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Abstract

Knowledge of amygdalar and hippocampal development as they pertain to sex differences and laterality would help to
understand not only brain development but also the relationship between brain volume and brain functions. However, few
studies investigated development of these two regions, especially during infancy. The purpose of this study was to examine
typical volumetric trajectories of amygdala and hippocampus from infancy to early adulthood by predicting sexual
dimorphism and laterality. We performed a cross-sectional morphometric MRI study of amygdalar and hippocampal growth
from 1 month to 25 years old, using 109 healthy individuals. The findings indicated significant non-linear age-related
volume changes, especially during the first few years of life, in both the amygdala and hippocampus regardless of sex. The
peak ages of amygdalar and hippocampal volumes came at the timing of preadolescence (9–11 years old). The female
amygdala reached its peak age about one year and a half earlier than the male amygdala did. In addition, its rate of growth
change decreased earlier in the females. Furthermore, both females and males displayed rightward laterality in the
hippocampus, but only the males in the amygdala. The robust growth of the amygdala and hippocampus during infancy
highlight the importance of this period for neural and functional development. The sex differences and laterality during
development of these two regions suggest that sex-related factors such as sex hormones and functional laterality might
affect brain development.
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Introduction

In the past two decades, morphometric brain differences among

different phenotypic groups have become evident due to the

availability of a non-invasive brain imaging method, magnetic

resonance imaging (MRI) [1,2]. Although most of these studies

compared certain groups at one point in time rather than across

time, some studies emphasized the importance of comparing

developmental trajectories among the different groups rather than

merely comparing the average volumes at one point of time [3,4].

These studies reported that developmental trajectories were

different as a function of sex [5], IQ [6], premature birth [7],

and neuropsychiatric disorders [8]. Hence, knowledge of de-

velopmental trajectories of the human brain may help to

understand how its neural and functional development will

progress after birth.

However, most of these brain development studies did not

include infant data. Even those that did include such data

measured only total brain volume, volumes in four of the cortical

lobes, and/or gray and white matter in the whole brain [3,9].

Although one group [10] did include normal infants, to date, they

have not reported volumetric data based on their MRI. Likewise,

most of the previous studies did not measure subcortical brain

regions such as the amygdala and hippocampus. The amygdala

and hippocampus constitute major components of the limbic

system and are implicated in emotion and memory, which are

indispensable brain functions from the beginning of life. Further-

more, volume changes in the amygdala and hippocampus were

often reported in patients with developmental disorders such as

autism spectrum and schizophrenia [11,12]. Schumann [11]

reported children with autism spectrum had bigger amygdala size

at the age of 8 than healthy children, but their amygdale volume

did not change with age although that of healthy children grew

with age. Thus, knowledge of typical morphological development

of the amygdala as well as the hippocampus would contribute to

understanding brain functional development.

Nonetheless, the typical development of the amygdala and the

hippocampus remains unclear, because few studies have measured

these over the life span, following the infancy. Giedd [1] based on

a male only sample, reported an increase in amygdala volume
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between 4 to 18 years of age. Mosconi et al [12] compared the

developmental trajectory of the amygdala between autistic and

non-autistic children from 18 to 35 months and reported no

difference of increase in amygdale volume over time between the

two groups, although there were size differences between the

groups (autistic children . non-austistic children). Brenhouse and

Andersen [13] in a review concluded that the female amygdala

reached its maximal volume by the age of 4 and that only a small

increase of its gray matter volume could be seen during

adolescence, whereas the volume of the male amygdala increased

by 53% between 4 and 18 years of age. Nonetheless, only a few

studies have reported on the amygdala volume of healthy children

between 0 and 4 years of age.

Regarding the development of the hippocampus, Knickmeyer et

al [14] reported a 13% increase of hippocampal volume from one

to two years of age (but relatively little growth could be seen after it

was normalized for total brain volume). Giedd el al [1] reported

that the right hippocampus correlated with age only in females,

and that the left hippocampus did not increase with age between 4

to 18 years in males, or females. Although each of these studies

have compensated for the lack of developmental periods since the

age of participants in each study has been during a defined period,

it is difficult to combine them and obtain an accurate picture of the

complete longitudinal developmental trajectory of the hippocam-

pus and the amygdala over the age span, because of the

methodological differences between the different studies.

Some studies have reported sexual dimorphisms in the

amygdala and hippocampus [1,13], and based on animal studies

these two regions are also known to have many receptors for sex

hormones such as estrogen and androgen [15,16]. Some recent

studies have shown hormonal effects on human brain development

[17–20]. Lombardo et al. [17] showed that increased fetal

testosterone is predictive of a ventral medial subregion in the left

amygdala. Buss et al. [18] found that increased maternal cortisol

levels during the early gestational period were substantially

associated with larger right amygdala volumes among girls.

Neufang et al. [19] examined the relationships between steroid

levels, pubertal stages, and brain structure in the sexually

dimorphic regions, and found that gray matter volume in the

amygdala is predicted by testosterone levels in both males and

females, with testosterone levels also predictive of hippocampal

size in females. Bramen et al. [20] observed significant interactions

between sex and the effects of puberty for brain regions with high

sex steroid hormone receptor densities; sex differences in the right

hippocampus and bilateral amygdala were more pronounced in

more sexually mature adolescents. Specifically, larger hippocam-

pus and amygdala volumes were observed in more sexually mature

boys, whereas smaller volumes were observed in more sexually

mature girls. In addition, although previous studies examined

laterality of the amygdala and hippocampus, findings have been

inconsistent across such studies [21]. Thompson et al. [7]

suggested that laterality might depend on the period of de-

velopment, gestational age at birth, and mental health. Thompson

el al. [7] also studied laterality of the infant hippocampus (pre- and

full-term), and found that the right hippocampus was significantly

larger than the left in infants, suggesting that infants have greater

need for right hippocampus functions such as visuo-spatial

abilities, as compared to left hippocampus functions like linguistic

ability. These studies imply that both sex and laterality can

influence the development of the amygdala and hippocampus.

Taken together, the purpose of this study was to examine typical

volumetric trajectories of the amygdala and hippocampus, as well

as intracranial volume and the whole brain, from infancy to early

adulthood. This would clarify sexual dimorphism and laterality

during development of these brain regions.

Methods

Participants
The MRI data were collected from 1998 to 2010. Participants

included 111 healthy and normally developing Japanese (58 males

and 53 females) from 1 month to 25 years old (mean monthly age

6 S.D. = 108.75683.71). The age and gender distribution for age

brackets were provided in Table 1. The participants below the age

of 18 were children of University hospital staff, of parents

attending a community parenting class, or in schools in Toyama

city. All the children were born full-term (gestational age ranged

between 37–41 weeks). Participants above 18 years old were

students recruited from Toyama Medical and Pharmacological

University. All were screened with a health questionnaire through

interviews, which found no evidence of health issues or abnormal

neurological development. Their heights and weights were all

within the normal range, and all were right-handed. After the

purpose and procedures of the study were fully explained, written

informed consent was obtained from the participants, and/or the

participants’ parents if the participants were below 18 years old.

This study was reviewed and approved by the Research and Ethics

Committees at the University of Toyama. One scan had very large

artifacts due to head movement, so a total of 109 images (57 males

and 52 females) were obtained.

Imaging Acquisition
T1-weighted axial images were obtained on 1.5 T Magnetom

Vision scanner (Siemens, Erlangen, Germany), using the fast low

angle shot gradient refocused 3-dimensional sequence with the

following parameters: echo time (TE) = 6 ms, repetition time

(TR) = 35 ms, flip angle = 35u, nex= 1, field of view= 256 mm,

and matrix size = 2566256. The entire scan was completed in 15

minutes. We obtained 140 to 180 contiguous slices from each

participants scanned on the same scanner, with each slice having

a thickness of 1.0 mm. Before the MRI scanning, 47 participants

below the age of six years were sedated with oral monosodium

trichorethyl phosphate syrup (0.5–1.0 ml/kg), which is routinely

used in clinical situations and has demonstrated safety. This drug

Table 1. Frequency of participants.

Age(years) Male Female Total

0–1 5 10 15

1–2 4 7 11

2–4 8 3 11

4–6 4 3 7

6–8 2 3 5

8–10 4 7 11

10–12 4 4 8

12–14 4 6 10

14–16 3 5 8

16–18 4 4 8

18–20 5 4 9

20–25 2 4 6

Total 57 52 109

doi:10.1371/journal.pone.0046970.t001
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was administered once only. One child that did not fall asleep after

the single dose was discontinued from the study.

Image Analysis
For intracranial volume and total brain volume, the images

were transferred to a Linux workstation. Image processing was

performed with Dr. View image analysis software (Asahi Kasei

Joho System Co., Ltd., Tokyo, Japan). The intracranial volume

(ICV) was manually traced based on Whitewell et al [22]. This

manual tracing was preceded in axial view from superior to

inferior, by drawing around the dura, excluding any bone marrow

or any non-brain but including the superior sagittal sinus. Optic

nerves were also excluded. The whole brain volume was measured

based on Matsuzawa et al [9]. Total brain volume (TBV) was

defined by the brain region without CSF, which was masked with

similar procedures for ICV using Dr. View. The caudal brain stem

regions below the level of the cerebral peduncles of the midbrain

were excluded. The hypothalamic and chiasmatic cisternae were

retained, but the pituitary, the carotid cisterna, the ambient

cisterna and the quadrigeminal plates were excluded.

For the amygdala and hippocampus volumes, the images were

imported into the 3D-Slicer software (http://www.slicer.org/) and

manually defined as previously described in Schumann et al [11].

Briefly, images were reoriented along the horizontal axis from the

rostral to the caudal pole of the hippocampus to aid in

distinguishing the amygdala from the hippocampus (Figure 1a).

The initial amygdala and hippocampus tracing process involved

defining the borders in coronal sections, starting with the most

caudal level of the hippocampus (where the fornix was visible) to

the approximately most rostral section in which the amygdala was

present. The boundaries between the amygdala and hippocampus

are the lateral ventricle or the alveus of the hippocampus

(Figure 1b). Outlines were then verified and edited in the axial

and sagittal views that were simultaneously available to the rater

while tracing (Figure 1c and 1d).

Inter-rater reliability was examined in a sample of 20 randomly

selected brain scans (thirteen infants or children and seven

adolescents or adults, male vs. female = 10:10), as analyzed by

two raters (A.U. and M.M.T.). The intraclass correlation (ICC) for

the amygdala was.84, and that for the hippocampus was.80. The

ICCs for only infants/children were.82 for the amygdala and.85

for the hippocampus, and those for only adolescents/adults

were.93 for the amygdala and.80 for the hippocampus. ICCs for

males were.81 for the amygdala and.80 for the hippocampus, and

those for females were.88 for the amygdala and.80 for the

hippocampus. The rater A.U. then completed the analysis on the

remaining scans.

Statistical Analysis
With SPSS 19.0, F tests in regression analyses of linear,

quadratic, and cubic models were used to determine whether age

(in months) is related to volume changes of the whole brain,

amygdala, and hippocampus, dividing the sample into the female

and the male group. The R2 values were used to decide which

linear or nonlinear models best characterized the development of

each region. From the estimated models, the peak ages and the

local maximal volumes of each given region were calculated for

the whole, female, and male groups, if possible. In addition, from

the best characterized model, the differentiation ( = growth

change) in each month was calculated and graphed from 1 month

until the peak age.

Analysis of variance (ANOVA) was performed to test the effects

of sex and age group for each volume.

To examine laterality, right and left amygdala and hippocam-

pus volumes were expressed as a laterality index as:

Laterality index~(Left{Right)= LeftzRightð Þ

A one-sample t test was performed for each subsample (testing

against the reference value of 0.00). In addition, a linear regression

analysis was performed to reveal any relationship between

laterality and age.

In addition to the raw measured volumes, we also examined the

volumes adjusted by ICV, using the following equation [23]:

Adjusted volume~raw volume{b � ICV{mean ICVð Þ

where b is the slope of a regression line of a region of interest

volume on ICV. Mean ICV was calculated separately by each year

of age for ages below 15 because the volume increase year by year

was enormous. Mean ICV was calculated as a single mean for

participants above the age of 16.

We defined statistical differences at the 5% level as being

significant. To prevent a possible Type I error due to multiple

tests, a Bonferroni correction was applied for correlation analyses.

Results

Scatter plots representing the amygdale and hippocampi are

illustrated in Figs. 2 and 3 with locally weighted scatter plot

smoothness (LOWESS). A LOWESS curve allows the form of

a curve to be identified by using actual data. Therefore, this

approach is useful for identifying data patterns that may otherwise

be overlooked by using curve-fitting procedures that assume

a specific shape [24].

Estimated Curves in the Whole Brain, Amygdala, and
Hippocampus
The regression analyses revealed that monthly ages were

significantly related to volume changes in the whole brain,

amygdala, and hippocampus in all of the linear, quadratic, and

cubic models (all p,.001). The R2 values were highest in the cubic

model for every region: whole brain [F(3,87) = 41.09, p,.001], left

amygdala (LA) [F(3,87) = 22.85, p,.001], right amygdala (RA)

[F(3,87) = 16.05, p,.001], left hippocampus (LH) [F(3,87) = 33.64,

p,.001], and right hippocampus (RH) [F(3,87) = 35.98, p,.001].

These results were consistent after adjustment and division by sex

(Table 2).

Peak Ages and Growth Changes
Table 2 shows the peak ages calculated using the estimated

cubic models. The female group reached its local maximal volume

earlier than the male group in all regions. In addition, the left

amygdala (LA) reached its peak around 1.5 to 2 years earlier than

the right amygdala (RA) did, whereas the left hippocampus (LH)

reached its peak around 1 year later than the right hippocampus

(RH) did.

Table 3 shows mean volumes of the whole brain, amygdala

and hippocampus by sex in infants (age ,2 years), children (2

years , age ,10 years) and adolescents/adults (age .10 years).

Given that our earlier work found evidence for a peak growth

spurt at around two years of age [9], boys and girls aged 1 to

24 months were included in the Infant category. Adolescents/

adults were categorized as aged 10 years or older, on the basis

of the present results showing peak brain volume at around this

Development of Amygdala and Hippocampus
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age. ANOVAs (sex6age group) for whole brain volume,

amygdala volume and hippocampal volume showed main effects

of sex (whole brain: males . females, F(1, 103) = 4.72, p = 0.03;

amygdala: males . females, F(1, 103) = 4.78, p = 0.03; hippo-

campus: males . females, F(1, 103) = 8.11, p = 0.005) and age

group (whole brain: F(2, 103) = 56.20, p,0.001; amygdala: F(2,

103) = 61.70, p,0.001; hippocampus: F(2, 103) = 106.25,

p,0.001).

Figure 1. Orthogonal views for segmenting the amygdala and hippocampus on MRI sections. A three-dimensional reconstruction of
images (a) in which lines indicate the position of the horizontal plane (b), sagittal plane (c), and coronal plane (d) is shown. A, Amygdala; EC,
entorhinal cortex; H, hippocampus; PU, putamen; TLV, temporal horn of the lateral ventricle; WM, subamygdaloid white matter.
doi:10.1371/journal.pone.0046970.g001

Figure 2. Scatter plots by monthly age and sex of absolute left and right amygdalar volume with locally weighted scatter plot
smoothness (LOWESS). (a); LA: left amygdala, (b); RA: right amygdala, blue square: male (n = 57), red circle: female (n = 52), blue line: males’
LOWESS, red line: females’ LOWESS.
doi:10.1371/journal.pone.0046970.g002
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Figures 4 and 5 depict growth changes of the amygdala and

hippocampus until the peak age, all of which showed a rapid

volume increase in the first few months from birth regardless of

sex. The female LA growth change was larger for the first few

years when adjusted, but its rate decreased earlier than that of the

males (Fig. 4). The growth change of the RA was smaller than that

of the LA, but its sexual difference trend was similar (Fig. 4). After

peak age both LA and RA volumes for males were significantly

larger than those for females (LA, male 1.6860.19, female

1.5660.17, t(43) = 2.15, p = 0.037; RA, male 1.7660.23, female

1.5760.17, t(39) = 3.14, p = 0.003), while before peak age there

were no significant sex differences for either LA or RA (LA, male

1.3460.31, female 1.3960.32, t(62) = 0.60, p = 0.550; RA, male

1.4260.31, female 1.4060.34, t(66) = 0.22, p = 0.83).

In the hippocampus, the female and male groups revealed

similar curves in raw LH and RH, but after adjustment the

females showed a greater increase during the first several years

(Fig. 5). After peak age, both LH and RH volumes for males were

significantly larger than those for females (LH, male 3.1760.21,

female 2.9560.25, t(40) = 3.09, p = 0.003; RH, male 3.3060.29,

female 3.0060.30, t(46) = 3.61, p,0.001), while before peak age

there were no significant sex differences for either region (LH,

male 2.4860.55, female 2.4660.49, t(65) = 0.15, p = 0.883; RH,

male 2.5960.52, female 2.6060.49, t(59) = 0.09, p = 0.93).

The growth rate change of the whole brain volume also showed

a large increase during the first several years of life, and the males

displayed a larger growth change across time than the females did.

However, after adjustment by ICV, these differences became less

obvious.

Laterality
The hippocampus displayed significant rightward volumetric

asymmetry in both males and females, which remained after

adjustment by ICV (laterality index of male:

Mean6S.D. =2.0316.037, t (56) =26.385, p= .000; laterality

index of female: Mean6S.D. =2.0226.038, t(51) =24.189,

p= .000). There was no significant hippocampal laterality index

difference between males and females, t(107) = 1.234, p = .220.

However, significant asymmetry (rightward) of the amygdala was

observed only in the males, an asymmetry that persisted after

adjustment by ICV (laterality index of male: Mean

6S.D. =2.0236.037, t(56) =24.734, p= .000; laterality index

of female: Mean6S.D. = .00076.038, t(51) = 0.141, p = .888). The

amygdala laterality index was higher in males than females,

t(107) = 3.358, p = .001.

Figure 6 shows the relationship between age and laterality

index. The linear regression analysis for age and laterality index

indicated that only the female laterality index of the hippocampus

significantly changed – from negative to 0 (rightward to

symmetrical) as a function of age [F(1,50) = 5.930, p= .018], but

not that of male [F(1,55) = 1.044, p= .311]. However, correlations

were not statistically different across males and females (males:

r = .136, females: r = .326, z = 1.021, p = .307). In amygdale, there

were no significant correlations between age and laterality index in

both male [F(1,55) = .660, p= .420] and female [F(1,50) = .139,

p= .710. Again, correlations did not differ across males and

females (males: r = .109, females: r = .053, z = .286, p = .775). After

adjustment of volumes by ICV, the above all correlations were

similar [male adjusted hippocaumpus r = .119, F(1,55) = .785

p= .380, female adjusted hippocaumpus r = .321, F(1,50) = 5.758,

p= .020, z = 1.081, p= .280; male adjusted amygdala r = .129,

F(1,55) = .934, p= .338, female adjusted amygdala r = .055,

F(1,50) = .152, p= .698, z = .378, p=705].

Discussion

The volumes of the whole brain, amygdale and hippocampi

exhibited significant age-related changes from infancy to early

adulthood, even after adjustment by ICV. The cubic models best

characterized the estimated developmental trajectories of all the

given brain regions, regardless of sex, or hemispheric differences.

For the whole brain, the cubic model was consistent with

a previous study by Lenroot, et al [5]. However, to our knowledge,

no previous study has estimated the non-linear developmental

models of the amygdala of healthy humans from infancy to early

adulthood. Giedd [1] reported no volumetric changes of amygdala

in females between 4 and 18 years of age. The results of the

present study indicated that the maximum volume of the

amygdala was reached between 9 and 11 years of age. Moreover,

the study showed a non-linear, age-related increase in develop-

ment after 4 years in both males and females. This result, which is

inconsistent with Giedd et al [1] might have been caused by the

Figure 3. Scatterplots by monthly age and sex of absolute left and right hippocampal volume with locally weighted scatterplot
smoothness (LOWESS). (a); LH: left hippocampus, (b); RH: right hippocampus, blue square: male (n = 57), red circle: female (n = 52), blue line: males’
LOWESS, red line: females’ LOWESS.
doi:10.1371/journal.pone.0046970.g003
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inclusion of data from infants and toddlers, who showed a robust

increase in amygdalar volume during the period of the present

study. Mosconi et al. [12] reported that amygdalar volumes

increased linearly over time in children from 1 to 6 years of age,

without regard to any developmental disorders (such as autistic

spectrum, or developmental delays). The present findings appear

to bridge the gap between the results of these two previous studies

[1,12].

The hippocampus also showed a non-linear developmental

pattern, with volume increases in both hemispheres until

approximately 9 to 11 years of age. This result was not consistent

with previous findings in 4 to 18 year olds). However, other studies

have reported volumetric changes in hippocampal sub-regions

during this age [25]. Suzuki et al. [26] also demonstrated

a significant volume increase in the hippocampus between 13–

14 and 18–21 years of age in males. Moreover, a postmortem

study by Benes [27] showed that myelination in the subicular and

presubicular regions of the hippocampus continued until adult-

hood. Furthermore, animal studies [28] have shown that the

hippocampus is a region where neurogenesis occurs until adult-

hood. The results of the current study corroborate these previous

findings. Complex interactions among genetic factors, environ-

mental conditions, as well as changes in these factors, strongly

contribute to volume changes in subcomponents of the brain [29].

Such complex interactions might result in large individual

variations in amygdalar and hippocampal development causing

statistically inconsistent results.

The present results also corroborated previous studies by

showing that the peak age of whole brain development occurred

earlier in females, than in males, with the exception that the peak

age reported in this study happened earlier than has been reported

in previously [1,3,5]. Our results were also consistent with previous

studies in showing that males had larger whole brain volumes than

females [1,3,5].

Moreover, the results of this study showed that the right and left

amygdala tended to be larger in males than in females. Similar to

the whole brain, the female amygdala reached its peak volume

approximately 18 months earlier than the male amygdala. In

addition, changes in the growth rate of the amygdala decreased

earlier in females. These findings suggest that the longer growth

period of the amygdala might contribute to the larger male

amygdala. Animal studies have indicated that the amygdala has

rich receptors for male hormones (androgen), which promotes

myelinogenesis [16,30]. Consequently, myelinogenesis might

contribute to increases in the volume of the amygdala in males.

Interestingly, however, changes in the growth of the amygdala

relative to the intracranial volume were larger in females at the

beginning of life, indicating that growth factors affecting the

amygdala may change as a result of age and sex.

Our results also indicated that the raw hippocampal volumes of

males were larger than those of females. Sex differences in changes

in absolute hippocampus growth were less obvious compared to

those of the amygdala, relative growth changes of the female left

Table 2. Best fitting developmental trajectory model with
peak ages.

Brain Region
Best Fitting
Model Sex R2

Age of
Peak

Whole Brain Cubic Whole 0.61 9.3

Male 0.72 9.8

Female 0.60 8.4

Left Amygdala Cubic Whole 0.60 10.6

Male 0.67 11.1

Female 0.55 9.6

Right Amygdala Cubic Whole 0.48 11.8

Male 0.64 12.6

Female 0.41 11.4

Left Hippocampus Cubic Whole 0.66 11.2

Male 0.70 11.4

Female 0.67 11.0

Right Hippocampus Cubic Whole 0.64 9.8

Male 0.73 10.3

Female 0.61 9.7

Adjusted Whole Brain Cubic Whole 0.77 9.8

Male 0.75 9.5

Female 0.81 9.5

Adjusted Left Amygdala Cubic Whole 0.60 10.7

Male 0.57 10.9

Female 0.63 9.4

Adjusted Right Amygdala Cubic Whole 0.52 12.2

Male 0.54 12.8

Female 0.51 11.4

Adjusted Left Hippocampus Cubic Whole 0.63 11.2

Male 0.63 10.9

Female 0.64 10.7

Adjusted Right Hippocampus Cubic Whole 0.63 9.9

Male 0.69 10.0

Female 0.58 9.9

doi:10.1371/journal.pone.0046970.t002

Table 3. Mean volume of whole brain, amygdala and hippocampus (cm3).

Infants Children Adolescents/Adults

Sex Male Female Male Female Male Female

n 18 9 17 17 22 26

Whole Brain 781.5 (208.9) 753.6 (185.0) 1113.0 (118.1) 1058.2 (74.1) 1197.0 (107.2) 1086.1 (108.2)

Amygdala 2.28 (0.35) 2.12 (0.45) 3.15 (0.50) 3.04 (0.45) 3.43 (0.38) 3.16 (0.34)

Hippocampus 4.24 (0.67) 3.98 (0.72) 5.80 (0.58) 5.57 (0.51) 6.46 (0.54) 5.94 (0.52)

note: Infants are whithin 1 to 24 months. Childeren are above 24 months to 10 years old.
Adolescents/adults are above 10 years old. () shows s.d.
doi:10.1371/journal.pone.0046970.t003
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hippocampus were larger than those of males in the first years of

life. Gogtay et al. [25] also reported that the development of the

posterior hippocampal sub-region is more prominent and is more

left lateralized in females. Thus, the larger growth change of the

left hippocampus in females might be the result of development in

posterior hippocampal sub region. Furthermore, only the female

hippocampus laterality index changed significantly as a result of

age, causing left and right volumes to become more symmetrical as

age increased. It has been reported that females tend to use both

hemispheres for information processing through the larger

commissural systems [21], which might contribute to symmetriz-

ing the bilateral hippocampi, and to refining and developing

strong connections, even after the formation of neural networks

are completed. Such knowledge about sexual dimorphism could

be a helpful to understand psychiatric disorders and diseases with

different prevalence rates between males and females

[5,18,25,26,31–33]. According to a meta-analysis of hippocampal

volumetric studies in schizophrenia by Adriano et al. [31], the

presence of the smallest effect for the left hippocampus in studies

including only males may be explained a smaller left hemisphere

in males as compared to females, likely due to hormonal factors.

Larger right amygdala volume at 3 and 4 years of age has been

associated with slower acquisition of social and communicative

skills and generally poorer psychosocial outcomes at 6 years of age,

within a sample of children with autism spectrum disorder [32].

Juranek et al. [33] found an association between a large right

amygdala and high levels of anxiety. Buss et al. [18] found that

higher cortisol concentrations during pregnancy were associated

with larger amygdala volumes in girls, and with more affective

problems in girls than in boys. These findings suggest that brain

sensitivities to internal or external developmental factors may

differ as a function of sex such that sexual dimorphisms result,

Figure 4. Rate of growth change in amygdalar volumes. (a); LA: left amygdala, (b);left amygdala adjusted by ICV, (c); RA: right amygdala,
(d);right amygdala adjusted by ICV. The rates of monthly volume changes in the right and left amygdala. Positive values indicate increasing volume.
The point of intersection on the x-axis represents the age of local maximal volume. Black line: whole group, blue line: males, red line: females.
doi:10.1371/journal.pone.0046970.g004
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which produce gender differences in terms of developmental risk

for some psychological disorders.

Only males displayed significant right asymmetry, suggesting

that androgen may partly contribute to the asymmetry in the

volumes of the amygdala [17]. Regarding this, one study showed

that fetal testosterone is significantly correlated with gray matter

volume in the left amygdala but not the right, among 8–11 years-

old boys [17]. In terms of trajectory differences, the right

amygdalar volume increased for a longer period, but changes in

its growth rate was larger in the left amygdala during early

childhood, regardless of sex. Previous studies have reported that

the left amygdala responds predominantly to fearful events and

faces [34,35]. This suggests that the left amygdala might grow

larger in the beginning of life, because infants and children need to

detect danger through the faces of their caregivers.

This study, consistently with certain previous studies, showed

that when age was not a consideration, the right hippocampus of

both females and males was significantly larger than the left one

[1]. Thomson et al. [7] studied hippocampal asymmetry in full-

term and pre-term infants and found that all infants had a larger

right hippocampus and suggested that this asymmetry might have

occurred because visuo-spatial abilities (right brain) were more

important for infants than linguistic abilities (left brain). Moreover,

some studies have suggested that abnormal hippocampal asym-

metry was associated with lower IQ, memory impairments,

cognitive deficits, and neuropsychological disorders [7]. These

results suggest that hippocampal asymmetry might depend on sex,

brain functions required at a given age, the developmental period

and environmental factors [7,21,36,37].

Several limitations of this study should be noted. First, the

developmental trajectory model was calculated from cross-

sectional, instead of longitudinal data. Therefore, the results might

have over- or under- estimated the true values. A powerful tool for

analyzing brain development is the combination of cross-sectional

and longitudinal data [5]. Therefore, it is suggested that this study

should be replicated using longitudinal data, so that the combined

results could be used to develop a more accurate trajectory of the

typical brain developments in healthy individuals. In addition,

change in volume, by itself cannot directly show the development

of neural networks, which could tell us how functional localization

Figure 5. Rate of growth change in hippocampal volumes. (a); LH: left hippocampus, (b);left hippocampus adjusted by ICV, (c); RH: right
hippocampus, (d);right hippocampus adjusted by ICV. The rates of monthly volume changes in the right and left hippocampus. Positive values
indicate increasing volume. The point of intersection on the x-axis represents the age of local maximal volume. Black line: whole group, blue line:
males, red line: females.
doi:10.1371/journal.pone.0046970.g005
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and neural circuits have developed over time. Therefore, using

combinations of data from volumetric, psycho-developmental

testing; fractional anisotropy and fiber tractography through

diffusion tensor imaging studies are needed to expand our

understanding of neural development.

Conclusion
This cross-sectional study demonstrated how amygdale and

hippocampi in healthy individuals develop from infancy to early

adulthood. The study showed significant age-related changes in

the volumes of amygdala and hippocampus. The developmental

trajectories of the brain regions were best characterized by the

cubic model, which demonstrated robust changes in the beginning

of life, with the amygdalar and hippocampal volumes peaking

around 9 to 11 years of age, suggesting that infancy and

preadolescence are critical periods for neural development. In

addition, certain patterns of development in these two regions

differed according to the sex and brain hemispheres.
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