








 

 
We characterized regional growth using the Markov architectonic parcellation20 
(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)4. 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.  
 

 
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 
!" , surface area in !! 2 and cortical thickness in !! . 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. c) 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 parcellation13. Human growth rate data was obtained from the human brain charts project4. 
 
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 macaques19. 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 birth29,30. 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 years31, 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. 
 

 
Fig. 3 | Cross-species comparison of neurodevelopmental milestones. Normative trajectories of each global MRI 
phenotype for both human (top) and macaque (middle) as a function of age (log-scaled). Regional gray matter 
volume are shown at highlighted developmental milestones3,21–28. Both trajectories and regional gray matter volume 
are shown as a proportion of their maximum. Circles on the trajectories indicate the peak value of each phenotype 
(i.e. the maxima of the median trajectories), and triangles represent the peak growth velocity. Developmental 
milestones are approximately matched for each species for visualization purposes. Bottom panel depicts commonly 
used developmental milestones in macaque stratified by sex. Ranges depict time of expected onset (bars: walking 
onset, teeth eruption, age of first birth, first reproduction, weaning) or completion of specific behavioral or 
physiological maturity (lines: sexual maturation, brain resting metabolic rate (RMR), synaptic density, gestation)3,21–

28. 
 
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 charts4. 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 

Infancy Toddler Childhood Late Childhood Adolescence Mid−life Elder

0.00

0.25

0.50

0.75

1.00

Birth 1yr 3yr 6yr 12yr 18yr 40yr 60yr

Infancy Toddler Childhood Adolescence Mid−life Elder

0.00

0.25

0.50

0.75

1.00

Birth 4m 1yr 2yr 3yr 6yr 15yr 25yr

Cerebrum Volume Cortical Thickness Gray Matter Volume Subcortical Gray Volume Surface Area Ventricular Volume White Matter Volume

Weaning
Age of First Reproduction

Age of First Birth
Teeth Eruption
Walking Onset

Gestation
Synaptic Density (min to max)

Brain RMR
Sexual Maturation

Birth 4m 1yr 2yr 3yr 6yr 15yr 25yr

Pr
op

or
tio

n 
of

 m
ax

im
um

 v
al

ue

Sex
Both

Female

Male

Infancy Toddler Childhood Late Childhood Adolescence Mid−life Elder

0.00

0.25

0.50

0.75

1.00

Birth 1yr 3yr 6yr 12yr 18yr 40yr 60yr

Infancy Toddler Childhood Adolescence Mid−life Elder

0.00

0.25

0.50

0.75

1.00

Birth 4m 1yr 2yr 3yr 6yr 15yr 25yr

Cerebrum Volume Cortical Thickness Gray Matter Volume Subcortical Gray Volume Surface Area Ventricular Volume White Matter Volume

Weaning
Age of First Reproduction

Age of First Birth
Teeth Eruption
Walking Onset

Gestation
Synaptic Density (min to max)

Brain RMR
Sexual Maturation

Birth 4m 1yr 2yr 3yr 6yr 15yr 25yr

Pr
op

. o
f m

ax
 v

al
ue

Sex
Female

Male

Pr
op
or
tio
n
of
m
ax
im
um

va
lu
e

Bethlehem &
Seidlitz et al., 2022

GM volume
proportion

Cerebrumvolume
GrayMatter volume

Subcortical GM
Cortical thickness WhiteMatter volume

Surface area
Ventricular volume

GM volume
proportion

Peak Growth Velocity
Peak Volume

https://paperpile.com/c/vQD4Lp/E1QN
https://paperpile.com/c/vQD4Lp/B87p


 

developed cross-species transformation and mapped macaque peak ages to the human 
surface33. 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. 
 
 

 
 

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 project4. 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 Neurosynth32 meta-analysis. Shaded lines represent 
individual terms associated with a topic, and solid lines represent the average.  
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