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The global and regional changes in the fetal cerebral cortex in primates were mapped during 
primary gyrification (PG; weeks 17–25 of 26 weeks total gestation). Studying pregnant baboons 
using high-resolution MRI in utero, measurements included cerebral volume, cortical surface 
area, gyrification index and length and depth of 10 primary cortical sulci. Seven normally 
developing fetuses were imaged in two animals longitudinally and sequentially. We compared 
these results to those on PG that from the ferret studies and analyzed them in the context of 
our recent studies of phylogenetics of cerebral gyrification. We observed that in both primates 
and non-primates, the cerebrum undergoes a very rapid transformation into the gyrencephalic 
state, subsequently accompanied by an accelerated growth in brain volume and cortical 
surface area. However, PG trends in baboons exhibited some critical differences from those 
observed in ferrets. For example, in baboons, the growth along the long (length) axis of cortical 
sulci was unrelated to the growth along the short (depth) axis and far outpaced it. Additionally, 
the correlation between the rate of growth along the short sulcal axis and heritability of sulcal 
depth was negative and approached significance (r = −0.60; p < 0.10), while the same trend for 
long axis was positive and not significant (p = 0.3; p = 0.40). These findings, in an animal that 
shares a highly orchestrated pattern of PG with humans, suggest that ontogenic processes 
that influence changes in sulcal length and depth are diverse and possibly driven by different 
factors in primates than in non-primates.
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is unlikely that high-resolution sequential MRI studies on normal 
human brain development will ever been possible. Consequently, 
we have investigated fetal brain development in utero in pregnant 
baboons with high-resolution MRI. Baboons are the most closely 
related Old World monkey to humans (Rogers et al., 2000).

Gyrogenesis is an ontogenic process that transforms the smooth 
(lissencephalic) cortex of a developing mammalian brain toward 
its mature, convolved (gyrencephalic) state by sculpting an intri-
cate pattern of gyri and sulci. In primates, primary gyrogenesis 
(PG) begins after completion of neuronal proliferation and migra-
tion and its progression is accompanied by accelerated cerebral 
growth (Armstrong et al., 1991, 1995; Pillay and Manger, 2007). 
In primates, PG is followed by secondary gyrogenesis (SG), which 
occurs postnatally (Armstrong et al., 1991, 1995). Although PG 
putatively emerges from and bears on such important ontogenic 
processes as neuronal migration and differentiation, formation of 
functional associations and hemispheric lateralization (Galaburda 
and Pandya, 1982; Welker, 1990), its mechanisms are poorly 

IntroductIon
In utero development of the human brain entails complex series of 
morphogenetic processes influenced by environment, genetics as 
well as epigenetics, and its aberrations have life-long consequences. 
Emerging understanding of the fetal origins of adult diseases now 
recognizes that many trajectories to health or disease originate long 
before birth (Barker, 2004). Neuropsychiatric disorders ranging 
from schizophrenia, autism, addictions, attention deficit disorder 
and mood disorders all have been proposed to have fetal origins 
(Rapoport et al., 2005; Casey et al., 2007; Kalia, 2008). Additionally, 
devastating anomalies in brain formation, including microen-
cephaly and lissencephaly, are traced directly to prenatal events 
(Mochida, 2009). Magnetic resonance imaging provides extraor-
dinary and largely non-invasive quantitative datasets of developing 
structures. Clinically, it has been introduced into obstetrics prima-
rily to ascertain and confirm fetal anomalies (Gagnon et al., 2009). 
Concerns remain about unwarranted exposures of the developing 
fetus to non-therapeutic imaging sources (Buls et al., 2009), and it 
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understood, preventing a clear understanding of the significance 
of aberrant gyrification reported in disorders such as autism and 
schizophrenia (Gaser et al., 2006; Bonnici et al., 2007). Among the 
many theories that attempt to explain the process of PG, none has 
been experimentally validated (Richman et al., 1975; Welker, 1990; 
Van Essen, 1997; Toro and Burnod, 2005), partly because precise 
morphological measurements of changes during PG are difficult to 
obtain. However, recent technological development in the imaging 
techniques that use no ionizing radiation, such as MRI allowed for 
safe and non-invasive collection of longitudinal data describing 
fetal development.

Fetal MRI emerged over two decades ago as an important clinical 
tool for early diagnosis of deviations from normal cerebral devel-
opment, such as lissencephaly and ventromegaly (Thickman et al., 
1984; Garel, 2004; Toi et al., 2004; Prayer et al., 2006). More recently, 
MRI in conjunction with quantitative image analysis emerged as 
a research modality to map the longitudinal trajectory of normal 
development, including changes in gyrification and regional cer-
ebral morphology, and development of cerebral white matter (WM) 
tracts (Grossman et al., 2006; Kasprian et al., 2008; Hu et al., 2009). 
However, technological limitations such as the high rate of energy 
deposition, known as specific absorption rate (SAR), and fetal head 
motion have prevented the collection of the ultra-high resolution 
3D data necessary for regional quantification of the cerebral gyri-
fication trends. Specifically, in utero imaging is usually performed 
using T2-weighted, fast spin echo (FSE) sequences (Thickman et al., 
1984; Garel, 2004; Toi et al., 2004; Prayer et al., 2006), and the use of 
these sequences can be impeded by potentially unsafe levels of RF 
energy. Therefore, most of the in utero imaging studies have been 
performed using 2D, thick-slice (2–7 mm) acquisition protocols 
with a loss of contiguity in imaging data (Grossman et al., 2006; Liu 
et al., 2008). Recently, we developed a novel in utero MRI protocol 
to address these limitations. This protocol uses a low-SAR sequence 
and a retrospective motion correction approach to collect 3D ultra-
high-resolution imaging of fetal brain (Kochunov and Duff Davis, 
2009). Additionally, the protocol implements respiratory gating and 
retrospective motion correction to reduce fetal head motion related 
artifacts (Kochunov et al., 2006; Kochunov and Duff Davis, 2009). 
This new neuroimaging tool can be employed for precise track-
ing of global and regional gyrification processes in non-human 
primate fetuses. This novel non-invasive strategy enables in utero 
measurements, in some cases at multiple time points within an 
individual animal, to be directly compared to observations previ-
ously accessible only through invasive histological analysis of post 
mortem brain tissue.

We compared the gyrification trends in baboons and to the data 
obtained by the most extensively documented treatise on the PG, 
performed in ferret by Smart and McSherry (1986a). This classic 
work by Smart and McSherry has become the foundation for recent 
gyrification theories (Welker, 1990; Armstrong et al., 1991) and 
reported three important trends. First, that PG proceeds rapidly 
and this corresponded to an accelerated brain growth. In the fer-
ret’s brain, lissencephalic at birth, an adult-like pattern of gyrifica-
tion was established during the first week of postnatal life and no 
further changes were observed after the 4th week of postnatal life 
(Neal et al., 2007). The second finding was the growth of corti-
cal sulci along the long axis was uniform and proportional to the 

overall expansion of the hemispheres. The third finding was that 
the increases in gyral depth corresponded to radial expansion of 
cortical surface associated with myelination of the underlying gyral 
WM (Smart and McSherry, 1986a,b; Kroenke et al., 2007). In this 
manuscript we aimed to replicate the classical findings of Smart 
and McSherry using non-invasive imaging and hypothesized that 
the PG trends in a non-human primate would be similar to these 
reported in ferret.

We collected imaging data in baboons (Papio hamadryas 
Anubis) with the aim of replicating and expanding on the three 
aforementioned observations of this important process. Baboons 
were chosen for this study because, as the Old World monkeys, 
they possess a highly orchestrated pattern of cerebral development 
that is shared with humans (Armstrong et al., 1995; Pillay and 
Manger, 2007). Moreover, no other laboratory monkey is closest 
to humans from an evolutionary perspective (Stewart and Disotell, 
1998). Additionally, baboons are exceptionally suitable for neu-
roimaging-based research. Compared with other common labo-
ratory monkeys, baboons have the largest brain, with the average 
cerebral volume being at least twice as large as the cerebral volume 
of second largest laboratory primate, the macaque mulata (Martin, 
1990; Leigh, 2004). Additionally, baboon brain was shown to have 
the highest cerebral gyrification index (GI) and to express all the 
primary cortical structures homologues to humans (Kochunov and 
Duff Davis, 2009; Rogers et al., 2010).

Our previous work in baboons concentrated on understanding 
the role genetic factors play in explaining the intersubject variability 
of the cerebral morphology (Rogers et al., 2007, 2010; Kochunov 
et al., 2009b). We demonstrated that the intersubject variability in 
cerebral brain volume, cortical surface area, GI, and sulcal length 
and depth were highly influenced by genetic factors. Specifically, 
we studied the regional pattern of variability in the heritability, 
the degree of intersubject variance ascribed to genetic factors, of 
cortical structures. Previously, several models attempted to explain 
regional differences in the genetic contribution to intersubject vari-
ability by suggesting that progressively lower heritability will be 
observed for the structures that appear later in cerebral develop-
ment and therefore more susceptible to environmental influences 
(Cheverud et al., 1990; Lohmann et al., 1999, 2007; Le Goualher 
et al., 2000; Brun et al., 2008; Chiang et al., 2008). However, our test-
ing of this model did not produce a significant finding (Kochunov 
et al., 2009b). Specifically, in our evaluation of the hypothesis that 
the pattern of heritability is modulated by the ontogenic age of the 
structure, we observed that the heritability of the later developing 
regions was not different from that of early developing regions 
(Kochunov et al., 2009b). Here, we examine whether the regional 
heritability pattern calculated in adult animals is modulated by the 
regional rates of primary gyrification. Specifically, we hypothesize 
that higher rates of in utero development shall progressively cor-
respond to the higher heritability values in adult animals.

MaterIals and Methods
Pregnant anIMals
In utero imaging of seven (3/4 M/F) normally developing fetuses 
was performed during a total of 10 sessions covering the period 
of PG from weeks 17 to 25 of the 26.5-week long gestation period 
(Figure 1). Fetal gestation age was calculated from the date of last 
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(2009). In short: our objective was to develop a low SAR, isotropic 
3D protocol with a superior signal-to-noise ratio and good contrast 
among gray matter (GM), WM, CSF, and amniotic fluid. To overcome 
the SAR limitations of the FSE sequences, this protocol is based on a 
balanced gradient echo (TrueFISP) sequence. This sequence is nota-
ble for providing the highest level of signal per TR interval among 
all MR sequences, which makes it highly desirable for SNR-limited 
high-resolution 3D imaging. Its image contrast depends on the T2/
T1 ratio as opposed to T2; however, the contrast among brain tissue 
is qualitatively similar to that of a T2-weighted sequence (Figure 1). 
Additionally, this protocol uses very short (400 ns), high bandwidth-
time product (∼6) excitation pulses to increase regional tissue contrast 
through magnetization transfer saturation (Bieri and Scheffler, 2007; 
Kochunov and Duff Davis, 2009). This protocol was developed for seg-
mented, respiration-triggered acquisition of imaging data. The typical 
respiration frequency of 8–10 breaths/min and 1 s trigger delay time 
allows data acquisition cycles of 3–4 s. Segmentation for respiratory 
gating was achieved by acquiring all of the in-plane phase-encoding 
steps within a single acquisition cycle. A short TR allows one to acquire 
the 300–500 phase-encoding lines associated with a single value of 
the partition gradient within a single respiration cycle (∼3 s). Typical 
parameters were TE/TR/α = 1.86 ms/3.8 ms/40°.

Additionally, to reduce fetal head motion artifacts, structural 
images were acquired using a retrospective motion-corrected 
approach (Kochunov et al., 2006). High-resolution spatial sam-
pling and the need for sufficient SNR translate into long scan 
times, requiring fetal head to be remain motionless for periods of 
40–60 min. Unfortunately, such long scan times inevitably lead to 
the increased likelihood of motion even in anesthetized animals. To 
prevent motion-related artifacts we developed a method to parti-
tioned motion into two categories: intra- and inter-scan. Intra-scan 
motion leads to blurring and phase-related artifacts (Kochunov 
et al., 2006). Such artifacts cannot be adequately corrected. In 
contrast, inter-scan movements can be modeled as a 3-D rigid-
body motion and corrected using spatial realignment. To reduce 
the intra-scan motion we segment image acquisition into intervals 
of only 4–6 min long. The premise is that time-segmentation of 
data acquisitions helps cast the motion into the inter-scan category 
which can be modeled and corrected.

ProcessIng of structural IMages
The structural image processing pipeline used to extract morpho-
logical measurements of cerebral maturation is described elsewhere 
(Kochunov et al., 2009a). In short, images were processed in the four 
major steps: automated removal of non-brain tissue, which was fol-
lowed a manual detailing, correction for RF-inhomogeneity and tis-
sue classification using an automated segmentation tool (Smith et al., 
2004), and extraction of volumetric and surface area phenotypes using 
object-based-morphology (OBM) methods implemented in BrainVisa 
(www.brainvisa.info) cortical morphology (Kochunov et al., 2005).

MeasureMents of gyrogenesIs
Progress in cerebral maturation was tracked by global measures 
including: brain volume, cortical surface area, and GI; and regional 
measurements: length and depth of 10 primary cortical sulci. A 
notable exclusion was the Calcarine sulcus, whose extraction was 
unreliable due to bifurcation at the posterior aspect of the sulcus. 

ovulation (VandeBerg et al., 2009). Two female fetuses, animals 
A and B were imaged longitudinally. Animal A was imaged three 
times at weeks 17, 20 and 24 and animal (B) imaged twice at weeks 
20 and 24 (Figures 1I and 2–4 circles/triangles). Remaining five 
animals were imaged once (Figure 1I). The average age of the dams 
at imaging was 10.4 ± 2.9 years (range 8–15 years).

handlIng and anesthesIa
Animals were transported from the Southwest National Primate 
Research Center to the animal preparation area at the Research 
Imaging Institute. The animal handling and anesthesia protocol 
following previously described procedures (Rogers et al., 2007). In 
short, 15 min prior to scanning, each animal was sedated with keta-
mine (10mg/kg) and intubated with an MR-compatible tracheal 
tube. Once placed in the scanner, the anesthesia was maintained 
with an MR-compatible gas anesthesia machine with 5% isofluorane 
and animal’s blood pressure, end-tidal CO

2
 concentrations and core 

body temperature were monitored using MRI compatible equip-
ment. The isofluorane-based anesthesia was chosen for its excel-
lent safety record and the lack of long term detrimental effects in 
animals and humans (Sener et al., 2003; Aydin et al., 2008; Okutomi 
et al., 2009). This protocol and all animal procedures were reviewed 
and approved by the Institutional Animal Care and Use Committee 
of the Southwest Foundation for Biomedical Research.

IMagIng equIPMent
All imaging was performed using a Siemens 3 Tesla Tim Trio MRI 
scanner (Siemens, Erlangen, Germany). An 8-channel receive-only 
body matrix array coil was used as it provided full coverage of the 
fetal brain and excellent signal-to-noise ratio.

IMage acquIsItIon
High-resolution (isotropic 500 μm) images of the fetal cerebrum were 
acquired with a 3D, balanced steady-state free precession pulse proto-
col with respiratory gating and retrospective motion correction. The 
development of this protocol is discussed in Kochunov and Duff Davis 

FIguRe 1 | Sagittal (left) and axial (right) slices of a fetus (A) at week 24 
of in utero development. Axial slice at the level of the mid-central sulcus is 
showing excellent (∼20%) GM/WM contrast that allows for automatic 
deliniation of cerebral cortex.
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Details on the brain volume and cortical surface area measurements 
are described elsewhere (Rogers et al., 2007). Cerebral gyrification 
was measured using the GI, the ratio of the buried to the exposed 
cortex. We adopted the classical 2-D GI methodology (Zilles et al., 
1989) for 3-D surfaces by defining the GI as the ratio between the 
areas of a gyrated surface (Scortex) and the area of its convex hull 
(S

convexhull
) (Figure 1III).

GI = Scortex

convexhullS

Regional gyrification trends were tracked using automated 
measurements of length and depth for 10 primary sulci (Table 1; 
Figure 2III). The algorithms for measurements of sulcal length 
and depth are described elsewhere (Figure 2IV) (Cykowski et al., 
2007). Methods used for these analyses are available for download 
at ric.uthscsa.edu/personalpages/petr/

data analysIs
First, global and regional measurements from all animals were 
analyzed cross-sectionally using a linear regression analysis where 
gestational age, in weeks, was entered as an independent, criterion, 

variable. The data point at week 17 was excluded from the regres-
sion analysis to calculate weekly rates of change for global and 
regional measurements. The regression analysis yielded the weekly 
rates of change (β) and the proportion of variance (r) described 
by the criterion variable. In addition, longitudinal trends from two 
animals were analyzed separately and their rates of change (β) were 
compared to these obtained from the cross-sectional analysis.

The results for all analysis were expressed as absolute values as 
well as the fractions of the average adult values. Adult values were 
calculated from a large (180) sample of high resolution (isotropic 
500 μm) MRI data from 180 adult baboons with average age of 
16.0 ± 4.2 years (Rogers et al., 2007).

results
Cross-sectional analysis of cerebral brain volume, cortical surface 
area and GI indicated an accelerated growth with age in the period 
corresponding to the PG. The rate of brain volume growth in the 
7 weeks corresponding to the PG period (4.8 cm3/week, see Table 1; 
Figure 2) was more than twice the rate of growth in the preceding 
weeks (2.3 cm3/week estimated from the brain volume at week 17). 
The rate of growth of cerebral surface (7.4 cm2/week, see Table l; 
Figure 3) was three to four times higher than the rate of growth 

FIguRe 2 | (I) Cortical surfaces for six fetuses (A–F). (II) Ten primary sulci used for the analysis of the sulcal length and depth. (III) Measurement of gyrification index 
(GI). (IV) Measurements of sulcal length and depth.
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statistical significance was adjusted for multiple, 10, comparisons 
(p ≤ 0.005). Specifically, the slopes for surface area and sulcal depth 
for this animal were significantly (t ∼ −4.4; p < 0.005) smaller than 
the cross-sectional slopes (Figures 2 and 3).

dIscussIon
Our findings demonstrate the feasibility of obtaining longitudinal, 
non-invasive quantitative morphological measurements of PG in 
the developing fetal brain, in utero, in a large non-human primate 
using high-resolution MRI imaging. As the first aim, we confirmed 
in the baboon previous observations found in other species using 
postmortem tissue that gyrogenesis proceeds at a very rapid pace 
(Smart and McSherry, 1986a,b; Neal et al., 2007). The GI in baboons 
increased from the nearly lissencephalic state, as reflected by 
GI = 1.04, to a gyrocephalic state (GI = 1.28) in a period of 3 weeks. 
The changes in gyrification coincided with accelerated growth in the 
brain volume and cortical surface, replicating previously reported 
trends (Armstrong et al., 1991, 1995; Kroenke et al., 2007; Pillay and 
Manger, 2007). Overall, our findings were consistent with others that 
gyrification progresses at rapid rate and that this ontogenic period 
corresponds to acceleration in the growth of telencephalon (Smart 
and McSherry, 1986a; Kroenke et al., 2007; Neal et al., 2007).

Ontogenic changes in the average sulcal length revealed several 
novel and intriguing findings. First, the average rate of growth for 
the average sulcal length was almost five fold higher than that of 
the sulcal depth (Figure 3). The apparent consequence of this was 
that at the 24th week of gestation the average sulcal length was at 
nearly 80% of its adult value; compared to only 47% for the average 
sulcal depth. Therefore, postnatal development is responsible for 
only ∼20% of total change in the sulcal length and for over 50% in 
the changes in sulcal depth. This contrast between rates of growth 
in sulcal length and depth was not present in ferret where growth 
in sulcal length and depth was uniform (Smart and McSherry, 
1986a). Interestingly, the growth in sulcal depth in ferret’s brain 
was reported to be due to the radial expansion of gyral crowns, pre-
sumably due to maturation of the gyral WM (Smart and McSherry, 
1986a). This disparity in gyrification trends in baboons and ferrets 
is perhaps revealing the differences between PG and SG. In ferrets, 
the PG and SG proceed in parallel, postnatally, producing uniform 
growth along long and short sulcal axis. In baboons, the PG and 
SG are separated in time and expansions along the long and the 
short sulcal axis were not uniform.

In agreement with Smart and McSherry, the regional vari-
ability in sulcal length growth rates could almost entirely be 
explained by the intersulcal differences in adults (r = 0.89; 

prior to that (1.88 cm2/week estimated from the cortical surface area 
at week 17). Linear regression analysis showed that age accounted 
for 76–88% of the intersubject variability in global measurements 
(Table 1; Figure 3). By week 24, the average brain volume, surface 
area and degree of gyrification were at 48, 46, and 75% of adult 
values (Table 1).

As predicted by the second aim, the growth in sulcal length was 
uniform and proportional to the overall expansion of the hemi-
spheres. The cortical surface at 17 weeks was mostly lissencephalic, 
as reflected by a GI of 1.04 (Figure 1; Table 1). Only two cortical 
structures, the Sylvian and the superior temporal (STS) sulci, were 
distinguishable at that age (Tables 2 and 3). However, by 20 weeks, 
an adult like pattern of gyrification was observed for every brain 
(Figure 1). Analysis of regional trends in sulcal length indicated that 
the regional rates of growth in sulcal length have varied by a factor 
of four (average = 3.2 ± 1.1 mm/week) from 1.3 mm/week for infe-
rior parietal sulcus (IPS) to 5.3 mm/week for STS. However, these 
differences were largely accounted by the differences in the average 
sulcal length in adult animals (r = 0.89; p = 0.001) (Table 2) and 
when expressed as the percentages of adult values, the variability in 
the growth rates was greatly reduced (average = 7.7 ± 1.1%).

In contrast to findings in ferret, the growth along the long 
(length) and short (depth) sulcal axis were not uniform. The 
average sulcal depth (Figure 3, bottom) increased at a rate of 
0.68 ± 0.1 mm/wk or about 1.5 times less (5.2 ± 1.7%) than the 
normalized rate of increase in the sulcal length (7.7 ± 1.1%). As 
the consequence, by the 24th week, the average sulcal length and 
depth were at 32.8 ± 5.9 mm and 6.1 ±  1.4 mm, respectively, or 
79% and 47% of the average adult values, respectively (Table 2). The 
regional rates of growth for the sulcal depth have varied by a factor 
of three, from 0.4 mm/wk for the CGS and the CS to 1.3 mm/wk 
for the POS (Table 2). In contrast to the sulcal length, the regional 
sulcal depth growth rates did not significantly correlate with the 
average depth of adult sulci (r = 0.48; p = 0.2).

The plot of the heritability values for sulcal length in adults 
(Kochunov et al., 2009b) versus the weekly rate of change between 
weeks 20 and 24 (Table 2) showed a positive, but not significant 
trends (r = 0.31; p = 0.40) (Figure 5, top). The same plot of the 
for the sulcal depth measurements showed a trend that approach 
statistical significance (r = −0.60; p = 0.07), however, it was negative 
with higher heritability values observed for structures with smaller 
rates of change (Figure 5, bottom).

Two weekly rates of change (β) for the longitudinal trends for 
animal B were significantly different, from the rates of change cal-
culated from the cross-sectional analysis, even when the level of 

Table 1 | global measurements of the brain volume, cortical surface area and gyrification index (gI). Adult values were calculated from 180 live adult 

animals. Average values ± SEM.

Measurement 17 Weeks (N = 1) 20 Weeks (N = 3) 24 Weeks (N = 6) Weakly rate of change  Adult values† 

    relative to adult value*

Brain volume (cm3) 39.7 72.4 ± 3.8 84.0 ± 2.9 3.1 (cm3/week); 1.8% 173 ± 2.1

Cortical surface area (cm2) 32.8 66.0 ± 3.5 90.4 ± 4.4 6.6 (cm2/week); 3.4% 193.7 ± 1.5

Gyrification index 1.04  1.28 ± 0.02 1.41 ± 0.02 0.03; 1.5% 1.89 ± 0.07

*Calculated betweens weeks 20 and 24.
†Data from Kochunov et al. (2009b).
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small sample size, this difference trend approached statistical 
significance (t = 1.8; p < 0.10). The same comparison for the 
rates of sulcal length change was clearly non-trending (3.4 ± 1.2 
vs. 3.0 ± 1.1 mm/week, t = 0.5; p = 0.7). Moreover, neither the 
absolute nor relative rates of change in sulcal length and depth 
were significantly correlated with each other (r = −0.04; p = 0.9 
and r = 0.4; p = 0.4, respectively). However, other ontogenic 
processes, such as the growth of the subcortical structures and 
changes in the subplate need to be considered as well. The 
ontogenic processes that control the expansion of sulcal rib-
bon along the long (length) and short (depth) axis therefore 
appears to be influenced by multiple factors.

Lastly, we studied the relationship between regional rates of 
growth and the heritability of sulcal length and depth measured 
in adult animals by our previous study (Kochunov et al., 2009b). 

p = 0.001) (Table 2). The two highest absolute rates of change 
in sulcal length were observed in long sulci that span the corti-
cal surface in the  anterior-to-posterior direction: the STS at 
5.5 mm/week and the CGS at 4.9 mm/week. In contrast, the 
growth rates in sulcal depth were not significantly correlated 
with the adult sulcal depth values (r = 0.47; p = 0.2). The highest 
rates of change in the sulcal depth were observed for the parietal-
occipital and Sylvian sulci (1.3 and 0.79 mm/week), neither of 
which are the deepest structures in adults. This could be an 
indication of an on-going, early  development in the occipital 
lobes, which are known to be among the first cortical areas to 
develop myelin (Flechsig, 1901). In fact, the average rates of 
change in sulcal depth were higher in the sulci located in the 
occipital lobe (POS,LU,IOS,STS) than other sulci (AR, CGS, 
CS, IPS,PS; 0.74 ± 0.33 vs. 0.50 ± 0.11 mm/week). Even with the 

FIguRe 3 | Brain volume (•), cortical surface area (n) and gyrification index 
(▲) showed linear increases during the time of primary gyrification. Solid 
lines show the results of linear regression analysis for brain volume 
(β = 4.80 ± 0.96, α = −30.9 ± 21.55; r2 = 0.76; p < 0.001), cortical surface area 
(β = 7.4 ± 0.75; α = −88.2 ± 16.87; r2 = 0.92; p < 0.001) and gyrification index 
(β = 0.04 ± 0.005 α = 0.44; r2 = 0.88 ± 0.12). Dotted lines show regression based 

on the data points (circles) from animal A (β = 5.82; α = −58.60; β = 7.03; 
α = −85.08; β = 0.05; α = 0.23; for volume, area and GI, respectively). Dashed 
lines show regression based on data points (triangles) from animal B (β = 2.93; 
α = 20.70; β = 4.17; α = −10.83; β = 0.03; α = 0.79; for volume, area and GI, 
respectively). The slope (β) for cortical surface (bold dashed line) was significantly 
smaller (t = −4.3, p = 0.002) for animal B than for the cross-sectional sample.
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however, another previous study by this group clearly showed that 
the process responsible for radial expansion of cortical surface, the 
myelination of cerebral WM is also clearly influenced by genetic 
factors (Kochunov et al., 2010).

lIMItatIons
Ideally, the results of this study should be viewed within the context 
of the specific mechanisms responsible for PG. However, none of the 
contemporary theories of PG, including  cephalopelvic (Leutenegger, 
1973, 1978; Trevathan, 1987; Rosenberg and Trevathan, 2002), mech-
anistic (Richman et al., 1975; Van Essen, 1997; Casey et al., 2007), 
morphogenic (Toro and Burnod, 2005) and tension-based (Van 
Essen, 1997; Hilgetag and Barbas, 2006; Huster et al., 2007), was 
based on or empirically validated using longitudinal measurements 
in higher mammals such as primates. The lack of PG theories driven 
by experimental data impedes the understanding of the significance 
of the aberrant gyrification reported in disorders such as autism and 
schizophrenia (Gaser et al., 2006; Bonnici et al., 2007). This work has 
shown that further studies that combine longitudinal MRI imaging 
with advanced genetics approaches such as gene manipulation are 
necessary to gain understanding of the complex process of PG.

In this study, we found that the length and depth of primary corti-
cal sulci were moderately heritable with genetic factors explaining 
about 40% of intersubject variability (Kochunov et al., 2009b). This 
study was the first to directly evaluate the hypothesis  suggesting 
that earlier appearing cortical structures are more tightly control-
led by genetic factors during development and therefore, show 
higher heritability (Cheverud et al., 1990; Lohmann et al., 1999, 
2007). However, our data showed that the genetic contribution to 
the variability of cortical phenotypes was not modulated by the 
ontogenic order of their appearance. The trends observed in this 
dataset provided evidence that the rates regional of growth were 
related to heritability values in adults. The trend between the rates 
of changes in sulcal length and heritability of sulcal length was 
positive but not statistically significant (r = 0.3, p = 0.4) (Figure 5, 
top). In contrast, the same trend for the sulcal depth was negative 
(r = −0.60) and approached statistical significance (p < 0.1); there-
fore indicating that sulci that developed over a more protracted 
ontogenic trajectory showed progressively higher heritability 
values. These finding further showed that the ontogenic changes 
along the long versus short sulcal axis are governed by the different 
ontogenic and genetic processes. These processes are yet unknown, 

Table 2 | Average (± SeM) sulcal length for 10 primary cortical sulci in fetuses age 17, 20, 24 weeks and adult animals.

Sulcal length (mm) 17 Weeks (N = 1) 20 Weeks (N = 3) 24 Weeks (N = 6) Rate (mm/week);   Adult length† Heritability (h2)† 

    % change of adult value*

Arcuate (ar) 0 13.9 ± 1.0 22.5 ± 0.6 1.3; 3.7 34.3 ± 1.6 0.11

Cingulate (cgs) 0 35.0 ± 1.9 46.8 ± 2.2 3.2; 5.8 54.4 ± 1.8 0.09

Central (cs) 0 26.5 ± 1.0 33.5 ± 1.3 1.7; 3.9 43.4 ± 1.2 0.52

Inferior occipital (ios) 0 15.1 ± 1.0 26.8 ± 1.2 2.7; 8.3 32.7 ± 1.3 0.67

Sylvian (syl) 17.7 34.5 ± 0.3 42.1 ± 0.9 1.9; 3.9 48.0 ± 0.6 N/A

Inferior parietal (ips) 0 27.6 ± 1.3 29.2 ± 1.2 0.6; 1.7 34.5 ± 1.6 0.20

Parietal-occipital (pos) 0 14.6 ± 2.0 22.5 ± 0.9 2.1; 6.5 32.5 ± 2.0 0.01

Lunate (lu) 0 18.8 ± 1.4 25.1 ± 0.8 1.4; 3.6 38.8 ± 1.4 0.31

Principal (ps) 0 17.2 ± 2.1 20.1 ± 0.9 1.5; 5.8 26.1 ± 1.0 0.49

Superior temporal (sts) 7.3 42.3 ± 2.0 57.7 ± 1.9 3.7; 5.1 72.5 ± 1.4 0.46

*Calculated betweens weeks 20 and 24.
†Data from Kochunov et al. (2009b).

Table 3 | Average ( ±  SeM) sulcal depth for 10 primary cortical sulci in fetuses age 17, 20, 24 weeks and adult animals.

Sulcal depth (mm) 17 Weeks (N = 1) 20 Weeks (N = 3) 24 Weeks (N = 6) Rate (mm/week);   Adult depth† Heritability (h2)† 

    % change of adult value*

Arcuate (ar) 0 1.9 ± 0.1 3.2 ± 0.4 0.37; 3.4 10.8 ± 1.1 0.34

Cingulate (cgs) 0 2.5 ± 0.2 3.8 ± 0.1 0.29; 3.0 9.7 ± 1.0 0.37

Central (cs) 0 4.0 ± 0.1 4.7 ± 0.2 0.18; 1.5 11.9 ± 0.7 0.99

Inferior occipital (ios) 0 3.2 ± 0.5 4.6 ± 0.3 0.35; 4.6 7.6 ± 1.8 0.28

Sylvian (syl) 2.1 6.9 ± 0.3 8.3 ± 0.4 0.38; 3.1 12.3 ± 0.8 N/A

Inferior parietal (ips) 0 4.9 ± 0.4 6.4 ± 0.2 0.32; 1.7 19.1 ± 1.6 0.12

Parietal-occipital (pos) 0 10.2 ± 2.5 13.4 ± 1.6 0.77; 5.0 15.3 ± 2.5 0.23

Lunate (lu) 0 6.9 ± 0.3 8.0 ± 0.6 0.33; 2.0 16.4 ± 2.1 0.66

Principal (ps) 0 1.9 ± 0.1 3.2 ± 0.4 0.51; 5.8 8.8 ± 1.3 0.30

Superior temporal (sts) 1.9 5.9 ± 0.2 7.6 ± 0.5 0.47; 2.7 17.3 ± 1.1 0.55

*Calculated betweens weeks 20 and 24.
†Data from Kochunov et al. (2009b).
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baboons were divergent in several important ways, possibly due 
to the species-dependent phenomena, as the primary and SG are 
separated in time in baboon but not in ferret. In ferrets, gyrifica-
tion was due to a uniform growth in sulcal length and depth. In 
baboons, gyrification was predominantly driven by growth in sulcal 
length, with the average sulcal length reaching ∼80% of its adult 
value by the 24th week of the 26.5 week-long gestational term. At 
the same time, the average sulcal depth was only 48% of its adult 
value. The sulcal growth along the long (length) axis was directly 
proportional to the sulcal length in adult, with longer sulci showing 
proportionally higher rates of growth. The rate of growth along the 
short axis (depth) was unrelated to average sulcal depth in adults, 
but was higher in the early maturing, occipital areas of the brain. 
Finally, we showed that the correlation between the rates of change 
along the short axis and the  heritability of  sulcal depth was negative 
and approached significance (r = −0.60; p < 0.10). The same trend 
for long axis was positive and not significant (p = 0.3; p = 0.40). 

Another limitation of the study is that it was based on the cross-
sectional analysis of maturational trends. Prior research has clearly 
shown that cross-sectional measurements cannot fully represent 
the trajectory of age-related change (Kraemer et al., 2000; Royall 
et al., 2005) obtained from serial examination of longitudinally 
studied cohorts. We further showed that the longitudinal trends 
for one of two animals, for which these data were available, were 
significantly different for the cortical surface area and average sulcal 
depth from these computed from the cross-sectional sample. We 
interpreted this as an indication of the normal intersubject vari-
ability in cerebral development, with some animals undergoing 
gyrification sooner than others.

conclusIon
This report describes evolving morphological changes in the fetal 
brain during PG, corroborating some of the landmark findings 
from work in ferret (Smart and McSherry, 1986a). The trends in 

FIguRe 4 | Average sulcal length (•) and depth (n) plotted versus week of 
gestation. Solid lines show the results of linear regression analysis for the 
average sulcal length (β = 3.28 ± 0.51; α = −47.2 ± 10.31; r2 = 0.87) and the 
average sulcal depth (β = 0.69 ± 0.11; α = −10.11 ± 2.6; r2 = 0.81). Dotted lines 
show regression based on the data points (circles) from animal A (β = 4.41; 

α = −70.78 and β = 1.03; α = −17.12; for length and depth, respectively). Dashed 
lines show regression based on data points (triangles) from animal B (β = 2.08; 
α = −16.72 and β = 0.19; α = 1.51; for length and depth, respectively). The slope 
(β) for cortical surface (bold dashed line) was significantly smaller (t = −4.3, 
p = 0.002) for animal B than for the cross-sectional sample.
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