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Prenatal  processes  are  likely  critical  for the  differences  in  cognitive  ability  and  disease  risk  that  unfold  in
postnatal  life.  Prenatally  established  cortical  folding  patterns  are  increasingly  studied  as  an  adult  proxy
for  earlier  development  events  – under  the as  yet  untested  assumption  that  an  individual’s  folding  pattern
is  developmentally  fixed.  Here,  we  provide  the  first empirical  test of this  stability  assumption  using  263
longitudinally-acquired  structural  MRI  brain  scans  from  75  typically  developing  individuals  spanning
ages  7 to 32  years.  We  focus  on  the  anterior  cingulate  cortex  (ACC)  – an  intensely  studied  cortical  region
CC
etal life
ulcal pattern
eurodevelopment
RI

that  presents  two  qualitatively  distinct  and  reliably  classifiable  sulcal  patterns  with  links  to  postnatal
behavior.  We  show  – without  exception–that  individual  ACC sulcal  patterns  are  fixed  from  childhood  to
adulthood,  at  the  same  time  that  quantitative  anatomical  ACC  metrics  are  undergoing  profound  devel-
opmental  change.  Our  findings  buttress  use  of folding  typology  as  a postnatally-stable  marker  for  linking
variations  in  early  brain  development  to later  neurocognitive  outcomes  in  ex utero life.

ublis
xecutive control © 2016  The  Authors.  P

. Introduction

Analysis of brain anatomy from in vivo structural magnetic
esonance imaging (sMRI) has become a major tool in biologi-
al psychiatry and psychology. Disorders like schizophrenia and
utism spectrum disorder, as well as traits like general cognitive
bilities, have been linked to variation in diverse neuroanatomical
eatures in postnatal life (Giedd and Rapoport, 2010; Kanai and
ees, 2011). However, there is a growing awareness that prena-
al processes are likely to be critical for the differences in cognitive
bility (Raznahan et al., 2012; Shenkin et al., 2004; Walhovd et al.,
012) and disease risk (Schlotz and Phillips, 2009) that unfold in

ostnatal life. Recognition of this has driven the search for neu-
oimaging features in late postnatal life that could serve as a proxy
or earlier developmental events. A leading candidate in this effort

∗ Corresponding author at: Laboratory for the Psychology of Child Development
nd Education, CNRS UMR  8240. Sorbonne, 46 rue Saint-Jacques, 75005 Paris, France.
el./fax: +33 1 40 46 3004/2993.
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license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).

has been typologies of cortical folding (Mangin et al., 2010; Sun
et al., 2009).

Unlike quantitative features of the cortical sheet, such as
thickness, surface area (Giedd and Rapoport, 2010) and curva-
ture/gyrification (Armstrong et al., 1995; Li et al., 2014; Raznahan
et al., 2011; White et al., 2010) – which can take decades to attain
the levels observed in adulthood–the qualitative pattern formed
by the characteristic set of primary, secondary and tertiary folds,
or sulci, seen in human adulthood is already evident at birth (Chi
et al., 1977; Mangin et al., 2010; Zilles et al., 2013). Inter-individual
variation in this qualitative sulcal pattern–a classic example being
the presence of a single or double parallel type of the ACC (Ono
et al., 1990), determined between 10 and 15 weeks of fetal life (Chi
et al., 1977) and present in 76 and 24% of adults respectively –
has therefore been used as a marker for prenatal differences. Thus,
ACC folding pattern has been linked to a host of cognitive domains
including executive control (Cachia et al., 2014; Fornito et al., 2004),

reality monitoring (Buda et al., 2011), temperament (Whittle et al.,
2009) and social cognition (Fujiwara et al., 2007). The inference of
these studies has been that observed qualitative differences reflect
a constraint imposed by early neurodevelopmental processes on
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he subsequent abilities. However, a critical and as yet untested
evelopmental assumption – upon which existing and future stud-

es of sulcal pattern typology as an early developmental marker
ecessarily rest – is that the folding typologies are stable across
ostnatal brain development.

Here, we provide the first empirical test of this stability assump-
ion using 263 magnetic resonance imaging (MRI) brain scans,
aken from 75 healthy people longitudinally followed from 7 to
2 years. We  focus on the ACC because it is a cortical region that
resents two qualitatively distinct sulcal patterns (Ono et al., 1990)
hat can be easily and reliably classified with structural MRI  from
hildhood (Cachia et al., 2014) to adulthood (Paus et al., 1996; Yucel
t al., 2001). We  evaluate the longitudinal stability of the ACC sulcal
attern from late childhood to adulthood, a developmental window
haracterized by significant structural remodeling of the brain as
hown by the drastic ACC cortical thickness, surface area and cur-
ature changes with time during this period (Hogstrom et al., 2013;
haw et al., 2008). We  complement our analysis of the longitudi-
al sulcal pattern stability by also investigating the longitudinal
hanges in cortical thickness.

. Material and methods

.1. Participants

Seventy five healthy participants (age range: 7.88–32.8 years
ld; age at first scan: 7.88–25.5 years old; age latest scan:
0.38–32.8 years old), including 26 females and 49 males, were
elected from a larger prospective study (Giedd et al., 1999) on brain
evelopment at the National Institute of Mental Health (NIMH)
ased on the presence of at least two longitudinally acquired brain
cans per subject (Fig. 1). Participants were free of lifetime medical
r psychiatric disorders, which were determined through clinical
xamination and standardized interview. Psychiatric illness in a

rst degree relative was also exclusionary. Further details on this
ample has been described previously (Giedd et al., 1999). The
esearch protocol was approved by the NIMH institutional review
oard. Written informed consent was obtained from parents and

Fig. 1. Participant age at scan. Each dot represents a participant s
 Neuroscience 19 (2016) 122–127 123

controls older than 18 years, and written informed assent was
obtained from minors.

2.2. MRI acquisition

All structural magnetic resonance imaging (sMRI) brain scans
were T-1 weighted images with contiguous 1.5 mm axial slices,
obtained on the same 1.5-T General Electric (Milwaukee, WI)  Signa
scanner using a 3D spoiled gradient recalled echo sequence with the
following parameters: Echo time, 5 ms;  Repetition time, 24 ms;  flip
angle 45 (DEG); acquisition matrix, 256 × 192; number of excita-
tions, 1; and field of view, 24 cm.  Head placement was standardized
as previously described (Castellanos et al., 2001).

2.3. Sulcal segmentation

Sulcal segmentation was performed with BrainVISA 4.2 soft-
ware using the Morphologist toolbox (http://brainvisa.info). An
automated pre-processing step skull-stripped T1 MRIs and seg-
mented the brain tissues. No spatial normalization was  applied to
MRIs to overcome potential bias that may  result from the sulcus
shape deformations induced by the warping process. The cortical
folds were automatically segmented throughout the cortex from
the skeleton of the gray matter/cerebrospinal fluid mask, with the
cortical folds corresponding to the crevasse bottoms of the ‘land-
scape’, the altitude of which is defined by its intensity on the MRIs.
This definition provides a stable and robust sulcal surface defini-
tion that is not affected by variations in cortical thickness or gray
matter/white matter contrast (Mangin et al., 2004). For each par-
ticipant, images at each processing step were visually checked. No
segmentation error was detected.

2.4. ACC classification
Analyses of ACC typology stability were carries out using the
first and last scan available for each subject (i.e. total num-
ber of scans = 150). The sulcal pattern of the dorsal part of the
ACC was visually assessed using three-dimensional, mesh-based

can. Each line represents a participant with repeated scans.

http://brainvisa.info/
http://brainvisa.info/
http://brainvisa.info/
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Fig. 2. The different sulcal pattern types of the anterior cingulate cortex (ACC) using Ono’s nomenclature (two sulcal pattern types) and Yucel’s nomenclature (three sulcal
pattern types). Left panel: subject with only a cingulate sulcus (light blue), labeled as ‘single’ type in Ono’s nomenclature or ‘absent’ type in Yucel’s nomenclature. Middle
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anel:  subject with a cingulate sulcus and a small (<40 mm)  additional paracingul
ype  in Yucel’s nomenclature. Right panel: subjects with a cingulate sulcus and a lo
no’s  nomenclature or ‘prominent’ type in Yucel’s nomenclature.

econstruction of cortical folds (Cachia et al., 2014) to measure
he occurrence and extent of local folds (Fornito et al., 2004;
uster et al., 2007; Leonard et al., 2009; Yucel et al., 2001). This

hree-dimensional approach was used to overcome methodologi-
al issues inherent to the analysis of the three-dimensional sulcal
attern of the ACC from two-dimensional sagittal slices. The ACC
ulcal pattern was assessed based on the absence or presence of

 paracingulate sulcus (PCS), a variable secondary sulcus. The PCS
as defined as the sulcus located dorsal to the cingulate sulcus with

 course clearly parallel to the cingulate sulcus (Paus et al., 1996;
ucel et al., 2001). To reduce the ambiguity from the confluence of
he PCS and the cingulate sulcus with the superior rostral sulcus, we
etermined the anterior limit of the PCS as the point at which the
ulcus extends posteriorly from an imaginary vertical line running
erpendicular to the line passing through the anterior and poste-
ior commissures (AC–PC) and parallel to the anterior commissure;
he PCS was anteriorly limited by an imaginary vertical line pass-
ng through the anterior commissure (Yucel et al., 2001). The PCS

as considered absent if there were no clearly developed horizon-
al sulcus elements parallel to the cingulate sulcus and extending
t least 20 mm (interruptions or gaps in the PCS course was  not
aken into account for the length measure). In order to control age-
elated differences on brain size, all the length measurements were
erformed in MNI  space after a linear spatial registration using FSL
oftware (www.fmrib.ox.ac.uk/fsl).

The individual ACC sulcal patterns were then classified with two
ommonly used nomenclatures (Fig. 2), Ono’s nomenclature (e.g.
achia et al., 2014; Fornito et al., 2006) and Yucel’s nomenclature
e.g. Buda et al., 2011; Fornito et al., 2004; Fujiwara et al., 2007;

hittle et al., 2009). Ono’s nomenclature (Ono et al., 1990) provides
 classification of ACC sulcal pattern in two types: a ‘single’ type for
CC without PCS and a ‘double parallel’ type for ACC with a PCS.
ucel’s nomenclature (Yucel et al., 2001), following Paus work on
he cingulate cortex (Paus et al., 1996), provides a classification of
CC sulcal pattern in three types, using a finer distinction between
present’ and ‘prominent’ PCS based on PCS length (PCS greater than
0 mm were labelled as ‘prominent’).

The classification of baseline and follow-up MRI scans were
xamined separately and in random order. ACC sulcal pattern was
lcus (in blue), labeled as ‘double parallel’ type in Ono’s nomenclature or ‘present’
0 mm)  additional paracingulate sulcus (in blue), labeled as ‘double parallel’ type in

done blinded to possible confounding information, including the
participant’s age as well as the label of the ACC sulcal pattern in
the contralateral hemisphere and in the other time point. Inter-
rater reliability (Cohen’s weighted kappa) was assessed by using a
second rater (O.G.) to evaluate 50 randomly chosen hemispheres.

Because quantitative features of cortex anatomy change dur-
ing the development, including the PCS length (Clark et al., 2010),
we anticipated possible longitudinal change in ACC sulcal pattern
labelled with Yucel’s nomenclature and expected longitudinal sta-
bility in ACC sulcal pattern labelled with Ono’s nomenclature.

2.4.1. Cortical thickness (CT) analysis
Analyses of CT change were carried out using all available scans

from all participants (i.e. total number of scans = 263). Native sMRI
scans were submitted to the well-validated (Im et al., 2008; Shaw
et al., 2008) CIVET pipeline (Ad-Dab’bagh et al., 2006) for auto-
mated modeling of gray/white and pial cortical surfaces in each
scan. Briefly, this process begins with linear transformation, correc-
tion of non-uniformity artifacts, and segmentation of each image
into white matter, gray matter and CSF (Zijdenbos et al., 2002).
Next, each image is fitted with two deformable mesh models to
extract the white/gray and pial surfaces. These surface representa-
tions are then used to calculate CT at approximately 80,000 points
(vertices) across the cortex (MacDonald et al., 2000), and aligned
with each other using a 2-D surface-based registration algorithm
to allow comparison of equivalent vertices across different scans
(Lyttelton et al., 2007).

We  examined the linear effect of age on CT, controlling for sex,
at each vertex using mixed-effects models. Significant vertex-wise
main effects of age were visualized after applying a False Discov-
ery Rate correction for multiple comparisons with q (the expected
proportion of falsely rejected null hypotheses) set at 5%.

3. Results
3.1. ACC sulcal pattern

The longitudinal stability of the ACC sulcal pattern was  assessed
from the comparison of each individual hemisphere at baseline

http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl
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Fig. 3. The sulcal pattern of the anterior cingulate cortex (ACC) remains stable from late childhood to adulthood. Longitudinal stability of the ACC sulcal pattern in a subject
with  a ‘single type’ ACC, with only the cingulate sulcus (light blue), and in a subject with a ‘double parallel type ACC’, with a cingulate sulcus and an additional paracingulate
sulcus  (in blue).
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ig. 4. The cortical thickness in the anterior cingulate cortex (ACC) changes with age
 ≤ 0.05) on the cortical thickness. The dorsal part of ACC is indicated with a yellow

mean ± sd age: 13.7 ± 3.5 years; range: 7.88–25.5 years old) and
or the latest scan (20.8 ± 4.9 years; range: 10.38–32.8 years old).

Analysis of the individual ACC sulcal patterns using Ono’s
omenclature, with two qualitatively different types, revealed that
here were 24 ‘single’ types and 51 ‘double parallel’ types in the
eft hemisphere and 41 ‘single’ types and 34 ‘double parallel’ types
n the right hemisphere at the baseline. Individual qualitative sul-
al patterns of ACC were found to remain - without exception -
he same between the baseline and the follow-up scans (Fig. 3).
he longitudinal stability of the ACC qualitative sulcal pattern was
herefore of 100% in the left and right hemispheres. Interrater reli-
bility was � = 1.0

Analysis of the individual ACC sulcal patterns using Yucel’s
omenclature (absent, present and prominent), mixing qualita-
ive (PCS absence/presence) and quantitative (PCS length) features,
evealed that there were 24 ‘absent’, 23 ‘present’ and 28 ‘promi-
ent’ types in the left hemisphere and 41 ‘absent’, 19 ‘present’ and
5 ‘prominent’ types in the right hemisphere at the baseline. Indi-
idual ACC sulcal patterns in the left and right hemisphere were
ound to slightly change between the baseline and the follow-
p scans. There were 24 ‘absent’, 25 ‘present’ and 26 ‘prominent’
ypes in the left hemisphere and 41 ‘absent’, 19 ‘present’ and 15
prominent’ types in the right hemisphere at the follow-up. These
ongitudinal changes were not related to qualitative changes (i.e.
witch between the presence or the absence of a PCS) but were

nly due to quantitative changes (i.e. present or prominent PCS). In
he left hemisphere, 4 ACC sulcal patterns initially labeled ‘promi-
ent’ were labeled ‘present’ at the follow-up and conversely 2 ACC
ulcal patterns initially labeled ‘present’ were labeled ‘prominent’
 late childhood to adulthood. Map  of the linear age effect (FDR-corrected T-statistic,
d line.

at the follow-up; in the right hemisphere, 3 ACC sulcal patterns ini-
tially labeled ‘prominent’ were labeled ‘present’ at the follow-up
and conversely 3 ACC sulcal patterns initially labeled ‘present’ were
labeled ‘prominent’ at the follow-up. The longitudinal stability of
the ACC sulcal pattern using Yucel’s nomenclature that involves a
quantitative criteria (PCS length) was therefore of 80% in the left
and right hemispheres. Interrater reliability was  � = 0.72.

3.2. ACC cortical thickness

We also assessed the longitudinal change of the ACC cortical
thickness (CT) in the same sample. Deformable mesh models were
used to extract the white/gray and pial surfaces and calculate the CT
at approximately 80,000 points (vertices) across the cortex. Whole
brain analysis revealed a significant main effect of age on CT, sur-
viving adjustment for multiple comparisons, from late childhood to
adulthood, in several cortical areas. Noteworthy, there was  a signif-
icant longitudinal change in CT in several medial regions, including
the dorsal parts of ACC (Fig. 4).

4. Discussion

Our large scale longitudinal study provides the first evidence
that the qualitative sulcal pattern of ACC is stable from late
childhood to adulthood, a developmental window of quantitative

changes in ACC structure (cortical thickness and PCS length). Our
finding supports use of sulcal patterning, based on qualitative but
not quantitative features, as a relevant marker to study long-term
effects of early cerebral constraints on cognitive abilities.
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Cortical folding is a hallmark of many, but not all, mammalian
rains (Welker, 1988). The degree of folding increases with brain
ize across mammals, but at different scales between orders and
amilies (Zilles et al., 2013). The mature sulcal pattern results from
re- and peri-natal processes that shape the cortex from a smooth

issencephalic structure to a highly convoluted surface (Chi et al.,
977; Haukvik et al., 2012). The precise mechanism underlying cor-
ical folding is still unknown but several factors likely contribute to
renatal processes that influence the shape of the folded cerebral
ortex, including cortical growth (Chenn and Walsh, 2002; Haydar
t al., 1999; Kuida et al., 1996; Toro and Burnod, 2005), apoptosis
r programmed cell death (Haydar et al., 1999), differential expan-
ion of superior and inferior cortical layers (Kriegstein et al., 2006;
ichmann et al., 1975), differential tangential expansion (Ronan
t al., 2013) and/or structural connectivity through axonal tension
orces (Dehay et al., 1996; Hilgetag and Barbas, 2006; Van Essen,
997). Recent progress in characterizing basal progenitor cells and
he genes that regulate their proliferation has contributed to our
nderstanding of genetic basis of cortical folding (Sun and Hevner,
014, for review). These different early processes lead to a compact

ayout that optimizes the transmission of neuronal signals between
rain regions (Klyachko and Stevens, 2003) and thus the efficacy of
rain network functioning.

This association between cortical folding and network function-
ng may  mediate relationships between early sulcal patterns and
ater functional development (Mangin et al., 2010, for review). For
xample, we recently showed in a longitudinal study in preschool-
rs (Borst et al., 2014) that the ACC sulcal pattern, but not the
ortical thickness or the surface area of the ACC, at age 5 predicts
he efficiency in cognitive control not only at age 5 but also four
ears later (i.e., at age 9). Of note, the efficiency of cognitive control
s only partly explained by these early cerebral constraints given
hat it can be improved by training and practice during childhood
Diamond, 2013 for a review)–improvements sustained by neuro-
lasticity mechanisms. An open issue is thus to determine to what
xtent the receptivity to cognitive training and practice depends
n early neurodevelopmental constraints such as the ACC sulcal
attern.

The stability assumption of the sulcal pattern was  tested in this
tudy from the analysis of ACC morphology from late childhood
o adulthood. This cortical region and this developmental period
ptimize the possibility to detect possible developmental changes
n sulcal pattern types. Indeed, ACC presents qualitatively distinct
ulcal patterns that can be reliably classified with structural MRI
rom childhood to adulthood (Cachia et al., 2014; Paus et al., 1996;
ucel et al., 2001), which limits false positive findings (i.e. detecting
hanges in sulcal pattern because of classification issues instead
f actual morphological changes). While our data provide the first
irect evidence that ACC folding type is a developmentally stable
rait in humans, further longitudinal studies will be required to
irectly establish that this trait is also stable outside the age-range
onsidered in our analyses. However, available data suggest that
ortical shape within the anterior cingulate region is most-likely
table during the first years after birth, as evidenced by recent lon-
itudinal studies reporting that several markers of cortical shape of
table within the ACC region during the first year of postnatal life,
ncluding cortical surface curvature (Li et al., 2014), surface area (Li
t al., 2013) and local gyrification (Mutlu et al., 2013). Nevertheless,
n important goal for future longitudinal studies will be testing if
ur findings regarding the developmental stability of folding typo-
ogy generalize to other segments of the life span, and other regions
f the cortical sheet. Testing for generalization to the entire cortex

ill raise the issues of the definition of the qualitative sulcal pat-

erns to be used for the assessment of each cortical area. This will
equires the establishment of a dictionary of human brain folding
atterns (Sun et al., 2009), for instance based on the ‘sulcal root’
 Neuroscience 19 (2016) 122–127

(Regis et al., 2005), namely indivisible and stable sulcal units cor-
responding to the first folding locations during antenatal life and
that can be recovered after birth from the analysis of the local cortex
curvature (Cachia et al., 2003) or depth (Im et al., 2010).

5. Conclusion

By providing direct evidence that sulcal typology remains fixed
en route to adulthood, we provide firmer ground for researchers to
harness the powerful opportunity of using adult folding patterns to
retrospectively stratify cohorts based on categorical differences in
their earlier brain development. This approach provides a means to
assess how early life influences cognitive abilities in later life, which
in turn may  illuminate mechanisms of fundamental importance to
basic developmental cognitive neuroscience.
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