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Characterizing normal brain development in the rhesus macaque is
a necessary prerequisite for establishing better nonhuman primate
models of neuropathology. Structural magnetic resonance imaging
scans were obtained on 37 rhesus monkeys (20 Male, 17 Female)
between 10 and 64 months of age. Effects of age and sex were
analyzed with a cross-sectional design. Gray matter (GM) and white
matter (WM) volumes were determined for total brain and major
cortical regions using an automatic segmentation and parcellation
pipeline. Volumes of major subcortical structures were evaluated.
Unlike neural maturation in humans, GM volumes did not show
a postpubertal decline in most cortical regions, with the notable
exception of the prefrontal cortex. Similar to humans, WM volumes
increased through puberty with less change thereafter. Caudate,
putamen, amygdala, and hippocampus increased linearly as did the
corpus callosum. Males and females showed similar maturational
patterns, although males had significantly larger brain volumes.
Females had a proportionately larger caudate, putamen, and
hippocampus, whereas males had both an absolute and relatively
larger corpus callosum. The authors discuss the possible
implications of these findings for research using the rhesus
macaque as a model for neurodevelopmental disorders.
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Introduction

A comprehensive understanding of normal brain development

is essential to advancing our understanding of neurodevelop-

mental disorders including autism, schizophrenia, and mental

retardation. The advent of quantitative magnetic resonance

imaging (MRI) has significantly expanded our knowledge about

human brain development during childhood and adolescence

and several large-scale cross-sectional (Pfefferbaum et al. 1994;

Reiss et al. 1996; Caviness et al. 1996; Courchesne et al. 2000;

De Bellis et al. 2001) and longitudinal studies have now been

published (Giedd et al. 1999; Sowell et al. 2004; Lenroot and

Giedd 2006). Although this research has identified critical

periods in human brain development, especially the reduction

in gray matter during the peripubertal years which is thought

to reflect dendritic pruning, animal models are also needed to

enable controlled manipulations of genetic and environmental

factors, and to test the efficacy of treatment interventions.

Among the possible nonhuman primate models, the rhesus

macaque (Macaca mulatta) has been the most widely used

monkey to investigate the neural substrates of human behavior,

due to its phylogenetic closeness and the potential to examine

more complex cognitive functions and social behavior. For

more than 40 years, this species has been used to evaluate how

disturbances of the early rearing environment can induce

behavioral abnormalities (Harlow and Harlow 1962; Harlow and

McKinney 1971; Harlow et al. 1971), and it still holds great

potential as a primate model of developmental neuropathology

(Machado and Bachevalier 2003; Nelson and Winslow 2009).

Although there are excellent neuroanatomical descriptions of

early brain maturation in the monkey (Rakic and Goldman-

Rakic 1982), information on the normal maturation of the

monkey brain during puberty remains more limited, especially

with regard to the analytic approaches used in MRI.

The prevailing view from studies in humans is that total brain

volume undergoes a rapid nonlinear increase during childhood

and reaches a maximum around puberty. Brain growth in the

first 2 years of life is driven primarily by increases in gray matter

(GM) (Gilmore et al. 2007; Knickmeyer et al. 2008). From age 4

to age 22, total GM as well as GM within the frontal, parietal,

and temporal lobes follows an inverted U-shaped maturational

trajectory, with the age of maximum volume being attained

during the peripubertal period, although the age point for the

actual peak varies by region. In contrast, GM volume in the

occipital lobe increases linearly (Giedd et al. 1999). White

matter (WM) generally increases in a linear fashion well into

adulthood (Jernigan and Tallal 1990; Reiss et al. 1996; Giedd

et al. 1999; Schaefer et al. 1990). The only MRI study of juvenile

and adolescent brain development in the rhesus macaque

reported that as in humans, they attain maximum total brain

volume around sexual maturity and have an extended period of

WM growth into adulthood (Malkova et al. 2006). However,

this study did not measure GM volumes or examine variation

between different cortical regions or in subcortical structures.

Pierre et al. (2008) have reported that in a closely related

species, juvenile bonnet macaques (Macaca radiata) had

lower total brain volumes and GM/WM ratios than adolescent

and adult monkeys, but did not provide data on regional

variation. A neuroimaging study of capuchin monkeys, which

are more phylogenetically distant from humans, also revealed

rapid nonlinear growth in total brain size during the first few

years of life, which was driven primarily by WM expansion

(Phillips and Sherwood 2008). No growth was seen in total GM

or GM in the frontal lobe. Although human studies suggest that

postnatal cortical development is very heterochronous (i.e.,

with different timing in diverse cortical regions), postmortem

studies suggest that cortical development in monkeys is more

synchronous (Rakic et al. 1986; Bourgeois and Rakic 1993).

Studies in humans also indicate that there are marked sexual

dimorphisms in the central nervous system during both child-

hood and adulthood. The most consistent findings are greater

intracranial volume (ICV) and total brain volumes in males

(Dekaban and Sadowsky 1978; Caviness et al. 1996; Giedd et al.

1996, 1997; Reiss et al. 1996; Nopoulos et al. 1997; Filipek 1999;
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De Bellis et al. 2001; Goldstein et al. 2001); higher proportion of

GM-to-WM in females (Gur et al. 1999; Goldstein et al. 2001;

Allen et al. 2003), relatively greater volume of the amygdala in

males (Caviness et al. 1996; Good et al. 2001), and relatively

greater volume of the caudate (Filipek et al. 1994; Caviness et al.

1996; Giedd et al. 1996, 1997) and hippocampus (Filipek et al.

1994; Caviness et al. 1996) in females. Males and females also

differ in specific developmental growth trajectories. Total

cerebral volume, caudate volume, and GM volume in the frontal

and parietal lobes peak earlier in girls than in boys (though the

exact ages vary depending on the region), a pattern which may

relate to sex differences in timing of puberty. In adolescence,

WM increases more rapidly in males than in females (Lenroot

et al. 2007). These sex differences in neurobiology may be highly

relevant to neurodevelopmental pathologies, which frequently

show marked sex differences in risk, phenotypic expression, and

treatment response (Szatmari et al. 1989; Moffitt 1990; Gur et al.

1996; Hafner et al. 1998; Chakrabarti and Fombonne 2001;

Moffitt and Caspi 2001; Baird et al. 2006; Kulkarni et al. 2008).

Research on the monkey may be particularly informative about

the role of pubertal onset in determining these brain changes

because females reach puberty 1--3 years before males. In

addition, adult rhesus monkeys also display large sex differences

in brain size (Falk et al. 1999), in part because the male brain

continues to grow significantly after puberty (Franklin et al.

2000). Nevertheless, some subcortical areas, such as the

amygdala, have been reported to not differ in size between

male and female monkeys.

It is clear that a better characterization of normal brain

development in the rhesus macaque is necessary to identify the

similarities and differences between humans and the macaque

as well as to better align the maturational changes associated

with the critical transitional period of puberty. This is

a necessary prerequisite for investigating the developmental

impact of experimental manipulations that induce neuropa-

thology. In this paper, we report the first structural MRI study to

systematically measure GM and WM volume in different cortical

regions in a large sample of male and female rhesus macaques,

ranging in age from juveniles to young adults. Our initial

hypotheses were 1) because the rhesus is born relatively more

mature than humans, GM development at 1 year of age would be

far more comparable to the mature adult in macaques than in

humans, 2) WM would increase in a linear fashion throughout

the juvenile and adolescent period, 3) growth patterns would be

similar across cortical regions, and 4) development would be

prolonged in male monkeys compared with females.

Materials and Methods

Subjects
Thirty-seven rhesus monkeys (20 Male, 17 Female) between the ages of

10 and 64 months (see Supplementary Table S1). All subjects were

generated from a large 500+ monkey-breeding colony at the Harlow

Primate Laboratory (University of Wisconsin, Madison, WI), with known

pedigree and clinical history extending back 8 generations and over 50

years. The cohort ofmonkeys used for theseMR analyseswere generated

from 35 different adult females bred with 22 different adult males. There

were no full siblings included. Therewere 2 sets of maternal half-siblings,

and 9 sets of paternal half-siblings (7 sets had 2 members; 3 sets had

3 members and 1 set had 5 members). 12 monkeys had no half-sibs in

the study. The number of half-siblings is not sufficient for a statistical test

of the contribution of genetics to interindividual variability and is

unlikely to compromise the independence of the data points.

Rearing Conditions
All monkeys were reared and housed in standardized conditions. Infants

were reared by the mother until 6--8 months of age, and then weaned

into small social groups, each comprised of 4--8 animals. Subadult

animals were housed in mixed-age groups or as social pairs with another

animal of the same age and sex. Thus, all animals scanned for this project

had been socially reared, maintained in a controlled manner, and were

free of any experimental manipulations that would alter brain de-

velopment. Animals were fed a standardized diet of commercial biscuits

(Teklad, Harlan Laboratories, Indianapolis, IN) and provided fruit

supplements and foraging devices for enrichment. Water was available

ad libitum, temperature controlled at 23 �C, and the light:dark cycle

maintained at 2:10 PM with lights on at 06:00 AM. The housing

conditions were in accordance with regulatory guidelines and the

experimental procedures were approved by the institutional Animal

Care and Use Committee of the University of Wisconsin-Madison.

MRI Acquisition
Imaging was performed on a GE SIGNA 3T scanner (General Electric

Medical Systems, Milwaukee, WI) with a high-resolution coronal 3D,

Inversion-Recovery -Prepped, fast SPGR sequence for the T1-weighted

scan (inversion time [TI] = 600 ms; time repetition [TR] = 8.6 ms, time

echo [TE] = 2.0 ms, field of view [FOV] = 14 cm, flip angle = 10�,
matrix = 256 3 256 [interpolated to 512 3 512], slice thickness = 1 mm

[interpolated to 0.5 mm], bandwidth = ±15.63 kHz) which yielded

a resulting continuous voxel size of 0.273 3 0.273 3 0.5 mm across the

entire cranium. A T2-weighted scan (TR = 12 000 ms, TE = 90 ms, FOV =
14 cm, flip angle = 90�, 256 3 256 [interpolated to 512 3 512], voxel

size = 0.2734 mm, slice thickness = 1.5 mm, slice gap = 0 mm,

bandwidth = 31.25 kHz) provided a resulting continuous voxel size of

0.2734 3 0.2734 3 1.5 mm across the entire cranium. Immobilization

was maintained throughout the 1-h scanning procedures by an initial

administration of ketamine hydrochloride (10 mg/kg im) followed by

medatomidine (50 lg/kg im). The heads of all of the younger monkeys

were oriented identically within a stereotaxic platform; the larger 4- to

5-year-old subadults were oriented in the same plane on a pillow; all

within an 18-cm-diameter quadrature extremity coil (IGC Medical

Advances, Milwaukee, WI). Similar orientation and the absence of

marked head tilt or yaw were verified when visualizing the initial brain

images in the sagittal and coronal planes.

MRI Analysis
A framework was developed for fully automatic atlas-based segmenta-

tion of brain tissue, lobar parcellation and delineation of subcortical

structures in the rhesus macaque (Styner et al. 2007). A structural atlas

was built from 18 training images (approximately uniformly distributed

across age range of 16--34 months) by iterative, joint deformable

registration into an unbiased average image. All monkeys in the training

data were also employed in the study. On this atlas, probabilistic tissue

maps, a lobar parcellation, and subcortical structures were determined.

This information was then applied to each subject. First, the

probabilistic tissue maps were affinely registered to each subject’s T1-

and T2-weighted images for an atlas-based Expectation Maximization

tissue classification (see Fig. 1). This step provided intensity in-

homogeneity correction, intensity normalization, and skull stripping, all

of which are necessary for the second step which is a deformable

registration of the lobar and subcortical parcellations. The deformed

parcellation regions mask the tissue segmentations to define the

parcellation for WM and GM separately. Regional volumes are the sum

of the bilateral regions in both hemispheres. See Supplementary

Material for full details of anatomical boundaries.

We validated the cortical GM and subcortical parcellations on 10

separate scans. All 10 scans were used to compare the automatic

segmentation results to a manual expert’s segmentations. Three of the

10 scans appeared 3 times in the validation dataset. These 3 scans,

segmented in triplicate, were used to calculate intrarater variability.

Therefore, the manual rater segmented a total of 16 validation data sets,

randomized and blinded. Validation segmentations were performed by

a single manual rater. The assessment was performed via our standard

segmentation evaluation battery (Gerig et al. 2001; van Ginneken et al.
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Figure 1. Results of the tissue classification. (a) Tissue segmentation overlaid on the smoothed, intensity corrected image of a representative case. GM in green; WM in red;
cerebrospinal fluid in blue. (b) Development of ICV and major tissue classes shown as scatter plots of volume in mm3 by age in months. When there was no evidence of
a significant effect of age on estimation of brain volume, no regression line was fitted.
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2007) with the resulting errors combining metrics of volumetric

difference, volumetric overlap and surface distance. The intrarater

coefficient of variation (COV) of the volumetric measurements was

between 1% and 4% for all regions. These COV values are comparable

with those in other manual validation studies (Styner et al. 2002). The

automatic GM segmentations for all cortical regions showed an error, as

compared with the expert segmentation, that was within 1.14 times the

average intrarater error (average error between segmentations of the

same dataset by the same rater), with the exception of the temporal

auditory lobe (1.68 times) and cerebellum (4.04 times). The relatively

high difference to the manual rater for the cerebellum is due to 2

observations: 1) a slightly higher absolute error of the automatic

method as compared with other lobes and 2) a significantly smaller

error for intrarater analysis (volume difference < 0.6%, volumetric

overlap error < 1.2%) as compared with other lobes. Thus our analysis

indicates that the volumetric measurements of the cerebellum as well

as of the temporal auditory lobe are not as accurate as those of the

other lobes when compared with human raters and results for this

structure should clearly be treated with caution. Volumetric differ-

ences between the automatic subcortical structure segmentation and

the manual expert segmentation are within 1.1 times the intrarater

differences. Although we did not perform an inter-rater variability

assessment, we have observed in our own human studies that inter-

rater differences are commonly 2--13% higher than intrarater differ-

ences (Yushkevich et al. 2006; Styner et al. 2007). Thus, we expect our

automatic method to be within the range of inter-rater differences. In

contrast to human rater segmentations, our methods are deterministic

and 100% reproducible.

Statistical Analysis
For comparison of demographic characteristics between males and

females, 2-sample t-tests and Wilcoxon rank-sum tests were used for

continuous variables and Fisher Exact tests were used for categorical

variables. ANCOVA was used to compare the growth pattern of brain

volumes between males and females. Also, cubic, quadratic, or linear

polynomial regression models were fitted by age to find the growth

pattern of brain volumes. Regression models were fitted both with and

without centering to improve estimation, but the pattern of results was

similar for both methods and thus only the results of regression without

centering are presented here.

A backward elimination strategy, based on F-statistics was used to

select the best polynomial regression model. Starting at the largest

model (cubic polynomial regression with different intercept, linear,

quadratic, and cubic terms of age by gender), a polynomial of degree k

was compared with polynomial of degree k – 1, eliminating the highest

order term based on a 1 degree of freedom F-test. If the eliminated term

was significant, then the polynomial model of degree k was considered

the best model. Otherwise, we continued backward elimination until

we achieved a significant model. When male and female groups had

different curves using the best-fitting model, 2 polynomial regression

models were fitted separately by gender so that each gender group has

its own best model. Males and females were considered to have

different curves if the highest nonintercept term was significantly

different between male and female at a modeling step. When we were

not able to find a significant difference in both curve and intercept by

gender, a common regression model was fitted to both genders. All

polynomial regression models and hypotheses examined to find the

best-fitting model are listed in the supplemental methods. A flowchart

of the order of testing is also available (Supplemental Fig. S1).

We did not use likelihood functions themselves, Akaike information

criterion, finite-population corrected Akaike information criterion, or

Schwarz’s Bayesian information criterion to compare the models

preferring to use the comparison of 2 nested models. All statistical

hypothesis tests were conducted at a significance level of 0.05. For raw

brain volumes (uncorrected for ICV), the cubic model was never the

best fit model. As there was no missing data, degree of freedom were

[1,34] for all linear models (Test 12—Supplemental Methods) and [1,33]

for all quadratic models (Test 7—Supplemental Methods). F and p

values reported in the results text refer to the indicated effect (linear or

quadratic) rather than the overall model. In order to estimate the

percent change across the age range studied, the regression equations

fromthebest-fittingmodelwereused tocalculatemeanbrain volumeat 10

months of age and mean brain volume at 64 months of age. % Change =
((brain volume at 64 months – brain volume at 10 months)/brain volume

at 10 months) 3 100. Percent change was calculated separately for males

and females, and then averaged.

Results

Global Brain and Tissue Volumes

ICV increased significantly across this age range, which

corresponds to juvenile stage through young adulthood in

the rhesus macaque (F = 8.97, linear effect P = 0.005). The

percent increase based on regression equations was 11%. Male

brains were approximately 10% larger than female brains with

no evidence for sex differences in the slope of the maturational

trajectory. Total GM did not show significant age-related

changes, although there was a general statistical trend for GM

to increase across this period (F = 2.96, linear effect P = 0.09).

Age-related changes in WM volumes were best described by

a quadratic curve (F = 7.20, quadratic effect P = 0.01), with

faster growth in early life and into the peripubertal transition

period with little change thereafter. Overall, WM volume

increased by 31%. There was not a significant age-related change

in the total amount of cerebrospinal fluid (CSF) in the ventricles

and external space surrounding the brain (F is very close to 0,

linear effect P = 0.98). Males had approximately 9% greater GM

volumes, 10% greater WM volumes, and 9% greater CSF volumes

with no evidence for sex differences in developmental

trajectories (see Fig. 1 and Supplementary Table S2).

Gray Matter

The developmental trajectories of cortical GM showed regional

specificity. GM in the occipital, parietal, and cingulate cortex

and the limbic portion of the temporal lobe showed no

significant age-related changes. In contrast, GM increased in

a linear fashion in the frontal motor cortex (F = 4.83, P = 0.03, %

change = 10%), visual temporal cortex (F = 7.07, P = 0.01, %

change = 12%), auditory temporal cortex (F = 10.01, P = 0.003,

% change = 13%), and the cerebellum (F = 17.94, P = 0.0002, %

change = 23%). GM in the prefrontal cortex followed a biphasic

developmental course with peak volume reached around 40

months (F = 9.78, quadratic effect P = 0.0037). For the majority

of cortical regions, males and females did not differ significantly

in their developmental trajectories, but in all regions the males

had larger GM volumes than did the females. The growth of GM

in the insular cortex followed a biphasic pattern in males and

declined after puberty, but showed no age-related change in

females (see Fig. 2 and Supplemental Table S2).

White Matter

WM development also showed regional specificity. WM

increased linearly across this age range in the cingulate cortex

(F = 87.28, P < 0.0001, % change = 78%), visual temporal

cortex (F = 36.55, P < 0.0001, % change = 29%), limbic temporal

cortex (F = 23.92, P < 0.0001, % change = 40%), and the corpus

callosum (F = 51.32, P < 0.0001, % change = 70%). WM

development was best described by a quadratic curve in the

frontal motor cortex (F = 8.12, P = 0.0075, % change = 34%),

parietal (F = 5.31, P = 0.0276, % change = 34%), and auditory

temporal cortex (F = 11.77, P = 0.0016, % change = 40%), with

accelerated growth in early life and into young adulthood with

little change thereafter. WM in the prefrontal and insular cortex

followed a biphasic pattern, first enlarging and then declining
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after puberty (F = 14.85, P = 0.0005 and F = 6.87, P = 0.0132,

respectively). No age-related changes in WM were observed in

the cerebellum. For the majority of cortical regions, the WM in

males and females did not follow different developmental

trajectories, but males had larger WM volumes than females in

all regions except the insula. In the occipital lobe, WM volume

increased linearly in males, but showed no age-related change in

females. Although neither males nor females showed a significant

Figure 2. Results of the cortical parcellation. (a) Regional GM development shown as scatter plots of volume in mm3 by age in months. At the center are 3D meshes of the GM
cortical parcellation (the one on the right has had the outer lobes removed to reveal interior structures). Light green (prefrontal), yellow (frontal motor), orange (parietal), red
(occipital), brown (cingulate), fuschia (insula), bright pink (temporal limbic), aqua (cerebellum), purple (temporal visual), bright green (temporal auditory). (b) Regional WM
development shown as scatter plots of volume in mm3 by age in months. At the center are 3D meshes of the WM cortical parcellation (the one on the right has had the outer
lobes removed to reveal interior structures). Colors as above. Regional volumes are the sum of the bilateral regions in both hemispheres. When there was no evidence of
a significant effect of age on estimation of brain volume, no regression line was fitted.
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linear effect of age on cerebellar WM, the sexes did have

significantly different slopes, with an opposite sign in the

estimated regression coefficient of slope. Male volumes in-

creased slightly in this period, whereas female volumes declined

slightly (see Fig. 2 and Supplemental Table S2).

Subcortical Structures

Volumes of the putamen, caudate, hippocampus, and amygdala

all increased in a linear manner during this period (F = 18.02,

P = 0.0002, % change = 16%; F = 6.09, P = 0.0187, % change =
10%; F = 22.49, P < 0.0001, % change = 18%; and F = 6.02,

P = 0.02, % change = 11%, respectively). Males had larger

absolute volumes than females, but the shape and slope of the

trajectory did not differ between the sexes. Change in the

volume of the lateral ventricles was best described by

a quadratic curve (F = 4.20, P = 0.0482, % change = 29%),

with accelerated growth in early life and into young

adolescence with little change thereafter. Lateral ventricle

volume did not differ between males in females and the shape

of the developmental trajectory was the same in each sex (see

Fig. 3 and Supplementary Table S2).

Sex Differences

Because males had a significantly larger ICV than females across

the entire age range, we were interested in testing whether the

significant sex differences we observed in specific lobar regions

and subcortical structures were simply a consequence of the

greater brain volume in males. Volumes can be normalized by

ICV to calculate the ratio of tissue volumes and anatomical

regions relative to the full brain. This allows one to identify

regions that are proportionally larger in one sex. For GM

volumes, most sex differences disappeared when controlling

for ICV. However, females had proportionally more GM in the

insular cortex than did males. In addition, GM in the frontal

motor, parietal, and insular cortex showed different develop-

mental trajectories when controlling for ICV. For WM volumes,

no regions were significantly greater in males than females

when controlling for ICV, although there was a trend for males

to have proportionately greater total brain WM and relatively

more WM in the cingulate. After ICV correction, females

continued to have relatively more WM in the insular cortex.

Similarly, females had proportionately larger caudate and

putamen volumes than males, and there was a trend for

females to have proportionately greater hippocampal volumes.

There were no sex differences in amygdala volume after

controlling for ICV, and males continued to have greater

volume of the corpus callosum both before and after ICV

correction (see Table 1).

Discussion

Our results significantly add to the extant literature on brain

development in the juvenile and adolescent rhesus macaque

(Falk et al. 1999; Franklin et al. 2000). They also revealed

important similarities and differences in the neural growth

trajectories of humans and macaques, which must be taken

into account when using the monkey as a model for neuro-

developmental disorders. We observed a linear increase in ICV

of approximately 11% from 10 to 64 months of age in both

sexes, which concurs with the changes reported by Malkova

et al. (2006) in a smaller longitudinal study. This age increment

in size is broadly comparable to that for humans from age 2 to

20 years, where males and females are predicted to show

a percent increase of 20% and 7%, respectively (percent

increase calculated from the regression models presented by

Lenroot et al. (2007)). However, the shape of the trajectory

differs from humans, in which total cerebral volume peaks at

14.5 years of age in males and 11.5 years of age in females and

then declines in the second decade, with a steeper decrease in

females (Lenroot et al. 2007). For comparison purposes, the

developmental rate in monkeys appears to be 3--4 times faster

than in humans, depending on the specific physiological or

neural system measured (Gibson 1991) so that 10--64 months

in the monkey corresponds to the toddler stage through the

young adult human in their third decade of life. Female

macaques reach puberty around 3 years of age, whereas males

are sexually mature by 4 years of age (Rawlins and Kessler

1986). Lifespan is approximately 30 years (Rowe 1996).

The developmental trajectory of cerebral volume in humans

at least partially corresponds to the development of GM, which

shows a clear biphasic pattern with declines in adolescence,

both when the cortex is examined as a whole or more

specifically in the frontal, parietal, and temporal lobes (Giedd

et al. 1999). In contrast, in our study there was not an overt

maturational change in total GM evident after 1--2 years of age

in the rhesus macaque. This supports our initial hypothesis that

GM development at 1 year of age would be more comparable to

the mature adult in macaques than in humans. However, the

development of GM showed marked regional specificity. No

age-related effects were observed in the occipital, parietal, and

temporal limbic areas, suggesting that these are early maturing

areas in the macaque. In contrast, a postpubertal decline in GM,

similar to that seen in humans, was observed in the prefrontal

cortex (both sexes) and in the insular cortex (just in males).

Although MRI is not currently capable of identifying the

cellular processes which underlie these observed changes in

volume, it has been suggested that the biphasic pattern in

humans reflects overproduction of synapses followed by

selective synaptic pruning during adolescence (Giedd et al.

1999). Postmortem histological studies in the macaque indicate

that synaptic density increases rapidly in the first several

months after birth throughout the cortex. In the visual cortex,

the number of synapses begins to decline immediately after the

peak is reached. This reduction accelerates sharply around

puberty (Rakic et al. 1986). In the motor cortex, synapse

reduction occurs until 10 years of age (Zecevic et al. 1989). In

the prefrontal cortex there is an extended plateau in synaptic

density with a gradual decrease beginning around puberty

(Bourgeois et al. 1994). The changes we observed in GM

volume in the prefrontal cortex mirror the changes in synaptic

density as revealed in postmortem studies. This similarity is

encouraging for the use of monkeys as models of schizophrenia

given that it has been proposed that overpruning of the

prefrontal cortex during puberty may be central to the etiology

of this disorder (Feinberg 1983; Lewis and Gonzalez-Burgos

2008). Researchers using the macaque to investigate the

impact of environmental exposures which increase the risk

of developing schizophrenia, such as marijuana use, should

consider timing their manipulations to coincide with this

period of prefrontal GM loss.

In contrast to the prefrontal cortex, GM volumes as

measured by MRI did not correspond with the reports of

decreasing synaptic density in visual and motor cortex. In fact,

GM volumes actually increased throughout this age range in
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Figure 3. Development of specific structures. (a) Development of the ventricles, corpus callosum and amygdala shown as scatter plots of volume in mm3 by age in months. (b)
Development of the caudate, putamen, and hippocampus. Scatter plots in the left column represent absolute volume. Scatter plots in the right column represent volume as
a percentage of ICV. Note that for the lateral ventricles, caudate, and hippocampus as a proportion of ICV; there was no significant difference in curve and intercept by gender, so
a common regression model was fitted to both genders (represented by a red and blue striped line). Regional volumes are the sum of the bilateral regions in both hemispheres.
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frontal motor, visual temporal and auditory temporal cortex as

well as in the cerebellum. Although postnatal neurogenesis has

been demonstrated in certain discrete areas of the primate

brain including the hippocampus (Gould et al. 1998; Kornack

and Rakic 1999), this process is unlikely to account for the GM

growth we observed in specific cortical regions. Postnatal

neurogenesis of Purkinje cells does take place in the

cerebellum, but is complete after 2--3 postnatal months (Rakic

1972). Presuming that synaptic density is actually decreasing in

these regions, the GM volume increase may reflect changes in

neuronal size or in the size and number of glial cells. A study of

the striate cortex in rhesus monkeys showed a 10-fold increase

in oligodendrocytes from birth to maturity. In contrast, the

number of astrocytes and microglia appeared constant in early

postnatal development (Okusky and Colonnier 1982).

WM development in the monkey was more comparable to

that seen in humans. As seen in the human brain, total WM

increased throughout the prepubertal period and then

appeared to plateau in both females and males around 4 years

of age (young adulthood). There is some controversy in the

human literature as to when the increase in WM volume

terminates, with some researchers arguing that WM volumes

peak in young adulthood (Woo and Crowell 2005; Watson et al.

2006) whereas others report increases well into middle-age

(Bartzokis et al. 2001). Regarding regional specificity, a qua-

dratic pattern was recapitulated in frontal motor, parietal, and

auditory temporal cortex, whereas the cingulate, visual

temporal, and limbic temporal cortex as well as the corpus

callosum increased linearly across the entire age range of our

study and would presumably peak later in adulthood. In-

terestingly, we observed a biphasic curve with a postpubertal

decline in WM in the prefrontal cortex. Giedd et al. (1999)

reported no lobar differences in WM development in humans;

however, they did not separate prefrontal and frontal motor

cortex. Gogtay et al. (2008) did not report separate data on the

prefrontal cortex and frontal motor cortex either, but they did

report WM loss in the cingulate cortex during adolescence.

Loss of WM may reflect axonal loss and is more likely to reflect

refinement of intrinsic circuitry as opposed to associational

circuitry (Woo et al. 1997). As we observed a decline of WM in

the prefrontal cortex, it is unlikely that the loss in GM we

observed reflects the encroachment of WM, which is some-

times given as the possible explanation for postpubertal

declines in GM observed in human MRI studies.

The maturational trajectories of subcortical structures in

monkey also showed both similarities and differences with that

observed in humans. Lenroot and Giedd (2006) report that the

caudate follows a biphasic pattern of growth before and after

puberty similar to cortical GM. They have not yet reported

longitudinal data on other subcortical structures, but cross-

sectional analysis suggested that the hippocampus increased in

volume in females only and the amygdala increased in volume

only in males. In contrast, a study by Caviness et al. (1996)

suggested that the volume of the hippocampus decreased in

Table 1
Sex differences in developmental trajectories and overall brain volumes

Structure Male--female comparisons Comparisons adjusted for ICV (ratio)

Shape of curve difference Height (intercept) difference Shape of curve difference Height (intercept) difference

P value F[df], (Test)a, polynomial P value F[df], (Test) P value F[df], (Test), polynomial P value F[df], (Test)

ICV 0.18 1.91[1,33], (Test 10), linear \0.001b 15.62[1,34], (Test 11) n.a. n.a. n.a. n.a.
Total gray 0.33 0.98[1,33], (Test 10), linear \0.01b 12.35[1,34], (Test 11) 0.03 5.51[1,29], (Test 1), cubic n.a. n.a.
Total white 0.45 0.58[1,31], (Test 6), quadratic \0.001b 16.09[1,33], (Test 9) 0.61 0.26[1,31], (Test 6), quadratic 0.09 2.98[1,34], (Test 9)
Total CSF 0.29 1.17[1,33], (Test 10), linear 0.03b 5.17[1,34], (Test 11) 0.61 0.27[1,33], (Test 10), linear 0.92 0.01[1,34], (Test 11)
Prefrontal gray 0.56 0.34[1,31], (Test 6), quadratic 0.02b 5.94[1,33], (Test 9) 0.89 0.02[1,31], (Test 6), quadratic 0.56 0.35[1,33], (Test 9)
Frontal motor gray 0.54 0.39[1,33], (Test 10), linear \0.001b 14.76[1,34], (Test 11) 0.02 6.12[1,29], (Test 1), cubic n.a. n.a.
Parietal gray 0.88 0.02[1,33], (Test 10), linear 0.01b 8.06[1,34], (Test 11) 0.01 9.03[1,29], (Test 1), cubic n.a. n.a.
Occipital gray 0.23 1.48[1.33], (Test 10), linear 0.01b 7.23[1,34], (Test 11) 0.68 0.17[1,31], (Test 6), quadratic 0.57 0.33[1,33], (Test 9)
Temporal visual gray 0.58 0.31[1,33], (Test 10), linear \0.01b 9.56[1,34], (Test 11) 0.23 1.48[1,33], (Test 10), linear 0.45 0.59[1,34], (Test 11)
Temporal auditory gray 0.62 0.25[1,33], (Test 10), linear \0.001b 14.98[1,34], (Test 11) 0.13 2.40[1,33], (Test 10), linear 0.85 0.04[1,34], (Test 11)
Temporal limbic gray 0.33 0.99[1,33], (Test 10), linear \0.01b 9.91[1,34], (Test 11) 0.65 0.21[1,33], (Test 10), linear 0.50 0.45[1,34], (Test 11)
Cingulate gray 0.71 0.14[1,33], (Test 10), linear 0.01 8.12[1,34], (Test 11) 0.26 1.33[1,33], (Test 10), linear 0.29 1.15[1,34], (Test 11)
Insula gray 0.01 8.12[1,31], (Test 6), quadratic n.a. n.a. 0.01 8.15[1,31], (Test 10), linear n.a. n.a.
Cerebellum gray 0.28 1.22[1,33], (Test 10), linear 0.02b 5.70[1,34], (Test 11) 0.96 0.00[1,33], (Test 10), linear 0.49 0.50[1,34], (Test 11)
Prefrontal white 0.3 0.95[1,31], (Test 6), quadratic 0.01b 8.73[1,33], (Test 9) 0.01 6.79[1,29], (Test 1), cubic n.a. n.a.
Frontal motor white 0.42 0.67[1,31], (Test 6), quadratic \0.01b 10.18[1,33], (Test 9) 0.84 0.04[1,29], (Test 1), cubic 0.39 0.77[1,32], (Test 4)
Parietal white 0.50 0.46[1,31], (Test 6), quadratic \0.001b 13.58[1,33], (Test 9) 0.68 0.17[1,31], (Test 6), quadratic 0.25 1.39[1,33], (Test 9)
Occipital white 0.03 5.26[1,33], (Test 10), linear n.a. n.a. 0.14 2.34[1,33], (Test 10), linear 0.22 1.53[1,34], (Test 11)
Temporal visual white 0.13 2.36[1,33], (Test 10), linear \0.001b 14.37[1,34], (Test 11) 0.87 0.03[1,33], (Test 10), linear 0.50 0.46[1,34], (Test 11)
Temporal auditory white 0.48 0.51[1,31], (Test 6), quadratic \0.001b 20.27[1,33], (Test 9) 0.86 0.03[1,31], (Test 6), quadratic 0.15 2.21[1,33], (Test 9)
Temporal limbic white 0.94 0.00[1,33], (Test 10), linear 0.01b 8.01[1,34], (Test 11) 0.80 0.07[1,31], (Test 6), quadratic 0.55 0.36[1,33], (Test 9)
Cingulate white 0.14 2.34[1,33], (Test 10), linear \0.01b 12.65[1,34], (Test 11) 0.62 0.24[1,33], (Test 10), linear 0.09 3.00[1,34], (Test 11)
Insula white 0.68 0.17[1,31], (Test 6), quadratic 0.01c 7.98[1,33], (Test 9) 0.89 0.02[1,31], (Test 6), quadratic \0.01c 10.98[1,33], (Test 9)
Cerebellum white 0.04 4.58[1,33], (Test 10), linear n.a. n.a. 0.37 0.82[1,33], (Test 10), linear 0.69 0.17[1,34], (Test 11)
Lateral ventricles 0.59 0.30[1,31], (Test 6), quadratic 0.94 0.01[1,33], (Test 9) 0.80 0.06[1,31], (Test 6), quadratic 0.16 2.05[1,33], (Test 9)
Corpus callosum 0.15 2.18[1,33], (Test 10), linear \0.001b 17.04[1,34], (Test 11) 0.60 0.28[1,33], (Test 10), linear \0.01b 10.36[1,34], (Test 11)
Caudate 0.66 0.19[1,33], (Test 10), linear 0.06 3.83[1,34], (Test 11) 0.36 0.87[1,33], (Test 10), linear 0.04c 4.75[1,34], (Test 11)
Hippocampus 0.07 3.33[1,33], (Test 10), linear \0.01b 10.31[1,34], (Test 11) 0.70 0.15[1,33], (Test 10), linear 0.06 3.83[1,34], (Test 11)
Putamen 0.12 2.54[1,33], (Test 10), Linear \0.01b 9.29[1,34], (Test 11) 0.75 0.10[1,33], (Test 10), Linear 0.02c 5.59[1,34], (Test 11)
Amygdala 0.08 3.21[1,33], (Test 10), linear \0.001b 15.84[1,34], (Test 11) 0.31 1.08[1,33], (Test 10), linear 0.36 0.86[1,34], (Test 11)

n.a., not applicable
aSee Supplemental Methods for detailed descriptions of each statistical test. F and P values for ‘‘shape of curve’’ are based on male--female contrast for the single term of the indicated polynomial (e.g.,

linear for ICV).
bIndicates that males had significantly greater volumes than females.
cIndicates that females had greater volumes than males. When males and females had significantly different curves, differences in the height of the curve are not reported (listed as n.a.)—as these

would vary across different ages.
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both males and females from age 11 to adulthood and that the

putamen and amygdala decreased across this period for males

only. We saw linear increases in the volume of all these

structures in the macaque with no evidence for sex differences

in trajectory, although there were differences between males

and females in absolute and proportional volumes. Lenroot and

Giedd (2006) also reported a linear increase in ventricle volume

in adolescence; we observed a similar increase in the lateral

ventricles in the macaque, which leveled off by young adult-

hood.

We also examined whether there were sex differences in

brain volumes or developmental trajectories in order to

compare our findings to the sexual dimorphisms in brain

structure observed in humans. Like human males, male

macaques have significantly larger brain volumes than do

females throughout this age range. There was also a trend for

males to have proportionately larger WM volumes than females;

this pattern is also seen in humans, but emerges during puberty

as a consequence of greater WM growth in males (Allen et al.

2003; Lenroot et al. 2007). After correcting for their smaller

ICV, female macaques showed proportionately greater volumes

of the putamen, caudate, and hippocampus. The caudate,

hippocampus, and total basal ganglia have also been reported to

be proportionately larger in human females, especially during

childhood and adolescence (Filipek et al. 1994; Caviness et al.

1996; Giedd et al. 1997; Xu et al. 2000). Some sex differences

observed in humans were not observed in the macaque. In

humans, peak GM volumes are reached earlier in females than

males in most cortical regions (Lenroot et al. 2007). We did not

see this pattern in macaques, despite earlier reports that cranial

capacity reaches its adult volume earlier in female macaques

than in males (Konigsberg et al. 1990). It has been suggested

that the human gender difference reflects an earlier puberty in

females. However, levels of luteinizing hormone (a hormonal

marker of pubertal status) are not associated with GM volumes

(Peper et al. 2008). It would be extremely useful to perform

MRI assessments of GM volume in even younger macaques

during early infancy, to determine if the initial burst of

synaptogenesis occurs earlier in females than males. If so, this

would argue against a role for gonadal hormones as the

mediator of the human sex differences in the age at which peak

GM volumes are reached. WM volume increases far more

steeply in adolescent boys than in adolescent girls and this

change does appear to be related to pubertal staging as marked

by both luteinizing hormone (Peper et al. 2008) and

testosterone levels (Perrin et al. 2008). We did not observe

this sex difference in macaques for total WM volume, but we

did observe a similar pattern in the occipital lobe and to some

extent in the cerebellum. Experimental manipulations of

gonadal steroid exposure in adolescence and the neonatal

period would clarify this issue. Lenroot et al. (2007) also

reported that human males have larger lateral ventricles than

do human females; we did not observe this structural

difference in the macaque. We did not observe a greater

relative amygdala volume in male macaques, though absolute

amygdala volume was greater in males, in contrast to an earlier

report of similar amygdala area in male and female monkeys

(Franklin et al. 2000). Finally, we observed some sex differ-

ences in the macaque that have not been reported in humans.

GM in the insular cortex followed a biphasic pattern before and

after puberty in males, but showed no age-related change in

females. Data on the development of the insular cortex has not

been reported in humans. In addition, the total volume of the

corpus callosum was proportionately larger in males through-

out development. This sex difference concurs with an earlier

report on callosal area (Franklin et al. 2000) although this sex

difference was not observed in bonnet macaques (Pierre et al.

2008) or capuchin monkeys (Phillips and Sherwood 2008).

Holloway and Heilbroner (1992) reported that the dorsoventral

width of the splenium was larger in male rhesus macaques than

in females, but this difference was eliminated when correcting

for brain volume. Whether there is a sex difference in callosal

size is a contentious issue in humans, in part because

differences are sometimes found in only the genu or splenium.

Meta-analysis shows that the midsagittal area of the corpus

callosum is larger in males than females and a review of most

studies suggests that there is no sex difference after correcting

for total brain size (Bishop and Wahlsten 1997). However, there

are some notable exceptions (Holloway et al. 1993). Recently,

Lenroot et al. (2007) reported that girls and female adolescents

had relatively larger callosal area compared with males. One

possible parsimonious explanation for the discrepancies is that

early life events seem to differentially impact the size and shape

of the corpus callosum in males and females. That type of effect

was found in a study of 1-year-old monkeys that had been

subjected to an extended period of stress during the prenatal

period (Coe et al. 2002).

When interpreting our results, it is important to keep the

limitations of the study in mind. First, although this is the

largest MRI study of the rhesus macaque yet reported, a larger

sample size may have revealed other differences in the

developmental trajectories, especially between males and

females. Second, our study began at 1 year of age, and the

infant monkey is precocious with many significant brain

changes occurring during the first year of life. We began our

MRI at 10 months of age, which is after the initial burst in

synaptogenesis, especially in precocious regions such as the

visual cortex which undergoes major development even prior

to birth. Studies in younger infant monkeys are certainly

needed, but would have to be carried out with care given the

potential effects of even acute separations on both behavioral

and brain development. It is already known that primate brain

development can be markedly altered by disturbances of the

early rearing environment, especially if they are reared away

from the mother by humans or raised in a stressful manner

including multiple separations from social companions (Martin

et al. 1991; Sanchez et al. 1998). Our monkeys were all mother

reared, housed with peers, and provided with social and

environmental stimulation, and thus not deprived. However,

MRI studies of brain development in macaque populations

raised in different environments would complement our

research and address whether the cross-species differences

we observed are partly due to rearing conditions. Finally,

longitudinal studies are also necessary to confirm growth

patterns in the context of interindividual variation.

In conclusion, brain development in rhesus monkeys shows

marked change from the juvenile period through young

adulthood with a clear regional specificity in the slope and

pattern of the maturational trajectories. In a number of regions

and tissue types, the developmental profiles were similar to

that observed in humans, but there are also important species

differences that must be taken into account when using the

macaque as a model of developmental neuropathology. Our

study highlights the need for further longitudinal study of
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rhesus brain development from birth into adulthood using

image acquisition and analysis tools that can also be applied to

human populations. This information is particularly germane

now that there is so much interest in discerning the influence

of genetic factors as well as the impact of prenatal insults such

as maternal infection, teratogenic drugs, and environmental

toxicants on early brain development.

Supplementary Material

Supplementary material can be found at: http://www.cercor.

oxfordjournals.org/
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