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ORIGINAL ARTICLE
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Abstract

The typical developmental trajectory of brain structure among nonhuman primates (NHPs) remains poorly understood. In
this study, we characterized the normative trajectory of developmental change among a cohort of rhesus monkeys (n=28),
ranging in age from 2 to 22 months, using structural MRI datasets that were longitudinally acquired every 3-4 months. We
hypothesized that NHP-specific transient intracranial volume decreases reported during late infancy would be part of the
typical developmental process, which is driven by volumetric contraction of gray matter in primary functional areas. To this
end, we performed multiscale analyses from the whole brain to voxel level, characterizing regional heterogeneity,
hemispheric asymmetry, and sexual dimorphism in developmental patterns. The longitudinal trajectory of brain
development was explained by three different regional volumetric growth patterns (exponentially decreasing, undulating,
and linearly increasing), which resulted in developmental brain volume curves with transient brain volumetric decreases.
White matter (WM) fractional anisotropy increased with age, corresponding to WM volume increases, while mean
diffusivity (MD) showed biphasic patterns. The longitudinal trajectory of brain development in young rhesus monkeys
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follows typical maturation patterns seen in humans, but regional volumetric and MD changes are more dynamic in rhesus
monkeys compared with humans, with marked decreases followed by “rebound-like” increases.

Key words: diffusion tensor imaging, magnetic resonance imaging, neurodevelopment, primates, rhesus macaque,

tensor-based morphometry

Introduction

Mapping the nonhuman primate (NHP) brain with longitudinally
acquired structural magnetic resonance imaging (MRI) can pro-
vide valuable translational scientific insights into pathological
changes in human brain development. Rhesus macaques have
a lifespan of about 25 years, and their developmental stages
are 3-4 times faster than humans (Scott et al. 2016). Because
rhesus macaques have neuroanatomy, social skills, and psy-
chological characteristics similar to humans, they have been
widely used in MRI studies to infer normal human brain devel-
opment (Malkova et al. 2006; Payne et al. 2010; Shi et al. 2013;
Scott et al. 2016; Meng et al. 2017), as well as developmental
disorders (Braunschweig and Van de Water 2012; Bauman et al.
2013). In particular, NHP models are useful to investigate the
effects of drug exposure and maternal environments on brain
structural changes associated with development. For example,
chronic alcohol drinking among NHPs at younger ages is related
to greater magnitude gray matter (GM) volumetric decreases
as adults (Kroenke et al. 2014). Maternal influenza infection
during gestation (considered a prenatal risk of schizophrenia)
was associated with abnormally smaller cortical GM volume and
white matter (WM) volumes in cingulate and parietal areas at
approximately 1 year of age (Short et al. 2010). The intake of a
dissociative drug (phencyclidine) during late infancy in rhesus
monkeys was associated with increased WM maturation and
volume compared with normal controls (Liu et al. 2015). Addi-
tionally, the effects of immunoglobulin G-class antibody in an
autism spectrum disorder model were evaluated by longitudinal
MRI, demonstrating WM enlargement in frontal lobes for 2 years
after birth (Bauman et al. 2013). To reliably interpret structural
brain tissue volumetric changes measured via longitudinally
acquired MRI, and to decide whether these structural changes
are drug-/disease-specific, a detailed understanding of the typi-
cal brain developmental trajectory of rhesus macaques based on
longitudinal MRI is necessary, with a shorter interscan interval
and longer study period.

Prior longitudinal MRI studies of rhesus monkey brain
development have demonstrated relatively rapid volumetric
increases over the first several months after birth, followed
by stabilized growth patterns after infancy characterized by
quadratic (Knickmeyer et al. 2010) or cubic (Payne et al. 2010; Liu
et al. 2015) curves. However, other recent longitudinal studies in
NHPs (Malkova et al. 2006; Scott et al. 2016) have reported that
intracranial volume (ICV) decreases slightly during late infancy
(months 6-10), driven primarily by volumetric contractions of
the occipital and parietal lobes, followed by an apparent rebound
in ICV up to 3 years of age. These changes were interpreted by
the investigators as possible growth or plateau periods based on
interactions between earlier GM maturation and continued WM
growth. However, it is critical to elucidate the mechanisms of
these somewhat unexpected NHP brain volumetric decreases in
late infancy to avoid misinterpretation of imaging biomarkers
derived from NHP studies.

Although previous studies have provided valuable insights
into dynamic brain growth patterns among NHPs, these dynamic

volumetric changes were described only in the whole brain or
within large regions of interest (ROIs). Less is known, however,
about potential local structural mechanisms that may be driving
these intracranial developmental volumetric changes in rhesus
monkeys. For example, how WM microstructure changes dur-
ing this period of relatively rapid brain development remains
unclear due to the lack of diffusion tensor imaging (DTI) data.
Although recent investigations have studied brain developmen-
tal trajectory using longitudinal MRI and DTI (Liu et al. 2015;
Meng et al. 2017), the small number of normal NHPs and rela-
tively sparse scan intervals limited the characterization of brain
developmental trajectory.

To distinguish abnormal from normal brain development,
patterns of brain growth can be measured at different observa-
tion scales based on longitudinal multimodal MRI data. Thus,
in this study, we characterize the normative trajectory of devel-
opmental change in a publicly available dataset of rhesus mon-
keys from late infancy to juvenile stages (months 2-22), using
longitudinal structural MRI and DTI repetitively acquired every
3-4 months. We hypothesized that NHP-specific transient ICV
decreases reported during late infancy would be part of the
typical developmental process, which is driven by volumetric
contraction of GM in primary functional areas. We analyzed lon-
gitudinal volumetric changes of different brain regions and their
effects on overall global volumetric change, using a multiscale
analysis from the whole brain to voxel-wise level. In addition,
we analyzed the relationships between WM volumetric change
and DTI metrics, including fractional anisotropy (FA) and mean
diffusivity (MD).

Materials and Methods
MRI Dataset

Longitudinal brain MRI datasets (T1-weighted [Tiw], Ts-
weighted [T,w], and diffusion-weighted images) acquired
from a cohort of normally developing rhesus monkeys were
downloaded from a publicly available database (UNC-Wisconsin
Neurodevelopmental Rhesus Data at https://data.kitware.com).
All infants were born between June 2011 and August 2013
and reared naturally by their mothers until weaning, which
occurred at 6-7 months of age. Eight monkeys from the total
of 36 were included in the cohort within 30 days after birth
(also scanned between 2 and 22 months of age). Afterward,
the older juveniles were housed in small social groups or as
a pair to provide companionship. This rearing and housing
strategy was designed to facilitate their normal socialization
and to ensure standardized rearing conditions. This longitudinal
primate database was created by the Harlow Primate Lab at the
University of Wisconsin-Madison and the Neuro Image Research
and Analysis Laboratories (NIRAL) at UNC-Chapel Hill (Styner
et al. 2007; Young et al. 2017). All NHPs were members of a large
500+ monkey-breeding colony, with known history extending
back 5 generations and over 25 years.

All NHPs were scanned longitudinally every 3-4 months on
a GE Signa 3-T scanner (General Electric Medical Systems) in


https://data.kitware.com

the Waisman Center at University of Wisconsin-Madison. T1w
images were acquired using a high-resolution axial 3D IR-SPGR
sequence (time repetition [TR] =8.6 ms, time echo [TE]=2.0 ms,
field of view [FOV]=14 cm, flip angle=10°, matrix=512 x 512,
voxel size=0.27 mm, slice thickness=1 mm, slice gap=0.5 mm,
bandwidth=15.63 kHz) with an effective voxel resolution
of 0.27 x0.27 x 1.5 mm?. A spin-echo sequence was used to
acquire Tow images (TR=12000 ms, TE=90 ms, FOV=14 cm,
flip angle=90°, matrix=512 x 512, voxel size=0.27 mm, slice
thickness=1.5 mm, slice gap=0 mm, bandwidth=31.25 kHz).
Diffusion-weighted images (DWIs) were acquired using an echo-
planar imaging (EPI) sequence (0.55 x 0.55 x 2.5 mm?) with 120
diffusion encoding directions at b=1000 s/mm? and a single
base image at b=0. The in-plane resolution was upsampled in
k-space by a factor of 2 on the scanner.

Ketamine hydrochloride (10 mg/kg intramuscular [IM]), fol-
lowed by medetomidine (50 pg/kg IM) was used for immobi-
lization during scanning. All monkeys were oriented identically
within a stereotaxic platform; situated within the human eight-
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channel brain array coil. Similar head positions were verified in
the sagittal and coronal planes on the scanner.

Image Registration and Processing

T 1w, Tow, and manually defined brain mask images are avail-
able from the publicly available database. These images were
rigidly aligned to the UNC Primate Atlas (https://www.nitrc.
org/projects/primate_atlas) that was built from the Tiw and
Tow images using a developmental training dataset of 18 cases
aged 16-34 months, with labels that include 26 cortical and 10
subcortical regions (Styner et al. 2007). Quality-controlled (QCed)
DWIs and processed diffusion scalar (FA and MD) images in the
native subject space are also available. Using these T1w, Tow,
and QCed DWI images, we analyzed longitudinal volumetric
changes at different scales (from the whole brain to voxel level)
and corresponding regional diffusion properties of WM across
the multiple time points. For longitudinal analysis, 28 NHPs
(12 females and 16 males) between 2 and 22 months of age
were selected (Fig. 1). We excluded 8 NHPs from the total of 36
because they were not available from the database or did not
have enough imaging time points (minimum 3) for longitudinal
MRI analysis.

Individual T1w image preprocessing steps included denois-
ing (Tristan-Vega et al. 2012) to reduce background noise and
improve tissue contrast for manual tissue segmentation. We
performed skull stripping using manually defined brain masks
available from the downloaded dataset. After rigid alignment to
the NHPs’ final time point, within-subject registration of Tq1w
images across the data acquisition time points was performed
using Advanced Normalization Tools (ANTSs) (Penn Image Com-
puting and Science Laboratory, University of Pennsylvania) and
nonlinear registration algorithm (Avants and Gee 2004). Based on
the deformation field between a pair of images within the sub-
ject, the voxel-wise volume change ratio (Jacobian determinant
[JD]) was calculated using an in-house tensor-based morphome-
try algorithm (Kim et al. 2016). JD represents the slope of volume-
age curves at the voxel level between two time points, which
provides information on the phase of growth (volumetrically
expanding or contracting) during the measurement time period.
The 1-mm size of the Gaussian smoothing kernel was applied
to the combined deformation fields (affine + deformable) to
improve statistical power and reduce registration mismatch. For
voxel-wise statistical analyses, as shown in Figure 2, individual

5 10 15 20
Age (Months)

Figure 1. Age at the time of scans for 12 female rhesus monkeys and 16 male
rhesus monkeys. Each of 119 scans obtained is represented by a circle (female)
or triangle (male). Each of the 28 monkeys is shown in a different row, with their
scans connected by a solid line (female) or dotted line (male).

volumetric change (JD) maps for each period were registered
to the study-specific template (SST) by applying two nonlinear
transforms (individual JD map on the previous time points —
subject’s final time point — SST). Here, an unbiased SST was
created from the final time point Tqw images of 28 NHPs using
ANTSs.

We performed an automatic brain segmentation of SST into
GM, WM, and cerebrospinal fluid (CSF) using probabilistic tissue
maps from pre-existing pediatric-specific UNC Primate Brain
Atlas as priors. The Gibbs ringing artifacts (typically appearing
as multiple fine parallel lines immediately adjacent to high-
contrast interfaces) (Czervionke et al. 1988) observed on the
generated template (SST) around the boundaries of gray matter
and CSF caused misclassification of GM as WM. These artifacts
were manually reclassified correctly by two experienced imag-
ing experts (JK and RB). To ensure the manual correction, we
estimated the target overlap ratio (TO,) between two imaging
experts; TO, was defined by the intersection between two sim-
ilarly labeled regions in source S and target T divided by the
volume of the regions in T (Klein et al. 2009). A high interrater
reliability in the artifact correction was observed showing TOy
values of 0.97 for CSF and 0.99 for GM. New probabilistic tissue
maps of the SST were generated by smoothing images of poste-
rior probability maps (Tustison et al. 2017).

At the individual NHP level, an automatic tissue segmenta-
tion was performed using Tqw and Tow images because multi-
modal anatomical images may provide more robust outcomes
in tissue segmentation, particularly in neonatal brain tissue
classification (Prastawa et al. 2005; Weisenfeld and Warfield
2009). The joint Tyw- and T,w-based tissue segmentation of
ANTSs uses an iterative algorithm between bias-field corrected
segmentation maps (Avants et al. 2011). Here, to help initial
segmentation, tissue priors of each time point were derived
from the tissue probability maps of SST by applying nonlin-
ear (between SST and the final time point image) and affine
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Figure 2. Longitudinal registration steps from within-subject to the study-specific template (SST). After rigid alignment to the final time point image within the subject
(Step 1), the period-specific volume changes (JD) were estimated from the pair-wise registration (Step 2), which were registered to the final time point (Step 3). Finally,

the images on the final time point were registered to the SST (Step 4).

Figure 3. An example longitudinal T;w, Tow, FA, tissue segmentation map (SEG) images for a single rhesus monkey at months 3 (TP1), 7 (TP2), 11 (TP3), 15 (TP4), and 19

(TPS).

(between the final time point image and the previous time
point images within the subject) transforms. Finally, to correct
segmentation errors around the internal and external capsules
due to low tissue contrast in Tyw and T,w images, we applied the
age-adaptive FA threshold to separate WM from GM (Fig. 3). To
find an age-adaptive FA threshold for each individual at multiple
time points, all individual FA images were warped to the SST and
mean FA values at WM-GM boundary were extracted.

The parcellation map defined in the UNC Primate Brain
Atlas was warped to the SST using deformable registration and
manually corrected. The full parcellation consists of separate

definitions for the left and right hemispheres for the subcortical,
frontal, prefrontal, cingulate, parietal, occipital, auditory, visual,
and limbic temporal lobes, as well as the brainstem, corpus
callosum, and cerebellum. Cortical labels in the parcellation map
include GM, WM, and CSF and subcortical structures, including
the hippocampus, amygdala, caudate, and putamen. The cor-
rected parcellation map of SST was then warped to each NHP’s
time point using the same transforms applied in the individual
tissue segmentation process above.

The QC was performed with DTIPrep (Liu et al. 2010; Oguz
et al. 2014), and QCed DWIs, FA images, and MD images are
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available from the database. This tool allows for image viewing,
image cropping, checking b-values, checking gradient vectors,
noise filtering, evaluating correlation intensities to check for
brightness and venetian blind artifacts, as well as detection
of vibration artifacts, and artifact correction (motion and eddy
current). We re-estimated DTI scalars from the QCed DWIs to
confirm the results using an FMRIB Software Library function,
dtifit (Wellcome Centre for Integrative Neuroimaging, Univer-
sity of Oxford). Next, the brain mask of a representative NHP
was manually created in BO image space, and the brain mask
was nonlinearly registered to the other NHP’s BO images with
ANTs (antsRegistrationSyNQuick.sh). With regard to coregistration
of each NHP’s Tyw image and BO image, because the affine reg-
istration was not able to properly match the anatomical bound-
aries between the Tiw image and BO image, nonlinear trans-
forms between the FA image (available from the pre-existing
dataset) and corresponding T1w image were applied. Parcella-
tion maps on T1w images were also warped to the DWI space
for ROI analysis using the nonlinear transforms from T1w to FA
images.

We reviewed the accuracy of nonlinear registration, tissue
segmentation, and coregistration by two experienced imaging
experts (JK and RB) and a neuroradiologist (CTW). Based on the
manual segmentation of hippocampal regions, TO, was esti-
mated for all scans (see Table S1) to check the accuracy of non-
linear registration. The quality of automatic tissue segmentation
was assessed using randomly selected 28 images and demon-
strated TO, values for GM (0.95+0.02) and WM (0.87 +0.05).
The coregistration between FA and Tiw images was visually
inspected by experienced imaging experts (JK and RB).

Statistical Analysis

We used a multiscale analysis approach to analyze the develop-
mental patterns from the whole brain to the voxel level, with the
aim of confirming regionally heterogeneous volumetric changes
and to obtain additional insights into local volume changes
within the defined ROIs. For longitudinal regression analysis at
the whole brain and ROI levels, we used the generalized additive
mixed model function (gamm4) in the R statistical package (ver-
sion 3.3.3: http://r-project.org) to fit complex growth patterns
with smoothing splines to determine age differences, sex dif-
ferences, and left-to-right asymmetry of brain growth patterns.
ICVs were measured directly from the manually defined brain
masks, and ROI volumes were measured using the parcellation
map warped to the individual brain. The trajectory of ICV divided
by body weight was also estimated to determine the ratio of
brain to body size during development. Diffusion properties (FA
and MD) in whole WM and ROIs were also fitted using the
same gamm4 function. Bonferroni correction was applied for
multiple comparisons in ROI analyses: The adjusted P value
was estimated from the desired alpha level (0.05) divided by the
number of cortical and subcortical regions (26 ROIs) used in the
analyses.

For voxel-wise statistical analyses, individual volumetric
change (JD) maps for each period were registered to the SST.
Due to difficulty in interpretation of statistical estimates for
more than 800000 voxels, we employed relatively simple linear
mixed-effect model instead of gamm4. The Ime function of
MATLAB R2014b (MathWorks) was applied to confirm the
trajectory of the volumetric change ratio, with age and sex as
covariates. The false discovery rate (Benjamini and Hochberg
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1995) was applied to correct for multiple comparisons. Adjusted
P values less than 0.05 were considered statistically significant.

Results
Volumetric Change

We describe our volumetric analysis results based on three
different scales: whole brain, ROI, and voxel levels. Longitudinal
plots of ICV showed undulating patterns of developmental
change from months 2 to 22 (Fig. 4b), as follows: ICV increased
with GM, WM, and CSF from 2 to 5 months. GM and CSF
volumes decreased while WM volume continued to increase
from months 5 to 9, which resulted in an overall net ICV
decrease. ICV appeared to rebound, with simultaneous GM
and WM volume increases after 9 months until 22 months,
whereas CSF volume remained stable during this period. Left
hemisphere-dominant growth was observed, as characterized
by volumetric increases for WM and CSF (P <0.001), with no
differences between males and females. Details of model
estimates of volumetric growth trajectory for GM, WM, and
CSF are summarized in Supplementary Tables S2 and S3.
To better explain the different volumetric growth rates of
brain tissues, the derivatives (slope) of volume curves are
represented in Figure 4c. Positive values of the curve indicate
volumetric increases/expansion, whereas negative values
indicate volumetric decreases/contraction. The reflection points
of tissue volume curves (blue arrows in Fig. 4b) correspond to
the x-intercepts in the curves of the derivatives, which indicate
the period of volumetric contraction during brain development
in rhesus monkeys. ICV, GM, and CSF demonstrated different
timing of volumetric contraction from 4.5, 4.2, and 6.3 months to
8.8,8.0,and 11.5 months, respectively (Fig. 4c). During this period,
ICV change was dominated by GM volume change. As observed
in Figure 4b, no volumetric contraction was observed in WM
during the study period. Even though ICV patterns fluctuated
during the study period, ICV-to-body weight (IVC-BW) ratios
demonstrated a relatively consistent pattern characterized by
exponential decreases, which approach levels seen in adults at
the later time points (Fig. 4d). Specifically, there were relatively
rapid decreases in IVC-BW ratios until 9 months of age, followed
by a slower rate of decrease thereafter (Fig. 4d). No hemispheric
difference or sex difference was observed in the ICV-BW ratio.

Changes in the whole brain and segmented tissue volumes
were assigned into 26 cortical regions defined by UNC Primate
Brain Atlas labels in order to identify regional heterogeneity in
growth. Regional growth trajectories were classified into three
groups: 1) exponentially decreasing ROIs, 2) undulating ROIs as
observed in the whole brain (i.e., volumetric decreases between
5 and 9 months, followed by rebound-like volumetric increases
thereafter), and 3) linearly increasing ROIs (i.e., continuous vol-
umetric increases with age, without marked transient volu-
metric decreases). Corresponding ROIs for different growth pat-
terns are listed in Table 1. Considering these three different
regional patterns of volumetric change, as well as undulating
ICV change with age (Fig.4b), the undulating ROIs were lin-
early correlated with the whole brain volume, while linearly
increasing ROIs demonstrated independent growth patterns. For
example, ICV demonstrated a linear relationship with frontal
lobe volume (FLV) in our analyses (ICV=6.54 x FLV +21743,
R2=0.86, P < 0.001), while subcortical volume did not.

Figure 5 shows volumetric changes in representative (the
largest) ROIs reflecting three different patterns described in
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Figure 4. (a) Tissue segmentation map of study population-specific template (PST). (b) Longitudinal trajectories of intracranial, gray matter, white matter, and
cerebrospinal fluid volumes. Blue arrows indicate the positive peak and the negative peak of intracranial volume (ICV), which corresponds to the volume
decrease/contraction period. Circles connected by solid lines represent individual trajectories; thick solid lines show predicted responses in the 28 rhesus monkeys. (c)
Derivatives of tissue volume-age curves demonstrate that the shift in the growth phase is driven by GM during the period of ICV contraction. (d) However, ICV-to-body

weight (BW) ratio continues to decrease with age.

Table 1 Volumetric growth, FA and MD patterns in brain regions of rhesus monkeys from 2 to 22 months after birth

ROI Tissue volume FA (WM only) MD (WM only)

Occipital Exponentially decreasing Logarithmically increasing Rebounding

Parietal Exponentially decreasing Logarithmically increasing Rebounding

Temporal visual Exponentially decreasing Logarithmically increasing Rebounding

Temporal auditory Undulating Logarithmically increasing Rebounding

Frontal Undulating Logarithmically increasing Exponentially decreasing
Cingulate Undulating Logarithmically increasing Exponentially decreasing
Prefrontal Undulating Logarithmically increasing Exponentially decreasing
Subcortical Linearly increasing Logarithmically increasing Rebounding

Cerebellum Linearly increasing Logarithmically increasing Rebounding

Insula Linearly increasing Logarithmically increasing Rebounding

Corpus callosum Linearly increasing Linearly increasing Exponentially decreasing
Temporal limbic Linearly increasing Linearly increasing Rebounding

Pons and medulla Linearly increasing Logarithmically increasing Rebounding

Table 1. Marked volumetric contraction was observed in occip-
ital, parietal, and temporal visual regions (Fig. 5b) from 4 to
10 months, followed by a period of stabilization. Volumetric
contraction during this period was dominated by decreased GM
volume. We observed undulating patterns of volumetric change
in frontal, prefrontal, temporal auditory, and cingulate cortex,
as were also observed with whole brain measures. Although
these patterns were dominated by GM increases, continued
WM volumetric increases led to apparent rebounds in total ROI
volumes after 9 months (Fig. 5c). Males had higher GM (P =0.0291)
and WM (P =0.031) volumes in prefrontal regions compared with
females. Subcortical, cerebellum, insula, and temporal limbic

regions showed patterns of relatively rapid increase (Fig. 5d).
The pons, medulla, and corpus callosum also showed linear
increases dominated by WM. Left-sided asymmetry was also
observed in most regions in terms of total tissue volume, while
temporal auditory and pons and medulla demonstrated right-
sided asymmetry. Figures and details of model estimates of
volumetric growth trajectory for all ROIs are summarized in
Supplementary Figure S2 and Tables S2 and S3.

To confirm regionally heterogeneous volumetric growth
patterns and obtain additional insight into local volume changes
within the defined ROIs, we derived mean voxel-wise volume
change ratio (JD) maps for five periods (3-6, 6-9, 9-12, 12-16, and
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Figure 5. (a) Cortical and subcortical regions defined in SST according to UNC Primate Atlas label: Subcortical (SUB), frontal (FL), prefrontal (PFL), cingulate (CIN), parietal
(PL), occipital (OL), temporal auditory (TA), temporal visual (TV), temporal limbic (TL) lobes, corpus callosum (CC), and cerebellum (CBL). (b—-d) Longitudinal changes in
tissue volumes in occipital lobes, frontal, and subcortical regions. Different volume change patterns (exponentially decreasing, undulating, linearly increasing) with
age are shown, as reported in Table 1. Circles connected by solid lines represent individual trajectories; thick solid lines show predicted responses in the 28 rhesus

monkeys.

16-20 months) (Fig. 6). JD does not represent local volume at a
single time point, but rather, the local volume change “ratio”
between two time points, which can be correlated with the
slope of volume-age curves of the whole brain or ROIs. JD > 1.0
means volumetric expansion, while JD < 1.0 implies volumetric
contraction compared with baseline of each period. Active
volume changes (higher or lower JD values) were observed from 3
to 9 months. Growth patterns became stable thereafter, showing
JD values around 1.0 in most regions of the brain (9-20 months).
Mean JD maps also consistently correlated with whole brain and
ROI volume changes from 3 to 6 months and from 6 to 9 months,
with local volumetric contraction (blue-colored areas) in
occipital, parietal, and temporal regions and active volumetric
expansion (red-colored areas) in the subcortical and frontal
regions. Using a linear mixed-effect model, significant age
effects on JD were found in some areas of the parietal, occipital,
and temporal lobes (green-colored area in the first row of Fig. 6).
These clusters showed positive slopes in the JD-age curves
representing volumetric contraction during the earlier periods,
followed by volumetric expansion in the later periods. This
pattern at the voxel level was like that observed with whole
brain growth patterns (Fig. 4) and most ROIs (Figs 5 and S2).

DTI Metric Change in WM

We describe our DTI results (FA and MD) in WM at whole brain
and ROI levels. Whole brain FA demonstrated patterns approxi-
mating logarithmic increases with age (Fig. 7). A relatively rapid

increase in FA was observed until 8 months after birth, fol-
lowed by a smaller increase between 8 and 20 months. Alter-
natively, whole brain MD showed a biphasic pattern, with high
intra-/intersubject variability. In general, MD decreased until
8 months, with an apparent rebound in MD thereafter. Combined
FA and MD results demonstrated increasing FA and decreasing
MD until 8 months of age, with simultaneously increasing FA
and MD after 8 months. No sex differences were observed in
the patterns of change in FA and MD, but a lower MD value was
observed in the right hemisphere (P < 0.001).

There was also regional heterogeneity of age-related change
in FA and MD. Regional FA changes were classified as logarithmic
or linear, while MD changes were explained by a pattern of
exponential decreases or rebound (Fig. 7). Corresponding ROIs
are listed in Table 1. Left-sided asymmetry in FA was observed
within the insula, temporal visual, pons, and medulla regions,
while right-sided asymmetry was observed within subcortical
and prefrontal areas (Fig. S3). Alternatively, right-sided asymme-
try was observed in MD across most brain regions (Fig. S4). Model
estimates including details of hemispheric asymmetry and male
versus female asymmetry are summarized in Table S3.

Discussion

In this study, we have quantitatively characterized the trajectory
of developmental changes among a cohort of rhesus monkeys
using longitudinal structural MRI and DTI from late infancy
to juvenile periods (months 2-22). Multiscale analyses from
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Figure 6. Map of significant results from linear mixed-effect model analyses (first row) and mean volume change rate (JD) maps for each period (second row to the last
row). Green-colored areas in the first row demonstrate a significant age effect on volume change rate during the study period, which corresponds to JD value changes
from blue (3-9 months) to red (9-20 months) with age. JD=1.0 means no volumetric change at the voxel level; JD > 1.0 means volumetric expansion, while JD < 1.0

means volumetric contraction during the period.

the whole brain to the voxel-level provided evidence of vari-
ous patterns of brain growth during development. As reported
previously (Malkova et al. 2006; Scott et al. 2016), our results
also demonstrated transient decreases in ICV between 5 and
9 months. This volumetric contraction was prominent in occip-
ital, parietal, and temporal lobes during this period. From the
individual volumetric measurements, we have confirmed that
ICV decreases for our study cohort during this developmental
period and that the ICV decreases were driven by GM volume
decreases.

Explanations for the transient decrease in ICV reported in
previous studies have proposed weaning of infants as a potential
etiology, with restricted access to nursing, along with increased
physical activity and nutritional status changes (Vandeleest and
Capitanio 2012), which may explain specific transient decreases
we also observed in ICV around the weaning period (6 months
of age). Other studies have reported transient decreases in ICV
between 5 and 9 months of age regardless of the timing of
weaning (after birth vs. 6-7 months), housing conditions (indi-
vidually housed vs. grouped with peers), size of the housing
(half-acre enclosures vs. 0.25-0.73 m?), and age of the first MRI
scan (Malkova et al. 2006; Scott et al. 2016).

The transient ICV and GM decreases we observed were asso-
ciated with simultaneous WM volume and FA increases. As such,
behavioral or nutritional status changes from breast milk to
solid foods may lead to metabolic signals altering whole brain
volume with primary effects on GM. An alternative explana-
tion is that progressive neurodevelopmental processes, such
as axonal outgrowth and dendritic maturation, are transiently
outpaced by regressive processes, such as axonal retraction
and programmed cell death/pruning (LaMantia and Rakic 1990).

Based on our observation, the structural mechanism for tran-
sient decreases in ICV dominating the brain developmental
trajectory between 5 and 9 months after birth can be explained
by “local GM volumetric contractions” within occipital, pari-
etal, temporal visual, temporal auditory, cingulate, and insula
regions (Figs 5 and S2). These regions correspond to volumet-
rically contracted areas (blue-colored regions in JD maps) dur-
ing this period (Fig. 6), which further supports that regressive
processes between 5 and 9 months are characteristic in rhesus
monkey brain development. In addition, the typical decrease
in GM volume during this period can be explained by the out-
ward shift of GM during brain development with increase in
GM density: over time, myelination could increase the intensity
of T1w images at GM-WM junctions, with the resultant tissue
segmentation resulting in decreased GM fractions (Gennatas
et al. 2017).

From ROI and voxel-wise volumetric analysis results,
dynamic patterns of GM maturation were observed in caudoros-
tral and dorsoventral directions (Figs 5 and S2), as is typical
in human brain development (Gilmore et al. 2012; Olson et al.
2012). In addition, GM maturation in humans is much slower
than in rhesus monkeys. Based on our fitted data, it took only
2.2 months (from 4.2 to 6.4 months) to reach 10% volumetric
contraction of GM (Fig. 4), but 8-9 years for those changes to
occur in a longitudinal study of human brain development
across adolescence (Tamnes et al. 2017). This marked difference
in GM maturation rate could be related to the influence of
a longer postnatal experience on brain structure in humans
compared with NHPs. The rebounding patterns of ICV among
rhesus monkeys around 9 months after birth reflected a shift
from GM-driven growth to WM-driven growth during late
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Figure 7. Fractional anisotropy (upper) and mean diffusivity (lower) changes with age for whole brain white matter (left), occipital lobes (middle), and corpus callosum
(right). Circles connected by solid lines represent individual trajectories; thick solid lines show predicted responses in the 28 rhesus monkeys.

infancy. These findings are also comparable to human brain
development. A systematic review of human brain volume
change throughout life (Hedman et al. 2012) reported that ICV
reaches its peak at around 10.5 years of age in girls and at around
14.5 years of age in boys. Another study (Lenroot et al. 2007)
reported that GM volume starts to decrease around 8.5 years of
age in girls and 10.5 years of age in boys and the decline is greater
in girls during adolescence. The slight rebound in human brain
volume from 20 to 30 years of age suggests a possible second
growth of ICV in early adulthood (Hedman et al. 2012) dominated
by WM volume increases that continue up to 50 years of age
(Westlye et al. 2010).

Previous MRI studies have reported that FA increases and
MD decreases with age in both humans and NHPs (Lebel and
Beaulieu 2011; Shi et al. 2013; Liu et al. 2015). This parallels our
results from birth until 8 months of age. However, between 8 and
22 months after birth, we observed simultaneous increases in FA
and MD (Fig. 7). Similar results have been reported previously in
temporal auditory, temporal limbic, occipital, pons, and medulla
regions between 300 and 900 days after birth in a cross-sectional
study of rhesus monkey (Shi et al. 2013). In addition, an age-
related developmental rebound of MD in orbitofrontal limbic
areas has been reported in a cohort of marmosets (Uematsu
et al. 2017). One possible mechanism to explain these diffusion
changes in rhesus monkeys is related to the complex local
microstructural texture, cell packing density, or a degree of
directional coherence in WM (Schmithorst et al. 2002). A higher
degree of fiber tract organization leads to an increase in FA, but

not in MD (Takahashi et al. 2000). Therefore, regional FA changes
are not always inversely related to MD changes, as shown in
Figures S3 and S4. In our analyses, we observed that there were
relatively small increases in FA until 20 months of age, with rel-
atively marked increases in MD that occurred around 8 months
of age. This pattern of diffusion change may be explained by the
evolving structural organization of fiber tracts during develop-
ment and generation of unmyelinated axons, which occupy less
space and enhance water molecule diffusion duringlate infancy.
However, regression analysis results in the generalized additive
mixed model should be carefully interpreted (see Tables S2 and
S3). At the whole brain level, WM volume and FA demonstrated
higher R? values than other measures (GM, CSF, and MD). In
particular, negative R? values were observed in the rebounding
curves of MD, which means a horizontal line explains the data
better than the fitted model. At the ROI level, GM, WM, CSF, and
FA showed higher correlations (R? values) with age terms, while
MD was associated with lower or negative R? values. Therefore,
the fitted curves for MD changes with age are relatively less
reliable in most regions of the brain due to large within-subject
variability.

There are several limitations of this study. One potential
limitation is that NHPs were anesthetized multiple time periods
to acquire the MRI data, which could have a significant
effect on their during critical neurodevelopmental brain
development due to neurotoxic effects of anesthesia (Reddy
2012; Andropoulos 2018). Environmental factors such as visual
stimulation and housing conditions during infancy period could
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modulate the development of cortical changes later in life
(Distler et al. 1996). For regional volume measures, we have only
one source atlas that was derived from the study population
itself, and, therefore, we chose direct label propagation. However,
it is known that the quality of label map propagation may be
greatly improved when using multiple source atlases (Rohlfing
et al. 2004; Klein et al. 2009), a process commonly referred
to as multiatlas segmentation and label fusion. Robust tissue
segmentation of the monkey brain is still challenging due
to low signal-to-noise ratio around subcortical regions and
strong bias artifacts around the olfactory cortex and occipital
lobes, which require manual segmentation. In this study,
we manually corrected the internal and external capsules
of WM based on FA images after applying the multivariate
algorithm-based Tiw and T,w images and segmenting them
into tissue types using prior data derived from SST. Nonetheless,
segmentation of small fiber tracts around the occipital and
temporal auditory regions was less accurate, which could
lead to underestimation of WM volume. Field maps to correct
the geometric distortion of DWI were not available from
the dataset; thus, registration errors could have occurred
during ROI-wise FA and MD analysis. In addition, even though
all monkeys were oriented identically within a stereotaxic
platform, geometric distortion mainly affected prefrontal and
occipital regions, the impact of which on the younger brains may
be worse than the older ones. Temporal regions demonstrated
a low signal-to-noise ratio, resulting in underestimation
of FA. It is important to consider these limitations when
interpreting the projected trajectories and the noise in these
data.

In conclusion, dynamic brain developmental patterns were
observed in rhesus monkey brains. Understanding these
dynamic developmental brain changes is important, as simple
comparisons of ICV or DTI metrics between treatment and
control groups in developmental NHP models might lead to
misinterpretation if characteristic growth trajectories during
late infancy or puberty are not carefully considered in study
design. Future studies incorporating longer-term follow-up
images could elucidate more details of the structural dynamics
of brain development in NHPs, as well as humans.
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Supplementary material is available at Cerebral Cortex online.
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