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Abstract

Recent efforts to chart human brain growth across the lifespan using large-scale MRI data
have provided reference standards for human brain development. However, similar models
for nonhuman primate (NHP) growth are lacking. The rhesus macaque, a widely used NHP in
translational neuroscience due to its similarities in brain anatomy, phylogenetics, cognitive,
and social behaviors to humans, serves as an ideal NHP model. This study aimed to create
normative growth charts for brain structure across the macaque lifespan, enhancing our
understanding of neurodevelopment and aging, and facilitating cross-species translational
research. Leveraging data from the PRIMatE Data Exchange (PRIME-DE) and other sources,
we aggregated 1,522 MRI scans from 1,024 rhesus macaques. We mapped non-linear
developmental trajectories for global and regional brain structural changes in volume, cortical
thickness, and surface area over the lifespan. Our findings provided normative charts with
centile scores for macaque brain structures and revealed key developmental milestones from
prenatal stages to aging, highlighting both species-specific and comparable brain maturation
patterns between macaques and humans. The charts offer a valuable resource for future NHP
studies, particularly those with small sample sizes. Furthermore, the interactive open resource
(https://interspeciesmap.childmind.org) supports cross-species comparisons to advance
translational neuroscience research.
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Main

The rhesus macaque is among the most extensively utilized nonhuman models in translational
neuroscience, owing to its resemblance in brain anatomy, phylogenetics, cognitive, and social
behaviors to humans. Beyond the study of similarities and differences across species, which
have led to key insights into the evolution and organization of human brain function,
researchers are increasingly turning to nonhuman primate (NHP) models to gain mechanistic
insights into brain development. Toward this goal, there are growing ambitions to establish
population models of normative neurodevelopment in rhesus macaques across the lifespan,
as this would provide insights into the etiology of pathological human brain development, as
well as contribute to our understanding of brain vulnerability, plasticity, and aging'. The study
of neurodevelopment in NHPs offers distinct advantages over similar longitudinal human
studies® in two key regards - a shorter lifespan (macaques typically live 25-30 years in
captivity), which allows for more rapid generation of life-spanning data compared to humans,
and the feasibility for conducting controlled experimental manipulations, particularly in
pediatric research to target developmental stages for potential intervention.

The human neuroimaging literature has recently provided a normative trajectory model for
accelerating and scaling the generation of growth charts for brain structure over the lifespan®.
Leveraging advancements in modern imaging techniques and, most importantly, the
increasing availability of openly shared datasets that collectively cover the lifespan, this recent
effort has quantified age-related changes in the human brain and generated growth charts
using an aggregate dataset of over 120,000 scans*. However, we still lack comparative
benchmark studies in NHPs, with a significant barrier being the establishment of normative
growth charts that include a robust cohort of animals across their entire lifespan®’. Despite
this lag, there has been important progress in the field of NHP research. Data sharing in NHPs
has emerged as a means of overcoming traditionally small sample sizes in this domain,
spurring the development of tools that are robust to the many nuances of preprocessing for
NHP imaging data, as well as variations in study procedures (e.g., anesthesia, scanner
hardware), and heterogeneous magnetic resonance imaging (MRI) protocols used for data
acquisition®. Additionally, an increasing number of studies have begun to sample
developmental and aging populations, creating opportunities for collectively mapping brain
changes across the lifespan in a robust manner. In particular, a recent open science initiative
- PRIMatE Data Exchange (PRIME-DE)*2 - has collectively aggregated data from over 1000
NHPs, providing the opportunity to bridge this gap and establish comparative NHP brain
growth charts across the lifespan.

In this study, we aimed to build the corresponding normative growth charts for brain structure
over the macaque lifespan that mirror those already generated for humans®. To achieve the
sample necessary for this seemingly lofty task of an NHP model, we collectively aggregated
over 1,500 MRI scans across more than 1,000 rhesus macaques shared through PRIME-DE
and other research studies (see Supplementary Information S1.1-9). Similar to the human
brain charts®, we used the generalized additive model for location, scale, and shape
(GAMLSS) framework to build brain developmental trajectories of brain volume, cortical
thickness, and surface area. Furthermore, we compared the development of global and
regional brain structures between macaques and humans, identifying corresponding
developmental milestones from the prenatal stage to aging. Finally, we delineated species-
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specific brain maturational changes and critical development stages for brain networks and
relevant cognitive functions. We aim to provide: (i) an open resource of sex-stratified growth
charts for macaque brain structures that can be utilized as normative trajectories in future NHP
studies, particularly for benchmarking studies with small NHP samples; and (ii) age-related,
species-comparable neurodevelopmental trajectories to support future translational efforts
between human and macaques.

Normative models of macaque brain growth

Consistent with the approach previously employed in humans, we built global and regional
brain growth charts for macaques across the lifespan using GAMLSS™. GAMLSS is a widely
used distributional regression model, where parameters of location (i.e. mean), variation,
skewness, and kurtosis or tails can be modeled as a function of age and sex in developmental
studies to establish the inferred non-linear normative trajectories''®. Leveraging large-scale
datasets across many macaque studies, sex-stratified and age-related changes were modeled
by optimizing fractional polynomial terms in GAMLSS (see Methods for details of model
generation and optimization). To account for site-specific batch effects across studies, ‘site’
was included in GAMLSS as a random effect parameter. Additionally, the ComBat batch
correction approach was applied to harmonize data across differences in preprocessing
pipelines'’. We present details of data acquisitions (Supplementary Information 1),
preprocessing (Supplementary Information 2.1), quality control (Supplementary Information
2.2), batch effect correction (Supplementary Information 2.3), model evaluation
(Supplementary Information 3), and robustness analyses (Supplementary Information 3).
Global and regional structural MRI-derived phenotypes, including tissue volume, cortical
thickness, and cortical area were modeled in GAMLSS.

Similar to human development, the trajectories for total gray matter volume (GMV), white
matter volume (WMV), and subcortical gray matter volume (sGMV) of macaque brains exhibit
significant increases early in life (Fig 1c-d). Specifically, GMV peaks at almost 9 months (0.74
years) of life with a 95% bootstrapped confidence interval (Cl) of 0.65 - 0.86 years for both
males and females, followed by a slight decrease and a gradual plateau, indicating an early
surge in GM development during the infant stage'®. WMV also demonstrates a rapid increase
during the prenatal period, though this was followed by an initial plateau at approximately 3-4
months before finally showing a steady increase throughout the lifespan. In contrast to GMV
and WMV, total sGMV exhibited a more gradual increase from birth, peaking during macaque
adolescence at 4.39 years in males and females (95% bootstrapped Cl: 3.70 - 5.75 years),
followed by a steady decline. Conversely, the lateral ventricle shows a distinct pattern, with an
initial decrease leading up to birth, followed by steady, linear-like growth during adulthood and
an acceleration at the late elder stage. Overall, these findings were consistent across research
sites (Fig 1e) and aligned with previous smaller-scale studies'®'®. Of note, macaques differed
more substantively in peak growth rates observed across tissue compartments in humans (Fig
1f), with macaques reaching peak growth rates prenatally, whereas humans reached peak
growth rates after birth (i.e. infancy for GMV and sGMV; toddler for WMV).
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Fig 1. | Macaque brain charts. a) Comparison of lifespan and age milestones between macaques and
human. b) Demographic box plot of rhesus macaque data used in the analysis. Data includes 1,024
macaques with 1,522 MRI scans collected from 23 unique sites. ¢) Raw total tissue volume (in mL) for
cortical gray matter, white matter, subcortical gray matter, and the lateral ventricles. Age (x-axis) is
shown on a log scale, with points colored by sex. d) Normative trajectories of the four tissue volumes
fit with GAMLSS, incorporating sex stratification and site-specific random effects, represented as
median centile (the 50th centile) fitted curves of the population. Dotted lines represent 2.5% and 97.5%
centile distributions, with both curves colored by sex. e) Site-specific curves for each tissue type.
Trajectories show ranges of each contributing dataset with the site-specific random effect removed. f)
Volumetric rate of growth (in mm?® per day) for each of the four global tissue types, colored by sex. Solid
vertical lines denote the age at which the growth rate peaked.

Beyond the total volumes of the four tissue types, we also modeled the trajectories for total
cerebral volume (TCV), total cortical area (TCA), and mean cortical thickness (Fig 2a-c). Both
total cerebral volume and cortical area showed substantial increases after birth, followed by a
more gradual, steady increase until an initial plateau phase around 8 months to 1 year, with
minimal changes thereafter. Conversely, mean cortical thickness peaks earlier than volume
and area metrics, reaching maturity around 3-4 months (0.28 years, Cl: 0.23 - 0.30 years),
followed by a gradual decline over the lifespan. Similar trajectories were observed in humans,
with cortical thickness peaking earlier during infancy, while TCV and TCA reach their
maximum later during adolescence. This finding suggests that although cortical thickness
plateaus at 3-4 months and begins thinning thereafter, gray matter volume continues to grow
for up to approximately 1 year in macaques. Since cortical gray matter volume is a compound
measure of its surface area and thickness, the increases in total volume during this period can
be attributed to greater area expansion for both humans and macaques.


https://doi.org/10.1101/2024.08.28.610193
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.28.610193; this version posted August 30, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

We characterized regional growth using the Markov architectonic parcellation®
(Supplementary Figures 4.1.1). Figure 2d depicts growth velocities of regional gray matter
volume, surface area, and cortical thickness at the age of peak total gray matter volume in
macaques (i.e. 0.74 years). Additionally, we present the human growth rate at the age of peak
GMV estimated in the previous human chart study (i.e. 5.90 years)*. When compared in this
manner, humans and macaques exhibited similar patterns of regional variation in growth rate
for all three morphometric measurements. Volumetrically, in both humans and macaques, the
precentral motor cortex continues to grow while a decline is seen in the postcentral sensory
cortex, parietal, and occipital lobes. In the lateral frontal regions, both species have reached
their peaks and have already started to decline. In contrast, the medial frontal regions take
longer to fully mature and continue to grow.
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Fig 2. | Global and regional cortical morphometric phenotypes and growth rates. a) Scatterplots for total
cerebrum volume, total cortical surface area, and mean cortical thickness, colored by sex. Volume is measured in
mL, surface area in mm? and cortical thickness in mm. All plots are shown on a log-scaled x axis. b) Normative
trajectories with associated 2.5% and 97.5% centile distributions for each metric, stratified by sex. ¢) Growth rates
per day of the respective phenotype, stratified by sex. Solid vertical lines again denote peak growth. d) Surface
maps of regional growth rate for macaque and human at their respective total gray matter volume peak age (0.74
years for macaque, 5.90 years for human). Sex-stratified models were generated for bilateral averages of each
region, and growth rates for male are shown on the left hemisphere for visualization (female maps in Supplementary
Information 4.3). Macaque regions are defined by the Markov parcellation and human regions are defined by the
Desikan-Killiany parcellation'®. Human growth rate data was obtained from the human brain charts project*.

A notable discrepancy between humans and macaques is observed in the insular and ventral
temporal cortex, with humans exhibiting strong volumetric growth at the respective peak age
of GMV, while the macaque has already begun to decline. For surface area, the entire cortex
undergoes cortical expansion in humans at the peak age of GMV. A similar area expansion is
observed across the entire macaque cortex, except in the primary visual area, which
experienced a decline. Both humans and macaques showed high cortical expansion in the
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middle cingulate cortex, while macaques showed greater expansion in the precentral motor
cortex compared to the postcentral sensory cortex. There is a notable difference in surface
area expansion in the prefrontal cortex between species. Humans show rapid increases in
total area in this region even after volume and thickness have begun to decline, suggesting a
substantial expansion of the frontal surface during this period. In comparison, while the
macaque prefrontal cortex is still expanding, it is not growing in area as disproportionately
relative to the rest of the brain. Overall, regions vary in volume and area growth in both
species, whereas cortical thickness peaks before GMV and begins to thin in most cortical
regions.

Developmental milestones across species

To facilitate cross-species comparison of developmental milestones for brain structure, we
generated tissue-specific proportional trajectories in macaques and compared them with those
established in the human study (Fig 3). Lifespan milestones in macaques, including gestation,
infancy, juvenile, adolescence, adulthood, and elderhood were defined primarily based on key
developmental stages and physiological, and behavioral changes. In this context, human age
scales to be approximately 3-4 times than that of macaques'®. In macaques, the growth rates
of all gray matter and white matter measurements peaked prenatally - with macaques being
born with 55 - 75% of their maximum volumes. In contrast, humans are born with only 25 -
30% of their maximum volume at birth, with the highest growth rates for gray matter occurring
during infancy and white matter during toddlerhood. This observation aligns with previous
studies, suggesting that humans undergo a unique, extended period of gestation that extends
beyond birth?*3°. The surface maps in Figure 3 show the average regional proportion of gray
matter volume at different developmental stages for humans and macaques, respectively.
Overall, both species reached their regional maximal volume along the posterior-to-anterior
axis, with posterior regions maturing first, followed by anterior (Figure 3 and Supplementary
Information 4). During infancy, frontal and temporal lobes in humans only reach 50-60% of
their maximum, whereas in macaques at 4 months of age, these regions reach over 90% of
their maximum. In both species, gray matter volume starts to decline in the frontal and parietal
lobes before decreases are detected in total GMV. Notably, the precentral motor cortex in
macaques remains almost the same size throughout the entire macaque lifespan, while age-
related reductions are noted in humans, they are notably more moderate than in other regions.

Comparing the trajectories of cortical gray matter development between species, while the
order of cortical maturation is consistent (i.e., thickness plateaus first, followed by volume, and
finally surface area) the developmental stages at which they reach their peak differ between
humans and macaques. In macaques, cortical thickness, volume, and surface area mature
during infancy. In humans, however, there is a substantial delay: cortical thickness peaks
during toddlerhood, volume during middle childhood around age 6, and cortical areas the latest
during late childhood to adolescence at age 12. This indicates a prolonged gray matter
development in humans compared to macaques. For both species, subcortical gray matter
peaks in size at a similar mid-puberty, roughly at 4 years for macaques and 12 years for
humans. Regarding white matter, humans peak during young adulthood, but no associated
peak is found in macaques. Notably, ventricular data was available prenatally for macaques,
but not for humans; accordingly, estimates from the human growth chart publication are
annotated as a dashed line before birth in humans in Figure 3. Ventricular volume in macaques
decreases dramatically before birth. After birth, it goes on to show a slow, progressive increase
throughout the lifespan. In humans, a significant exponential increase is observed in the elder
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stage after 50 years. It's important to note that the elder macaque samples in our study are
limited (n=17 for age > 20 years, with the oldest being 33 years). While the typical lifespan of
macaques in the wild is around 18-25 years®', those in captivity are reported to live up to 40
years. Therefore, the current sample might not fully capture the elder stage of brain atrophy
or significant ventricular enlargement in the macaque lifespan.
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Timing and peak age of brain development across species

To characterize the critical brain developmental age, we calculated the regional peak age of
brain growth for volume, surface area, and cortical thickness in macaques (Fig 4a, top). We
also estimated peak age in humans using the previously established human charts*. In both
humans and macaques, gray matter grows and reaches its maximal thickness first, then starts
to thin, while the cortical surface continues to grow, with some regions expanding even after
the volume peaks. Across the cortex, the peak age of volume, area, and thickness share
similar spatial variability (human: r=0.27-0.64, p<0.001; macaque: r=0.40-0.44, p<0.001)
except for the peak age of area versus thickness in macaque (r=0.03, p=0.80). In macaques,
the visual cortex plateaus first, during infancy (< 3.5 months), while the motor cortex,
inferotemporal sulcus, and inferior frontal pole plateau the latest. In humans, the thickness of
the insular and cingulate cortex plateaus last during early childhood at 3.93 years of age, while
expansion and thinning continue until adulthood at 26.6 years. To further compare the relative
peak age across the cortex between humans and macaques, we utilized a previously
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developed cross-species transformation and mapped macaque peak ages to the human
surface®. The differences in peak age rank between humans and macaques were calculated
by subtracting the transformed macaque ranked map from the ranked peak age map in
humans. Figure 4a (bottom) presents the differences (human versus macaque) of the ranks
in volume, area, and thickness. Overall, across the cortex, insular and cingulate cortex
matured relatively later than other regions in humans compared to macaques. This prolonged
maturation period may provide an extended window of opportunity for these regions to support
the development of more complex cognitive abilities unique to humans.
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Fig 4. | Regional peak age of morphological phenotypes, proportion of gray matter volume for each
networks and cognition decoding of gray matter growth. a) Regional peak age of gray matter volume, surface
area, and cortical thickness for human and macaque. Top: Macaque peak age maps. Middle: Human peak age
maps from the human charts project*. Bottom: Relative differences in peak age rank between humans and
macaques calculated by subtracting macaque peak age rank from the human peak age rank. Macaque peak age
maps were ranked and transformed into human space for direct comparison. Red color indicates regions where
humans mature later than macaques, compared to other cortical regional development; blue color indicates that
macaque matures later in cortical development. b) Averaged proportional growth within networks at each
developmental stage for both human and macaque. The developmental stages were approximately matched
between human and macaque by averaging the respective proportions of total lifespan at each stage as noted in
Fig 3 ). c) Decoded cognition development trajectories from birth to adolescence for human (0-18 years) and
macaque (0-6 years). Regional growth maps of gray matter volume with a progressively increased interval (human:
per 3 months; macaque: per month) were decoded using Neurosynth®? meta-analysis. Shaded lines represent
individual terms associated with a topic, and solid lines represent the average.
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At the network level (Fig 4b), early growth in human brain development is proportionally
greater, while late growth reduction is also more pronounced. In contrast, macaques mature
across all networks prenatally and exhibit relatively less change postnatally, with visual and
motor networks showing a minimal decline from maturity to old age. In both species, the
volume of higher-order networks decreases more than that of primary networks during the
later aging process. This is much more notable in humans, whereas in macaques, the aging
differences between higher-order and primary networks are not as apparent.

Cognition development across species

To understand how differences in brain development relate to the formation of species-specific
cognition and behavior, we conducted a Neurosynth® meta-analysis utilizing volumetric
cortical growth maps spanning birth to adolescence (Fig. 4c). Regional growth was calculated
monthly for macaques and every three months for humans, with each region's volumetric
change computed as a proportion relative to the previous time point. Next, we transformed the
macaque growth maps to human space using a previously established macaque-to-human
transformation. Then, we decoded each growth map with a curated set of feature terms from
Neurosynth, which encompass a spectrum of cognitive functions, including perception, action,
and more abstract functions such as emotion and social cognition®**. Finally, we summarized
terms into 24 topics previously reported by calculating the averaged decoding score across
terms for each topic at each time point (see Supplementary Information 5).

Sorting the decoded topics (i.e. the rows in Fig 4c) based on the age at which their associated
cognitive function peaks in humans reveals a hierarchical sensory-association axis, a pattern
that has been observed previously**. We observe short development windows from birth to
infancy in regions associated with domain-specific sensory functions (e.g. “action”, “eye-
movements”, “motor”’, and “multisensory processing”), with both species approximately
aligning in structural maturity trajectories relative to their natural lifespan. In humans,
specifically, cognitive development is extended further on the age axis as we shift focus to
regions implicated in complex representations of information and social cognitions (e.g.
“face/affective processing”, “emotion”, “pain”, “social cognition”). It is worth noting that “pain”
is widely recognized as a unique sensory and affective experience, characterized by an
anatomically diffused phenomenon that is implicated in extensive areas of the limbic brain and
prefrontal cortex®. In contrast, in macaques, Neurosynth scores between structural growth
and high-order cognitive functions decline to zero much earlier in the lifespan. These findings
concur with prior studies, suggesting that macaque and human brains are most structurally
and developmentally different in higher-order brain regions®. This could represent the
consequence of selective cortical enlargement and reorganization® -3 that evolutionarily

separated us and macaques from our common ancestor.
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Fig 5. | Demonstration of interactive cross-species brain charts. Top panel depicts normative models of the
morphological measurements derived from MRI for macaque and human. Bottom panel depicts homologous
regions between human and macaque on cortical surface maps with associated growth trajectories. Growth
trajectories for each region are shown on a log scale, including centile trajectories, stratification by sex, and
annotations for its maximum (circles) and peak growth velocity (triangles).

Brain Charts and Centile Scores Across Species

A crucial component of this work, and translational neurodevelopment as a whole, lies in
directly comparing the brain and its development between humans and other primates. To
advance the discovery and application of translational research, we developed an interactive
open resource (https://interspeciesmap.childmind.org) for the cross-species comparison of
global and regional brain MRI phenotypes over the human and macaque lifespans following
alignment based on developmental milestones (Fig. 5). This online platform integrates
previously established human brain charts and corresponding centile scores with results
presented here. It also utilizes prior macaque-human cortical alignment to display homologous
brain regions between species. The normative model with centile trajectories, stratified by sex
and annotated with peak growth velocities and their maximums are available for quick and
interactive explorations for both humans and macaques. It aids NHP researchers in
benchmarking the brain structure with limited animal samples for control groups and identifying
the matched MRI-driven milestones to better understand the biological processes of brain
development.
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Discussion

The present study established lifespan growth charts for brain structure in macaques that
cover late gestation, infancy, juvenility, adolescence, early adulthood, mid-adulthood, and late
adulthood. Importantly, we compared macaque brain development trajectories with the
previously established human brain charts to understand neurodevelopmental resemblance
across species. Overall, both human and macaque brain development follows an inverted-U-
shaped trajectory; however, each species exhibits a specific developmental timeline. Unlike
humans, the peak growth rate of gray and white matter in macaques occurs prenatally,
resulting in a more mature total brain volume at birth, with 50% to 75% lifetime size. In contrast,
humans are born with only 25-30% of their adult brain size, and experience a prolonged growth
period extending into adolescence, allowing more time for experience to shape higher-order
cognition and social learning. Additionally, we provided sex-stratified, centiled normative brain
trajectories through an interactive open-resource platform, supporting cross-species
comparison of brain development between humans and macaques. With the rise of open-data
sharing initiatives in the NHP community, these brain charts can be further refined to facilitate
benchmarking of NHP brain development, potentially allowing for more flexibility in sample
size requirements for future NHP research.

Based on the largest macaque brain lifespan sample to date (1,522 scans from over 1,024
macaques aggregated from 23 sites), the resulting lifespan trajectories align well with existing
literature (sample size ranging from 7-66 macaques) and characterize developmental
milestones of the cerebrum in macaques®®'94041.1842 Totg] GMV peaks at 0.74 years (~9
months, CI: 0.65 - 0.86 years), coinciding with previous studies that have also reported that
GMV reaches its maximum size around 1 year of age, with no significant maturational change
after the first 1-2 years®#*'®_ Prior to GM volume plateau, cortical thickness matures earlier,
reaching its peak around 3 months of age—during infancy—then gradually declining to adult
thickness, with the trajectory itself resembling an inverted-U shape. This result is remarkably
consistent with other longitudinal neuroimaging studies*. It also aligns with the timing of
synaptogenesis, where synaptic density increases significantly prenatally to 3 months of life,
followed by synaptic pruning that occurs into adulthood®-2. Similar to the GMV charts, the
peak growth rate of WM volume in macaques also occurs during gestation, reaching over 50%
of adult size at birth in macaques. This may reflect the rapid increase in myelinated axons
prenatally compared to humans'®4%41_ After birth, the increase in white matter volume to adult
size is substantially longer than the increase in gray matter and total brain volume in both
species'®*®. After infancy, growth velocity in humans is greater than in macaques,
progressively growing to a greater percentage with increasing age.

Regarding subcortical gray matter, previous studies reported sGMV in macaques gradually
increasing up to 3-4 years of age in early developmental cohorts'®*? and decreases in older
cohorts®. Our study narrowed these estimates, suggesting that peak maturation occurs around
4.39 years (Cl: 3.70yrs - 5.75yrs), occurring post GMV peak, during adolescence.
Interestingly, in humans, total subcortical GM volume also peaks later than the GMV short
after sexual maturation, followed by a gradual decline*. Given that subcortical structures have
been highly conserved throughout primate evolution*®*’, it is not surprising that both species
share similar growth phases. However, aging processes for specific subcortical nuclei differ
between humans and macaques. While both species experience volume declines in caudate,
putamen, and globus pallidus*®*°, the hippocampus shows notable differences*. In humans,
hippocampal volume decline is a hallmark of aging, with atrophy accelerating around middle
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age®. In contrast, such a reduction in the size of the hippocampus has not been observed in
aging macaques and does not appear to be related to cognitive memory impairment in older
macaques*®®'~%3 Similarly, in chimpanzees, hippocampal volume does not show significant
age-related changes either®. This suggests that hippocampal changes seen in humans may
be unique in aging when compared to other primates*®°'-%3_ Additionally, a notable difference
in aging trajectories is also observed for total ventricular volume between species. Unlike
humans, who have significant exponential ventricular enlargement after 50 years, macaques
show a steady increase throughout their lifespan. Although our current sample (up to 33 years)
might not fully represent the elder stage of brain atrophy in the macaque lifespan—since
macaques in captivity can live up to 30-40 years—our findings suggest species-specific aging
mechanisms. It's also important to consider that the relative lifespan of macaques in captivity
may be more closely aligned with the concept of "healthspan" in humans, with comparable
humane endpoints being determined as the point when the animals can no longer perform
daily activities independently®***". These divergences potentially reflect a greater vulnerability
of humans to age-related neurodegeneration diseases such as Alzheimer’s and Parkinson’s*®,
underscoring the importance of the large-scale macaque charts in understanding human brain
development and aging.

In general, therefore, macaques are born more mature and develop at a rate 3-4 faster than
humans'®*°. In contrast, humans exhibit a prolonged growth period extending into adulthood,
indicating neotenous neurodevelopment within primate lineage. In macaques, the growth
velocities for volume, thickness, and area peak before birth, while in humans, only cortical
thickness shows significant growth prenatally. After birth, the human neocortex grows at a
slower rate than that of macaques, retaining plasticity for an extended period of time.
Importantly, the rate of brain maturation varies across regions. The most pronounced delays
in human brain maturation occur in the anterior cingulate cortex (ACC) and insula (Fig 4), both
regions highly involved in cognitive, emotional, affective and pain processing in humans®®-5°,
The ACC is a hub that integrates neural signals from the limbic system, hippocampus, and a
wide range of cortical areas, supporting many cognitive and emotional functions such as self-
regulation, social interactions, reward, and motivation®®' % The insula is also a
multifunctional area, supporting functions such as risky decision-making, emotional subjective
feelings, and social interaction®®®. Recent fMRI studies have also revealed links between the
anterior agranular insula and self-reflection®’, interoceptive attention®, and awareness of
bodily and emotional states®®, highlighting its crucial role in human consciousness®. While the
insular region in macaques also contains similar dorsal cognitive and ventral emotional
subdivisions, macaques generally lack self-awareness and do not typically recognize
themselves in mirrors’®”", though some may pass mirror tests with extensive training”>"2. Prior
literature has also shown that the anterior agranular insula is among the most significant
expansions in humans compared to chimpanzees™. Although the current parcellations are too
coarse for modeling age-related changes in subregions of the ACC and insula, the striking
difference in the maturation timeline between species supports their unique roles in human
behavioral evolution.

Notably, other high-order association regions, such as frontoparietal and default mode
networks, also exhibit neoteny, with protracted maturation in humans compared to macaques.
However, unlike the insula and ACC, these regions are not the last to mature anatomically.
After their gray matter volume reaches adult size, functional connections continue shaping
brain modularity, increasing structure-function coupling, and transitioning from a sensory-
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centered schema to a hierarchically distributed organization?®’5~"". To characterize the critical
development stage and its associated behavior, we further decoded the incremental growth
maps with a NeuroSynth meta-analysis. For both species, the most developmental similarities
in the incremental growth maps lie in basic primary sensory related behavior tasks, such as
those associated with “action” and “visual perception”. However, as topics begin to represent
regions associated with high-order functioning (“decision-making”, “emotion”, “affective
processing”, “pain”), humans exhibit much longer growth timelines. This reinforces the
hypothesis of a protracted maturational trajectory in humans, disproportionately favoring the
transmodal/association end of the hierarchical sensory-association axis**.

Interestingly, not all regions display prolonged development timelines in humans. The
precentral motor cortex in macaques grows more slowly compared to humans, with its volume
and area fully reaching adult size between 4-9 years of age, during late adolescence, and
extending to adulthood. The delayed maturation of the precentral cortex provides increased
plasticity in macaque, allowing the refinement of learning and adaptation of fine motor skills’®.
Our meta-analysis echoed this finding, showing that the “motor” function had an extended
growth timeline in macaques compared to humans. Taken together, the respective delayed
maturation of specific regions in each species reflects species-specific adaptation to the
environmental experience throughout evolution.

Leveraging open science and data sharing, this study has collectively aggregated the largest
macaque MRI dataset to date, spanning an age range that covers the lifespan. The resulting
global and regional charts provide the first normative model, setting a benchmark for future
macaque brain development research. This resource could potentially reduce the sample size
requirements for studies investigating brain plasticity, vulnerability to neuropsychiatric
disorders, and aging-related diseases, thereby supporting the '3R' (Replacement, Reduction,
and Refinement) principles of ethical animal research. It's worth noting, however, that most of
the samples in this study are cross-sectional, which might not capture subtle developmental
nuances attainable from multiple within-subject scans. For example, longitudinal studies have
revealed a unique period of no net gray or white matter growth between 6-9 months. This
period, reported in several studies, could be related to weaning, stress of newfound
independence, or increased physical activity during this period. Probing such subtle intricacies
warrants further validation through additional biometric and behavioral measurements. In late
adulthood, our fitted trajectory showed no decline in total WM volume, contrasting with
previous reports of age-related WM reductions in older macaque®®*°. This discrepancy is likely
due to the limited sample size for macaques older than 20 years (N=17, with only one male
among them). As more open data-sharing initiatives emerge in NHP research, we anticipate
the inclusion of more high-quality MRI data in the future, maximizing the reuse of NHP
resources and enabling cross-species comparative models for studying the human brain. The
GAMLSS modeling framework lends itself to the continued iterative aggregation of such data,
allowing for the non-linear, age-related modeling of higher-order parameters (variance and
skewness). To facilitate further investigations using brain chart resources in humans and
macaques, we have provided cross-species whole-brain cortical mapping and lifespan
normalized centile scores  for humans and macaques, available at
https://interspeciesmap.childmind.org/.



https://paperpile.com/c/vQD4Lp/GyeV6+CUiKK+E7sM+cyfv9
https://paperpile.com/c/vQD4Lp/qmIz
https://paperpile.com/c/vQD4Lp/djSaM
https://paperpile.com/c/vQD4Lp/4VlE+Xm8x2+OVy4
http://interspeciesmap.childmind.org/

Contributions

T.X. and M.P.M. conceptualized and designed the study. S.A. and T.X. conducted the
analyses, drafted and wrote the manuscript. S.A. and J.R. organized and preprocessed the
data. R.V.W. developed and implemented the website. Z.W., N.B.E., and A.F. assisted with
data organization. T.X. supervised the overall project. R.A.l.B. and J.S. provided support with
statistical analyses. All other authors were involved in one or more of the following tasks: data
acquisition and collection, organizing datasets, analyzing results, interpreting findings, editing
the manuscript, or reviewing the manuscript.

Disclosures
R.A.L.B., J.S., and A.F.A.-B. are co-founders and equity holders in Centile Bioscience. M.J.K.
is an employee of Abbott Laboratories. L.C. is an employee of Ocea Medical.

Acknowledgments

T.X. was supported by the National Institutes of Health (NIH) RF1MH128696 and
P50MH109429. M.P.M was supported by NIH RO1MH111439, P50MH109429, MH124045,
MH230482, and MH109429. R.A.Il.B. was supported by the Academy of Medical Sciences,
HDR UK. J.S. was supported by NIH RO1MH134896, RO1MH132934, and RO1MH133843.
A.F.A.-B. was supported by NIH RO1MH134896, RO1MH132934, and R0O1MH133843. Data
were curated and analyzed using the Pittsburgh Supercomputing Center (BI0220056) through
the Advanced Cyberinfrastructure Coordination Ecosystem: Services and Support
(https://access-ci.org). We acknowledge the contribution from open datasets used in this

study: the PRIMatE Data Exchange (PRIME-DE)
(https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html) and the UNC-Wisconsin
Neurodevelopment Rhesus Macaque MRI Database

(https://www.nitrc.org/projects/uncuw_macdevmri). We thank Dr. Leslie Ungerleider and
Paula L. Croxson for their contributions by providing the NHP data. We also express our deep
appreciation to all the facility staff who assisted with the NHP data collection and acquisition.



https://access-ci.org/
https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
https://www.nitrc.org/projects/uncuw_macdevmri

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Gray, D. T. & Barnes, C. A. Experiments in macaque monkeys provide critical insights
into age-associated changes in cognitive and sensory function. Proc. Natl. Acad. Sci. U.
S. A. 116, 26247-26254 (2019).

Hara, Y., Rapp, P. R. & Morrison, J. H. Neuronal and morphological bases of cognitive
decline in aged rhesus monkeys. Age 34, 1051-1073 (2012).

Chiou, K. L. et al. Rhesus macaques as a tractable physiological model of human
ageing. Philos. Trans. R. Soc. Lond. B Biol. Sci. 375, 20190612 (2020).

Bethlehem, R. A. I. et al. Brain charts for the human lifespan. Nature 604, 525-533
(2022).

Dash, S. et al. Brain volumetrics across the lifespan of the rhesus macaque. Neurobiol.
Aging 126, 34—43 (2023).

Kubicki, M. et al. Lifespan Trajectories of White Matter Changes in Rhesus Monkeys.
Cereb. Cortex 29, 1584-1593 (2019).

Kovacs-Balint, Z. A. et al. Structural development of cortical lobes during the first 6
months of life in infant macaques. Dev. Cogn. Neurosci. 48, 100906 (2021).

Young, J. T. et al. The UNC-Wisconsin Rhesus Macaque Neurodevelopment Database:
A Structural MRI and DTI Database of Early Postnatal Development. Front. Neurosci.
11, 29 (2017).

PRIMatE Data and Resource Exchange (PRIME-DRE) Global Collaboration Workshop
and Consortium. Electronic address: michael.milham@childmind.org & PRIMatE Data
and Resource Exchange (PRIME-DRE) Global Collaboration Workshop and
Consortium. Toward next-generation primate neuroscience: A collaboration-based
strategic plan for integrative neuroimaging. Neuron 110, 16-20 (2022).

Neff, E. P. PRIME-DE is primed with primate data. Lab Anim. 48, 26—-26 (2018).
Milham, M. P. et al. An Open Resource for Non-human Primate Imaging. Neuron 100,
61-74.e2 (2018).

PRIMatE Data Exchange (PRIME-DE) Global Collaboration Workshop and Consortium.
Electronic address: michael.milham@childmind.org & PRIMatE Data Exchange
(PRIME-DE) Global Collaboration Workshop and Consortium. Accelerating the
Evolution of Nonhuman Primate Neuroimaging. Neuron 105, 600-603 (2020).

Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral
cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 968—980
(2006).

Mikis Stasinopoulos, D. & Rigby, R. A. Generalized Additive Models for Location Scale
and Shape (GAMLSS) in R. J. Stat. Softw. 23, 1-46 (2008).

Rigby, R. A. & Stasinopoulos, D. M. Generalized Additive Models for Location, Scale
and Shape. J. R. Stat. Soc. Ser. C Appl. Stat. 54, 507-554 (2005).

Borghi, E. et al. Construction of the World Health Organization child growth standards:
selection of methods for attained growth curves. Stat. Med. 25, 247-265 (2006).
Zhang, Y., Parmigiani, G. & Johnson, W. E. ComBat-seq: batch effect adjustment for
RNA-seq count data. NAR Genom Bioinform 2, 1qaa078 (2020).

Kim, J. et al. Rhesus Macaque Brain Developmental Trajectory: A Longitudinal Analysis
Using Tensor-Based Structural Morphometry and Diffusion Tensor Imaging. Cereb.
Cortex 30, 4325-4335 (2020).

Scott, J. A. et al. Longitudinal analysis of the developing rhesus monkey brain using
magnetic resonance imaging: birth to adulthood. Brain Struct. Funct. 221, 2847-2871
(2016).

Markov, N. T. et al. A weighted and directed interareal connectivity matrix for macaque
cerebral cortex. Cereb. Cortex 24, 17-36 (2014).

Garwicz, M., Christensson, M. & Psouni, E. A unifying model for timing of walking onset
in humans and other mammals. Proc. Natl. Acad. Sci. U. S. A. 106, 21889-21893
(2009).

Zehr, J. L., Van Meter, P. E. & Wallen, K. Factors regulating the timing of puberty onset


http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/p7o0
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/SdLc
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/tGEE
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/B87p
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/4VlE
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/OVy4
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/FA0i
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/4y3b
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/JwiL
http://paperpile.com/b/vQD4Lp/ycji
http://paperpile.com/b/vQD4Lp/ycji
http://paperpile.com/b/vQD4Lp/ycji
http://paperpile.com/b/vQD4Lp/ycji
http://paperpile.com/b/vQD4Lp/ycji
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/sUx8
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/zYzk
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/vvQP
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/8Ccb
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/qgIu
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/ZtrL
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/NZcP
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/mCx3
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/QDlT
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/d4U1
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/Jfhp
http://paperpile.com/b/vQD4Lp/tHoZ

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

in female rhesus monkeys (Macaca mulatta): role of prenatal androgens, social rank,
and adolescent body weight. Biol. Reprod. 72, 1087—1094 (2005).

Dixson, A. F. & Nevison, C. M. The socioendocrinology of adolescent development in
male rhesus monkeys (Macaca mulatta). Horm. Behav. 31, 126-135 (1997).

Yoshida T. et al. [Menstrual cycle lengths and the estimated time of ovulation in the
cynomolgus monkey (Macaca fascicularis)]. Jikken Dobutsu 31, 165-174 (1982).

Kim, S.-M. & Kim, J.-M. Evaluation of canine teeth crown reduction technique in
macaques. Lab. Anim. Res. 36, 16 (2020).

Zecevic, N., Bourgeois, J. P. & Rakic, P. Changes in synaptic density in motor cortex of
rhesus monkey during fetal and postnatal life. Brain Res. Dev. Brain Res. 50, 11-32
(1989).

Zielinski, B. S. & Hendrickson, A. E. Development of synapses in macaque monkey
striate cortex. Vis. Neurosci. 8, 491-504 (1992).

Wildenberg, G., Li, H. & Kasthuri, N. The Development of Synapses in Mouse and
Macaque Primary Sensory Cortices. bioRxiv (2023) doi:10.1101/2023.02.15.528564.
Sydnor, V. J. et al. Neurodevelopment of the association cortices: Patterns,
mechanisms, and implications for psychopathology. Neuron 109, 2820-2846 (2021).
Hrvoj-Mihic, B., Bienvenu, T., Stefanacci, L., Muotri, A. R. & Semendeferi, K. Evolution,
development, and plasticity of the human brain: from molecules to bones. Front. Hum.
Neurosci. 7, 707 (2013).

Life history. https://macaques.nc3rs.org.uk/about-macaques/life-history.

Yarkoni, T., Poldrack, R. A., Nichols, T. E., Van Essen, D. C. & Wager, T. D. Large-
scale automated synthesis of human functional neuroimaging data. Nat. Methods 8,
665-670 (2011).

Xu, T. et al. Cross-species functional alignment reveals evolutionary hierarchy within the
connectome. Neuroimage 223, 117346 (2020).

Margulies, D. S. et al. Situating the default-mode network along a principal gradient of
macroscale cortical organization. Proc. Natl. Acad. Sci. U. S. A. 113, 12574-12579
(2016).

Zhang, Z., Gewandter, J. S. & Geha, P. Brain Imaging Biomarkers for Chronic Pain.
Front. Neurol. 12, 734821 (2021).

Tootell, R. B. H., Tsao, D. & Vanduffel, W. Neuroimaging weighs in: humans meet
macaques in ‘primate’ visual cortex. J. Neurosci. 23, 3981-3989 (2003).

Semendeferi, K. & Damasio, H. The brain and its main anatomical subdivisions in living
hominoids using magnetic resonance imaging. J. Hum. Evol. 38, 317-332 (2000).
Semendeferi, K., Armstrong, E., Schleicher, A., Zilles, K. & Van Hoesen, G. W.
Prefrontal cortex in humans and apes: a comparative study of area 10. Am. J. Phys.
Anthropol. 114, 224-241 (2001).

Liu, C. et al. Rhesus monkey brain development during late infancy and the effect of
phencyclidine: a longitudinal MRI and DTI study. Neuroimage 107, 65-75 (2015).
Kohama, S. G., Rosene, D. L. & Sherman, L. S. Age-related changes in human and
non-human primate white matter: from myelination disturbances to cognitive decline.
Age 34, 1093-1110 (2012).

Miller, D. J. et al. Prolonged myelination in human neocortical evolution. Proc. Natl.
Acad. Sci. U. S. A. 109, 16480-16485 (2012).

Ball, G. & Seal, M. L. Individual variation in longitudinal postnatal development of the
primate brain. Brain Struct. Funct. 224, 1185-1201 (2019).

Knickmeyer, R. C. et al. Maturational trajectories of cortical brain development through
the pubertal transition: unique species and sex differences in the monkey revealed
through structural magnetic resonance imaging. Cereb. Cortex 20, 1053—-1063 (2010).
Xia, J., Wang, F., Wang, Y., Wang, L. & Li, G. Longitudinal mapping of the development
of cortical thickness and surface area in rhesus macaques during the first three years.
Proc. Natl. Acad. Sci. U. S. A. 120, e2303313120 (2023).

Malkova, L., Heuer, E. & Saunders, R. C. Longitudinal magnetic resonance imaging
study of rhesus monkey brain development. Eur. J. Neurosci. 24, 3204-3212 (2006).


http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/tHoZ
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/kSLW
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/OseK
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/0Tqf
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/HnZ3v
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/6yuEK
http://paperpile.com/b/vQD4Lp/N5bv0
http://paperpile.com/b/vQD4Lp/N5bv0
http://paperpile.com/b/vQD4Lp/N5bv0
http://paperpile.com/b/vQD4Lp/N5bv0
http://dx.doi.org/10.1101/2023.02.15.528564
http://paperpile.com/b/vQD4Lp/N5bv0
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/E7sM
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/6T20
http://paperpile.com/b/vQD4Lp/E1QN
https://macaques.nc3rs.org.uk/about-macaques/life-history
http://paperpile.com/b/vQD4Lp/E1QN
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Bll0
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/Zw9L
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/qmIz
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/UUtp
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/0CLE
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/b7gW
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/f9xa
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/NEea
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/ltSpo
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/D8dhn
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/ad3OE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/acYE
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/N9Wj
http://paperpile.com/b/vQD4Lp/TcMKF
http://paperpile.com/b/vQD4Lp/TcMKF
http://paperpile.com/b/vQD4Lp/TcMKF
http://paperpile.com/b/vQD4Lp/TcMKF
http://paperpile.com/b/vQD4Lp/TcMKF
http://paperpile.com/b/vQD4Lp/TcMKF

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Amiez, C. et al. A revised perspective on the evolution of the lateral frontal cortex in
primates. Sci Adv 9, eadf9445 (2023).

Friedrich, P. et al. Imaging evolution of the primate brain: the next frontier? Neuroimage
228, 117685 (2021).

Matochik, J. A. et al. Age-related decline in striatal volume in monkeys as measured by
magnetic resonance imaging. Neurobiol. Aging 21, 591-598 (2000).

Wisco, J. J. et al. An MRI study of age-related white and gray matter volume changes in
the rhesus monkey. Neurobiol. Aging 29, 1563—-1575 (2008).

Nobis, L. et al. Hippocampal volume across age: Nomograms derived from over 19,700
people in UK Biobank. Neuroimage Clin 23, 101904 (2019).

Shamy, J. L. T. et al. Hippocampal volume is preserved and fails to predict recognition
memory impairment in aged rhesus monkeys (Macaca mulatta). Neurobiol. Aging 27,
1405-1415 (2006).

Alexander, G. E. et al. Age-related regional network of magnetic resonance imaging
gray matter in the rhesus macaque. J. Neurosci. 28, 2710-2718 (2008).

Zhang, Z. et al. Pharmacological MRI mapping of age-associated changes in basal
ganglia circuitry of awake rhesus monkeys. Neuroimage 14, 1159-1167 (2001).
Sherwood, C. C. et al. Aging of the cerebral cortex differs between humans and
chimpanzees. Proc. Natl. Acad. Sci. U. S. A. 108, 13029-13034 (2011).

Simmons, H. A. Age-Associated Pathology in Rhesus Macaques (Macaca mulatta). Vet.
Pathol. 53, 399-416 (2016).

Colman, R. J. Non-human primates as a model for aging. Biochim. Biophys. Acta Mol.
Basis Dis. 1864, 2733-2741 (2018).

Huber, H. F. et al. Comparative lifespan and healthspan of nonhuman primate species
common to biomedical research. bioRxivorg 2024.07.31.606010 (2024).

Bush, G., Luu, P. & Posner, M. |. Cognitive and emotional influences in anterior
cingulate cortex. Trends Cogn. Sci. 4, 215-222 (2000).

Stevens, F. L., Hurley, R. A. & Taber, K. H. Anterior cingulate cortex: unique role in
cognition and emotion. J. Neuropsychiatry Clin. Neurosci. 23, 121-125 (2011).
Gasquoine, P. G. Contributions of the insula to cognition and emotion. Neuropsychol.
Rev. 24, 77-87 (2014).

Lavin, C. et al. The anterior cingulate cortex: an integrative hub for human socially-
driven interactions. Front. Neurosci. 7, 64 (2013).

Tang, W. et al. A connectional hub in the rostral anterior cingulate cortex links areas of
emotion and cognitive control. Elife 8, (2019).

Allman, J. M., Hakeem, A., Erwin, J. M., Nimchinsky, E. & Hof, P. The anterior cingulate
cortex. The evolution of an interface between emotion and cognition. Ann. N. Y. Acad.
Sci. 935, 107-117 (2001).

Posner, M. I., Rothbart, M. K., Sheese, B. E. & Tang, Y. The anterior cingulate gyrus
and the mechanism of self-regulation. Cogn. Affect. Behav. Neurosci. 7, 391-395
(2007).

Craig, A. D. B. How do you feel--now? The anterior insula and human awareness. Nat.
Rev. Neurosci. 10, 59-70 (2009).

Evrard, H. C. The Organization of the Primate Insular Cortex. Front. Neuroanat. 13, 43
(2019).

Modinos, G., Ormel, J. & Aleman, A. Activation of anterior insula during self-reflection.
PLoS One 4, e4618 (2009).

Wang, X. et al. Anterior insular cortex plays a critical role in interoceptive attention. Elife
8, (2019).

Craig, A. D. B. Significance of the insula for the evolution of human awareness of
feelings from the body. Ann. N. Y. Acad. Sci. 1225, 72-82 (2011).

Devue, C. & Brédart, S. The neural correlates of visual self-recognition. Conscious.
Cogn. 20, 40-51 (2011).

Anderson, J. R. & Gallup, G. G., Jr. Do rhesus monkeys recognize themselves in
mirrors? Am. J. Primatol. 73, 603—606 (2011).


http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/sYis
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/GDpH
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/bv0EQ
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/Xm8x2
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/7vc8j
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/cvhIk
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/kDh5o
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/p2KhA
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/iOJBc
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/sUAH
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/Na0o
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/1YM6
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/VbdG
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/fpL3r
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/k0fH
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/bqvDt
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/yKH5Q
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/KW7OX
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/yvarC
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/Bip7
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/boHC
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/dqzS
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/JG6v
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/2cD8
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/aaAq
http://paperpile.com/b/vQD4Lp/KXYz
http://paperpile.com/b/vQD4Lp/KXYz
http://paperpile.com/b/vQD4Lp/KXYz
http://paperpile.com/b/vQD4Lp/KXYz
http://paperpile.com/b/vQD4Lp/KXYz
http://paperpile.com/b/vQD4Lp/KXYz

72.

73.

74.

75.

76.

77.

78.

Huttunen, A. W., Adams, G. K. & Platt, M. L. Can self-awareness be taught? Monkeys
pass the mirror test-again. Proc. Natl. Acad. Sci. U. S. A. 114, 3281-3283 (2017).
Chang, L., Zhang, S., Poo, M.-M. & Gong, N. Spontaneous expression of mirror self-
recognition in monkeys after learning precise visual-proprioceptive association for mirror
images. Proc. Natl. Acad. Sci. U. S. A. 114, 3258-3263 (2017).

Bauernfeind, A. L. et al. A volumetric comparison of the insular cortex and its
subregions in primates. J. Hum. Evol. 64, 263-279 (2013).

Sun, L. et al. Functional connectome through the human life span. bioRxiv (2023)
doi:10.1101/2023.09.12.557193.

Song, J. et al. Age-related reorganizational changes in modularity and functional
connectivity of human brain networks. Brain Connect. 4, 662—-676 (2014).

Baum, G. L. et al. Development of structure-function coupling in human brain networks
during youth. Proc. Natl. Acad. Sci. U. S. A. 117, 771-778 (2020).

Moore, T. L., Killiany, R. J., Pessina, M. A., Moss, M. B. & Rosene, D. L. Assessment of
motor function of the hand in aged rhesus monkeys. Somatosens. Mot. Res. 27, 121—
130 (2010).


http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/8uRN
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/RPZL
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/xT2M
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/GyeV6
http://dx.doi.org/10.1101/2023.09.12.557193
http://paperpile.com/b/vQD4Lp/GyeV6
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/CUiKK
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/cyfv9
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM
http://paperpile.com/b/vQD4Lp/djSaM

Affiliations

' Center for the Integrative Developmental Neuroscience, Child Mind Institute
2 Child Mind Institute

% University of Minnesota

4 University of Cambridge, Department of Psychology

% University of Pennsylvania

¢ Nathan Kiline Institute

” Queens University

8 Department of Child and Adolescent Psychiatry and Behavioral Science, Children’s
Hospital of Philadelphia

° Department of Psychiatry, University of Pennsylvania

% Department of Psychiatry and Behavioral Sciences and The MIND Institute

" University of California Davis

2 Stem Cell and Brain Research Institute

3 Newcastle University

4 Section on Comparative Medicine, Wake Forest University School of Medicine
'S Universite Claude Bernard Lyon 1

'¢ University of California Davis, Dept of Psychology

'” Translational Neuroscience division, Center for Biomedical Imaging and Neuromodulation,
Nathan Kline Institute

'8 University Medical Center Utrecht
9 Columbia University
20 Aix-Marseille University

2 Translational Neuroscience Division, Center for Biomedical Imaging and Neuromodulation,
Nathan Kline Institute

22 Universite Claude Bernard Lyon1

2 East China Normal University

24 McGill University

2 Department of Biomedical Engineering, Vanderbilt University
26 NeuroSpin

27 University of lllinois Urbana-Champaign

28 University of Western Ontario

2 Mount Sinai School of Medicine

30 Rockefeller University

3 Institute for Cognitive Science Marc Jeannerod

32 University of Bristol

33 University of Rochester

34 Queen’s University

3% |nstitut des Sciences Cognitives Marc Jeannerod (ISC-MJ)
3¢ Lyon Neuroscience Research Center, University of Geneva
37 Lyon Neuroscience Research Center, ImpAct Team



% Emory National Primate Research Center, Emory University

% Fralin Biomedical Research Institute, Virginia Tech

40 Carilion Department of Human Development and Family Science, Virginia Tech

41 University of Wisconsin Madison

42 Oregon National Primate Research Center

“3 Princeton Neuroscience Institute & Department of Psychology, Princeton University
44 Netherlands Institute for Neuroscience

“* Emory National Primate Research Center; Emory University

“¢ Abbott Laboratories

“” Duke Kunshan University

8 Centre for Social Learning and Cognitive Evolution, School of Biology, University of St.
Andrews

“® National Institute of Mental Health

%0 University of North Carolina at Chapel Hill

51 Institute for Futures Studies, Stockholm, Sweden

52 Centre for Cultural Evolution & Department of Zoology, Stockholm University, Sweden
53 University of Oxford

54 The University of Western Ontario

%5 California National Primate Research Center, Davis

56 Department of Neuroscience, Icahn School of Medicine at Mount Sinai

57 Oregon Health & Science University

%8 University of York

%% Functional Imaging Laboratory, German Primate Center — Leibniz Institute for Primate
Research

8 Newcastle University, University of lowa

1 Princeton Neuroscience Institute, Princeton University

62 McGovern Institute for Brain Research, Massachusetts Institute of Technology

3 Department of Biology, Utrecht University

4 Department of Biology, McGill University

8 INSERM Stem Cell & Brain Research Institute

¢ Department of Psychiatry & Behavioral Sciences, School of Medicine

7 University of Fribourg, Switzerland

% Ruhr University Bochum, Faculty of Biology and Biotechnology, Cognitive Neurobiology
8 Neural Circuits and Cognition Lab, European Neuroscience Institute Gottingen

0 Perception and Plasticity Group, German Primate Center — Leibniz Institute for Primate
Research

™ Department of Bioengineering, Santa Clara University

2 Department of Biology and Helmholtz Institute, Utrecht University

3 Department of Computation and Neural Systems, California Institute of Technology

™ Institute of Neuroscience

s State Key Laboratory of Primate Biomedical Research, Institute of Primate Translational



Medicine, Kunming University of Science and Technology, Kunming, China

6 Stem Cell & Brain Research Institute

7 The Rockefeller University

8 Krieger Mind/Brain Institute, Department of Neurosurgery, Johns Hopkins University
™ French National Centre for Scientific Research

8 Translational Neuroscience division, Center for Biomedical Imaging and Neuromodulation,
Nathan Kline Institute.

8 Deptartment of Psychiatry, Neurology and Neurosurgery, Columbia University



Methods

Dataset and Preprocessing

The nonhuman primate (NHP) data was aggregated from the PRIMatE-Data Exchange
(PRIME-DE) consortium, UNC-Wisconsin Neurodevelopment Rhesus MRI Database', and
additional development studies. Refer to Supplementary Information 1.1-2.1 for details on
individual study protocols, scanner manufacturers, and demographics. We preprocessed T1w
and available T2w MRI images using ‘deepbet and ‘nhp-abcd-bids-preprocessing’®
pipelines. Briefly, the data was first denoised using ANTs to remove the ‘salt-and-pepper’
noise, followed by skull stripping using ‘deepbet’, segmentation, surface reconstruction in
FreeSurfer®, and registration to the MacaqueYerkes19°® template. Additional segmentation
templates from the early development stage were added into the ‘nhp-abcd-bids-
preprocessing’ pipeline to successfully segment infant macaques with age < 0.33 years.
Quality assessment figures and metrics were generated for each preprocessing step for visual
inspection and quantitative quality control (see Supplementary Information 1). In total, 1,024
rhesus macaques (female=470, male=554, age range -0.227 - 30.64 years) with 1,522 unique
scans from 23 research sites were included in the analyses. We then extracted global and
regional volume, area, and thickness measurements utilizing the Markov’ parcellation to
define regions across the cortices. ComBat was applied to global and regional measurements
to adjust for potential batch effects that might arise from variations in the segmentation stage
(see Supplementary Information 1.5).

For cross-species comparisons, we utilized the previously established normative charts from
the human study®. The GAMLSS modeled trajectories for global measurements (i.e. total
volume, total area, and mean thickness) as well as the regional metrics defined by the
Desikan-Killiany®'° parcellation is available at https://github.com/brainchart/Lifespan.

GAMLSS and Growth Charts

To model age-related changes in brain structure across the lifespan with an aggregate
dataset, we employed the Generalized Additive Model for Location, Scale, and Shape
(GAMLSS)". This approach allows us to fit non-linear growth curves with a wide range of
distribution families that incorporate the variations in mean, variance, skewness, and kurtosis.
A recent large-scale study has established human brain growth charts from over 100,000
scans. Following this approach, we utilized GAMLSS to model nonlinear sex-stratified
developmental trajectories on the macaque lifespan data. The generalized gamma distribution
family, fractional polynomials, has been shown to be the most suitable outcome distribution
for modeling brain growth curves across the lifespan, as it effectively captures the non-linear
changes, heteroscedasticity, and skewness present in the data®. Therefore, fractional
polynomials were optimally selected to model the growth trajectories with non-linearity in u for
each of the global and regional MRI measurements. Specifically, the following GAMLSS model
is specified:

Y ~F(uo0,v,7) (1)

gu(ﬂ) = Su(Xu)ﬁu + ZuYu
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95(0) = S;(Xe)Bs + Z5Vs
gv(V) = S,(Xp)By + Z,Yy
9:(v) = S:(X)B: + Z;y,

The dependent variable, Y is modeled by a probability function F, commonly parameterized
by distribution parameters: mean (i), variance (o), skewness (v) , and kurtosis (7). The
location and scale of the distribution are characterized by mean and variance while the shape
is characterized by skewness and kurtosis. Each parameter can be modeled as a linear
function of explanatory variables through a link function g(). X and Z are design matrices for
fixed effect B and random effects y respectively. Non-parametric smoothing functions applied
to independent variables for each of the four parameters are denoted as S. Similar to the prior
work in humans, we used fractional polynomials as smoothing functions for the age effect in
X and estimated the associated coefficients B. For each dependent variable, we fit all possible
fractional polynomial models iteratively from a standard set of powers, p€
{-2,-1,-0.5,0,0.5,1,2,3}, searching for the most appropriate subset of powers that optimize
the model fit. The model with the lowest Bayesian information criterion (BIC) was selected as
the final model for each global and regional brain metric. Of note, while the sample size is
considered a large dataset in NHP studies, the age coverage from multiple datasets might be
inadequate to model the non-linearity in variance (o). As such, the searching algorithm was
only estimated for the first order of distribution parameters (u).

In line with the previous study®, ‘site’ was also included in the model as a random effect,
estimating mean (u) to account for batch effort from the study site. Specifically, beyond the
fixed intercept, observations that varied across ‘site’ were modeled by the random effect of
the intercept, assuming the site variation follows a normal distribution y~N (0, §2). Therefore,
the potential batch effect - site-specific deviation - was taken into account in GAMLSS and
estimated by the random effect term in the model. See further validation analyses in
Supplementary Information 3.1-3.3. We also estimated the study-specific model for each site
by removing the ‘site’ effect from the model (Fig 1, Fig SX), which characterized the brain
growth curves for each site.

Finally, we identified the optimal fractional polynomial models for each of the global and
regional metrics. The models for the global metrics are as follows:

GMV ~ Generalized Gamma(u,o,v) (2)
gu) = ay, + Aysex + Bu,l (age)_z + ﬁu,z (age)_z + Vyusite
g(O’) =05 + aa,sex

v=a,
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WMV ~ Generalized Gamma(u,o,v) (3)
g = ay + Ay sex + Bu,l (age)_z + ﬁu,Z (age)_z + ﬁu,B (age)_l + Yy site
g(O’) = 0Ug5 + aa,sex

v=a,

sGMV ~ Generalized Gamma(u, g, V) (4)
gu) = Ay + Ay sex + ﬂu,l(age)_o's + ,8;1,2 (age)_O'S + Vusite
g(O’) =05 + aa,sex

v=a,

Ventricle volume ~ Generalized Gamma(u, o,v) (5)
gu) = Ay + Ay sex T ﬁ,u,l(age)_z + :8;1,2 (age)_z + ﬁu,3 (age)l + Vysite
g(O’) = 0Ug5 + aa,sex

v=a,

Cerebrum volume ~ Generalized Gamma(u,o,v) (6)
g = ay + Ay sex + Bu,l (age)_z + :8;1,2 (age)_z + ﬂu,B (age)_z + Yusite
g(O’) =05 + aa,sex

v =aq,

Total surface area ~ Generalized Gamma(u,o,v) (7)



gu) = Ay + Ay sex + ﬁ,u,l(age)_z + ,8;1,2 (age)_z + Vysite
g) =a, + U sex

v=a,

Mean thickness ~ Generalized Gamma(u, g, v) (8)
g = ay + aysex + Bu1(age) ™ + B2(age) "% + Vyusice
9(0) = a5 + g sex
vV =a,

The term a,, corresponds to the fixed effect of the intercept, which is modeled for mean (u),
variance (o), and skewness (v); The fixed effect of sex, @, s, is modeled for the mean (u),

variance (a); the term Yu representing the random effect of study ‘site’, is also included in

,site’
modeling mean (u).

To validate our models and calculate confidence intervals of the resulting trajectories and
peaks of growth rate and age, we performed a bootstrapping analysis, consisting of 1,000
refits with replacement. Trajectories for global and most regional metrics are robust to this
analysis, with several instabilities found in smaller regional estimates. Details for this analysis
and the results can be found in Supplementary Information 3.

Cross-species transformation

To compare spatial patterns across species, we utilized previously established functional
alignment to transform resulting maps between macaques and humans'?. This method
provides a vertex-to-vertex surface deformation across species, constructed based on the
matched low-dimensional representations of functional connectivity in humans and macaques.
Code and transformation are available: https://github.com/TingsterX/alignment macaque-
human.

Determining developmental milestones across species

To quantify and compare developmental milestones, we used GAMLSS trajectories to
estimate ages at which regional and global measurements peak in their size and growth rate.
Growth rates were determined by taking the first derivative of the median trajectory (50th
centile), with the peak growth velocity identified at its maximum. Similarly, the age at which a
tissue type or region peaked in volume, area, or thickness was determined by the point at
which the median trajectory reached its maximum. In some cases, particularly in smaller
regions, GAMLSS trajectories were observed to plateau in growth until the end of the lifespan.
In these instances, the earliest point of the plateau was recognized as the peak age (See
Supplementary Information 4 for details).
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To directly compare the order of regional maturation between species, peak ages were first
projected back to the cortical surface. We then transformed the macaque maps to human
surface space using the cross-species alignment described above. The macaque-to-human
peak age maps were re-parcellated using the Desikan-Killiany® atlas to match the regional
human peak age maps. Following, we ranked the peak age from earliest to latest maturation
time within species and directly subtracted the resulting ranked maps (human - macaque) to
generate a cross-species difference map, representing the contrast in relative maturity of
regions across the cortices.

Neurosynth Meta-analysis decoding of growth maps

To identify critical developmental stages and associated cognitive function, we conducted a
meta-analysis using the Neurosynth'® database. We first calculated incremental growth maps,
dividing the developmental period from birth to early adulthood (macaque: 6 years, humans:
18 years) into time windows of 3-month and 1-month intervals in humans and macaques,
respectively. For each interval, we calculated the volumetric change of cortical gray matter
regionally, resulting in 72 growth change maps in each species. Following, we decoded each
of the human growth maps using the Neurosynth meta-analysis database with the Brainstat'
software package, computing the spatial correlations (i.e. r-score) between our growth maps
and the Neurosynth term activation maps. As activation maps in the database are all in human
reference space, we projected macaque growth maps onto the human surface before
decoding the macaque-to-human map accordingly. Finally, we summarized feature terms into
24 topics previously reported' (e.g. feature terms such as ‘sight’, ‘vision’, and ‘eye’ are
grouped into the topic ‘eye movements’). The r-scores of terms from the same topic were
averaged for each time window within species. In Fig 4, the dotted curve represents the
connected scatter plot of the r-score for each feature term, and the solid curve represents the
averaged score across terms for each topic. Each curve indicates the cortical developmental
window for a specific cognitive function. Additionally, we also used GAM models to fit the r-
scores across terms to generate the topic curve (Supplementary Information 5.1).
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