






spatially more homogenous pattern of negative effects from
the end of the teens. Weaker effects were seen in the pre- and
postcentral gyri, and the medial temporal lobes showed small
or no effects.

The largest early SA effects were seen in cingulate, insular,
and lateral temporal- and prefrontal regions (estimated >1.5%
annual increase). In contrast to CT, for which occipital and par-
ietal regions showed the largest effects, relatively small effects in
SA were seen in posterior cortical regions. After positive effects
for SA to about 12–15 years, effects were relatively stable around
zero in most all regions, except small, continued increases in
posterior parts of the medial temporal lobe, cingulate cortex,
and later precuneus. Approaching the end of the age range,

small decreases were also seen around the central sulcus. CV
displayed a mixed pattern of positive and negative effects early
on, dependent on the relative contributions of CT and SA.

Cortical Expansion Across Primates
To quantify the overlap between regional differences in cor-
tical development and between-species expansion, expansion
map between macaque and human, and the mean expansion
maps between marmoset and macaque, and marmoset and
capuchin, were correlated with maps of human cortical devel-
opment, vertex by vertex. This yielded overall measures of ana-
tomical correspondence between maps. Both SA and CT
development correlated with expansion maps between
macaque and humans (SA: r = 0.13, CT: r = 0.12, P < 0.05 by
permutation testing). Broken down in the 3 age groups, we ob-
served a tendency for numerically stronger correlations at
younger than older ages (Fig. 4). This pattern was present
across all primate comparisons (SA: macaque→ human; r =
0.19/0.15/0.04 for young/middle/old, respectively, marmoset
→ [capuchin and macaque]; 0.20/0.22/−0.04. CT: macaque→

Figure 2. Age correlated with cortical thickness, area and volume. Left to right; correlations in the complete sample, participants aged 4 up to 10, participants aged from 10 up to
17, participants aged from 17 to 30 years. Only signi� cant correlations after employing FDR corrections are showed. Cyan represents >0.3 negative correlations, yellow represents
>0.3 positive correlations.

Table 2
Characteristics of the subject groups used in the correlation analyses displayed in Figure 2

Subgroup N Age, mean Range Male/female

1 110 7.2 4.1–10.1 56/54
2 110 13.8 10.3–17.0 55/55
3 111 22.0 17.1–30.9 63/48

4 Cortical Development • Amlien et al.

 at U
niversity of O

slo on Septem
ber 28, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 



human; 0.18/0.13/0.06, marmoset→ [capuchin and macaque];
0.29/0.23/0.15). Interestingly, both for SA and CT, the correla-
tions were as strong between human cortical development and
nonhuman–primate expansion marmoset→ (macaque and
capuchin), as between human cortical development and the
macaque→ human expansion.

Based on the global overlap between development and
interspecific expansion identified above, we wanted to map
the age trajectories of CT and SA as a function of degree of cor-
tical expansion between macaque and humans. We defined
one ROI of relatively low (<−0.5 SD) cortical expansion from
macaque to human, including a large cluster covering the oc-
cipital lobe and parts of the inferior posterior medial parietal
and temporal lobes, as well as a smaller cluster aligning with
primary somatosensory cortex (Fig. 5). The definitions of the
ROIs were done on expansion maps based on comparisons
between macaque and humans independent of the current
human sample. Similarly, we defined one ROI with relatively
large cortical expansion (>0.5 SD), including one posterior
cluster covering the lateral parts of the temporal and parietal
lobe, and 2 frontal clusters covering lateral prefrontal cortex
and the cingulate regions. Across the age range, high-
expanding regions had larger CT (t = 89.80, P < 0.05) than
low-expanding regions. By mapping CT across the age range,
low-expanding regions showed larger negative CT effects from
the beginning of the age range than high-expanding regions,
indicating more rapid early development, before they ap-
proached the same level of negative effects at about 20 years.
High-expanding regions showed a relatively more protracted
trajectory, in the sense that the yearly negative effects were not
reduced to the same degree through adolescence compared
with the initial levels. Still, net magnitude of development, in
terms of thinner cortex, across the age range appeared larger
for low versus high-expanding regions. In contrast, absolute

positive SA effects were larger in high-expanding areas at the
youngest ages, before effects converged toward zero for high-
and low-expanding regions from about 20 years. Thus, the op-
posite pattern of that observed for thickness was seen.

Due to previous research suggesting myelin content to be
lower in high-expanding regions (Glasser and Van Essen
2011), and ongoing myelinetaion as one factors affecting
cortical thinning in development (Sowell et al. 2003), we quan-
tified intracortical myelin content. The differences in intracorti-
cal myelin between high- and low-expanding regions were
tested based on T1w/T2w ratio maps. A t-test of intracortical
values between the 2 ROIs revealed that the low-expanding
regions had higher intracortical myelin values than the high-
expanding regions (median P-values for 5000 independent
t-tests were 2.539 × 10−9 for left, and 8.362 × 10−10 for right
hemisphere). The similarities between the T1w/T2w ratio maps
and macaque→ human expansion are depicted in Figure 6.

Discussion

Human brain evolution is characterized by a tremendous ex-
pansion in the SA of the human cerebral cortex, together with
a much more modest increase in thickness (Rakic 2009). The
present results show that regional differences in cortical expan-
sion between macaque and humans are related to development
of both CT and SA. Interestingly, the expansion–development
relationships were not stronger when regional expansion was
calculated based on comparisons between macaque and
humans, than between nonhuman primates of different sizes.
This indicates that human-specific adaptations may not be re-
sponsible for the observed overlap between development and
expansion between macaque and human, and suggests that
allometric scaling laws that apply to brains of increasing size
can better explain the findings.

Figure 3. Age functions (annual rate of change in percent) at ages 4, 7, 10, 13, 16, 20, 25, and 30 years, medial and lateral views. Top to bottom; thickness, area, and volume.
Cyan represents 1.5% reduction, yellow 1.5% increase per year.

Cerebral Cortex 5

 at U
niversity of O

slo on Septem
ber 28, 2015

http://cercor.oxfordjournals.org/
D

ow
nloaded from

 

http://cercor.oxfordjournals.org/


In addition, contrary to what has been the dominating view
on maturation of CT (Shaw et al. 2008; Raznahan, Shaw, et al.
2011), we observed that CT showed a monotonically negative
age function from 4 years of age, across almost the entire
cortex, without initial growth during the first years of the
tested age range. The implications of the findings are discussed
below. The current analyses and results are based on cross-
sectional data, and need to be interpreted with this in mind.

Organizing Principles of Maturation: Expansion Across
Primates
Comparative studies have revealed that cortical SA expands
much more markedly than CT. For example, a 1000-fold in-
crease in SA between mouse and human is accompanied by
only a 2-fold increase in CT (Rakic 1995, 2009). SA has also
increased much more than CT during hominid evolution (Van
Essen and Dierker 2007), thus, a closer relationship between

Figure 4. Top row; maps of surface area expansion in humans relative to macaque (left), and nonhuman primate surface area expansion (right). Bottom row; mean vertex-wise
correlations between above expansion maps and mean human surface area and cortical thickness development in the three age groups. Left/red; surface area, right/blue; thickness.
Dotted lines; macaque→ human expansion, solid lines; marmoset→ (macaque/capuchin) expansion.

Figure 5. Annualized change in the human sample, in areas of relatively high cortical expansion in human relative to macaque (>0.5 SD, red/yellow) and relatively low expansion
(<−0.5 SD, blue/cyan). Left, surface area; right, cortical thickness.
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SA development and interspecific expansion across primates
than CT and expansion was envisioned. Previously, Hill et al.
(2010) pointed to similarities in regional expansion patterns
of SA when comparing expansion maps from infants to adult
humans and expansion maps from macaque to humans. In
infant years, the human cerebral cortex undergoes marked
expansion, more than doubling its SA between birth and
2 years of age (Li et al. 2013; Lyall et al. 2014). Interestingly,
while CT is reported to reach 97% of adult values at age 2, the
corresponding number for SA is 69% (Li et al. 2013; Lyall
et al. 2014). After the age of 10–15 years, however, CT con-
tinues to decrease, while SA tends to stabilize (Raznahan,
Shaw, et al. 2011). This makes CT a very relevant measure of
the continuous cortical development through childhood and
adolescence.

In the present data, the correlations between interspecific
expansion and CT were comparable in magnitude with the cor-
relations between interspecific expansion and SA. Thus, al-
though CT and SA appear to be shaped by independent
genetic factors (Rakic 1988; Panizzon et al. 2009) and neuro-
biological events (Rakic et al. 2009), and may even be negative-
ly correlated in adults (Hogstrom et al. 2013), contrary to what
could have been envisioned, they still seem to be related to the
same rough index of regional growth in brain size.

The correlations between interspecific expansion and rate of
human cortical development did not depend on whether inter-
specific expansion was computed between macaque and
human brains, or across a wider range of primate brains, indi-
cating that rather than representing human-specific adapta-
tions, the interspecific expansion—development overlap may
to a large degree be explained by allometric scaling laws
(Rilling 2014). This pattern appears when analyzing the cortex
on the gross level of cortical arealization, but that is not to say
that the human brain is merely an allometrically scaled variant
of the macaque brain, as several lines of evidence show that
cortical adaptions have occurred during evolution (Clowry
et al. 2010; Geschwind and Rakic 2013), related to gene ex-
pression (Enard et al. 2002; Dorus et al. 2004; Vallender et al.
2008; Lambert et al. 2011; Bufill et al. 2013; Sassa 2013), micro-
structural properties (Chen et al. 2013), and network organiza-
tion (Buckner and Krienen 2013).

It is suggested that the structures formed by neurons which
are born relatively late in development also grow dispropor-
tionately larger as absolute brain size increases (Finlay et al.
2001). This provides a potential mechanism to account for the
regional overlap between human cortical development and
between-primate cortical expansion (Rosa and Tweedale
2005). It is possible that miniscule changes or modulations of
genes regulating the length and speed of the first phase of cell
division, and the timing of onset and length of the second
phase, are responsible for the patterns we observed for SA and
CT, respectively, in accordance with the radial unit hypothesis
of cortical development (Rakic 1995; Rakic et al. 2009). For in-
stance, previous developmental studies have demonstrated a
relationship between prenatal variables such as birth weight
and cortical expansion and cognitive function years later (Fjell
et al. 2012; Raznahan et al. 2012; Walhovd et al. 2012), and
Petanjek and Kostovi�c (2012) suggested a connection between
evolutionary changes operating on the mechanisms regulating
brain development and early, prenatal influences, causing
long-term effects on cortical expansion.

We hypothesized that regions with high cortical expansion
between macaque and human would display more protracted
developmental trajectories for SA and to some extent CT. For
CT, the high-expanding areas showed a possibly more pro-
tracted trajectory, but the absolute effect across the age range
was larger in the low-expanding regions. For SA, the absolute
effect was larger in the high-expanding regions, but the trajec-
tories were quite similar. The estimated rate of change in SA
correlated more strongly with differential cortical expansion
between macaque and human at young age than later, as could
be expected from the rapid reduction in estimated annual ex-
pansion rate from 4 to 15 years. Interestingly, the same pattern
of reduced relationships with higher age was also seen for CT,
where substantial negative age effects were seen through the
entire age range.

While monotonous CT reductions were seen across the age
range, the processes driving the changes are probably not
similar in young and in older age. With increasing age, the cor-
tical changes observed would be less related to developmental
processes, and relatively more affected by aging-related pro-
cesses. The pattern of early maturation of the low-expanding

Figure 6. Similarities of human–macaque surface area expansion (top) and intracortical myelin content expressed by T1w/T2w ratio maps (bottom).
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ROI, and the relatively late, protracted maturation of the high-
expanding areas, corresponding quite well with sensory–
motor regions and higher order association areas, respectively,
resonates well with a hierarchical sequence of maturation of
the neocortex (Yakovlev and Lecours 1967; Rakic et al. 1994;
Guillery 2005; Bourne and Rosa 2006; Burman et al. 2007).
Still, it may be that the fundamental principles for regionaliza-
tion of brain growth are more strongly hard-coded in early de-
velopment than in later, as the variance in CT attributed to
genetic factors has been shown to decrease with age (Schmitt
et al. 2014).

Trajectories of CT, SA, and Volume
In addition to investigating the principles governing regional
differences in estimated change, we were interested in changes
in the age effects across the age range per se. SA followed a
nonlinear and nonmonotonous trajectory with positive age
effects until about 12 years, before remaining stable for the rest
of the studied age span, in accordance with previous studies
(Raznahan, Shaw, et al. 2011; Brown and Jernigan 2012; Shaw
et al. 2012; Wierenga et al. 2014). The early SA increases af-
fected CV relatively more than did the CT reductions, which re-
sulted in a net CV estimated increase until ∼10 years of age. At
this time, the positive age effect on SA subsided to such a
degree that it was offset by the continuing negative CT effects.
When estimated SA growth subsided around age 12, CV was
mostly affected by CT, thus following a mostly linear negative
trajectory for the rest of the age range.

Interestingly, CT was found to have a monotonic negative re-
lationship with age across the whole cortex. Both the global
cortical, ROI-based and vertex-wise analyses showed monot-
onous CT decrease. Even with a start age of 4.1 years, and rea-
sonably high sampling density at the lower end of the age
range, no indication of a positive age-thickness relationship
was seen in any region. This is different from previously re-
ported CT increases until 8–10 years (Gogtay et al. 2004; Shaw
et al. 2008; Raznahan, Shaw, et al. 2011), but in concordance
with several recent studies (Mutlu et al. 2013; Nguyen et al.
2013; Mills et al. 2014; Wierenga et al. 2014), although many of
these did not sample individuals aged below 6–7 years, thus
potentially missing an initial peak of CT. The results are also in
coherence with the large multicenter Pediatric Imaging, Neuro-
cognition, and Genetics (PING) study (Brown and Jernigan
2012; Brown et al. 2012), and recent infant imaging studies in-
dicating that thickness might reach peak levels already at
2 years while SA is relatively less developed at that age (Li et al.
2013; Lyall et al. 2014). Studies of marmoset monkey, where
CT peaks very early after birth, also supports the possibility
that CT in humans peaks earlier than we are able to detect in
the present study (Missler, Eins, et al. 1993).

The reasons for the discrepant findings are not obvious. CT
reductions during childhood may reflect use-dependent synap-
tic pruning (Bourgeois and Rakic 1993; Missler, Wolff, et al.
1993; Bourgeois et al. 1994), maturation of white matter
causing proliferation of myelin into the neuropil (Sowell et al.
2003), cortical stretching (Seldon 2005), or a combination of
the above. In macaque, net synaptogenesis occurs only in a
period spanning the 2 last months of pregnancy through the
2 first postnatal months. After this period, a decrease in
synaptic density continues in most regions until puberty, by
then the synaptic density decrease accelerates (Rakic et al.

1986; Bourgeois and Rakic 1993; Bourgeois et al. 1994). In
humans, synaptogenesis occurs from at least 6 months after
gestation until 15 months after birth, before reduction in syn-
aptic density becomes the net results of the synaptogenic and
pruning processes (Huttenlocher and Dabholkar 1997). The
timing of synaptogenic processes, however, shows regional
heterogeneity across cortical layers (Huttenlocher 1990; Petan-
jek et al. 2008), and across regions, with sensory and motor
areas reaching peak synaptic density at age 3–4 months, while
prefrontal cortex reaches its peak not until 15 months. Conse-
quently, there is little reason to expect an increase in CT attrib-
uted to synaptogenic processes alone in the age range under
study, as we can expect net synaptic density loss in this age
range. Use-dependent synaptic elimination, or pruning, can
therefore not be ruled out as one of the probable explanations
for the monotonous CT reductions we observed. However,
there is large individual variation in cortical changes that learn-
ing experiences and other epigenetic factors might influence.
Dendritic length, for example, has been shown to be related to
educational level (Jacobs et al. 1993), but it may not always be
the case that changes in dendritic length follows changes in
spine density, and the measures may even be oppositely
related (Kolb et al. 2008).

Another probable factor affecting CT during development is
maturation of white matter underlying the neuropil of the neo-
cortex. The time-course of myelination follows that of synapto-
genesis and elimination, with late and protracted myelination
of prefrontal areas (Yakovlev and Lecours 1967; Sowell et al.
2004). The proliferation of myelin into the neuropil can pos-
sibly affect how the surface model of the boundary between
GM and WM is reconstructed, pushing the boundary outward
in older participants with more progressed myelination. The
present finding that the regions with little cortical expansion
between macaque and human, showed the largest early CT re-
ductions, and also had the highest intracortical myelin content
(see Fig. 6), lends support to the possibility that white matter
maturation can be one of several factors driving the cortical
thinning seen. Thus, highly myelinated cortical regions show
large negative age effects on CT early in development, which
level off with increasing age, and are generally low-expanding
between a smaller macaque and larger human brains.

A third possible explanation of the CT reductions needs to
be considered in concert with the SA increases. While we did
not examine WM volume in the present study, previous results
in a comparable sample, although not extending below 8 years
of age, showed extensive WM volume growth from 8 to 30
years (Tamnes et al. 2013). Expansion of WM could possibly
mechanically affect the structure of the cortical layer by exert-
ing pressure tangential to it. This model of brain development
suggested by Seldon (2005), posits that pressure on the cortical
layer exerted by increased myelination may stretch it, like in-
flating a balloon, thereby simultaneously increasing SA and de-
creasing CT, which would explain the observed inverse
relationship between local arealization and CT in adults
(Hogstrom et al. 2013).

None of these possible mechanisms give strong indications
about what to expect in terms of early increase versus decrease
of CT, but all are consistent with the observed pattern of mon-
otonous CT reductions with simultaneous SA increases. A
point of discrepancy between studies that give a hint that the
conflicting CT trajectories reported may partly be due to differ-
ences in analysis methods is the case of sex differences in CT.
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For instance, consistent with Raznahan et al. (2011), we find
no sex differences in CT trajectories. In the Raznahan et al.
(2011) study, however, boys were reported to have larger
mean CT than girls, while no such sex difference exists in our
data. In previous studies, we did not find significant sex differ-
ences in absolute CT by use of FreeSurfer, even when analyz-
ing MRI scans from 1143 participants from a total of 7 different
independent samples (Fjell et al. 2009; Tamnes et al. 2010). To
the degree that sex differences in CT tend to be reported with
some algorithms (CIVET) and not others (FREESURFER), this
may reflect a methodological difference in how thickness is
calculated, that could carry over to estimations of developmen-
tal trajectories independently of any sex effects per se. Differ-
ent approaches may all reflect meaningful neurobiological
properties of the cortex, with some papers using FreeSurfer
seemingly yielding results that differ more between CT and SA,
and hence also CV, compared with papers using CIVET, report-
ing more similar trajectories across metrics. This could also
reflect differences in sample composition or recruitment proce-
dures, or image parameters and quality, for example, related to
MRI contrast parameters or in-scanner head movement. Such
issues could be resolved by studies directly testing the effects
of different CT estimation procedures on developmental trajec-
tories based on the same set of data.

Conclusions

In conclusion, we found that differential cortical expansion
across primates with different brain sizes was related to region-
al maturation of both SA and CT. This relationship seemed to
adhere to allometric scaling laws that govern the expansion of
the primate brain (Chaplin et al. 2013). Both metrics also
tended to be most closely related to interspecific expansion in
early years, with correlations steadily dropping at higher ages.
Of further interest, CT followed a monotonic negative trajec-
tory from 4 to 30 years, with no indication of growth at any age
within this range, while SA displayed a more complex trajec-
tory with areal expansion in the years from 4 to ∼12, with rela-
tively little further development. We believe that the “evo–
devo” approach is fruitful in shedding light on the processes
driving cortical development, both ontogenetic and phylogen-
etic, and we welcome future endeavors that include chimpan-
zees and other great apes in similar comparisons.

Supplementary Material
Supplementary Material can be found at http://www.cercor.oxford
journals.org/.
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