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Abstract

Vertebrate brains commonly consist of five basic embryologic anatomical regions: telencephalon;
diencephalon; mesencephalon; metencephalon; and myelencephalon. The proportions of these
regions vary widely across species and developmental stages. Investigation of their growth
trajectories, therefore, has the potential to provide an understanding of the substrates of inter-
species variation in neuroanatomy and function. To investigate the volumetric growth trajectories,
structural magnetic resonance imaging (MRI) scans obtained from 618 healthy children (334 boys,
284 girls; ages 3 to 17 years old) were parcellated into five regions for the volume quantification.
The sex- and region-specific growth trajectories were identified, and the most active growth was
seen in the mesencephalon for both boys and girls. Whether similar regional growth patterns are
seen in other species, or whether such patterns are related to evolution, are important questions
that must be elucidated in the future.
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Introduction

Comparative neuroanatomy, in which homologous brain regions among different species are
compared, is an essential approach to answer fundamental questions in neuroscience: which
brain structure is involved in what kind of brain functions, and how the brain areas have
evolved to adapt to species’ habitats or have become optimized to fit their lifestyle [13, 30].
Recent advancements in brain magnetic resonance imaging (MRI) scans and the
computational analysis technologies have enabled researchers to study morphological
changes of the brain during development. The introduction of time-axis information
(developmental trajectory) is valuable in comparative neuroanatomy because it has the
potential to elaborate a process of brain maturation that often cannot be deduced from the
mature brain. In humans, global cortical thickness reaches a peak between late childhood
and the early twenties [31], followed by gradual thinning afterward [43]. The volume of the
brainstem increases with age until 18 years old or later [45]. Sexual dimorphism becomes
significant during childhood and adolescence [19, 41].

A comparative brain MRI approach that focuses on developmental changes can help in
understanding, in detail, the substrates of inter-species variation in neuroanatomy and
functions. Some examples of this approach include studies to identify similarities and
differences in the developmental trajectories of the corpus callosum among primates [33, 34]
to infer relationships between brain maturation and behavioral variations seen among
species. Understanding of sex differences in inter-regional developmental trajectories may
also provide clues about sex-related behavioral changes that occur during development,
which are tightly related to developmental disorders. For instance, autism spectrum disorder
(ASD) and attention deficit hyperactivity disorder (ADHD) predominantly affect boys rather
than girls, and some of the symptoms become significantly worse during adolescence [2].
Anxiety and depression are more common in girls than in boys, but this difference does not
appear until puberty [3, 15]. Investigation of the interspecies reproducibility will be an
important step toward understanding the origin of sexual dimorphism seen across species
[10, 35]. Interspecies comparison also allows researchers to select appropriate animal
models for developmental disorders. While human /in vivo MRI studies are important in
understanding the relationships between neuroanatomy and brain functions, the causal
relationship remains a “best assumption” because invasive procedures, such as
pharmacological modulation of the brain, genome editing, or brain tissue examination, are
not feasible. To investigate the disease mechanisms of these disorders, or to test
experimental therapeutic interventions, the use of relevant animal models with a sexual
dimorphism similar to that of humans is crucial.

An initial step in comparative neuroanatomy is to identify regional brain homologues among
species, although this process is not necessarily straightforward and the identification itself
often becomes a target of active debate. For example, fine subdivisions of the pre-frontal
area commonly seen among primates [12, 22, 27, 29, 40] are of particular interest as a basis
on which the evolution of cognitive functions can be understood. On the other hand, gross
segmentation of the brain into five sub-regions—the telencephalon, diencephalon,
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mesencephalon, metencephalon, and myelencephalon—is well established among
vertebrates [30] from the early developmental stages [37].

In humans, the embryonic central nervous system comprises the neuroepithelium in the form
of the neural plate that is identifiable by 2.5 gestational weeks. The flat neural plate folds at
the mid-sagittal plane to form a tubular structure. The rostral aspect that involves three
cranial portions—the prosencephalic, mesencephalic, and rhombencephalic vesicles—
becomes the brain. The prosencephalic vesicle forms the telencephalon and the
diencephalon, while the mesencephalic vesicle forms the mesencephalon, and the
rhombencephalic vesicle forms the metencephalon and myelencephalon, by seven weeks of
gestation [4]. During the first trimester, these five regions of the brain expand in a caudal to
rostral direction [4]. In the mature brain, the cerebral cortex, deep gray matter structures, and
white matter fibers in the cerebrum are included in the telencephalon. The diencephalon
includes the epithalamus, thalamus, subthalamus, and hypothalamus. The mesencephalon is
identical to the midbrain. The metencephalon includes the pons and cerebellum, and the
myelencephalon consists of the medulla [23]. The absolute volume and proportional size of
each region of adult vertebrate brains varies depending on the species, and variations in
these regions have been linked to variations in brain functions [37].

Despite the fact that the five basic embryologic regions are functionally important and
commonly seen throughout development in all vertebrates, developmental changes of these
regions have not been explicitly investigated in the past, in either humans or other
vertebrates. Although region-specific developmental patterns of the human brain have been
studied, each of the studies focused on a specific anatomical structure-of-interest, which was
measured in different cohorts. Therefore, little is known about the inter-regional similarities
and differences in developmental trajectories and the effect of sex on the trajectories.

In this study, we aimed to investigate volume changes of the telencephalon, diencephalon,
mesencephalon, metencephalon, and myelencephalon during normal human brain
development, with an emphasis on sex differences. A collection of normal pediatric brain
MRIs obtained through the Pediatric Imaging, Neurocognition, and Genetics (PING) study
(http://pingstudy.ucsd.edu) was used as the dataset to investigate the developmental
trajectory of the five brain regions.

2. Materials and Methods

2.1. Normal pediatric MRI database

Data used in the preparation of this article were obtained from the Pediatric Imaging,
Neurocognition and Genetics (PING) Study database (http://ping.chd.ucsd.edu/). PING was
launched in 2009 by the National Institute on Drug Abuse (NIDA) and the Eunice Kennedy
Shriver National Institute of Child Health & Human Development (NICHD) as a two-year
project of the American Recovery and Reinvestment Act. The primary goal of PING has
been to create a data resource of highly standardized and carefully curated magnetic
resonance imaging (MRI) data, comprehensive genotyping data, and developmental and
neuropsychological assessments for a large cohort of developing children three to 20 years
of age. The scientific aim of the project is, by openly sharing these data, to amplify the
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power and productivity of investigations of healthy and disordered development in children,
and to increase understanding of the origins of variation in neurobehavioral phenotypes. For
up-to-date information, see http://ping.chd.ucsd.edu/ [18]. In our study, we examined 618
three-dimensional, T1-weighted MRIs downloadable through the Neuroimaging Tools and
Resources Collaboratory (NITRC) website (https://www.nitrc.org/), obtained on multiple
scanners and with varying scan parameters. The scanners were the products of three
manufacturers (GE, SIEMENS, and Philips) [18](Table 1).

Image processing

A multi-atlas label fusion algorithm [39], implemented in the MRICloud platform
(www.braingps.anatomyworks.org), was applied to the MRIs to parcellate each brain into
five anatomical units: telencephalon; diencephalon; mesencephalon; metencephalon; and
myelencephalon. This algorithm is a fully automated method available through the website.
All MRIs were bias-corrected and linearly aligned to the JHU-MNI atlas space [26]. Then,
28 atlases in the JHU T1 Pediatric Multi-Atlas Inventory [11, 44], which was designed for
pediatric populations ranging from four to 18 years old, were transformed to the linearly
aligned subject image using Large Deformation Diffeomorphic Metric Mapping (LDDMM)
[9]. The multi-atlas fusion algorithm [39] from the Penn Image Computing and Science
Laboratory [38] was applied to the transformed atlases to obtain a brain-structure
parcellation map specific to each subject MRI. The multi-atlas version 9B
(www.mricloud.org) was used in this study. A representative image with the parcellation
map is demonstrated in Figure 1.

2.3. Statistical analyses

The primary interest of this study was whether there are differences in growth trajectories
among the five anatomical regions (telencephalon, diencephalon, mesencephalon,
metencephalon, and myelencephalon). We hypothesized that the growth trajectory is affected
by sex, and potentially biased by differences in the scanners (GE, Philips, and Siemens) used
to obtain MRIs for the volume quantification. All statistical analyses were conducted in the
R version 3.5.1 software package (https://www.r-project.org/).

2.3.1 Effect of sex and age on regional volume measures—The total brain
volume of men is known to be larger than that of women [14, 24]. Therefore, for each
anatomical region, an analysis of variance (ANOVA) was applied to investigate the effect of
sex and age on regional brain volume. Since the raw volume of five anatomical areas differs
(telencephalon > metencephalon > diencephalon > mesencephalon > myelencephalon), we
investigated the growth of the anatomical regions using the normalized volume (raw volume
divided by the mean at three years) in addition to the raw volume measures. If an effect of
sex was identified (p < 0.050), boys and girls were separately analyzed for a subsequent
study. If the effect was not significant, boys and girls were analyzed as a single group.

2.3.2 Differences in normalized volume among five anatomical regions—An
analysis of covariance (ANCOVA) with repeated measures was applied to investigate within-
group differences in normalized volume among the five anatomical regions, while age was
set as a covariate. When the ANCOVA yielded a group effect (p < 0.05), a post hoc analysis

Neurosci Lett. Author manuscript; available in PMC 2020 August 24.


http://ping.chd.ucsd.edu/
https://www.nitrc.org/
http://www.braingps.anatomyworks.org/
http://www.mricloud.org/
https://www.r-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qishi et al.

Page 5

was performed using the Tukey test for pairwise comparisons between anatomical regions,
with a Bonferroni correction applied after multiple comparisons (p < 0.05/5).

2.3.3. Growth trajectories of five anatomical regions—The relationships between
age and volumes (raw and normalized volumes) of five anatomical regions were investigated
by a polynomial regression analysis. Four types of regression models (linear, quadratic,
cubic, and quartic) were applied (computing orthogonal polynomials), and the suitability of
the model was assessed by Akaike’s Informational Criterion (AIC) [1] to select the best-
fitted model that represented a growth trajectory of the region.

2.3.4. Effect of scanner on regional brain volume measurements—An
ANCOVA with repeated measures was applied to investigate the effect of different scanners
(GE, Philips, and SIEMENS) on the raw regional volume. Age was set as a covariate. When
the ANCOVA yielded a scanner effect (P < 0.050), a post hoc analysis was performed using
the Tukey test for pairwise comparisons between three types of scanners, with a Bonferroni
correction applied after multiple comparisons (P < 0.05/3).

3. Results

3.1

3.2.

3.3.

Effect of sex and age on the regional volume measures

A significant sex-age interaction was identified in the diencephalon (raw volume, p = 0.041;
normalized volume, p = 0.045) and the myelencephalon (raw volume, p = 0.048; normalized
volume, p = 0.049). For the telencephalon, mesencephalon, and metencephalon, the effects
of both sex and age were significant [telencephalon: raw volume, sex (p < 2.0 x 10716), age
(p = 2.5 x 1074), normalized volume, sex (p < 2.0 x 10716), age (p = 1.6 x 1074);
mesencephalon: raw volume, sex (p < 2.0 x 10716), age (p < 2.0 x 10716), normalized
volume, sex (p < 2.0 x 10716), age (p < 2.0 x 10716), and metencephalon: raw volume, sex (p
<2.0 x 10716), age (p < 2.0 x 10716), normalized volume, sex (p < 2.0 x 10716), age (p < 2.0
x 10716)]. Therefore, boys and girls were analyzed separately for the following analyses.

Differences in normalized volume among five anatomical regions

For both boys and girls, the age-by-region interaction was significant (boys: F =23, p < 2.2
x 10716, girls: F = 22, p < 2.200 x 10716),

Growth trajectories of five anatomical regions

The fitting curve for scatterplots of raw volumes are shown in Figure 2. For the boys, the
cubic models were the best fit for the scatterplots (plots of volume by age) of the
telencephalon, diencephalon, and mesencephalon, while the quadratic model had the best fit
for the metencephalon, and the quartic model was the best fit for the myelencephalon. For
the girls, the quadratic models were the best fit for the scatterplots of the telencephalon,
diencephalon, mesencephalon, and the myelencephalon while the quartic models were the
best for the metencephalon. Congruent with the results demonstrated in section 3.2, the
growth trajectories of the five regions were unique to each sex.
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The fitting curves were also investigated for the normalized volumes (Figure 3). For the
boys, the results were identical to those obtained from the raw volume analysis. For the girls,
the quadratic model had the best fit for the growth trajectories of all five regions. Again,
regional growth trajectories, fitted to the fitting models, were unique to each sex. The only
exception was the metencephalon, where the trajectory was fit to the quadratic model for
both sexes, although the growth rate was greater in the boys compared to that in the girls.
The greatest growth rate was observed in the mesencephalon for both sexes.

3.4. Effect of scanner differences on the regional brain volume measurement

In boys, the scanner/age interaction was significant only in the myelencephalon (F=3.2,p =
4.3 x 1072). The significant effect of the scanner manufacturer was observed only in the
metencephalon (F = 7.97, p = 4.1 x 1074). Tukey multiple comparisons demonstrated that
the effect of the Philips scanner was different from that of the other vendors (p = 0.017 for
Philips vs. GE, and p = 1.0 x 1074 for Philips vs. Siemens). In girls, the scanner/age
interaction was significant only in the metencephalon (F = 3.5, P = 0.03), and no significant
effect of the scanner manufacturer was observed.

4. Discussion

4.1.

The normative volumetric growth charts of the five embryologic anatomical regions were
created based on the MRIs of 618 children ranging from 3 to 17 years old. The sex- and
region-specific growth trajectories were identified, among which the most remarkable
volume change was seen in the mesencephalon for both boys and girls.

Effect of sex and age

In girls, a quadratic curve best fit the growth trajectories of all five normalized volumes. The
telencephalon and diencephalon reached the maximum volume during 10 and 12 years of
age, while the mesencephalon, metencephalon, and myelencephalon reached the maximum
volume at 16 years old or later. However, in boys, most of the regions demonstrated a cubic
trajectory. This sex differences in growth trajectories resulted in a delay in reaching
maximum brain volume for boys, compared to girls. Previous research has demonstrated
significant sex differences in the growth trajectories of the brainstem and thalamus [45]
using a linear fitting model. Our study further elaborated this difference by introducing a
polynomial regression analysis. A longitudinal study of cerebellum development [41], based
on a quadratic model, demonstrated that the developmental trajectory peaked approximately
four years earlier in girls compared to boys, the result of which was congruent with our
results.

Sex differences in developmental trajectory are also seen in physiologic growth and
neuropsychological development, both of which are related to the onset of puberty. Sexual
development and growth spurts start earlier in girls than in boys [32], and mental maturity,
which is represented by increased impulse control and reduced sensation-seeking, is more
gradual in boys compared to girls [36]. The similarity in trajectories among physical,
neuronal, and psychological developments during adolescence suggests the existence of an
interaction between sex hormones and neuronal development, which might be related to the
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clinical features of developmental disorders or to the onset of mental disorders often seen in
adolescents. Although there are no comparative studies among all five anatomical regions in
animals, sexual dimorphism in the developmental trajectories has been seen among some
regions. In the rhesus monkey (Macaca mulatta), the growth rate of the whole brain,
cerebellum, and brainstem differs between males and females [35]. In the domestic pig (Sus
scrofd), a significant sex-effect was seen in the growth rate of the cerebellum and the
brainstem, while no sex-effect was seen in the whole brain and diencephalon [10]. However,
in C57BL/6 mice, the sex-effect was not seen in the whole brain or in the cerebellum
volumes from 8 to 12 weeks of age [20], indicating that the sex-effect might differ among
species. Inter-species comparison of the sexual dimorphism seen in brain development might
imply neuroanatomical substrates for the behavioral differences related to sex.

Differences in the growth trajectories among five anatomical regions

A significant age-by-region interaction seen in both sexes indicated that the growth
trajectories were region-specific. The region-specific pattern of the growth trajectory was
clearly demonstrated in the fitting curve analysis, in which the mesencephalon demonstrated
the greatest growth rate (boys: 1.5, girls: 1.3), while other regions remained at less than 1.3.
Whether a similar regional growth trajectory can be seen in other species, or whether such a
pattern is related to evolution, are important questions that need to be elucidated in the
future.

Although our results indicated the steepest growth rate in the mesencephalon during
childhood to adolescence, structures within the mesencephalon that contributed to active
growth need to be investigated. During the early stages of development, neurons are
generated from the ventricular zone of the neural tubular vesicle, and migrate radially to
form the tectum on the dorsal side and the tegmentum on the ventral side [42]. The ventral
aspect of the mesencephalon mostly consists of the tegmentum and the projection fibers
from the cerebral cortex that form the crus cerebri, which runs through the ventrolateral
portion of the mesencephalon [21]. The major structures included in the tegmentum are the
reticular formation, the cranial nerve nuclei, the red nuclei, the substantia nigra, and the
ventral tegmental area; the latter two are the main origin of dopamine neurons [5, 6]. The
active proliferation of dopaminergic neurons during adolescence [16], or the thickening of
the crus cerebri, which is caused by increased connectivity of the major projection fibers
(corticonuclear, corticospinal, and corticopontine fibers) [7] passing through the crus cerebri,
may contribute to the steepest volumetric change. Since a dopaminergic system is related to
cognitive functions and affective behaviors, and the impairment causes major
psychopathology seen during adolescence, such as depression and schizophrenia [28],
developmental trajectories of the substantia nigra and the ventral tegmental area are of
particular interest. Ongoing, longitudinal, multi-modality neuroimaging studies [8, 17] have
the potential to elucidate the anatomical substrates of active growth during adolescence.

4.3 Effect of scanners

We investigated a potential bias caused by the use of multiple scanners from three vendors
(GE, Philips, and Siemens). Although the Philips scanner tended to underestimate the
volume of the metencephalon in boys, it did not affect our findings.
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The cross-sectional study design adopted in this study limits the interpretation of the
findings because selection and information biases might confound the result. The ongoing,
longitudinal developmental studies [8, 17] are promising for the validation of the findings of
our study.
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Highlights
. The normative growth charts of the human embryologic brain regions were
made.
. The growth trajectories were sex-specific.
. The growth trajectories were non-linear and region-specific for both sexes.
. The most active growth was seen in the mesencephalon for both sexes.
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Telencephalon
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Metencephalon
B Myelencephalon

Figure 1:
A representative image with the color-coded regional boundaries. Web-based image

processing software, MRICloud (www.MRICloud.org), was used to parcellate each T1-
weighted image into five anatomical units that cover the whole brain: telencephalon (cyan);
diencephalon (light green); mesencephalon (pink); metencephalon (yellow); and
myelencephalon (orange). This is a fully automated method based on a diffeomorphic multi-
atlas label fusion algorithm [9, 11, 25, 39, 44], which is among the most accurate methods
for three-dimensional image parcellation.
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Figure 2:
Scattergram of raw volumes plotted against age, obtained from the five basic embryologic

regions. The two lines are the fitted curves chosen by the Akaike’s Informational Criterion.
Solid lines represent boys and dotted lines represent girls.
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Brain growth ratio of the five basic embryologic regions. The volume ratios (raw volume /
the average of all three-year-olds) were calculated separately for boys and girls. Two fitted
curves (solid line: boys, dotted lines: girls) were chosen by the Akaike’s Informational

Criterion.
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Table 1:
Scanner models, parameters, and participants
scanner Scan parameters Boys Girls
SIEMENS TR =2170 ms, TE =4.33ms, T I= 1100 ms, flip angle = 7°, matrix size = 256 x 256,
TrioTim voxel size: 1x 1x 1.2 159 3-17y) - 128 (3-17y)

TR =6.8ms, TE = 3.1 ms, Tl = 845 ms, flip angle = 8°, matrix size = 256 x 240, voxel

Philips Achieva size=1x1x1.2

GE Signa GE TR =8.1ms, TE =3.5ms, Tl =640 ms, flip angle = 8°, matrix size = 256 x 192, voxel
Discovery size: 94 x1.2x 1.2

64 (5-17y) 58 (4y, 6-17y)

111 (3-17y) 98 (3-17y)
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