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Abstract

The regional specification of the cerebral cortex can be described by protomap and protocortex hypotheses. The protomap
hypothesis suggests that the regional destiny of cortical neurons and the relative size of the cortical area are genetically
determined early during embryonic development. The protocortex hypothesis suggests that the regional growth rate is
predominantly shaped by external influences. In order to determine regional volumes of cortical compartments (cortical
plate (CP) or subplate (SP)) and estimate their growth rates, we acquired T2-weighted in utero MRIs of 40 healthy fetuses
and grouped them into early (<25.5 GW), mid- (25.5-31.6 GW), and late (>31.6 GW) prenatal periods. MRIs were segmented
into CP and SP and further parcellated into 22 gyral regions. No significant difference was found between periods in
regional volume fractions of the CP or SP. However, during the early and mid-prenatal periods, we found significant
differences in relative growth rates (% increase per GW) between regions of cortical compartments. Thus, the relative size of
these regions are most likely conserved and determined early during development whereas more subtle growth differences
between regions are fine-tuned later, during periods of peak thalamocortical growth. This is in agreement with both the
protomap and protocortex hypothesis.
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Introduction

The cerebral cortex of the adult human brain displays striking
regional nonuniformities in its cellular and subcellular orga-
nization. These differences were first studied histologically by
examining cortical cytoarchitecture (the distribution of cells and

their morphology in cortical layers), neuropil (distribution and
density of synapses, dendrites, and axons in cortical layers),
and myeloarchitecture (distribution and density of axonal
myelin sheets within cortical layers (Brodmann 1909; Vogt
1910; Economo and Koskinas 1925; Vogt and Vogt 1926; Sanides
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1964; Defelipe et al. 1999)). However, the lack of reproducibility
of these studies, together with the technological advances,
led researchers to develop more reliable measures. These
measures include quantitative cytoarchitectonics (Zilles et al.
1979; Amunts et al. 1999; Palomero-Gallagher and Zilles 2018)
and stereological approaches for mapping the receptor- and
cytoarchitecture (Schleicher et al. 2000), immunohistochemical
approaches (Smiley et al. 1994), and gene expression analyses
(Hawrylycz et al. 2012). High-performance computing platforms,
combined with high-performance data analytics, allowed us
today to obtain high-resolution maps of the cerebral cortex
(Amunts et al. 2013) and to create probabilistic cytoarchitectonic
and receptor maps in a large number of subjects (Amunts
and Zilles 2015; Eickhoff et al. 2005). Yet, in contrast to the
adult human cerebral cortex, very little is known about the
changes in cortical architecture that occur during in utero
development.

During embryonic and early fetal development, the cerebral
cortex contains relatively uniform neuropil and densely packed
post-migratory neurons that are of similar size and shape across
regions (Bayer and Altman 2005, 2007; Judas et al. 2006; Kostovic¢
etal. 2008a). Thus, although little has been known about how the
areal differences of cortex emerge during prenatal brain devel-
opment, regional changes in cortical volume can be used to infer
regional differences in neuronal density and their maturation.

Basic science research suggests that two theories can be
used in order to characterize the arealization of the cerebral
cortex during development: the protomap and the protocortex
hypothesis. According to the protomap hypothesis, the regional
identity of neuronal precursors is determined by their localiza-
tion in the ventricular zone (Rakic 1988; Rubenstein and Rakic
1999; Bishop et al. 2000). In contrast, the protocortex hypothesis
argues that the regional identity of neurons is achieved by
cortical ingrowth of fibers, most notably by the density of the
thalamocortical input, which carries the extrinsic signal to the
cortex (Van der and Woolsey 1973; Creutzfeldt 1977; O’Leary
1989). Experimental models in animals suggest that these two
theories should be unified (for an extensive review, see (Cadwell
et al. 2019)). However, to our knowledge there has been little
evidence coming from in vivo human neuroimaging studies
that supports these two theories. In addition, the differential
growth of cortical fetal compartments (i.e., cortical plate (CP) and
subplate (SP)) during the peak growth of thalamocortical fibers
might result in biomechanical forces driving the cortical folding
(Kostovic and Rakic 1990; Ronan and Fletcher 2015). However, to
our knowledge, there is no data in the prenatal human brain that
has tested the feasibility of these theories.

The introduction of neuroimaging methods during the
twenty-first century has transformed the way we understand
and study the human cerebral cortex. Although we still
rely on landmark-based gyral cortical maps (Desikan et al.
2006), techniques such as high-resolution magnetic resonance
imaging (MRI) have enabled us to visualize regional cortical
differences during different stages of life, but still at a much
lower spatial scale in comparison to histology (Raznahan et al.
2011; Khundrakpam et al. 2015; Lyall et al. 2015; Ducharme
et al. 2016; Tamnes et al. 2017)). Furthermore, in recent years
there has been an increasing amount of literature addressing
the association of regional changes of the cerebral cortex
with environmental and genetic influences (for review see
(Thompson et al. 2017)), adverse intrauterine environmental
factors, and premature birth. Nonetheless, despite the growing
knowledge about cortical maturation, the trajectories of regional

cortical expansion during normal in utero development remain
largely unknown.

In this study, we used in vivo fetal brain MRIs in order to
identify regional differences in the volume expansion of the
fetal cortex during in utero development. The fetal cortex is
composed out of two main transient compartments: the SP
and the CP (Kostovic and Rakic 1990;Bystron et al. 2008). Both
transient compartments can be reliably identified by in vivo
MRI (Kostovi¢ et al. 2002; Rados et al. 2006; Gholipour et al.
2014; Gholipour et al. 2017; Diogo et al. 2019). However, during
development, the spatiotemporal appearance and morphology
of sulci varies between individuals (Chi et al. 1977; Ono et al.
1990; Garel et al. 2001; Germann et al. 2005; Iaria and Petrides
2007; Zlatkina and Petrides 2010; Habas et al. 2012; Segal and
Petrides 2012; Yun et al. 2018). Fetal cortical surface templates
with parcellated regions are currently unavailable. In light of
this, we manually parcellated the fetal cortex of each brain into
22 gyral regions (Fig. S1) following the anatomical landmarks
that were described in adults. (ten Desikan et al. 2006; Donkelaar
et al. 2018).

Our null hypothesis was that there are no significant differ-
ences between periods in volume fractions of CP or SP regions
with respect to the total volume of the CP or SP. This hypothesis
is in agreement with the protomap hypothesis (the CP or SP areal
destiny and size are determined early during fetal development).
Our second hypothesis was that within periods there are signifi-
cant differences in the relative growth rate (i.e., percent increase
per GW) between neighboring regions. This is in agreement with
the protocortex hypothesis. Thus, for the purpose of our study,
based on the descriptions of major histogenic processes in the
human (Bystron et al. 2008; Kostovic and Vasung 2009; Clowry
et al. 2010; Molnar and Hoerder-Suabedissen 2016; Vasung et al.
2018) and their gestational age, we divided the fetuses in three
prenatal periods: early, mid-, and late prenatal period. The early
prenatal period (<25.5 gestational weeks (GW), or <23.5 post-
conceptual weeks (PCW)), is characterized by the accumulation
of thalamocortical fibers in the SP (Clowry et al. 2010; Krsnik
et al. 2017). The mid-prenatal period (25.5-31.6 GW, or 23.5-29.6
PCW) is characterized by the ingrowth of thalamocortical fibers
in the CP (Krsnik et al. 2017) and by the appearance of sulcal
roots (Chi et al. 1977; Yun et al. 2018). Finally, the late prenatal
period (>31.6 GW, or>29.6 PCW) is characterized by laminar
differentiation of the CP and by the emergence of the six-layered
cortical pattern (Kostovi¢ et al. 2008b; Kostovic and Vasung 2009;
Krsnik et al. 2017).

The rationale of our work was to gain insight and provide
information on the relative growth of CP and SP, as well as
differential growth of neighboring CP and SP regions, that are
comparable to the regions widely used for studying children,
adolescents, and adults (Desikan et al. 2006).

Materials and Methods
Materials

In a study approved by the local Institutional Review Board
Committee, we acquired in vivo MRIs of 40 healthy fetuses
(16.43-36.86 GW, 15 females, Fig. S2). The protocol involved
multiple T2-weighted (T2w) half-Fourier single shot turbo spin
echo (HASTE) scans (TR = 1400-2000 ms, TE = 100-120 ms, voxel
size =0.9x1.1x2mm?) in the axial, coronal, and sagittal planes
with respect to the fetal brain, on a 3-T Siemens Skyra MRI
scanner. Based on gestational age at scan time, the fetuses were
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grouped into three prenatal periods: early (<25.5 GW, N =14),
mid- (25.5-31.6 GW, N =11), and late (>31.6 GW, N =15).

Methods

MRI Preprocessing

Fetal MRIs were preprocessed using the in-house-built fetal
pipeline ((Gholipour et al. 2017), Fig. S3). First, the fetal MRIs
were motion-corrected, reconstructed in 3D, and resampled to
an isotropic resolution (Kainz et al. 2015). Next, the fetal brains
were masked (Salehi et al. 2017), the bias field was corrected, and
intensities were normalized using N4 (Tustison et al. 2010). In the
final step, the fetal brains were registered to a spatiotemporal
fetal brain MRI atlas (Gholipour et al. 2017).

Parcellation of the CP and SP

The preprocessed MRI images were further processed using
the in-house-built pipeline which is composed of the following
steps (for details see (Vasung et al. 2016, Vasung et al. 2019)):
(1) automatic multi-atlas-based segmentation of the CP and SP
((Gholipour et al. 2017), Fig. S4), (2) manual refinement of the
segmented compartments according to the histological and MRI
guidelines ((ISasegi et al. 2018; Vasung et al. 2019), Fig. S4), (3)
surface extraction of the segmented CP and SP ((Vasung et al.
2016, 2019), Fig.S5), (4) manual parcellation of 24 regions of
interest (Fig. S1A, Fig. S1B, and Fig. S5) according to the Desikan-
Killiani atlas (Desikan et al. 2006) but taking into consideration
the appearance of the gyri and sulci (Chi et al. 1977; Garel et al.
2001; Habas et al. 2012; Yun et al. 2018), (5) projection of surface
labels to the underlying CP and SP voxels (Fig. S5), and (6) co-
registering the projected regions in volumetric space with the
initially segmented CP or SP mask (Avants et al. 2011). Given the
considerable variation in the visibility and appearance of sulci
dividing some of the regions the fusiform, middle and inferior
temporal gyri and the temporal pole were grouped together into
one region called latero-inferior temporal neocortex (for details
see Vasung et al. 2019). As a result, statistical analyses were
performed using 22 regions of CP and SP.

Statistical Analysis

Between period analyses. First, we calculated the regional volume
(V) fraction of the CP and SP for each subject, with respect to
the total volume of the CP or SP, where the'VCP_fraction =
% x 100 and the VSP_fraction = % x 100.

The mean volume fractions of the CP and SP for each region
were compared between periods using a student’s t-tests. We
hypothesized that the regional CP or SP volumes, in comparative
relation to the total CP or SP volume, will be similar between
periods that is in agreement with the protomap hypothesis.

Within period analyses. Next, we conducted an analysis to iden-
tify differences between neighboring regions (example in Fig.
S1C) in their relative growth rate during each period (% increase
per GW). We hypothesized that differences in regional growth
rates of CP or SP within periods would be significantly different
between neighboring regions, consistent with the protocortex
hypothesis.

We identified 60 pairs of neighboring regions in which we
estimated and compared volumetric growth rates (an example
of four pairs of regions for the inferior frontal gyrus is shown
in Fig. S1C). We conducted separate analyses for the CP and SP
during early (<25.5 GW), mid- (25.5-31.6 GW), and late (>31.6
GW) prenatal periods. Owing to incomplete data (e.g., SP zone
was not identified as a continuous zone after 32 GW (Vasung

et al. 2019)), we were able to produce 300 of the total 360 possible
analyses. All regional volumes exhibited skewed distributions
and were log-transformed for analysis.

For each pair of neighboring regions, we constructed a
repeated measures linear model for log volume as a function
of age in GW (measured continuously) with adjustment for sex
and hemisphere. An interaction term was included to provide
region-specific GW coefficients. We used an unstructured
Kronecker product covariance matrix to account for heteroge-
neous variance and correlation among the two regions and two
hemispheres measured on each fetus. To reduce the influence of
extreme values, we applied an iterative algorithm for detecting
and deleting outliers, equivalent to robust regression with M-
estimation (Holland and Welsch 1977). The fitted region-specific
coefficients of GW (b) were retransformed to yield estimates of
the region-specific growth rates (100% x (exp(b)—1)), and their
difference (Ab) was similarly retransformed to yield an estimate
of the percentage difference in growth rates between the two
neighboring regions.

The standard error of each measurement was estimated,
enabling us to test each of the 300 pairs of regions for a sig-
nificant difference in growth rate. We applied the Holm step-
down procedure to enforce a familywise Type I error rate of
5%, that is, <5% chance of making even one false declaration
of significance among the 300 comparisons (Holm 1979). We
estimated the false discovery rate to be 0.28% for the set of 18
regional differences declared significant (Benjamini and Yeku-
tieli 2001), that is, the probability that at least one difference
declared significant would, in fact, be null. We used SAS software
(version 9.4, Cary, NC) for all computations.

Results

Volume Fractions of CP and SP Are Not Significantly
Different between Periods

We did not find significant differences between periods in the
regional volume fractions of the CP and SP (P >0.05, Fig. 1,
Table S1, Table S2).

Early and Mid-prenatal Periods Are Characterized by
Asynchronous Growth of CP and SP

Global Asynchrony in Relative Growth of CP and SP

We observed variations in relative volume growth (% per GW) of
the CP (Fig. 2) and SP (Fig. 3) during the early and mid-prenatal
periods (Table 1, Table 2). This was not observed during the late
prenatal period (Table 3).

During the early period, the cuneus, precentral, supra-
marginal, lingual, orbitofrontal cortex, and superior temporal
gyrus increased more than a quarter of their volume with each
GW. All other CP regions increased less than a quarter per GW
(Fig. 2A, Fig. 2D, and Table 1).

During the mid-prenatal period, the relative increase of CP
regions per GW was more pronounced. Almost 30% of regions
increased less than a quarter per GW, 30% of regions increased
more than a quarter, and the cingulate gyrus, gyrus rectus,
paracentral lobule, and inferior parietal cortex increased more
than a third with each GW (Fig. 2B, Fig. 2E, and Table 2).

In contrast to the CP, the relative volume increase of the SP
per GW was more pronounced during the early period. During
the early period (<25.5 GW), the SP increased in almost all
segmented regions (except inferior frontal gyrus and superior
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Figure 1. The average regional volume fraction of the CP (upper row) and SP (lower row) in the left (red circle) and right hemisphere (blue circle) during early, mid-, and late
prenatal periods. Note that the mean volume percentage of CP and SP for each region is similar across periods.
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Figure 2. Estimated regional volume growth of the CP during early (first column), mid- (second column), and late (third column) prenatal periods.
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Figure 3. Estimated regional volume growth of the SP during early (first column), mid- (second column), and late (third column) prenatal periods.

temporal gyrus) at least one-quarter of the volume per each GW
(Fig. 3A, Fig. 3D, and Table 1). Furthermore, almost half of seg-
mented regions increased by at least one-third of their volume
with each GW (the average relative volume increase of SP ranged
from 33.03% to 98.61% per GW (Fig. 3A, Fig. 3D, and Table 1)).

During the mid-prenatal period, with each GW almost all
regions of the SP increased less than a quarter of their volume.
The lingual gyrus, inferior parietal cortex, and pericalcarine
cortex increasing by at least one-third of their initial volumes
(Fig. 3B, Fig. 3E, and Table 2).

Local Asynchrony in Relative Growth of CP and SP between
Neighboring Regions

We observed significant differences in volume growth (average
% increase per GW) between neighboring regions of the CP
during early and mid-prenatal periods (Fig. 4).

The relative volume increase of the superior frontal gyrus
was significantly slower compared to the relative volume
increase of the precentral gyrus [mean difference=-10.85%,
95% confidence interval (CI) (—15.65, —5.78)] during the early
period (Table 4, Fig. 4A and D).

During the mid-prenatal period, the relative volume increase
per GW of the lateral occipital cortex [mean difference = —21.28%,
95% CI (—27.35,-14.70)], superior temporal gyrus [mean dif-
ference =—-18.36%, 95% CI (—24.69,-11.51)], and superior pari-
etal lobule [mean difference=-21.44%, 95% CI (—28.26,-
13.96)] was significantly slower compared to the inferior
parietal cortex (Table 5, Fig. 4B). Furthermore, during the mid-
prenatal period, the relative volume increase of the lateral
occipital cortex was significantly slower compared to the
increase of the latero-inferior temporal cortex [mean differ-
ence =—10.75%, 95% CI (—15.12,-6.16), Table 5, Fig. 4E]. Similar
differences were observed between paracentral lobule and
precuneus with precuneus showing significantly slower growth
[mean difference =-17.67%, 95% CI (—24.77, —9.96), Table 5,
Fig. 4E].

We observed significant differences in relative volume
increase (average % increase per GW) of neighboring regions of
the SP during early and mid-prenatal periods (Table 4, Table 5,
Fig. 5).

Compared to the latero-inferior temporal cortex, the
relative volume increase during the early period was sig-
nificantly slower for the superior temporal gyrus [mean
difference =—10.99%, 95% CI (—15.77, —5.94)] and the inferior
parietal cortex [mean difference=-11.50%, 95% CI (—16.04,
—6.72), Table 4, Fig. 5A]. Furthermore, the superior parietal lobule
volume increase was also significantly slower compared to
the cuneus [mean difference =-16.11%, 95% CI(—22.44, —9.26),
Table 4, Fig. 5A]. During the early period, significant differences
were also observed between limbic regions. Compared to
the cingulate gyrus during the early period, relative volume
increase was significantly slower in the superior frontal gyrus
[mean difference=-23.54%, 95% CI (—29.54,-17.07), Table 4,
Fig. 5C], paracentral lobule [mean difference=-23.15%, 95%
CI (—28.21, —17.74), Table 4, Fig.5C], and precuneus [mean
difference = -14.49%, 95% CI (—20.46,-8.07), Table 4, Fig.5C].
In comparison to the parahippocampal gyrus, significantly
slower volume increase was found in the insula [mean differ-
ence=—34.68%, 95% CI (—41.14,-27.51), Table 4, Fig. 5C], peri-
calcarine cortex [mean difference=-29.17%, 95% CI (—35.45,-
22.27), Table 4, Fig.5C], and latero-inferior temporal cortex
[mean difference=-29.27%, 95% CI (—37.76,-19.61), Table 4,
Fig. 5C].

During the mid-prenatal period, compared to the inferior
parietal cortex, the relative volume increase was significantly
slower in superior temporal gyrus [mean difference =-22.47%,
95% CI (—30.68,-13.27), Table 5, Fig. 5B] and latero-inferior tem-
poral cortex [mean difference = —18.85%, 95% CI (—26.09,-10.87),
Table 5, Fig. 5B]. Lastly, compared to the growth of the perical-
carine cortex, the relative volume growth of the precuneus was
significantly slower [mean difference = —30.56% slower, 95% CI
(—40.66,-18.73), Table 5, Fig. 5D].



4444 | Cerebral Cortex, 2020, Vol. 30, No. 8

PIUYL< 8T'6S [48:14 06'TH arerdgng PIYL< 88'6% 89°/C €€°8€ a1eqd [ean1od %3110 [e3aLred IoL9jul
PUEND> €17/ 68°0— A a1erdgng PIYL< $TES €8¢ 0g'8¢E a1erd [eon10D sni£3 srendurd
IsyEND> T/ 0E e STIt a1erdgng PIYL< €8/b ¥ LT YAVA a1erd [eon1oD 3[NqO[ [enuddeIEd
IPUEND>  ISEE 0S'E €S /1T a1erdgng PIYL< 6915 9691 JAR a1erd [eon10D sn1oa1 StIAD

PIYL< SET6 90°¥€ 60°09 aerdqns I9METND< 789 (AR sTze a1erd [eon1oD X3}10D SULIED[BILI]

PIYL< T6/S 617TT vee aerdqns PUEND< T /b z8 L1 8/°1€ a1erd [eon10D sni4S [en3ur]
IaMenD>  16'ST 1€°0— 00CT aerdqns IsyenD< 0%'1S €5€l 60'1¢E a1erd [eon1oD a10d [euo1g
_UEND>  /£'/T LT ¥8€T a1erdqns PUEND< /P 8¢/1T 12°0€ a1erd [eon10D X3110D [EIU0IJ0IIqI0
IBMEND>  €5°SH 169 9T aerdqns ISMEND<  ZETH T6'81 60°0€ a1erd [ean1oD sn143 [ejuoy S[ppPIN
IPUEND>  ££'8T €9°€l 9,07 a1erdqns I9MeND<  8Z'9E 12°0C 66LC a1erd [eon10D sniA3 [eyuoy 1ousyul
I8MEND> 80T oT'1— or'6 aerdqns I9METND<  15°8E (AN [T a1erd [ean10D e[nsug
I911eND>  €6'9 80°0T 0z'st arerdgns PIeND<  €0'HE 1181 z8'se a1erd [eon10D snIA3 fenjuadaig
Ia1enD>  9%'ST 9e'8 0991 aerdqns IsyenD>  19°CE 6291 8T¥C a1erd [eon10D snif8 rejuoyy 1ouadng
I9)IEND>  8/HC 90'S— 78’8 arerdgns IIEND>  $S6C 9%'ST 62°CC a1e(d [edoRI0D snif8 redweooddiyered
IBEND>  T/L1C 8T°0 v ot a1erdgng I34BND>  9£°6T 8CT¥T 851 a1erd [eon10D Sn143 [enuenlsog
_BUEND>  $0HT WL €v'ST aerdqns PUIend> /7€ 511 £6°0C arerd [eonon %3110 [e10dWa) 10LISJUI-0131.]
I9MEND>  6S°EE iz 611 arerdqns I9MEND>  6Z7FE 080 ze91 a1erd [eon10D snaun)
I9END>  90'8T 6%'S €291 aerdqns 1311BND>  95HT 85/ 9/°ST a1erd [eon10D sniA3 eudrewerdng
I9MEND>  S0°0C [9°€ 95T a1erdqns 1911BND>  $8'ET 65'S SEPL a1erd [eon10D snif3 rezodwa) Jouadng
I2END>  88'ST A (89 a1erdqns ISMETND>  9T'HT 091 1€ a1erd [eon10D snaundaid
I9MEND>  /8%C €Ty 80T a1erdqns 1911BND>  8Y'ET (ST 88/ a1erd [eon10D X21100 [eNd100 [e131E7]
Iayend> 2061 T 9e'8 aerdqns IsYEND> 8561 68°C— VL a1erd [eon10D a[nqo] [e3etied touedng

9seardul (%) D Juswpted 9sealdul (%) D

UONDEI] SATIE[DY

(xew ‘utw) 1D %S6

19d Ssea1du] -wod [e19]

UuoIORlj SATIE[Y

(xew ‘utw) 1D %S6

1ad aseaiduj

jusunredwod 18]

uo1d3ay

(M5 9'16-5'5¢) pourad rereuard-prw ay3 SuLnp ds pue 4D a1y Jo (Mo 19d a8ejusdiad) swnjoa syl Ul 9seaIdUI [RUOIZRY T I[qEL



Spatiotemporal Differences in the Regional Cortical Plate and Subplate Volume Growth during Fetal Development Vasungetal. | 4445

Figure 4. Significant differences in relative volume increase (average % increase per GW) of neighboring CP regions during early (first column), mid- (second column), and
late (third column) prenatal periods. The slower growth rate per GW of regions neighboring the reference region (in red) is color-coded (right scale bar) and superimposed

to the reconstructed lateral or medial CP surface.

Late Prenatal Period Is Characterized by Synchronous
Growth of CP

During the late period, the relative growth rate of CP per GW
was similar between regions, that is, per GW they increased less
than a quarter (Fig. 2C, Fig. 2F, Table 3). Furthermore, no signifi-
cant difference in relative volume increase between neighboring
regions of CP was observed during the late preterm period
(Fig. 4C and Fig. 4F).

Discussion

To our knowledge, this is the first study to address volume
fractions of CP and SP regions, the relative growth of CP and
SP regions, as well as regional differences between neighbor-
ing regions in CP and SP growth during in utero human brain
development. This study showed three major results: (i) lack
of significant differences in the regional volume fractions of
the CP or SP between early, mid-, and late prenatal periods; (ii)
asynchronous regional growth (percent increase) of CP and SP
during early and mid-prenatal periods, that is, the periods of
peak gyrification; and (iii) synchronous growth of CP during the
late prenatal period.

Similarities in Regional Volume Fractions of CP and SP
during Early, Mid-, and Late Prenatal Periods

Our null hypothesis was that the volume partition of CP or
SP regions is conserved during the preterm development. We
failed to find significant differences between periods in relative
volumes of CP and SP. This is in agreement with the protomap
hypothesis suggesting that the relative size of the CP and SP
regions is determined early during prenatal development.

Neuronal progenitors that are situated in the proliferative
zones lining the ventricles (ganglionic eminence, ventricular
zone, and subventricular zone) form a mosaic of proliferative
units that are patterned by gradients of transcription factors
(Rubenstein et al. 1998; O’Leary and Nakagawa 2002; Bayatti
et al. 2008; Mallamaci and Stoykova 2006). This arrangement
of progenitor cells leads to the establishment of their regional
identity, which has been described as a “protomap” of the future
cortex (Rakic 1988). The migration of neuronal precursors from
proliferative zones to their final destination in the CP occurs
predominantly between 8 and 26 GW (Meyer 2007; Bystron et al.
2008; Workman et al. 2013). Given that most of those migrating
neuronal precursors are destined to become glutamatergic neu-
rons, they migrate radially, that is, via glial scaffold, retaining
their regional identity (Rakic and Sidman 1968). By 26 GW, the
majority of glutamatergic neurons have already reached their
final destination in the CP (Bystron et al. 2008). After 26 GW, and
until early postnatal periods, only a small portion of neurons,
predominantly GABAergic, continue to migrate tangentially (Xu
et al. 2011; Paredes et al. 2016). Thus, basic neuroscience pro-
vided evidence that during the early prenatal period (<25.5 GW),
the CP contains predominantly tightly packed post-migratory
neurons that are arranged into radial ontogenic columns (Rakic
1988). In-line with the aforementioned, it can be inferred that
later on during the mid- (25.5-31.6 GW) and late (>31.6 GW)
prenatal periods, the number of post-migratory neurons in cor-
tical regions will remain similar. Therefore, it is likely that an
increase in the absolute volume of the cortical region will be
predetermined by its initial size and the number of neurons
preserving relative regional volume fractions of the CP or SP
across development.

Additionally, experimental models in animals indicate that
the overall size of neocortex does not change after bilateral enu-
cleation (i.e.,loss of thalamocortical input, (Karlen and Krubitzer
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Figure 5. Significant differences in relative volume increase (average % increase per GW) of neighboring SP regions during early (first column) and mid- (second column)
prenatal periods. The slower growth rate per GW of regions neighboring the reference region (in red) is color-coded (right scale bar) and superimposed to the reconstructed
lateral and medial CP surfaces. Note that after 32 GW SP could not be identified as a continuous compartment.

2009)). What changes is the percentage of the neocortex devoted
to the primary visual or somatosensory area (Rakic et al. 1991;
Karlen and Krubitzer 2009).

Taking all together, our results are in agreement with the
protomap hypothesis, which suggests that the regional destiny
of cortical neurons and the relative size of the cortical area
are genetically determined early during embryonic develop-
ment (Rakic 1988; Rakic et al. 1991). However, we acknowledge
that with the current methodology we cannot test this causal
relationship.

Early and Mid-prenatal Periods Are Characterized by
Asynchronous Growth of CP and SP Regions Which
Parallels the Emergence of Cortical Folds

The similar volume fractions of the CP and SP regions
between prenatal periods do not translate to similar regional
growth rates within periods. It is the opposite. As expected,
our results show variation in the relative regional volume
increase of the CP and SP during the early and mid-prenatal
periods.

During Early and Mid-prenatal Periods, the Growth of
CP and SP Regions Is Globally Asynchronous

Although the microstructural substrate for differences between
regions in the volume expansion is unknown, several studies
suggest that the speed and the amount of the cortical expansion
might be related to cellular and subcellular complexity
(Chenn and Walsh 2002; Hill et al. 2010). The differences in
cytoarchitecture, neuropil, and myeloarchitecture between
certain brain regions of the adult human brain are known.
For example, in the adult brain, the lateral temporal cortex
(Brodmann area 21) has twofold greater dendritic field areas
compared to the lateral occipital cortex (Brodmann area 18)
(Elston et al. 2001). By the same token, today we can characterize
differences between regions in their maturation speed. For
example, adult levels of mean cortical thickness, gray matter
density, and synaptic density are reached earlier in pericalcarine
cortex, calcarine cortex, and Heschl’s gyrus compared to the
dorsolateral and parietal cortices (Huttenlocher and Dabholkar
1997; Toga et al. 2006; Shaw et al. 2008). In this context, our
results also indicate a differential growth and maturation of
cortical regions. Moreover, they are in agreement with the work
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Table 3 Regional increase in the volume (percentage per GW) of the CP during the late prenatal period (>31.6 GW)

95% CI (min, max) Relative fraction increase

Region Fetal compartment Increase per GW (%)
Pericalcarine cortex Cortical plate 4.84
Inferior frontal gyrus Cortical plate 7.47
Orbitofrontal cortex Cortical plate 8.28
Latero-inferior temporal cortex Cortical plate 9.51
Lateral occipital cortex Cortical plate 9.78

Superior temporal gyrus Cortical plate 10.37
Frontal pole Cortical plate 10.47
Middle frontal gyrus Cortical plate 11.61
Inferior parietal cortex Cortical plate 11.76
Postcentral gyrus Cortical plate 11.82
Precentral gyrus Cortical plate 12.07
Parahippocampal gyrus Cortical plate 12.21
Superior parietal lobule Cortical plate 12.95
Supramarginal gyrus Cortical plate 13.37
Gyrus rectus Cortical plate 13.77
Superior frontal gyrus Cortical plate 14.34
Cingulate gyrus Cortical plate 14.99
Cuneus Cortical plate 17.52
Precuneus Cortical plate 17.93
Lingual gyrus Cortical plate 18.51
Paracentral lobule Cortical plate 19.13
Insula Cortical plate 21.81

-1.13 11.17 <Quarter
—0.63 16.23 <Quarter
1.51 15.51 <Quarter
4.82 14.40 <Quarter
442 15.41 <Quarter
3.34 17.87 <Quarter
1.11 20.71 <Quarter
5.32 18.28 <Quarter
4.59 19.43 <Quarter
6.87 17.01 <Quarter
6.07 18.42 <Quarter
6.86 17.83 <Quarter
8.13 17.98 <Quarter
6.27 20.96 <Quarter
3.47 25.09 <Quarter
8.94 20.00 <Quarter
9.46 20.81 <Quarter
7.35 28.65 <Quarter
12.34 23.81 <Quarter
9.82 27.90 <Quarter
13.01 25.57 <Quarter
14.37 29.74 <Quarter

Table 4 Significant differences in volume increase between neighboring regions of CP (or SP) during the early prenatal period (<25.5 GW)

Period Compartment Pairs of neighboring regions Difference in volume 95% CI (min, max) Adjusted P-value*
increase (%)

Early  Cortical plate Superior frontal gyrus:precental gyrus —-10.85 —15.65 —5.78 0.04

Early  Subplate Insula:parahippocampal gyrus —34.68 —41.14 -27.51 0.00

Early  Subplate Paracentral gyrus:cingulate gyrus -23.15 -28.21 -17.74 0.00

Early  Subplate Superior frontal gyrus:cingulate gyrus —23.51 —29.55 —17.03 0.00

Early  Subplate Pericalcarine cortex:parahippocampal —29.17 —35.45 —22.27 0.00
gyrus

Early  Subplate Latero-inferior temporal —29.27 —37.78 -19.61 0.00
cortex:parahippocampal gyrus

Early  Subplate Inferior parietal cortex: latero-inferior -11.50 -16.04 —6.72 0.01
temporal cortex

Early Subplate Superior parietal lobule:cuneus -16.11 —22.44 -9.26 0.02

Early Subplate Precuneus:cingulate gyrus —14.49 —20.46 —-8.07 0.03

Early  Subplate Superior temporal gyrus:latero-inferior -10.99 -15.77 -5.94 0.04

temporal cortex

* P-values were adjusted using the Holm procedure.

from (Hill et al. 2010) according to which the regions that expand
faster during the early preterm period are regions that mature
earlier, that is, expand slower after birth (Hill et al. 2010). Our
results also showed faster growth of regions that were suggested
to be a human evolutionary gain (lateral temporal cortex, and
inferior parietal cortex (Thier and Karnath 1997; Karnath 2001;
Vanduffel et al. 2002; Hill et al. 2010)). We observed these
differences during early and mid-prenatal periods, that is,
periods when cortical maturation is predominantly genetically
orchestrated (Kang et al. 2011). Thus, these regional differences
in growth rate could potentially underlie the development of
species-specific brain functions. For example, compared to other
species, the expansion in size of the dorsolateral prefrontal
cortex and posterior parietal cortex observed in humans has
been suggested to underlie advanced cognitive abilities (e.g.,

perception, language, reasoning (Geschwind and Rakic 2013)).
Furthermore, there are significant differences between humans
and monkeys in the function of the parietal cortex, which has
been explained by an adaptation of this region during the
evolution (Thier and Karnath 1997; Simon et al. 2002). This
adaptation most likely resulted in better implementation of
human-specific abilities served by the posterior parietal cortex,
for example, excellent motion-dependent three-dimensional
reconstruction (Vanduffel et al. 2002).

In light of this, we suggest that in the future the differ-
ences in prenatal growth and maturation of cortex between
primates should be addressed by taking into consideration the
developmental periods. A few studies have identified the alter-
ation of several genetically determined developmental events
during specific prenatal periods and have suggested that these
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Table 5 Significant differences in volume increase between neighboring regions of CP (or SP) during the mid-prenatal period (25.5-31.6 GW)

Period Compartment Pairs of neighboring regions Difference in volume 95% CI (min, max) Adjusted P-value*
increase (%)

Mid- Cortical plate Lateral occipital cortex:inferior parietal cortex —21.28 -27.34 -14.70 0.00

prenatal

Mid- Cortical plate Superior parietal lobule:inferior parietal cortex —21.44 —-28.26 —13.96 0.00

prenatal

Mid- Cortical plate Superior temporal gyrus:inferior parietal cortex —18.36 -2469 —11.51 0.01

prenatal

Mid- Cortical plate Lateral occipital cortex:latero-inferior temporal -10.75 —15.12 —6.16 0.03

prenatal cortex

Mid- Cortical plate Precuneus:paracentral lobule —17.70 —24.77 —9.96 0.05

prenatal

Mid- Subplate Precuneus:pericalcarine cortex —30.56 —-40.66 —18.73 0.03

prenatal

Mid- Subplate Superior temporal gyrus:inferior parietal cortex —11.47 -30.69 —13.27 0.03

prenatal

Mid- Subplate Latero-inferior temporal cortex:inferior parietal —18.85 -26.09 —10.90 0.03

prenatal cortex

* P-values were adjusted using the Holm procedure.

alterations may underlie certain human-specific neurocognitive
diseases (Zhu et al. 2018). However, imaging biomarkers of such
alterations are yet to be identified in large-scale studies.

During Early and Mid-prenatal Periods the Asynchronous Growth

of CP and SP Regions Can Be Detected Even between Neighboring
Regions

Our results also indicate that the variation in the relative
regional growth rate of the CP and SP can be detected even
between neighboring regions. This is evident only during the
early and mid-prenatal periods. We explain these findings by
spatiotemporal differences in the intensity of histogenic events
that could be detected even between neighboring gyral regions.

The CP neurons during mid- and late prenatal periods mature
as the volume of their soma increases, so as their dendritic
branching (Mrzljak et al. 1988). Furthermore, this neuronal mat-
uration is also governed by differential gene expression across
cortical areas (Mackarehtschian et al. 1999; Rubenstein et al.
1999; Bishop et al. 2000). The mid- and late prenatal periods are
also characterized by axonal ingrowth of thalamocortical and
cortico-cortical fibers in the CP (Blakemore and Molnar 1990;
Hevner 2000; Krsnik et al. 2017), appearance of the synaptic
spines, and synaptogenesis (Huttenlocher 1979; Huttenlocher
and Dabholkar 1997; Petanjek et al. 2009), all of which were
suggested to have a role in refinements of gene regulatory
networks (Ghosh et al. 1990; Callaway and Borrell 2011; Barber
et al. 2015).

Similar to the CP, during the early prenatal period the SP
zone contains radially migrating neurons (I. Kostovic and Rakic
1990) and also an abundant extracellular matrix (Allendoerfer
and Shatz 1994; Miller et al. 2014; Bakken et al. 2016; Molnar and
Hoerder-Suabedissen 2016). During the early and mid-prenatal
period, the SP is composed of interstitial neurons (Judas et al.
2010; Sedmak and Judas 2019) that are predominantly GABAergic
(Back et al. 2001; Rakic and Zecevic 2003; Qu et al. 2016), migrat-
ing glial cells (Kostovi¢ et al. 2018), and an increasing amount
of thalamocortical and cortico-cortical axons that “wait” for an
extended period before relocating to the CP (Shatz 1992; Molnar
et al. 2003; Molnar and Hoerder-Suabedissen 2016; Krsnik et al.

2017; Alzu’bi et al. 2019). The SP also plays an essential role in
the cortical maturation and the formation of local thalamocor-
tical connections, as demonstrated by the experimental ablation
of the SP (Ghosh et al. 1990). Furthermore, similar to rodents
(Caviness Jr and Frost 1980; Molnar et al. 2003), the density,
modality, and time of arrival of thalamocortical axons in the
SP and CP most likely vary significantly across cortical regions
(Toulmin et al. 2015; Krsnik et al. 2017). Thus, the spatiotemporal
differences in volume expansion of the CP and SP that we found
between neighboring regions may correspond to spatiotempo-
ral differences in neuronal maturation, dendritic arborization,
and the arrival of thalamocortical and cortico-cortical axons
during early and mid-prenatal periods. If this is the case, the
differential growth of neighboring CP and SP regions during
early and mid-prenatal periods would suggest an important
role of thalamocortical fibers in areal patterning of the cortex,
which is in agreement with the protocortex hypothesis. Lastly,
this differential growth of CP and SP could potentially explain
the intersubject variation in the size of multimodal associative
areas and therefore most likely some variation in the cognitive
abilities between individuals (Reardon et al. 2018; Wei et al. 2019).

Asynchronous Growth of CP and SP, Which Occurs during the
Emergence of First Sulci and Gyri, Could Drive Cortical Folding

of Certain Regions

Finally, we have observed significant differences in the relative
growth of neighboring regions of the CP and SP during the early
and mid-prenatal periods. During the prenatal development,
the thickness of the CP, composed of densely packed post-
migratory neurons, changes minimally, while its surface area
grows exponentially (Vasung et al. 2016). The early and mid-
prenatal periods are also characterized by an increase in the
volume of the “water-rich” SP (Kostovic and Rakic 1990; Vasung
et al. 2016). However, in contrast to the CP, the SP thickness
and the areal variation of the SP thickness increase dramatically
during the early and mid-prenatal periods (I. Kostovic and Rakic
1990; Vasung et al. 2016). Based on our results, we hypothesize
that the rapid tangential growth of the CP and radial expan-
sion of the SP could partially explain emerging cortical folds. A
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recently proposed differential tangential expansion hypothesis
suggests that differences in tangential expansion of the layer
(i.e., increase in the surface area) result in a local increase of
the tangential pressure (Ronan and Fletcher 2015). As the tan-
gential pressure builds, it starts to dissipate by buckling of that
expanding layer (Ronan and Fletcher 2015). Our results show
that differences between the growth of neighboring regions are
predominantly found in SP during the early preterm period.
Thus it is possible that differential growth between neighboring
regions of the SP, which is characterized by soft gel consis-
tency, induces local tangential force peaks which are relieved
by buckling (emergence of sulcal pits identified on SP surfaces
(Régis et al. 2005; Lohmann et al. 2008; Yun et al. 2018)). The
increase in buckling could lead to an increase in variation of SP
thickness (thinner below sulci, thicker below gyri (I. Kostovic and
Rakic 1990)) accommodating different tangential growth rates
of CP regions. During the mid-prenatal period, the differences
in growth rate between neighboring regions can be observed in
CP as well as SP. Given that this is a period when majority of
primary sulci have already emerged (Chi et al. 1977; Habas et al.
2012), the differences in tangential and radial expansion of the
SP and CP could lay down the foundation for emergence of late-
appearing primary and some secondary sulci (e.g., intraparietal
sulcus that emerges around 26 GW, lateral occipital sulcus that
emerges around 26 GW (Chi et al. 1977)).

Numerous computational and animal models were devel-
oped in order to test different gyrification hypotheses (for recent
reviews see (Borrell 2018; Kroenke and Bayly 2018)). However,
none of them take into account all the histogenic events that
occur specifically during human brain development. Our study,
similar to many others, does not take into account the role
of proliferative zones, fetal white matter, establishment and
pruning of axonal connections, and radial tension of perforating
blood vessels in the establishment of the first cortical folds.
Rather, it shows regional differences in the growth rate of CP
and SP during early and mid-prenatal periods. Given that the SP
represents the largest transient compartment of the neocortical
anlage in humans (Judas 2011), we suggest that the differential
growth of SP and CP might play a role in gyrification of the
human brain. Thus, different mechanistic theories should take
into account differential growth of transient cortical compart-
ments, in particular when describing gyrification that occurs
during human fetal brain development.

The Late Prenatal Period Is Characterized by
Synchronized Growth of CP

In contrast to the asynchronous growth of CP regions during
the early and mid-prenatal periods, we observed synchronous
growth of CP regions during the late prenatal period. These
results go hand in hand with the temporal “hourglass” model
of cortical maturation (Pletikos et al. 2014). According to the
hourglass model of cortical maturation, the most striking dif-
ferences in gene expressions between cortical regions are found
during the first two trimesters. During the third trimester, how-
ever, the region-specific genes are silenced, except for genes
that spur connections between cortical regions (Pletikos et al.
2014).

Limitations

This study has several limitations. We acknowledge that,
although we invested major effort to manually correct

segmentations, there might be small errors in the parcellation
of cortical regions. This is because of the following reasons:
(i) inter-individual differences in sulcal root emergence during
the early phase of prenatal development could lead to under-
estimation or overestimation of the volume in certain regions,
and (i) due to the scarcity of sulcal roots (e.g., frontal pole),
the delimitation of certain regions was based on the visibility
of the fetal cortex in six anatomical views (anterior, posterior,
dorsal, dorsolateral, medial, and ventral). In order to minimize
these limitations, we reconstructed pial surfaces in the same
reference space and employed a rigorous correction for multiple
comparisons for all statistical analyses.

Next, although the CP and SP were initially automatically
segmented (Gholipour et al. 2017; Vasung et al. 2019), the
small errors in segmentation were manually corrected by
one reader according to anatomical landmarks that were
previously described (Vasung et al. 2019). The reader (L.V.) was
blind to age, sex, and hemisphere, and each group of subjects
contained at least 10 brains. Thus, although we did not test the
intra-rater or inter-rater agreement, we argue that the size of
these segmentation errors, in combination with the extensive
experience of the reader and a simple morphology of the fetal
brain, would be minimal.

Additionally, it is possible that our methods lack the precision
to detect subtle differences in regional volume growth. While
the gyral parcellation is widely used, it should be noted that
this landmark-based gyral cortical map does not reflect the
architectural map of the cortex (VOGT and C 1919). Rather, it
can only serve as its proxy. Having this in mind, we acknowledge
that we most likely missed detecting more subtle changes in vol-
ume, which could be detected by voxel-based morphometry or
vertex-wise approaches. However, the methodology that would
address these differences in fetal brains is under development
and currently not available.

Lastly, despite the advances in technology and the devel-
opment of numerous histology-based brain atlases (Amunts
et al. 2013), there is a paucity of information about the cellular
density in the cortical regions of the human adult and fetal brain.
Consequently, it is difficult to estimate the volume fractions
of a particular cortical region that are occupied by cell bodies,
neuropil, or extracellular matrix. For this reason, we used some
basic principles of developmental neuroscience to interpret our
results.

Conclusion

In conclusion, we failed to find significant differences in
relative volumes of the CP or of the SP between periods.
This is in agreement with the protomap hypothesis (much
of the area’s destiny/size is determined early during prenatal
development). However, we found significant differences in
growth rates between certain neighboring regions during early
and mid-prenatal periods. This asynchronous growth of CP
and SP regions was followed by the synchronous growth of
CP during the late prenatal period. Together, these results
are in agreement with the protocortex hypothesis. Moreover,
the apparent contradiction between these results could be
explained by the greater precision within the period analysis.
In summary, our results suggest that although the regional
CP or SP destiny is predominantly determined early during
development, it is fine-tuned during the early and mid-prenatal
periods, when peak thalamocortical growth and gyrification
occur.
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