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Abstract
Advances in magnetic resonance imaging (MRI) and computational analysis technology have enabled comparisons among 
various primate brains in a three-dimensional electronic format. Results from comparative studies provide information about 
common features across primates and species-specific features of neuroanatomy. Investigation of various species of non-
human primates is important for understanding such features, but the majority of comparative MRI studies have been based 
on experimental primates, such as common marmoset, macaques, and chimpanzee. A major obstacle has been the lack of a 
database that includes non-experimental primates’ brain MRIs. To facilitate scientific discoveries in the field of comparative 
neuroanatomy and brain evolution, we launched a collaborative project to develop an open-resource repository of non-human 
primate brain images obtained using ex vivo MRI. As an initial open resource, here we release a collection of structural MRI 
and diffusion tensor images obtained from 12 species: pygmy marmoset, owl monkey, white-fronted capuchin, crab-eating 
macaque, Japanese macaque, bonnet macaque, toque macaque, Sykes’ monkey, red-tailed monkey, Schmidt’s guenon, de 
Brazza’s guenon, and lar gibbon. Sixteen postmortem brain samples from the 12 species, stored in the Japan Monkey Centre 
(JMC), were scanned using a 9.4-T MRI scanner and made available through the JMC collaborative research program (http://
www.j-monke​y.jp/BIR/index​_e.html). The expected significant contributions of the JMC Primates Brain Imaging Reposi-
tory include (1) resources for comparative neuroscience research, (2) preservation of various primate brains, including those 
of endangered species, in a permanent digital form, (3) resources with higher resolution for identifying neuroanatomical 
features, compared to previous MRI atlases, (4) resources for optimizing methods of scanning large fixed brains, and (5) 
references for veterinary neuroradiology. User-initiated research projects beyond these contributions are also anticipated.
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Introduction

In the quest for a scientific understanding of the nature of 
humans, it is crucial to elucidate the evolutionary process of 
the special features of the central nervous system in modern 
humans (Homo sapiens) (Preuss 2011; Rilling 2014). The 
changes in the brain during the evolution from early pri-
mates to modern humans involved a marked increase of the 
overall brain size, and especially of the size of the neocortex 
(Roth and Dicke 2005; Dunbar and Shultz 2017; Kaas 2017).

One limitation of fossil-based studies is their lack of 
information about brain structures (Holloway et al. 2004; 
Hofman and Falk 2012). To further investigate changes 
of various component brain structures that occurred dur-
ing human evolution, comparative neuroanatomy, in which 
similarities and differences among human and non-human 
primate brains are identified, is necessary. This approach 
provides information about the common features among pri-
mates, the specific features of each primate, and the human-
specific features, of the brain, which are all necessary to 
understand the evolutionary changes of the brain structures 
and functions, including those specifically seen in humans, 
such as language function and mental disorders.

Traditional approaches and their limitations 
for primate comparative neuroanatomy

Among various measures of comparative neuroanatomy, 
volume, shape, gyrification, cytoarchitecture, and the con-
nectivity among cortical areas are often used as the targets 
of research (Krubitzer and Kaas 2005). There are macro-
scopic and microscopic approaches for making the respec-
tive measurements.

Macroscopic approaches have been used to investigate 
the gross anatomical features such as the size of the brain 
areas and sulcal anatomy. This approach has proven to be 
successful for examining the relationship between gray and 
white matter of the cerebral cortex (Zhang and Sejnowski 
2000) and for investigating the subcortical area (Barton and 
Harvey 2000; Barton 2006).

Microscopic approaches allow us to study informative 
details of the features of brain anatomy such as cytoarchi-
tecture, myelination, and connectivity of the brain regions 
(Morecraft et al. 2009). These methods represent the main-
stream in comparing brain structure among species, and they 
are continuously being refined (Markov et al. 2012; Mars 
et al. 2014).

However, it is very laborious and expensive to use the 
comparative neuroanatomy approach. Although recent stud-
ies have continued to use such primate comparative neuro-
anatomy employing various tracing methods, the cost and 

time investment required mean that this approach is not often 
applied to more than four or five species in a study (Mars 
et al. 2014). Recently, a database of the axonal projections 
and the connectivity of the whole brain in macaque monkeys 
was released for the public as an online resource (CoCoMac, 
http://cocom​ac.g-node.org/main/index​.php), but the micro-
scopic features of the brain have not been fully explored in 
other non-human primates.

Major limitations of histological studies include the dif-
ficulty of re-analysis and of preservation without degrada-
tion of specimens. Once a brain has been cut and stained, it 
cannot be cut and stained again in other ways. Brain sam-
ples that are immersed in formalin for a long time suffer 
from acidity, dehydration (Shepherd et al. 2009; Shatil et al. 
2016), and degradation of the proteins (D’Arceuil and de 
Crespigny 2007). Therefore, formalin fixation of specimens 
is not an ideal way to store specimens permanently for use 
in obtaining neuroanatomical information about the primate 
brain.

Advances in ex vivo MRI and their limitations 
for primate comparative neuroanatomy

During the past two decades, advances in MRI technology 
and computational imaging analysis technology have made 
it possible to conduct direct comparisons of the brain organi-
zation of the human with that of non-human primate model 
animals, for example, common marmosets (Callithrix jac-
chus), rhesus macaques (Macaca mulatta), and chimpanzees 
(Pan troglodytes).

The major advantages of MRI for comparative neuroanat-
omy are as follows. First, MRI can be used to quantify vari-
ous macroscopic and microscopic characteristics of the brain 
organization. Second, MRI allows us to collect quantitative 
whole-brain images within the relatively short time required 
for image acquisition compared to histological examination 
(which requires, for example, paraffin embedding, slicing, 
sectioning, mounting, deparaffinization, antigen activation, 
staining, and visualization using a microscope). Finally, as 
their greatest advantage, MRI techniques are non-destruc-
tive. Further details of primate comparative neuroimaging 
using MRI were reviewed by Rilling (2014) and Mars et al. 
(2014).

In traditional neuroanatomical approaches, in order to 
investigate some particular area of the brain using stains or 
tracers or viruses, it is necessary to cut the brain into slices 
or to block some regions irreversibly. In MRI approaches, 
this problem can be addressed simply by scanning the same 
whole brain repeatedly, which allows us to acquire informa-
tion about the various brain tissues and components by using 
different scanning protocols.

http://cocomac.g-node.org/main/index.php


555Primates (2018) 59:553–570	

1 3

Its non-destructive properties make MRI an ideal method 
for studying postmortem (ex vivo) primate brains. Compared 
to in vivo scanning, ex vivo imaging allows for extremely 
long MRI experiments that are free of subject motion and 
other sources of physiological noise (Shatil et al. 2016). 
Therefore, ex vivo MRI produces higher spatial resolution 
and signal-to-noise ratios than are achievable by in vivo 
MRI.

In comparative neuroanatomical imaging, structural MRI 
has been used to compare the brain’s macroscopic anatomi-
cal proportions (e.g., tissue volume, sulci, and gyri). Diffu-
sion MRI has been used to compare microstructures (e.g., 
expansion of the isocortex) and white matter connectivity. In 
the next paragraph, we introduce some representative find-
ings obtained previously by comparative neuroanatomical 
imaging using structural and diffusion MRI approaches with 
primate postmortem brain samples, and explain the advan-
tages and limitations of these imaging approaches.

The structural ex vivo MRI approach is useful for inves-
tigating fetal brain development in not only humans but 
also non-human primates. Some non-human primate MRI 
research groups defined the developmental patterns of the 
cerebral sulci and gyri during fetal stages in crab-eating 
macaque (Macaca fascicularis) and common marmoset 
(Sawada et al. 2009, 2012; Hikishima et al. 2013; Sawada 
et al. 2014). Furthermore, they clarified the similarities and 
differences of gyrification patterns between humans and 
non-human primates by comparing the patterns of the non-
human primates with those of the human fetus (Sawada et al. 
2009, 2012; Hikishima et al. 2013; Sawada et al. 2014).

Diffusion MRI measures water diffusion as a probe to 
examine the microscopic organization of anatomical struc-
tures within the anatomical region represented by each 
pixel (Basser et al. 1994a, b). One of the major strengths of 
diffusion MRI is its capability of delineating well-aligned 
structures, such as the white matter bundles or columnar 
organization of the cortex. It can also delineate trajectories 
of major white matter bundles three-dimensionally (Mori 
and van Zijl 2002). It has been demonstrated that white 
matter bundles delineated by diffusion MRI are compara-
ble to those delineated by histology in the rhesus macaques 
(Schmahmann et al. 2007).

The diffusion ex vivo MRI approach has been used to 
investigate similarities and differences between brains of 
humans and non-human primates. Comparative diffusion 
MRI studies showed that the trajectories of the major U-fib-
ers and the extreme capsule are similar between humans 
and macaques (Oishi et al. 2011), whereas the trajectory 
of the left arcuate fasciculus, which is related to language, 
is different in humans compared to that of chimpanzees or 
macaques (Rilling et al. 2008). A recent comparative diffu-
sion MRI study revealed that an increase of cross-cortical 
connections emerged in the primate lineage after the split 

between primates and other mammals (Charvet et al. 2017). 
Diffusion MRI is also useful for quantification of develop-
mental changes in cytoarchitecture. For example, cortical 
layer-specific developmental changes were delineated by dif-
fusion anisotropy in baboon brains, the pattern of which was 
comparable to that in rats and humans (Kroenke et al. 2005).

Although ex vivo MRI approaches allow researchers to 
collect detailed information about brain anatomy, previous 
imaging studies focused only on experimental primate mod-
els. To better understand anatomical features and connectiv-
ity of the brain across the primate lineage, more species need 
to be studied. Involvement of researchers outside the primate 
research community is also important, as indicated by the 
fact that human brain MRI studies have been strongly driven 
by computer scientists, statisticians, and computational 
neuroanatomists. Notably, the major current barrier against 
comparative brain MRI studies in primates is the lack of an 
ex vivo non-human primate MRI database that includes a 
variety of non-human primate species and is freely acces-
sible to researchers who lack MRI resources and animal 
facilities. The brain MRI databases currently available are 
a chimpanzee database [The National Chimpanzee Brain 
Resource (NCBR), http://www.chimp​anzee​brain​.org/] and 
a macaque monkey database (The PRIMate Data Exchange, 
http://fcon_1000.projects.nitrc.org/indi/indiPRIME.html). 
To date, there are no other MRI databases of other non-
human primate species.

Aims of the Japan Monkey Centre Primates Brain 
Imaging Repository

To advance research in the field of comparative primate 
neuroanatomy, we launched a project to create a brain MRI 
repository that consists of MRI data of various non-human 
primate brains. In order to include non-experimental pri-
mates, we used formalin-fixed brains collected from pri-
mates that had lived in the Japan Monkey Centre (JMC), 
which houses the largest number of non-human primate spe-
cies in one facility in the world. Since the foundation of the 
JMC in 1956, more than 2400 postmortem brain samples 
have been collected there from more than 100 non-human 
primate species, including endangered species such as gib-
bons (Hylobatidae), gorillas (Gorilla), chimpanzees, and 
vulnerable species such as owl monkeys (Aotus trivirgatus).

This primate brain sample collection is advantageous for 
our secondary goal of permanently archiving information 
about endangered species. It has been reported that about 
60% of non-human primate species are now threatened with 
extinction. Not only members of the hominoid family, such 
as gibbons, orangutans (Pongo), gorillas, and chimpanzees, 
but also all 16 extant primate families are threatened with 
extinction (Estrada et al. 2017). Furthermore, the popula-
tions of 75% of primate species are decreasing globally 

http://www.chimpanzeebrain.org/
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(Estrada et al. 2017). Therefore, recording and keeping the 
information about these species permanently in electronic 
form is of great importance.

In this study, as a first step, we acquired structural MRI 
and DTI (diffusion tensor imaging) data from 16 primate 
brain samples (12 species) that are part of the JMC collec-
tion. Then we used these data to develop the JMC Primates 
Brain Imaging Repository (http://www.j-monke​y.jp/BIR/
index​_e.html) in order to make the electronic data available 
to the research community.

Methods

The Japan Monkey Centre primate fixed brain 
collection

We used 16 postmortem samples of non-human primate 
brains (12 species), under protocols approved by the JMC’s 
review board for primate research (permits #2014013, 
#2015019, and #2016017). Details about postmortem brain 
specimens are given in Table 1. The brains were immersed 
in 10% neutral buffered formalin, and fixed for more than 
1 month. After the fixation, some of the brain samples were 
immersed in phosphate-buffered saline with 1 mM gado-
pentetate dimeglumine (Magnevist, Berlex Imaging, Wayne, 
NJ, USA) (GD-PBS) for at least 2 weeks before the scan 
to enhance image contrast. The rest of the scans were per-
formed without contrast enhancement, as detailed in the 
Discussion section (Tables 2, 3). The samples were placed 
in a customized polyethylene container that was filled with 

Fluorinert (Fluorinert™ FC-43, 3 M Japan Limited, Tokyo, 
Japan) to prevent dehydration and reduce susceptibility to 
artifacts at tissue margins. The temperature of the specimens 
was maintained at 24 °C during the scans in accordance with 
the International Industrial Standard (IEC 60601-2-33) (Bot-
tomley et al. 1984; Fix et al. 2000).

Image acquisition

The whole-brain scans were performed using a 9.4-T Bio-
spec 90/20 MRI scanner (Bruker Biospin GmbH; Ettlingen, 
Germany) with a triple-axis gradient system (maximum 
gradient strength of 300 mT/m), using a transmitting and 
receiving two-channel quadrature coil with an 86-mm inner 
diameter at Jikei University. T2-weighted images were 
acquired using a three-dimensional rapid acquisition with 
refocused echoes (RARE) sequence. DTIs were acquired 
using a conventional pulsed gradient spin echo (PGSE) 
sequence. The acquisition parameters and the lengths of the 
scan time for T2-weighted images and DTIs are shown in 
Tables 2 and 3, respectively.

Image processing

Figure  1 shows a schematic of the image processing. 
T2-weighted images were processed using the follow-
ing series of procedures using ANALYZE v. 9.0 software 
(Mayo Clinic, Mayo Foundation, Rochester, MN, USA) and 
DtiStudio (https​://www.mrist​udio.org) (Jiang et al. 2006), 
and DiffeoMap (https​://www.mrist​udio.org) (Fig. 1). (1) 
T2-weighted images were resampled to isotopic voxels. 

Table 1   Characteristics of brain samples

a Red List Category & Criteria is referenced in The IUCN Red List of Threatened Species™ (http://www.iucnr​edlis​t.org/about​)

Species ID Sex Age (years) Body weight (g) Brain weight (g) Red list categorya

Pygmy marmoset (Cebuella pygmaea) Pr6324 F 3 100 4.1 Least concern
Owl monkey (Aotus trivirgatus) Pr4276 M 9 < 940 17.4 Least concern
Owl monkey (Aotus trivirgatus) Pr6294 M 22 1300 16.8 Least concern
Owl monkey (Aotus trivirgatus) Pr6396 M 8 672 17.4 Least concern
White-fronted capuchin (Cebus albifrons) Pr6365 M 22 < 3000 73 Least concern
Crab-eating macaque (Macaca fascicularis) Pr6413 F 29 2400 70.9 Least concern
Japanese macaque (Macaca fuscata) Pr6158 M Old 6500 95.9 Least concern
Japanese macaque (Macaca fuscata) Pr6378 F Old 6400 86.9 Least concern
Bonnet macaque (Macaca radiata) Pr6375 F 36 3600 81.1 Least concern
Toque macaque (Macaca sinica) Pr6182 M 1 600 49.9 Endangered a2 cd
Sykes’ monkey (Cercopithecus albogularis) Pr6443 F 20 3800 71.2 Least concern
Red-tailed monkey (Cercopithecus ascanius) Pr6379 F Old 2200 59.6 Least concern
Schmidt’s guenon (Cercopithecus ascanius schmidti) Pr6002 M 3 1600 74 Least concern
De Brazza’s guenon (Cercopithecus neglectus) Pr6230 M 6 4700 64.1 Least concern
Lar gibbon (Hylobates lar) Pr5823 M 21 5800 92.8 Endangered A2 cd
Lar gibbon (Hylobates lar) Pr5972 M 7 5700 110 Endangered A2 cd

http://www.j-monkey.jp/BIR/index_e.html
http://www.j-monkey.jp/BIR/index_e.html
https://www.mristudio.org
https://www.mristudio.org
http://www.iucnredlist.org/about
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Image resolution varied depending on the species, ranging 
from 0.15 to 0.25 mm. (2) Resampled T2-weighted images 
were aligned to a standard anatomical orientation with the 
transaxial plane parallel to the anterior commissure-pos-
terior commissure (AC-PC) line and perpendicular to the 

interhemispheric fissure. (3) A radio-frequency bias field 
correction was applied using the Bias Correction function 
implemented in DiffeoMap.

DTIs of each brain were analyzed using the following 
series of procedures using DtiStudio (Pierpaoli et al. 2001; 

Table 2   Brain samples evaluated by T2-weighted image

*Not gadolinium enhanced
a Echo time (TE) and repetition time (TR) are in units of seconds. NEX is the number of excitations used for MR signal averaging
b Field of view (FOV)
c Scan times are in units of hours (h) and minutes (min)

Species ID TE, TR, NEXa FOVb (mm3) Matrix size Spatial resolu-
tion (mm)

Scan timec

Pygmy marmoset Pr6324 7, 600, 4 36, 32, 19.2 240, 214, 128 0.15 9 h 53 min
Owl monkey Pr4276 7.5, 600, 4 48, 38.4, 28.8 320, 256, 192 0.15 11 h 12 min
Owl monkey Pr6294 7.5, 500, 4 48, 38.4, 28.8 320, 256, 192 0.15 7 h 28 min
Owl monkey Pr6396 7.5, 600, 3 48, 38.4, 30.9 320, 256, 206 0.15 7 h 10 min
White-fronted capuchin* Pr6365 7.5, 600, 4 80, 64, 48 320, 256, 192 0.25 8 h 57 min
Crab-eating macaque* Pr6413 7.5, 600, 4 80, 64, 48 320, 256, 192 0.25 8 h 57 min
Japanese macaque Pr6158 7.5, 800, 4 80, 64, 48 320, 256, 192 0.25 11 h 56 min
Japanese macaque Pr6378 7.5, 600, 4 80, 64, 48 320, 256, 192 0.25 8 h 57 min
Bonnet macaque* Pr6375 7.5, 600, 4 80, 64, 48 320, 256, 192 0.25 8 h 57 min
Toque macaque Pr6182 6.5, 800, 5 64, 51.2, 38.4 320, 256, 192 0.2 14 h 56 min
Sykes’ monkey* Pr6443 7.5, 700, 2 80, 64, 48 320, 256, 192 0.25 5 h 13 min
Red-tailed monkey* Pr6379 7.5, 600, 3 80, 64, 48 320, 256, 192 0.25 6 h 43 min
Schmidt’s guenon* Pr6002 7.5, 600, 4 70.4, 56.32, 42.24 320, 256, 192 0.22 8 h 57 min
De Brazza’s guenon* Pr6230 7.5, 600, 4 70.4, 56.32, 42.24 320, 256, 192 0.22 8 h 57 min
Lar gibbon Pr5823 7.5, 600, 4 80, 64, 48 320, 256, 192 0.25 8 h 57 min
Lar gibbon Pr5972 6.5, 800, 4 80, 64, 48 320, 256, 192 0.25 11 h 56 min

Table 3   Brain samples evaluated by DTI

*Not gadolinium enhanced
a Echo time (TE) and repetition time (TR) are in units of seconds. NEX is the number of excitations used for MR signal averaging
b Field of view (FOV)
c Scan time are in unites of hours (h) and minutes (min)

Species ID TE, TR, NEXa FOVb (mm3) Matrix size Isotropic spatial 
resolution (mm)

B0 image Scan timec

Pygmy marmoset Pr6324 19.5, 500, 3 36, 32, 19.2 120, 106, 64 0.3 2 68 h 16 min
Owl monkey Pr6396 20, 700, 1 48, 38.4, 30.9 160, 128, 103 0.3 2 57 h 56 min
White-fronted capuchin* Pr6365 20, 600, 1 80, 64, 48 160, 128, 96 0.5 2 49 h 9 min
Crab-eating macaque* Pr6413 20, 700, 1 80, 64, 48 160, 128, 96 0.5 4 60 h 55 min
Japanese macaque Pr6158 25, 700, 1 80, 64, 48 160, 128, 96 0.5 1 55 h 33 min
Japanese macaque Pr6378 20, 700, 1 80, 64, 48 160, 128, 96 0.5 4 60 h 55 min
Bonnet macaque* Pr6375 20, 600, 1 80, 64, 48 160, 128, 96 0.5 2 49 h 9 min
Toque macaque Pr6182 20, 800, 1 64, 51.2, 38.4 160, 128, 96 0.4 2 65 h 32 min
Sykes’ monkey* Pr6443 20, 700, 1 80, 64, 48 160, 128, 96 0.5 2 57 h 20 min
Red-tailed monkey* Pr6379 20, 630, 1 80, 64, 48 160, 128, 96 0.5 2 51 h 36 min
Schmidt’s guenon* Pr6002 20, 700, 1 70.4, 56.32, 42.24 160, 128, 96 0.44 2 57 h 20 min
De Brazza’s guenon* Pr6230 20, 700, 1 70.4, 56.32, 42.24 160, 128, 96 0.44 2 57 h 20 min
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Jiang et al. 2006; Mori and Zhang 2006) and DiffeoMap 
(Fig. 1). (1) The eigenvalues and associated eigenvectors 
(Basser et al. 1994b) of the voxel-wise diffusion tensors 
were computed at each pixel along with the apparent diffu-
sion coefficient (ADC), fractional anisotropy (FA), primary 
eigenvector, axial diffusivity (λ|, the primary eigenvalue), 
and radial diffusivity (λ⊥, the average of the secondary and 
tertiary eigenvalues). (2) The mean diffusion-weighted 
image (DWI) was generated by averaging all diffusion-
weighted images. (3) The color-coded orientation map 
(color map) was created by assigning red, green, and blue 
components equal to the ratio of the absolute values of x 
(medial–lateral), y (anterior–posterior) and z (superior–infe-
rior) components of the primary eigenvector, where inten-
sity was proportional to FA (Makris et al. 1997; Pajevic and 
Pierpaoli 1999). (4) DWI, FA, and color maps for each sam-
ple were then resliced to the isotopic voxel identical to that 
of the corresponding T2-weighted image. (5) The least diffu-
sion-weighted image (b0) of the DTI was transformed to the 
T2-weighted image using six-parameter rigid transformation 
of the Automatized Image Registration (AIR) (Woods et al. 
1998) implemented in DiffeoMap, and the transformation 
was applied to the corresponding DWI and tensor field, from 
which FA and color maps were recalculated. (6) Finally, all 
images were saved in the ANALYZE format.

The T2-weighted images and DTIs were quality con-
trolled by the authors, and those with poor quality were re-
scanned or excluded from the repository.

Results

We succeeded in acquiring high-spatial-resolution 
T2-weighted images and DTIs (DWIs, b0, FA map, and 
color map) from various non-human primate brain samples 
(Figs. 2, 3, 4, 5, 6, 7, 8). A histological atlas of the rhesus 
macaque brain (Paxinos et al. 2000) was used to identify the 
anatomical features. A DTI atlas of the human brain (Mori 
et al. 2005) was used to identify white matter fibers. The 
details of the results were as follows.

T2‑weighted images

Representative examples of the T2-weighted images are 
shown in Figs. 2, 3, 5, 6, 7, and 8. The sulci and gyri were 
identified in the brain surface of T2-weighted images. For 
example, in the lateral view of the Sykes’s monkey (Pr 6443) 
brain, the infraprincipal dimple, inferior arcuate sulcus, 
central sulcus, intraparietal sulcus, lateral fissure, superior 
temporal sulcus, lunate sulcus, inferior occipital sulcus, and 
external calcarine sulcus were identified. The middle tem-
poral gyrus and temporal polar gyrus were also delineated. 
In the dorsal view of the brain, the anterior supraprincipal 
dimple, superior arcuate sulcus, superior precentral dimple, 
central sulcus, intraparietal sulcus, superior postcentral dim-
ple, superior temporal sulcus, and parieto-occipital sulcus 
were identified. The superior frontal gyrus, middle frontal 
gyrus, inferior frontal gyrus, precentral gyrus, anterior supe-
rior parietal gyrus, cingulate gyrus, posterior superior pari-
etal gyrus, angular gyrus, marginal gyrus, occipito-temporal 
gyrus, superior frontal gyrus, and occipital gyrus were also 
delineated (Fig. 5).

The T2-weighted contrast enables detailed anatomi-
cal delineation in the deep brain regions. For example, 
in Sykes’s monkey (Pr6443), the T2-weighted image pro-
vided striking contrasts that made it possible to delineate 
the accumbens, basal ganglia (putamen, external globus 
pallidus, and internal globus pallidus), thalamus, mam-
millothalamic tract, periaqueductal gray, pulvinar, cau-
date nucleus, hippocampus, and superior colliculus from 
the mid-axial plane (Fig. 6). At the mid-coronal plane, 
the caudate nucleus, thalamic nucleus, and basal ganglia 
were identified (Fig. 7). Nearly adjacent to the mid-sagit-
tal plane, ten cerebellar lobules were distinctly delineated 
(Fig. 8).

Some images included image artifacts caused by small 
incisions on the brain surface (Fig.  9) or air bubbles 
(Fig. 10a). Moreover, concentric contrast inhomogenei-
ties were observed in large brain samples such as those of 

T2-weighted
images 

Resampling to isotropic voxel sizes
(ANALYZE v. 9.0)

Rigid alignment to AC-PC line
(ANALYZE v. 9.0)

Bias filed correction
(DiffeoMap)

Diffusion tensor 
images

Creation of DTI maps
(DtiStudio)

 Mean diffusion weighted image (DWI)
Color-coded oriented map (Color map)

Tensor calculation 
(DtiStudio)

Eigenvalues, Eigenvector
Apparent diffusion coefficient (ADC)

Fracional anisotroy (FA)
Primay eigenector

Axial diffusivity, Radial diffusivity

Image corregisration to 
AC-PC aligned T2-weighted image

(DtiStudio and DiffeoMap)

Fig. 1   Schematic of image processing in this database. T2-weighted 
images were processed firstly by performing resampling to isotopic 
voxel size, followed by bias field correction and rigid alignment to 
AC-PC line. The DTIs were processed firstly by performing ten-
sor calculation, followed by creation of DTI maps. Finally, the DTIs 
and DTI maps were coregistered to the AC-PC aligned T2-weighted 
image
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Fig. 2   Representative samples of brain surfaces of 12 non-human 
primate brain samples in the database. The images are surface recon-
structions of the brain for each brain sample in the following 12 non-
human primate species: a pygmy marmoset (Pr6324), b owl monkey 
(Pr6396), c white-fronted capuchin (Pr6365), d crab-eating macaque 
(Pr6413), e Japanese macaque (Pr6378), f bonnet macaque (Pr6375), 

g toque macaque (Pr6182), h Sykes’ monkey (Pr6443), i red-tailed 
monkey (Pr6379), j Schmidt’s guenon (Pr6002), k de Brazza’s gue-
non (Pr6230), and l lar gibbon (Pr5972). The left image shows a 
photograph of the brain samples and the right image shows a surface 
reconstruction of the T2-weighted image for each brain sample
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Japanese macaque and lar gibbons (Fig. 11a). However, 
contrast inhomogeneity was not observed in the small 
brain samples. Since 2017, we have scanned brain samples 
without GD-PBS, and can acquire brain images with good 
contrast for large brain samples (Fig. 11b).

Diffusion tensor images

Representative scalar maps derived from DTIs are shown in 
Figs. 4, 6, 7, and 8. Structural orientation-based contrast in 
the color maps enabled us to delineate well-aligned structures, 

Fig. 3   Representative samples of T2-weighted images of 12 non-
human primate brain samples in the database. The images are 
T2-weighted images from the mid-axial, mid-coronal, and almost 
mid-sagittal planes, for each brain sample in the following 12 non-
human primate species: a pygmy marmoset (Pr6324), b owl monkey 

(Pr6396), c white-fronted capuchin (Pr6365), d crab-eating macaque 
(Pr6413), e Japanese macaque (Pr6378), f bonnet macaque (Pr6375), 
g toque macaque (Pr6182), h Sykes’ monkey (Pr6443), i red-tailed 
monkey (Pr6379), j Schmidt’s guenon (Pr6002), k de Brazza’s gue-
non (Pr6230), and l lar gibbon (Pr5972)



561Primates (2018) 59:553–570	

1 3

such as white matter bundles and columnar structures within 
the cortex. For example, in Sykes’s monkey (Pr6443), the 
color maps provided striking contrasts that made it possible 
to delineate the anterior commissure, external capsule, pos-
terior limb of the internal capsule, sagittal stratum, column 
of the fornix, precommissural part of the fornix, fornix, stria 

terminalis, and cingulum at the mid-axial plane (Fig. 6). At 
the mid-coronal plane, the posterior limb of the internal cap-
sule, external capsule, cerebral peduncle, optic tract, corpus 
callosum, cingulate, fornix, superior fronto-occipital fascicu-
lus, and stria terminalis were identified (Fig. 7). Close to the 
mid-sagittal plane, the anterior commissure, optical tract, 

Fig. 4   Representative samples of the DTI images of 11 non-human 
primate brain samples in the database. The images are DWIs, b0, 
FA and color maps from the mid-axial plane for each brain sample 
in the following 11 non-human primate species: a pygmy marmo-
set (Pr6324), b owl monkey (Pr6396), c white-fronted capuchin 
(Pr6365), d crab-eating macaque (Pr6413), e Japanese macaque 

(Pr6378), f bonnet macaque (Pr6375), g toque macaque (Pr6182), h 
Sykes’ monkey (Pr6443), i red-tailed monkey (Pr6379), j Schmidt’s 
guenon (Pr6002), and k de Brazza’s guenon (Pr6230). Red, green, 
and blue indicate fiber orientations along the medial–lateral, anterior–
posterior, and superior–inferior axes, respectively
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decussation of the superior cerebellar peduncles, pontocer-
ebellar tract, corpus callosum, genu of the corpus callosum, 
splenium of the corpus callosum, cingulum, fornix, and mid-
dle cerebellar peduncle were distinctly delineated (Fig. 8).

In addition to the image artifacts caused by air bubbles, 
there were some images with a color map demonstrating 
granular representation, probably due to degradation of the 
brain tissue (Fig. 10b).

Fig. 5   Demonstration of the neuroanatomical details resolved in the 
brain surface. The image shows lateral (top) and dorsal (bottom) 
views of the brain surface from T2-weighted images in a pygmy mar-
moset (Pr6324), b Sykes’ monkey (Pr6443), and c Schmidt’s guenon 
(Pr6002). Neuroanatomical abbreviations in this MRI database are 
represented in accordance with the histological atlas of the rhesus 
macaque brain (Paxinos et  al. 2000). The abbreviations for features 
in the brain surface are: AG angular gyrus, ASPD anterior supraprin-
cipal dimple, ASPG anterior superior parietal gyrus, CG cingulate 
gyrus, CS central sulcus, ECAL external calcarine sulcus, IAR infe-

rior arcuate sulcus, IFG inferior frontal gyrus, IOS inferior occipital 
sulcus, IPD infraprincipal dimple, IPS intraparietal sulcus, LF lateral 
fissure, LU lunate sulcus, MFG middle frontal gyrus, MG marginal 
gyrus, MTG middle temporal gyrus, OG occipital gyrus, OTG occip-
ito-temporal gyrus, POS parietooccipital sulcus, PRCG​ precentral 
gyrus, PSPG posterior superior parietal gyrus, SAR superior arcuate 
sulcus, SFG superior frontal gyrus, SPCD superior precentral dimple, 
STG superior temporal gyrus, STS superior temporal sulcus, SU supe-
rior postcentral dimple, TPG temporal polar gyrus
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Incidental finding

The brain sample of the red-tailed monkey (Pr6379) 
included a space-occupying lesion that was observed to 
extend into the right frontal lobe, parietal lobe, temporal 
lobe, basal ganglia, internal capsule, and thalamus in the 
T2-weighted images (Fig. 12a). We also observed that a 
low signal in the same area in the DWIs and color maps 
(Fig. 12b, c). However, the boundary of the space-occupying 
lesion was unclear (Fig. 12a, b–c). This lesion was not vis-
ible from the brain surface, and therefore was not recognized 
until the brain MRI scan was performed. Of note, the brain 

surface was clear and looked normal (Fig. 2i). The monkey 
was thought to have died of old age since a gross anatomi-
cal observation could not identify a specific cause of death.

Discussion

Significance of the Japan Monkey Centre Primates 
Brain Imaging Repository

Toward our long-term goal of establishing the JMC Pri-
mates Brain Imaging Repository, which will include images 

Fig. 6   Demonstration of 
the neuroanatomical details 
resolved with the high-spatial-
resolution T2-weighted image 
and DTI color map from the 
mid-axial plane. The image 
shows T2-weighted images 
(middle column) and color 
maps (right column) from the 
mid-axial plane in a pygmy 
marmoset (Pr6324), b Sykes’ 
monkey (Pr6443), and c 
Schmidt’s guenon (Pr6002). 
Red, green, and blue indicate 
fiber orientations along the 
medial–lateral, anterior–poste-
rior, and superior–inferior axes, 
respectively. Neuroanatomi-
cal abbreviations in this MRI 
database are represented in 
accordance with the histologi-
cal atlas of the rhesus macaque 
brain (Paxinos et al. 2000). 
The abbreviations for features 
in T2-weighted images are: 
ACB accumbens, CD caudate 
nucleus, EGP external globus 
pallidus, HIP hippocampus, 
IGP internal globus pallidus, 
GN geniculate nucleus, IPUL 
inferior pulvinar, MT mammil-
lothalamic tract, PAG periaq-
ueductal gray, PU putamen, 
SC superior colliculus, THAL 
thalamus. The abbreviations 
for features in color maps are: 
AC anterior commissure, CG 
cingulum, EC external capsule, 
FX fornix, FX-C column of 
the fornix, FX-P precommis-
sural part of the fornix, PLIC 
posterior limb of the internal 
capsule, SS sagittal stratum, ST 
stria terminalis
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Fig. 7   Demonstration of 
the neuroanatomical details 
resolved with the high-spatial-
resolution T2-weighted image 
and DTI color map from mid-
coronal plane. The image shows 
T2-weighted images (middle 
column) and color maps (right 
column) from the mid-coronal 
plane in a pygmy marmoset 
(Pr6324), b Sykes’ monkey 
(Pr6443), and c Schmidt’s 
guenon (Pr6002). Red, green, 
and blue indicate fiber orienta-
tions along the medial–lateral, 
anterior–posterior, and supe-
rior–inferior axes, respectively. 
Neuroanatomical abbrevia-
tions in this MRI database are 
represented in accordance with 
the histological atlas of the 
rhesus macaque brain (Paxinos 
et al. 2000). The abbreviations 
for features in T2-weighted 
images are: AM anteromedial 
thalamic nucleus, AV anter-
oventral thalamic nucleus, CD 
caudate nucleus, CL claustrum, 
EGP external globus pallidus, 
GP globus pallidus, HIP hip-
pocampus, IGP internal globus 
pallidus, PC paracentralis tha-
lamic nucleus, PU putamen, R 
reticularis thalamic nucleus, RE 
reuniens thalamic nucleus, SNR 
substantia nigra, STH subtha-
lamic nucleus, THAL thalamus, 
VA ventralis thalamic anterior 
nucleus, VL ventralis thalamic 
lateralis nucleus. The abbrevia-
tions for features in color maps 
are: CC corpus callosum, CG 
cingulate, CP cerebral peduncle, 
EC external capsule, FX fornix, 
OPT optic tract, PLIC posterior 
limb of the internal capsule, 
SFO superior fronto-occipital 
fasciculus, ST stria terminalis
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Fig. 8   Demonstration of 
the neuroanatomical details 
resolved with the high-spatial-
resolution T2-weighted image 
and DTI color map from almost 
mid-sagittal plane. The image 
shows T2-weighted images 
(middle column) and color 
maps (right column) from 
almost mid-sagittal plane in a 
pygmy marmoset (Pr6324), b 
Sykes’ monkey (Pr6443), and 
c Schmidt’s guenon (Pr6002). 
Red, green, and blue indicate 
fiber orientations along the 
medial–lateral, anterior–poste-
rior, and superior–inferior axes, 
respectively. Neuroanatomi-
cal abbreviations in this MRI 
database are represented in 
accordance with the histologi-
cal atlas of the rhesus macaque 
brain (Paxinos et al. 2000). The 
abbreviations for features in 
T2-weighted images are: CB1 
cerebellar lobule 1, CB2 cer-
ebellar lobule 2, CB3 cerebellar 
lobule 3, CB4 cerebellar lobule 
4, CB5 cerebellar lobule 5, CB6 
cerebellar lobule 6, CB7 cer-
ebellar lobule 7, CB8 cerebellar 
lobule 8, CB9 cerebellar lobule 
9; CB10 cerebellar lobule 10. 
The abbreviations in color maps 
are: AC anterior commissure, 
CC corpus callosum, CG cingu-
lum, DSCP decussation of the 
superior cerebellar peduncles, 
FX fornix, GCC​ genu of the 
corpus callosum, MCP middle 
cerebellar peduncle, OPT opti-
cal tract, PCT pontocerebellar 
tract, SCC splenium of the 
corpus callosum
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from more than 100 non-human primate species, MRIs 
from 12 species were released as the first issue. High-res-
olution T2-weighted images and DTIs were obtained by 
scanning with an ultra-high magnetic field scanner, and the 
images are now open to the research community through 
our website.

We expect fifth significant contributions of our reposi-
tory. First, our imaging database provides a resource for 

comparative neuroscience to understand the brain morphol-
ogy and neuronal connectivity of each species. Moreover, 
metadata such as body weight and brain weight are also pro-
vided. This information is needed to calculate the “encephal-
ization quotient”, EQ = Ea/Ee, which indicates the extent to 
which the brain size of a given species, Ea, deviates from 
the expected brain size, Ee, based on a “standard” for mam-
mals (Jerison 1973). The EQ ranking is considered to predict 
intelligence (Jerison 1973). Thus, users of this database can 
investigate the relationship between EQ and the absolute or 
relative size of the cerebral cortex to find better predictors 
for high-order cognitive abilities among primates.

We also anticipate that this imaging repository will facili-
tate discoveries in the fields of evolutionary and develop-
mental neuroscience. We encourage its use by researchers 
that belong to research fields outside traditional primatol-
ogy, such as computer science, mathematical modeling, and 
medicine.

Second, the JMC Primates Brain Imaging Repository 
will be a permanent repository of primate brains, since the 
images are stored as digital data. Unlike fixed brains, digi-
tal data are not subject to deterioration, and can be distrib-
uted worldwide. The images can be analyzed unlimitedly 
in various ways. This repository is especially important for 

Fig. 9   Representative sample of an image artifact caused by small 
incisions on the brain surface. The image shows small incisions in the 
right and left lateral views of the brain surface in white-fronted capu-
chin (Pr6365). The red arrows indicate the small incisions

Coronal planeAxial plane Sagittal plane

10mm

a  T2-weighted image
Japanese macaque (Pr6158)

b  Color map
Japanese macaque (Pr6158)

R

Fig. 10   Representative sample of image artifacts caused by air bub-
bles and granular representation. The image shows image arti-
facts caused by air bubbles and granular representation in Japanese 
macaque (Pr6158). a T2-weighted images and b color maps. The 
axial, coronal, and sagittal planes are indicated. Red, green, and blue 
indicate fiber orientations along the medial–lateral, anterior–poste-
rior, and superior–inferior axes, respectively. The red arrows indicate 
air bubbles. The yellow arrows indicate the granular representation, 
probably due to degradation of the brain tissue

a  T2-weighted image with GD-PBS
Japanese Macaque (Pr6378) 

Axial plane Coronal planeSagittal plane

b  T2-weighted image without GD-PBS
Bonnet Macaque (Pr6375)

10mmR

Fig. 11   Representative sample of an image artifact caused by con-
centric contrast inhomogeneities with GD-PBS. The image shows 
the concentric contrast inhomogeneities observed with GD-PBS. a 
T2-weighted images of a Japanese macaque brain sample (Pr6378) 
preconditioned by GD-PBS and b T2-weighted images of a Bonnet 
Macaque sample (Pr6375) without GD-PBS preconditioning. The 
axial, coronal, and sagittal planes are indicated. The concentric con-
trast inhomogeneities (red arrows) are seen in a but not in b 



567Primates (2018) 59:553–570	

1 3

preserving information about endangered species, since 
without this repository, this precious information would 
be lost. We will acquire additional whole-brain MRIs from 

endangered great apes, such as orangutans, gorillas, and 
chimpanzees, in the near future.

Third, our repository provides brain MRIs of non-human 
primates with higher resolution compared to the previous 
MRI atlases (Okano and Nomura 2008; Saleem and Logo-
thetis 2012). These previous atlases showed the anatomi-
cal features on MRIs, combined with histological atlases 
in common marmosets and rhesus macaques based on 
Klüver–Barrera staining and immunohistochemical staining 
(Okano and Nomura 2008; Saleem and Logothetis 2012). 
Although we do not have the histological data correspond-
ing to the MRI data of the non-human primate brain samples 
in this database, we found that our high-resolution MRIs 
enable us to delineate highly detailed anatomical features in 
non-human primates, especially white matter bundles. For 
example, we are able to identify nine white matter bundles 
(anterior commissure, cingulum, external capsule, fornix, 
column of the fornix, precommissural part of the fornix, 
posterior limb of the internal capsule, sagittal stratum, and 
stria terminalis) in the mid-axial plane on our non-human 
primate MRIs. This is an advance compared to the previous 
MRI atlas of the common marmoset, which defined only five 
white matter bundles (anterior commissure, posterior com-
missure, fornix, internal capsule, and sagittal stratum) in the 
mid-axial plane (Okano and Nomura 2008). The previous 
MRI atlas of the rhesus macaque did not show white matter 
bundles (Saleem and Logothetis 2012).

Fourth, the repository also provides opportunities to 
optimize protocols for postmortem brain scans. Although 
we tried as far as possible to apply state-of-the-art scanning 
protocols to acquire the ex vivo MRIs, there still remains 
room to further improve the image quality. The information 
about the scanners and the scan protocols are fully open. 
This provides opportunities for MR physicists to develop 
novel MRI sequences optimized for primate brain samples of 
various sizes, or for researchers who are interested in image 
post-processing to develop novel image analysis methods. 
Our database will serve as a resource for such new scan 
protocols or analysis methods.

Finally, the repository has the potential to serve as a dis-
ease reference. During the process of data accumulation in 
the future, we expect the inclusion of diseased brains. In 
the current data series, a space-occupying lesion was found 
incidentally in the right hemisphere of a red-tailed monkey. 
We plan to investigate its pathology in the future. Once the 
image diagnosis is established, the image can be used as a 
reference file for veterinary education and practice. There are 
many neuroradiology reference files or teaching files, either 
in printed or electronic forms, for human brain diseases 
(Poldrack and Gorgolewski 2014). However, few veterinary 
neuroradiology reference files are currently available. A few 
examples are case studies of intracranial arachnoid cysts in 
a chimpanzee (Kaneko et al. 2013; Miyabe-Nishiwaki et al. 

b  DWIs 

Axial plane Sagittal planeCoronal plane
a  T2-weighted image 

10mm

C  Color map 

R

Fig. 12   Images of a brain with a space-occupying lesion. The 
images show T2-weighted images, DWIs, and color maps in a red-
tailed monkey (Pr6379). a T2-weighted images, b DWIs, and c color 
maps. The axial, coronal, and sagittal planes are indicated. Areas 
surrounded by red lines represent the space-occupying lesion. Red, 
green, and blue indicate fiber orientations along the medial–lateral, 
anterior–posterior, and superior–inferior axes, respectively. The upper 
rows show the original images and the lower rows show the images 
with the space-occupying lesion surrounded by a red line
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2014) and an ependymal cyst in a cynomolgus macaque 
(Macaca fascicularis) (Bergin et al. 2008). We hope that 
our repository will provide educational files for veterinary 
neuroradiology.

Access to the Japan Monkey Centre Primates Brain 
Imaging Repository

This publication coincides with the public release of the 
JMC Primates Brain Imaging Repository. The images can 
be browsed online from the following JMC website (http://
www.j-monke​y.jp/BIR/index​_e.html). Users can get access 
to the images and non-image information such as the cause 
of death and the autopsy findings after completion of a 
research agreement with the JMC collaborative research 
program.

Limitations

Our study had several limitations. First, the JMC’s brain 
samples were obtained from primates that had died of natu-
ral causes. Therefore, an accurate time of death was gener-
ally not known.

Second, in some primate postmortem brain samples, there 
are small incisions on the brain surface marked when the 
brain was extracted from the cranium. It is difficult to avoid 
making these small incisions when making postmortem 
brain samples.

Third, there was a brain size limitation. The bore diam-
eter of the 9.4-T MRI equipment is approximately 200 mm, 
and the maximum diameter of the brain samples that can 
be scanned is approximately 70 mm. This size limitation is 
problematic in scanning brains of great apes having a size 
larger than 70 mm, such as brains of chimpanzees and goril-
las. In the future, we plan to scan these brain samples of 
great apes using other scanners with larger bore diameter 
and open these data to the public.

Fourth, the users of this database should take account of 
the shrinkage of the brain size and the change of the brain 
morphology after the formalin fixation. The average shrink-
age of the formalin-fixed brain is approximately 10–20% 
(Quester and Schröder 1997; Kinoshita et al. 2001; de Guz-
man et al. 2016). The degree of shrinkage also depends on 
the water content of the brain tissue. Especially, the degree 
of shrinkage of the non-myelinated immature brain samples, 
which contain water-rich tissue, would be greater than that 
of mature brain samples (Kinoshita et al. 2001). Our data-
base includes immature brain samples such as the Toque 
macaque’s brain sample (Pr6182, 1 year of age after birth). 
Therefore, the shrinkage rates should be considered when 
analyzing the size and shape of the formalin-fixed MRIs of 
the brains, especially non-myelinated brains.

Fifth, there was an age variation in the animals whose 
brain samples were used to obtain MRI data. The animals 
ranged from 1 year of age (Toque macaque, Pr6182) to 
29 years of age (Crab-eating Macaque, Pr6413) or “old” 
(Japanese Macaque, Pr6158; Japanese Macaque, Pr6378; 
Red-tailed Monkey, Pr6379) in this database. In this study, 
as a first step, we focused on how to create a new scan pro-
tocol for brain samples with various sizes using 9.4 T MRI. 
Because we selected the brain samples that had good preser-
vation and few incisions on the brain surface for scans, there 
was an age variation in brain samples. Immature brains are 
still undergoing development. Aged brains have shrinkage 
of the brain size and expansion of the ventricles. Moreover, 
these brains contain amyloid plaques, which are known as 
a symptom of Alzheimer’s disease (Yamashita et al. 2012). 
As a next step, we will try to accumulate brain images of 
fully adult primates as far as possible to establish a standard 
brain image database.

Sixth, some brain images have image artifacts or insuf-
ficient SNR. These problems are caused by air bubbles from 
the brain sample and the container that severely decrease the 
quality of ex vivo MRI data. In order to solve the problem of 
air bubbles, we will try to completely eliminate air bubbles 
from both the brain sample and the container by deaeration 
with a vacuum pump before scanning.

Finally, brain images of large brain samples have con-
centricum contrast inhomogeneity. This phenomenon was 
not reported in the past. It is standard practice to immerse 
the fixed brain samples in GD-PBS for more than 1 week 
prior to scanning for ex vivo MRI scanning of mouse brain 
samples (Johnson et al. 2002). Although this preprocessing 
was also applied for the ex vivo MRI scanning of marmoset 
brain samples (Hikishima et al. 2013), we found that it can-
not be applied for that of larger brain samples, such as those 
of macaques and gibbons. The concentric contrast inhomo-
geneity appears to be due to non-uniform penetration of GD-
PBS into the brain samples, but it is difficult to explain the 
exact cause of this artifact because GD usually enhances 
image contrast. Determining the mechanism that produces 
this image artifact will require further investigation.

Conclusions

The JMC Primates Brain Imaging Repository is an ex vivo 
MRI database of non-human primate brains with high-spa-
tial-resolution that can facilitate scientific discoveries in the 
field of comparative neuroscience and brain evolution. As 
an initial release, a digital collection of structural MRIs and 
DTIs obtained from 12 species was opened to the research 
community. The repository is also important for preserving 
information about the brains of various primates, including 
endangered species, in a permanent digital form, for use in 

http://www.j-monkey.jp/BIR/index_e.html
http://www.j-monkey.jp/BIR/index_e.html
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optimizing the methods of scanning large fixed brains, and 
for veterinary neuroradiology education. We will continue 
to develop this repository to achieve our goal of collecting 
brain MRIs of more than 100 non-human primate species.
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