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Abstract

Studying cortical hemispheric asymmetries during the dynamic early postnatal stages in
macaque monkeys (with close phylogenetic relationship to humans) would increase our
limited understanding on the possible origins, developmental trajectories, and
evolutional mechanisms of brain asymmetries in nonhuman primates, but remains a
blind spot to the community. Via cortical surface-based morphometry, we comprehen-
sively analyze hemispheric structural asymmetries in 134 longitudinal MRI scans from
birth to 20 months of age from 32 healthy macaque monkeys. We reveal that most
clusters of hemispheric asymmetries of cortical properties, such as surface area, cortical
thickness, sulcal depth, and vertex positions, expand in the first 4 months of life, and
evolve only moderately thereafter. Prominent hemispheric asymmetries are found at
the inferior frontal gyrus, precentral gyrus, posterior temporal cortex, superior temporal
gyrus (STG), superior temporal sulcus (STS), and cingulate cortex. Specifically, the left
planum temporale and left STG consistently have larger area and thicker cortices than
those on the right hemisphere, while the right STS, right cingulate cortex, and right
anterior insula are consistently deeper than the left ones, partially consistent with the
findings in human infants and adults. Our results thus provide a valuable reference in

studying early brain development and evolution.
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and vertex position (Li et al., 2013; Lyttelton et al., 2009; Thompson
et al, 1998; Van Essen, Glasser, Dierker, Harwell, & Coalson, 2011).

Nonhuman primates, especially macaque monkeys, are a highly valuable
and widely used animal model for human neuroscience studies, due to
their close phylogenetic relationship to human (Rilling, 2014). In neuro-
imaging studies of human brains, hemispheric asymmetries were found
in a set of cortical features (Dubois et al., 2010), such as sulcal depth
(Davatzikos & Bryan, 2002; Li et al., 2013; Ochiai et al., 2004; Van
Essen, 2005), surface area (Li et al., 2013; Lyttelton et al., 2009), cortical
thickness (Hamilton et al., 2007; Luders et al., 2005; Shaw et al., 2009),

Among these cortical features, cortical thickness and surface area are
important and distinct properties of cortical structures and they are
related to normal development and aging, functions, and behaviors
(Bogart et al., 2012; Scott et al., 2016). Sulcal depth is an important
measurement of cortical folding degree, which could help us better
understand cortical folds and related functions (Bogart et al., 2012).
Vertex position is the 3D coordinate of a vertex on the surface mesh
representation of the cortex, and the local relationship of cortical
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vertices reflects the shape of the cortex. The hemispheric asymmetries
(i.e., the relative offsets) of vertex position can provide important infor-
mation on cortical shape and positional asymmetries between right and
left hemispheres. Many of these asymmetries were originally presumed
to support unique human characteristics such as language and han-
dedness (Rilling, 2014). Studying the corresponding hemispheric
asymmetries of these distinct features in nonhuman primates could
increase the likelihood of identifying the antecedent conditions for
homologous lateralized functions in human (Hopkins, Misiura, Pope, &
Latash, 2015) and help us better understand the evolution of special
features in human brains (Rilling, 2014).

In fact, neuroimaging studies of nonhuman primates have shown that
certain hemispheric asymmetries found in human brains are also pre-
sent in chimpanzees (Gannon, Holloway, Broadfield, & Braun, 1998;
Hopkins et al., 2017; Lyn et al., 2011) and Old World monkeys, such as
baboons (Marie et al., 2017) and macaque monkeys (Bogart et al.,
2012). For instance, the left inferior frontal gyrus (IFG) and left planum
temporale (PT), which are involved in language production and compre-
hension skills in human (Bogart et al., 2012), have been shown larger
and deeper than those on the right hemisphere in chimpanzees and
baboons (Gannon et al., 1998; Hopkins, Marino, Rilling, & MacGregor,
1998; Lyn et al., 2011; Marie et al., 2017), similar to the findings in
human infants, old children, and adults (Glasel et al., 2011; Hill et al.,
2010; Li, Nie, Wang, et al., 2012). The right superior temporal sulcus
(STS) has been shown larger than the left STS in adult macaque mon-
keys (Bogart et al, 2012), similar to the findings in human brains
(Benkarim et al., 2017; Clouchoux et al., 2012; Dubois, 2015), where
right-deeper-than-left asymmetry in the STS has been found from later
fetal stage to adulthood (Dubois et al., 2007; Van Essen et al., 2011).

Like human brains, macaque monkey brains also exhibit dynamic
development during early postnatal years (Malkova, Heuer, & Saunders,
2006). Many hemispheric asymmetries in human brains are largely
established during perinatal stages and further evolve moderately dur-
ing postnatal brain development (Dubois et al., 2007; Glasel et al., 2011,
Li, Nie, Wang, et al., 2012; Toga & Thompson, 2015). Therefore, study-
ing hemispheric asymmetries in macaque monkeys during early postna-
tal stages would increase our very limited understanding on the possible
origins (Muntané et al., 2017), developmental trajectories, and mecha-
nisms of brain asymmetries in macaque monkeys (Scott et al., 2016), as
well as their evolutional changes from macaque to human (Hill et al.,
2010; Rilling, 2014). Moreover, this could also provide a valuable refer-
ence in the studies of many neurodevelopmental disorders that exhibit
abnormal hemispheric asymmetries, such as autism (Bauman et al.,
2013; Watson & Platt, 2012) and schizophrenia (Hamilton et al., 2007;
Lewis, 1997), especially with the increasing availability of macaque
models of neurodevelopmental disorders (Chen et al., 2017; Niu, Li, &
Ji, 2017).

However, due to difficulties in analyzing the brain MRI data of
macaque monkeys during infancy, which typically exhibits low tissue
contrast and dynamic imaging appearance as in human infants (Wang
et al, 2018), our knowledge remains scarce on the spatiotemporal
changes of hemispheric structural asymmetries in macaque brains during
early postnatal stages (Bogart et al., 2012; Gannon, Kheck, & Hof, 2008).

To fill this knowledge gap, by leveraging an infant-dedicated computa-
tional pipeline (Wang et al., 2018), we perform cortical surface-based
morphometry on longitudinal MRI data from a public rhesus macaque
neurodevelopment dataset with 134 scans from 32 macaques
(Young et al., 2007). Thus, this study provides the first comprehensive
longitudinal analysis of cortical hemispheric structural asymmetries in
macaque monkeys at seven age groups at 1, 4, 7, 10, 13, 16, and
19 months of age using multiple distinct cortical properties, for example,

cortical surface area, cortical thickness, sulcal depth, and vertex position.

2 | MATERIALS AND METHODS

2.1 | Subjects

This study was performed based on a public rhesus macaque neuro-
development dataset with 32 macaques (Macaca mulatta, 18 males;
https://www.nitrc.org/projects/uncuw_macdevmri) (Young et al.,
2007). These macaques were reared and housed at the Harlow
Primate Laboratory (HPL) at the University of Wisconsin-Madison.
Complete rearing, health histories, and pedigrees are known for all ani-
mals. Each adult was mated with single sire to ensure that the required
number of subjects was met. Only healthy infants were assigned to
this study. The older juveniles were housed in small social groups or as
a pair to provide companionship after weaning, instead of being reared
by their mothers during breast-fed stage, in order to facilitate their
normal socialization and ensure standardized rearing conditions. More

information on subjects can be found in Young et al. (2007).

2.2 | Image acquisition

Macaques were scanned by using a GE MR750 3.0 T scanner (General
Electric Medical, Milwaukee, WI) with the human 8-channel brain array
coil at the Waisman Laboratory for Brain Imaging and Behavior at the
University of Wisconsin-Madison (Young et al, 2007). T1-weighted
images were acquired using an axial inversion recovery (IR) prepared fast
gradient echo (fGRE) sequence (GE BRAVO), with parameters:
TI/TR/TE = 450/8.684/3.652 ms, FOV = 140 x 140 mm, flip angle = 12°,
acquisition matrix = 256 x 256, and voxel size = 0.55 x 0.55 x 0.8 mmS,
T2-weighted images were acquired using a sagittal 3D CUBE FSE
sequence, with parameters: TR/TE = 2500/87 ms, FOV = 154 x 154 mm,
flip angle = 90°, acquisition matrix = 256 x 256, and voxel
size = 0.6 x 0.6 x 0.6 mm?>. Each monkey has 4-5 longitudinal brain MRI
scans with the interval of 3-4 months from birth to 20 months old. To
characterize the longitudinal development of hemispheric asymmetries,
we divided all 134 scans into seven age groups with balanced subject
numbers, that is, 1 month (birth--2 months), 4 months (3-5 months),
7 months (6-8 months), 10 months (9-11 months), 13 months
(12-14 months), 16 months (15-17 months), and 19 months
(18-20 months) of age. In this way, we also ensured that no two scans
from the same monkey was included in the same age group. The number

of scans and gender information at each age group are shown in Table 1.
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TABLE 1 Number of scans and gender information at each age group
Age group (months) 1(0-2) 4 (3-5) 7 (6-8) 10 (9-11) 13 (12-14) 16 (15-17) 19 (18-20)
All (32 subjects) 12 21 24 20 22 15 20
Female (14 subjects) 4 8 10 8 8 7 9
Male (18 subjects) 8 13 14 12 14 8 11
1 month 4 months 7 months 10 months 13 months

(a) T1w images

(b) T2w images

(c) Segmentation

(d) Embedding
reconstructed
cortical surfaces
into T1w images

FIGURE 1 The segmentation results of a typical subject with five longitudinal scans from 1 month to 13 months. (a) T1w images; (b) T2w
images; (c) Tissue segmentation results; (d) Embedding reconstructed cortical surfaces into T1w images. The yellow curves indicate inner surfaces,

and the green curves indicate outer surfaces

2.3 | Image processing and cortical surface mapping

To process longitudinal brain MR images, we followed an infant-
specific computational pipeline for cortical surface-based analysis
(Wang et al., 2018). First, we rigidly aligned all T2-weighted images
onto their corresponding T1-weighted images, and resampled all
images to be isotropic with the resolution of 0.55 x 0.55 x 0.55 mm?®.
Then, we removed skull, brain stem, and cerebellum. To handle the
issue of low tissue contrast appeared in MR images of early postnatal
stages, we applied an infant-dedicated learning-based method,
coupled with longitudinal guidance (Wang et al., 2013, 2014, 2015),

to segment the macaque images into different brain tissues, that is,

white matter (WM), gray matter (GM), and cerebrospinal fluid (CSF).
We showed the Tlw, T2w, and tissue-segmented images from one
representative subject with five longitudinal scans from 1 to
13 months in Figure 1. Next, we masked and filled noncortical struc-
tures, and separated the left and right hemispheres.

After the above-mentioned steps, for each hemisphere, we
corrected topological errors on the inner cortical surface (i.e., white mat-
ter surface) using a learning-based method (Sun et al., 2018). Then, we
reconstructed inner, central, and outer cortical surfaces by using a
topology-preserving deformable surface method (Li, Nie, Wu, et al,,
2012; Li et al, 2014; Nie et al, 2011). At each vertex on the

reconstructed cortical surfaces, we computed multiple cortical
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morphological features, for example, cortical thickness and sulcal depth.
Specifically, the cortical thickness of each vertex was computed as the
minimum distance between the inner and outer surfaces (Li, Lin,
Gilmore, & Shen, 2015). The sulcal depth of each vertex was defined as
its distance to the nearest corresponding vertex on the cerebral hull sur-
face, which is a surface running along the margins of gyri without dip-
ping into sulci (Li et al, 2013; Van Essen, 2005). Since the central
surface provided a more balanced representation of gyral and sulcal
regions (Hill, Dierker, et al., 2010; Li et al., 2013; Van Essen, 2005), we
computed the sulcal depth on the central surface in this study. Finally,
in order to perform asymmetry analysis between left and right hemi-
spheres, we mirror-flipped the cortical surfaces of right hemisphere to
the corresponding left hemisphere along the midsagittal plane, as in
human hemispheric asymmetry studies (Li et al., 2013). Next, to perform
spherical cortical surface registration, we mapped all cortical surfaces of
the left and mirror-flipped right hemispheres onto a spherical space
(Fischl, Sereno, & Dale, 1999).

To study longitudinal hemispheric asymmetries, we need to estab-
lish both longitudinal (intrasubject) and cross-sectional (intersubject)
vertex-to-vertex cortical correspondences. We first established longi-
tudinal cortical correspondences for each subject by unbiased group-
wise registration of all longitudinal spherical surfaces, including both
the left and mirror-flipped right hemispheres, and then accordingly
generated the intrasubject mean cortical folding map using spherical
demons (Yeo et al., 2010), as in (Li, Wang, et al., 2015; Wang et al.,
2018). For establishing cross-sectional cortical correspondences, we
further group-wisely aligned the intrasubject mean cortical folding
maps of all subjects and then generated the group-mean cortical fold-
ing maps accordingly. Next, based on the two-step registration results,
at each age, we resampled the left and mirror-flipped right cortical
surfaces along with their cortical thickness and sulcal depth maps of
each subject to a standard-mesh tessellation with 163,842 vertices,
thus establishing both inter- and intrasubject left-right vertex-to-
vertex cortical correspondences across all subjects and ages (Li, Wang,
et al,, 2015). Finally, for each vertex on each surface, we also com-
puted its surface area based on the resampled central surface (Li, Lin,
et al., 2015; Li, Wang, et al., 2015). Herein, the vertex-wise surface
area was computed as one-third the sum of the areas of all triangles
associated with this vertex (Li, Nie, Wu, et al., 2012). For each vertex
in the resampled cortical surface, its vertex position is represented by
its 3D coordinate, for studying positional asymmetries between right
and left hemispheres. For each vertex, its asymmetry index (Al) of
each cortical property (e.g., cortical thickness, surface area, and sulcal
depth) was computed as Al = (left — right)/[0.5(left + right)] (Li, Lin,
et al., 2015). Herein, a positive Al indicates leftward hemispheric
asymmetry (with the left side thicker/larger/deeper than the right

side), and a negative Al indicates rightward hemispheric asymmetry.

2.4 | Testing significance of hemispheric
asymmetries

In each age group, to identify the vertex-wise hemispheric asymmetries

of the surface area, cortical thickness, sulcal depth, and the three-

dimensional (3D) vertex positions, for each feature, left and right hemi-
spheres were paired and statistically compared. Here, we adopted
SurfStat (Chung, Worsley, Nacewicz, Dalton, & Davidson, 2010), a tool-
box developed for statistical analysis of cortical surface data based on
random field theory (Worsley et al., 2009), which has been used for the
mapping of hemispheric structural asymmetries of human brains
(Li et al, 2013; Lyttelton et al., 2009). Multiple comparisons were
corrected by a random field theory-based cluster analysis (Worsley
et al., 2004), using p < .05 (two-tailed) cluster-significance threshold.

3 | RESULTS

3.1 | Surface area asymmetries during early brain
development

Figure 2a-c shows cortical surface area asymmetries between the left
and right hemispheres at 1, 4, 7, 10, 13, 16, and 19 months of age for
both lateral and medial views. All results are shown on the age-matched
average central cortical surfaces of left hemispheres. On both lateral
and medial surfaces, the overall patterns of left-larger-than-right (red
color) and right-larger-than-left (blue color) are relatively consistent
across all age groups. Leftward asymmetries are most prominent in the
temporal and occipital cortices, while rightward asymmetries are most
prominent in the frontal and parietal cortices. Figure 2a shows the Al
values of surface area, Figure 2b shows the t-statistic maps, and
Figure 2c shows clusters that pass significance testing (p < .05) after
correction for multiple comparisons. Table 2 provides the average Al
values of surface area for the 10 major clusters of asymmetries in
Figure 2c in all subjects at 1, 4, 7, 10, 13, 16, and 19 months of age.

The clusters of leftward and rightward asymmetries expand
remarkably from 1 to 4 months, and then keep relatively stable. Spe-
cifically, on the lateral surface, several significant clusters of
asymmetries are consistently identified from 1 to 19 months, includ-
ing leftward asymmetries in the ventral occipital cortex, anterior
IFG, posterior insula, posterior middle STS, as well as rightward
asymmetries in the dorsal precentral gyrus, anterior middle STS, ante-
rior occipital cortex, and angular gyrus. From 1 to 19 months, the clus-
ters of rightward asymmetries in the anterior middle STS, anterior
occipital cortex, and angular gyrus gradually expand to include larger
areas. Two portions in the middle and posterior superior temporal
gyrus (STG) show no asymmetry at 1 month, but with leftward
asymmetries from 4 to 19 months. Two clusters at the inferior and
superior postcentral gyri show rightward asymmetries from 1 month
to 16 months, but disappear at 19 months. A small region in the infe-
rior precentral gyrus shows rightward asymmetry from 4 months, and
gradually enlarges to include larger areas and parts of the inferior
arcuate sulcus and IFG from 7 to 19 months.

On the medial surface, several significant clusters are consistently
identified from 1 to 19 months, including the rightward asymmetries
around the cingulate cortex, temporal pole, and a portion in the medial
occipital cortex. A portion in the precuneus cortex shows leftward asym-
metry at 1 month, but gradually shrinks and then disappears at 7 months.
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Surface area

1 month 4 months 7 months

(N=12) (N=21) (N=24)

(a)
Asymmetry
index

(b)

t-map

(c)
Significant
clusters

Cortical thickness

1 month 4 months 7 months

(N=12) (N=21) (N=24)

(d)
Asymmetry
index

t-map

()
Significant
clusters

10 months
(N=20) (N=22) (N=15) (N=20)

10 months
(N=20) (N=22) (N=15) (N=20)

13 months 16 months 19 months

OR>L ®L>R

13 months 16 months 19 months

N

OR>L ®L>R

FIGURE 2 Hemispheric asymmetries of surface area and cortical thickness. (a) and (d): asymmetry index (Al) maps of surface area and cortical
thickness, respectively. (b) and (e): Paired t-maps of left-right values of the surface area and cortical thickness, respectively. (c) and (f): Significant
clusters of hemispheric asymmetries of surface area (p < .05) and cortical thickness (p < .05) after correction for multiple comparisons, respectively.

Blue clusters indicate rightward asymmetries and red clusters indicate leftward asymmetries

3.2 | Cortical thickness asymmetries during early
brain development

The cortical thickness asymmetries between left and right hemispheres at
1,4,7,10, 13, 16, and 19 months of age for both lateral and medial views
are shown in Figure 2d-f. All results are shown on the age-matched aver-
age central cortical surfaces of left hemispheres. On both lateral and
medial surfaces, unlike surface area, most regions present left-thicker-
than-right (red color) asymmetries, especially prominent in the dorsal fron-
tal cortex, parietal cortex, anterior occipital cortex and superior temporal
cortex. Figure 2d shows the Al values of cortical thickness, Figure 2e
shows the t-statistic maps, and Figure 2f shows clusters that pass signifi-
cance testing (p < .05) after correction for multiple comparisons.

Overall, the clusters of leftward asymmetries enlarge remarkably from
1 to 7 months, and then keep relatively stable until to 19 months.

Specifically, on the lateral surface, several significant clusters of
asymmetries are consistently identified, including the postcentral gyrus,
anterior occipital cortex, and posterior STG. The clusters of leftward
asymmetries in the postcentral gyrus and anterior occipital cortex are rel-
atively small at 1 month, and gradually expand from 4 to 19 months. A
large portion in the STG exhibits leftward asymmetry at 7 months, and
gradually expands to include the PT from 10 to 19 months. A small por-
tion in the precentral gyrus exhibits leftward asymmetry at 4 months and
gradually expands to include the arcuate sulcus from 7 to 19 months. An
anterior portion in the STS shows leftward asymmetry from 7 to
19 months.

On the medial surface, two significant clusters of leftward
asymmetries are consistently identified from 1 to 19 months, including

the medial temporal cortex and posterior cingulate sulcus. A portion in
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TABLE 2 The asymmetry index (Al) values of surface area of major significant clusters from 1 to 19 months

Significant clusters 1 month 4 months 7 months 10 months 13 months 16 months 19 months

(1) Ventral occipital cortex 0.089 0.071 0.061 0.065 0.063 0.062 0.059

(2) Inferior frontal gyrus 0.054 0.045 0.042 0.042 0.042 0.044 0.036

(3) Posterior insula and posterior 0.080 0.045 0.052 0.053 0.050 0.062 0.053

superior temporal gyrus

(4) Anterior occipital cortex and angular gyrus -0.051 -0.034 -0.051 —0.045 -0.047 -0.047 —0.055

(5) Anterior middle superior temporal sulcus -0.058 -0.047 -0.048 -0.042 -0.042 —-0.052 -0.050

(6) Dorsal precentral gyrus -0.068 -0.075 —-0.035 -0.044 -0.043 -0.056 -0.036

(7) Temporal pole —-0.082 -0.061 -0.051 -0.057 —-0.057 —-0.048 -0.061

(8) Cingulate cortex —0.086 —-0.075 -0.076 —0.086 —-0.090 —0.085 -0.071

(9) Inferior occipital gyrus -0.059 —0.048 -0.052 —0.045 —-0.056 —0.048 —0.045

(10) Inferior precentral gyrus - -0.034 -0.033 -0.037 -0.032 -0.039 —-0.040

the medial orbitofrontal cortex shows leftward asymmetry at 4 months,
yet gradually shrinks and finally disappears at 19 months.

3.3 | Sulcal depth asymmetries during early brain
development

The sulcal depth asymmetries between left and right hemispheres at
1, 4, 7, 10, 13, 16, and 19 months of age for both lateral and medial
views are shown in Figure 3a-c. To inspect deep sulcal regions more
clearly, all results are shown on the age-matched average inner corti-
cal surfaces of left hemispheres. On both lateral and medial surfaces,
the patterns of left-deeper-than-right (red color) and right-deeper-
than-left (blue color) are largely consistent from 4 to 19 months. Left-
deeper-than-right asymmetries are most prominent in the principal
sulcus and inferior temporal gyrus, while rightward asymmetries are
most prominent in the inferior precentral gyrus, insula, STS, and cingu-
late cortex. Figure 3a shows the Al values of sulcal depth, Figure 3b
shows the t-statistic maps, and Figure 3c shows clusters that pass sig-
nificance testing (p < .05) after correction for multiple comparisons.
Table 3 provides the average Al values of sulcal depth for the major
clusters of asymmetries at different age groups.

Most clusters of rightward and leftward asymmetries appear at
4 months, except the cluster of rightward asymmetries at the anterior
cingulate cortex (ACC) that appears at 1 month. The clusters of right-
ward asymmetries expand remarkably from 4 to 7 months, and then
keep relatively stable until to 19 months. Oppositely, the clusters of
leftward asymmetries shrink remarkably from 4 to 7 months, and
finally disappear at 19 months. Specifically, on the lateral surface,
there is no significant cluster at 1 month. Several significant clusters
of asymmetries are consistently identified from 4 to 19 months,
including right-deeper-than-left asymmetries in the anterior and pos-
terior insula, anterior and posterior STS, and inferior precentral gyrus.
The clusters of left-deeper-than-right in the principal sulcus and pos-
terior inferior temporal gyrus gradually shrink from 4 to 16 months,
and finally disappear at 19 months. The cluster of right-deeper-than-
left asymmetry in the inferior precentral gyrus gradually expands from

4 to 13 months, and remains stable from 16 to 19 months. The

clusters of right-deeper-than-left asymmetries in the anterior insula
and posterior STS gradually expand to include more regions from 4 to
7 months, and remain stable from 10 to 19 months. A large portion at
the dorsal arcuate sulcus shows right-deeper-than-left asymmetry
from 16 to 19 months. Two small portions at the intraparietal sulcus
exhibit right-deeper-than-left asymmetries at 10 and 13 months, and
further expand from 16 to 19 months.

On the medial surface, only the right-deeper-than-left asymmetry
in ACC is consistently identified from 1 to 19 months. A large portion
at the cuneus exhibits right-deeper-than-left asymmetry at 4 months.
However, this cluster shrinks to a smaller cluster at 7 months and dis-

appears at 10 months.

3.4 | Cortical vertex position asymmetries during
early brain development

Figure 3d-g shows the cortical vertex position asymmetries between
left and mirror-flipped right hemispheres at 1, 4, 7, 10, 13, 16, and
19 months of age for both lateral and medial views. Specifically,
Figure 3d, e show the average cortical surfaces of left and mirror-
flipped right hemispheres, respectively, color-coded by the magnitude
of the deformation between their respective average cortical surfaces.
The average cortical surface of each hemisphere at each age was gener-
ated by averaging the 3D positions of corresponding vertices of all mid-
dle cortical surfaces of the hemisphere. The major cortical folding
patterns are strikingly similar between left and right hemispheres.
Figure 3f shows clusters that pass significance testing of 3D vertex
position asymmetry (p < .05) after correction for multiple comparisons.
The arrows in Figure 3f indicate the deformation field from the average
cortical surface of the left hemisphere to the average cortical surface of
the mirror-flipped right hemisphere.

Overall, the asymmetric clusters expand remarkably from 1 to
4 months, and then keep relatively stable thereafter. Specifically, on the
lateral surface, the STG is consistently identified as a region with signifi-
cant asymmetries at all ages from 1 to 19 months. As shown in the
enlarged cropped regions of the anterior STG in Figure 3g, the clusters

at the left anterior and posterior STG are found to be located more
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Sulcal depth
1 month 4 months 7 months 10 months 13 months 16 months 19 months
(N=12) (N=21) (N=24) (N=20) (N=22) (N=15) (N=20)

(a)
Asymmetry
index

(c)
Significant
clusters

Vertex position OR>L ®L>R
1 month 4 months 7 months 10 months 13 months 16 months 19 months
(N=12) (N=21) (N=24) (N=20) (N=22) (N=15) (N=20)

(d)
Left

hemisphere

hemisphere

)
Significant
clusters

FIGURE 3 Hemispheric asymmetries of sulcal depth and vertex position of the cortex. (a) Maps of asymmetry index (Al) of sulcal depth.

(b) Paired t-maps of left-right values of sulcal depth. (c) Significant clusters of hemispheric asymmetries of sulcal depth (p < .05) after correction for
multiple comparisons. Blue clusters indicate rightward asymmetries and red clusters indicate leftward asymmetries. (d) and (e) Magnitude maps of the
deformation from the left hemispheres to the mirror-flipped right hemispheres, shown on the age-matched, left and mirror-flipped right average
central surfaces, respectively. (f) Significant clusters of hemispheric asymmetries of 3D vertex positions between left and mirror-flipped right
hemispheres (p < .05) after correction for multiple comparisons, and the 3D deformation vectors from left to mirror-flipped right cortical surfaces

TABLE 3 The asymmetry index (Al) values of sulcal depth of major significant clusters from 1 to 19 months

Significant clusters 1 month 4 months 7 months 10 months 13 months 16 months 19 months
(1) Anterior insula - —0.084 —-0.565 —-0.036 —-0.064 —-0.029 —-0.023
(2) Posterior superior temporal sulcus - —0.043 -0.077 —0.060 —0.068 —0.069 -0.072
(3) Posterior insula - —0.029 -0.172 -0.024 -0.046 —-0.043 —-0.047
(4) Anterior superior temporal sulcus - -0.043 —0.043 —0.045 -0.039 -0.092 —0.050
(5) Inferior precentral gyrus - -0.067 -0.089 -0.077 -0.080 -0.051 -0.054

(6) Anterior cingulate cortex -0.226 -0.197 -0.041 -0.195 -0.163 -0.204 -0.161
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anterior, compared to the right ones from 4 to 19 months. A region in
the left ventral occipital cortex is also found to be located more anterior,
when compared to the right ventral occipital cortex at 4 months. This
asymmetry disappears at 7 months, but reappears at 10 months and
gradually expands from 16 to 19 months. On the medial surface, promi-
nent asymmetries are observed around the ACC from 16 and
19 months. The cluster in the left ACC is found to be located more pos-
terior, compared to the right one from 4 to 19 months.

4 | DISCUSSION

For the first time, we comprehensively analyzed the hemispheric
structural asymmetries of healthy macaque monkeys from birth to
19 months using cortical surface-based morphometry. Overall, most
asymmetric clusters on the surface area, cortical thickness, sulcal
depth, and vertex positions are present in the first 4 months and are
relatively consistent from 4 to 19 months. Importantly, each cortical
property exhibits distinct asymmetric patterns, evolving with the age.
Specifically, the clusters of leftward and rightward asymmetries of
surface area expand remarkably from 1 to 4 months, and then
keep relatively stable. Cortical thickness only exhibits leftward
asymmetries, and the clusters expand remarkably from 1 to 7 months
and then keep relatively stable until to 19 months. Most clusters of
leftward and rightward asymmetries of sulcal depth appear at
4 months, dissimilar with studies in human that many cortical hemi-
spheric asymmetries of sulcal depth arise in the later fetal stage
(Habas et al., 2011; Li et al., 2013) and are present obviously at birth.
Moreover, in our results, the clusters of rightward asymmetries of sul-
cal depth expand remarkably from 4 to 7 months, and remain stable
until 19 months, while the clusters of leftward asymmetries of sulcal
depth shrink considerably from 4 to 16 months and finally disappear
at 19 months. The asymmetric clusters of vertex position expand
remarkably from 1 to 4 months, and then keep relatively stable.

For the cortical surface area, leftward asymmetries are consis-
tently found around the STG, IFG, and posterior insula, whereas right-
ward asymmetries are consistently found around the middle STS and
temporal pole from 1 to 19 months, largely consistent with the studies
in both adult nonhuman primates (e.g., macaque monkeys, baboons,
and chimpanzees) and human. In nonhuman studies, a similar right-
ward asymmetry of surface area at STS has been found in adult
macaque monkeys (Bogart et al., 2012); however, this rightward
asymmetry is scarce in studies of baboons and chimpanzees. Similar
leftward asymmetries of surface area at the PT, which is located at
the posterior STG, and the Broca's area, which is located at the poste-
rior IFG, are reported in adult baboons (Cantalupo & Hopkins, 2001;
Marie et al., 2017) and adult chimpanzees (Bogart et al., 2012; Can-
talupo & Hopkins, 2001; Hopkins & Nir, 2010; Lyn et al., 2011). In our
results, two clusters at the inferior and superior postcentral gyrus
show rightward asymmetries from 1 to 16 months, in line with the
findings that rightward asymmetry of surface area at the inferior post-
central gyrus in adult chimpanzees (Bogart et al., 2012; Gilissen &

Hopkins, 2012). In human infant studies, a similar rightward

asymmetry of surface area at the temporal pole has been found in
(Li et al., 2013). Moreover, similar leftward asymmetries of surface
area at STG and posterior insula, as well as rightward asymmetries of
surface area at STS, have been reported from the later fetal stage to
adulthood (Dubois et al., 2010; Habas et al., 2011; Li et al., 2013; Van
Essen et al, 2011). Our findings thus suggest that leftward
asymmetries in the STG and posterior insula and rightward
asymmetries in the STS and temporal pole might not be human-
specific.

For the cortical thickness, most leftward asymmetries are found in
the dorsal frontal cortex, parietal cortex, anterior occipital cortex, and
superior temporal cortex. Existing studies on the hemispheric
asymmetries of cortical thickness in macaque monkeys are scarce. In a
recent study, leftward asymmetries of cortical volume have been found
in the frontal and parietal cortices in macaque monkeys from 1 week to
52 months (Scott et al., 2016), which might be associated with their
leftward asymmetries of cortical thickness revealed in our results. Our
results also show leftward asymmetries at the medial temporal cortex
and posterior cingulate cortex from 1 to 19 months, in line with the
findings in human infants from birth to 2 years of age (Li, Lin, et al.,
2015). In addition, in our results, the leftward asymmetry of cortical
thickness shown in the precentral gyrus is largely consistent with the
studies in human infants which show thicker cortex at the left
precentral gyrus than the right one (Li, Lin, et al., 2015). These results
suggest that macaque monkeys also exhibit hemispheric asymmetries
of cortical thickness, although their spatiotemporal patterns are differ-
ent from those of human.

The PT, a cerebral region making up the superior surface of the pos-
terior STG to the parietal lobe (Clark, Boutros, & Mendez, 2007), is con-
sidered as one of the functional epicenters of the language network,
because it is in part overlapping with Wernicke's area (Mesulam, 1998)
and contains auditory association cortex (Galaburda, Sanides, &
Geschwind, 1978). Although in previous studies leftward asymmetries
of cortical volume and surface area at PT have been found in chimpan-
zees (Bogart et al., 2012; Hopkins & Nir, 2010), baboons (Kochunov
et al,, 2010; Lyn et al., 2011; Marie et al., 2017), and human (Li et al.,
2013; Lyttelton et al., 2009), these asymmetries have never been
reported in neuroimaging studies of macaque monkeys. For the first
time, we revealed left-thicker-than-right asymmetries at PT in macaque
monkeys from 1 to 19 months, thus confirming the findings at the cellu-
lar level, which reported a leftward volumetric asymmetry in the
cytoarchitecture at PT in macaque monkeys (Gannon et al., 2008).
However, having leftward PT asymmetries of cortical thickness does
not make the macaque monkeys to have a language-ready brain,
despite their intentional gestural communicatory system (Fitch, de Boer,
Mathur, & Ghazanfar, 2016). In fact, the hypothesis of a lack of neural
circuitry enabling language and sophisticated vocal control in monkeys
has recently been highlighted (Fitch et al., 2016), showing that anatomi-
cal constraints of the vocal apparatus might not be enough to support
monkeys to produce vowels.

For the sulcal depth, the cluster of left-deeper-than-right asymme-
try is found at the posterior inferior temporal gyrus from 1 to

16 months, similar to the findings in adult chimpanzees (Bogart et al.,
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2012). For the first time, we find the cluster of right-deeper-than-left at
the posterior insula cortex gradually expands from 4 to 7 months and
remains stable from 10 to 19 months. This result is in line with that in
human infant studies, which have reported right-deeper-than-left
asymmetries at the posterior insula at birth, 1 year, and 2 years of age
(Li et al., 2013). Moreover, the cluster of right-deeper-than-left in the
STS expands substantially from 4 to 7 months, and remains stable from
10 to 19 months, generally consistent with the studies in human
fetuses (Habas et al., 2011), infants (Li et al., 2013), and adults (Hill,
Dierker, et al., 2010), which have reported the right-deeper-than-left
asymmetry in the STS.

The prominent asymmetries of cortical vertex positions in
macaque monkeys are consistently observed around the STG and
anterior occipital cortex, with the left STG being more anterior to the
right STG. However, these findings are dissimilar with the findings in
human infants (Glasel et al.,, 2011; Li et al., 2013) and adults (Van
Essen et al., 2011), in which the left STG is found to be located more
posterior, compared to the right one. In our results, the magnitudes of
the asymmetries increase from 1 to 19 months of age, due to the
remarkable brain development, which are similar with the findings in
human infants from O to 2 years of age (Li et al., 2013).

In our results, the asymmetric clusters of the surface area and cor-
tical thickness show totally different patterns at all-time points from
1 to 19 months, which are largely consistent with the findings in
human infants (Li et al., 2013; Li, Lin, et al., 2015). Specifically, the
asymmetric clusters of the surface area appear around the prefrontal,
anterior temporal, posterior occipital, and cingulate cortices, while the
asymmetric clusters of the cortical thickness appear around the post-
central gyrus, posterior temporal, parietal and anterior occipital corti-
ces. Although both the surface area and cortical thickness show
asymmetries around the central sulcus, the surface area exhibits right-
ward asymmetries, while the cortical thickness shows leftward
asymmetries. Many studies have indicated that cortical thickness and
surface area have distinct genetic underpinnings and cellular mecha-
nisms (Panizzon et al, 2009). Meanwhile, several studies further
suggested that perinatal environment has different influences on the
development of surface area and cortical thickness (Lyall et al., 2014).
Therefore, the distinct genetic underpinnings, cellular mechanisms,
and environmental factors might jointly contribute to the differential
developmental patterns of surface area and cortical thickness during
infancy, thus leading to the different hemispheric asymmetries of
these two distinct features in our study.

The asymmetries in the sulcal depth reflect uneven deepening of
sulci on the left and right hemispheres (Bogart et al., 2012). It has shown
three overlapped clusters with the asymmetries in surface area, includ-
ing the rightward asymmetries at the inferior precentral gyrus (Cluster
10 in surface area and Cluster 5 in sulcal depth), anterior STS (Cluster
5 in surface area and Cluster 4 in sulcal depth) and ACC (Cluster 8 in
surface area and Cluster 6 in sulcal depth). One reason for these similar
hemispheric asymmetric clusters of the sulcal depth and surface area is
that the uneven deepening of sulci is usually accompanied by uneven
expansion of surface area. However, as uneven widening or lengthening

of sulci or gyri would also result in the expansion of surface area (Xia,

Wang, et al., 2018), there are still many different asymmetric clusters
between these two features. The hemispheric asymmetries of vertex
positions can provide important information on cortical shape
asymmetries between right and left hemispheres. Different from those
of other three measures, the asymmetric clusters of vertex position are

mainly located around the anterior STG.

5 | LIMITATIONS

Although our studies systemically provided the normal cortical hemi-
spheric structural asymmetries from 1 to 19 months of age using
surface area, cortical thickness, sulcal depth, and vertex position, there
still are some limitations to state. First, the large intersubject variability
among monkeys in different age groups might influence our
asymmetries results. Due to the accelerated longitudinal design of this
study, each subject was scanned 4-5 times with different starting age,
making the numbers of subjects at different time points unbalanced,
and the 1-month-group has the least number of subjects. We also noted
that the cortices of macaque monkeys develop more rapidly during the
first few months of life (Malkova et al., 2006; Scott et al., 2016). These
factors might lead to larger intersubject variability among monkeys in
the 1-month-group, compared to those in later months, which might
have some influences on the estimated hemispheric asymmetries. To
investigate these influences, we have also controlled the sample size
across the first two age groups, and compared the updated results with
our original results, and added these results in Table S1, Figure S1, and
Figure S2. We found that the overall changing patterns of asymmetric
regions remain largely similar, although there exist slight changes related
to subject numbers. Second, during the early stage of life in both
humans and macaques, the subcortical structures also develop rapidly
and play critical roles in brain functions and behaviors, as the majority
of cortical structures are immature (Gilmore et al., 2011; Scott et al,
2016). Specifically, in the human brain, the total volume of subcortical
structures increases at a rate between 104 and 107% in the first post-
natal year (Gilmore et al., 2011). In the macaque brain, the total volume
of subcortical structures also increases rapidly during the first year of
life (Scott et al., 2016). Moreover, the development of subcortical struc-
tures in macaque monkeys is closely related to the formation and matu-
ration of motor and auditory functions (Bruni et al., 2018; Scott et al.,
2016). Therefore, it is also of great importance to study the develop-
ment and asymmetries of subcortical structures during infancy in our

future work.

6 | CONCLUSION

By leveraging an infant-dedicated pipeline for cortical surface-based
morphometry, we have systemically characterized the normal cortical
hemispheric structural asymmetries at 1, 4, 7, 10, 13, 16, and 19 months
of age using multiple distinct cortical properties, for example, cortical
surface area, cortical thickness, sulcal depth, and vertex position, in
macaque monkeys. This is the first comprehensive study of longitudinal

developmental trajectories of cortical hemispheric asymmetries in the
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early stage of life of macaque monkeys. Our findings suggest that the
leftward areal asymmetries of the STG and IFG, leftward thickness
asymmetries of the medial temporal cortex, precentral, and posterior
cingulate cortex, and also the rightward depth asymmetries of the STS
are not human-specific, since they are all present in our macaque stud-
ies. Our study provides important new insights into early brain develop-
ment and evolution, although the biological mechanisms of our
identified hemispheric asymmetries are still unclear.
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