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Abbreviations: ac, anterior commissure, acr, anterior coronal radiation; cc, corpus 
callosum; alic, anterior limb of internal capsule; Cd, caudate nucleus; cg, 
cingulum; Cl, claustrum; ec, external capsule; eml, external medullary lamina; exc, 
extreme capsule; FLV, frontal horn of lateral ventricle; fx, fornix; gcc, genu of 
corpus callosum; GE, ganglionic eminence; GP, globus pallidus; HF, hippocampal 
formation; Ln, lentiform nucleus; opr, optic radiation; OVL, occipital horn of 
lateral ventricle; pcr, posterior coronal radiation; plic, posterior limb of internal 
capsule; Pu, putamen; scc, splenium of corpus callosum; Th, thalamus; 3V, third 
ventricle 
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Abstract 
 
   Diffusion tensor imaging (DTI) was conducted on the fixed brains of 
cynomolgus monkey fetuses at embryonic days (EDs) 70-140. DTI color maps 
revealed the commissural tracts such as the corpus callosum and anterior 
commissure, and the projection tracts such as the internal capsules, coronal and 
optic radiations, and the limbic tracts such as the cingulum and fornix, already 
forming on ED 70. The corpus callosum grew into the occipital subcortical region 
between the optic radiation and the medial cortical surface when the calcarine 
sulcus began to indent on ED 80. The corticocortical long associative fibers 
became distinguishable sequentially with the stages in the development of the 
fetuses, and the emergence of those fibers was spatiotemporally related to the 
emergence of other primary sulci. The unicinate fibers were observed along the 
indentation of the lateral fissure rostrocaudally on ED 70, while the inferior 
longitudinal fasciculus emerged corresponding to the emergence of the superior 
temporal sulcus on ED 80 and the emergence of the lunate sulcus on ED 120; the 
superior longitudinal fasciculus appeared throughout the frontoparietal region, 
corresponding to the emergence of parietooccipital sulcus on ED 80 and the 
emergence of the arcuate and central sulci on ED 90. Furthermore, some but not 
all cortical convolutions were formed at the gap of two association fiber tracts. 
For example, the convolution of the superior temporal gyrus at the gap between 
the unicinate and inferior longitudinal fascicule, and the convolution of the 
inferior temporal gyrus at the gap between the inferior and superior longitudinal 
fascicule were observed. These results suggest that the emerging corticocortical 
long associative fibers link spatiotemporally with the formation of primary sulci 
in the cynomolgus monkey cerebrum. 
 
Keywords: Macaque; Phylogeny; Gyrification; Associative fibers; Diffusion 
tensor; MRI 
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1. Introduction 
 
   Humans and other primates have a complex morphology of the cerebral cortex 
with a highly convoluted surface forming the cerebral sulci and gyri. The 
frequency of the cortical convolution increases in higher order primates [35,36], 
and reflects pathological changes in developmental and neuropsychiatric disorders 
such a schizophrenia and autism in humans [15,17,24]. Several hypotheses have 
been put forward to show the mechanism of the cortical convolution, such as 
genetic control [25], differential growth of inner and outer cortical strata [27], 
cortical growth [31] and tension from white matter axons [8,9,32]. The cortical 
convolution in catarrhines is relatively large in the posterior parietooccipital 
region, but relatively small in the frontoparietal region [1], resembling the 
rostrocaudal pattern of the proportion of the outer to the inner cortical stratum  
[1]. The fact that the outer stratum is restricted to corticocortical connections 
rather than to thalamic inputs and cortical outputs suggests that the involvement of 
the corticocotical fiber development in the gyrification process takes place in the 
cerebrum [33]. Recently, we reported that the cortical convolution is closely 
correlated with either cortical expansion or the development of subcortical white 
matter bundles [28]. However, the topological relationships between the infolding 
of specific cerebral sulci and the development of specific fiber tracts are not well 
understood. 
   Diffusion tensor imaging (DTI) is an MRI technique that delineates brain 
structures in detail using anisotropy of 1H diffusion motion as a probe [19,22]. 
This technique can reflect brain microstructures such as the orientations of 
myelinated and unmyelinated fiber bundles (based on diffusion anisotropy), which 
have been difficult to identify using conventional MRI [11,13,16,18,20,21,23]. 
The present study aimed to clarify a spatiotemporal relationship between the 
developments of specific subcortical white matter tracts and specific cerebral sulci. 
We acquired high spatial resolution DTI using 7-tesla MRI to delineate the white 
matter tracts of the developing cerebrum of cynomolgus monkeys, and used 
T1-weighted MRI for anatomical reference. 
 
2. Materials and Methods 
 
2.1. Animals 
   The present study used the cerebrum from one fetus of a cynomolgus monkey 
(Macaca fascicularis) on every ED 70 (n = 1), 80 (n = 1), 90 (n = 1), 100 (n = 1), 
120 (n = 1), 140 (n = 1), and 150 (n = 1). Male and female cynomolgus monkeys 
(Macaca fascicularis) at 3 to 10 years of age were purchased from China National 
Scientific Instruments & Materials Import/Export Corporation (Beijing, China) 
and Guangdong Scientific Instruments & Materials Import/Export Corporation 
(Gaoyao, China), and maintained in the monkey facility of Shin Nippon 
Biomedical Laboratories, Ltd. (SNBL) (Kagoshima, Japan). Animals were  
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individually housed in stainless-steel cages (68 cm × 70 cm × 77 cm), and kept at 
26 ± 3℃ and 50 ± 10% relative humidity under 12-h artificial illumination (lights 
on, 06:00–18:00 h). They were given approximately 108 g of pellet diets (Harlan 
Tekland, Harlan Sprague Dawley Inc., Indianapolis, IN, USA) per day and tap 
water ad libitum. Female monkeys were paired with males on days 12, 13, and 14 
of their menstrual cycle. When copulation was confirmed visually, the median day 
of the mating period (day 13 of the menstrual cycle) was designated as embryonic 
day (ED) 0. Pregnancy was confirmed by ultrasonography (SSD-2000, Aloka Co. 
Ltd., Tokyo, Japan) on ED 20. Fetuses were removed on EDs 70, 80, 90, 100, 110, 
120, 140 and 150, respectively by caesarian section under inhalation anesthesia of 
0.5-2.0% isoflurane (Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) in a 
Na2O/O2 (70/30) mixture following an intramuscular injection of a mixture of 
ketamine hydrochloride (5-10 mg/kg body weight; Sigma, St Louis, MO, USA) 
and atropine sulfate (0.01 mg/kg body weight; Tanabe Seiyaku Co., Ltd., Osaka, 
Japan) in 0.9% NaCl. The fetuses were deeply anesthetized with an intraperitoneal 
injection of sodium pentobarbital (25 g/10 g body weight) and perfused 
intracardially with 0.9% NaCl followed by 4% paraformaldehyde in 0.1 M 
phosphate buffer, pH. 7.4. Brains were removed and immersed in the same 
fixative.   
 
2.2. MRI measurements 
   Diffusion tensor magnetic resonance imaging is capable of visualizing all 
major fiber bundles in the brain and has the added benefit of color-coding these 
fiber bundles differently depending on their orientation. Two-dimensional 
spin-echo (SE) conventional T1-weighted imaging (T1W) and diffusion tensor 
imaging (DTI) were performed in a 7.0 T MRI system (Magnet; Kobelco and 
Jastec, Kobe, Japan) (Console; Bruker BioSpin, Karlsruhe, Germany). 
Radiofrequency (RF) coils and acquisition parameters were selected and 
optimized depending on the size of the samples. A birdcage RF coil for 
transmission and reception (30-mm inner diameter, Rapid Biomedical) was used 
for ED 70-90 samples. A birdcage RF coil for transmission and reception (72 mm 
inner diameter, Bruker BioSpin) was used for ED 100-150 samples. Slice 
orientations (transaxial and coronal) were precisely adjusted using pilot-MR 
images obtained by gradient-echo sequence. DTI was acquired in trasnaxial and 
coronal slices covering the entire brain. The spin-echo standard DTI protocol was 
performed using the following parameters: For ED 70-80, repetition time (TR) = 
5000 ms, echo time (TE) = 27 ms, duration of gradient pulse/diffusion time (d/D) 
= 7/21 ms, four b-values (0, 100, 300 and 800 s/mm2), 6 diffusion gradient 
directions with no gradient applied (A0), field of view (FOV) = 38.4 × 38.4 mm2, 
slice thickness = 1.0 mm, slice gap = 1.5 mm, number of slices = 10, acquisition 
matrix = 256 × 256, voxel size = 150 × 150 × 1000 µm3, number of acquisitions 
(NEX) = 10, and total scan time = 14 hours 56 min; For ED 90, TR = 7000 ms 
(minimum), number of slices = 14, and total scan time = 48 hours 46 min (The 
other parameters were the same as those of the ED70-80); For ED 100, TR = 8000  
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ms (minimum), number of slices = 14, NEX = 12, and total scan time = 47 hours 
47 min (The other parameters were the same as those of the ED70-80); For ED 
120-140, TR = 9000 ms (minimum), FOV = 41.6 × 41.6 mm2, slice thickness = 
1.5 mm, slice gap = 2.0 mm, number of slices = 16, voxel size = 163 × 163 × 
1500 µm3, NEX = 10, and total scan time = 44 hours 48 min (The other 
parameters were the same as those of the ED70-80); For ED 150, FOV = 48.0 × 
48.0 mm2, and voxel size = 188 × 188 × 1500 µm3. (The other parameters were 
same as the ED120-140). Multi-slice T1W covering the entire brain was acquired 
in the same orientation as the DTI using the following parameters: TR = 600 ms, 
TE = 9.6 ms, NEX = 20, and total scan time = 51.2 min. Acquired data were 
reconstructed using ParaVision (Bruker Biospin), and colored DTI maps were 
calculated using JIVE software (Bruker Biospin). Note that a different matrix size, 
FOV, and slice thickness were chosen in the DTI measurement to maintain a 
signal-to-noise ratio (SNR) sufficient to accomplish the scan within 48 hours. 
 
2.3. Identification of sulci and white matter tracts 
   The criteria for identifying a sulcus using MRI were in accordance with those 
in our previous study [29]. A clear indentation at the cerebral surface was 
considered the earliest indication of a sulcus. Identification of white matter tracts 
was referred to in previous studies in humans [11,26].  
 
2.4. Ethics 
   This study was approved by the Institutional Animal Care and Use Committee 
of Shin Nippon Biomedical Laboratories and was conducted in accordance with 
the Principles of Laboratory Animal Care (No. 86-23, 1985 revision of the 
National Institutes of Health (NIH)), and with the ethics criteria stated in the 
bylaws of the Experimental Animal Ethics Committee of Shin Nippon Biomedical 
Laboratories. 
 
3. Results 
 
   DTI color maps and T1-weighted MRI (for anatomical reference) of axial 
slices of the whole cerebrum of cynomolgus monkey fetuses at EDs 70 to 140 are 
shown in Figure 1. Anisotropic signals revealed by DTI are color-coded, with 
each color denoting the direction of the fibers: red denotes fibers running 
medio-laterally, blue denotes fibers running rostrocaudally, and green denotes 
those running dorsoventrally. Anisotropic signals along the radial orientation (i.e. 
perpendicular to the pial surface) were observed in the cerebral cortex throughout 
the monkey’s life as a fetus. These signals are known to reflect the radial 
structures of cortical Pyramidal neurons and/or radilal glial processes [5,18,20]. 
   In the subcortical regions, unique contrasts were found in the white matter 
tracts. Figure 2 shows that high magnification images of DTI and T1-weighted 
MRI on ED 70. DTI could already reveal limbic tracts such as the cingulum and  
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fornix, the commissural tracts such as corpus callosum and anterior commeasure, 
and the projection tracts such as the anterior and posterior limbs of internal 
capsules, with the anterior and posterior coronal radiations and optic radiation by 
ED 70. The external and extreme capsules were distinguishable along the 
indentation of the lateral fissure (Figure 2A), and were demarcated clearly by the 
claustrum on T1-weighted MRI (Figure 2B). In the occipital region, the lateral half 
of the vesicular lumen of the lateral ventricle was surrounded by two projection 
fibers on ED 70; with an inner optic radiation and an outerly posterior coronal 
radiation (Figure 3D). The corpus callosum grew into the occipital subcortical 
region between the optic radiation and the medial surface on ED 80, at an 
indentation of calcarine sulcus (Figure 3E). 
   The corticocortical long associative fibers became distinguishable by DTI 
sequentially with fetal stages. Interestingly, the development of those fibers was 
spatiotemporally related to the emergence of early-generated primary sulci. On 
ED 70, the unicinate fasciculus was already visible in the bottom of the lateral 
fissure (Figure 3A), from which it developed rostrocaudally along the infolding of 
the lateral fissure and circular sulcus (Figures 3B, 3C, 3G, 3H, 3I). The superior 
longitudinal fasciculus was identifiable on ED 90 as signals running 
rostrocaudally in the frontoparietal region (Figures 3B, 3C), corresponding 
spatiotemporally with the emergence of the arcuate and central sulci (Figures 3B, 
3C). In the parietooccipital region, the superior longitudinal fasciculus was visible 
at an indentation of the parietooccipital sulcus on ED 90, following its appearance 
on ED 80 (Figures 3E, 3F). The inferior longitudinal fasciculus was identifiable 
on ED 80 as weak signals, denoting fibers running mediolaterally, corresponding 
to the emergence of the superior temporal sulcus (Figure 3G). The inferior 
longitudinal fasciculus developed in the temporooccipital region on ED 90, 
corresponding with the emergence of the lunate and inferior occipital sulci in that 
region (Figures 3F, 3I). 
   In addition, some cortical convolutions were observed at the gap of two 
associative fiber tracts. The convolution of the superior temporal gyrus at the gap 
between the unicinate and inferior longitudinal fascicule (*; Figures 3H, 3I), and 
the convolution of the angular gyrus at the gap between the inferior and superior 
longitudinal fascicule (**; Figure 3I) are examples. 
 
4. Discussion 
 
   DTI delineates the detailed structure of the brain using water diffusion as a 
probe [19.22]. Recently, DTI colored tractography maps of mature and 
developing brains have been used for various mammalian species [5,7,11,12,26]. 
In the human cerebrum, it had formed the limbic, commissural and projection 
fiber tracts by gestational week (GW) 15 [11,12,26]. Consistently, in the present 
study, the limbic, commissural and projection fiber tracts were already formed on 
ED 70. Since sulcation begins by the emergence of the lateral fissure and callosal  
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sulcus in humans on GW 14  [4] and in cynomolgus monkeys on ED 70 
[6,14,29], the developments of commissural and projection fiber tracts may not be 
primarily involved in the sulcal formation. Exceptionally, the calcarine sulcus 
began to appear the medial cortical surface of occipital region by the penetration 
of the growing corpus callosum into the subcortical region between the optic 
radiation and the medial cortical surface on ED 80 in the present study. 
   In humans, the primary sulci such as the parietooccipital, olfactory and central 
sulci are formed during GWs 15-20 [4]. This period corresponded to the stage in 
the development of the corticocortical associative fiber tracts [11]. The present 
study revealed the spatiotemporal relations between the emergence of long 
associative fiber tracts and the primary sulcal formation in cynomolgus monkey 
fetuses (summarized in Table 1): the unicinate fibers were observed running along 
the indentation of the lateral fissure rostrocaudally on ED 70; the inferior 
longitudinal fasciculus emerged corresponding to the emergence of the superior 
temporal sulcus on ED 80 and the emergence of the lunate sulcus on ED 120; the 
superior longitudinal fasciculus appeared throughout the frontoparietal region, 
corresponding to the emergence of the parietooccipital sulcus on ED 80 and the 
emergences of arcuate and central sulci on ED 90. Furthermore, cortical 
convolutions were observed at the gap of two associative fiber tracts. Thus, the 
cortical convolution (sulcation and gyration) may be linked to the development of 
the specific corticocortical long associative fiber tracts. 
   Van Essen (1997) [32] proposed a tension-based theory that the axonal tension 
by the short, straight connections of corticocortical fibers is a significant factor in 
delineating the convoluted cerebral cortical morphology. This hypothesis is 
supported by a quantitative study stating that short straight projections are 
predominant over the curved projections along the sulcal infolding in the 
prefrontal cortex of the adult rhesus monkey [8]. The results of the present study, 
however, showed the spatiotemporal relation of the sulcal infolding to the 
development of curved corticocortical connections rather than to the development 
of short straight connections. Furthermore, our previous study revealed that the 
frequency of cortical convolution (gyrification index; GI) were closely related to 
the progressive sulcal infolding in the parietooccipital region, and to the 
generation of the secondary and tertiary sulci in the frontal region of cynomolgus 
monkeys [28]. Therefore, short straight projections, which were prominently 
found in the prefrontal region more than the curved projections [9], may be 
associated with the infolding of secondary and tertiary sulci rather than the 
formation of the primary sulci. 
   DTI is a powerful tool not only for basic research into brain development, but 
for the diagnosis of developmental brain abnormalities: DTI can delineate injuries 
of specific white matter tracts [10,13,16,21,30], and can predict the loss of white 
matter integrity in pathophysiological feature of schizophrenia [2,3,34]. The 
present DTI results from the developing monkey fetal brain serve to predict the 
involvement of the corticocortical long associative fiber development in the 
primary sulcal formations. The frequency of the cortical convolution altered in  
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human patients with a schizophrenia and autism [15,17,24]. Therefore, the present 
findings not only support one of hypotheses of the cortical convolution 
mechanisms, but also may show a relationship between changes in the sulcal 
morphology and the altered cortical connectivity, which are known as significant 
neuropathological signs of developmental and neuropsychiatric disorders. 
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Table 1. Spatiotemporal relations between development of white matter tracts and 
emergence of cerebral sulci in cynomolgus monkey fetuses 
 
 

Region / Age White matter tracts  Sulcus 
 
Parietotemporal  

ED 70 
ED 80 

 

 
 
Unicinate fasciculus (ucn) 
Inferior longitudinal sulcus (ilf) 

 
 
Lateral fissure (lf) 
Superior temporal sulcus (sts) 

Occipital 
ED 80 

 

 
Corpus callosum (cc) 

 
Calcarine sulcus (cal) 

Frontoparietal 
EDs 90-100 
 

 
Superior longitudinal fasciculus (slf) 
 

 
Central sulcus (cs) 
Arcuate sulcus (ars) 
 

Parietoocciptal 
EDs 80-90 
 

 
Superior longitudinal fasciculus (slf) 
 

 
Parietooccipital sulcus (pos) 
 

Temporooccipital 
ED 90 

 
Inferior longitudinal fasciculus (ilf) 
 

 
Inferior occipital sulcus (ios), 
Lunate sulcus (lu) 
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Figure. 1. DTI color maps (upper) and T1-weighted MRI for anatomical reference 
(lower) of axial slices of whole cerebrum of cynomolgus monkey fetuses on 
embryonic days (EDs) 70-140. Anisotropic signals revealed by DTI are coded 
with different colors to denote fiber orientation; red denoting fibers running 
medio-laterally, blue denoting fibers running rostro-caudally, and green denoting 
fibers running dorso-ventrally. Representative white matter tracts observable by 
DTI on each embryonic day are labeled: ac, anterior commissure, acr, anterior 
coronal radiation; cc, corpus callosum; cg, cingulum; ec, external capsule; eml, 
external medullary lamina; gcc, genu of corpus callosum; plic, posterior limb of 
internal capsule; opr, optic radiation; pcr, posterior coronal radiation; scc, 
splenium of corpus callosum. Other subcortical structures observed by T1-weight 
MRI are labeled: Cd, caudate nucleus; Cl, claustrum; GP, globus pallidus; HF, 
hippocampal formation; Ln, lentiform nucleus; OVL, occipital horn of lateral 
ventricle; Pu, putamen; Th, thalamus. Arrowheads indicate the indentations of 
primary sulci. Bar = 1 cm 
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Figure. 2. High magnification of DTI color maps (A, C, E, G, I) and T1-weighted 
MRI for anatomical reference (B, D, F, H, J) of cynomolgus monkey fetuses on 
embryonic day 70. Anisotropic signals revealed by DTI are coded with different 
colors to denote fiber orientation; red denoting fibers running medio-laterally, 
blue denoting fibers running rostro-caudally, and green denoting fibers running 
dorso-ventrally. The white matter tracts, already observed on ED 70, are labeled 
on DTI images: ac, anterior commisure; alic, anterior limb of internal capsule; cg, 
cingulum; ec, external capsule; exc, extreme capsule; fx, fornix; gcc, genu of 
corpus callosum; opt, optic radiation; plic, posterior limb of internal capsule; scc, 
splenium of corpus callosum. Other subcortical structures are labeled on DTI 
and/or T1-weight MRI images: Cl, claustrum; FLV, frontal horn of lateral 
ventricle; GE, ganglionic eminence; Ln, lentiform nucleus; 3V, third ventricle. 
Arrowheads indicate indentations of the lateral fissure. Bar = 2 mm 
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Figure. 3. Development of associative fiber tracts revealed by DTI in cynomolgus 
monkey fetuses. Anisotropic signals revealed by DTI are coded with different 
colors to denote fiber orientation; red denotes fibers running medio-laterally, blue 
denotes fibers running rostro-caudally, and green denotes fibers running 
dorso-ventrally. The white matter tracts, which were observable on all embryonic 
days, are labeled on the DTI images as: ac, anterior commisure; cc, corpus 
callosum; ec, external capsule; exc, extreme capsule; ilf, inferior longitudinal  
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fasciculus; opt, optic radiation; pcr, posterior coronal radiation; plic, posterior 
limb of internal capsule; ucn, unicinate fasciculus. Arrowheads indicate the 
indentations of primary sulci: cal, calcarine sulcus; cs, central sulcus; ios, inferior 
occipital sulcus; lf, lateral fissure; pos, parietooccipital sulcus; sts, superior 
temporal sulcus. An asterisk (*) indicates the gap between the unicinate and 
inferior longitudinal fasciculi. Double asterisks (**) indicate the gap between the 
inferior and superior longitudinal fasciculi. (A) Coronal DTI slices at the level of 
the anterior commissure (ac) on EDs 70-90. The unicinate fasciculus was already 
present at the bottom of lateral fissure (lf) on ED 70. (B-C) Axial DTI slices at a 
level crossing the body of the corpus callosum (cc) on EDs 90-100. The superior 
longitudinal fasciculus became visible on ED 90, corresponding to the emergence 
of the arcuate and central sulci on ED 90. (D-F) Coronal DTI slices at the 
midportion of the parietooccipital region on EDs 70-90. (E) The corpus callosum 
grew into the occipital subcortical region between the optic radiation and the 
medial surface on ED 80 at an indentation of the calcarine sulcus. (E, F) The 
superior longitudinal fasciculus in the occipital region was seen at an indentation 
of the parietooccipital sulcus on ED 90, following the emergence of superior 
longitudinal fasciculus (slf) on ED 80. (F) The inferior longitudinal fasciculus was 
also visible on ED 90, corresponding to the emergence of the inferior occipital 
sulcus (ios). (G-I) Axial DTI slices around the superior temporal sulcus on EDs 
80-90. (G) The inferior longitudinal fasciculus was identifiable on ED 80, 
corresponding to the emergence of the superior temporal sulcus. (I) The inferior 
longitudinal fasciculus began to develop in this region on ED 90, corresponding to 
the emergence of the lunate and inferior occipital sulci in this region. Bar = 1 cm 
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