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Normal cortical growth and the resulting folding patterns are crucial for normal brain function. Although cortical development is largely
influenced by genetic factors, environmental factors in fetal life can modify the gene expression associated with brain development. As
the placenta plays a vital role in shaping the fetal environment, affecting fetal growth through the exchange of oxygen and nutrients,
placental oxygen transport might be one of the environmental factors that also affect early human cortical growth. In this study,
we aimed to assess the placental oxygen transport during maternal hyperoxia and its impact on fetal brain development using MRI
in identical twins to control for genetic and maternal factors. We enrolled 9 pregnant subjects with monochorionic diamniotic twins
(30.03 ± 2.39 gestational weeks [mean ± SD]). We observed that the fetuses with slower placental oxygen delivery had reduced volumetric
and surface growth of the cerebral cortex. Moreover, when the difference between placenta oxygen delivery increased between the twin
pairs, sulcal folding patterns were more divergent. Thus, there is a significant relationship between placental oxygen transport and fetal
brain cortical growth and folding in monochorionic twins.
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Introduction
Folding of the cerebral cortex begins in utero, and it is a critical
milestone of human brain evolution. Cerebral cortical growth and
the resulting folding patterns are related to cognitive abilities
and sensorimotor skills (Sun and Hevner 2014). Disrupted cortical
folding is associated with a range of cognitive deficits and many
developmental brain disorders (Molko et al. 2003; Nakamura et al.
2007; Cykowski et al. 2008; Kim et al. 2008; Shim et al. 2009;
Barkovich et al. 2012; Bae et al. 2014). It is well known that
both genetic and environmental factors impact cortical folding.
However, most studies have explored the role of genetic factors
under normal intrauterine conditions (Rakic 2004; O’Leary et al.
2007; Sun and Hevner 2014; de Juan et al. 2015; Llinares-Benadero
and Borrell 2019), with little knowledge about the impact of an
altered intrauterine environment on cortical development (Lo
et al. 2018). Given that gene expression associated with cortical
development can be modified by environmental factors in fetal
life, it is likely that both the fetal genotype and intrauterine
environment contribute to early cortical growth and folding.

The placenta serves as the critical interface between the
environment and the fetus, which is responsible for the efficient
transfer of nutrients—amino acids, glucose, and oxygen in

particular—from the maternal uterine circulation to the fetus.
Placental insufficiency causes fetal malnutrition, chronic fetal
hypoxia, and an altered endocrine status, which can affect
fetal brain development and results in alterations of neuronal
connectivity and myelination, leading to long-term cognitive
deficits (Tolsa et al. 2004; Rees et al. 2008; Miller et al. 2016;
Malhotra et al. 2017). Human brain specimens who experienced
a reduced cerebral oxygen supply during gestation showed
impaired neurogenesis and reduced cortical surface growth
in subregions of the frontal cortex, a site involved in high-
order cognitive functions (Morton et al. 2017). Disrupted cortical
neuronal connectivity and modified gene expression affected
by intrauterine environmental factors may also result in atypical
patterning of cortical functional areas, possibly causing disrupted
cortical growth and folding patterns (Klyachko and Stevens 2003;
Fischl et al. 2008; Tarui et al. 2018). However, there has been
no detailed quantitative analysis assessing the effects of the
fetal environment mediated by placental function on fetal brain
cortical growth and folding. It is largely unknown how placental
function influences early cortical growth and folding, which
cortical regions are more influenced, and how cortical structures
are altered. Examining these questions will be a first important
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Table 1. Subject details.

ID GA Sex Maternal age BMI Diagnosis

S1 31w2d F 43 27.28 control
S2 34w1d M 28 26.57 sFGR
S3 28w1d F 32 23.2 sFGR
S4 28w F 37 28 sFGR
S5 33w M 33 27.98 sFGR
S6 31w F 32 26.16 sFGR
S7 32w5d M 34 27.49 control
S8 27w5d F 31 24.1 control
S9 27w4d M 34 21.41 control

step in identifying nongenetic, potentially modifiable, prenatal
environmental factors that influence cortical growth and folding.

BOLD MRI with alternating maternal oxygenation has gained
attention as a promising noninvasive method to monitor pla-
cental function in vivo (Sørensen et al. 2013; Sørensen, Peters,
Simonsen, et al. 2013; Luo et al. 2017). In Luo et al.(Luo et al.
2017), a new measure, time to plateau (TTP), was defined as a
relative regional quantification of placental oxygen transport by
calculating the time required for the BOLD signal change due
to maternal hyperoxia to reach a plateau. In the same study,
the relationship between placental TTP and measures of fetal
growth (e.g. brain volume and birth weight) were investigated.
A significant correlation between the average placental TTP and
whole-brain volume was observed, with larger placental TTP
value associated with a smaller brain size. However, it is still
unclear if the differences in placental oxygen transport altered
the fetal cortical brain volume and folding.

In this study, we aimed to examine the relationship between
placental oxygen transport using TTP and fetal brain develop-
ment within monochorionic twins so that we could control for
genetic and maternal factors. Global and lobar regional cortical
surface growth and arrangement/patterning of primary sulci were
measured to examine fetal cortical development, and these mea-
sures, as well as TTP, were compared between twin fetuses.

Materials and methods
Participants and MR image acquisition
All experimental protocols were approved by the Institutional
Review Board (IRB) at the Boston Children’s Hospital. Informed
consent was obtained from all subjects, and all methods were
carried out in accordance with the guidelines and regulations of
IRB. We enrolled 9 pregnant subjects with monochorionic diamni-
otic twins, whose gestational age ranged from 28 to 34 weeks
with no apparent medical complication on fetuses (controls) and
with the diagnosis of selective fetal growth restriction (sFGR; i.e.
estimated fetal weight <10th percentile for 1 twin and weight
discordance between twin pairs ≥25% based upon obstetrical
ultrasound findings). Of the 9 subjects, 5 subjects were diag-
nosed with sFGR based upon their obstetrical ultrasound in the
second trimester and no brain sparing effect was reported. We
excluded subjects with twin-to-twin transfusion syndrome, fetal
anomalies, maternal hypertension, and gestational or preexisting
diabetes. The maternal age ranged from 28 to 43 with the median
age of 33, and the maternal body mass index (BMI) ranged from
23 to 28 with the median BMI of 26.9 (Table 1).

We acquired MRI data on a 3 T Skyra scanner (Siemens Healthi-
neers, Erlangen, Germany) using a combined 18-channel body and
12-channel spine-receive arrays, while the subject remained in

left lateral position. Before BOLD imaging, half-Fourier acquisition
single-shot turbo spin echo (HASTE) images (2 × 2 × 5 mm3) of
the whole uterus were acquired for anatomical reference. BOLD
imaging of the whole uterus was performed using single-shot gra-
dient echo planar imaging sequence with field-of-view and matrix
size adjusted to achieve in-plane resolution of 3 × 3 mm2, slice
thickness of 3 mm, interleaved; TR = 5–8 s, TE = 32–38 ms, FA = 90◦,
and BW = 2.3 kHz/px. The number of time frames was adjusted
so that the total acquisition time was 30 min. SAR did not exceed
2 W/kg at any time. The maternal oxygenation was adjusted to
provide 10 min of room air (21% O2), followed by 10 min of 100%
FiO2, and then 10 min of room air via a nonrebreathing facial
mask.

BOLD MRI processing and TTP measurement
We used our previously demonstrated pipeline to correct signal
nonuniformities and mitigate motion in the BOLD MRI time series
(Turk et al. 2017). We first estimated the bias field accounting
for signal nonuniformities using 3D-N4 bias correction imple-
mentation in Advanced Normalization Tools registration suite
(Avants et al. 2009; Tustison et al. 2010). This bias field correction
was then applied to each frame. Then, all motion correction
steps were carried out in Elastix, open-source image processing
software (Klein et al. 2010). For intravolume motion correction, we
separated each volume into 2 subvolumes, even and odd slices,
given the interleaved design, and then registered to the other
using the group-wise registration approach (Guyader et al. 2015).
For intervolume motion correction within the uterus, we selected
a reference volume with the least sum of mean square error
difference compared to the rest of the volumes in the series. Then,
we employed a pairwise nonrigid body transformation between
the reference volume and the other volumes following an initial 6
degrees of freedom rigid transformation. We manually delineated
regions of interest for the placenta and the uterus in the reference
frame using ITK-SNAP (Yushkevich et al. 2006). We smoothed the
corrected BOLD MRI time series spatially with a Gaussian kernel
with a width of 5 pixels to improve the signal to noise ratio. The
BOLD signal was converted to normalized R2∗ (i.e. normalized
1/T2∗) as the indicator of oxygen saturation level changes as
follows:

normalized R2∗(t) = − (
R2∗ − R2∗

baseline

) = log (S(t)/Sbaseline)

TE
,

where t is time, S is the signal intensity, and TE is the echo time.
Voxel-wise TTP in the placenta (i.e. the time required for the
signal change due to maternal hyperoxia to reach a plateau) was
estimated by fitting normalized R2∗ time series in placental voxels
to a gamma variate function convolved with the oxygen paradigm,
as described in Luo et al. (2017):

normalized R2∗ (α, β, �, c1, c2) = c1+ c2(t − �)α−1e− t−�
β ⊗Poxy (t, �) ,

Poxy (t, �) = {
0 for t < �; 1 for t ≥ �

}
,

τ = α· (β − 1) ,

TTP = � + τ ,

where α and β are gamma function parameters, � is the delay
time of oxygen arrival, c1 is the baseline R2∗ signal, c2 is the ampli-
tude of normalized R2∗ or change in R2∗ from baseline, t is time,
and Poxy is a step function that describes the oxygen paradigm.
Summation of � and the mode, τ , of the gamma function across
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Fig. 1. Voxel-wise dynamic BOLD MRI processing for TTP measurement
and TTP map.

voxels give TTP (Fig. 1). To identify the placental regions belonging
to each twin, initially placental cord insertions were detected by
an experienced radiologist and then the regions were delineated
by using the regional contrast differences, cotyledon structures
around the cord insertions, and fetal positions according to the
placenta. Average TTP values were then calculated by averaging
the voxel-wise TTP estimates in placental regions for both twins
and were categorized as lower and higher TTP per twin pairs for
group comparisons.

Fetal structural MRI processing and cortical
surface reconstruction
We used our pipeline for fetal MRI processing, which has been
validated in several studies (Im et al. 2017; Ortinau et al. 2018
Oct 1; Tarui et al. 2018; Yun et al. 2020, 2021, 2022). Brain vol-
ume region (including ventricles) was extracted to exclude the
maternal and nonbrain tissues from the raw fetal MRI using a
2D U-Net architecture (Ronneberger et al. 2015; Hong et al. 2021).
The N4 bias field correction was performed to correct for intensity
inhomogeneity (Tustison et al. 2010). We combined triplane data
from multiple series to reconstruct motion-corrected volumes
with isotropic super-resolution (0.75 mm) using slice-to-volume
registration (Kuklisova-Murgasova et al. 2012). Among multiview
images, low-quality images must be excluded for the best motion
correction. We visually checked image quality and excluded the
images with severe motion artifacts and then performed motion
correction. We aligned the reconstructed volume images to fetal
brain volume templates (Serag et al. 2012) using a linear regis-
tration tool (Jenkinson et al. 2002). The cortical plate was seg-
mented using our deep learning method (Hong et al. 2020) and the
mislabeled regions were manually edited. Then, we extracted the
hemispheric inner cortical plate surface (boundary between cor-
tical plate and subplate) as a triangular mesh. We geometrically
smoothed the surfaces to reduce the noisy and small geometric
features using Freesurfer (Fischl 2012).

Brain volume, cortical plate volume, surface area,
and gyrification index
We measured brain volume and cortical plate volume, surface
area, and 3D cortical gyrification index (GI) of the entire left
and right cerebral hemispheres to estimate global cortical growth
and folding (Fig. 2). Cortical plate volume was calculated from
the segmentation volume and cortical surface area as the sum
of the areas of all triangles making up the surface model. The
GI is defined as the ratio of the whole cortical plate surface
to their outer, convex hull surface area (Zilles et al. 1988). The
inner volume of the cortical plate surface was isolated and con-
structed, and the 3D morphological closing operation was per-
formed using a sphere of 15-mm diameter as the structural
element to close the sulcal folding (Schaer et al. 2008; Im et al.
2017; Ortinau et al. 2018 Oct 1). The outer hull surface wrapping
the cortical plate surface was created from the binary closed
volume, and the 3D global GI of the cerebral hemispheres was
calculated.

Lobe parcellation of cortical surface
For lobar regional surface area analysis, we manually parcellated
and defined the left and right frontal, temporal, parietal, and
occipital lobes on the template cortical surface of 31 gestational
weeks reconstructed from the fetal brain templates (Serag et al.
2012). For lobar regional analysis, each individual fetal cortical
surface and the template surface were aligned using 2D surface
registration and cortical folding pattern matching that performs
sphere-to-sphere warping (Robbins 2004; Lyttelton et al. 2007).
Then, the lobar labels of the template were transformed and
mapped onto the individual cortical surface (Fig. 2). The accuracy
of surface registration in the fetal brain was validated in our
previous study (Yun et al. 2019). We measured the cortical surface
area for each lobar region.

Fetal body segmentation
We manually segmented the fetal body region in the reference
BOLD MRI image after intravolume motion correction and the
whole uterus HASTE image without motion correction using Free-
View (Fischl 2012). Then, we counted the number of voxels and
multiplied it by the voxel dimension for both images to estimate
the fetal body volumes. For the subjects with the BOLD images
with signal loss due to the susceptibility artifacts around the fetal
region, we used the segmentation results from HASTE images.

Quantitative sulcal pattern similarity between
twin pairs
We analyzed the global sulcal folding pattern using a sulcal pit-
based graph structure (Im et al. 2011; Yun et al. 2019, 2020). Global
patterning of the primary sulci was represented with a feature
set of sulcal basins, including not only geometric and topological
features (3D position, surface area, and mean sulcal depth of
sulcal basin) but also the intersulcal relationships (intersulcal
differences of position, area, and depth). Global sulcal pattern
similarity can be quantitatively computed by comparing the sul-
cal feature set between different brain pairs using a spectral-
based sulcal pattern matching and comparison technique, which
ranges from 0 to 1 (Im et al. 2011, 2013, 2016, 2017; Ortinau et al.
2018, Oct 1; Tarui et al. 2018; Im and Grant 2019). After measuring
the similarity with all features combined, we further calculated
the similarity only using each individual feature by setting all
weights of the other features to 0 to evaluate their relative impact
on the composite sulcal pattern similarity. These methodological
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Fig. 2. Fetal brain MRI processing and measures. Brain volume, cortical plate volume, cortical surface area, GI, and sulcal pattern similarity were
measured from the brain and cortical plate regions and the reconstructed cortical surface model. Lobar regions were parcellated on individual cortical
surfaces by alignment to the fetal brain template surface.

procedures are explained in more detail in our previous fetal MRI
studies (Im et al. 2017; Ortinau et al. 2018, Oct 1; Tarui et al. 2018).
We quantified the sulcal pattern similarities in the whole cortical
area between twin pairs to quantify their difference in global
cortical folding patterns according to different placental oxygen
transports (Fig. 2).

Statistical analysis
To examine the relationship between placental oxygen transport
and fetal cortical growth, we statistically compared the brain
volume and hemisphere-specific cortical volume, surface area,
and GI between fetal groups of low and high placental TTPs using
a linear mixed-effects model. The group (higher vs. lower TTP
relative to the other twin in the pair) was modeled as a fixed
effect and the twin pairs was modeled as a random effect to
account for within-pair correlation. For bilateral measures, the
model also included fixed effects to assess and adjust for poten-
tial hemisphere effects (left–right differences) or group × hemi-
sphere interaction (left–right variability in the effect of TTP). We
employed iterative reweighting to detect and reduce the influence
of extreme values (Rousseeuw and Leroy 1987). Since the change
in the brain structure may be associated with the diagnosis of FGR,
we analyzed the relationship between placental oxygen transport
and metrics of fetal brain cortical growth using another mixed-
effect model including and adjusting for the diagnosis of FGR.
Fetal body volume may also be proportionally associated with the
brain size and cortical volumetric and surface growth. We used
an additional mixed-effect model including and adjusting for
both the fetal body volume and the diagnosis of FGR to consider
the effect of fetal body volume differences for the small fetuses
without sFGR diagnosis.

We also assessed the association between sulcal pattern and
placental transport function. The relationship between the sul-
cal pattern similarity and absolute TTP differences (i.e. absolute
difference between average TTPs estimated in placental regions
belonging to each twin pair) across all twin pairs was examined
using correlation analysis, controlling for gestational age and
the diagnosis of FGR. The correlations were tested with the 4
different feature sets (combined feature and position, depth, and
area of sulcal basin) for the left and right hemispheres. P values
< 0.05 were considered to be statistically significant. SPSS soft-
ware version 28 (IBM, Armonk, NY, USA) and SAS version 9.4 (Cary,
NC) were used for data analysis.

Results
To compare the cortical volume, surface area, GI, and lobar
regional surface area between the low and high TTP groups, we
used the diagnosis of FGR and fetal body volume to control for
these effects in our statistical model. However, the whole fetal
body was not covered in both BOLD and HASTE images in 1 twin
pair (S5). Thus, we included 8 twin pairs in the group analyses.
Fetuses with the higher TTP (mean ± SD = 1.423 ± 0.560 min)
of the twin pair showed significantly decreased brain volume
(P = 0.009), cortical volume (P = 0.0001), and cortical surface
area (P < 0.0001) compared to paired fetus with the lower TTP
(mean ± SD = 1.085 ± 0.568 min) in the unadjusted analysis. There
was no significant difference in GI between the groups. When the
diagnosis of FGR was adjusted, we still observed decreased brain
volume (P = 0.049), cortical volume (P = 0.035), and cortical surface
area (P < 0.0001) compared to paired fetus with the lower TTP, and
when we adjusted for both the diagnosis and fetal body volume, a
significant decrease in the cortical surface area was still observed
in the higher TTP group (P = 0.002) (Table 2).

In lobar regional analysis, cortical surface areas in the frontal
(P < 0.0001), temporal (P = 0.016), and parietal (P = 0.013) lobes
were significantly lower in the higher TTP than in the lower
TTP group in the unadjusted model. In both adjusted models,
we observed that cortical surface area in the frontal lobe was
significantly lower in the higher TTP than in the lower TTP group
(P = 0.0001 when adjusted for FGR and P = 0.011 when adjusted
for FGR and fetal body volume) (Table 3). The TTP group × left
and right hemisphere interaction was nonsignificant in every case
(0.28 < P < 0.93).

Absolute TTP differences between the twin pairs were corre-
lated with sulcal pattern similarity values in all 9 twin pairs. A
significant negative correlation was observed between the pattern
similarity and TTP differences in the right hemisphere (correla-
tion coefficient r =−0.754, P = 0.050) when all 3 sulcal features
were combined (sulcal position, area, and depth). Among these
features, the position pattern similarity of sulci was also nega-
tively associated with the TTP difference (r =−0.762, P = 0.046)
(Table 4), but the other 2 features were not.

Discussion
In monochorionic twins, the twin pairs are matched for genetic
growth potential, gestational age, and maternal environment. As
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Table 2. Comparison of brain volume and hemisphere-specific cortical volume, surface area, and GI between twins with higher and
lower TTP with statistical findings.

Measure Mean (SD) P, higher versus lower TTPa

Higher TTP Lower TTP Unadjusted Adj FGR Adj FGR and body volume

Brain volume, mm3 263,043 (54,603) 288,261 (68,322) 0.009 0.049 0.57
Cortical volume, mm3

Left 21,990 (7,180) 23,439 (8,019) 0.0001 0.035 0.50
Right 21,998 (8,094) 24,078 (8,219)

Surface area, mm2

Left 10,474 (2,363) 11,117 (2,607) <0.0001 <0.0001 0.002
Right 10,562 (2,500) 11,101 (2,614)

Gyrification index
Left 1.139 (0.058) 1.142 (0.059) 0.63 0.14 —
Right 1.142 (0.062) 1.139 (0.061)

aMain-effect comparison in linear mixed model, including random effect for twin pairs. TTP × hemisphere interaction was nonsignificant in all cases.

Table 3. Comparison of lobar regional surface area in left and right hemispheres between twins with higher and lower TTPs with
statistical findings.

Lobe Mean surface, mm2 (SD) P, higher versus lower TTPa

Higher TTP Lower TTP Unadjusted Adj FGR Adj FGR and body volume

Frontal
Left 3,471 (729) 3,822 (948) <0.0001 0.0001 0.011
Right 3,530 (846) 3,814 (986)

Temporal
Left 1,846 (455) 1,923 (507) 0.016 0.34 0.33
Right 1,794 (387) 1,891 (442)

Parietal
Left 2,531 (588) 2,674 (628) 0.013 0.16 0.36
Right 2,567 (714) 2,669 (641)

Occipital
Left 1,051 (346) 1,093 (333) 0.96 0.34 0.37
Right 1,137 (350) 1,087 (383)

aMain-effect comparison in linear mixed model, including random effect for twin pairs. TTP × hemisphere interaction was nonsignificant in all cases.

Table 4. Association between sulcal pattern similarity and TTP
difference in 9 twin pairs adjusted for gestational age and the
diagnosis of FGR in left and right hemispheres.

Left Right

Combined features −0.376 (0.406) −0.754 (0.050a)
Position −0.378 (0.403) −0.762 (0.046a)
Depth −0.013 (0.977) −0.627 (0.132)
Area −0.040 (0.933) −0.345 (0.448)

Data: Pearson’s correlation coefficient r (P value). aP < 0.05.

a result, differences in twin growth can be attributed primarily
due to the differences in regional placental function. Oxygen is an
important factor for the function. Most specifically, it is the most
crucial element in the process of placental flux, and the failure of
oxygen transport will likely deteriorate the overall nutrient trans-
port. In other words, the efficiency of oxygen transport is mono-
tonically correlated with the extent of placental insufficiency.
This study demonstrates the significant relationship between
placental oxygen transport and fetal brain cortical growth and
folding in monochorionic twins in utero. We used TTP of the BOLD
MRI time series acquired with maternal hyperoxia as a marker for
placental oxygen transport and assessed its relationship with the
fetal cortical volume, surface area, GI, and sulcal folding patterns.
Higher TTP values are associated with slower placental oxygen
transport. Using the unadjusted model and the model adjusted for
the diagnosis of FGR, we demonstrated that (i) the fetal twin with

the higher TTP showed reduced brain volume, cortical volume,
and surface area growth and (ii) the fetal twin with the higher TTP
showed reduced surface growth in the frontal lobe. When we used
the model adjusted for both the diagnosis of FGR and fetal body
volume, we still observed significantly reduced cortical surface
area and reduced surface growth in the frontal lobe in the higher
TTP group compared to the lower TTP group. This observation
may indicate that cortical surface area and surface growth in the
frontal lobe are most sensitive to the changes in placental oxy-
genation and that sFGR diagnosis might not be enough to identify
a twin pair with a change in brain development. In sulcal pattern
analysis, larger TTP differences were associated with a lower sul-
cal pattern similarity between twin pairs in the right hemisphere.

Our study has provided a quantitative explanation for the
previous human and nonhuman studies showing an associa-
tion between FGR caused by placental insufficiency and corti-
cal growth and folding (Sasaki et al. 2000; Tashima et al. 2001;
Dubois et al. 2008; Egaña-Ugrinovic et al. 2013; Miller et al. 2016;
McDougall et al. 2017; Lo et al. 2018) by analyzing the correla-
tion between a metric associated with placental oxygen trans-
port and metrics of fetal brain cortical growth. In our previous
study with monochorionic twins, we demonstrated the associa-
tion between the smaller brain volume and the higher TTP in twin
pairs (Luo et al. 2017). Similarly, in the current study, we observed
significantly decreased brain volume in the fetal twin with higher
TTP compared to lower TTP in the unadjusted analysis. Even
though the difference in cortical volume was not significant when
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we controlled for the fetal body volume and diagnosis of FGR,
we observed significant change in the cortical surface area in
higher TTP compared to lower TTP. Since the change in cortical
surface area is affected by the cerebral cortical size as well as
cortical gyrification, the reduced cortical surface area in higher
TTP might be due to the combined effect of a decrease in cortical
size and GI. Thus, the surface area might show a greater sensi-
tivity in detecting significant group differences. Cortical surface
size depends on the expansion of the neural progenitor pool.
The decrease in cortical surface area and folding is related to a
reduced number of cortical progenitor cells in the ventricular and
subventricular zones and less production of neurons (Lui et al.
2011; Sun and Hevner 2014). We suggest that the low efficiency
of oxygen transport to the brain during development may affect
neural proliferation.

Earlier Doppler studies investigating cerebral blood flow in
fetuses with FGR showed the redistribution of the blood flow with
a relative decrease to the frontal areas in favor of basal ganglia
(Hernandez-Andrade et al. 2012; Meher et al. 2015; Briana and
Malamitsi-Puchner 2019). Decreases in blood flow to the cortex
in growth-restricted fetuses could cause hypoxia and undernutri-
tion, altering lobar development. Although, no change in the flow
velocity in the cerebral arteries (i.e. change in the middle cerebral
artery pulsatility index) was reported in the ultrasound reports
of our study cohort, possible changes in fetal oxygenation due
to the placental oxygenation might still explain the significantly
reduced cortical surface growth in the frontal lobe in the fetuses
with the lower TTP when we considered the fetal body volume
and the diagnosis of FGR in the analysis model.

It is noteworthy that not only cortical areal growth but also
the global patterns of arrangement, number, and size of sulcal
folds are influenced by the placental oxygen transport. Previously,
the sulcal pattern similarity in monozygotic co-twin pairs has
been demonstrated (Lohmann et al. 1999; Im et al. 2011). Our
graph-based sulcal pattern analysis found that the similarity of
the sulcal graphs in twin pairs was significantly higher than in
unrelated pairs, showing a genetic impact on sulcal patterning
(Im et al. 2011). However, in this study, sulcal pattern similarity
in twin pairs significantly decreased when the difference in TTP
increased, demonstrating the importance of environmental fac-
tors in addition to the importance of genetic factors in fetal brain
cortical development. Based on the protomap hypothesis, corti-
cal neurons originated in the proliferative zones carry intrinsic
programs for cortical functional arealization and migrate to their
proper laminar and areal positions (Rakic 2009). Optimal cortical
arealization and their white matter connectivity may result in the
primary pattern of sulcal folds (Van Essen 1997; Klyachko and
Stevens 2003; Rakic 2004; Fischl et al. 2008). Placental transport
insufficiency may decrease neural proliferation in the ventricular
and subventricular zones globally or regionally and may affect
the protomap and cortical area patterning (Chenn and Walsh
2002; Rakic 2009). Placental transport may also alter neuronal
connectivity patterns during fetal development (Tolsa et al. 2004;
Rees et al. 2008; Miller et al. 2016; Malhotra et al. 2017). These
factors may possibly cause alterations in cortical folding patterns
and significant differences between twin pairs. In addition, fetal
intrauterine environment influenced by placental oxygen and
nutrient transport may modify the gene expression associated
with brain development. Altered brain-related gene expression
patterns may also directly affect the genetic protomap of cortical
areas and change the sulcal folding patterns. We identified signif-
icant correlations of right-hemispheric sulcal pattern similarity
with oxygen transport difference between twin pairs. Hemispheric

asymmetries are a common feature in brain development (Sun
and Hevner 2014) and the right hemisphere develops earlier than
the left hemisphere (Geschwind and Galaburda 1985). In a pre-
vious study with neonates (Lin et al. 2013), more oxygen con-
sumption and blood flow were reported in the right hemisphere
compared to the left hemisphere, which may explain the impor-
tance of oxygen transport for the right hemisphere during the
early development. As a result, changes in oxygen transport in
the placenta may affect the sulcal pattern in the right hemisphere
more dramatically.

The main limitation of our study is the small sample size.
Although the results are statistically sound in that we were able
to detect significant differences in cortical growth and folding,
a larger prospective cohort is needed to confirm these findings.
Previous studies on fetal brain development showed a direct
correlation between fetal cerebral oxygenation and fetal brain
volume (Sun et al. 2015; Masoller et al. 2016). In fetal growth-
restricted fetuses, the fetus may redistribute its cardiac output to
maximize the oxygen and nutrient supply to the brain (i.e. brain-
sparing effect). Since no brain-sparing effect was reported in our
subject cohort, the significant changes we observed in the brain
for the lower TTP group, when we adjusted the analysis for fetal
body volume and the diagnosis of FGR, might be associated with
other factors related to placental oxygenation rather than the
change in cerebral oxygenation. This observation requires further
measurements and explorations.

In summary, we investigated the relationship between placen-
tal oxygen transport and fetal brain cortical growth and folding
in monochorionic twins. The fetuses with the longer placental
oxygen delivery timing showed reduced volumetric and surface
growth of the cerebral cortex. In addition, when the difference
between placenta oxygen delivery timing increased between the
twin pairs, sulcal folding patterns were more divergent. Our MRI
analysis identified placental nongenetic prenatal influences on
human cortical development and provided critical information
for understanding the developmental mechanisms of the human
cerebral cortex.
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