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a b s t r a c t 

A comparison of neuroanatomical features of the brain between humans and our evolutionary relatives, nonhu- 

man primates, is key to understanding the human brain system and the neural basis of mental and neurological 

disorders. Although most comparative MRI studies of human and nonhuman primate brains have been based on 

brains of primates that had been used as subjects in experiments, it is essential to investigate various species of 

nonhuman primates in order to elucidate and interpret the diversity of neuroanatomy features among humans and 

nonhuman primates. To develop a research platform for this purpose, it is necessary to harmonize the scientific 

contributions of studies with the standards of animal ethics, animal welfare, and the conservation of brain infor- 

mation for long-term continuation of the field. In previous research, we first developed a gated data-repository 

of anatomical images obtained using 9.4-T ex vivo MRI of postmortem brain samples from 12 nonhuman primate 

species, and which are stored at the Japan Monkey Centre. In the present study, as a second phase, we released a 

collection of T2-weighted images and diffusion tensor images obtained in nine species: white-throated capuchin, 

Bolivian squirrel monkey, stump-tailed macaque, Tibet monkey, Sykes’ monkey, Assamese macaque, pig-tailed 

macaque, crested macaque, and chimpanzee. Our image repository should facilitate scientific discoveries in the 

field of comparative neuroscience. This repository can also promote animal ethics and animal welfare in exper- 

iments with nonhuman primate models by optimizing methods for in vivo and ex vivo MRI scanning of brains 

and supporting veterinary neuroradiological education. In addition, the repository is expected to contribute to 

conservation, preserving information about the brains of various primates, including endangered species, in a 

permanent digital form. 
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. Introduction 

The momentum to establish new data-sharing systems for nonhuman
rimate neuroimaging with translational possibilities for biomedical re-
earch on mental and neurological disorders has recently been increas-
ng ( Roelfsema and Treue, 2014 ) in tandem with its human counterpart
n the Human Connectome Project ( Milham et al., 2020 , 2018 ). 

A gated data-repository of nonhuman primate brain images obtained
sing postmortem ( ex vivo ) MRI, the Japan Monkey Centre (JMC) Pri-
ates Brain Imaging Repository, was recently established not only to

acilitate scientific discoveries in the field of comparative neuroscience,
ut also to provide a standard model for animal ethics, animal welfare,
nd conservation of brain information of various nonhuman primates
 http://www.j-monkey.jp/BIR/index_e.html ) ( Sakai et al., 2018 ). Fol-
owing this, we will introduce up-to-date advances in MRI, as well as
heir limitations, in primate comparative neuroscience, the necessity for
onsideration of animal ethics, animal welfare, and conservation, and
he characteristics of the JMC Primates Brain Sample Collection. 

.1. Role of brain MRI in primate comparative neuroscience and current 

imitations 

The comparative study of brain architecture variations among pri-
ates, including humans, is absolutely essential for understanding the
eurobiological basis of the emergence of the complex brain struc-
ure and functions during human evolution. Changes in the brain
uring evolution from early primates to modern humans involved a
arked increase in its overall size, and especially that of the neocortex

 Dunbar and Shultz, 2017 ; Kaas, 2017 ; Roth and Dicke, 2005 ), possibly
ue to genetic or epigenetic changes ( Heide et al., 2020 ). 

Recently, a large-scale MRI study revealed that the traits of the brain
ystem and brain development that are highly phylogenetically con-
erved show robustness, but the traits that appeared relatively recently
uring human evolution show large diversity ( Reardon et al., 2018 ).
t the same time, some MRI studies of individual differences in human
rains suggested that characterizing individual variations in the brain
ystem is critical to understanding the emergence of cognitive and be-
avioral diversity within populations and may provide insight into the
tiology of common neuropsychiatric and neurodevelopmental disor-
ers ( Foulkes and Blakemore, 2018 ; Seghier and Price, 2018 ). 

In addition, interestingly, a recent primate comparative MRI study
evealed evidence of evolutionary modifications of human brain
onnectivity that significantly overlap with the cortical pattern of
chizophrenia-related dysconnectivity, suggesting that recent evolution-
ry modifications in the human brain circuitry may have been one of the
actors that played a role in the development of this disorder in humans
 van den Heuvel et al., 2019 ) Therefore, clarifying the cross-species di-
ersity of brain structures among primates is an important issue for pri-
ate comparative neuroimaging. 

During the past two decades, advances in MRI technology and com-
utational imaging analysis technology have made it possible to con-
uct direct comparisons of the brain organization of the human with
hat of nonhuman primates non-destructively. Especially, diffusion MRI
s one such noteworthy technology. This imaging technology measures
ater diffusion as a probe to examine the microscopic organization of
natomical structures within an anatomical region represented by one
oxel ( Basser et al., 1994a , 1994b ). One of the major strengths of dif-
usion MRI is its capability of delineating well-aligned structures, such
s white matter bundles ( Moseley et al., 1990 ) or columnar organiza-
ion of the cortex ( Jespersen et al., 2007 ). It can also delineate trajecto-
ies of major white matter bundles three-dimensionally ( Mori and van
ijl, 2002 ). It has been demonstrated that white matter bundles delin-
ated by diffusion MRI are comparable to those delineated by histology
n rhesus macaques ( Schmahmann et al., 2007 ). 

In comparative neuroimaging, structural MRI technology has been
sed to conduct various cross-species comparisons of macrostruc-
2 
ures, such as the size of areas and volumes of brain regions
 Croxson et al., 2018 ; Donahue et al., 2018 ; Eichert et al., 2020 ;
omez-Robles et al., 2015 ; Rilling and Insel, 1999 ; Rilling and Selig-
an, 2002 ; Semendeferi and Damasio, 2000 ), cortical folding (gyri-
cation) ( Amiez et al., 2019 ; Avants et al., 2006 ; Glasser et al.,
014 ; Hopkins et al., 2017 ; Rilling and Insel, 1999 ; Van Essen and
ierker, 2007 ), expansion of cortical areas ( Eichert et al., 2020 ;
ill et al., 2010 ; Orban et al., 2004 ; Van Essen and Dierker, 2007 ), white
atter connectivity ( Croxson et al., 2018 ; Reid et al., 2016 ), and devel-

pment and aging of the brain ( Amlien et al., 2014 ; Chaplin et al., 2013 ;
hen et al., 2013 ; Sakai et al., 2013 , 2011 ; Sherwood et al., 2011 ). 

Furthermore, ex vivo MRI technology has enabled researchers to
ompare the developmental patterns of gyrification during fetal stages
 Hikishima et al., 2013 ; Sawada et al., 2012 , 2014 , 2009 ), expansion
f the isocortex ( Kroenke et al., 2005 ), and white matter connectivity
 Oishi et al., 2011 ; Rilling et al., 2008 ) in humans and nonhuman pri-
ates. 

Recently, many initiatives to provide nonhuman primate MRI
atabases have been involved in advancing comparative neuroimaging.
etails of nonhuman primate neuroimaging resources were reviewed
y de Schotten et al. ( de Schotten et al., 2019 ). As a noteworthy
atabase of nonhuman primate MRIs, Milham and colleagues recently
aunched the Primate Data Exchange (PRIME-DE) initiative, which
athers in vivo MRI data from macaques collected by more than
0 different laboratories around the world (The PRIMatE Data Ex-
hange, http://fcon_1000.projects.nitrc.org/indi/indiPRIME.html )
 Milham et al., 2018, 2020, 2022 ), . In addition, Sherwood,
opkins, Preuss and colleagues released a chimpanzee brain im-
ge database (The National Chimpanzee Brain Resource; NCBR;
ttp://www.chimpanzeebrain.org/ ). Also, the Toro and Heuer group
as collected structural data from postmortem samples of nonhuman pri-
ates and other animals (Brain Catalogue; https://braincatalogue.org )

 Heuer et al., 2019 ). 
The new data sharing system for providing nonhuman primate MRI

esources enables researchers to collect detailed information about brain
natomy to facilitate their comparative neuroimaging studies, but they
evertheless face some inevitable limitations. First, to date, most studies
sing the nonhuman primate MRI data resource described above have
ocused solely on experimental primate models such as macaque mon-
eys ( de Schotten et al., 2019 ). To better understand the brain’s anatom-
cal features and connectivity across primate lineages, more species will
eed to be comprehensively studied. 

In this regard, the Toro and Heuer group published ex vivo struc-
ural MRI data from 31 nonhuman primate species ( Heuer et al., 2019 ).
owever, their scanning methods lacked uniformity in terms of imag-

ng techniques (different devices and imaging sequences were used) and
ostmortem samples (a mixture of extracted brain samples, brain sam-
les including skulls, and whole-body samples was used). Although they
uantified the quality of those data, those limitations may handicap any
eaningful comparative analyses of nonhuman primate brains. In order

o perform a more robust comparative analysis, it may be necessary to
mage extracted brains that have undergone the same pretreatment pro-
edures using the identical high-field MRI equipment. 

Finally, most of the previous image databases of nonhuman pri-
ate brains show few MRIs obtained by the use of 7-T or higher-field

ultra-high field) MRI scanners. In fact, it has been difficult to collect
igh-resolution diffusion tensor image (DTI) data for nonhuman primate
rain samples larger than marmoset brain specimens. 

.2. Necessary consideration of animal ethics, welfare, and conservation 

It is important for researchers who study nonhuman primates to con-
ribute not only to their own study but also to animal welfare and ethics
 Amadio et al., 2018 ; Buller, 2018 ; ( Milham et al., 2018, 2020, 2022 ),
 Sadato et al., 2019 ). The challenge of understanding the human brain
nd its disorders means that nonhuman primate research is increasingly

http://www.j-monkey.jp/BIR/index_e.html
http://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
http://www.chimpanzeebrain.org/
https://braincatalogue.org
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Fig. 1. Animal welfare considerations for nonhuman primates at the JMC Vari- 

ous considerations are made for captive nonhuman primates from the viewpoint 

of animal welfare at the JMC. (A) Mother and child Bolivian squirrel monkeys 

living in an enriched social and physical environment. (B) Bolivian squirrel mon- 

keys looking for food in a food box made from plastic bottles. 

Table 1 

The JMC Primate Brain Sample Collection. 

Families Number of species Number of brain samples 

Cheirogaleidae 1 7 

Lemuridae 4 55 

Galagidae 2 25 

Lorisidae 5 56 

Tarsiidae 1 5 

Cebidae 26 693 

Atelidae 8 61 

Pitheciidae 6 32 

Cercopithecidae 55 1470 

Hylobatidae 6 39 

Hominidae 4 19 

(Total 11 Families, 118 species, 2462 brain samples as of April 

2020). 
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eeded, although it is essential that this research is complemented by
tudies using other approaches, and other alternatives to ( in vivo ) non-
uman primate use ( Lemon, 2018 ). 

Sharing large-scale digital information and data obtained by the
ostmortem brain MRI approach with large numbers of researchers con-
ributes to the elimination of duplicate nonhuman primate experiments
nd minimizes the number of animals used for scientific purposes. More-
ver, elucidating spontaneously occurring brain disorders of nonhuman
rimates using an ex vivo MRI approach can be of great significance, as
 kind of “autopsy imaging of nonhuman primates ”. 

The digital brain records obtained by the ex vivo MRI approach
re advantageous for permanently archiving information about endan-
ered species. It has been reported that about 60% of nonhuman pri-
ate species are now threatened with extinction. Not only members of

he hominoid family, such as gibbons, orangutans ( Pongo ), gorillas, and
himpanzees, but also all 16 extant primate families are facing extinc-
ion ( Estrada et al., 2017 ). Furthermore, the populations of 75% of non-
uman primate species are decreasing globally ( Estrada et al., 2017 ).
his highlights the significance of recording and storing information
bout these species permanently in electronic form. 

.3. The Japan Monkey Centre primate postmortem brain collection 

The JMC, one of the largest nonhuman primate museums and zoos in
he world, was founded at Inuyama, Japan, in 1956, with the support of
agoya Railroad Co., Ltd. In 2014, the JMC was transformed into a pub-

ic interest foundation. The JMC aims to contribute to the development
f science, education, culture, and the harmony of local communities
nd the global environment on the basis of research, conservation, so-
ial education, publication, management of its zoo, and the collection
f specimens and other materials regarding nonhuman primates. 

At present, 750 nonhuman primates of approximately 60 species live
t the JMC in an area of 43,600 m 

2 . In terms of animal ethics and wel-
are, consideration must be given to not only the physical but also the
sychological well-being of captive nonhuman primates in research set-
ings and zoos ( Lutz and Novak, 2005 ). In recent years, similarly to
odern zoos and research institutions, JMC has been paying heed to an-

mal welfare; for example, (1) captive nonhuman primates are housed in
roups so that they can maintain the societies of their respective species,
2) three-dimensional structures and playground equipment have been
ntroduced as part of the expansion of available space for captive nonhu-
an primates, and (3) varieties of food items and feeders are provided

o enhance the feeding experience ( Fig. 1 ). In particular, it is noteworthy
hat the JMC postmortem brain samples were obtained from individu-
ls that had social experiences in a socially enriched environment. This
llows us to make a direct cross-species comparison of the relationship
etween brain structures and social features (such as allomothering and
ocial structure) among primates. Although this advantage would be dif-
cult to fully realize in other typical animal experimental facilities, the
vailability of social information depends on the species. Further effort
ould be required to reorganize available social information of primates
nd make it trackable. 

Since the foundation of the JMC in 1956, more than 2400 post-
ortem brain samples have been collected from the individuals from
ore than 100 nonhuman primate species from 11 families, includ-

ng endangered species such as gibbons (Hylobatidae), gorillas ( Gorilla ),
himpanzees ( Pan troglodytes) , and vulnerable species such as owl mon-
eys ( Aotus trivirgatus ). Details of the JMC Primate Brain Sample Collec-
ion are listed in Table 1 . These brain samples were prepared by skilled
eterinarians, who extracted brains from the bodies of nonhuman pri-
ates that had died spontaneously. In summary, the rearing of non-
uman primates and collecting their postmortem brain samples at the
MC can be said to be fully considered according to animal ethics and
elfare. 
3 
.4. First phase of Japan Monkey Centre primates brain imaging repository 

nd its limitations 

To accelerate research in the field of comparative neuroscience, as
ell as to contribute to animal ethics, welfare, and conservation, we

aunched a project to create a brain MRI repository consisting of MRI
ata of the brains of various nonhuman primates. As the initial phase
f creating a gated data-repository, we developed a collection of struc-
ural MRIs and diffusion tensor images (DTIs) of brains obtained from 12
pecies, stored in the JMC, that were scanned using a 9.4-T MRI scan-
er: pygmy marmoset ( Cebuella pygmaea ), owl monkey, white-fronted
apuchin ( Cebus albifrons ), crab-eating macaque ( Macaca fascicularis ),
apanese macaque ( Macaca fuscata ), bonnet macaque ( Macaca radi-

ta ), toque macaque ( Macaca sinica ), Sykes’ monkey ( Cercopithecus al-

ogularis ), red-tailed monkey ( Cercopithecus ascanius ), Schmidt’s guenon
 Cercopithecus ascanius schmidti ), de Brazza’s guenon ( Cercopithecus ne-

lectus ), and lar gibbon ( Hylobates lar ) (The JMC Brain Imaging Reposi-
ory, http://www.j-monkey.jp/BIR/index_e.html ) ( Sakai et al., 2018 ). 

However, this first phase of the development had several technical
imitations regarding the postmortem MRI. A more detailed explana-
ion of these technical limitations is presented in “4.1. Technical im-
rovements from first phase in high-resolution postmortem MRI ” in the
iscussion section. 

http://www.j-monkey.jp/BIR/index_e.html
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Table 2 

Characteristics of brain samples. 

Species ID Sex 

Age 

(year) 

Brain 

weight (g) 

Red List 

Category a 

White-throated Capuchin 

( Cebus capucinus ) 

6094 F 7 79.9 Least Concern 

Bolivian Squirrel Monkey 

( Saimiri boliviensis ) 

6445 F Over 18 27.2 Least Concern 

Stump-tailed Macaque 

( Macaca arctoides ) 

3111 M 13 119 Vulnerable 

Tibet Monkey 

( Macaca thibetana ) 

5930 F 19 110 Near Threatened 

Sykes’ Monkey 

( Cercopithecus albogularis ) 

6014 F Over 20 72.4 Least Concern 

Assamese Macaque 

( Macaca assamensis ) 

4344 F 5 85.5 Near Threatened 

Pig-tailed Macaque 

( Macaca nemestrina ) 

3010 M Young 106.5 Endangered 

Pig-tailed Macaque 

( Macaca nemestrina) 

3278 M Adult 130 Endangered 

Crested Macaque 

( Macaca nigra ) 

2913 M Young 96 Critically Endangered 

Crested Macaque 

( Macaca nigra ) 

5163 M Young 91.9 Critically Endangered 

Chimpanzee 

( Pan troglodytes ) 

1534 M Juvenile 336 Endangered 

Chimpanzee 

( Pan troglodytes ) 

6082 F Around 40 370 Endangered 

a Red List Category & Criteria is referenced in The IUCN Red List of Threatened Species TM ( http://www.iucnredlist.org/about ). 
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.5. Goals of second phase of Japan Monkey Centre primates brain 

maging repository 

As the second phase, by solving the above-described technical limi-
ations, we acquired structural MRI and DTI data from nine nonhuman
rimate species using the same high-resolution MRI: white-throated ca-
uchin ( Cebus capucinus ), Bolivian squirrel monkey ( Saimiri boliviensis ),
tump-tailed macaque ( Macaca arctoides ), Tibet monkey ( Macaca thi-

etana ), Sykes’ monkey, Assamese macaque ( Macaca assamensis ), pig-
ailed macaque ( Macaca nemestrina ), crested macaque ( Macaca nigra ),
nd chimpanzee. 

In other words, the data were acquired from two species from the
amily Cebidae: white-throated capuchin and Bolivian squirrel monkey,
ix species from the family Cercopithecidae: stump-tailed macaque, Ti-
et monkey, Sykes’ monkey, Assamese macaque, pig-tailed macaque,
rested macaque, and one species from the Hominidae: chimpanzee. 

Brain samples from eight of the nine nonhuman primate species, ex-
ept Sykes’ monkey, were the first to be scanned in the second phase of
he JMC Primates Brain Imaging Repository. The brain samples from six
rimate species, except white-throated capuchin and chimpanzee of the
bove eight nonhuman primates, were the first brain samples of these
pecies in the world to be successfully scanned by MRI. 

. Methods 

.1. JMC primate postmortem brain collection 

Twelve postmortem brain samples from nine species were selected
rom the JMC primate postmortem collection in this study ( Table 2 ).
rain samples were immersed in 10% neutral buffered formalin and
xed for more than 1 month. All procedures described herein were per-

ormed in accordance with a protocol approved by the JMC with ethical
valuation (permits #2014013, #2015019, and #2016017). This exper-
mental protocol complies with the Act on Welfare and Management of
nimals in Japan and makes an effort to apply animal welfare standards
f the Association of Zoo and Aquariums Animal Care Manual and the
nternational Primatological Society (IPS) International Guidelines for
he Acquisition, Care, and Breeding of Nonhuman Primates. 
4 
.2. Preparation for postmortem MRI 

We prepared a workstation with a brain sample, small sponges, a
olyethylene container customized for the brain samples, Fluorinert TM 

3 M Japan Limited, Tokyo, Japan), and a vacuum pump. The prepara-
ion procedure was as follows: (1) completely remove water from con-
ainers and sponges; (2) fill the bottom of the container with the sponges;
3) gently dry formalin from the surface of the brain sample with a paper
owel; (4) insert the brain sample with the frontal pole toward the bot-
om of the container; (5) fill the container with Fluorinert TM to approxi-
ately 80% of the container volume to prevent dehydration and reduce

usceptibility to artifacts at tissue margins; (6) carefully secure the brain
ample in the container using more sponges around the sides to fix its
osition; (7) fill the rest of the container with sponges and Fluorinert TM ;
8) place the container in a chamber connected to a vacuum pump and
eaerate the contents of the container until no air bubbles are trapped
n interstices of the sulci; although it depends on the size of the brain
ample, the deaeration takes approximately 60 min on average; if the
rain sample itself is sufficiently deaerated, some air remaining in the
ponges is inconsequential; (9) secure the cap and seal the container
ith plastic tape; (10) insert the container into the MRI coil; maintain

he temperature of the brain samples at 24 °C during the scans in ac-
ordance with the International Industrial Standard (IEC 60601-2-33)
 Bottomley et al., 1984 ; Fix et al., 2000 ) ( Fig. 2 ). 

.3. Image acquisition 

In the second phase, by using 9.4-T MRI equipment with a larger
ore, we attempted to scan whole brain samples of great apes that could
ot be scanned in the first phase. The detailed scanning protocols were
s follows. The whole-brain scans for chimpanzee brain samples were
erformed using a 9.4-T Biospec 90/30 MRI scanner (Bruker Biospin
mbH; Ettlingen, Germany) with a 154-mm inner diameter. The whole-
rain scans for the other nonhuman primate brain samples were per-
ormed using a 9.4-T Biospec 90/20 MRI scanner (Bruker Biospin GmbH;
ttlingen, Germany) with a triple-axis gradient system (maximum gra-
ient strength of 300 mT/m), using a transmitting and receiving two-
hannel quadrature coil with an 86-mm inner diameter. 

http://www.iucnredlist.org/about
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Fig. 2. Preparation for postmortem MRI. 

Outline of the preparation procedure for post- 

mortem. (A) Gently dry/soak up the formalin 

from the brain sample surface with a paper 

towel. (B) Samples are placed in a customized 

polyethylene container filled with Fluorinert TM 

to prevent dehydration and reduce susceptibil- 

ity to artifacts at tissue margins. (C) The con- 

tainer is placed in a vacuum pump and the con- 

tents of the container are deaerated until no 

air bubbles are trapped in interstices of sulci. 

(D) Cap is secured and container is sealed with 

plastic tape. 

Table 3 

Brain samples evaluated by T2-weighted image. 

Species ID TE, TR, NEX a FOV b (mm 

3 ) Matrix size Isotropic spatial resolution (mm) Scan time c 

White-throated Capuchin 6094 7.5, 600, 3 64, 51.2, 43.2 320, 256, 216 0.2 7h29m 

Bolivian Squirrel Monkey 6445 7.5, 600, 3 52.2. 40.8, 33 348, 272, 220 0.15 5h12m 

Stump-tailed Macaque 3111 7.5, 600, 2 80, 64, 48 320, 256, 192 0.25 4h28m 

Tibet Monkey 5930 7.5, 600, 3 84, 67.2, 50.4 320, 256, 192 0.21 6h43m 

Sykes’ Monkey 6014 7.5, 600, 4 73.6, 58.9, 44.2 320, 256, 192 0.23 8h57m 

Assamese Macaque 4344 7.5, 600, 4 72, 57.6, 43.2 320, 256, 192 0.23 8h57m 

Pig-tailed Macaque 3010 7.5, 600, 3 72, 57.6, 48.6 320, 256, 216 0.23 7h33m 

Pig-tailed Macaque 3278 7.5, 600, 3 80, 64, 54 320, 256, 216 0.25 7h33m 

Crested Macaque 2913 7.5, 600, 4 72, 57.6, 43.2 320, 256, 192 0.23 8h57m 

Crested Macaque 5163 7.5, 600, 4 76.8, 61.4, 46 320, 256, 192 0.24 8h57m 

Chimpanzee 1534 15, 400, 2 125, 100, 80 500, 400, 320 0.25 7h6m 

Chimpanzee 6082 15, 400, 2 125, 100, 80 500, 400, 320 0.25 7h6m 

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 (m). 

Table 4 

Brain samples evaluated by DTI. 

Species ID TE, TR, NEX a FOV b (mm 

3 ) Matrix size Isotropic spatial resolution (mm) b0 image Scan time c 

White-throated Capuchin 6094 20, 650, 1 64, 51.2, 43.2 160, 128, 108 0.4 2 59h54m 

Bolivian Squirrel Monkey 6445 20.1, 630, 1 52.2, 40.8, 33 174, 136, 110 0.3 2 62h49m 

Stump-tailed Macaque 3111 20, 650, 1 80, 64, 48 160, 128, 96 0.5 2 53h14m 

Tibet Monkey 5930 20, 650, 1 84, 67.2, 50.4 160, 128, 96 0.53 2 53h14m 

Sykes’ Monkey 6014 20, 700, 1 73.6, 58.9, 44.2 160, 128, 96 0.46 3 59h8m 

Assamese Macaque 4344 20,700, 1 72, 57.6, 43.2 160, 128, 96 0.45 2 57h20m 

Pig-tailed Macaque 3010 20, 650, 1 72, 57.6, 48.6 160, 128, 108 0.45 2 59h54m 

Pig-tailed Macaque 3278 20, 600, 1 80, 64, 54 160, 128, 108 0.5 2 55h17m 

Crested Macaque 2913 20, 700, 1 72, 57.6, 43.2 160, 128, 96 0.45 2 57h20m 

Crested Macaque 5163 20, 650, 1 76.8, 61.4, 46 160, 128, 96 0.48 2 53h14m 

Chimpanzee 1534 28.9, 300, 1 125, 100, 80 250, 200, 160 0.5 2 76h22m 

Chimpanzee 6082 28.9, 300, 1 125, 100, 80 250, 200, 160 0.5 2 77h39m 

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 (m). 
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High-field MRI scanning tends to show less contrast in T1-weighted
mages, especially in postmortem brain samples ( Haga et al., 2019 ).
herefore, we acquired T2-weighted images, which show higher con-
rast than T1-weighted images as structural brain images of nonhu-
an primate bran samples in this image repository. T2-weighted images
ere acquired using a three-dimensional rapid acquisition with refo-

used echoes (RARE) sequence. DTIs were acquired using a conventional
ulsed gradient spin echo (PGSE) sequence with 30 diffusion weighted
mages that were acquired with different diffusion gradient directions,
ith b value of 1500s/mm 

2 . Acquisition parameters and lengths of scan
ime for T2-weighted images and DTIs are shown in Tables 3 and 4 ,
espectively. 
5 
.4. Image processing 

T2-weighted images were processed following a series of proce-
ures using ANALYZE v. 9.0 software (Mayo Clinic, Mayo Founda-
ion, Rochester, MN, USA) and ROIEditor ( https://www.mristudio.org )
 Jiang et al., 2006 ), and DiffeoMap ( https://www.mristudio.org )
 Fig. 3 ). (1) The spatial resolution of T2-weighted images that were
canned with isotropic voxels was confirmed and fine-tuned to be the
ame isotropic spatial resolution as well as the spatial resolution that was
et at the scanning according to ANALYZE v.9.0. Image spatial resolution
aried depending on the species, ranging from 0.15 to 0.25 mm. (2) The
esampled T2-weighted image was in a standard anatomical orientation,

https://www.mristudio.org
https://www.mristudio.org
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Fig. 3. Schema of image processing. The T2-weighted images were confirmed 

for spatial resolution and were fine-tuned to have the same isotropic spatial res- 

olution as well as the spatial resolution that was set at the scanning as necessary, 

followed by bias field correction and rigid alignment to the AC-PC line. Diffu- 

sion tensor images were then processed by tensor calculation, followed by map 

creation. Finally, the diffusion tensor images were co-registered to the AC-PC- 

aligned T2-weighted images. All images were saved in the Analyze and Nifti 

formats. 
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ith the transaxial plane parallel to the anterior commissure-posterior
ommissure (AC-PC) line and perpendicular to the interhemispheric fis-
ure on ROIEditor. (3) A radio-frequency bias field correction was ap-
lied using the Bias Correction function implemented in DiffeoMap. 

DTIs of each brain were analyzed by using the following series of pro-
edures with DtiStudio ( https://www.mristudio.org ) ( Jiang et al., 2006 ;
ori and Zhang, 2006 ) and DiffeoMap ( https://www.mristudio.org ). (1)
he eigenvalues and associated eigenvectors ( Basser et al., 1994b ) of
he voxel-wise diffusion tensors were computed at each pixel along with
he apparent diffusion coefficient (ADC), fractional anisotropy (FA), pri-
ary eigenvector, axial diffusivity ( 𝜆|, the primary eigenvalue), and ra-
ial diffusivity ( 𝜆⊥, average of the secondary and tertiary eigenvalues).
2) The mean diffusion-weighted image (mean DWI) was generated by
veraging all diffusion-weighted images. (3) The color-coded orienta-
ion map (color map) was created by assigning red, green, and blue com-
onents equal to the ratio of the absolute values of x (medial-lateral), y
anterior-posterior) and z (superior-inferior) components of the primary
igenvector, where intensity was proportional to FA ( Makris et al., 1997 ;
ajevic and Pierpaoli, 1999 ). (4) Mean DWI, FA, and color maps for
ach sample were resliced to the isotropic voxel identical to that of the
orresponding T2-weighted image on DiffeoMap. (5) The least diffusion-
eighted image (b0) of the DTI was transformed to a T2-weighted image
sing six-parameter rigid transformation of the Automatized Image Reg-
stration (AIR) ( Woods et al., 1998 ) implemented in DiffeoMap, and the
ransformation was applied to the corresponding mean DWI and tensor
eld, from which FA and color maps were recalculated. (6) All images
ere saved in the ANALYZE and Nifti formats. 

The T2-weighted images and DTIs were quality-controlled by the
uthors according to the criteria of previous studies ( Sakai et al., 2018 ),
nd those with poor quality were excluded from the repository. 

. Results 

We acquired high-spatial-resolution T2-weighted images and DTIs
ex, mean DWI, b0, FA map, color map and tractography) from various
6 
onhuman primate species ( Figs. 4–10 ). Due to extensive image error,
e excluded a set of DTIs from the Stump-tailed macaque (Pr 3111) from

he original datasets collected. Thus, we showed T2-weighted images
rom 12 individuals belonging to nine species ( Fig.4 ) and DTIs from 11
ndividuals belonging to nine species ( Fig.5 ). In this study, we identified
he common sulci, areas, and white matter bundles of the brain among
rimate species to present the quality of the acquired brain images. We
sed a histological atlas of the rhesus macaque brain ( Paxinos et al.,
000 ) and a DTI atlas of the human brain ( Mori et al., 2005 ; Oishi et al.,
010 ) to identify the anatomical features and white matter bundles. De-
ailed results were as below. 

.1. Anatomical features from T2-weighted images 

Representative results of the T2-weighted images from nine species
re shown in Fig. 4 . The sulci were identified in the brain surface render-
ng on gray and white matter surfaces of T2-weighted images ( Fig. 6 ).
or example, the lateral view of the chimpanzee (Pr1534) brain dis-
layed the infraprincipal dimple, inferior arcuate sulcus, central sulcus,
ntraparietal sulcus, lateral fissure, superior temporal sulcus, lunate sul-
us, inferior occipital sulcus, and external calcarine sulcus ( Fig. 6 ). The
iddle temporal gyrus and temporal polar gyrus were also delineated.
he dorsal view of the brain showed the anterior supraprincipal dimple,
uperior arcuate sulcus, superior precentral dimple, central sulcus, in-
raparietal sulcus, superior postcentral dimple, superior temporal sulcus,
nd parieto-occipital sulcus ( Fig. 6 ). The superior frontal gyrus, middle
rontal gyrus, inferior frontal gyrus, precentral gyrus, anterior superior
arietal gyrus, cingulate gyrus, posterior superior parietal gyrus, angular
yrus, marginal gyrus, occipito-temporal gyrus, superior frontal gyrus,
nd occipital gyrus were also delineated ( Fig. 6 ). 

Comparisons of the brain surfaces of the three primate species clearly
how that brain gyrations are more complex and convoluted in the
arger-brained chimpanzees than in the other primates with smaller
rains. This difference is easier to illustrate by rendering the gray
atter-white matter boundary surface. ( Fig 6 ). 

T2-weighted contrast imaging enables detailed anatomical delin-
ation in deep brain regions. For example, in chimpanzee (Pr1534), the
2-weighted image provided striking contrasts, making it possible to
elineate the accumbens, basal ganglia (putamen, external globus pal-
idus, internal globus pallidus), thalamus, mammillothalamic tract, peri-
queductal gray, pulvinar, caudate nucleus, hippocampus, and superior
olliculus from the mid-axial plane ( Fig. 7 ). At the mid-coronal plane,
he caudate nucleus, thalamic nucleus, and basal ganglia were identified
 Fig. 8 ). Nearly adjacent to the mid-sagittal plane, 10 cerebellar lobules
ere distinctly delineated ( Fig. 9 ). 

.2. Anatomical features and white matter bundles from diffusion tensor 

mages 

Representative scalar maps derived from DTIs are shown in Figs. 7 ,
 , and 9 . Structural orientation-based contrast in the color maps enabled
s to delineate well-aligned structures, such as white matter bundles and
olumnar structures within the cortex. 

For example, in Bolivian squirrel monkey (Pr1534), crested macaque
Pr5163), and chimpanzees (Pr1534), the respective color maps pro-
ided striking contrasts allowing us to delineate the anterior commis-
ure, external capsule, posterior limb of the internal capsule, sagittal
tratum, column of the fornix, precommissural part of the fornix, fornix,
tria terminalis, and cingulum at the mid-axial plane ( Fig. 7 ). At the mid-
oronal plane, the posterior limb of the internal capsule, external cap-
ule, cerebral peduncle, optic tract, corpus callosum, cingulate, fornix,
uperior fronto-occipital fasciculus, and stria terminalis were identified
n the three species ( Fig. 8 ). Close to the mid-sagittal plane, the ante-
ior commissure, optical tract, pontocerebellar tract, corpus callosum,
enu of the corpus callosum, splenium of the corpus callosum, cingu-

https://www.mristudio.org
https://www.mristudio.org
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Fig. 4. Representative samples of T2-weighted images and brain surface rendering on gray matters of 9 non-human primate brain samples in the database. 

T2-weighted images and surface reconstructions of the brain for each brain sample in these 9 nonhuman primate species: (A) White-throated Capuchin (Pr 6094), 

(B) Bolivian Squirrel Monkey (Pr 6445), (C) Stump-tailed Macaque (Pr 3111), (D) Tibet Monkey (Pr 5930), (E) Sykes’ Monkey (Pr 6014), (F) Assamese Macaque (Pr 

4344), (G) Pig-tailed Macaque (Pr 3010), (H) Pig-tailed Macaque (Pr 3278), (I) Crested Macaque (Pr 2913), Crested Macaque (Pr 5163), (I) Chimpanzee (Pr 1534), 

Chimpanzee (Pr 6082). The axial plane shows the mid-axial plane of the brain images, respectively. The coronal plane shows the mid-coronal plane of the brain 

images, respectively. The sagittal plane shows five slices further in the left sagittal direction from the mid-sagittal plane, respectively. Right direction in the axial 

and coronal planes of each of the brain images is indicated by “R ”. 
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um, fornix, and middle cerebellar peduncle were distinctly delineated
mong the three species ( Fig. 9 ). 

.3. Incidental findings 

The brain sample of the pig-tailed macaque (Pr3010) included a
pace-occupying lesion that was observed around the left temporal
7 
rea in the T2-weighted images ( Fig.10 ). A low signal was observed
n the same area in the color map ( Fig.10 ). Although the reported gross
natomical observations of the monkey included swelling of the hilum
f the lungs, lymph nodes, and spleen, this brain lesion was not visible
rom the brain surface, and therefore was not recognized until the brain
RI scan was performed. 
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Fig. 5. Representative samples of DTI images 

of 11 non-human primate brain samples in the 

database. The images are mean DWI, B0, color 

maps, and FA from the mid-axial plane for each 

brain sample in these 9 nonhuman primate species: 

(A) White-throated Capuchin (Pr 6094), (B) Boli- 

vian Squirrel Monkey (Pr 6445), (C) Tibet Monkey 

(Pr 5930), (D) Sykes’ Monkey (Pr 6014), (E) As- 

samese Macaque (Pr 4344), (F) Pig-tailed Macaque 

(Pr 3010), (G) Pig-tailed Macaque (Pr 3278), (H) 

Crested Macaque (Pr 2913), (I) Crested Macaque 

(Pr 5163), (J) Chimpanzee (Pr 1534), (K) Chim- 

panzee (Pr 6082). In the color maps, the intensity 

corresponds to the FA value, and the color indicates 

the orientation of the fiber bundles. Red means the 

fiber bundles are oriented in the left-right direc- 

tion, blue in the upper and lower directions, and 

green in the anterior-posterior direction. Right di- 

rection in the axial plane of each of the brain im- 

ages is indicated by “R ”. (For interpretation of the 

references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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. Discussion 

Our long-term goal is to establish the JMC Primates Brain Imaging
epository, which will include images from more than 100 nonhuman
rimate species to support the fields of comparative neuroscience. We
eleased MRIs from 12 individuals belonging to nine nonhuman primate
pecies in the second phase. Combining these data with those from the
rst phase, we obtained MRI data from 28 brain samples of 20 species

n total. Thus, we developed the first nonhuman primate brain image
epository from 20 different nonhuman primate species with a consistent
can protocol using 9.4-T high-resolution MRI. Our study successfully
cquired both high-resolution structural MRIs and DTIs of nonhuman
rimate whole brains, and we will release these data to the research
ommunity. 
8 
.1. Technical improvements from first phase in high-resolution 

ostmortem MRI 

In the present phase, we made the following three improvements
ver the imaging performed in the first phase ( Sakai et al., 2018 ). 

.1.1. Scanning of large postmortem brains 

We succeeded in scanning whole large postmortem brains, such as
rains of chimpanzees, with high-resolution. There was a brain size lim-
tation in the first phase ( Sakai et al., 2018 ), namely, that it was not
ossible to image brain samples with a maximum diameter of approxi-
ately 70 mm or larger due to the bore diameter limitation of the 9.4-T
RI equipment (approximately 200 mm diameter) ( Sakai et al., 2018 ).
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Fig. 6. Demonstration of neuroanatomical details revealed in the brain surface rendering on gray and white matters. The image shows lateral (top) and 

dorsal (bottom) views of the brain surface rendering on gray and white matters from T2-weighted images in (A) Bolivian Squirrel Monkey (Pr 6445), (B) Crested 

Macaque (Pr 5163), and (C) Chimpanzee (Pr 1534). Neuroanatomical abbreviations in this MRI database are presented in accordance with the histological atlas of 

the rhesus monkey brain ( Paxinos et al., 2000 ) and MRI and DTI atlas of the human brain ( Mori et al., 2005 ; Oishi et al., 2010 ). Abbreviations of features in the 

brain surface: AG, angular gyrus; aspd, anterior supraprincipal dimple; ASPG, anterior superior parietal gyrus; CG, cingulate gyrus; cs, central sulcus; ecal, external 

calcarine sulcus; iar, inferior 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, occipito-temporal gyrus; PCG, 

precentral 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, superior postcentral dimple; TPG, temporal polar gyrus. 

Right direction in the axial plane of each of the brain images is indicated by “R ”. 
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n the present study, we were able to scan relatively large brain samples,
uch as chimpanzee brain samples, using a 9.4-T MRI machine with a
ider bore (approximately 300 mm diameter). 

.1.2. Reduction of image artifacts and increase of signal-to-noise ratio 

In the first phase, deaeration before scanning was not performed,
nd some brain images had image artifacts or insufficient signal-to-noise
atio (SNR) ( Sakai et al., 2018 ). These problems were caused by air
ubbles from brain samples and the container that severely decreased
he quality of ex vivo MRI data, especially ex vivo DTIs. In the second
hase, we succeeded in completely eliminating air bubbles from both
he brain sample and the container by deaeration with a vacuum pump
efore scanning. 

In the first phase, we also found that some brain images of large brain
amples had concentric contrast inhomogeneity ( Sakai et al., 2018 ). The
oncentric contrast inhomogeneity appeared to be due to non-uniform
enetration of GD-PBS into the brain samples, but explaining the ex-
ct cause of this artifact is difficult because gadopentetate dimeglumine
GD) usually enhances the image contrast. In previous studies, immer-
9 
ion of fixed brain samples in GD-PBS for more than 1 week was done
rior to the ex vivo MRI scanning of brain samples of mouse and mar-
oset ( Hikishima et al., 2013 ; Johnson et al., 2002 ). However, we found

hat this procedure cannot be used for the scanning of samples of brains
arger than the marmoset brain. 

In the present study, we were able to avoid problems with brain im-
ge contrast by scanning the nonhuman primate brain specimens with-
ut GD-PBS. Further investigation will be needed to determine the mech-
nism that generates this imaging artifact, but nonhuman primate brain
amples larger than marmoset brain specimens may need to be scanned
ithout GD-PBS. 

.1.3. Points to consider for cross-species comparison study using this 

mage repository 

We made some technical improvements in MRI scanning, as de-
cribed above, in the second phase. Users of this image repository need
o pay attention to the differences in scanning methods when perform-
ng cross-species comparison analysis by combining the nonhuman pri-
ate brain MRIs from the first and the second phases. In the future, we
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Fig. 7. Demonstration of neuroanatomical details revealed with high-spatial-resolution T2-weighted image and DTI color map from mid-axial plane. 

The image shows T2-weighted images (middle column) and color maps (right column) from the mid-axial plane in (A) Bolivian Squirrel Monkey (Pr 6445), (B) 

Crested Macaque (Pr 5163), and (C) Chimpanzee (Pr 1534). Red, green and blue indicate fiber orientations along medial–lateral, anterior–posterior, and superior–

inferior axes, respectively. Neuroanatomical abbreviations in this MRI database are presented in accordance with the histological atlas of the rhesus monkey brain 

( Paxinos et al., 2000 ) and MRI and DTI atlas of the human brain ( Mori et al., 2005 ; Oishi et al., 2010 ). Abbreviations in T2-weighted images: Acb, accumbens; 

Cd, caudate nucleus; EGP, external globus pallidus; Hip, hippocampus; IGP, internal globus pallidus; GN, geniculate nucleus; Ipul, inferior pulvinar; mlf, medial 

longitudinal fasciculus; PAG, periaqueductal gray; Pu, putamen; SC, superior colliculus; Thal, thalamus. Abbreviations in color maps: ac, anterior commissure; cg, 

cingulum; ec, external capsule; fx, fornix; fx-c, column of the fornix; fx-p, precommissural part of the fornix; plic, posterior limb of the internal capsule; ss, sagittal 

stratum; st, stria terminalis. In the color map, the intensity corresponds to the FA value, and the color indicates the orientation of the fiber bundles. Red means the 

fiber bundles are oriented in the left-right direction, blue in the upper and lower directions, and green in the anterior-posterior direction. Right direction in the axial 

plane of each of the brain images is indicated by “R ”. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 

10 
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Fig. 8. Demonstration of neuroanatomical details revealed with 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) Bolivian Squirrel Monkey (Pr 6445), (B) 

Crested Macaque (Pr 5163), and (C) Chimpanzee (Pr 1534). Red, green and blue indicate fiber orientations along medial–lateral, anterior–posterior, and superior–

inferior axes, respectively. Neuroanatomical abbreviations in this MRI database are presented in accordance with the histological atlas of the rhesus monkey brain 

( Paxinos et al., 2000 ) and MRI and DTI atlas of the human brain ( Mori et al., 2005 ; Oishi et al., 2010 ). Abbreviations in T2-weighted images: Am, anteromedial 

thalamic nucleus; AV, anteroventral thalamic nucleus; Cd, caudate nucleus; Cl, claustrum; EGP, external globus pallidus; GP, globus pallidus; Hip, hippocampus; 

IGP, internal globus pallidus; PC, paracentralis thalamic nucleus; Pu, putamen; R, reticularis thalamic nucleus; Re , reuniens thalamic nucleus; SNR, substantia nigra; 

STh, subthalamic nucleus; Thal, thalamus; VA, ventralis thalamic anterior nucleus; VL, ventralis thalamic lateralis nucleus. Abbreviations in color maps: 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. In the color map, the intensity corresponds to the FA value, and the color indicates the orientation of the fiber bundles. Red means 

the fiber bundles are oriented in the left-right direction, blue in the upper and lower directions, and green in the anterior-posterior direction.. Right direction in the 

coronal plane of each of the brain images is indicated by “R ”. (For interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 9. Demonstration of neuroanatomical details revealed with 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 (five slices further in the left sagittal 

direction from the mid-sagittal plane) in (A) Bolivian Squirrel Monkey (Pr 6445), (B) Crested Macaque (Pr 5163), and (C) Chimpanzee (Pr 1534). Red, green and blue 

indicate fiber orientations along medial–lateral, anterior–posterior, and superior–inferior axes, respectively. Neuroanatomical abbreviations in this MRI database are 

presented in accordance with the histological atlas of the rhesus monkey brain ( Paxinos et al., 2000 ) and MRI and DTI atlas of the human brain ( Mori et al., 2005 ; 

Oishi et al., 2010 ). Abbreviations in T2-weighted images: Cb1, cerebellar lobule 1; Cb2, cerebellar lobule 2; Cb3, cerebellar lobule 3; Cb4, cerebellar lobule 4; Cb5, 

cerebellar lobule 5; Cb6, cerebellar lobule 6; Cb7, cerebellar lobule 7; Cb8, cerebellar lobule 8; Cb9, cerebellar lobule 9; Cb10, cerebellar lobule 10. Abbreviations 

in Color maps: ac, anterior commissure; cc, corpus callosum; cg, cingulum; dscp, decussation of the superior cerebellar peduncles; fx, fornix; gcc, genu of the 

corpus callosum; mcp, middle cerebellar peduncle; opt, optical tract; pct, pontocerebellar tract; scc, splenium of the corpus callosum. In the color map, the intensity 

corresponds to the FA value, and the color indicates the orientation of the fiber bundles. Red means the fiber bundles are oriented in the left-right direction, blue 

in the upper and lower directions, and green in the anterior-posterior direction. Circles indicate the direction of the slice section and the depth in the color map. 

The sagittal plane shows five slices further in the left sagittal direction from the mid-sagittal plane, respectively. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Images of brain with space-occupying lesion. The images show T2- 

weighted images, mean DWIs, and color maps in a pig-tailed macaque (Pr3010). 

(A) T2-weighted images and (B) color maps. 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 medial–lateral, 

anterior–posterior, and superior–inferior axes, respectively. In the color map, 

the intensity corresponds to the FA value, and the color indicates the orientation 

of the fiber bundles. Red means the fiber bundles are oriented in the left-right 

direction, blue in the upper and lower directions, and green in the anterior- 

posterior direction.. Circles indicate the direction of the slice section and the 

depth in the color map. Right direction in the axial plane of each of the brain 

images is indicated by “R ”. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 

p  

s

4

r

 

f  

w

4

 

c  

a  

r  

o  

a  

n
 

f  

r  

b  

a
 

a  

i  

(  

e  

b  

 

p  

c  

l  

o  

t  

 

e  

c  

a  

i  

t
 

w  

c  

w  

p  

a  

a  

t  

t  

t  

t  

s  

d
 

m  

o  

n  

p  

t  

b  

o  

(  

t  

s  

m  

m  

s  

n  

a

4

 

m  

a  

b  

i  

T  

q  

s  

i  
lan to re-scan the samples analyzed in the first phase by the improved
canning methods. 

.2. Contributions from Japan Monkey Centre primates brain imaging 

epository 

In the following three subsections, we will discuss the contributions
rom our repository to comparative neuroscience, animal ethics, animal
elfare, and conservation. 

.2.1. Contribution to comparative neuroscience 

This nonhuman primate imaging database provides a resource for
omparative neuroscience to investigate the brain morphology and
natomical connectivity of each species. We anticipate that this imaging
epository of T2-weighted images and DTIs will facilitate discoveries not
nly in the field of brain evolution but also in the field of connectomics,
13 
 technique that builds and studies comprehensive maps of the complex
etwork of connections within the brain. 

As an example of the comparison of the brain anatomy among dif-
erent primate species, we showed a comparison of the brain surface
endering of T2-weighted images both on gray and white matters of the
rain in Bolivian squirrel monkey (Pr 6445), crested macaque (Pr 5163),
nd chimpanzee (Pr 1534). 

The mechanism underlying gyration has not yet been determined,
nd various hypotheses have been proposed, including an imbalance
n the expansion of the cortical and subcortical layers of the brain
 Richman et al., 1975 ). Interspecies comparisons of gyrations may help
lucidate the mechanisms. Comparisons of gray matter-white matter
oundaries obtained by T2-weighted imaging may benefit such studies.

A recent comparative ex vivo MRI study of primates reported that
rimates with smaller brains have smoother and less convoluted gyrifi-
ation on the gray matter surface of the brain compared to species with
arger brains ( Heuer et al., 2019 ). The observations in the present study
f three primate species with different brain sizes are consistent with
his report, with larger brain species having more convoluted gyrations.

A disproportional expression of these biological mechanisms with
volutionary cortical expansion is considered to be explained by in-
reased cortical folding ( Amiez et al., 2019 ). Thus, further comparative
nalysis of the cortical folding patterns in primates would provide new
nsights using anatomical image data from various primate species in
his repository. 

Furthermore, various information about the species whose brains
e scanned, such as gestational period, lifespan, allomothering and so-

ial structure, as well as individual data such as body weight and brain
eight, is provided. In the future, it will also be possible to create and
ublish a data-mineable database for the metadata of the NHPs brain im-
ge of the JMC, including information on encephalization quotient (EQ)
nd social scores of the primate species or individuals, respectively. If
his is realized, for example, users of this database will able to inves-
igate the relationship between the EQ, EQ = Ea/Ee, which indicates
he extent to which the brain size of a given species, Ea, deviates from
he expected brain size, Ee ( Jerison, 1973 ), and the absolute or relative
ize of the cerebral cortex to understand the remarkable encephalization
uring human evolution. 

The primate brain imaging repository can also enable interesting pri-
ate comparative neuroimaging with regard to the social brain. Previ-

us comparative MRI studies analyzed the relationship between social
etwork size and the size of brain regions such as the amygdala and
refrontal area in humans ( Bickart et al., 2011 ; Powell et al., 2012 ) to
est the social brain hypothesis, an explanation for the unusually large
rains of primates, which posits that the size of a social group typical
f a species is directly related to the volume of that species’ neocortex
 Dunbar, 1998 ). Accessing this imaging repository, users would be able
o analyze the relationship between the social network size and the ab-
olute or relative size of brain regions or connection strengths of white
atter bundles to directly verify the social brain hypothesis among pri-
ates. The users would also be able to analyze the relationship between

ocial scores and the absolute or relative size of the brain regions or con-
ection strengths of the white matter bundles to investigate the social
bilities among primates. 

.2.2. Contribution to animal ethics and animal welfare 

The repository provides opportunities to optimize protocols for post-
ortem brain scans. We applied state-of-the-art scanning protocols to

cquire the ex vivo T2-weighted images and DTIs of nonhuman primate
rains using high-magnetic-field MRI equipment. Information concern-
ng the scanners, scan preparation, and scan protocols is fully open.
his provides opportunities for MR physicists to develop novel MRI se-
uences optimized for primate brain samples of various sizes, or for re-
earchers who are interested in image post-processing to develop novel
mage analysis methods. Our imaging database will serve as a resource
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or such new scan protocols or analysis methods in nonhuman primate
maging studies. 

Sharing of such high-resolution brain images and scan information
s very important from the perspective of animal ethics, as it enables the
evelopment of appropriate scan protocols for in vivo and ex vivo imag-
ng and a reduction of the number of individuals needed for statistical
omparisons in nonhuman primate brain imaging studies at different re-
earch facilities around the world. The nonhuman brain images of our
epository can be analyzed in various ways without limitations. In ad-
ition, these images will allow researchers who are not affiliated with
aboratories possessing nonhuman primate models to participate in non-
uman primate brain imaging. 

This repository can potentially serve as a disease reference for non-
uman primates. In the second data series, a space-occupying lesion
as found incidentally in the left temporal area of a pig-tailed macaque

Pr3010), and a histopathological examination will be performed to
dentify the etiology of this lesion. Once a diagnosis is established, the
mage can be used as a reference file for veterinary education and prac-
ice. 

There are many neuroradiology reference files or teaching files, both
n printed and electronic forms, for human brain diseases ( Poldrack and
orgolewski, 2014 ). However, only a few veterinary neuroradiology ref-
rence files for nonhuman primates are currently available. Some ex-
mples are case studies of a lateral ventriculomegaly and a mild hip-
ocampal atrophy in a young marmoset ( Sadoun et al., 2015 ), a sub-
cute necrotizing encephalopathy in a pig-tailed macaque ( Bielefeldt-
hmann et al., 2004 ), an ependymal cyst in a cynomolgus macaque
 Macaca fascicularis ) ( Bergin et al., 2008 ), a neurocysticercosis in a rhe-
us macaque ( Macaca mulatta ) ( Johnston et al., 2016 ), and intracra-
ial arachnoid cysts in a chimpanzee ( Kaneko et al., 2013 ; Miyabe-
ishiwaki et al., 2014 ). 

In order to develop neuroradiology reference files or educational files
or nonhuman primate brain diseases, it will be necessary to accumulate
ore electronic images from such cases. We expect that our repository
ill contribute to accelerating the development of veterinary neurora-
iology for nonhuman primates. 

.2.3. Contribution to conservation 

The JMC Primates Brain Imaging Repository will be a permanent
epository of primate brains, since the images are stored as digital data.
nlike fixed brains, digital data are not subject to deterioration, and

hey can be distributed world-wide. This repository is especially impor-
ant for preserving information regarding endangered species, since this
recious information would otherwise be lost. We will continue to ac-
uire additional whole brain MRIs from various endangered nonhuman
rimates such as barbary macaques, orangutans and gorillas in the near
uture. 

.3. Limitations 

Although significant technical improvements have been made since
he first phase, the second phase dataset still has the following limita-
ions. 

.3.1. Postmortem brain samples 

There are some limitations to the MRIs from postmortem brain sam-
les. The first is that the exact times of death of the JMC’s brain sam-
les are not necessarily clear, as the primates often died spontaneously.
he second limitation is that small artifactual incisions were at times
ade during brain extraction from the cranium despite the best efforts

f skilled veterinarians to avoid such artifacts. The third limitation is
hat the primate postmortem brains we scanned this time tended to be
ore aged than most experimental nonhuman primate models. As a next

tep, we will try to accumulate brain images of primates of various age
anges, including brain images corresponding to the standard age of
xperimental nonhuman primate models. The fourth limitation is that
14 
RI data from postmortem brains prepared from nonhuman primates
hat have died naturally may not achieve the same quality as data from
xperimental nonhuman primate models perfused as part of euthanasia
ecause of the delay between time of death and time of brain fixation.
sers who plan to use the data in this repository should take these lim-

tations into account. 

.3.2. Brain sample shrinkage after formalin fixation 

Users of this database should take into account shrinkage of the brain
nd changes of the brain morphology after formalin fixation. Average
hrinkage of formalin-fixed brain is approximately 10–20% ( de Guzman
t al., 2016 ; Kinoshita et al., 2001 ; Quester and Schröder, 1997 ). The
egree of shrinkage also depends on the water content of brain tissue.
specially, the degree of shrinkage of non-myelinated immature brain
amples, which contain water-rich tissue, would be greater than that of
ature brain samples ( Kinoshita et al., 2001 ). Our database includes im-
ature brain samples, such as from a chimpanzee (Pr1534, young). The

hrinkage rates should therefore be considered when analyzing the size,
hape, and connection strengths of white matter bundles of the brain in
ormalin-fixed T2-weighted images and DTIs of brains, and especially in
on-myelinated brains. 

.3.3. Signal inhomogeneity of the magnetic field in large nonhuman 

rimate brain samples 

We found that images of large nonhuman primate brain samples such
s chimpanzee have a few signal inhomogeneities of the magnetic field.
or example, there is signal inhomogeneity of the magnetic field of the
op of the brain surface in the mid-axial of the T2-weighted image of
he chimpanzee brain (Pr 1534) ( Fig. 4 ), although distortion of the DTI
olor map is not observed in the same area ( Fig. 5 ). This inhomogeneity
ppears to be mostly due to the non-uniformity of RF values caused by
he high-field MRI equipment with a larger bore. This could be improved
y making the transmitting RF coil larger, although at the present time
t is difficult to make a larger transmitting RF coil than the one we used
n this study for the 9.4-T MRI equipment for small animals. 

.3.4. Ex vivo diffusion tensor images of nonhuman primate brains as 

xperimental data 

Similarly to issues with previous ex vivo DTIs (details in ( Oishi et al.,
020 )), there are several issues related to ex vivo DTIs in the second
hase as well. Low temperature and tissue fixation are known to reduce
he diffusion coefficient ( Schmierer et al., 2008 ), mandating the use of a
igh b value to sensitively detect diffusion, although increasing b values
nd resolutions are concomitant with a decrease in SNR. A high mag-
etic field was required to obtain DTI with an SNR high enough to de-
ineate detailed anatomical structures on both a micro and macro scale.
TI-derived scalar values are affected by scan parameters and magnetic
elds ( Chung et al., 2013 ), as well as by tissue deformation occurring
uring excision and fixation ( Guilfoyle et al., 2003 ; Sun et al., 2005 ).
herefore, users should take care to compare the FA and ADC values

n this repository with those obtained from other ex vivo or in vivo DTI
tudies. 

.3.5. Gated data-repository 

In Japan, there are two major limitations to open-sharing of brain
mage data with foreign research institutes. Thus, at present, we can
nly share the JMC Brain Imaging Repository with users as a gated data-
epository. 

First, in Japan, the international distribution of brain images is reg-
lated by the Export Trade Control Order, and as of 2023, image data
ent abroad must be individually inspected for the destination and the
esearch purpose to ensure that the data transfer complies with the ex-
ort regulation. Second, government agencies, academia, universities,
nd research institutions have not yet established fully guidelines or
olicies for licensing and sharing of the medical image data and meta-
ata with foreign research institutes in Japan. Therefore, at the present
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ime, we need to have information regarding the potential users and the
urpose of their potential usage, achieve consensus with users, building
elationships of trust by one-on-one communications as collaborative
tudies, before sharing image data of the primate brains with users. 

Although there are the above-mentioned limitations to the sharing
f data from the JMC Brain Imaging Repository with foreign research
nstitutes at present, we would like to contribute to the acceleration
f comparative primate brain imaging studies among the global sci-
nce community by continuing to provide high-resolution postmortem
rain images of various primates to users. We would also like to con-
inue to work toward data sharing and licensing of the brain images of
on-human primates in Japan, under international collaboration with
RIME-DE and PRIME-RE. 

. Conclusion 

The JMC Primates Brain Imaging Repository is an ex vivo MRI
atabase of nonhuman primate brains that can facilitate scientific dis-
overies in the field of comparative neuroscience. Our repository can
lso promote animal ethics and welfare in experiments with nonhuman
rimate models by optimizing methods for in vivo and ex vivo MRI scan-
ing of brains and supporting veterinary neuroradiological education.
he repository is important for conservation of primate brain informa-
ion by preserving data of the brains of various primates, including en-
angered species, in a permanent digital form. 

As the second phase, we are providing a digital collection of struc-
ural MRIs and DTIs obtained from 9 primate species to the research
ommunity. Its use by scientists belonging to research fields outside tra-
itional neuroscience and primatology, such as computer science, math-
matical modeling, and medicine, is strongly encouraged. It may be a
ong road requiring considerable time and effort, but we will continue to
ork together to develop this repository in order to achieve the goal of

ollecting and publishing brain MRIs of more than 100 primate species.

. Access to the Japan Monkey Centre primates brain imaging 

epository 

This publication coincides with the public release of the JMC Pri-
ates Brain Imaging Repository. The brain images (T2-weighted and
TI images) and the metadata such as species information including
nglish name, scientific name, family, redlist status (IUCN), distribu-
ion range, head and body length, tail length, body weight, gestation
eriod, life span, allomothering, and social structure, and group size in-
luding individual information such as specimen ID, sex, age at death,
ody weight at death, and brain weight, can be browsed online from the
ollowing JMC website ( http://www.j-monkey.jp/BIR/index_e.html ).
sers can access the raw image dataset using two different file formats

Bruker and DICOM formats) and the preprocessed image dataset with
wo different file formats (ANALZYE and NIFT formats) in this repository
fter completion of a collaborative research agreement with represen-
ative authors of this article. The style of the image folder is compliant
ith Brain Imaging Data Structure (BIDS) ( Gorgolewski et al., 2017 ).
sers can also access non-image information such as cause of death and
utopsy findings if necessary. The terms of use for the JMC Primates
rain Imaging Repository are as follows. 

erms of use 

In accessing MRI scans provided by the JMC, recipients agree to: 

1. Access the MRI scans of the JMC Brain Imaging Repository as col-
laborative research. 

2. Submit your information (your name, academic title, institutional
affiliation, title of project, funding source), along with a brief project
description. 
15 
3. Publish results in the public domain and give reference to the JMC
brain image repository (Sakai et al., Primates, 2018; Sakai et al., Neu-
roimage, 2023) in the methods section and add the Japan Monkey
Centre in the acknowledgments section. 

4. If you use the MRI scans in another new study, apply again to col-
laborate with us. 

5. Comply with your institutional rules and regulations regarding re-
search protocol and ethical evaluation of animal subjects. 

unding 

This work was financially supported by JSPS KAKENHI Grant for
oung Scientists (B) (#26870827 and #17K18097 to T.S.), a JSPS Post-
octoral Fellowship for Research Abroad (#490 to T.S.), Brain/MINDS
JP17dm0207002 to S.S. JP17dm0207002 to T.S., JP23dm0207001
o H.O./J.H.) and Brain/MINDS Beyond (JP20dm0307007h0002 to
.H./T.M and JP23bm0307005 to N.S.) by AMED, and the Fakhri Rad
rite Star award from the Department of Radiology, Johns Hopkins Uni-
ersity School of Medicine (to K.O.), and JSPS KAKENHI Grant for Scien-
ific Research (JP20H03630 to J.H.). This work was also supported by
he JMC collaborative research program (#2014013, #2015019, and
2016017 to T.S.), the Cooperative Research Program of the Primate
esearch Institute, Kyoto University (#H25-E31 and# H26-C7 to H.O,
nd #H27-D23 to T.S.), and the Collaborative Technical Development
n Data-driven Brain Science, RIKEN CBS (to T.S.). 

eclaration of Competing Interest 

The authors have no affiliation with any organization with a di-
ect or indirect financial interest in the subject matter discussed in the
anuscript. 

cknowledgments 

We thank N. Kimura for advice on primate brain samples, and the
MC for permitting us to use the JMC primate brain sample collection
nd Dr. M. Higuchi for facilitating the discussion concerning the man-
gement of the JMC Primates Brain Imaging Repository. We also thank
rs. E. Nakajima and A. Gerz for help with manuscript editing. 

eferences 

madio, J., Bi, G.-.Q., Boshears, P.F., Carter, A., Devor, A., Doya, K., Garden, H., Illes, J.,
Johnson, L.S.M., Jorgenson, L., 2018. Neuroethics questions to guide ethical research
in the international brain initiatives. Neuron 100, 19–36 . 

miez, C., Sallet, J., Hopkins, W.D., Meguerditchian, A., Hadj-Bouziane, F., Hamed, S.B.,
Wilson, C.R., Procyk, E., Petrides, M., 2019. Sulcal organization in the medial frontal
cortex provides insights into primate brain evolution. Nat. Commun. 10, 1–14 . 

mlien, I.K., Fjell, A.M., Tamnes, C.K., Grydeland, H., Krogsrud, S.K., Chaplin, T.A.,
Rosa, M.G., Walhovd, K.B., 2014. Organizing principles of human cortical develop-
ment —thickness and area from 4 to 30 years: insights from comparative primate neu-
roanatomy. Cereb. Cortex 26, 257–267 . 

vants, B.B., Schoenemann, P.T., Gee, J.C., 2006. Lagrangian frame diffeomorphic image
registration: morphometric comparison of human and chimpanzee cortex. Med. Image
Anal. 10, 397–412 . 

asser, P.J., Mattiello, J., LeBihan, D., 1994a. Estimation of the effective self-diffusion
tensor from the NMR spin echo. J. Magn. Reson. 103, 247–254 . 

asser, P.J., Mattiello, J., LeBihan, D., 1994b. MR diffusion tensor spectroscopy and imag-
ing. Biophys. J. 66, 259–267 . 

ergin, I.L., Campbell, B., Agnew, D.W., 2008. Ependymal cyst in a cynomolgus macaque
(Macaca fascicularis). J. Med. Primatol. 37, 239–244 . 

ickart, K.C., Wright, C.I., Dautoff, R.J., Dickerson, B.C., Barrett, L.F., 2011. Amygdala
volume and social network size in humans. Nat. Neurosci. 14, 163–164 . 

ielefeldt-Ohmann, H., Bellanca, R.U., Crockett, C.M., Curnow, E., Eiffert, K., Gillen, M.,
Glanister, D., Hayes, E., Kelley, S., Minoshima, S., 2004. Subacute necrotizing en-
cephalopathy in a pig-tailed macaque (Macaca nemestrina) that resembles mitochon-
drial encephalopathy in humans. Comp. Med. 54, 422–433 . 

ottomley, P.A., Foster, T.H., Argersinger, R.E., Pfeifer, L.M., 1984. A review of normal
tissue hydrogen NMR relaxation times and relaxation mechanisms from 1 to 100 MHz:
dependence on tissue type, NMR frequency, temperature, species, excision, and age.
Med. Phys. 11, 425–448 . 

uller, T., 2018. The new ethics of neuroethics. Camb. Q. Healthcare Ethics 27, 558–565 .

https://www.j-monkey.jp/BIR/data_e_new.html
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0001
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0002
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0003
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0004
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0005
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0006
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0007
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0008
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0009
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0010
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0011


T. Sakai, J. Hata, Y. Shintaku et al. NeuroImage 273 (2023) 120096 

C  

 

C  

 

 

C  

 

C  

 

d  

 

d  

D  

 

D  

D
E  

 

E  

 

F  

 

 

F  

G  

 

G  

 

G  

 

 

G  

H  

 

H  

 

H  

 

H  

 

 

H  

 

H  

 

J
J  

 

J  

 

J  

J  

 

K  

 

K  

 

K  

 

K  

L  

L  

M  

 

 

M  

 

 

M  

 

M  

 

M  

 

M  

M  

M  

M  

 

O  

O  

 

O  

O  

P  

 

P  

P  

P  

 

Q  

R  

 

R  

 

R  

R  

 

R  

R  

R  

 

R  

S  

 

S  

 

S  

 

 

haplin, T.A., Yu, H.-.H., Soares, J.G., Gattass, R., Rosa, M.G., 2013. A conserved pat-
tern of differential expansion of cortical areas in simian primates. J. Neurosci. 33,
15120–15125 . 

hen, X., Errangi, B., Li, L., Glasser, M.F., Westlye, L.T., Fjell, A.M., Walhovd, K.B.,
Hu, X., Herndon, J.G., Preuss, T.M., 2013. Brain aging in humans, chimpanzees (Pan
troglodytes), and rhesus macaques (Macaca mulatta): magnetic resonance imaging
studies of macro-and microstructural changes. Neurobiol. Aging 34, 2248–2260 . 

hung, A.W., Thomas, D.L., Ordidge, R.J., Clark, C.A., 2013. Diffusion tensor parameters
and principal eigenvector coherence: relation to b-value intervals and field strength.
Magn. Reson. Imaging 31, 742–747 . 

roxson, P.L., Forkel, S.J., Cerliani, L., Thiebaut de Schotten, M., 2018. Structural variabil-
ity across the primate brain: a cross-species comparison. Cereb. Cortex 28, 3829–3841 .

e Guzman, A.E., Wong, M.D., Gleave, J.A., Nieman, B.J., 2016. Variations in post-per-
fusion immersion fixation and storage alter MRI measurements of mouse brain mor-
phometry. Neuroimage 142, 687–695 . 

e Schotten, M.T., Croxson, P.L., Mars, R.B., 2019. Large-scale comparative neuroimaging:
where are we and what do we need? Cortex 118, 188–202 . 

onahue, C.J., Glasser, M.F., Preuss, T.M., Rilling, J.K., Van Essen, D.C., 2018. Quantita-
tive assessment of prefrontal cortex in humans relative to nonhuman primates. Proc.
Natl. Acad. Sci. 115, E5183–E5192 . 

unbar, R., Shultz, S., 2017. Why are there so many explanations for primate brain evo-
lution? Phil. Trans. R. Soc. B 372, 20160244 . 

unbar, R.I., 1998. The social brain hypothesis. Evol. Anthropol. 6, 178–190 . 
ichert, N., Robinson, E.C., Bryant, K.L., Jbabdi, S., Jenkinson, M., Li, L., Krug, K.,

Watkins, K.E., Mars, R.B., 2020. Cross-species cortical alignment identifies different
types of anatomical reorganization in the primate temporal lobe. Elife 9, e53232 . 

strada, A., Garber, P.A., Rylands, A.B., Roos, C., Fernandez-Duque, E., Di Fiore, A.,
Nekaris, K.A.-I., Nijman, V., Heymann, E.W., Lambert, J.E., 2017. Impending extinc-
tion crisis of the world’s primates: why primates matter. Sci. Adv. 3, e1600946 . 

ix, M., Sieber, M., Overs, M., Schäfer, H.J., Galla, H.-.J., 2000. Temperature-dependent
phase behaviour of dihydroxy octadecanoic acid methyl esters: influence of stere-
ochemistry and position of the second polar moiety. Phys. Chem. Chem. Phys. 2,
4515–4520 . 

oulkes, L., Blakemore, S.-.J., 2018. Studying individual differences in human adolescent
brain development. Nat. Neurosci. 21, 315–323 . 

lasser, M.F., Goyal, M.S., Preuss, T.M., Raichle, M.E., Van Essen, D.C., 2014. Trends
and properties of human cerebral cortex: correlations with cortical myelin content.
Neuroimage 93, 165–175 . 

omez-Robles, A., Hopkins, W.D., Schapiro, S.J., Sherwood, C.C., 2015. Relaxed genetic
control of cortical organization in human brains compared with chimpanzees. Proc.
Natl. Acad. Sci. U. S. A. 112, 14799–14804 . 

orgolewski, K.J., Alfaro-Almagro, F., Auer, T., Bellec, P., Capot ă, M., Chakravarty, M.M.,
Churchill, N.W., Cohen, A.L., Craddock, R.C., Devenyi, G.A., 2017. BIDS apps: im-
proving ease of use, accessibility, and reproducibility of neuroimaging data analysis
methods. PLoS Comput. Biol. 13, e1005209 . 

uilfoyle, D.N., Helpern, J.A., Lim, K.O., 2003. Diffusion tensor imaging in fixed brain
tissue at 7.0 T. NMR Biomed. 16, 77–81. 

aga, Y., Hata, J., Uematsu, A., Seki, F., Komaki, Y., Mizumura, M., Nishio, M., Kaneko, T.,
Kishi, N., Okano, H., 2019. MR imaging properties of ex vivo common marmoset brain
after formaldehyde fixation. Magn. Reson. Med. Sci. 18, 253 . 

eide, M., Haffner, C., Murayama, A., Kurotaki, Y., Shinohara, H., Okano, H., Sasaki, E.,
Huttner, W.B., 2020. Human-specific ARHGAP11B increases size and folding of pri-
mate neocortex in the fetal marmoset. Science 369, 546–550 . 

euer, K., Gulban, O.F., Bazin, P.-.L., Osoianu, A., Valabregue, R., Santin, M., Herbin, M.,
Toro, R., 2019. Evolution of neocortical folding: a phylogenetic comparative analysis
of MRI from 34 primate species. Cortex 118, 275–291 . 

ikishima, K., Sawada, K., Murayama, A., Komaki, Y., Kawai, K., Sato, N., Inoue, T.,
Itoh, T., Momoshima, S., Iriki, A., 2013. Atlas of the developing brain of the mar-
moset monkey constructed using magnetic resonance histology. Neuroscience 230,
102–113 . 

ill, J., Inder, T., Neil, J., Dierker, D., Harwell, J., Van Essen, D., 2010. Similar patterns of
cortical expansion during human development and evolution. Proc. Natl. Acad. Sci.
107, 13135–13140 . 

opkins, W.D., Li, X., Crow, T., Roberts, N., 2017. Vertex-and atlas-based comparisons in
measures of cortical thickness, gyrification and white matter volume between humans
and chimpanzees. Brain Struct. Funct. 222, 229–245 . 

erison, H., 1973. Evolution of the Brain and Intelligence. Academic Press [HTE] . 
espersen, S.N., Kroenke, C.D., Østergaard, L., Ackerman, J.J., Yablonskiy, D.A., 2007.

Modeling dendrite density from magnetic resonance diffusion measurements. Neu-
roimage 34, 1473–1486 . 

iang, H., van Zijl, P.C., Kim, J., Pearlson, G.D., Mori, S., 2006. DtiStudio: resource pro-
gram for diffusion tensor computation and fiber bundle tracking. Comput. Methods
Programs Biomed. 81, 106–116 . 

ohnson, G.A., Cofer, G.P., Gewalt, S.L., Hedlund, L.W., 2002. Morphologic phenotyping
with MR microscopy: the visible mouse. Radiology 222, 789–793 . 

ohnston, J.M., Dyer, C.D., Madison-Antenucci, S., Mergen, K.A., Veeder, C.L., Brice, A.K.,
2016. Neurocysticercosis in a Rhesus Macaque (Macaca mulatta). Comp. Med. 66,
499–502 . 

aas, J.H., 2017. The evolution of mammalian brains from early mammals to present-day
primates. In: Evolution of the Brain, Cognition, and Emotion in Vertebrates. Springer,
pp. 59–80 . 

aneko, T., Sakai, T., Miyabe-Nishiwaki, T., Tomonaga, M., 2013. A case of naturally
occurring visual field loss in a chimpanzee with an arachnoid cyst. Neuropsychologia
51, 2856–2862 . 

inoshita, Y., Okudera, T., Tsuru, E., Yokota, A., 2001. Volumetric analysis of the germinal

S  

16 
matrix and lateral ventricles performed using MR images of postmortem fetuses. Am.
J. Neuroradiol. 22, 382–388 . 

roenke, C.D., Bretthorst, G.L., Inder, T.E., Neil, J.J., 2005. Diffusion MR imaging char-
acteristics of the developing primate brain. Neuroimage 25, 1205–1213 . 

emon, R.N., 2018. Applying the 3Rs to neuroscience research involving nonhuman pri-
mates. Drug Discov. Today 23, 1574–1577 . 

utz, C.K., Novak, M.A.J.I.J., 2005. Environmental enrichment for nonhuman primates:
theory and application. ILAR J. 46, 178–191 . 

akris, N., Worth, A., Papadimitriou, G., Stakes, J., Caviness, V., Kennedy, D., Pandya, D.,
Kaplan, E., Sorensen, A., Wu, O., 1997. Morphometry of in vivo human white mat-
ter association pathways with diffusion-weighted magnetic resonance imaging. Ann.
Neurol. 42, 951–962 . 

ilham, M., Petkov, C., Belin, P., Hamed, S.B., Evrard, H., Fair, D., Fox, A., Froudis-
t-Walsh, S., Hayashi, T., Kastner, S., 2022. Toward next-generation primate neuro-
science: A collaboration-based strategic plan for integrative neuroimaging. Neuron
110, 16–20 . 

ilham, M., Petkov, C.I., Margulies, D.S., Schroeder, C.E., Basso, M.A., Belin, P., Fair, D.A.,
Fox, A., Kastner, S., Mars, R.B.J.N., 2020. Accelerating the evolution of nonhuman
primate neuroimaging. Neuron 105, 600–603 . 

ilham, M.P., Ai, L., Koo, B., Xu, T., Amiez, C., Balezeau, F., Baxter, M.G., Blezer, E.L.,
Brochier, T., Chen, A.J.N., 2018. An open resource for non-human primate imaging.
Neuron 100, 61–74 e62 . 

iyabe-Nishiwaki, T., Kaneko, T., Sakai, T., Kaneko, A., Watanabe, A., Watanabe, S.,
Maeda, N., Kumazaki, K., Suzuki, J., Fujiwara, R., 2014. Intracranial arachnoid cysts
in a chimpanzee (Pan troglodytes). Primates 55, 7–12 . 

ori, S., van Zijl, P., 2002. Fiber tracking: principles and strategies–a technical review.
NMR Biomed. 15, 468–480 . 

ori, S., Wakana, S., Nagae-Poetscher, L.M., van Zijl, P.C., 2005. MRI Atlas of Human
White Matter. Elsevier, Amsterdam . 

ori, S., Zhang, J., 2006. Principles of diffusion tensor imaging and its applications to
basic neuroscience research. Neuron 51, 527–539 . 

oseley, M.E., Cohen, Y., Kucharczyk, J., Mintorovitch, J., Asgari, H., Wendland, M.,
Tsuruda, J., Norman, D., 1990. Diffusion-weighted MR imaging of anisotropic water
diffusion in cat central nervous system. Radiology 176, 439–445 . 

ishi, K., Faria, A.V., Van Zijl, P.C., Mori, S., 2010. MRI Atlas of Human White Matter.
Academic Press . 

ishi, K., Mori, S., Donohue, P.K., Ernst, T., Anderson, L., Buchthal, S., Faria, A., Jiang, H.,
Li, X., Miller, M.I., van Zijl, P.C., Chang, L., 2011. Multi-contrast human neonatal brain
atlas: application to normal neonate development analysis. Neuroimage 56, 8–20 . 

ishi, K., Mori, S., Troncoso, J.C., Lenz, F.A., 2020. Mapping tracts in the human subtha-
lamic area by 11.7 T ex vivo diffusion tensor imaging. Brain Struct. Funct. . 

rban, G.A., Van Essen, D., Vanduffel, W., 2004. Comparative mapping of higher visual
areas in monkeys and humans. Trends Cogn. Sci. (Regul. Ed.) 8, 315–324 . 

ajevic, S., Pierpaoli, C., 1999. Color schemes to represent the orientation of anisotropic
tissues from diffusion tensor data: application to white matter fiber tract mapping in
the human brain. Magn. Reson. Med. 42, 526–540 . 

axinos, G., Huang, X.-.F., Toga, A.W., 2000. The rhesus monkey brain in stereotaxic
coordinates. 

oldrack, R.A., Gorgolewski, K.J., 2014. Making big data open: data sharing in neuroimag-
ing. Nat. Neurosci. 17, 1510–1517 . 

owell, J., Lewis, P.A., Roberts, N., Garcia-Finana, M., Dunbar, R.I., 2012. Orbital pre-
frontal cortex volume predicts social network size: an imaging study of individual
differences in humans. Proc. Biol. Sci. 279, 2157–2162 . 

uester, R., Schröder, R., 1997. The shrinkage of the human brain stem during formalin
fixation and embedding in paraffin. J. Neurosci. Methods 75, 81–89 . 

eardon, P., Seidlitz, J., Vandekar, S., Liu, S., Patel, R., Park, M.T.M., Alexander-Bloch, A.,
Clasen, L.S., Blumenthal, J.D., Lalonde, F.M., 2018. Normative brain size variation and
brain shape diversity in humans. Science 360, 1222–1227 . 

eid, A.T., Lewis, J., Bezgin, G., Khundrakpam, B., Eickhoff, S.B., McIntosh, A.R., Bel-
lec, P., Evans, A.C., 2016. A cross-modal, cross-species comparison of connectivity
measures in the primate brain. Neuroimage 125, 311–331 . 

ichman, D.P., Stewart, R.M., Hutchinson, J.W., Caviness, V.S., 1975. Mechanical model
of brain convolutional development. Science 189, 18–21 . 

illing, J.K., Glasser, M.F., Preuss, T.M., Ma, X., Zhao, T., Hu, X., Behrens, T.E., 2008. The
evolution of the arcuate fasciculus revealed with comparative DTI. Nat. Neurosci. 11,
426 . 

illing, J.K., Insel, T.R., 1999. The primate neocortex in comparative perspective using
magnetic resonance imaging. J. Hum. Evol. 37, 191–223 . 

illing, J.K., Seligman, R.A., 2002. A quantitative morphometric comparative analysis of
the primate temporal lobe. J. Hum. Evol. 42, 505–533 . 

oelfsema, P.R., Treue, S.J.N., 2014. Basic neuroscience research with nonhuman pri-
mates: a small but indispensable component of biomedical research. Neuron 82,
1200–1204 . 

oth, G., Dicke, U., 2005. Evolution of the brain and intelligence. Trends Cogn. Sci. (Regul.
Ed.) 9, 250–257 . 

adato, N., Morita, K., Kasai, K., Fukushi, T., Nakamura, K., Nakazawa, E., Okano, H.,
Okabe, S.J.N., 2019. Neuroethical Issues of the Brain/MINDS Project of Japan. Neuron
101, 385–389 . 

adoun, A., Strelnikov, K., Bonté, E., Fonta, C., Girard, P., 2015. Cognitive impairment in
a young marmoset reveals lateral ventriculomegaly and a mild hippocampal atrophy:
a case report. Sci. Rep. 5, 1–11 . 

akai, T., Hata, J., Ohta, H., Shintaku, Y., Kimura, N., Ogawa, Y., Sogabe, K., Mori, S.,
Okano, H.J., Hamada, Y., Shibata, S., Okano, H., Oishi, K., 2018. The Japan Monkey
Centre Primates Brain Imaging Repository for comparative neuroscience: an archive
of digital records including records for endangered species. Primates 59, 553–570 . 

akai, T., Matsui, M., Mikami, A., Malkova, L., Hamada, Y., Tomonaga, M., Suzuki, J.,

http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0012
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0013
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0014
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0015
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0016
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0017
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0018
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0019
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0020
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0021
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0022
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0023
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0024
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0025
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0026
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0027
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0029
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0030
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0031
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0032
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0033
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0034
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0035
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0036
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0037
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0038
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0039
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0040
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0041
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0042
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0042
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0043
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0044
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0045
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0046
http://refhub.elsevier.com/S1053-8119(23)00242-2/optT7FirIwLSF
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0047
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0048
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0049
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0051
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0052
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0053
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0054
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0055
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0056
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0057
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0058
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0059
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0061
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0062
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0063
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0064
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0065
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0066
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0067
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0068
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0069
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0070
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0071
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0072
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0073
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0074
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0075


T. Sakai, J. Hata, Y. Shintaku et al. NeuroImage 273 (2023) 120096 

 

 

 

S  

 

 

S  

 

S  

 

S  

 

 

S  

 

S  

 

 

S  

S  

S  

 

S  

 

v  

V  

W  

 

Tanaka, M., Miyabe-Nishiwaki, T., Makishima, H., Nakatsukasa, M., Matsuzawa, T.,
2013. Developmental patterns of chimpanzee cerebral tissues provide important clues
for understanding the remarkable enlargement of the human brain. Proc. Biol. Sci.
280, 20122398 . 

akai, T., Mikami, A., Tomonaga, M., Matsui, M., Suzuki, J., Hamada, Y., Tanaka, M.,
Miyabe-Nishiwaki, T., Makishima, H., Nakatsukasa, M., Matsuzawa, T., 2011. Differ-
ential prefrontal white matter development in chimpanzees and humans. Curr. Biol.
21, 1397–1402 . 

awada, K., Fukunishi, K., Kashima, M., Saito, S., Sakata-Haga, H., Aoki, I., Fukui, Y.,
2012. Fetal gyrification in cynomolgus monkeys: a concept of developmental stages
of gyrification. Anat. Rec. 295, 1065–1074 . 

awada, K., Hikishima, K., Murayama, A., Okano, H., Sasaki, E., Okano, H., 2014. Fetal
sulcation and gyrification in common marmosets (Callithrix jacchus) obtained by ex
vivo magnetic resonance imaging. Neuroscience 257, 158–174 . 

awada, K., Sun, X.-.Z., Fukunishi, K., Kashima, M., Sakata-Haga, H., Tokado, H., Aoki, I.,
Fukui, Y., 2009. Developments of sulcal pattern and subcortical structures of the fore-
brain in cynomolgus monkey fetuses: 7-tesla magnetic resonance imaging provides
high reproducibility of gross structural changes. Brain Struct. Funct. 213, 469–480 . 

chmahmann, J.D., Pandya, D.N., Wang, R., Dai, G., D’arceuil, H.E., de Crespigny, A.J.,
Wedeen, V.J., 2007. Association fibre pathways of the brain: parallel observations
from diffusion spectrum imaging and autoradiography. Brain 130, 630–653 . 
17 
chmierer, K., Wheeler-Kingshott, C.A., Tozer, D.J., Boulby, P.A., Parkes, H.G.,
Yousry, T.A., Scaravilli, F., Barker, G.J., Tofts, P.S., Miller, D.H., 2008. Quantitative
magnetic resonance of postmortem multiple sclerosis brain before and after fixation.
Magn. Reson. Med. 59, 268–277 . 

eghier, M.L., Price, C.J., 2018. Interpreting and utilising intersubject variability in brain
function. Trends Cogn. Sci. (Regul. Ed.) 22, 517–530 . 

emendeferi, K., Damasio, H., 2000. The brain and its main anatomical subdivisions in
living hominoids using magnetic resonance imaging. J. Hum. Evol. 38, 317–332 . 

herwood, C.C., Gordon, A.D., Allen, J.S., Phillips, K.A., Erwin, J.M., Hof, P.R., Hop-
kins, W.D., 2011. Aging of the cerebral cortex differs between humans and chim-
panzees. Proc. Natl. Acad. Sci. 108, 13029–13034 . 

un, S.W., Neil, J.J., Liang, H.F., He, Y.Y., Schmidt, R.E., Hsu, C.Y., Song, S.K., 2005.
Formalin fixation alters water diffusion coefficient magnitude but not anisotropy in
infarcted brain. Magn. Reson. Med. 53, 1447–1451 . 

an den Heuvel, M.P., Scholtens, L.H., Kahn, R.S., 2019. Multiscale Neuroscience of Psy-
chiatric Disorders. Biol Psychiatry 86, 512–522 . 

an Essen, D.C., Dierker, D.L., 2007. Surface-based and probabilistic atlases of primate
cerebral cortex. Neuron 56, 209–225 . 

oods, R.P., Grafton, S.T., Holmes, C.J., Cherry, S.R., Mazziotta, J.C., 1998. Automated
image registration: I. General methods and intrasubject, intramodality validation. J.
Comput. Assist. Tomogr. 22, 139–152 . 

http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0075
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0076
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0077
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0078
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0079
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0080
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0081
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0082
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0083
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0084
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0085
http://refhub.elsevier.com/S1053-8119(23)00242-2/optbfF3tdXwPG
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0086
http://refhub.elsevier.com/S1053-8119(23)00242-2/sbref0088

	The Japan Monkey Centre Primates Brain Imaging Repository of high-resolution postmortem magnetic resonance imaging: The second phase of the archive of digital records
	1 Introduction
	1.1 Role of brain MRI in primate comparative neuroscience and current limitations
	1.2 Necessary consideration of animal ethics, welfare, and conservation
	1.3 The Japan Monkey Centre primate postmortem brain collection
	1.4 First phase of Japan Monkey Centre primates brain imaging repository and its limitations
	1.5 Goals of second phase of Japan Monkey Centre primates brain imaging repository

	2 Methods
	2.1 JMC primate postmortem brain collection
	2.2 Preparation for postmortem MRI
	2.3 Image acquisition
	2.4 Image processing

	3 Results
	3.1 Anatomical features from T2-weighted images
	3.2 Anatomical features and white matter bundles from diffusion tensor images
	3.3 Incidental findings

	4 Discussion
	4.1 Technical improvements from first phase in high-resolution postmortem MRI
	4.1.1 Scanning of large postmortem brains
	4.1.2 Reduction of image artifacts and increase of signal-to-noise ratio
	4.1.3 Points to consider for cross-species comparison study using this image repository

	4.2 Contributions from Japan Monkey Centre primates brain imaging repository
	4.2.1 Contribution to comparative neuroscience
	4.2.2 Contribution to animal ethics and animal welfare
	4.2.3 Contribution to conservation

	4.3 Limitations
	4.3.1 Postmortem brain samples
	4.3.2 Brain sample shrinkage after formalin fixation
	4.3.3 Signal inhomogeneity of the magnetic field in large nonhuman primate brain samples
	4.3.4 Ex vivo diffusion tensor images of nonhuman primate brains as experimental data
	4.3.5 Gated data-repository


	5 Conclusion
	6 Access to the Japan Monkey Centre primates brain imaging repository
	Terms of use
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References


