic liability, we performed the

same partial correlation analysis in girls with and without

a nuclear FHD. Results demonstrated significant correlations

in both the left and the right amygdala in girls with nuclear

FHD (n¼ 15), showing a correlation of r¼ 0.58 (P¼ 0.030,

one-tailed) for the right, and r¼ 0.63 (P¼ 0.019, one-tailed)

Table 2 Descriptive behavioral and structural data

Boys Girls

Measure All boys
(n¼ 60)

(�) Nuclear FHD
(n¼ 44)

(þ) Nuclear FHD
(n¼ 16)

All girls
(n¼ 56)

(�) Nuclear FHD
(n¼ 41)

(þ) Nuclear FHD
(n¼ 15)

PBS-anx
Mean (s.d.) 1.62 (1.52) 1.52 (1.53) 1.87 (1.50) 1.71 (1.23) 1.71 (1.21) 1.73 (1.33)

L amygdalaa

Mean (s.d.) 1.30 (0.18) 1.31 (0.17) 1.27 (0.22) 1.22 (0.18) 1.21 (0.19) 1.26 (0.17)
R amygdalaa

Mean (s.d.) 1.31 (0.19) 1.29 (0.20) 1.34 (0.16) 1.25 (0.17) 1.23 (0.17) 1.29 (0.17)
ICV

Mean (s.d.) 1469.34 (110.17) 1467.20 (106.37) 1475.24 (123.54) 1352.57 (87.94) 1348.40 (96.19) 1363.98 (61.31)

PBS-anx, Pediatric Behavior Scale anxiety items; s.d., standard deviaton; L, left; R, right; ICV, intracranial volume. aThe mean values reported here are not corrected for ICV.
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for left amygdala volume (see Table 3 and Figures 1 and 2).

These correlations did not significantly differ from each

other (z¼ 0.193, P¼ 0.85).

For girls without nuclear FHD (n¼ 41), the relationship

between right amygdala volume and fearfulness was no

longer significant (r¼ 0.21, P¼ 0.10). For the left amygdala,

the correlation was low (r¼�0.02), however, Fisher’s R–Z

transformations revealed that these two correlations did not

differ from that of the right (z¼ 1.01, P¼ 0.31).

Although correlations on both sides are substantially

higher in girls with nuclear FHD, Fisher R–Z correlations

showed that only the correlation on the left were significantly

different between girls with and without nuclear FHD

(r¼ 0.63 and�0.02, respectively; z¼ 2.29, P¼ 0.02).

For boys on the other hand, the partial correlation analysis

controlling for age and ICV was not significant, r¼ 0.10 for

the left and r¼ 0.12 for the right, both, P > 0.20. Even in

boys with nuclear FHD, no significant relationship between

fearfulness and amygdala volume was found, r¼ 0.23 for the

left and r¼ 0.02 for the right, both, P > 0.21.

Our final set of analyses tested the specificity of the

significant correlation between fearfulness and amygdala

volume in girls. To this end, we correlated total cerebral

gray matter volume (all lobes without cerebellum) with fear-

fulness while controlling for IQ and SES. This relationship

was low, r¼�0.05 and not significant, P¼ 0.74. We then

limited our analyses on structures within the medial tempo-

ral lobe in close proximity of the amygdala. Gray matter

volumes of both the parahippocampal gyrus and the entorh-

inal cortex were automatically generated using an automated

parcellation program called FreeSurfer (http://surfer.nmr

.mgh.harvard.edu/). The relationship between the parahip-

pocampal gyrus and fearfulness while controlling for ICV,

IQ and SES was not significant for either the left or the right

side, r¼�0.12 and 0.13, respectively, both, P > 0.36. In addi-

tion, there was no evidence for a relationship between the

entorhinal cortices and fearfulness, since correlations were

low and not significant for the left or the right, r¼�0.04

and 0.003, respectively, both, P > 0.76.

Furthermore, to examine whether amygdala volume spe-

cifically correlates with the fear items and not with other

behavioral measures, we correlated left and right amygdala

volume with the other main categories of the PBS: depres-

sion (r¼ 0.07 for left and r¼ 0.19 for right, both, P > 0.17),

opposition–aggression (r¼ 0.00 for left and P¼ 0.07 for

right, both, P > 0.63), hyperactivity–inattention (r¼�0.16

for left and r¼�0.21 for right, both, P > 0.23) and physical

health (r¼�0.04 for left and r¼ 0.01 for right, both,

P > 0.92), but none of these correlations were significant.

Together, these findings suggest that the relationship

between fearfulness and amygdala is specific to the amygdala

and not to nearby regions in the medial temporal lobe and

that the relationship is relatively specific to fearfulness.

Fig. 1 The relationship between left amygdala volume and fearfulness (while
controlling for IQ, SES and ICV) in girls with a positive nuclear family history of
depression (black circles, solid line) and girls without a nuclear family history of
depression (open circles, dotted line).

Fig. 2 The relationship between right amygdala volume and fearfulness (while
controlling for IQ, SES and ICV) in girls with a positive nuclear family history of
depression (black circles, solid line) and girls without a nuclear family history
of depression (open circles, dotted line).

Table 3 Structural and behavioral correlations

Boys (n¼ 60) Girls (n¼ 56)

Fearfulness symptoms Fearfulness symptoms
L amygdala R¼ 0.10a, P¼ 0.236 R¼ 0.16b, P¼ 0.160
R amygdala R¼ 0.12a, P¼ 0.197 R¼ 0.29b, P¼ 0.017
(�) nuclear FHD

L amygdala R¼ 0.08a, P¼ 0.312 R¼�0.02b, P¼ 0.462
R amygdala R¼ 0.16a, P¼ 0.157 R¼ 0.21b, P¼ 0.101

(þ) nuclear FDH
L amygdala R¼ 0.23a, P¼ 0.210 R¼ 0.63b, P¼ 0.019
R amygdala R¼ 0.02a, P¼ 0.480 R¼ 0.58b, P¼ 0.030

Note: FHD, family history of depression; L, left; R, right; PBS, Pediatric Behavior Scale.
aIn boys, the correlation is corrected for age and ICV. bIn girls, the correlation is
corrected for IQ, ICV and SES.
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DISCUSSION
In the present study the relationship between fearfulness and

amygdala volume in a group of healthy children and adoles-

cents (age 7–17 years) was examined. Our results suggest a

positive relationship between fearfulness and right amygdala

volume, which was particularly robust, and present bilater-

ally in girls with a positive nuclear FHD. These findings

further underscore the role of the amygdala in fear estab-

lished earlier by lesion studies (Adolphs et al., 1998) and

studies on fear-related psychopathologies (De Bellis et al.,

2000). Importantly, the relationship between fearfulness

and amygdala morphology is maintained in the absence of

pathology. Therefore, structural variability in this region

may underlie susceptibility for fear-related pathology, i.e.

amygdala volume may be an endophenotype for these

pathologies.

More specifically, an endophenotype marks someone’s

risk for disease susceptibility that is not apparent to the

unaided eye and represents an intermediate along the con-

tinuum from normalcy to pathology (Gottesman and Gould,

2003). In line with criteria for the identification of endophe-

notypes (Gottesman and Gould, 2003), amygdala volume is

heritable (Munn et al., 2007) and enlargement is associated

with depression (van Elst et al., 2000), dysthymia (Tebartz

van Elst et al., 1999) and anxiety disorders (De Bellis et al.,

2000). Our results provide evidence that enlargement is asso-

ciated with higher fearfulness even in the absence of illness,

suggesting that it is state-independent (Gottesman and

Gould, 2003). Variations in the neurobiology of the amyg-

dala possibly underlie temperamental traits characterized by

more fearfulness. Prospective longitudinal studies are needed

to test the predictive power of increased amygdala volume

and fearfulness and increased risk for internalizing disorders.

Interestingly, the relationship between amygdala volume

and fearfulness was not significant in boys. Although caution

is warranted, our findings are in line with the growing body

of evidence suggesting that sex difference may be driven by

biological mechanisms, and may manifest in different brain-

behavior relationships. First, structural imaging studies sug-

gest that the amygdala is sexually dysmorphic with men

having relatively larger amygdala volume (Goldstein et al.,

2001; Good et al., 2001). In addition, a developmental struc-

tural imaging study by Giedd et al., (1997) showed that

amygdala volume continues to increase with age more so

for boys than for girls (Giedd et al. 1997). Indeed, amygdala

volume appears to correlate inversely with the number of X

chromosomes, i.e. men (46, XY) having larger amygdala vol-

umes than women (46, XX) (Good et al., 2001). Moreover,

women with Turner syndrome are monosomic (45, X) and

have significantly enlarged amygdala volumes compared to

healthy men and women (Good et al., 2003). Furthermore,

functional imaging studies (Cahill et al., 2001) and human

lesion studies (Tranel and Bechara, 2009) demonstrated evi-

dence for sex-related functional asymmetry in the amygdala

as well. More specifically, the right amygdala may be more

important in emotional processing in men, whereas in

women, the left amygdala may play a more prominent role

in processing emotionally salient stimuli (see Cahill et al.,

2001; Tranel and Bechara, 2009). Other evidence comes from

studies that used paradigms, which tap into behavioral and

physiological manifestations of the amygdala. For example,

Campbell and colleagues (2002) showed that the ability to

categorize fearful facial expressions was substantially and

significantly correlated with facial recognition accuracy in

women, but not men (Campbell et al., 2002). Finally,

across lifespan women tend to be more reactive to threaten-

ing stimuli than men (Bradley et al., 2001; McManis et al.,

2001; Gard and Kring, 2007). This is exemplified by higher

reported fearfulness (Ollendick et al., 1995; McManis et al.,

2001), greater skin conductance change in response to aver-

sive cues, slower progressive decrease in startle response

magnitude, greater facial electromygraphic (EMG) activity,

as well as increased viewing time to aversive cues (McManis

et al., 2001; Gard and Kring, 2007; Roy et al., 2008).

Altogether, these studies clearly imply the presence of sex

differences in the amygdala, with women being more reac-

tive than men. An important next step will be to explore how

these sex differences may contribute to psychiatric diseases

that show a clear imbalance in the number of men and

women affected.

This study suffered from some limitations. First, the

assessment of fearfulness is limited to behavioral ratings

provided by parents. We relied on parental reports because

approximately one-third of our sample was relatively young

at the time of testing�i.e. below the age of 11 years, which

may limit the use of self-report questionnaires. Specifically,

there is evidence that children below the age 11 years show

inconsistencies in their answers and have poor understand-

ing of questions comparable to those used in our question-

naire (Edelbrock et al., 1985; Strauss and Broder, 1993;

Breton et al., 1995). Adolescents are reliable informants

of their behavior (e.g. Verhulst and Vanderende, 1992),

but we also relied on parental reports in the older subjects

to keep our data as comparable as possible. Unfortunately,

this does not rule out the possibility that parents’ reports

may be biased. On the other hand, parental reports similar

to the one used in the current study (e.g., the CBCL) are

widely used in research settings under the assumption that

parents have sufficient insight in their own child’s behavior.

Nevertheless, it will be necessary to replicate our results

with complementary measures of fearfulness, including psy-

chiatric interviews with parents and participants, self-report

data and behavioral tests that tap into fearfulness. The hope

is that the use of more sensitive measures of fearfulness

results in a more robust relationship than reported here,

given that we relied on relatively ‘noisier’ data.

Concerns could also be raised for the assessment of family

history for which we relied on parental ratings of prevalence

of depression in the family. Although circumstantial, FHD

is a strong predictor of an individual’s risk for developing
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a certain type of internalizing disorder, with offspring of

parents with depression being 40–60% more likely to

develop an affective disorder (Beardslee, 1993, 1998).

To conclude, our results show that there is a direct rela-

tionship between amygdala volume and fearfulness in

healthy girls, which is particularly robust in girls who have

direct family members who suffered from depression.

Although the amygdala has a well-established role in fear,

it is important to consider that the amygdala is only one part

of an emotion network that influences mood and potentially

mood disorders. Therefore, pathology is probably influenced

by a disturbed balance between various brain areas underly-

ing emotional behavior.
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