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Altered macroscopic anatomical characteristics of the cerebral cortex have been identified in individuals affected by various neurode-
velopmental disorders. However, the cellular developmental mechanisms that give rise to these abnormalities are not understood.
Previously, advances in image reconstruction of diffusion magnetic resonance imaging (MRI) have made possible high-resolution in
utero measurements of water diffusion anisotropy in the fetal brain. Here, diffusion anisotropy within the developing fetal cerebral cortex
is longitudinally characterized in the rhesus macaque, focusing on gestation day (G85) through G135 of the 165 d term. Additionally, for
subsets of animals characterized at G90 and G135, immunohistochemical staining was performed, and 3D structure tensor analyses were
used to identify the cellular processes that most closely parallel changes in water diffusion anisotropy with cerebral cortical maturation.
Strong correlations were found between maturation of dendritic arbors on the cellular level and the loss of diffusion anisotropy with
cortical development. In turn, diffusion anisotropy changes were strongly associated both regionally and temporally with cortical folding.
Notably, the regional and temporal dependence of diffusion anisotropy and folding were distinct from the patterns observed for cerebral
cortical surface area expansion. These findings strengthen the link proposed in previous studies between cellular-level changes in
dendrite morphology and noninvasive diffusion MRI measurements of the developing cerebral cortex and support the possibility that, in
gyroencephalic species, structural differentiation within the cortex is coupled to the formation of gyri and sulci.
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Introduction
Reduced cortical surface area (Dubois et al., 2008; Engelhardt et
al., 2015) and abnormal folding patterns (Van Essen et al., 2006;

Nordahl et al., 2007; Dubois et al., 2008; Engelhardt et al., 2015)
have been observed in individuals affected by various neurode-
velopmental disorders. This raises the suggestion that, if the bio-
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Significance Statement

Abnormal brain morphology has been found in populations with neurodevelopmental disorders. However, the mechanisms
linking cellular level and macroscopic maturation are poorly understood, even in normal brains. This study contributes new
understanding to this subject using serial in utero MRI measurements of rhesus macaque fetuses, from which macroscopic and
cellular information can be derived. We found that morphological differentiation of dendrites was strongly associated both
regionally and temporally with folding of the cerebral cortex. Interestingly, parallel associations were not observed with cortical
surface area expansion. These findings support the possibility that perturbed morphological differentiation of cells within the
cortex may underlie abnormal macroscopic characteristics of individuals affected by neurodevelopmental disorders.
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physical mechanisms driving macroscopic anatomical changes of
the brain were understood, it would be possible to make infer-
ences about the developmental trajectory, and hence etiology of
the disease, from the brain’s structure at maturity. Quantitative
measurements of brain growth, as these size and shape properties
emerge during development, would be of value to further under-
stand the factors that control brain morphology.

Non-invasive magnetic resonance imaging (MRI) techniques
can be used to characterize brain development in situ (i.e., with-
out the need to section the brain) on both macroscopic and
cellular-level scales (Thornton et al., 1997; Mori et al., 2001;
McKinstry et al., 2002). Previously, it was shown that regional
patterns in surface area expansion (Kroenke et al., 2007; Knutsen
et al., 2013), folding (Smart and McSherry, 1986; van der Knaap
et al., 1996; deIpolyi et al., 2005; Sawada et al., 2012; Knutsen et
al., 2013), and water diffusion anisotropy (deIpolyi et al., 2005;
Kroenke et al., 2007, 2009) can be found within the developing
cerebral cortex. Within cerebral cortical gray matter, water diffu-
sion anisotropy can be interpreted in terms of the orientation
distribution of axonal, dendritic, and glial cell processes (Bock et
al., 2010; Jespersen et al., 2012). Perturbed cellular morphological
development has been identified through diffusion anisotropy
measurements in animal studies (Bock et al., 2010; Dean et al.,
2013; Leigland et al., 2013) and clinical populations (Dubois et
al., 2008; Ball et al., 2013; Vinall et al., 2013) of individuals with
neurological disorders that are characterized by macroscopically
abnormal cerebral cortex at maturity. Similarities in regional pat-
terns of microstructural and macroscopic characteristics of cere-
bral cortical development could provide evidence relating to the
cellular mechanisms that influence cortical growth.

However, to date, our ability to use MRI in the study of cere-
bral cortical development has been limited by the fact that longi-
tudinal diffusion MRI (dMRI), surface area, and shape analyses
have not been performed on the same set of experimental sub-
jects. A major obstacle to obtaining reliable in utero data is that
the fetal brain, even in sedated animals, can move significantly
during MRI data acquisition, due to a number of factors includ-
ing maternal breathing, drifting of the fetal head, and residual
movements of the fetus under sedation. Previous developments
in retrospective motion correction in 3D MR image reconstruc-
tion procedures has made in utero anatomical and diffusion MR
measurement of the fetal brain feasible (Studholme, 2011).

Herein, microstructural and macroscopic development is
longitudinally characterized in the second half of gestation in
time-mated rhesus macaques. With this experimental design, it is
possible to validate interpretations of dMRI in terms of cellular-
level morphology of neurons and glial cells using quantitative 3D
fluorescent microscopy measurements of cell process orientation
dispersion (Khan et al., 2015). Thus, it was reasoned that longi-
tudinal MRI measurements would enable regional analyses to
be performed and to potentially identify associations between
cellular-level and overall brain growth.

Materials and Methods
Animal preparation. All animal procedures were approved by the Oregon
National Primate Research Center and were conducted in full accor-
dance with Public Health Service Policy on Humane Care and Use of
Laboratory Animals. To produce time-mated pregnant dams, cycling
females were paired for 4 d with fertile males beginning on day 10 � 2 of
the menstrual cycle (first day of menses, day 1; gestation length was
counted from the first day of pairing; first day, GD 0). Pregnancy was
confirmed by blood progesterone concentrations of �1 ng/ml at 29 � 2
and 42 � 3 d after the menses before mating. Anesthesia was induced on

pregnant females with 10 mg/kg of ketamine and was maintained with
1% isoflurane, following intubation, during MRI procedures.

In utero MRI acquisition and image reconstruction. A total of 15 healthy
pregnant monkeys underwent anatomical and/or diffusion MRI exami-
nations at gestational ages ranging from 75 d to 137 d (Table 1) using a
Siemens 3T Tim Trio system equipped with a 15 element human knee RF
coil. A triplane localizer and HASTE [half-Fourier acquisition single-
shot turbo spin-echo (TSE)]-acquired T2-weighted (T2W) images were
used to determine fetal head position. Subsequently, a 2D TSE sequence
was used to acquire T2W images with the following parameters: TR,
5000 ms; TE, 97 ms; generalized autocalibrating partially parallel acqui-
sition (GRAPPA) factor, 2; turbo factor, 27. As described previously
(Wang et al., 2015), multiple contiguous 2D image stacks with in-plane
resolutions of 0.67 � 0.67 mm and thicknesses of 1 mm were acquired
along the maternal axial, sagittal, and coronal axes to facilitate the recon-
struction of a 3D volume with isotropic resolution. For monkeys 1–3,
which were scanned at three gestation ages (Table 1), a diffusion-
weighted, 2D spin-echo-based EPI sequence was used to acquire one
image volume with b � 0 (the “b0” image) and 20 diffusion-weighted
volumes with b � 500 s/mm 2. Other acquisition parameters were TR,
5000 ms; TE, 93 ms; GRAPPA factor, 2; EPI factor, 78; echo spacing, 1.09
ms. As with the T2-weighted images, three sets of b0 and diffusion-
weighted image (DWI) stacks were acquired along the maternal axial,
sagittal, and coronal axes. For the diffusion-weighted data, the in-plane
resolution was 1.13 � 1.13 mm, and the slice thickness was 3 mm. To
compensate for the relatively poor through-plane resolution for the dif-
fusion data, three sets of diffusion-weighted image stacks were acquired
along each axis, offset from one another by 1 mm. The three orthogonal
plane data acquisition strategy used here has been used in several human
fetal MRI studies and was previously demonstrated to facilitate high-
quality diffusion tensor reconstructions in our studies of sedated rhesus
macaques (Fogtmann et al., 2014).

For T2-weighted image stacks, 3D slice position and orientation cor-
rection with respect to fetal brain anatomy was performed using the slice
MRI motion estimation and reconstruction (SLIMMER) procedure
(Kim et al., 2011). This incorporates the slice intersection motion cor-
rection algorithm and iterative bias field inconsistency correction to ac-
count for subtle changes in signal that occur when the fetal head moves in
relation to the coils, and allows improved delineation of subtle tissue
contrast. The final 3D volume was reconstructed using an iterative de-
convolution of the slice profiles in the orthogonal slice planes (Fogtmann
et al., 2014) with 0.5 mm isotropic resolution.

Reconstruction of diffusion tensor imaging (DTI) data was accom-
plished using the approach described in the study by Fogtmann et al.
(2014) and summarized as follows: (1) a reconstruction-based slice
alignment of the non-diffusion-weighted images (Rousseau et al., 2006)
was performed, and iterative reconstruction was used to generate a high-

Table 1. Fetal gestation age (days) at MRI scan

Monkey Fetal sex Anatomical MR Diffusion MR

1 M 83, 111, 133 83, 111, 133
2 M 85, 111, 133 85, 111, 133
3 F 85, 111, 135 85, 111, 135
4 M 75, 90
5 F 75, 90
6 M 83, 137
7 F 91, 132
8 F 85, 126
9 F 90, 132
10 M 86, 135
11 F 88, 137
12 M 78, 133
13 F 87
14 F 87
15 F 87, 110

Gestation age (days) of each fetus at anatomical and diffusion MR scans are listed in the third and fourth columns,
respectively. Fetuses from monkeys 1–3 underwent both anatomical and diffusion MR examination. M, Male;
F, female.
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resolution b0 volume (Fogtmann et al., 2012); (2) between-slice motion
estimates of the diffusion-weighted images were obtained using a model-
based framework where the agreement between all the acquired DWI
slices and an iteratively updated field of diffusion tensors within the brain
in a common 3D coordinate frame was maximized by refinement of
the three translations and three rotations of each acquired DWI slice.
These transformations were parameterized in terms of head positioning
over time within a consistent 3D anatomical frame, and their refinement
was performed using a time-hierarchical scheme that accounted for slice
acquisition time. An initial coarse motion trajectory was estimated, al-
lowing motion between whole slice stacks, which was then refined using
increasingly finer motion models allowing slices to be positioned more
independently, and which eventually estimated the positioning of the
head for individual slices. This alignment step was interleaved with an
iterative deconvolution-based estimation of the 3D DTI model in fixed
anatomical coordinates using an imaging model of the slice profile and
in-plane point spread function to create a single 3D DTI map with a
spatial resolution sequentially refined down to 0.75 � 0.75 � 0.75 mm.
Following high-resolution motion estimation and 3D DTI estimation at
the highest resolution, fractional anisotropy (FA; Basser and Pierpaoli,
1996) was then calculated from the resulting diffusion tensor estimates.

Ex vivo MRI acquisition. The G90 fetuses (from dams 4 and 5) and the
G135 fetuses (from dams 1–3) were delivered via Cesarean section after
the end-point MRI scan. Upon delivery, fetuses were euthanized with an
overdose of pentobarbital, and the brains were perfusion fixed with 4%
paraformaldehyde (PFA) and then immersed in 4% PFA for 24 h before
being transferred to PBS. Immediately before imaging, the brains were
transferred to Fluorinert Electronic Liquid FC-77 (3M) and returned to
PBS following MRI procedures. A custom-built Helmholtz coil (5 cm
diameter, 5 cm length) was used for radiofrequency transmission and
reception. Experiments were performed on an 11.7 T small-animal MRI
system interfaced with a 9 cm inner diameter magnetic field gradient coil
(Bruker) following previously described procedures (Wang et al., 2015).
Briefly, a multislice spin-echo pulse sequence (TR, 15 s; TE, 30 ms), incor-
porating a Stejskal–Tanner diffusion sensitization gradient pair was used to
acquire diffusion MRI data at an isotropic resolution of 0.3 mm. A 25 direc-
tion, icosahedral sampling scheme (Batchelor et al., 2003) was used for all
experiments with 3 b0 images and diffusion-weighted images with a b value
of 2500 s/mm2. Standard procedures were followed to calculate eigenvalues
(�1, �2, and �3, listed from smallest to largest) and eigenvectors (V1, V2, and
V3). DTI indices such as FA were calculated from the eigenvalues for each
voxel. The signal intensity at a b value of 0 was similarly estimated for each
voxel, and the result served as the postmortem T2-weighted image.

Immunohistochemistry. Following ex vivo MRI, a G90 brain (from dam
5) and a G135 brain (from dam 3) were cryoprotected in 15% and then
30% (w/v) sucrose–PBS solution before being frozen sectioned along the
axial plane at 80 �m using a Zeiss Microm sliding microtome. Immuno-
histochemistry (IHC) was performed on free-floating tissue sections.
Tissue sections were washed in PBS–Triton X-100 (0.1%, v/v) solution
and then blocked with 5% (v/v) goat serum before being incubated
with one of the following primary antibodies at 4°C for 48 h: anti-
neurofilament marker SMI312 (1:1000, BioLegend), monoclonal anti-
MAP2 antibody (1:500, Sigma-Aldrich), or monoclonal anti-vimentin
antibody (1:40, Sigma-Aldrich). After washing in PBS-Triton X-100
solution, the sections were then incubated with secondary antibody con-
jugated with Alexa Fluor 488 (1:500, Invitrogen) for 2 h at room temper-
ature. The sections were counterstained with DAPI (Sigma-Aldrich)
before being mounted on gelatin subbed slides and sealed with cover-
slips. A Leica SP5 ABOS confocal laser scan microscope was used to
acquire image stacks of SMI312-, MAP2-, and vimentin-stained tissue
sections. All images were collected using a 40� oil-immersion objective
with an in-plane resolution of 0.76 �m and matching through-plane (z)
resolution of 0.76 �m. For figure display, maximum projections of image
stacks along the z depth were generated of all IHC staining.

Structure tensor analyses. Previously described procedures (Khan et al.,
2015) were followed for the analysis of 3D stacks of confocal images.
This involved (1) z direction intensity correction, (2) anisotropic
tissue shrinkage effect removal, and (3) depth-dependent anisotropy of
the confocal microscope’s point spread function compensation. Subse-

quently, a Gaussian kernel with an SD of 3 �m [the parameter � in the
study by Khan et al. (2015)] was used to calculate image spatial deriva-
tives. Structure tensors were determined using an averaging neighbor-
hood of 342 �342 � 23 �m.

A previously noted difference exists in the order of eigenvalues of the
structure tensor and the diffusion tensor (Khan et al., 2015; Schilling et
al., 2016). For a diffusion tensor, the eigenvector corresponding to the
largest eigenvalue is parallel to the primary structure orientation (i.e.,
parallel to the cylinder axes for a collection of parallel cylinders). In
contrast, for a structure tensor, image intensity variation is minimal
along the primary structure orientation, and therefore is parallel to the
eigenvector associated with the smallest eigenvalue. To facilitate compar-
isons between structure and diffusion tensors, it is therefore useful to
reorder the largest and smallest structure tensor eigenvalues. However,
an additional consequence of this difference that has not been addressed
in previous work is that structures associated with a prolate diffusion
tensor, such as a collection of parallel cylinders, are characterized by an
oblate structure tensor. Similarly, an oblate diffusion tensor observed
within parallel plate structures would be characterized by a prolate struc-
ture tensor. It is possible to interconvert oblate and prolate tensors by
changing the value of the second eigenvalue to exchange the magnitudes
of the differences between it and the first and third eigenvalues. Thus,
in this study, structure tensor fractional anisotropy is analyzed for
eigenvalue-reordered structure tensors. The relationships between the
measured structure tensor eigenvalues, �1, �2, and �3, and reordered
eigenvalues, �̃1, �̃2, and �̃3, are �̃1 � �3, �̃2 � �1 � �3 � �2, and �̃3 � �1.

Fractional anisotropy of the eigenvalue-reordered structure tensor, FAST̃,
is defined using the following standard formula (Basser and Pierpaoli,
1996):

FAST̃ �
1

�2

��� 1̃ � � 2̃	
2 � �� 2̃ � � 3̃	

2 � �� 3̃ � � 1̃	
2

�� 1̃
2 � � 2̃

2 � � 3̃
2

.

Cortical surface generation and analysis. Manual segmentation was per-
formed on the reconstructed T2-weighted images and on the b0 images
separately using ITK-SNAP (http://www.itksnap.org; Yushkevich et al.,
2006). Separate segmentations were needed due to subtle susceptibility-
induced distortions that cause the diffusion tensor parameter maps to
differ from the T2-weighted images. The resulting segmentations were
used as input for the “SureFit” operation in the CARET software package
(http://brainvis.wustl.edu; Van Essen et al., 2001).

Cortical FA values were mapped onto surfaces generated from b0 im-
ages using customized MATLAB (MathWorks) functions following three
steps: (1) brain masks were used to exclude voxels outside the brain
parenchyma (in our cases, CSF); (2) for each cortical surface node, its
resident voxel was identified; and (3) FA values were averaged over a 3 �
3 � 3 voxel cube centered at each voxel intersecting fiducial surface, and
the result was projected onto the fiducial surface. Cerebral cortical cur-
vature and surface area were calculated from surfaces generated from
T2-weighted images using standard CARET functions.

For fetuses of dams 1–3, each surface derived from T2-weighted and
diffusion MRI data was parcelated into seven surface regions of interest
(ROIs) for quantitative analyses of regional variation in isocortical FA,
curvature, and surface area. These regions were defined as follows: the
boundary between the frontal and primary motor regions was drawn
along the arcuate sulcus; the central sulcus marked the boundary be-
tween primary motor and somatosensory cortices; the auditory region
encompassed the entire superior-temporal gyrus; the boundary between
auditory and nonprimary temporal regions followed the fundus of supe-
rior temporal sulcus (STS); the parietal ROI was dorsal to the auditory
ROI and caudal to the postcentral gyrus; and the lunate sulcus and the
ridge of inferior part of the occipital lobe served as the separation be-
tween the nonprimary temporal and occipital regions. To visually com-
pare isocortical FA, curvature, and surface area regional patterns in a
qualitative manner, the surfaces derived from T2-weighted images were
registered to b0 surfaces using a landmark-based method (Van Essen,
2005). The landmarks used for registration in this study followed proce-
dures described previously (Kroenke et al., 2007). For fetuses of dams
1–3, surface models derived from T2-weighted images for the first
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(G83–G85), second (G111), and third time
points (G133–G135) were registered to each
other to facilitate construction of average sur-
faces and to create overlays of averaged ana-
tomical parameters. For convenience, we refer
to these three time points as G85, G110, and
G135 in the rest of the text.

Results
The trajectory of cerebral cortical
expansion and folding from G75
to G137
Surface models were generated for the 15
fetal brains, imaged in vivo at a total of 31
time points. The surface area of the rhesus
macaque isocortex for one hemisphere
expands from 8.2 to 59 cm 2 over the pe-
riod from G75 to G137. With reference
to a surface model generated from the
INIA19 rhesus brain atlas (Rohlfing et al.,
2012), this corresponds to an increase
from 8.6 to 61.5% of the adult brain sur-
face, respectively. Average brain surfaces
for each of the ages examined over this
period are shown in Figure 1a. No evi-
dence of differences between left and right
hemispheres was observed over this pe-
riod, as assessed by t tests performed on
brain surface areas measured on fetuses
younger than G90, between G90 and
G130, and older than G130, and on all
ages pooled together. As shown in Figure
1b, isocortical surface area expansion does
not increase linearly with gestation age be-
tween G75 and G137. Rather, it is charac-
terized by a lower rate of growth at the
earlier time points than at later ones. Fit-
ting the data to a two-slope expression, as
was performed previously to model ex-
pansion of the ferret isocortex (Knutsen et
al., 2013), three parameters were deter-
mined to model surface area expansion:
the initial expansion rate for rhesus macaque isocortex is 0.42
cm 2/d (0.44% of the adult surface area per day), the age in which
a transition occurs from low to high rate of expansion is G102,
and the increased rate of surface area expansion after G102 is 1.2
cm 2/d (1.3% of the adult surface area per day). The two-slope
expression is overlaid on the data obtained from the cerebral
cortex models of 31 scans in Figure 1b (dashed curve).

Mean curvature, K, was also characterized over the period
from G75 to G137 in the rhesus macaque and is color coded on
average cerebral cortical surfaces for each time point in Figure 1a
to indicate sulcal (negative K, blue) and gyral (positive K, orange)
regions. Similar to ferrets (Smart and McSherry, 1986), cynomol-
gus macaques (Sawada et al., 2012), and humans (Chi et al., 1977;
van der Knaap et al., 1996), a rostral/lateral to caudal/medial
sequence of folding is observed in the rhesus macaque. The first
sulci and gyri to appear are located on the lateral surface near the
sylvian fissure (SF), and sulci at more rostral and caudal locations
form subsequently. At G75, only a very shallow SF is evident (Fig.
1a). By G85, formation of the STS caudal to the SF has begun (Fig.
1a). The SF and STS deepen at G90, and by G110, the arcuate
(AS), central (CS), intraparietal (IPS), and lunate sulci (LS) have

become well defined (Fig. 1a). The principle sulcus (PS) and
inferior occipital sulcus (IOS) are beginning to emerge at G110 as
well (Fig. 1a). By G135, all the sulci present in the adult surface are
identifiable and resemble the shapes they attain at maturity.

Nondimensionalized mean curvature, K *, is a quantitative
measure of local surface shape that is independent of brain size
(Knutsen et al., 2013). As a result, changes in K * reflect an aspect
of cerebral cortical maturation that is independent of surface area
expansion. As both gyri and sulci mature, the magnitude of K *

increases; thus, the average mean curvature K *, expressed as the
absolute value of K * weighted by the surface area of cortex attrib-
uted to a given node, was used to characterize the progression of
cerebral cortical folding over a surface region (Knutsen et al.,
2013). As shown in Figure 1c, over the period from G75 to G137,
isocortical K * increases from 1.23 (23.7% of adult K *) to 5.77
(86.7% of adult K *). Notably, changes in curvature that reflect
gyral folding are nearly complete by G135 (Fig. 1a). As with surface
area, no evidence of differences in K * between left and right hemi-
spheres was observed, as assessed by t tests performed on brain sur-
face areas measured on fetuses younger than G90, between G90 and
G130, and older than G130, and on all ages pooled together.

Figure 1. Cerebral cortical development of rhesus macaque fetuses from G75 to G137. a, Cortical surfaces color coded with
mean curvature, K, are shown for left hemispheres at G75, G85, G90, G110, G135, and at maturity. b, Cerebral cortical surface
expands from 8.2 to 59 cm 2 from G75 to G135. The expansion is characterized by a rate of 0.42 cm 2/d from G75 to a transitional
time point occurring at G102. Subsequent to G102, isocortical surface area expands at a faster rate of 1.2 cm 2/d (dashed lines).
c, Cerebral cortical folding, reflected in the curvature parameterK * increases from 1.23 at G75 to 5.77 at G137. Data from monkeys
1–3, which underwent longitudinal anatomical and diffusion MR scan at three time points, are represented by filled symbols, and
all other fetuses are represented in open symbols.
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Region and development-dependent changes in FA identified
in postmortem tissue are observable in utero
In utero diffusion MRI data were acquired for three fetuses. As
shown in Figure 1, these brains exhibited typical surface area and
curvature values for the G83 to G135 age range (Fig. 1b,c, filled
symbols). Regional and temporal patterns of water diffusion FA,
which have been detailed in diffusion MRI studies of postmortem
baboon brain (Kroenke et al., 2007) and documented in human
fetal and neonatal brain (deIpolyi et al., 2005; Huang et al., 2013;
Yu et al., 2016), are observed here in utero using data acquisition
and image reconstruction procedures appropriate for in utero
studies. From G83 to G135, mean FA in the isocortex decreases
(Fig. 2j). Over this period, three sources of regional variation in
FA are apparent. First, a sharp transition between high and low

FA at the boundary of isocortex and allo-
cortex is evident, as illustrated in coronal
slices of a G85 brain (Fig. 2a–c,f, red ar-
rows). Second, most notably in G111
brains, an FA gradient is observed throughout
the isocortex in which minimal FA is ob-
served in the lateral cortex near the insula
(the rostral bank of the superior temporal
sulcus, the sylvian fissure, and precentral
and postcentral gyri; Fig. 2g, orange), and
FA increases steadily in rostral and caudal
directions (transition to yellow color in
prefrontal cortex, occipital cortex, and
middle and inferior temporal gyrus; Fig.
2g). This FA gradient parallels matura-
tional gradients previously identified in
histological studies (Sidman and Rakic,
1982; McSherry and Smart, 1986). Last,
primary cerebral cortical areas, such as
primary visual cortex on the occipital
operculum and primary motor cortex on
the precentral gyrus, exhibit reduced FA
relative to neighboring regions. In some
instances, sharp transitions are observ-
able, such as at the fundus of the superior
temporal sulcus (Fig. 2d,e, yellow arrows),
where primary auditory cortices are lo-
cated rostrally and nonprimary cortical
areas are located caudally.

An empirical model was proposed pre-
viously to represent the age and regional
dependence of water diffusion anisotropy
(Kroenke et al., 2009). For a given location
in the cerebral cortex, the reduction in FA
with development can be approximated as
an exponential decay from a maximal
value observed following the conclusion
of neurogenesis and migration of pyrami-
dal neurons to the cortical plate, to a
minimal value observed at maturity. The
initiation of the exponential decay in FA
with age is determined by the geodesic dis-
tance along the cerebral cortex surface
from the location to the TNG (transverse
neurogenic gradient) origin and the pri-
mary/nonprimary cortical identity at the
location. Cerebral cortical FA is thus deter-
mined by three variables, d*, which is the
geodesic distance divided by the maximal

geodesic distance on the cortical sheet from the neurogenic gra-
dient origin, the categorical variable p, which reflects the prima-
ry/nonprimary identity of the cortical location (p � 1 for
primary cortical areas and 0 otherwise), and the age a in days
postconception (Kroenke et al., 2009), according to the following
expression:

FA � � 	1 if a 
 �,

	2 � �	1 � 	2	exp� �
a � �

	3
� if a � �,

� � 	4 � d*	5 � p	6.

For each isocortical location, � is the age when its FA starts to
decrease exponentially with a time constant 	3 from its maximal

Figure 2. Cerebral cortical FA variation observed with longitudinal in utero diffusion MRI. a– e, Coronal slices of an FA map are
shown for a G85 fetal brain (a– c) and axial slices for a G110 brain (d, e). Red arrowheads (a– c) mark a sharp transition between
high and low FA at the boundary of isocortex and allocortex. In the G110 brain, FA is markedly higher in the caudal bank of the STS
(d,e, yellow arrowheads). For G85 (f ), G110 (g), and G135 (h), the six hemispheres were registered to a common left hemisphere,
and the average isocortical FA is mapped onto each surface node. i, Predicted cortical FA, based on a previously published model of
regionally dependent temporal changes with cortical maturation (Kroenke et al., 2009), is displayed for a G110 brain (for details,
see Results). Mean isocortical FA for the three fetuses is shown in j, with each fetus represented by a different color and open and
closed symbols representing right and left hemispheres, respectively.
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value, 	1, early in development to its min-
imal value at maturity, 	2. The threshold
age � is determined by (1) 	4, the age at
which cortical FA starts to decrease at the
TNG source; (2) 	5, the difference in de-
velopmental stage (in days) between cor-
tices located closest and furthest from the
source of the TNG (TNG magnitude); and
(3) 	6, the difference in developmental
stage (in days) between primary and
nonprimary cortices. It has also been
shown (Leigland and Kroenke, 2011) that
the rate of change in cerebral cortical FA
for a given mammalian species scales with
the rate of CNS development determined
by the conversion to a common develop-
mental event time scale (Workman et al.,
2013; http://www.translatingtime.net). In
this study, the parameters 	3–	6 were
translated from ferret to rhesus macaque
using the regression model parameters of
Workman et al. (2013) using the “Slope”
and “Constant” parameters for both species in their Table 2. To
determine the predicted FA values in Figure 2i, the parameters 	1

and 	2, reflecting the maximal and minimal FA values, were es-
timated to be 0.34 and 0.09, respectively, through least squares
fitting of the data to the above equation. Figure 2i shows that the
predicted cortical FA values for a G110 hemisphere closely resem-
ble the observed pattern in Figure 2g.

In the analysis of regional variation in FA, a possibility that
warrants consideration is whether regions of high curvature are
associated with low FA through dispersion in the orientation
distribution of surface normals within MRI voxels, rather than
through an association between cellular morphological matura-
tion and cerebral cortical folding. This possibility arises because,
within the early developing cerebral cortex, the least restricted
direction of diffusion is oriented parallel to apical dendrites and
radial glial fibers, which is perpendicular to the pial surface. If the
diffusion MRI voxel size, characterized by the cubic voxel side
length a, is large relative to the radius of curvature of a gyral or
sulcal fold, 1/�K�, then FA could appear low as a result of averaging
regions of cortex with varying surface normal orientations. The
magnitude of the surface curvature effect on cerebral cortical FA
can be estimated by determining fractional anisotropy of the scat-
ter matrix of surface normals (FAN). For an MRI voxel containing
two nonexchanging compartments, consisting of an isotropic
compartment and a compartment of cylindrically symmetric
structures, with  reflecting the volume fraction of the cylindrical
compartment, an expression has been derived in which FADTI is
found to be proportional to the product FAN (Jespersen et al.,

2012). An approximation for the “corrected” FADTI value, FÃDTI,
which does not include the effects of surface curvature, is there-

fore FÃDTI � FADTI/FAN, in which  is conservatively assumed

here to take a value of unity. Figure 3a shows the FADTI/FÃDTI

ratio as a function of the product a�K�. For the diffusion MRI data
in this study, a is 0.75 mm, so the magnitude of surface curvature
must exceed 0.64 (the a�K� product must exceed 0.48) to have a
2% effect on the experimentally measured FADTI. As shown in
Figure 3b, none of the surface nodes in the G85 average surface
possess curvature exceeding 0.64 in magnitude, and only 2 and
4% of the G110 and G135 average surface nodes, respectively,
have curvature exceeding this magnitude. As a result of the minor

effect of curvature on FADTI in these data, the outcomes of statis-
tical hypothesis testing presented in the following sections are

identical if FADTI values are replaced with FÃDTI values. There-
fore, variation in cerebral cortical FA is herein attributed to vari-
ation in neuropil complexity rather than macroscopic surface
curvature.

Associations between reductions in FA and increases in
orientation dispersion of dendrites, radial glial process,
and axons
To identify cellular-level changes associated with reductions in
water diffusion anisotropy in the developing cerebral cortex,
immunohistochemical staining was used to label specific cell pro-
cesses for subsequent quantitative 3D analyses of their morphol-
ogy and to compare these results to FA. In the G90 cerebral
cortex, vimentin-positive radial glial cells (RGCs), neuron den-
drites labeled by MAP2, and SMI312-positive axon processes ex-
hibit less uniform radial organization in isocortex within the
sylvian fissure (Fig. 4a–c) than in occipital (d–f) cortex. As ex-
pected based on previous immunohistochemical studies of the
fetal rhesus cortex (Cunningham et al., 2013), by G135, the three
cellular constituents examined at G90 have all gained complexity
across the cerebral cortex (Fig. 4g–l), and as a result, much of the
radial orientation is lost within both the sylvian fissure and the
occipital cortex. However, even at this later stage of development,
a greater extent of radial orientation in cell processes is observed
in occipital cortex than in sylvian fissure. For instance, this is
apparent for vimentin-stained processes (Fig. 4g,j).

As shown previously, structural coherence over large ensem-
bles of cell constituents can be quantified as a structure tensor,
which is sensitive to the size scale of typical diffusion MRI (Budde
and Frank, 2012; Budde et al., 2013; Khan et al., 2015). To quan-
tify dispersion in axonal, dendritic, and radial glial cell process
orientation distributions, 3D structure tensor calculations were
performed (Khan et al., 2015). As shown in Figure 5c, the ten-
dency for MAP2-stained dendrites to be aligned perpendicular to
the pial surface results in significantly more variability in image
intensity along the direction parallel to the pial surface (Fig. 5c, x
and z directions) than perpendicular to it ( y direction). As a
result, the eigenvectors corresponding to the minor eigenvalues
of structure tensors calculated for the Figure 5c image are ori-

Figure 3. The effect of dispersion due to cortical surface curvature on diffusion anisotropy. a, The FADTI/FÃDTI ratio is
plotted as a function of the product a�K�. A 2% reduction of FADTI due to surface curvature arises for an a�K� product of 0.48 (dashed
lines). For the diffusion MRI data in this study, a is 0.75 mm, so the magnitude of surface curvature must exceed 0.64 to have a 2%
effect on FADTI. As shown in b, none of the surface nodes in the G85 average surface possess curvature exceeding 0.64 in magnitude
(blue curve), and 2 and 4% of the G110 (green curve) and G135 (red curve) average surface nodes, respectively, have curvature of
this magnitude.
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ented perpendicular to the pial surface. For purposes of compar-
ing to diffusion tensor shapes and orientations, ellipsoids with
radii proportional to eigenvalues of the eigenvalue-reordered 3D
structure tensors are overlaid on a 3D surface rendering of
MAP2-stained dendrites in Figure 5d.

To examine the relationship between anisotropy in water dif-
fusion and anisotropy of structure tensors of microscopy images,
seven cerebral cortex locations of brains from a G90 fetus (Fig.
5a) and three locations at G135 (Fig. 5b) were characterized by
both methods. For all three immunohistochemical markers, FAST̃

was measured. A statistically significant reduction in FAST̃ was
observed for MAP2 (p � 0.04), but not for vimentin (p � 0.1) or
SMI312 (p � 0.37) between G90 and G135. To assess the extent
of FAST̃ correlation with water diffusion anisotropy, comparisons
were made with diffusion tensor FA values (FADTI) derived from
postmortem DTI performed on the tissue before tissue sectioning
at regions that match the histological analyses (Fig. 5a,b). Statis-
tically significant correlations were observed between the 10 FAST̃

and FADTI values measured from brains at
both ages for all three cellular markers,
though the correlation was more robust
for MAP2 (r � 0.98, p 
 0.0001) and vi-
mentin (r � 0.89, p � 0.0006) than for
SMI312 (r � 0.64, p � 0.05). Notably, fit-
ting the MAP2 data shown in Figure 5e to
a line yields a slope near unity (fitted
slope, 0.98) and an intercept near zero
(fitted intercept, 0.04), and this line si-
multaneously approximates the G135 and
G90 data. In contrast, the observed rela-
tionships between FADTI and FAST̃ for
both vimentin and SMI312 are more
complex. Positive correlations are ob-
served between water diffusion and struc-
ture tensor anisotropy for both of these
markers at G90; however, in neither case
do the data fit a line intersecting the ori-
gin. Instead, extrapolation of the G90 data
for these markers indicates that at a FAST̃

value of zero, significant water diffusion
anisotropy, characterized by a FADTI value
in the range of 0.3– 0.4, would be ob-
served. Moreover, the extent of correla-
tion between FADTI and FAST̃ is not
consistent between G90 and G135 for these
markers. Nevertheless, statistically signifi-
cant positive correlations were found be-
tween FADTI and FAST̃ when the G90 and
G135 data were pooled, indicating that ax-
onal as well as radial glial cell process mor-
phology is associated with water diffusion
anisotropy in the developing cerebral cor-
tex, albeit more weakly associated than for
dendrites.

Region-dependent changes in surface
expansion and folding
For the purpose of comparing regional
patterns in FA changes with patterns of
surface expansion and folding, the isocor-
tex was subdivided into eight ROIs. The
primary cortex was subdivided into occip-
ital (Fig. 6a, inset, blue), auditory (cyan), so-

matosensory (maroon), and primary motor (red) areas, and the
nonprimary cortex was parcelated into nonprimary temporal (ma-
genta), parietal (green), insular (orange), and frontal (yellow)
cortices. Of these eight ROIs, seven consist entirely of isocortex
(allocortex contributes to part of the insular region). In a previ-
ous cross-sectional study of baboon cortical growth (Kroenke et
al., 2007), it was found that the region rostral to the superior tem-
poral gyrus and lunate sulcus comprised 37% of the isocortex at G90,
but this increased to 44% at ages G125 and G146 (the gestational term
for baboons is 185 d), indicating the rostral half of the cortex expands
more rapidly than the caudal half between G90 and G125. In this study,
the corresponding rostral half of the brain consists of prefrontal, motor,
andsomatosensoryregions.Theseaccountedfor42%oftheisocortexat
G85, and this increased to 45% at G110 and G135. Thus, on a coarse-
grained scale, the regional pattern for cortical surface area expansion is
similar between baboon and rhesus macaque.

For this study, as a result of the longitudinal design, a more
detailed examination of surface expansion is possible. For the

Figure 4. Differentiation of cell processes in fetal cerebral cortex illustrated by immunohistochemical staining. a–l, Vimentin-,
MAP2-, and SMI312-labeled cell structures are shown for SF and occipital cortex from G90 (a–f ) and G135 (g–l ) brains. All frames
have been aligned such that the upper border is parallel to the pial surface and located at the approximate position of the border
between the marginal zone and the cortical plate. Each image is a maximum projections of a confocal image stack of thickness
ranging from 30 to 60 �m. Scale bar, 10 �m.
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seven isocortical regions defined in Figure
6a, surface area was determined for the six
hemispheres that were analyzed at the
three gestational ages of G85, G110, and
G135. Additionally, surface areas of each
region were determined from the INIA19
adult atlas data. The cerebral cortex sur-
face area was expressed as a ratio of the
surface area at maturity for each region,
and these are plotted as a function of ges-
tation age in Figure 6a. In Figure 6b,
changes in the fraction of adult surface area
(�SA/SAadult) between G85 and G110, as
well as between G110 and G135, are plot-
ted for each cortical ROI. Statistically sig-
nificant differences in �SA/SAadult among
regions were observed between G85 and
G110 (ANOVA, p 
 0.0001) and between
G110 and G135 (ANOVA, p 
 0.0001).
However, as can be seen in Figure 6b, the
rank order of expansion among regions
differs between the two developmental in-
tervals. For example, expansion of the
nonprimary parietal region (green) is
among the slowest between G85 and
G110, but becomes the fastest between
G110 and G135.

As observed for surface area, K * also
exhibits regional variability with develop-
ment. For each of the seven regions of iso-
cortex, the average K * value for all surface
nodes, K *, was divided by the correspond-
ing value of K * at maturity (Kadult

* ), and
these are plotted as a function of gestation
age in Figure 6c. In Figure 6d, the change
in average curvature for each region is
plotted for the two developmental inter-
vals. Statistically significant differences in
�K */Kadult

* between isocortical regions
were also observed both for the interval
between G85 and G110 (ANOVA, p 

0.0001) and between G110 and G135
(ANOVA, p � 0.0002).

Associations between reductions in FA,
cortical folding, and surface
area expansion
Diffusion anisotropy was quantified in the
cortical regions at each gestational age
(Fig. 6e), and, as shown in Figure 6f, sig-
nificant differences among the isocortical
ROIs were observed in the reduction in
FA between ages of G85 and G110 (ANOVA, p 
 0.0001) and
between G110 and G135 (ANOVA, p 
 0.0001). Comparisons
between changes in surface area (Fig. 6b), curvature (Fig. 6d), and FA
(Fig. 6f) reveal similarities between the latter two measures that are
not shared with surface area. Surface area expansion accelerates for
all isocortical regions from the fist to the second gestation age inter-

vals. In contrast, for both �K */Kadult
* and �FA, the rates of change

decrease for the common set of regions that exhibit the largest
changes from G85 to G110. The Figure 6 plots therefore suggest that
correlations exist between FA and K * that are not shared with SA.

In Figure 7, correlations between the three metrics are exam-
ined directly. Despite that both FA and surface area exhibit re-
gional variation in maturation throughout the cortex, temporal
and regional patterns identified for these two aspects of cerebral
cortical development were not found to be related to each other.
As shown in Figure 7b, a statistically significant correlation was
not observed between �FA and �SA/SAadult (r � 0.19, p � 0.52),
nor were significant correlations observed when analyzed sepa-
rately between ages G85 and G110 (r � �0.18, p � 0.71; Fig. 7b,
filled symbols) or between ages G110 and G135 (r � �0.45, p �
0.32; Fig. 7b, open symbols). To characterize the pattern of �SA/

Figure 5. Correlation between structure tensor anisotropy of cell processes stained using immunohistochemical procedures
and water diffusion anisotropy. a, b, Axial slices of FA parameter maps obtained from a postmortem G90 hemisphere (a) and a
G135 hemisphere (b) are shown at the indicated locations (insets, dashed lines). Seven ROIs from the G90 cortex and three ROIs
from the G135 cortex were selected (red boxes), and structure tensors of matching ROIs from confocal images were calculated. c, As
illustrated with a MAP2 image obtained from the occipital lobe of a G90 hemisphere, cellular elements are aligned perpendicular
to the pial surface, resulting in significantly higher variability in image intensity along the directions parallel to the pial surface
(e.g., the x and z directions in c) than perpendicular to it (the y direction in c). d, Eigenvalue-reordered 3D structure tensors are
overlaid (green ellipsoids) on a 3D surface rendering of MAP2-stained dendrites in (red structures). e– g, Structure tensor anisot-
ropy (FAST̃) of all ROIs calculated from MAP2 (e), vimentin (f ), and SMI312 (g) staining are plotted against their correspondence
water diffusion anisotropy (FADTI). Data from the G90 brain are represented by filled symbols, while data from the G135 brain are
represented by open symbols.
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SAadult ratios in more detail, the surface area associated with each
surface node was determined at G85, G110, G135, and adult-
hood. Node-based �SA/SAadult ratios are overlaid on the average
G110 surfaces in Figure 8. Over the period from G85 to G110,
surface area expansion is highest in the insula, the ventral parts of
motor and somatosensory regions, and throughout the auditory
cortex, including the entire superior temporal gyrus (Fig. 8a).
This pattern contrasts with the region of cortex undergoing the
most dramatic FA changes over this period (Fig. 8b), which ex-
tends throughout the primary motor and somatosensory cortices
and includes the dorsal part of the superior temporal gyrus,
which subserves primary auditory functions, and the dorsal part
of the occipital region (primary visual cortex; Fig. 8b). From
G110 to G135, the most rapidly expanding regions include more
dorsal aspects of the motor and somatosensory cortices as well as
the temporal cortex (Fig. 8d). Again, this contrasts with the re-
gions exhibiting the greatest changes in FA, which occur in the

frontal and, more rostrally, in the tempo-
ral and occipital lobes (Fig. 8e).

In contrast to surface area, the regional
pattern of change in curvature does corre-
late with the regional pattern of change in
cerebral cortical FA. As shown in Figure
7e, a linear relationship is observed be-
tween increasing �K */Kadult

* and decreas-
ing FA across region and gestation age.
The average �K */Kadult

* for each region is
negatively correlated with the change in
FA (r � �0.54, p � 0.047), and between
G85 and G110 (Fig. 7f, filled symbols; r �
�0.81, p � 0.027), but a statistically sig-
nificant association is not observed be-
tween G110 and G135 (Fig. 7f, open
symbols; r � �0.56, p � 0.19). Compari-
sons between folding and surface area ex-
pansion illustrate that changes in
curvature are nearly complete by G135,
but considerable surface area expansion
potential still remains at this gestational
stage (Fig. 1a). As a result, there are differ-
ences in SA/SAadult ratios among cortical
regions at G135 (Figs. 6a, 7a,c); however,
at this age, all regions approach curvature
values of a mature brain, as evident from
relatively uniformly high �K */Kadult

* ratios
(Figs. 6c, 7c). Over the periods from G85
to G110 and G110 to G135, the average
�K */Kadult

* for each region is not correlated
with �SA/SAadult (both intervals pooled,
r � 0.064, p � 0.83; G85 to G110, r � 0.40,
p � 0.37, Fig. 7d, open symbols; G110 to
G135, r � �0.36, p � 0.43, Fig. 7d, filled
symbols), indicating the lack of a consis-
tent relationship between these two as-
pects of cerebral cortical development
over the G85 to G135 age range.

The regional changes in surface curva-
ture have also been determined for indi-
vidual nodes, and these can be compared
to changes in FA and surface area in Fig-
ure 8, c and f. Over the period from G85 to
G110, curvature changes are greater in
primary motor and somatosensory as well

as parietal cortex than in other regions of the cortex (Fig. 8c), and
this pattern largely parallels changes observed in FA over the
same gestation age range (Fig. 8b). Similarly, from G110 to G135,
frontal areas and cortex containing the rostral border of the oc-
cipital lobe show high changes in curvature (Fig. 8f), as is also
observed for FA changes, particularly within the occipital/tem-
poral cortex (Fig. 8e).

Discussion
The rhesus macaque cerebral cortex undergoes dramatic growth
during the second half of gestation. Here, in utero diffusion and
T2-weighted MRI were used to monitor cellular morphological
development as it relates to surface area expansion and the for-
mation of gyral and sulcal folds. This data set provides new infor-
mation that can be used in computational studies of cerebral
cortical folding biomechanics and for interpreting the cellular

Figure 6. Cortical ROI-based analyses of cortical surface expansion, folding, and FA reduction from G85 to G135. a, Isocortices
were parceled into seven regions (inset). In each plot, data points are color coded according to ROI shown in the inset in a. a, c, e,
SA/SAadult (a), K */Kadult

* (c), and FA (e) averaged over six hemispheres are plotted against gestation age. b, d, f, �SA/SAadult (b),
�K */Kadult

* (d), and �FA (f ) averaged over six hemispheres are plotted for developmental time intervals G85 to G110 and G110
to G135. Error bars represent sample SDs in all six plots.
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bases of abnormal folding patterns ob-
served in some neurodevelopmental
disorders.

Neuropil constituents that influence
water diffusion anisotropy in the
developing cerebral cortex
In previous DTI studies of rat pups (Si-
zonenko et al., 2007), mouse embryos
(Aggarwal et al., 2015), and human fetuses
(Huang et al., 2013), high cortical FA was
attributed to highly organized RGC pro-
cesses. Other studies have associated the
loss of cortical FA with differentiation of
neuron dendrites and axons (McKinstry
et al., 2002; deIpolyi et al., 2005; Jespersen
et al., 2012). Herein, specific contribu-
tions of axonal, dendritic, and radial glial
cell processes to water diffusion anisot-
ropy were characterized with histological
analyses of postmortem fetal brain tissue
obtained immediately following MRI proce-
dures. Among the cellular processes char-
acterized, morphological maturation of
dendrites most closely paralleled the pat-
tern of water diffusion anisotropy within
isocortex, though an association with
radial glial cell morphology was also
observed. These findings are consistent
with dendritic differentiation contrib-
uting substantially to the observed re-
duction in cortical FA in the rhesus
gestational development.

Myeloarchitecture is another cellular
structural characteristic that exhibits re-
gional variation throughout the cerebral
cortex. Neuroimaging methods for map-
ping cortical myelin content in vivo have
been developed previously (Glasser and
Van Essen, 2011), and the observed re-
gional pattern of myelin content relates to
brain functional organization on the indi-
vidual level (Glasser et al., 2016; Hunt et
al., 2016). The anatomical processes asso-
ciated with cortical FA changes character-
ized in this study precede myelogenesis,
which occurs postnatally in humans
(Deoni et al., 2015). However, in common
with myelogenesis, maturation of the neuropil, as reflected in
cortical FA changes, is integral to functional development of the
cerebral cortex. Thus, measurements of cortical FA and myelin
content changes will present the opportunity to perform an inte-
grated characterization of cortical maturation in future studies.

Linkages between microstructural and macroscopic cerebral
cortical development
The temporal and regional patterns of surface area expansion
observed in this study build on observations from studies of other
species. In a study performed on ferrets (Knutsen et al., 2013), a
transition in the rate of cerebral cortical surface expansion was
observed from 14.6 to 36.7 mm 2/d per hemisphere, and this tran-
sition occurred at postnatal day 12.7 [corresponding to postcon-
ception day 53.7 (PC53.7)]. Similarly in baboon, surface area

expansion changes from a rate of 26.8 to 106 mm 2/d per hemi-
sphere at approximately G120 (Kochunov et al., 2010). In this
study, a threefold increase in the rhesus macaque isocortical sur-
face area expansion rate, from 42 to 120 mm 2/d per hemisphere,
was found to occur at G102. According to the regression model of
Workman et al. (2013), a G102 rhesus macaque corresponds to a
PC51 ferret, which coincides closely with the observed age of
PC53.7. In rhesus macaques, neurogenesis concludes between
G80 and G100, depending upon the cortical location (Rakic,
2002), and �14 d are needed for pyramidal neurons to migra-
tion from germinal zones to the superficial cortex follows neu-
rogenesis (Rakic, 1978). Therefore, the transition in surface
area expansion rate reflects the transition between the neuro-
genesis phase and dendritic differentiation phase in these
species.

Figure 7. Cortical ROI-based analyses of associations between cortical surface expansion, folding, and FA reduction. As in Figure
6, data points are color coded according to ROI shown in the inset in a. a, c, e, For every hemisphere, mean FA, SA/SAadult, and
K */Kadult

* for each of the seven cortical regions are plotted against each other. b, d, f, Changes in the isocortical parameters, �FA,
�SA/SAadult, and �K */Kadult

* from G85 to G110 (open symbols) and from G110 to G135 (closed symbols) are plotted against each
other.
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Regional patterns in cerebral cortical FA identified in a num-
ber of gyrencephalic species (deIpolyi et al., 2005; Kroenke et al.,
2007, 2009; Yu et al., 2016) were also apparent in the in utero data
acquired from rhesus macaque fetuses in this study. It should be
noted that for lissencephalic species such as mice and rats, a re-
duction in FA is observed at a developmental time period that
corresponds to that for gyroencephalic species (Leigland and
Kroenke, 2011). Thus, even though cortical folding does not oc-
cur in every species, for gyroencephalic species, it takes place
during the stage associated with reductions in cortical FA. In
contrast to prior work, in this study, longitudinal FA and surface
area measurements enabled more definitive assessment of re-
gional patterns in cerebral cortical development. Surprisingly,
although regional variation in surface area expansion was ob-
served in the rhesus macaque cerebral cortex, the regional pattern
does not match the pattern of the loss of cerebral cortical diffu-
sion anisotropy.

Longitudinal characterization of surface curvature also re-
vealed regional patterns in cortical folding, which is consistent
with, but more detailed than, previous studies of ferrets (Smart
and McSherry, 1986) and cynomolgous macaques (Sawada et al.,
2012). In contrast to surface area, statistically significant asso-
ciations between change in curvature and FA were observed

throughout the developmental intervals
examined. Thus, regional variation in
changes in FA and curvature were corre-
lated with each other, but neither was cor-
related with surface area changes (Fig.
7b,d,f). In a study of preterm human new-
borns, deIpolyi et al. (2005) were unable
to detect associations between gyrification
and cortical FA. The study design adopted
here, involving longitudinal investigation
of entire cerebral cortices, has achieved
the level of sensitivity needed to uncover
this relationship. In addition to the ob-
served regional patterns, the timing of
curvature and FA changes closely match
each other, but neither follows the pattern
observed for surface area. By G135, sur-
face curvature is 86.7% of the value at ma-
turity, compared with only 61.5% in
surface area. As shown in Figure 2h, FA
has nearly uniformly approached the ma-
ture value throughout the cortex, which
more closely resembles the timing of mat-
uration for curvature than surface area.
Such decoupling of the developmental
timing between cortical surface or brain
size and folding has also been noted in
studies of cynomolgus monkeys (Sawada
et al., 2012) and humans (Armstrong et
al., 1995).

Implications for cerebral
cortical folding
Two prevailing views on the biophysical
mechanisms governing cerebral cortical
folding differ with regard to the identity of
the active tissue component. According to
one theory, folding occurs through me-
chanical buckling, which is a consequence
of differential growth between the devel-

oping cortex and subjacent tissue zones (Richman et al., 1975;
Bayly et al., 2013; Budday et al., 2014; Tallinen et al., 2014). A
contrasting theory is that axon tension, derived from cellular
elements outside of the cortical sheet, causes the cortex to fold by
pulling opposite banks of gyri together (Van Essen, 1997; Van
Essen et al., 2006; Herculano-Houzel et al., 2010). Results of di-
rect measurements of mechanical tension in slices of developing
ferret brain tissue counter the axon tension hypothesis (Xu et al.,
2010). Furthermore, a 3D experimental system consisting of lay-
ered gels that can be induced to swell at differential rates was
developed previously for studying surface buckling (Tallinen et
al., 2016). Under conditions that mimic developing brain tissue,
this system can produce folding patterns that resemble various
cortical morphological properties, including sulcal depth, spatial
wavelength, and brain gyrfication index, by varying the difference
in growth rates between cortical and subcortical zones (Tallinen
et al., 2014). Thus, mounting experimental evidence supports
expansion-driven buckling as an important contributor to corti-
cal folding.

Mechanical simulations provide further insight into the bio-
mechanics of differential cortical/subcortical expansion rates in
cortical folding, and the findings of this study build on the bio-
logical foundation of this computational work. In computational

Figure 8. Comparison of regional patterns of cortical surface expansion, FA reduction, and gyrification. a– c, Node-based
�SA/SAadult, reduction in FA (b; ��FA is the FA for the earlier time point minus FA for the later time point), and �K */Kadult

* (c)
are overlaid on the average G110 cerebral cortex surface for the period ranging from G85 to G110. Analogous parameters for the
and from G110 to G135 period are shown in d–f, respectively.
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simulations, cortical morphology is shown to depend on the rate
of cerebral cortical “morphogenetic growth” (Budday et al.,
2014), tangential expansion rate (Tallinen et al., 2014), or the
ratio of cortical growth to the rate of subcortical stress-induced
growth (Bayly et al., 2013). Although these parameters are explic-
itly input into simulations, the underlying biological processes
they represent have not been defined. The findings of this study
provide quantitative measurements of region-dependent surface
area expansion rates. Furthermore, development of dendritic ar-
bor complexity is associated with cortical folding during the ini-
tial phase of rapid surface area expansion. An interesting
possibility raised by implication is that abnormal folding origi-
nates from deficits in dendritic differentiation, rather than per-
turbation of white matter maturation, as proposed previously
(Van Essen et al., 2006).

Conclusion
Concerted changes in cellular morphology, water diffusion an-
isotropy, and curvature take place in the rhesus macaque fetal
cerebral cortex. Relationships between these anatomical charac-
teristics with respect to gestation age and cortical region suggest
that gyral and sulcal folding occurs in association with the devel-
opment of dendritic, and to a lesser extent axonal and glial cell
process arbors, which can be monitored noninvasively with dif-
fusion MRI. In contrast, the timing and regional pattern of sur-
face area expansion differ from folding, cerebral cortical water
diffusion anisotropy, and, hence, cellular morphological devel-
opment. Therefore, expansion of the cerebral cortical surface
area can occur independently of shape changes and changes in the
orientation distribution of cell processes. These findings are con-
sistent with the possibility that abnormal folding patterns associ-
ated with functional deficits in mature individuals are derived
from perturbed cellular morphogenesis early in development.
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